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Lung cancer still remains a challenging disease with a higher mortality rate in comparison to other cancers. The discovery of oncogene addicted tumours and targeted therapies responsive to these targets lead to a meaningful change in the prognosis of these diseases. Unfortunately, these newer therapeutic options are reserved to a minor part of lung cancer patients harbouring specific mutations. In the so called wild type population, the first line options bring the median overall survival to go beyond 1 year, and in the population receiving the maintenance therapy over 16 months. Given these results, more than 60% of patients may receive a second line therapy with further opportunities to improve the length and quality of life.

For patients not harbouring targetable DNA mutations newer options will be available for second line therapeutic schemes and two major assets seem to be promising: immune modulation and anti-angiogenetic agents. In particular, anti PD1/PDL1 antibodies, VEGFR antibodies and TKIs, these latter combined with standard chemotherapy docetaxel advance the median overall survival of 12 months. These drugs have a different mechanism of action, various adverse events and their activity is different depending on the types of population. However, the biomarkers’ activity and efficacy prediction are not fully or totally understood. In addition, also for patients with DNA targetable mutations new drugs seems to be promising for the use in the second line therapeutic protocols. In particular, drugs selectively directed against ALK translocation and mutational events and EGFR T790M secondary mutations seems to be very promising.

In this Research Topic we critically discuss the older therapies and the historical development of second line, putting in to perspective the new agents available in clinical practice. We discuss their importance from a clinical point of view, but also consider and exploit the complex molecular mechanisms responsible of their efficacy or of the subsequently observed resistance phenomena. In this perspective, the undercovering and characterization of novel predictive biomarkers by NGS technology, the characterization of novel actors in the signal transduction pathway modulating the response of the cells, the optimization of new diagnostic tool as the evaluation of liquid biopsy and the implementation of more suitable pre-clinical models are crucial aspects dissected too.

Nivolumab, nintedanib and ramucirumab probably will give the opportunity to improve the efficacy outcomes for the treatment of wild type tumours in second line therapeutic schemes, but many aspects should be debated in order that these agents are made available to patients, planning ahead a therapeutic strategy, beginning from the first line therapy, to the subsequent ones in a logical and affordable manner. As well, for treatment of mutated tumours, mutated EGFR irreversible inhibitors such as rociletinib and AZD9291, and ALK targeting drugs ceritinib and alectinib will also play an important role in the immediate future. Probably the right way is to give all the available opportunities to patients, but challenges and pitfalls should be carefully debated, and by launching this Research Topic we tried to give some practical insights in this changing landscape.

Citation: Malapelle, U., Pallante, P., eds. (2017). Second Line Treatment of Non-Small Cell Lung Cancer: Clinical, Pathological and Molecular Aspects of Novel Promising Drugs. Lausanne: Frontiers Media. doi: 10.3389/978-2-88945-263-7


Table of Contents

Editorial: Second Line Treatment of Non-Small Cell Lung Cancer: Clinical, Pathological and Molecular Aspects of Novel Promising Drugs

Umberto Malapelle and Pierlorenzo Pallante

Section 1: Historical Perspective

Historical Evolution of Second-Line Therapy in Non-Small Cell Lung Cancer

Chiara Lazzari, Alessandra Bulotta, Monika Ducceschi, Maria Grazia Viganò, Elena Brioschi, Francesca Corti, Luca Gianni and Vanesa Gregorc

Section 2: Tyrosine Kinase Inhibitors

Second-Line Treatment of NSCLC — The Pan-ErbB Inhibitor Afatinib in Times of Shifting Paradigms

Jens Köhler

Second-Line Treatment of Non-Small Cell Lung Cancer: Clinical, Pathological, and Molecular Aspects of Nintedanib

Luis Corrales, Amanda Nogueira, Francesco Passiglia, Angela Listi, Christian Caglevic, Marco Giallombardo, Luis Raez, Edgardo Santos and Christian Rolfo

Focus on Nintedanib in NSCLC and Other Tumors

Anna Manzo, Guido Carillio, Agnese Montanino, Raffaele Costanzo, Claudia Sandomenico, Gaetano Rocco and Alessandro Morabito

Focus on Alectinib and Competitor Compounds for Second-Line Therapy in ALK-Rearranged NSCLC

Phu N. Tran and Samuel J. Klempner

Second-line Treatment of Non-Small Cell Lung Cancer: Focus on the Clinical Development of Dacomitinib

Jon Zugazagoitia, Asunción Díaz, Elisabeth Jimenez, Juan Antonio Nuñez, Lara Iglesias, Santiago Ponce-Aix and Luis Paz-Ares

Next-Generation EGFR Tyrosine Kinase Inhibitors for Treating EGFR-Mutant Lung Cancer beyond First Line

Ivana Sullivan and David Planchard

Section 3: Liquid Biopsy

Liquid Biopsy in Non-Small Cell Lung Cancer

Miguel A. Molina-Vila, Clara Mayo-de-las-Casas, Ana Giménez-Capitán, Núria Jordana-Ariza, Mónica Garzón, Ariadna Balada, Sergi Villatoro, Cristina Teixidó, Beatriz García-Peláez, Cristina Aguado, María José Catalán, Raquel Campos, Ana Pérez-Rosado, Jordi Bertran-Alamillo, Alejandro Martínez-Bueno, María-de-los-Llanos Gil, María González-Cao, Xavier González, Daniela Morales-Espinosa, Santiago Viteri, Niki Karachaliou and Rafael Rosell

Section 4: Immunotherapy

Focus on Nivolumab in NSCLC

Diego L. Cortinovis, Stefania Canova, Marida Abbate, Francesca Colonese and Paolo Bidoli







	 
	EDITORIAL
published: 22 May 2017
doi: 10.3389/fmed.2017.00063





[image: image1]

Editorial: Second Line Treatment of Non-Small Cell Lung Cancer: Clinical, Pathological and Molecular Aspects of Novel Promising Drugs

Umberto Malapelle1*† and Pierlorenzo Pallante2*†

1 Department of Public Health, University of Naples Federico II, Naples, Italy

2 Institute of Experimental Endocrinology and Oncology (IEOS) “G. Salvatore”, National Research Council (CNR), Naples, Italy

OPEN ACCESS

Edited and Reviewed by:

Luigi M. Terracciano, University of Basel, Switzerland

*Correspondence:

Umberto Malapelle
umberto.malapelle@unina.it;
Pierlorenzo Pallante
pallante@ieos.cnr.it

†These authors have contributed equally to this work.

Specialty section:

This article was submitted to Pathology, a section of the journal Frontiers in Medicine

Received: 14 April 2017
Accepted: 04 May 2017
Published: 22 May 2017

Citation:

Malapelle U and Pallante P (2017) Editorial: Second Line Treatment of Non-Small Cell Lung Cancer: Clinical, Pathological and Molecular Aspects of Novel Promising Drugs. Front. Med. 4:63. doi: 10.3389/fmed.2017.00063

Keywords: NSCLC, liquid biopsy diagnostics, precision medicine, molecular markers, immunotherapy, antiangiogenic therapy

Editorial on the Research Topic

Second Line Treatment of Non-Small Cell Lung Cancer: Clinical, Pathological and Molecular Aspects of Novel Promising Drugs

The advent of precision medicine and predictive molecular pathology led to a revolution in clinical management of patients with non-small cell lung cancer. The discovery of oncogene addiction allowed the development of targeted therapies that represent newer therapeutic options reserved to those patients harboring specific gene alterations, such as EGFR mutations, ALK, and ROS1 translocations (Lazzari et al.; Sullivan and Planchard; Tran and Klempner; Köhler). In addition, the introduction of immunotherapy, with anti PD-1 Pembrolizumab, in first-line treatment of NSCLC represents the best choice for EGFR, ALK, and ROS1 wild-type patients expressing PD-L1 on ≥50% of neoplastic cells (Cortinovis et al.). Despite the survival improvement achieved with these new therapeutic options in first-line treatment, about 30% of patients do not obtain a tumor response (Lazzari et al.). Moreover, those patients, initially sensitive to these treatments, acquire resistance and develop tumor progression. Approximately 60% of the patients progressing from first-line therapy receiving further systemic treatment in the second-line setting (Lazzari et al.; Cortinovis et al.) Also in second line, the armamentarium for the treatment of patients with NSCLC, includes a pletora of new drugs, such as immune checkpoint inhibitors (Pembrolizumab, Nivolumab) (Cortinovis et al.), third generation tyrosine kinase inhibitors (Osimertinib) (Molina-Vila et al.; Zugazagoitia et al.), and anti-angiogenic agents (Nintedanib and Ramucirumab) (Corrales et al.; Manzo et al.).

This exciting therapeutic scenario for NSCLC patients still has unsolved questions and challenging issues, in particular regarding the optimal selection of the patient population through the individualization of the correct methodology and biological source of material (tissues vs liquid biopsy) for clinical relevant biomarkers assessment (Molina-Vila et al.). Probably the right way is to give all the available opportunities to patients, but challenges and pitfalls should be carefully debated.

Taken together, the papers published in Research Topic “Second Line Treatment of Non-Small Cell Lung Cancer: Clinical, Pathological and Molecular Aspects of Novel Promising Drugs” represent a critical discussion focused on the older therapies and the historical development of second line, putting into perspective the new agents available in clinical practice, defining their importance from a clinical point of view, but also to consider and exploit the complex molecular mechanisms responsible of their efficacy or of the subsequently observed resistance phenomena, to support the oncologist to design the best therapeutic strategies for NSCLC patients.
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Innovative therapeutic agents have significantly improved outcome with an acceptable safety profile in a substantial proportion of non-small cell lung cancer (NSCLC) patients, who depend on oncogenic molecular alterations for their malignant phenotype. Despite the survival improvement achieved with first-line chemotherapy, about 30% of patients do not obtain a tumor response. Moreover, those patients, initially sensitive to treatment, acquire resistance and develop tumor progression after a median of about 5 months. Approximately 60% of the patients progressing from first-line chemotherapy receive further systemic treatment in the second-line setting. Moreover, new options have emerged in the second-line armamentarium for the treatment of patients with NSCLC, including immune checkpoint inhibitors and antiangiogenic agents. The current review provides an overview on the clinical studies that gained the approval of chemotherapy agents (docetaxel and pemetrexed) and epidermal growth factor receptor gene–tyrosine kinase inhibitors as second-line treatment options for NSCLC patients, not carrying molecular alterations.
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INTRODUCTION

Lung cancer is the leading cause of cancer death in the world (1) and non-small cell lung cancer (NSCLC) accounts for approximately 85% of cases. The majority of patients are diagnosed with advanced or metastatic disease. Despite the progresses in the treatment of NSCLC, the prognosis remains poor, with an estimated 5 years overall survival (OS) of only 16%.

For a long time, platinum doublet chemotherapy has been the standard first-line treatment option for NSCLC patients (2, 3). Until 2005, treatment choice was mainly based on the distinction between NSCLC and small cell lung cancer. The approval of bevacizumab in 2006 (4, 5) and pemetrexed in 2008 (6) raised the issue that discriminating between squamous and non-squamous histology was a crucial element for therapeutic selection, since bevacizumab and pemetrexed can be administered to patients with non-squamous tumors only, for safety and efficacy reasons.

During the past 10 years, thanks to the technological advances, our knowledge on NSCLC tumor biology has improved (7). Different driver molecular alterations, responsible for the development of oncogene-addicted NSCLC tumors, have been identified, especially in the subgroup of patients with adenocarcinoma (8–12). Currently, NSCLC is not considered a single homogenous entity, but as a heterogeneous disease, including rare molecularly classified lung tumors, that are susceptible to targeted inhibition (13–17). Patients who carry activating mutations in the epidermal growth factor receptor gene (EGFR) or translocations in the anaplastic lymphoma kinase gene are treated with their specific tyrosine kinase inhibitors (TKIs), while platinum-based doublet chemotherapy with or without bevacizumab remains the first-line standard of care for patients in whom no molecular alteration is identified.

Despite the survival improvement achieved with first-line chemotherapy (18), about 30% of patients do not obtain a tumor response. Moreover, those patients, initially sensitive to treatment, acquire resistance and develop tumor progression after a median of about 5 months (19). Approximately 60% of the patients progressing from first-line chemotherapy receive further systemic treatment in the second-line setting. Currently, second-line therapy is based on docetaxel, pemetrexed, erlotinib, nivolumab, or the combination of docetaxel with nintedanib or ramucirumab. The current review provides an overview on the clinical studies that gained the approval of chemotherapy agents and EGFR–TKIs as second-line treatment options for NSCLC patients, not carrying molecular alterations.

DOCETAXEL AND PEMETREXED

The TAX317 study (20) was the first phase III trial showing a survival advantage of second-line chemotherapy in NSCLC patients, previously treated with platinum-based regimen (Table 1). One hundred three patients, stratified according to Eastern Cooperative Oncology Group performance status (ECOG PS) and best response to first-line chemotherapy, were randomized between two different doses of docetaxel (100 and 75 mg/m2) and best supportive care. Docetaxel was associated with significantly longer OS and time to progression (TTP), compared with best supportive care. The advantage was significantly greater in the group receiving docetaxel at the dose of 75 mg/m2, probably due to the higher frequency of febrile neutropenia and deaths observed in patients under treatment with 100 mg/m2. These results were confirmed by the phase III TAX320 study (Table 1), which compared docetaxel at the dose of 100 or 75 mg/m2, with vinorelbine or ifosfamide in 373 NSCLC patients, who had previously failed platinum-containing chemotherapy (21). Docetaxel was associated with longer TTP and progression-free survival (PFS). Even though OS did not differ between the three regimens, a significant greater percentage of patients receiving docetaxel at the dose of 75 mg/m2 was alive during the first year, compared with those randomized in the vinorelbine or ifosfamide arms (Table 1). Based on these data, docetaxel at the dose of 75 mg/m2 has become the reference control arm for second-line chemotherapy for patients with advanced NSCLC.

TABLE 1 | Clinical trials exploring second-line chemotherapy.
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With the aim to reduce the frequency of grade 3–4 hematologic adverse events, observed in a high proportion of the patients enrolled in the TAX317 and TAX 320 trials (54 and 67%, respectively) (20, 21), two docetaxel schedules (75 mg/m2 administered every 3 weeks and 33.3 mg/m2 administered weekly) were investigated in the phase III DISTAL-1 study (Table 1) (22). No significant difference was observed in terms of OS or global quality of Life (QoL), even though the weekly docetaxel resulted in significantly lower incidence of leukopenia, neutropenia, and hair loss, but higher occurrence of non-neutropenic infections. Moreover, an improvement in some of the QoL items, such as pain and cough, were reported with the weekly regimen (Table 1). In order to better compare the efficacy and the safety profile of the weekly and three-weekly docetaxel regimens, an individual patient data meta-analysis, including three phase III and two phase II randomized trials, enrolling 865 patients, was performed (24). No difference in terms of OS or objective response rate (ORR) was found, but a significant advantage in terms of severe and febrile neutropenia was confirmed in favor of the weekly schedule, thus suggesting that weekly docetaxel represents a valid alternative to the three-weekly administration (Table 1).

Another therapeutic opportunity in the second-line setting is represented by the antifolate pemetrexed (25). Based on the results of a phase III trial, showing the non-inferiority of pemetrexed in terms of PFS, OS, and ORR and a more favorable toxicity profile over docetaxel, with fewer grade 3–4 neutropenia and febrile neutropenia (23), in 2004, pemetrexed was approved in the USA and Europe for the second-line treatment of patients with advanced NSCLC (Table 1). A previous retrospective analysis, focusing on the toxicities observed in 246 patients treated between 1995 and 1999 with pemetrexed, indicated that high pretreatment plasma homocysteine levels were associated with severe toxicity. This finding suggested that decreasing homocysteine levels, through the use of folate and vitamin B12 supplementation, would have improved pemetrexed safety profile without decreasing its efficacy (26). The favorable toxicity profile of pemetrexed was confirmed in the subset analysis performed in 86 out of 571 patients with ≥70 years, enrolled in the phase III registration trial (27). A following phase III study, exploring cisplatin–pemetrexed as a first-line option, showed that pemetrexed is more effective in patients with non-squamous histology, due to the low expression of thymidylate synthase, a gene involved in the synthesis of folate and responsible for pemetrexed resistance in patients with lung squamous tumors (6, 28). Accordingly, the second-line indication for pemetrexed was revised to include patients with advanced non-squamous histology only.

In order to improve the therapeutic options, several trials have explored the efficacy and safety of doublet chemotherapy. An individual patient data analysis, including 847 patients, enrolled in six randomized trials (four phase II and two phase III), comparing mono-chemotherapy with doublet chemotherapy, was performed (29). Even though there was a statistically significant PFS improvement (of about 2 weeks) and a double RR with combination regimen, no survival prolongation was observed. These findings do not appear clinically relevant, and mono-chemotherapy has remained the standard of care for second-line treatment.

CHEMOTHERAPY OR EGFR–TKIs IN SECOND-LINE SETTING

In 2005, the phase III BR.21 trial (Table 2) compared the efficacy of the EGFR–TKI erlotinib with best supportive care in previously treated 731 advanced NSCLC patients, with ECOG PS 0-3. Significant improvement in terms of OS, PFS, and QoL was observed in the erlotinib arm (30). For a long time, the identification of molecular and clinical features, able to predict which patients could benefit more from EGFR–TKIs, has been the focus of much research. Based on the clinical data from patients, enrolled in the BR.21 trial, who early progressed (<8 weeks), or died (within 3 months from randomization) under erlotinib, a prognostic score, including 10 factors (smoking history, ECOG PS, weight loss, anemia, lactic dehydrogenase, response to prior chemotherapy, time from diagnosis, number of prior regimens, EGFR copy, and ethnicity), was built (31). Only 10% of the patients were classified in the low risk group and had high significant survival advantage with erlotinib over placebo. Moreover, the retrospective analysis of Kirsten rat sarcoma viral oncogene homolog, EGFR mutations, and EGFR gene copy number by fluorescence in situ hybridization (FISH) showed that EGFR mutations and high copy number were predictive of response to erlotinib, but only EGFR FISH resulted as a significant predictive marker of differential survival benefit (32). Despite EGFR activating mutations being identified in 2004 (8, 33), their role, as predictive biomarkers of sensitivity to EGFR–TKIs, was recognized only in 2009, following the results from the phase III IPASS study. The study reported a significant PFS and ORR advantage of gefitinib over platinum-based first-line chemotherapy in EGFR mutant patients and a detrimental effect in the EGFR wild-type subgroup (34). These findings shifted the development of EGFR–TKIs toward the first-line treatment of EGFR oncogene-addicted tumors and raised the question if erlotinib was an appropriate therapeutic option for EGFR wild-type patients or patients with unknown molecular status in the second-line setting. Other considerations include understanding the differences between QoL and toxicity profile for EGFR–TKIs in comparison to standard of care in second-line and beyond.

TABLE 2 | Clinical trials exploring epidermal growth factor receptor gene–tyrosine kinase inhibitors with second-line chemotherapy.
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Erlotinib has advantages in terms of toxicity, route of administration, and QoL. Its efficacy was compared with docetaxel and pemetrexed in different Phase III trials. Even though these studies had a different statistical design, the results were similar.

The TITAN trial (Table 2) was designed to demonstrate a 25% improvement in median OS of erlotinib vs chemotherapy (docetaxel and pemetrexed) in 648 unselected NSCLC patients, who had progressed during first-line platinum doublet chemotherapy (35). Due to the slow accrual, the trial was prematurely closed, enrolling 424 patients only. No significant difference in terms of OS or PFS was seen between erlotinib and chemotherapy. Tumor samples were mandatory to enter the trial, and EGFR mutation status was available in 160 of the enrolled patients. Comparable OS and PFS were observed in the EGFR wild-type subgroup under chemotherapy or erlotinib.

These results were partly confirmed by the DELTA and the HORG studies (Table 2). The primary objective of the DELTA trial was to show 1-month PFS superiority of erlotinib over docetaxel in unselected second- or third-line 301 Asian NSCLC patients (36). Even though no significant difference was observed in terms of PFS and OS, docetaxel statistically prolonged PFS in the EGFR wild-type subgroup (199 patients out of 255 analyzed). However, this improvement did not translate into longer survival. The HORG study randomized 322 NSCLC patients, previously progressed to one or two chemotherapy lines, between erlotinib and pemetrexed (39). Squamous histology was not an exclusion criterion and the primary end-point was TTP. There was no difference in terms of TTP, ORR, or OS between the two treatment arms. EGFR mutations were analyzed in 123 patients, and no OS, TTP, or ORR difference was observed, but EGFR wild-type patients had higher disease control rate under pemetrexed over erlotinib.

In contrast with the other studies, significantly longer PFS and OS (at the adjusted multivariate analysis) were found in favor of docetaxel in the 222 EGFR wild-type patients, enrolled in the TAILOR trial (Table 2), whose primary objective was to show 14% OS improvement at 1 year of docetaxel over erlotinib in EGFR wild-type NSCLC patients (37). The cross-over treatment in further lines was not allowed and only taxane-naïve patients were included. These differences might have influenced the OS results.

Finally, the PROSE study (Table 2) randomized 285 unselected second-line NSCLC patients, who were blinded classified according to a serum proteomic algorithm (the VeriStrat® test), previously developed, with the aim to identify patients who could benefit from EGFR–TKIs (38, 41). Patients were stratified by the proteomic algorithm, ECOG PS, and smoking history. The primary end-point was OS, and the primary hypothesis was to demonstrate the existence of a significant interaction between the proteomic classification and treatment efficacy. The VeriStrat® test is a multivariate biomarker, developed using eight m/z ratio mass spectrometric peaks. It classifies patients into two groups (good and poor), according to the clinical outcome observed under treatment with EGFR–TKIs. The results from the PROSE study were comparable to previous reports and showed that the PFS was longer in patients receiving chemotherapy, while no OS difference was found in the intent to treat analysis. The VeriStrat® test was prognostic, since good classified patients had better OS and PFS than poor classified ones. Furthermore, while good-classified patients derived similar OS benefit from erlotinib and chemotherapy, VeriStrat poor-patients had significantly shorter OS under erlotinib, suggesting that the algorithm was also predictive of differential OS benefit between erlotinib and chemotherapy. EGFR mutations were analyzed in 176 patients included in the primary analysis, 14 of whom carried EGFR mutations. No statistical significant interaction was observed between VeriStrat classification and the EGFR mutation status, and comparable PFS and OS results were found in the EGFR wild-type subgroup. The prognostic and predictive role of the VeriStrat® test was also retrospectively evaluated in 441 patients from the BR.21 trial (42). VeriStrat results demonstrated prognostic for OS and PFS, and predictive of response, but not predictive of differential benefit from erlotinib vs placebo.

Several meta-analyses have been performed to address the issue about the efficacy of EGFR–TKIs or chemotherapy in the second-line setting for the treatment of EGFR wild-type patients or patients with unknown molecular status. Recently, a meta-analysis, including 10 randomized trials and 1,119 EGFR wild-type patients, showed a significant PFS improvement for chemotherapy compared with EGFR–TKI therapy, with no OS difference (43). These results were confirmed by an individual patient data analysis, not yet published, and presented at ASCO in 2015, including 587 EGFR wild-type patients, enrolled in TAIOLR, DELTA, and PROSE studies. Chemotherapy determined longer PFS, which did not translate into longer OS.

Based on these findings, there are sufficient evidences suggesting that, in EGFR wild-type patients with good ECOG PS, chemotherapy determines a greater disease control, although with more toxicity and without increasing survival.

Results from PROSE might partly explain as to which factors can contribute to the discrepancy observed between PFS and OS. One possible explanation is that, since poor classified patients have a detrimental effect under erlotinib, they do not benefit from third-line chemotherapy, and this determines shorter OS. Conversely, in good classified patients, erlotinib does not worsen their clinical conditions, allowing them to take advantage from further lines, thus influencing survival. Considering that 30% of NSCLC patients are classified as poor, it is possible that in an unselected population, the OS difference between chemotherapy and erlotinib does not emerge. The biological rationale behind the proteomic status is currently the subject of research. Four out of the eight m/z peaks composing the VeriStrat poor profile are generated by Serum Amiloid A1 (SAA-1) and its two truncated forms (44). Moreover, in VeriStrat poor classified patients, higher level of a panel of anti-inflammatory proteins (haptoglobin, SAA2, SAA3, α1-antitripsyn, and α1-antichimotrypsin) was observed. SAA1 is an acute-phase protein, and it is a non-specific tumor prognostic marker (45, 46). It is induced by interleukin 1 (IL-1), interleukin 6 (IL-6), and tumor necrosis factor α (TNFα) (47). Data from literature showed that IL-6 reduced the sensitivity to erlotinib in NSCLC cells harboring EGFR mutations, due to an increased autocrine stimulation of the IL-6/gp130/signal transducer and activator of transcription 3 (STAT3) pathway (46). IL-6 activates the janus (JAK) and the Src kinases, which are responsible for the phosphorylation on the tyrosine 705 of the STAT3. Once phosphorylated, STAT3 translocates to the nucleus and activates the transcription of genes involved in cell cycle progression (cyclin D1, survivin), cell survival (B-cell lymphoma 2), angiogenesis (vascular endothelia growth factor a), and immune suppression [programed death ligand 1 (PD-L1)] (48, 49). These data suggest that the immune cells infiltrating tumor microenvironment might be the crucial determinants for influencing tumor biology, and the clinical outcome observed in VeriStrat poor classified patients. While erlotinib has no inhibitory effect on the stromal elements infiltrating tumor microenvironment, chemotherapy inhibits these cells, thus reducing tumor aggressiveness and prolonging survival.

Combinatorial strategies, including second-line docetaxel chemotherapy with the EGFR monoclonal antibody cetuximab, have been evaluated, with poor results. The greatest benefit was observed in those who continued previous EGFR-TKIs for ≥ 6 months (50).

THE ROLE OF EGFR–TKIs IN PATIENTS WITH SQUAMOUS HISTOLOGY

In the field of lung squamous cell carcinoma (LSCC), less progress has been made. Although molecular alterations in LSCC have been described, effective targeted therapies have not yet been developed (51). These potentially targetable molecular alterations include phosphoinositide 3-kinase (PIK3CA), fibroblast growth factor receptor 1 (FGFR1), or c-MET amplification and discoidin domain receptor tyrosine kinase 2 mutations, though none of these biomarkers have been validated in the clinical setting (52). The EGFR gene is commonly overexpressed in patients with LSCC (53), and two monoclonal anti-EGFR antibodies, cetuximab and necitumumab, in combination with platinum-based chemotherapy in the first-line setting, have demonstrated improved survival in phase III studies (54, 55).

Based on these data, recently, the irreversible ErbB-family inhibitor afatinib has been compared with erlotinib in the phase III Lux-Lung 8 trial, enrolling 795 squamous patients, previously progressed on platinum-based chemotherapy (Table 2) (40). The primary end-point was PFS and the primary objective was to demonstrate a 29% reduction in the risk of progression with afatinib over erlotinib. Afatinib significantly prolonged PFS and OS, health-related QoL outcomes, and symptoms control. Archived tumor tissue was collected. Six percent of the patients carried EGFR activating mutations, and another six percent harbored EGFR amplification.

Even though, based on these results, afatinib may represent an additional option for the treatment of LSCC, and it has been approved by the Food and Drug Administration (FDA) for the treatment of squamous NSCLC progressing after platinum-based chemotherapy, the new programed death 1 (PD-1) and PD-L1 inhibitors have dramatically changed the therapeutic algorithm of patients with squamous histology and represent the first therapeutic choice for second-line treatment.

COMMENTS AND FUTURE PERSPECTIVES

New options have emerged in the second-line armamentarium for the treatment of patients with NSCLC, including immune checkpoint inhibitors and antiangiogenic agents. The genome instability of cancer cells (56) favors the development of immunogenic clones (57). The antigen presenting cells (APC) or the dendritic cells recognize the tumor antigens, which are presented to the T cell receptors, that once activated on CD8+ T cells induce the killing of tumor cells. Inhibitory pathways have been selected to switch off the duration of the immune responses and prevent the tissue damage. Tumor cells take advantage of these inhibitory pathways to escape immune recognition and continue to proliferate. The binding of PD-1, expressed on activated T cells, tumor-infiltrating lymphocytes, and T regulatory cells, with PD-L1 or PD-L2, located on APC or tumor cells favors the T cells apoptosis and decrease cytokines production, thus modulating the immune system activation (58). Agents targeting the PD-1 axis suppress the inhibitory pathways responsible for the induction of the immune tolerance, resulting in the restoration of T cells antitumor activity. Based on the results from the phase III CheckMate-017 and CheckMate 057 trials, showing the OS improvement of the PD-1 inhibitor nivolumab over docetaxel in squamous and non-squamous patients, respectively, nivolumab was granted approval by the FDA and the European Medicine Agency (EMA) (59, 60). Moreover, recently, the phase III OAK study, comparing docetaxel with the PD-L1 inhibitor atezolizumab, showed a significant survival improvement of 27% in patients receiving atezolizumab, leading to atezolizumab FDA approval for the treatment of second-line NSCLC patients. Similarly, the phase II–III KEYNOTE-010 study, comparing the PD-1 inhibitor pembrolizumab with docetaxel in NSCLC patients with PD-L1 expression on at least 1% of tumor cells, showed that OS was significantly longer for pembrolizumab vs docetaxel (61). Among patients with at least 50% of tumor cells expressing PD-L1, both OS and PFS were significantly longer with pembrolizumab than docetaxel, thus determining the approval of pembrolizumab by EMA for the treatment of second-line NSCLC patients, positive for PD-L1 expression.

Another attractive therapeutic target is represented by angiogenesis, involved in the development and progression of NSCLC. Angiogenesis acts as one of the essential alterations occurring in cells during malignant transformation (56), since the delivery of oxygen and nutrients, provided by blood vessels, is required for cell survival and proliferation. Different molecules, inhibiting the angiogenic regulators, have been tested in combination with second-line chemotherapy (pemetrexed and docetaxel) in patients with NSCLC, but with disappointing results (62). Only recently, two drugs, interfering with the angiogenic pathways, nintedaninb and ramucirumab, have received the regulatory approval in association with docetaxel in the second-line setting.

Nintedanib is an oral triple angiokinase inhibitor, hindering the vascular endothelial growth factor receptor (VEGFR1–3), the FGFR1-3, the platelet-derived growth factor receptors (PDGFRα/β), fms-like tyrosine kinase 3 and members of the Src family (Src, Lyn, Lck) (63). Based on the results from the LUME Lung 1 study (64), showing a PFS improvement in patients receiving nintedanib in combination with docetaxel and a significantly prolonged OS in the subgroup of patients with adenocarcinoma, who had progressed within 9 months from the beginning of first-line treatment, the EMA approved the use of nintedanib for the treatment of locally advanced or metastatic patients with lung adenocarcinoma after platinum recurrence.

Ramucirumab is an IgG1 monoclonal antibody, targeting the extracellular domain of the VEGFR-2, thus preventing the binding of VEGF ligands and hindering receptor activation (65). When associated with docetaxel, it improves both PFS and OS (66). These clinically meaningful findings led FDA and EMA to expand the indication of ramucirumab, previously approved for the treatment of gastric cancer, to include the treatment of metastatic NSCLC.

Emerging evidence that pro-angiogenic factors have immunosuppressive activity has suggested that agents targeting angiogenesis may be potentially synergistic with immunotherapy (67–69). Data from literature indicate that VEGF influences lymphocyte trafficking, stimulates T regulatory cells and myeloid-derived suppressor cells, and inhibits T-cell development, thus favoring tumor immune escape (70–72). Moreover, it has been reported that immunotherapies can also be antiangiogenic. Different phase I trials exploring the safety and efficacy of combination regimens are currently ongoing in different types of tumors, including NSCLC.

However, based on the recent results from the Phase III KEYNOTE-024 study, showing doubling PFS and ORR in favor of pembrolizumab- vs cisplatin-based first-line chemotherapy in patients with PD-L1 expression on at least 50% of tumor cells (73), and the Phase II KEYNOTE-021 trial, demonstrating a significant PFS and ORR improvement when pembrolizumab was combined with carboplatin pemetrexed chemotehrapy, compared with chemotherapy alone (74), it is supposed that PD-1 or PD-L1 inhibitors alone or in combination with chemotherapy will become the standard of care for first-line treatment of NSCLC patients. As a consequence, clinicians will deal with new challenges for the definition of the second-line treatment algorithm.

Our knowledge on cancer immunology is not fully complete, and it is still not clear how to select those patients who benefit more from therapy with immune checkpoint inhibitors. Different studies are ongoing, and the predictive role of PD-L1 expression, evaluated by immunohistochemistry, is the focus of much research. Different PD-L1 antibodies, with different cutoff levels, have been selected according to the different PD-1 or PD-L1 inhibitors evaluated in the clinical trials. Recently, thanks to the collaboration between academy, pharmaceutical, and diagnostic companies, there has been an attempt to compare and explore the differences and the similarities between the PD-L1 diagnostic assays (75). A weak correlation was found. Other markers are under evaluation. Data from retrospective analyses indicate that tumors with a high mutational burden, abundant neoantigens, and micro-satellite high status are associated with a good response to anti-PD-1/PD-L1 therapy, but additional studies are warranted (76–79).

In conclusion, new agents have been developed and approved for the treatment of NSCLC patients without oncogene-addicted tumors, after platinum-based chemotherapy progression, thus improving the number and efficacy of therapeutic opportunities, but increasing the complexity of the therapeutic selection. Currently, the most remarkable challenge remains the lack of predictive biomarkers, able to identify which patients might gain most benefit from these agents.
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In contrast to the established role of epidermal growth factor receptor (EGFR) inhibitors for the first-line treatment of patients with non-small cell lung cancer (NSCLC) harboring activating EGFR mutations, the role of EGFR blockade and of EGFR molecular testing in the second-line treatment remains less clear. The irreversible pan-ErbB family inhibitor afatinib (Gi(l)otrif®) was recently FDA- and EMA-approved for the second-line treatment of NSCLC with squamous cell histology irrespective of the EGFR mutational status (LUX-Lung 8). Contrariwise, results from the TAILOR and DELTA trials among retrospective biomarker analyses show the predictive value of the EGFR mutational status for efficacy of reversible EGFR inhibitors also as a second-line therapy. This mini review critically summarizes the current role of EGFR-targeting strategies in the second-line treatment of NSCLC with special respect to afatinib in light of emerging T790M-specific EGFR and immune check point inhibitors. The review also emphasizes the urgent need for reliable biomarkers to guide therapeutic decision-making and outlines prospective changes to the second-line landscape with some of the current second-line treatment concepts likely to be moved to the first-line.
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INTRODUCTION

Over the past decade, various genomic alterations relevant for non-small cell lung cancer (NSCLC) biology (“oncogene addiction”) were discovered and have subsequently changed the treatment paradigm from a histology-oriented to a biomarker-driven approach [reviewed by Thomas et al. (1)]. Historically, docetaxel was the gold standard second-line treatment (2) until erlotinib (Tarceva®), a first-generation tyrosine kinase inhibitor (TKI) of the epidermal growth factor receptor (EGFR) was FDA-approved in 2004 as maintenance therapy and for second and subsequent line treatment, after failure of chemotherapy in unselected patients (3). In the meantime, several phase-III trials compared EGFR TKIs with chemotherapy and have established EGFR TKIs as the standard first-line treatment for patients with EGFR-mutant NSCLC (4–7). Nowadays, not less than three EGFR TKIs—erlotinib, gefitinib (Iressa®) and the pan-ErbB family inhibitor afatinib (Giotrif®)—are licensed for the first-line treatment. Drug reimbursement is bound to the presence of a common activating EGFR mutation (i.e., exon 19 deletions and L858R point mutations) detected by FDA-approved tests [erlotinib—cobas®; gefitinib (Iressa®) and afatinib (Gi(l)otrif®)—therascreen EGFR RGQ]. However, the relevance of EGFR mutations for the second-line decision-making process remained less clear, and erlotinib (for all NSCLC) as well as afatinib (for squamous cell histology only) have initially been FDA-approved irrespective of EGFR mutational status or other predictive markers (3, 8). Several recent prospective clinical trials (TAILOR, DELTA) and retrospective biomarker analyses challenge this broad approval and emphasize the need for EGFR mutational re-testing ahead of the second-line therapy if not performed at diagnosis (9, 10).

EVIDENCE FOR CLINICAL EFFICACY OF EGFR TKIs IN THE SECOND LINE

The use of first-generation EGFR TKIs like erlotinib and gefitinib in the second-line treatment of patients with EGFR-mutant NSCLC is supported by prospective single-arm studies, retrospective biomarker analyses of phase-II studies and subgroup analyses from phase-III studies (11–20). Several randomized trials have compared single-agent EGFR TKIs with single-agent chemotherapy and showed an improvement in progression-free survival (PFS) but mostly not in overall survival (OS) with chemotherapy compared with EGFR TKIs in an EGFR wild-type population (9, 10, 19, 21–28). Afatinib has been tested in the worldwide LUX-Lung trial program and second-line studies included LUX-Lung 2 (first- or second-line, single-arm), LUX-Lung 4 (second-line or beyond), and the head-to-head comparison with erlotinib in LUX-Lung 8 (second-line) (8, 29). Afatinib like dacomitinib (the latter is not FDA-approved yet) irreversibly inhibits all ErbB family members and was supposed to overcome resistance mediated by secondary EGFR T790M mutations (30) which occur in ~50–60% of cases upon progression with reversible EGFR TKIs (31). Both drugs demonstrated promising activity against T790M in preclinical models but failed to overcome T790M-mediated resistance in patients due to dose-limiting toxicity resulting from inhibition of wild-type EGFR (32). Furthermore, analyses of small numbers of re-biopsy samples suggest that treatment with afatinib in the first-line results in similar rates (~50–60%) of secondary T790M mutations upon progression compared to reversible EGFR TKIs (31, 33). This may be due to the high frequency (up to 80%) of pretreatment EGFR T790M mutations (34). However, the results from LUX-Lung 4 and 5 suggested that some patients not only may benefit from afatinib after acquired resistance to gefitinib/erlotinib but also from continued ErbB inhibition during chemotherapy versus switching to single-agent chemotherapy after progression with EGFR TKIs (35). The LUX-Lung 5 results have yet not let to changes in second-line treatment recommendations in terms of combining EGFR inhibition with cytotoxic chemotherapy post-progression in patients with EGFR-mutant NSCLC who initially responded to EGFR TKI treatment.

AFATINIB IN NSCLC WITH SQUAMOUS CELL HISTOLOGY

Currently, treatment paradigms are most dramatically changing in tumors with squamous cell histology. This entity has unmet medical needs even though the incidence in Western countries is decreasing (25% of all lung cancer cases). Reflecting the tobacco carcinogenesis, tumors are genomically complex yet EGFR mutations are sporadic, and EGFR molecular testing is not routinely performed in this subgroup (36). Molecular analyses indicated that pan-ErbB blockade could be of therapeutic benefit in squamous cell tumors due to multiple genetic aberrations in ErbB receptors (HER2: 4%, HER3: 2%) and in downstream signaling molecules (KRAS: 3%, HRAS: 3%, BRAF: 4%, NF1: 11%, NRG1) (36). Furthermore, 20–30% of tumors overexpress HER2 and HER3. Whereas erlotinib was the only approved second-line TKI in squamous cell lung cancer since 2004, afatinib received FDA- and EMA-approval for the second-line treatment of squamous cell NSCLC in 2016 based on results of the head-to-head (against erlotinib) study LUX-Lung 8 (8). This approval is irrespective of the intratumoral EGFR mutational status. Supposedly, the improved OS [median 7.9 months (95% CI 7.2–8.7) versus 6.8 months (5.9–7.8); HR 0.81 (95% CI 0.69–0.95), p = 0.0077] is unlikely driven by the inhibition of mutant EGFR which was found in only 6% of the patients but rather by the broader irreversible pan-ErbB blockade with afatinib compared to erlotinib.

NEWLY EMERGING THIRD-GENERATION EGFR INHIBITORS AND IMMUNE CHECKPOINT BLOCKADE IN THE SECOND-LINE TREATMENT

After second-generation EGFR TKIs failed to effectively overcome T790M-mediated resistance in the clinical setting, drugs that specifically inhibit EGFR T790M without affecting wild-type EGFR were developed subsequently. Osimertinib (Tagrisso®), a EGFR T790M-specific kinase inhibitor, inhibits EGFR exon 18, 19, and 21 mutations and the drug-resistant T790M mutation and received accelerated FDA approval in 2015. Response rates to osimertinib in patients with T790M-positive tumors after first-generation EGFR TKI are comparable to those with first-line EGFR TKI (58–61%) and the median PFS reached 9.6 months compared to 2.8 months in EGFR T790M-negative patients. Osimertinib has a better toxicity profile than first- and second-generation EGFR TKI due to the reduced wild-type EGFR inhibition. Common adverse events are class-specific (i.e., diarrhea, rash, nail toxicity) but were generally mild to moderate (37).

Other promising therapeutic concepts that experienced a tremendous renaissance especially in squamous cell NSCLC include the modulation of the tumor vasculature [anti-VEGFR-2 antibody ramucirumab (Cyramza®), REVEL trial] (38) and of the immune environment. The latter strategy enhances the patient’s natural immune response to cancer mainly via CD8+ cells. Cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) and programmed cell death protein (PD-1) have been identified as important targets which are expressed on activated T cells and interact with ligands on antigen-presenting cells thereby limiting the immune response. Both, the anti-PD-1 monoclonal antibody Nivolumab (Opdivo®) (39, 40) and pembrolizumab (Keytruda®) (41) have been FDA-approved for PD-L1-positive (defined as a tumor proportion score ≥ 50%) metastatic squamous (nivolumab) or squamous and non-squamous (pembrolizumab) NSCLC lacking EGFR or ALK mutations with progression to platinum-based chemotherapy. Other antibodies targeting PD-L1 like atezolizumab (MPDL3280A) confirm the efficacy of this innovative concept of immune checkpoint blockade (42).

CONCLUSION AND OUTLOOK

Compared to the their role in the first-line, reversible (erlotinib, gefitinib) and irreversible (afatinib) EGFR TKIs have relatively less impact on the second-line treatment of patients with advanced NSCLC. Afatinib, however, was recently approved for patients with squamous cell NSCLC irrespective of the EGFR mutational status. With the advent of innovative treatment concepts as e.g., immune checkpoint blockade or T790M-specific EGFR inhibition, it is likely that EGFR TKIs will be further pushed into the first-line where they already today face ongoing head-to-head comparisons with the EGFR T790M-specific inhibitor osimertinib to identify the most effective upfront treatment option for patients with EGFR-mutant NSCLC (e.g., FLAURA trial: osimertinib versus gefitinib or erlotinib).

Currently, patients with EGFR-mutant tumors should be treated with EGFR TKIs as soon as possible, ideally in the first-line setting. This is supported by several first-line phase-III clinical trials, which showed higher response rates (>70%) (5, 43) as if the EGFR TKI was given in the second-line (27–67.4%) even though some of the reported data on response rates have been conflicting (5, 18, 19, 43, 44). Apart from the pooled LUX-Lung 3 and 6 analyses, all EGFR TKI first-line trials failed to show an OS benefit (45). This is likely confounded by crossover of patients to EGFR TKI post-progression to first-line chemotherapy. From the only prospective randomized TORCH trial which compared first-line EGFR TKI followed by chemotherapy with first-line chemotherapy followed by second-line EGFR TKI, the authors concluded, that patients with EGFR mutations would experience greater benefit from first-line EGFR TKI followed by second-line chemotherapy. However, patients in this study were not selected by EGFR mutational status (only 14.2% were EGFR mutation positive) and the small sample size as well as the fact that only 60% of patients in both arms received second-line treatment furthermore confounded the result (46). Numerous arguments yet support the application of EGFR TKI in the first-line over second-line: quality of life during EGFR TKI treatment is better compared to first-line chemotherapy especially in patients with poor performance status, whole-brain irradiation with its detrimental consequences on cognitive functions for patients with brain metastasis may be delayed by EGFR TKIs (47–49) and giving EGFR TKIs upfront increases the chance of TKI exposure for those patients whose tumors harbor the target. This is supported by the fact that about 1/3 of patients with EGFR mutations assigned to first-line chemotherapy did not receive EGFR TKI as salvage therapy in IPASS, WJTOG 3405, and OPTIMAL (4, 6, 50). LUX-Lung 6 reported the longest PFS (13.7 months) of all first-line EGFR TKIs and two head-to-head comparison studies [LUX-Lung 7 (first-line) and 8 (second-line)] were slightly in favor of afatinib over erlotinib and gefitinib even though there was some criticism about the interpretation of results and the publication strategy (26). Nevertheless, these trials indicate that afatinib is a highly effective drug in this setting but comes with numerically higher side effect rates compared to erlotinib and gefitinib (8, 51, 52). These toxicities are effectively manageable by supportive measures (53, 54) and tolerability-guided dose reductions which do not affect therapeutic efficacy (55). Especially afatinib, however, will be confronted with EGFR T790M-specific inhibitors like osimertinib in the first-line setting as the latter have a more favorable toxicity profile due to less wild-type EGFR inhibition.

If EGFR mutational testing has not been performed ahead of the first-line therapy—it is estimated that 15 to 35% of patients have insufficient tumor tissue for genotyping (56, 57), patients should be considered for repeated testing before starting second-line therapy. Plasma-genotyping, a technique that uses cell-free (cf)DNA, may be an important alternative to the classical biopsy approach in this scenario (58, 59) and it is highly likely that “liquid biopsies” will become available for many known oncogenic and resistance mutations in the near future. This may substantially change the decision-making process as liquid biopsies will enable the physician to monitor development of resistance more promptly and to decide more accurately on therapeutic consequences (60). TAILOR, DELTA, and other trials indicate the predictive value of EGFR mutational status on EGFR TKIs in the second-line (9, 10). In particular, the TAILOR study clearly suggests that second-line docetaxel is superior to erlotinib in terms of survival in all patients with EGFR wild-type NSCLC who are able to tolerate toxicities of chemotherapy. DELTA and other trials (CTONG0806 (28) and NCT01783834 (61): pemetrexed versus gefitinib) as well as a meta-analysis by Li et al. (62) point into the same direction with a better PFS for second-line chemotherapy in EGFR wild-type patients. On the contrary, there is evidence to suggest that patients with EGFR-mutant NSCLC who are still TKI naive perform better with EGFR TKIs (9, 10, 19, 21–28). In this context, reacting to the JUNO trial results (not fully published yet), FDA restricted the indication for erlotinib as maintenance or second or greater line treatment to those NSCLC patients whose tumors harbor common EGFR mutations in October 2016.

If the EGFR mutation status remains unknown for the second-line treatment decision, a preferred strategy would be to offer nivolumab for squamous NSCLC or pembrolizumab for squamous and non-squamous histology (after platinum-based chemotherapy if PD-L1 expression ≥ 50%). The approval of immune checkpoint inhibitors will consequently push docetaxel—long the standard of care treatment in the second-line—to the third-line or even beyond. Especially for squamous cell NSCLC, based on the positive survival results of the SQUIRE study which tested the human EGFR monoclonal antibody necitumumab in combination with cisplatin-gemcitabine chemotherapy, the treatment might soon change even in the first-line setting (63). Big efforts are furthermore ongoing to advance biomarker-driven therapies for patients with squamous cell carcinoma of the lung within the Lung-MAP studies (64) and it is also not a far-fetched vision that immune checkpoint inhibitors will have a role in untreated advanced lung cancer. Currently, more than 10 randomized trials (among them KEYNOTE, CHECKMATE, IMPOWER) are ongoing and the question will rather be how checkpoint inhibitors will integrate into the upfront setting, as monotherapy or in concurrent or sequential combination with chemotherapy.

Other important questions remain that may open up new indications for afatinib, but also other EGFR TKIs as to which drug is most effective in controlling brain metastases and rare EGFR mutations. It is known, that patients with EGFR mutations have an increased risk especially for leptomeningeal tumor dissemination (65, 66). Penetration of the blood-brain barrier as well as clinical efficacy have been described for both afatinib (47–49) and osimertinib (67). Other EGFR inhibitors with high in vivo CNS penetration (e.g., AZD3759) are currently under early clinical phase evaluation. To determine the most effective drug for CNS disease, also more systematic investigation of the mutational spectrum in brain metastases is required. In this context, surprisingly, a restrospective study found the majority of CNS and leptomeningeal metastases to be negative for EGFR T790M despite of T790M positivity in the extracranial tumor (spatiotemporal heterogeneity) (68). This may argue against T790M-specific and rather for first- or second-generation EGFR TKIs.

Another field of current interest are less common EGFR mutations which together represent about 10% of all EGFR mutations (69). Especially afatinib may be a good option for these rare EGFR mutations that include exon 18-21 duplications, G719X, Del18, E709K, insertions in exon 19, S768I, or L861Q as erlotinib, osimertinib and gefitinib showed only moderate activities in these mutations (70, 71, 72). Osimertinib contrariwise may be effective in rare exon 20 insertions whereas nazartinib (EGF816) shows promising efficacy in the majority of exon 20 mutations. The quinazoline-based EGFR inhibitors, gefitinib and afatinib finally proofed efficacy in tumors containing a common EGFR mutation (i.e., Del19 or L858R), in conjunction with L718Q, L844V, or C797S (73, 74).

To summarize, treatment paradigms for NSCLC patients in the second-line are currently experiencing dramatic changes. Many of the currently tested innovative concepts will likely move forward to the first-line treatment, whereas other strategies and possibly indications for EGFR TKIs (as, e.g., continued ErbB blockade post-progression, TKI-specific efficacy in rare mutations) may be established in the second-line. One necessity that all therapeutic concepts and treatment lines share in common is the urgent need for reliable predictive factors in times of increasing treatment costs. These are still not available for anti-angiogenic agents like ramucirumab and it remains unclear, if any predictive biomarker will help to select patients with squamous cell NSCLC for afatinib treatment in the future.
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Lung carcinoma is the leading cause of death by cancer in the world. Nowadays, most patients will experience disease progression during or after first-line chemotherapy demonstrating the need for new, effective second-line treatments. The only approved second-line therapies for patients without targetable oncogenic drivers are docetaxel, gemcitabine, pemetrexed, and erlotinib and for patients with target-specific oncogenes afatinib, osimertinib, crizotinib, alectinib, and ceritinib. In recent years, evidence on the role of antiangiogenic agents have been established as important and effective therapeutic targets in non-small cell lung cancer (NSCLC). Nintedanib is a tyrosine kinase inhibitor targeting three angiogenesis-related transmembrane receptors (vascular endothelial growth factor, fibroblast growth factor, and platelet-derived growth factor). Several preclinical and clinical studies have proven the usefulness of nintedanib as an anticancer agent for NSCLC. The most important study was the phase III LUME-Lung 1 trial, which investigated the combination of nintedanib with docetaxel for second-line treatment in advanced NSCLC patients. The significant improvement in overall survival and the manageable safety profile led to the approval of this new treatment in Europe. This review focuses on the preclinical and clinical studies with nintedanib in NSCLC.
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INTRODUCTION

Lung cancer is one of the most common malignancies in the world and is the leading cause of cancer-related deaths worldwide, accounting for 1.59 million deaths yearly. In the United States alone, an estimated 221,200 new cases of lung cancer were diagnosed in 2015, and 158,040 people will die of this disease (1–3). Non-small cell lung cancer (NSCLC) is the most frequent type of lung cancer, accounting for more than 80% of all cases, whereas small cell lung cancer represents 15–20% (4, 5). Most patients will experience disease progression during or after first-line chemotherapy, and there is a significant unmet need for new, effective second-line treatments. Currently, the only approved second-line therapies for patients who do not harbor identifiable driver oncogenes, such as epidermal growth factor receptor (EGFR) gene mutations or anaplastic lymphoma kinase (ALK) gene translocations, are docetaxel, gemcitabine, pemetrexed (limited for non-squamous NSCLC), and erlotinib (6–9).

The majority of patients with NSCLC do not achieve prolonged disease control, and the 5-year survival rate remains poor at 18.7% (1). Growing knowledge of NSCLC molecular pathobiology has led to the development of new treatments that target specific oncogenes (10) and have changed the natural history of the disease with a clear improvement of patient’s survival (11). However, it is still characterized by a significantly low survival for second-line treatment (12, 13) with a median progression-free survival (PFS) from 2 to 3 months and a median survival rarely exceeding 8 months (14). The recognition of patients harboring EGFR mutations (EGFRm) or EML4-ALK translocation and displaying tyrosine kinase inhibitors (TKI) response rates of approximately 70% account an essential treatment. With the use of molecularly targeted therapies, such as erlotinib (15), afatinib (16) for EGFRm, osimertinib (17) for EGFRm T790, and crizotinib (18), alectinib, and ceritinib (19, 20) for ALK positive (Table 1), a higher response rates and prolonged PFS have been obtained when compared to chemotherapy in the first- and second-line setting (21).

TABLE 1 | Early development of Target therapy in non-small cell lung cancer (NSCLC).
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Antiangiogenic agents have been established as important and effective therapeutic targets in many cancers, including NSCLC. Angiogenesis is one of the hallmarks of cancer and is critical for the growth, progression, and metastasis of many solid tumor types (22–24). Mechanisms that support the formation of neovasculature include vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), and platelet-derived growth factor (PDGF) signaling pathways (22, 25–27). To date, first-line bevacizumab remains the only approved antiangiogenic treatment in the therapeutic armamentarium for advanced NSCLC. Its use is restricted to patients with tumors with a non-squamous histology (28, 29).

In the Eastern Cooperative Oncology Group, 878 patients with recurrent or advanced NSCLC were recruited and assigned to paclitaxel/carboplatin chemotherapy alone or paclitaxel/carboplatin and bevacizumab. The addition of the anti-VEGF to a standard, platinum-based doublet regimen conferred a significant prolongation in overall survival (OS), PFS, and response rate in patients with NSCLC (28) (Table 1). Also, bevacizumab administered with paclitaxel showed a median PFS longer compared to docetaxel in second-third line of treatment (30) In the AVAiL trial, patients with non-squamous NSCLC were randomized to receive cisplatin/gemcitabine with or without bevacizumab and in a similar way, the results in this trial demonstrated an improvement in PFS versus placebo (31).

Furthermore, ramucirumab, a vascular endothelial growth factor receptor-2 (VEGFR2) inhibitor, was investigated as second-line therapy with docetaxel for stage IV NSCLC. Median OS and PFS were longer in the ramucirumab arm compared with the placebo arm (32) (Table 1). Even though VEGF is the most potent angiogenic molecule, the inhibition of the VEGF pathway with TKI or monoclonal antibodies is associated with a modest survival benefit.

The multikinases inhibitor sorafenib targets VEGFR2–3, PDGFR-β, c-kit, RAF, and FLT-3. In two phase II studies, it was determined an improvement in PFS and in OS when used as a single agent with respect to placebo (33) (Table 1). Furthermore, a phase I/II trial studied the effect of sorafenib combined with carboplatin/paclitaxel and showed a median PFS of 34 weeks with a good toxicity profile (34). However, two Phase III trials, ESCAPE and NEXUS trials, were conducted to confirm the efficacy and feasibility of the combination treatment. Unfortunately, neither of the trials met their primary endpoints (35, 36).

Sunitinib, an orally selective multitargeted TKI that inhibits PDGFR, KIT, FLT-3, and VEGFR, has also been evaluated in combination with both chemotherapy and erlotinib after failure of first-line platinum-based chemotherapy. CALGB 30704 randomized patients to pemetrexed alone, sunitinib alone, or the combination of pemetrexed/sunitinib as second-line therapy for advanced NSCLC (37) (Table 1). The results demonstrated a non-statistically significant higher response rate in patients receiving pemetrexed/sunitinib and a better PFS and OS in the single agent pemetrexed arm. Also, two trials evaluated the combination of erlotinib and sunitinib, and no differences in PFS or OS were observed (38, 39).

Unfortunately, the activation of other angiogenic pathways has also developed drug resistance by the tumor. Molecules, such as FGF and PDGF, have been found upregulated in patients exhibiting acquired resistance to anti-VEGF treatment. The use of multitargeted anti-angiogenesis tyrosine kinase inhibitors (MATKIs) to achieve simultaneous inhibition of two or three angiogenic pathways has been proposed as a promising strategy for improved outcomes in NSCLC patients (40).

Nintedanib (Vargatef®; BIBF 1120) is a novel, potent, oral, triple angiokinase inhibitor that targets VEGF receptors 1 to 3, PDGF receptors alpha and beta, and FGF receptors 1 to 3 (41–43), as well as members of the Src family and FLT-3 (43) (Figure 1).
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FIGURE 1 | Mechanism of action of nintedanib in lung cancer treatment.



PRECLINICAL DEVELOPMENT

Nintedanib was identified during a program for small molecule inhibitors of angiogenesis, and studies were extended to various solid tumors (43). Recent evidence shows that nintedanib is a potent endothelial cell proliferation inhibitor with a good safety profile, proven in both in vitro and in vivo studies.

This molecule, an indolinone derivative, occupies the adenosine triphosphate-binding sites in the kinase domain of pro-angiogenic receptors previously mentioned, inhibiting the downstream signaling pathways. Overall, the spectrum is fairly restricted (VEGFR-1, VEGFR-2, VEGFR-3, FGFR-1, 2, 3, PDGFR-α and β, FLT3, and SRC family member) and has shown low cross-reactivity with other human kinases (41, 43, 44). Peak plasma concentrations of nintedanib are reached 2–4 h after oral administration and have a terminal half-life of 10–15 h. Also, it is metabolized largely via hydrolytic cleavage by esterases; cytochrome P450 pathways have a minor role in the metabolism of the MATKI. The major route of elimination is fecal/biliary excretion (45).

In vitro studies showed that treatment with nintedanib induced proliferation arrest and apoptosis in endothelial cells, smooth muscle cells, and pericytes, cell types involved in angiogenesis, through the inhibition of both AKT and mitogen-activated protein kinases signaling pathways, resulting in an overexpression of the apoptosis marker cleaved caspase-3 (43).

Moreover, in vivo studies performed in human NSCLC xenografts have confirmed these results. One of the studies showed that at well-tolerated doses, nintedanib was highly active and demonstrated additive effects in combination with the cytotoxic drugs docetaxel or pemetrexed (42). In addition, in another study, nintedanib alone and in combination with standard chemotherapy showed a potent inhibition of proliferation and increased apoptosis of tumor cells in NSCLC xenografts that were poor responders to bevacizumab and resistant to platinum doublet chemotherapy (46). It demonstrated rapid changes in tumor vessel architecture, such as reduction of vessel permeability and perfusion, and microvessel density. Intracellularly, the inhibitory effect of nintedanib was found to be markedly sustained, with inhibition of VEGF receptor activation for at least 32 h after being treated for 1 h with nintedanib, suggesting slow receptor dissociation kinetics and sustained inhibition (43). There was no association with an increased expression of the epithelial mesenchymal transition (EMT) markers, a common mechanism of resistance to antiangiogenic therapies (46).

Another recent study evaluating the co-treatment of nintedanib with small interfering RNAs against six specific genes involved in EMT has shown that this molecule is able to do a downregulation of SYDE1 and ZEB1, and this sensitizes the cell’s response to the drug in terms of EMT reversal (47). Additionally, in vitro and in vivo studies have evaluated the toxic potential of nintedanib, showing a tolerable safety profile of this compound, excluding any severe cardiovascular, respiratory, or neurological adverse effects, as well as any mutagenic potential of nintedanib (48).

Furthermore, the combination potential of nintedanib with PD-1 antagonists was explored in an in vivo combination experiments in two syngeneic murine tumor models. The murine tumor cell lines CT-26 and 4T1 were injected subcutaneously into female mice and subsequently treated with RMP1-14, a murine anti PD-1, nintedanib, or RMP1-14/nintedanib. Single agent treatment of CT-26 subcutaneous tumors with RMP1-14 resulted in antitumor effect with treated to control values of 45% and nintedanib resulted in a 63%. The combination treatment group after 24 days showed a value of 34%. Additionally, the use of nintedanib in the anti PD-1 refractory model 4T1 showed a synergistic combinatorial antitumor effect. The combination of angiogenic and immune checkpoint inhibition is an attractive opportunity to improve overall response rates and efficacy based on the dual roles of angiogenic factors in blood vessel formation and immune regulation (49).

PHASE I AND PHASE II CLINICAL TRIALS

The tolerability of nintedanib has been studied in different kinds of neoplasm, such as ovarian cancer, NSCLC, breast cancer, colorectal cancer, urothelial carcinoma, and head and neck cancer (50). In a phase I open-label, dose-escalation trial, Doebele et al. studied the combination of this MATKI with paclitaxel and carboplatin in chemotherapy-naïve advanced NSCLC (51). Twenty-six patients enrolled and received nintedanib at the starting dose of 50 mg twice daily on days 2–21 in association with 200 mg/m2 paclitaxel and area under the curve 5 of carboplatin on day 1 of each 21-day cycle. Overall, 84.6% (n = 22) experienced a partial response or stable disease without confirmation, and 26.9% (n = 7) achieved a confirmed partial response. The treatment was well tolerated with liver enzyme elevations, thrombocytopenia, abdominal pain, and rash being the dose-limiting toxicities (DLT) (Table 2).

TABLE 2 | From phase I to phase III clinical trials on nintedanib.
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In another dose-escalation phase I/II trial, 26 patients with advanced NSCLC previously treated with first-line platinum-based chemotherapy, received nintedanib in association with pemetrexed. Patients received a starting dose of nintedanib of 100 mg twice daily on days 2–21 in association with 500 mg/m2 of pemetrexed on day 1 of a 21-day cycle. Similar to the previous studies, the resultant maximum tolerated dose (MTD) of nintedanib was established at 200 mg twice daily. Moreover, of the enrolled patients, 1 had a complete response, 13 had stable response, and 8 patients showed progressive disease. The median PFS was approximately 5.4 months. A good safety profile was confirmed, with fatigue, anorexia, and ALT increase being the most frequent grade 3 drug-related adverse events (52) (Table 2). Moreover, in a Japanese trial, the same MTD of nintedanib (200 mg twice daily) was established and a manageable safety profile and similar efficacy results as the previous studies were found (53).

Okamoto et al. evaluated in a phase I trial, the combination of nintedanib with docetaxel in advanced NSCLC patients who had been previously treated. Forty-two patients (17 BSA < 1.5, 25 BSA ≥ 1.5) were treated. The MTD of nintedanib was 150 and 200 mg twice daily in patients with BSA less than 1.5 and BSA greater than or equal to 1.5, respectively, in combination with 75 mg/m2 of docetaxel. They found encouraging efficacy results, yielding a 73.7% of disease control rate. Furthermore, DLT, all grade 3 hepatic enzymes elevations, occurred in only one-third of the enrolled patients. All hepatic enzyme elevations were reversible and manageable with dose reduction or discontinuation. The main drug-related adverse events included neutropenia (95%), leukopenia (83%), fatigue (76%), alopecia (71%), decreased appetite (67%), and elevations in alanine aminotransferase and aspartate aminotransferase (64%) (40) (Table 2).

Also, a phase II double-blind study assessed the efficacy, safety, and tolerability of nintedanib in stage IIIB/IV NSCLC. The 73 patients recruited tolerated the continuous treatment and had no significant difference in efficacy between treatment arms (nindetanib 250 mg twice a day versus 150 mg twice a day). The median PFS was 6.9 weeks and the median OS was 21.9 weeks with no significant difference between the two groups; the disease control rate was 59% (54) (Table 2).

PHASE III TRIALS

The LUME-Lung 1 trial (NCT00805194) is a multinational, randomized, placebo-controlled phase 3 trial that assessed the efficacy and safety of the combination of nintedanib and docetaxel in patients with stage IIIB/IV NSCLC progressing after first-line chemotherapy. Patients were assigned to docetaxel 75 mg/m2 by intravenous infusion on day 1 in addition to nintedanib 200 mg twice daily orally or matching placebo on days 2–21, every 3 weeks. The primary endpoint was PFS, which was assessed by an independent central review, analyzed by intention to treat after 714 events in all patients. As key secondary outcome, OS was predefined and analyzed on an intention-to-treat basis in a pre-specified, stepwise, fixed-sequence order: first, in a predefined group of patients with adenocarcinoma and poor prognosis (i.e., time elapsed since start of first-line therapy of less than 9 months until randomization into the trial); second, in patients with adenocarcinoma; and finally, in all patients regardless of histology. Other secondary outcomes were investigator-assessed PFS, tumor response by central review and investigator assessment, safety, and tolerability.

The study met its primary endpoint demonstrating a statistically significant improvement in PFS that translated into a 21% reduction in risk of progression (55). The PFS according to central independent review was significantly longer in nintedanib plus docetaxel group than in docetaxel plus placebo group (median PFS 3.4 versus 2.7 months; HR 0.79; 95% CI 0.68–0.92; p = 0.0019), with a more pronounced benefit in patients with adenocarcinoma histology (median PFS 4.2 versus 1.5 months; HR 0.68; 95% CI 0.54–0.84; p = 0.0005). Also, the subset of patients with adenocarcinoma and poor prognosis had a median PFS of 4.2 months in the docetaxel plus nintedanib group versus 1.6 months in the docetaxel plus placebo group (HR 0.67; 95% CI 0.43–1.04, p = 0.0725) (56).

Even though, in the total population of patients there was only a trend in favoring the combination of docetaxel and nintedanib (median OS 10.1 versus 9.1 months; HR 0.94; 95% CI 0.83–1.05; p = 0.2720), in adenocarcinoma subgroup there was a significant difference in OS (median OS 12.6 versus 10.3 months; HR 0.83; 95% CI 0.70–0.99; p = 0.0359). Improvement was also observed in patients with adenocarcinoma histology and poor prognosis; the median OS was longer in the docetaxel plus nintedanib group compared with the docetaxel plus placebo group (median OS 10.9 months versus 7.9 months; HR 0.75; 95% CI 0.60–0.92; p = 0.0073) (56). The intent-to-treat analysis of OS in all studied patients showed a 1-month improvement that did not reach statistical significance; however, when adjusted to the sum of longest diameters of target lesions, a significant OS benefit was seen (55).

The tolerability profile was similar to that shown in phase I/II clinical trials. The adverse events that were more common in the docetaxel plus nintedanib group than the docetaxel plus placebo group were: diarrhea, increases of transaminases, nausea, decreased appetite, and vomiting, with only a 18.6% requiring dose reduction (56). Also, a study determined the impact on tumor growth over time as a treatment effect, with a specific focus on patients with poor prognosis (i.e., time of progression less than 9 months and who had progressive disease as best response to first-line treatment). The use of nintedanib and docetaxel showed a significant reduction in tumor burden and tumor growth over time compared to docetaxel in patients with adenocarcinoma histology and in the group of patients with the poorest prognosis (57) (Table 2).

Furthermore, Heigener et al. performed an analysis of adenocarcinoma population in the LUME-Lung 1 to determine if first-line treatment could influence subsequent outcomes for nintedanib and docetaxel arm. In the study, the efficacy outcomes, the OS benefit, and the frequency of adverse events were similar regardless of prior treatments with taxanes, pemetrexed, or bevacizumab (58).

Popat et al. confirmed LUME-Lung-1 findings in a meta-analysis of nine studies. They estimated a probability of 70% for nintedanib plus docetaxel being the best second-line treatment with regard to OS and PFS (59). Based on these findings, the European Medicines Agency approved in November 2014 the combination of nintedanib with docetaxel for the second-line treatment of adenocarcinoma patients (60). Furthermore, using patient-reported outcomes [i.e., 30-item European Organisation for Research and Treatment of Cancer Core Quality of Life (QoL) Questionnaire and its 13-item lung cancer-specific supplement] to complement the objective measures of efficacy and safety, this trial allowed the assessment of patients’ subjective perception of their symptom burden and health-related QoL. This analysis demonstrated that the survival benefits achieved in the LUME-Lung 1 trial were not at the expense of patients’ QoL. No significant differences in the PRO composites for cough, dyspnea, or pain were observed between the treatment groups (56).

Moreover, a cohort of NSCLC Mexican patients receiving nintedanib with docetaxel demonstrated efficacy and that was well tolerated; 81.25% had a partial response and 18.75% had stable disease (61). Also, a descriptive trial used the clinical data collection of patients with advanced lung adenocarcinoma who progressed to first-line treatment plus bevacizumab included in the compassionate-use program of nintedanib. The primary objective of the study was to describe the characteristics of the patients and their tumors, including previous therapies. The secondary objectives were to estimate the time under nintedanib treatment and the response rate and to evaluate the safety of this new treatment in daily clinical practice. From the 99 patients who were included, the objective response rate was 53%, stable disease 26.5%, disease progression 16.3%, and 4% were non-evaluable. Also, the disease control rate was 79.6%. The majority of patients had adequate tolerance, similar to the results obtained in LUME-Lung 1, mostly toxicities grades 1–2. However, the retrospective design of the study and the biased criteria of the investigator could have influenced in the overestimated responses (62).

Another phase III controlled randomized trial, LUME-Lung 2 (NCT00806819) evaluated the use of nintedanib in combination with pemetrexed (500 mg/m2) and compared with pemetrexed (500 mg/m2) plus placebo in patients with advanced, non-squamous NSCLC previously treated with chemotherapy (63). The primary endpoint was the same as LUME-Lung 1, while the secondary endpoints included OS, investigator-assessed PFS, response rate, safety, and QoL. Even though the enrollment was halted after randomizing 713 patients based on a planned futility analysis, the study met its primary endpoint. The nintedanib arm had a significant better PFS (median PFS 4.4 versus 3.6 months compared with placebo; HR 0.83; 95% CI 0.70–0.99; p = 0.0435); however, this difference was not translated into an OS benefit (12.2 versus 12.7 months; HR 1.03; 95% CI 0.85–1.24; p = 0.7921). Moreover, disease control was also significantly improved in the nintedanib arm (61 versus 53%, odds ratio 1.37, p = 0.039). Also, in this study, nintedanib showed a higher incidence of grade 3 increases in liver enzymes and gastrointestinal events, which resolved with dose reduction and supportive treatment (56). In contrast to other antiangiogenic agents, no grade 3/4 hypertension or hand-foot syndrome was reported (54) (Table 1).

Additionally, the association between plasma levels of VEGF, FGF, and PDGF was evaluated, both baseline and after treatment with nintedanib plus docetaxel, as well as disease control rate, PFS, and OS, among 38 patients with NSCLC. A higher percentage change reduction in PDGF after treatment was associated with a longer PFS and a higher percentage change in FGF was associated with a longer OS. Also, a higher reduction of plasma levels of FGF and PDGF was associated with better clinical outcomes (64).

Several clinical trials involving nintedanib are ongoing, including a phase III study (NCT02299141), that will evaluate the effectiveness of nintedanib in molecularly selected NSCLC patients and investigate the potential role of some genes (VEGFR1-3, PDGFR-A, PDGFR-B, and FGFR1-3) that might be involved in the regulation of mechanisms of acquired resistance to antiangiogenic agents. Results are expected by June 2017.

CONCLUSION

Nintedanib might be a good treatment option that fulfils the unmet need for effective, well-tolerated treatment options in advanced NSCLC and alleviate the disease burden for a broad selection of patients. The significant improvement in PFS in the overall population and the subgroup of patients with adenocarcinoma observed with the addition of nintedanib to cytotoxic drug therapy represents an attractive second-line treatment option. Moreover, the safety profile of this MATKI is manageable, giving this new treatment option great potential as an emerging combination for the management of NSCLC.
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Nintedanib is a new triple angiokinase inhibitor that potently blocks the proangiogenic pathways mediated by vascular endothelial growth factor receptors, platelet-derived growth factor receptors, and fibroblast growth factor receptors. Evidence about its efficacy in addition to second-line chemotherapy in non-small cell lung cancer (NSCLC) has been produced by two large randomized phase III clinical trials (LUME-Lung 1 and LUME-Lung 2), conducted in patients with pretreated NSCLC, without major risk factors for bleeding. In the LUME-Lung 1, the addition of nintedanib to docetaxel significantly improved progression-free survival, which was the primary end point of the trial (3.4 vs. 2.7 months, hazard ratio: 0.79; p = 0.0019). Furthermore, a significant improvement in median overall survival (from 10.3 to 12.6 months) was observed in patients with adenocarcinoma histology, with a greater advantage in patients who progressed within 9 months after start of first-line treatment (from 7.9 to 10.9 months) and in patients who were most refractory to first-line chemotherapy (from 6.3 to 9.8 months). Adverse events were more common in the docetaxel plus nintedanib group, and they included diarrhea and increased liver enzymes, while no statistically significant increase in the incidence of bleeding and hypertension events by the addition of nintedanib was observed. On these bases, the combination of docetaxel and nintedanib can be considered a new option for the second-line treatment for patients with advanced NSCLC with adenocarcinoma histology. Future challenges are the identification of predictive factors to help the decision of using nintedanib in eligible patients.
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INTRODUCTION

In recent years, a better understanding of the biology of cancer led to the development of molecular targeted therapies that have radically changed the treatment of many solid tumors, including non-small cell lung cancer (NSCLC). The new tailored agents, such as epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIs) and anaplastic lymphoma kinase inhibitors, are able to inactivate specific molecular alterations that occur in specific oncogenes, which cause cancer cell survival strictly dependent on such aberrant genes, as explained by the “oncogene addiction theory” (1). However, only a minority of tumors are oncogene addicted, and chemotherapy remains the only treatment available for the majority of cancer patients.

In this setting, targeting the angiogenesis pathways represents an alternative and attractive strategy, inasmuch as tumor development, progression, and metastasis are demonstrated strongly linked to angiogenesis. Angiogenesis is a very complex process, which is highly regulated by many molecules with both proangiogenic and antiangiogenic activity. The tumor microenvironment is composed of hyperproliferating cells that need large amounts of oxygen and nutrients. Such cells are able to deregulate the angiogenic process inducing an abnormal secretion of proangiogenic factors and the consequent development of disorganized, tortuous, enlarged, high permeable blood vessels, which are needed for both tumor growth and its metastatic potential (2). Therefore, angiogenic pathways have been investigated as potential therapeutic targets in patients with NSCLC (3). Several antiangiogenic agents have been developed, including monoclonal antibody anti-vascular endothelial growth factor (VEGF) such as bevacizumab or vascular endothelial growth factor receptor (VEGFR) TKIs, such as sorafenib and sunitinib. In particular, bevacizumab in combination with platinum-based chemotherapy has demonstrated superior efficacy compared with chemotherapy alone as first-line treatment in patients with non-squamous NSCLC, reaching the approval for use in this setting (4). However, because of substantial redundancy of proangiogenic pathways, patients treated with bevacizumab inevitably develop resistance to this agent (3).

One strategy for overcoming acquired resistance to bevacizumab is to target simultaneously multiple angiogenic receptors. Nintedanib is a new triple angiokinase inhibitor that potently blocks the proangiogenic pathways mediated by VEGF receptors, platelet-derived growth factor (PDGF) receptors, and fibroblast growth factor (FGF) receptors. This review summarizes the clinical data emerging from phase I–III clinical studies with nintedanib in NSCLC and in other tumors, focusing on the data that led to the recent approval by the European Medicines Agency as a second-line treatment in association with docetaxel in patients with advanced NSCLC.

PRECLINICAL EVIDENCE

Nintedanib (BIBF 1120; methyl (3Z)-3-[[4-[methyl-[2-(4-methylpiperazin-1-yl)acetyl]amino]anilino]-phenylmethylidene]-2-oxo-1H-indole-6-carboxylate) is a potent, oral angiokinase inhibitor that targets the proangiogenic pathways (Figure 1). This molecule is an indolinone derivative that blocks adenosine triphosphate-binding sites in the kinase domain of proangiogenic receptors inhibiting the downstream signaling pathways related to neoangiogenesis. Nintedanib is a TKI targeting VEGFR1–3, platelet-derived growth factor receptor α (alpha) and β (beta), and fibroblast growth factor receptors (FGFR) 1–3 and, in addition, it also inhibits the Src family, RET, and FLT3 (5, 6) (Figure 2). The three VEGF receptors have different functions, but all take part in tumorigenesis, directly stimulating cancer stem cell proliferation (6). Moreover, VEGFR-2 is considered the crucial receptor involved in initiation of the formation as well as the maintenance of tumor vasculature. Preclinical studies with nintedanib have shown sustained (>30 h) blockade of VEGFR2 in vitro and delay or arrest of tumor growth in xenograft models of human solid tumors, including lung cancer models (7). The specific and simultaneous abrogation of all the pathways targeted by nintedanib results in effective growth inhibition of both endothelial and perivascular cells, which may be more effective than inhibition of endothelial cell growth alone.
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FIGURE 1 | Chemical structure of Nintedanib.
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FIGURE 2 | Nintedanib and targeted proangiogenic pathway.



Furthermore, signaling by FGF receptors has been identified as a possible escape mechanism for tumor angiogenesis when the VEGF pathway is disrupted (8). Nintedanib leads to an important decrease of microvessel density and pericyte coverage, and this leads to a diminished perfusion and thereby to the death of tumor cells. In addition, a therapeutic effect may also result from inhibition of tumor autocrine and paracrine growth factor loops involving VEGF, PDGF, and bFGF.

In a preclinical study with models of lung and pancreatic cancer, it has been described that nintedanib does not increase the markers of epithelial to mesenchymal transition that usually allow tumor cells to switch from one pathway to another. This evidence is very important and could explain why this drug does not promote the change to a more aggressive tumor subtype and does not induce chemotherapy resistance (9).

Following oral administration, nintedanib is rapidly absorbed, with a median time to maximum plasma concentration of 1.3 h and a terminal half-life of 13.7 h (10). The major route of elimination of nintedanib is through metabolism, and its metabolites are excreted via the biliary system into the feces; urinary excretion is minor (1%). Nintedanib metabolism in healthy humans occurs predominantly by cleavage of the methyl ester moiety, yielding the carboxylate BIBF 1202 (metabolite 1). BIBF 1202 is then conjugated to glucuronic acid, yielding 1-O-acylglucuronide (metabolite 2). Thus, metabolism of nintedanib is predominantly cytochrome P450 enzyme independent, which facilitates the combination of nintedanib with cytotoxic chemotherapies, such as docetaxel, that are metabolized via cytochrome P450 enzymes (10).

Phase I, II, and III clinical trials have been conducted in NSCLC to investigate the pharmacokinetics, tolerability, and efficacy of this triple angiokinase inhibitor (Table 1).

TABLE 1 | Randomized clinical studies with nintedanib in non-small cell lung cancer (NSCLC).
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PHASE I STUDIES

Nintedanib showed a manageable safety profile and antitumor activity in patients with solid tumors, including NSCLC (13, 16). Based on several phase I dose-escalation trials of nintedanib as monotherapy, the maximum tolerated dose (MTD) of nintedanib was defined as 250 mg twice a day (b.i.d.) in Caucasian patients and 200 mg b.i.d. in Japanese patients (17, 18).

In a phase I accelerated titration study, Mross et al. investigated the MTD and tolerability of nintedanib in 61 patients with advanced cancers (16). Nintedanib showed a favorable safety profile in this advanced cancer patient population. Twice-daily dosing permitted an increase in total dose without additional toxicity. Because of its pharmacokinetic profile and absence of interaction with CYP450 enzymes, nintedanib was investigated in combination with standard cytotoxic chemotherapies, such as docetaxel or pemetrexed (11, 19, 20).

Ellis et al. investigated the MTD of continuous oral treatment with nintedanib in combination with standard-dose pemetrexed (500 mg/m2) (11). Doebele et al. have also investigated the safety, tolerability, and MTD of nintedanib (starting dose 50 mg b.i.d.) on days 2–21 in combination with carboplatin [area under the curve (AUC) 6 mg/ml/min] and paclitaxel (200 mg/m2) on day 1 of each 21-day cycle, in first-line setting in 26 patients with advanced NSCLC (12). The MTD of nintedanib was 200 mg/mq b.i.d. in combination with full doses of paclitaxel and carboplatin, and dose-limiting toxicities were liver enzyme elevations, thrombocytopenia, abdominal pain, and rash. Partial responses were observed in 26.9% of patients, and stable disease was observed in 38.5% of patients.

These trials confirm that splitting the total daily dose into two daily administrations increases the total daily exposure without additional toxicity. They also showed that 200 mg b.i.d. of nintedanib is the recommended dose for continuous daily treatment in combination with standard-dose pemetrexed or carboplatin and paclitaxel for patients with advanced or metastatic NSCLC (11, 12).

In all these phase I studies, nintedanib revealed a similar adverse event profile with respect to fatigue and gastrointestinal adverse events as compared with other VEGFR TKIs. The predominant adverse events were nausea, diarrhea, vomiting, abdominal pain, and fatigue of low to moderate intensity during the first 2 months of therapy. Dose-limiting toxicities were dose-dependent hepatic enzyme elevations that were reversible after discontinuation of nintedanib treatment. Only in few patients, liver enzyme elevations were accompanied by a simultaneous increase in bilirubin. In general, common terminology criteria for adverse events (version 3.0) grade 3 liver enzyme increases were reported in the dose groups of 250 mg twice daily or higher. Severe grade 4 liver enzyme elevations were observed only occasionally, and they were fully reversible within 2 weeks to treatment discontinuation or dose reduction. Fatigue was also reported of a mild-to-moderate intensity, instead in the trial of nintedanib with pemetrexed it was reported as the most relevant dose-limiting toxicity. There were no drug-related bleeding events. Hypertension or thromboembolic events were rare and did not suggest an increased frequency as a consequence of therapy with nintedanib. There was no increase in hematologic toxicity observed when nintedanib was combined with chemotherapy. Unlike some other oral angiogenesis inhibitors, nintedanib did not seem to cause relevant skin abnormalities and no hand-foot syndrome was observed.

PHASE II STUDIES

Reck et al. conducted a phase II double-blinded, two-arm, randomized monotherapy trial with nintedanib (13). Patients with locally advanced or metastatic relapsed NSCLC of any histology after failure of first- or second-line chemotherapy with an Eastern Cooperative Oncology Group (ECOG) performance status (PS) 0–2 were randomized to continuous 150 or 250 mg b.i.d. nintedanib treatment until disease progression. Progression-free survival (PFS) and overall response rate were primary end points. Secondary end points included pharmacokinetic profiles of nintedanib, safety, and overall survival (OS). There was no significant difference in the PFS and the OS between the two groups. The results of this trial demonstrate that nintedanib in patients with ECOG 0–1 reaches effectiveness comparable to historical phase II data of other VEGFR inhibitors in a similar patient population: median PFS was 2.9 months with nintedanib, 2.8 months with sunitinib (21), 2.8 months with sorafenib (22), 2.6 months with vandetanib (23), and 3.5 months with vatalanib (24). The toxicity profile in this study was similar to that seen in phase I trials (17, 18). The majority of the adverse events were mild-to-moderate gastrointestinal symptoms with reversible hepatic toxicity. Tolerability was comparable between the two doses, with the exception of a higher frequency of liver enzyme elevations in the higher dose group.

PHASE III STUDIES

Two randomized prospective clinical trials have been conducted to evaluate the efficacy of nintedanib in patients with advanced NSCLC. The LUME-Lung 1 was a large multicenter double-blind, placebo-controlled, phase III trial randomizing patients with NSCLC to second-line docetaxel plus placebo (n = 659) or docetaxel plus nintedanib (n = 655) (14). The primary end point was PFS by central independent review, and the secondary end point was OS; additional secondary end points included investigator-assessed PFS, tumor response by central review and investigator assessment, safety, and patient-reported quality of life (QoL). Patients were randomized in a 1:1 ratio to investigational arm of nintedanib 200 mg b.i.d. plus standard docetaxel therapy 75 mg/m2 vs. placebo plus standard docetaxel therapy. A total of 1,314 patients were randomized: 655 assigned to experimental arm and 659 to standard arm. Patients were stratified by histology, ECOG PS, prior bevacizumab treatment, and the presence of brain metastases allowed if stable. Exclusion criteria were as follows: previous treatment with docetaxel or other VEGF inhibitors therapy (with the exception of bevacizumab), active and unstable brain metastasis or radiographic evidence of cavitary or necrotic tumors. Baseline demographics were well balanced between both arms. In this trial, the addition of nintedanib to docetaxel significantly improved PFS in the total study population (median 3.4 months [95% CI: 2.9–3.9] vs. 2.7 months [2.6–2.8]; hazard ratio (HR): 0.79 [95% CI: 0.68–0.92], p = 0.0019). The benefit in PFS was consistent, regardless of gender, age, ethnicity, or PS.

Moreover, the addition of nintedanib improved median OS in patients with adenocarcinoma (12.6 months [95% CI: 10.6–15.1] vs. 10.3 months [95% CI: 8.6–12.2]; HR: 0.83 [95% CI: 0.70–0.99], p = 0.0359). The prolongation of OS was consistent with the improvement of 1-year survival rate from 45 up to 53% and 2-year survival rate from 19 up to 26%. OS was also increased in patients with adenocarcinoma histology who progressed within 9 months after start of first-line treatment (median OS increased from 7.9 to 10.9 months corresponding to a HR of 0.75 and p value of 0.0073) and in patients refractory to first-line chemotherapy. In this group of poor prognosis patients, an advantage of more than 3 months was observed with the addition of nintedanib to docetaxel compared to docetaxel alone (9.8 vs. 6.3 months, HR of 0.62, p = 0.0246). There was no difference in OS in the total study population (median 10.1 months [95% CI: 8.8–11.2] vs. 9.1 months [8.4–10.4]; HR: 0.94 [95% CI: 0.83–1.05], p = 0.2720) and in patients with squamous cell carcinoma between both arms. Finally, the investigation of the interaction between treatment and tumor burden showed that a greater tumor burden was associated with a greater treatment effect for docetaxel and nintedanib. In addition, a significant improvement in disease control rate (60.2 vs. 44%) in favor of nintedanib plus docetaxel was observed in adenocarcinoma patients. Adverse events more common in the docetaxel plus nintedanib group than the docetaxel plus placebo group were as follows: diarrhea (all grades: 42.3 vs. 21.8%; grade ≥ 3 6.6 vs. 2.6%), increases in alanine aminotransferase (all grades, 28.5 vs. 8.4%; grade ≥ 3 7.8 vs. 0.9%), nausea (all grades, 24.2 vs. 18.0%; grade ≥ 3, 0.8 vs. 0.9%), increases in aspartate aminotransferase (all grades, 22.5 vs. 6.6%; grade ≥ 3, 3.4 vs. 0.5%), decreased appetite (all grades, 22.2 vs. 15.6%; grade ≥ 3, 1.4 vs. 1.2%), and vomiting (all grades 16.9 vs. 9.3%; grade ≥ 3 0.8 vs. 0.5%). There was no statistically significant increase in the incidence of bleeding and hypertension events by the addition of nintedanib (25). Moreover, the significant OS benefit observed with the addition of nintedanib to docetaxel therapy was achieved with no detrimental effect on patient self-reported QoL, with significant reductions in some pain items with nintedanib vs. placebo (26).

LUME-Lung 2 was a multicenter, randomized, double-blinded phase III study that investigated the efficacy and safety of nintedanib in combination with pemetrexed vs. placebo plus pemetrexed in patients with locally advanced or metastatic non-squamous NSCLC with relapse or failure after chemotherapy (15). A total of 713 patients were randomized 1:1 to experimental arm (353 patients) and to standard arm (360 patients). The primary end point was centrally reviewed PFS, the secondary end points were OS, investigator-assessed PFS, objective response rate (ORR), safety, and QoL. The study enrolled patients with ECOG PS 0–1 without active brain metastases, cavitary or necrotic tumors, and clinically significant hemoptysis, not previously treated with VEGF inhibitors (except bevacizumab). Baseline patient characteristics were balanced between both arms for age, gender, PS, histology type, and prior bevacizumab treatment. All randomized patients were included in the intention-to-treat (ITT) population. The study was designed to have 90% power to demonstrate a significant (27.5%) improvement in PFS with a HR of 0.78 after 713 PFS events.

The analysis suggested that the primary end point of centrally assessed PFS would likely not be met; however, there were no safety concerns. Ongoing patients were unblinded and follow-up was continued per protocol. Analysis of the primary end point PFS by independent central review was conducted after 498 events had occurred, and analysis of the secondary end point OS was conducted after 436 events had occurred. The primary end point of this phase III trial was met even though the study was stopped prematurely. ITT analysis of the primary end point showed that treatment with nintedanib plus pemetrexed resulted in a significant prolongation of PFS compared with placebo plus pemetrexed (4.4 vs. 3.6 months with a HR of 0.83 and a p value of 0.04). Disease control rate was also increased significantly in nintedanib-treated group (61 vs. 53%, with an odds ratio of 1.37 and a p value of 0.039). No difference in OS was seen between the arms. There was no increase in serious side effects in the combination arm. However, there was an increase in the incidence of diarrhea and elevated liver enzymes, each of which were reversible. There was no difference between the arms in terms of the incidence of hypertension, bleeding, thrombosis, mucositis, or neuropathy.

NINTEDANIB IN OTHER TUMORS

Due to the important rule of angiogenesis pathways identified in cancer development, Nintedanib has also been evaluated in other tumors (Table 2).

TABLE 2 | Studies with nintedanib in other tumors.
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Small Cell Lung Cancer

A phase II study evaluated nintedanib activity in 24 patients with small cell lung cancer (SCLC) relapsed after one or two lines of chemotherapy or chemoradiotherapy (27). Eight patients received only one prior chemotherapy. Nintedanib was administered at 200 mg twice daily until disease progression or toxicity. ORR, the primary end point, was 5% [95% CI: 0.1–22.8]. Median PFS was 1 month and OS was 9.8 months. The most frequent drug-related adverse events included hepatic enzyme elevation (86%), anemia (73%), anorexia (59%), and nausea (50%). Most toxicities were mild and manageable. Grade 3 hepatic enzyme elevation occurred in five patients (23%). The authors concluded that nintedanib exhibited only a modest activity in relapsed or refractory SCLC.

Hepatocellular Carcinoma

A phase II study was designed to compare safety and activity of nintedanib 200 mg b.i.d. vs. sorafenib 400 mg b.i.d. in 93 patients with unresectable hepatocellular carcinoma and Child-Pugh A score, randomized in a 2:1 ratio (28). Time to progression, the primary objective, was comparable between nintedanib and sorafenib (median 5.5 vs. 3.8 months; HR: 1.05 [95% CI: 0.63–1.76]). Median OS was 11.9 vs. 11.4 months, respectively (HR: 0.88 [95% CI: 0.52–1.47]). More patients treated with sorafenib had grade ≥ 3 adverse events (68 vs. 90%). Toxicities leading to dose reduction were higher with sorafenib (19 vs. 42%), whereas side effects leading to drug discontinuation were higher with nintedanib (45 vs. 23%). Rash was reported in >15% of patients only in the sorafenib arm.

Renal Cell Carcinoma

A phase II study evaluated activity and tolerability of first-line nintedanib 200 mg twice daily vs. standard sunitinib in 96 patients with advanced renal cell carcinoma, randomized in a 2:1 ratio (29). The trial would also test possible electrocardiographic changes, particularly in QTc, during nintedanib assumption. PFS at 9 months, the primary objective, was 43.1 vs. 45.2% (p = 0.85) for nintedanib vs. sunitinib. Median OS was 20.4 vs. 21.2 months (HR: 0.92; 95% CI: 0.54–1.56; p = 0.76). Toxicities were comparable between the two treatments. Nintedanib was associated with lower incidences of some adverse events typical of antiangiogenic TKIs, such as hypertension, hypothyroidism, hand-foot syndrome, cardiac disorders, and hematological abnormalities.

Glioblastoma

Activity of nintedanib was also explored in patients with recurrent glioblastomas, but the results were disappointing. In a phase II study, 36 patients, stratified based on prior bevacizumab, received nintedanib 200 mg twice daily (30). There were no responses, and PFS at 3 (prior bevacizumab) and 6 (no prior bevacizumab) months was 0%.

Castration-Resistant Prostate Cancer

Modest activity was noted with nintedanib 150 or 250 mg twice daily in 81 castration-resistant prostate cancer patients pretreated with docetaxel chemotherapy (31). Only 5.6% of patients treated with nintedanib 250 mg obtained a prostate-specific antigen (PSA) decrease of at least 50%. Median PFS was 73.5 and 76 days with nindetanib 150 and 250 mg, respectively. Toxicities included gastrointestinal disorders, asthenia, hypertension, and reversible elevated transaminases. A phase I trial tested nintedanib in association with docetaxel (75 mg/m2 every 3 weeks) and prednisone in castration-resistant prostate cancer patients (19), suggesting the dose of 200 mg twice daily for future investigations. Among 19 assessable patients, 13 (68.4%) showed a ≥50% reduction in PSA levels from baseline. Pharmacokinetic analysis showed no interactions between nintedanib and docetaxel/prednisone.

Metastatic Colorectal Cancer

A phase I/II study tested nintedanib + mFOLFOX6 or bevacizumab + mFOLFOX6 in the first-line treatment of patients with advanced colorectal cancer (32). In the phase II of the study, nintedanib was given at 200 mg twice daily. Overall, 126 patients were randomized in a 2:1 ratio into the nintedanib vs. bevacizumab arm. PFS at 9 months, the primary objective, was 62.1 vs. 70.2%, while objective response was 63.5 vs. 56.1%. The incidence of serious adverse events was 37.6% with nintedanib and 53.7% with bevacizumab. The pharmacokinetics of nintedanib and the components of mFOLFOX6 were unaffected by their combination.

Ovarian Cancer

A randomized phase II study was conducted with nintedanib in 83 relapsed ovarian cancer patients. In this study, women treated with nintedanib as maintenance therapy at 250 mg twice daily for up to 9 months after chemotherapy were less likely to experience disease progression compared to those treated with placebo (33). At 36 weeks, 16.3% of women taking nintedanib were progression free, compared to 5% of those taking placebo (HR: 0.65; 95% CI: 0.42–1.02; p = 0.06). Two patients continued nintedanib for another year or more. More patients on nintedanib experienced diarrhea, nausea, or vomiting (no grade 4). There was a higher rate of grade 3 or 4 hepatotoxicity in patients on nintedanib (51.2%) compared with patients on placebo (7.5%; p < 0.001).

LUME-Ovar 1, also named AGO-OVAR 12, is a phase III study testing association of first-line chemotherapy plus nintedanib or placebo in patients with advanced ovarian carcinoma (34). The trial recruited 1,366 patients with FIGO IIB-IV ovarian carcinoma and primary debulking surgery to receive in a 2:1 ratio of six cycles of carboplatin (AUC 5 or 6 mg/dl/min) and paclitaxel (175 mg/m2) on day 1 every 3 weeks plus nintedanib 200 mg twice daily on days 2–21 of each cycle or placebo. The biological agent or placebo were given for up to 120 weeks. Primary end point was PFS by investigator assessment in the ITT population. As a result, 53% of 911 patients in the nintedanib group experienced disease progression or death compared with 58% of 455 patients in the placebo group. Median PFS was significantly longer with nintedanib than placebo (17.2 months [95% CI: 16.6–19.9] vs. 16.6 months [13.9–19.1]; HR: 0.84 [95% CI: 0.72–0.98]; p = 0.024). The most common adverse events were gastrointestinal, such as grade 3 diarrhea in 21% of patients receiving nintedanib vs. 2% in the placebo group, and hematological (neutropenia of grade 3 in 20% and grade 4 in 22% of patients receiving nintedanib vs. 20 and 16% in the placebo group, respectively; thrombocytopenia 12 and 6% vs. 5 and 2%; anemia 12 and 1% vs. 6 and 1%). Serious adverse events were reported in 42% with nintedanib and 34% with placebo; 3% of patients receiving nintedanib experienced serious adverse events associated with death compared with 4% in the placebo group.

ONGOING CLINICAL STUDIES WITH NINTEDANIB

Nintedanib is currently under investigation in various types of tumor (Table 3). In neoadjuvant setting, a phase I study is evaluating the safety of nintedanib in combination with cisplatin and docetaxel before surgery in patients with stages I–III NSCLC [http://ClinicalTrials.gov: NCT02225405]. LUME-Meso is a randomized double-blind phase II/III study testing safety and efficacy of nintedanib in 537 naïve patients with unresectable pleural mesothelioma (35). Treatment consists of six courses of chemotherapy with cisplatin 75 mg/m2 and pemetrexed 500 mg/m2 on day 1 plus nintedanib 200 mg b.i.d. on days 2–21 of each cycle or placebo. Following maintenance with biologic agent, placebo is given to patients with controlled disease. Primary end point is PSF, and secondary end points include OS, objective response, and disease control rate. Preliminary results are expected in 2019. LUME-Colon 1 is a double-blind randomized phase III study evaluating monotherapy with nintedanib and best supportive care (BSC) vs. placebo and BSC in patients with refractory advanced colorectal cancer pretreated with standard chemotherapies and biologic agents (36). ECOG PS 0–1 and life expectancy of minimum 12 weeks are required. Estimated accrual is of 764 patients. Prior regorafenib is allowed. Patients are stratified based on previous regorafenib, time from onset of metastatic disease to randomization (less or more than 24 months), and region. Nintedanib is administered at 200 mg twice daily vs. placebo in a 1:1 randomization. Primary outcomes are PFS by central review assessment and OS, with objective tumor response and disease control as secondary end points. Other assessments include frequency and severity of adverse events, changes in laboratory parameters, health-related QoL, and biomarker analyses to better define predictiveness of response and drug resistance mechanisms. Final results are soon expected. LUME-Colon 2 is a phase II study assessing nintedanib alone or in combination with capecitabine in patients with refractory metastatic colorectal cancer after failure of at least two lines of standard treatment. Primary end point is PFS. Estimated enrollment is 100 patients. Results are expected in 2017 [http://ClinicalTrials.gov: NCT02780700]. A phase II study is testing first- or second-line docetaxel ± nintedanib in patients with HER2-negative metastatic or locally recurrent breast cancer. Docetaxel 75 mg/m2 every 3 weeks could be increased to 100 mg/m2 in the arm without nintedanib. Nintedanib is administered at 200 mg twice daily from day 2 of each cycle. Primary objective is PFS. Secondary end points are response rate, OS, QoL, and pharmacokinetic analyses. Estimated enrollment is 252 patients, and results are soon expected [http://ClinicalTrials.gov: NCT01658462].

TABLE 3 | Ongoing studies with nintedanib.
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Finally, an ongoing phase I trial is testing nintedanib and pembrolizumab in refractory solid tumors patients to define the toxicity profile of such combination [http://ClinicalTrials.gov: NCT02856425].

DISCUSSION AND CONCLUSION

Two randomized phase III clinical trials have evaluated to date the efficacy of nintedanib in patients with advanced NSCLC. The LUME-Lung 1 trial have showed, for the first time, an OS benefit in patients with advanced NSCLC from the addition of a targeted agent to chemotherapy in the second-line setting. In this trial, the addition of nintedanib to docetaxel significantly improved median OS in patients with adenocarcinoma histology (from 10.3 to 12.6 months), with a greater advantage in patients who progressed within 9 months after start of first-line treatment (from 7.9 to 10.9 months) and in patients who were most refractory to first-line chemotherapy (from 6.3 to 9.8 months). Moreover, nintedanib plus docetaxel improved PFS and disease control in the total study population. These results were partially confirmed by the LUME-Lung 2 trial that, despite early closure, showed that nintedanib plus pemetrexed resulted in a significant prolongation of PFS and disease control rate, while no difference in OS was seen between the arms, probably due to the final low power of the study. On these bases, the combination of docetaxel and nintedanib can be considered a new option for the second-line treatment for patients with advanced NSCLC with adenocarcinoma histology (37).

However, there are several issues that need to be addressed, including the following: (a) how to improve the tolerability profile of the combination of docetaxel and nintedanib; (b) the role of nintedanib in other settings, such as first line and neoadjuvant; (c) the feasibility of combining nintedanib with other drugs; (d) the activity of nintedanib in other tumors; and (e) the identification of predictive factors.

The most frequent adverse events of nintedanib as single agent were nausea, diarrhea, vomiting, increases in liver enzymes, and fatigue, generally of low to moderate intensity, while hypertension or thromboembolic events were rare. Combination of nintedanib with docetaxel revealed a similar toxicity profile as compared to nintedanib monotherapy, except for docetaxel-related toxicities. Chemotherapy with docetaxel 75 mg/mq administered once every 3 weeks has been proven to be a reasonable therapeutic choice for the second-line treatment of patients with advanced NSCLC, but myelosuppression is extremely frequent and severe: weekly scheduling of docetaxel has demonstrated to improve the toxicity profile of the drug in pretreated NSCLC patients without decreasing antitumor activity (38). Therefore, the addition of nintedanib to weekly docetaxel could be an attractive schedule to maintain the therapeutic efficacy of the combination with a better toxicity profile. An Italian multicenter, prospective, open-label study with two “cohorts” is evaluating the efficacy and safety profile of nintedanib plus docetaxel in patients with non-squamous NSCLC in stage IIIB/IV with two different combination schedules, including a weekly schedule of docetaxel (SENECA trial): the results of this trial should answer the question of the feasibility and activity of the combination of nintedanib with weekly docetaxel.

In other settings, a phase I study investigated nintedanib combined with paclitaxel (200 mg/mq) and carboplatin (AUC 6 mg/ml/min), in first-line setting in 26 patients with advanced NSCLC (21). This combination was well tolerated, without drug-to-drug interactions and demonstrated promising preliminary efficacy in patients with advanced NSCLC, supporting further investigation in patients with NSCLC. In neoadjuvant setting, a phase I study is evaluating the safety of nintedanib in combination with cisplatin and docetaxel before surgery in patients with stage I–III NSCLC.

A number of studies are evaluating the feasibility of the combination of nintedanib and other classes of drugs, including angiogenesis inhibitors such as bevacizumab, EGFR inhibitors such as afatinib, and immune checkpoint inhibitors such as pembrolizumab. The good safety profile of the drug allows to use nintedanib also in special populations, such as elderly patients, in combination with other chemotherapeutic agents: the VENUS-1 and VENUS-2 are dose-escalation trials to evaluate the feasibility of the combination of nintedanib with vinorelbine or with carboplatin and vinorelbine in elderly patients with advanced NSCLC.

Ongoing studies will clarify the activity of nintedanib in other tumors, including mesothelioma, colon, breast, ovarian, cervix, pancreatic cancer, and HCC.

Identifying molecular biomarkers that can predict a response to nintedanib remains an important goal to maximize the clinical benefit of this agent. A phase II study is ongoing to examine the value of FGFR1 gene amplification as a predictor of nintedanib efficacy in patients with squamous cell NSCLC [http://ClinicalTrials.gov: NCT01948141]. Additional studies are planned that include translational approaches to identify more detailed mechanisms of action for nintedanib.

In conclusion, nintedanib is an effective second-line treatment in combination with docetaxel for patients with lung adenocarcinoma, also refractory to first-line chemotherapy. Future challenges are to indentify predictive factors to help the decision of using antiangiogenic agents in patients.
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The management of anaplastic lymphoma kinase rearranged (ALK+) non-small cell lung cancer (NSCLC) exemplifies the potential of a precision medicine approach to cancer care. The ALK inhibitor crizotinib has led to improved outcomes in the first- and second-line setting; however, toxicities, intracranial activity, and acquired resistance necessitated the advent of later generation ALK inhibitors. A large portion of acquired resistance to ALK inhibitors is caused by secondary mutations in the ALK kinase domain. Alectinib is a second-generation ALK inhibitor capable of overcoming multiple crizotinib-resistant ALK mutations and has demonstrated improved outcomes after crizotinib failure. Favorable toxicity profile and improved intracranial activity have spurred ongoing front-line trials and comparisons to other ALK inhibitors. However, important questions regarding comparability to competitor compounds, acquired alectinib resistance, and ALK inhibitor sequencing remain. Here, we review the key clinical data supporting alectinib in the second-line therapy of ALK+ NSCLC and provide context in comparison to other ALK inhibitors in development.
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BACKGROUND

Non-small cell lung cancer (NSCLC) accounts for 85% of all lung cancer and remains the leading cause cancer-related mortality in both men and women with a 5-year survival rate of less than 20% in US patients (1). Rapid advances in understanding the molecular pathogenesis of NSCLC have demonstrated that NSCLC is a heterogeneous group of diseases. Chromosomal rearrangements involving ALK and ROS1 are present in 3–7% (2) and 2% (3) of patients with NSCLC, respectively. ALK translocations are found nearly exclusively in lung adenocarcinomas. Crizotinib, a first-generation ALK and ROS1 inhibitor, has resulted in improved progression-free survival (PFS) relative to chemotherapy in the first- and second-line settings for ALK-rearranged (ALK+) NSCLC. Compared to chemotherapy in treatment naïve ALK-rearranged patients, crizotinib led to higher objective response rate (ORR) (74 vs. 45%) and median PFS (10.9 vs. 7.0 months) but no difference in overall survival (hazard ratio for death with crizotinib, 0.82; 95% CI, 0.54–1.26; P = 0.36) (Table 1) (4). In ALK-rearranged patients with prior chemotherapy exposure, crizotinib also led to improved ORR (65 vs. 20%) and median PFS (7.7 vs. 3.3 months) (5). Like other oncogene driven tumors, acquired resistance is nearly universal in ALK+ NSCLC, and most develop crizotinib resistance within 1 year of treatment with central nervous system (CNS) metastasis being a major site of progression (6).

TABLE 1 | Comparison of second-line therapy trials in NSCLC.
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While the propensity for intracranial failure on crizotinib is partly related to lower penetration of blood–brain barrier (19), systemic relapses are mediated by multiple mechanisms including secondary ALK mutations and compensatory bypass pathway activation. In nearly a third of patients, tumors have acquired secondary mutation in the ALK tyrosine kinase domain. The most common resistance mutation is the gatekeeper L1196M mutation, followed by the G1269A (20–22). Additional resistance mutations include C1156Y, L1152R, G1202R, S1206Y, 1151Tins, F1174C, and D1203N, among many others (Table 2) (23–25). These mutations blunt the efficacy of crizotinib by either increasing the ALK kinase affinity for adenosine triphosphate (ATP) (G1269A and 1151Tins), inducing conformational change causing steric hindrance (G1202R and S1206Y) or interfering with the downstream signaling pathway (L1152R) (23). Amplification of the ALK fusion gene was observed either alone or in combination with other resistance mechanisms in both in vitro studies (20) and resistant clinical specimens (26). Beyond the ALK dominant resistance mechanism, preclinical work and progression biopsies from patients on ALK inhibitors have revealed crizotinib resistance from amplification of epidermal growth factor receptor (EGFR) pathway, insulin-like growth factor pathway (IGF-1R), cKIT mutation, and SRC activity (26–28).

TABLE 2 | Mutation coverage for ALK inhibitors in late stage clinical development.
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While crizotinib ushered in a new paradigm for ALK+ NSCLC, the emergence of acquired resistance and rates of intracranial progression suggested ongoing clinical needs in ALK+ disease. The management of crizotinib failure has largely been informed by data from later generation ALK inhibitors including alectinib; however, other recent second-line trials outside ALK+ disease are worth brief contextual mention (Table 1). The phase III REVEL trial demonstrated that the addition of ramucirumab (a vascular endothelial growth factor receptor 2 monoclonal antibody) to docetaxel in unselected advanced NSCLC patients yielded higher response rate (23 vs. 14%), median PFS (4.5 vs. 3 months), and median OS (10.5 vs. 9.1 months) than docetaxel monotherapy (15). Similarly, in the phase III CheckMate 017 trial nivolumab yielded superior ORR (20 vs. 9%), median PFS (3.5 vs. 2.8 months), and median OS (9.2 vs. 6.0 months) compared with docetaxel in heavily pretreated unselected advanced squamous NSCLC patients (13). The CheckMate 057 trial found higher ORR (19 vs. 12%) and median OS (12.2 vs. 9.4 months) in patients with non-squamous NSCLC compared with docetaxel (14). The efficacy of pembrolizumab was demonstrated in phase II/III KEYNOTE-010 trial which compared pembrolizumab vs. docetaxel in more than 1,000 patients (12). Pembrolizumab led to improved median OS in the overall population (12.7 vs. 8.5 months). Among 442 patients with at least 50% PD-L1 expression, the median OS for the pembrolizumab 2 mg/kg, 10 mg/kg, and docetaxel groups was 14.9, 17.3, and 8.2 months, respectively.

ALECTINIB OVERVIEW

The expanding appreciation of crizotinib-resistant ALK mutations spurred development of the second-generation ALK inhibitors. Alectinib is a potent and selective second-generation oral ALK inhibitor. Alectinib exhibits limited inhibitory activity against other protein kinases such as EGFR, fibroblast growth factor receptor 2 (FGFR2), human epidermal growth factor receptor 2 (HER2), hepatocyte growth factor receptor (MET), platelet-derived growth factor subunit B (PDGFB), and Janus kinase 1 (JAK1) (29). In cell free assays, the half maximal inhibitory concentration (IC50) of alectinib for enzyme activity of ALK was 1.9 nM and the dissociation constant (KD) value for ALK in an ATP-competitive manner was 2.4 nM (29). In vitro experiments demonstrated that alectinib induces caspase-mediated apoptosis in EML4-ALK cell lines and results in dose-dependent tumor growth inhibition (ED50 = 0.46 mg/kg) and regression in animal models (29). More importantly, alectinib displayed significant efficacy against crizotinib-resistant ALK L1196M (IC50, 2 nM) and G1269A (IC50, 9 nM) mutations (22, 29). Alectinib was also active against ALK C1156Y, F1174L, 1151Tins, and L1152R but not ALK G1202R (IC50, 70–80 nM) both in vitro and in vivo experiments (Table 2) (22).

ALECTININB FOR CRIZOTINIB FAILURE

Clinical trials evaluating the safety and efficacy of alectinib have been conducted in Japan and the US as both first-line untreated and ALK+ patient progressing on crizotinib. Support for alectinib activity in crizotinib failure comes from the AF-002JG study in which alectinib at 300–900 mg BID was well tolerated, with the most common adverse events (AEs) being fatigue (30%), myalgia (17%), and peripheral edema (15%) (10). The recommended phase II dose was 600 mg BID. Of the 44 evaluable patients with crizotinib resistance, 24 (55%) patients had response, 16 (36%) had stable disease (SD), and 4 (9%) had progressive disease. Alectinib also demonstrated activity against CNS metastases in 21 patients with an intracranial response rate of 52% [29% complete response (CR), 24% partial response (PR), and 38% SD] (10). Similar results were seen in a North American trial of 87 patients with advanced ALK-rearranged NSCLC who were refractory to crizotinib (9). The ORR for alectinib was 48% with a median PFS of 8.1 months (95% CI, 6.2–12.6). Fifty two patients had brain metastases at enrollment and 21 (40%) patients experienced CNS tumor regression, including 13 (25%) patients who achieved CR. Alectinib 600 mg BID was well tolerated with predominantly low grade constipation (36%), fatigue (33%), myalgia (24%), and peripheral edema (23%). Finally, the large phase II global study (NP2873) examined the ORR of alectinib for crizotinib-refractory ALK+ patients (n = 138) (8). This study is notable for a high rate of CNS metastases (61%) at baseline. The ORR determined by independent review committee was 50% (95% CI, 41–59%) and the median PFS was 8.9 months (95% CI, 5.6–11.3). Alectinib was highly effective for CNS metastases, with ORR of 57% and DCR of 83%. Of the 23 patients with baseline untreated CNS metastases, 10 (43%) had a complete CNS response. The authors note that the cumulative CNS progression rate (24.8%) was lower than the cumulative non-CNS progression rate (33.2%), which suggests that alectinib may delay or prevent the emergence of CNS metastases. Alectinib 600 mg BID was well tolerated with common side effects including low grade constipation (33%), fatigue (26%), and peripheral edema (25%). Overall the similar response rate to alectinib between the US and Japanese patients indicate no ethnic difference in response. Additionally, there was no significant difference in alectinib exposure at 600 mg twice daily among a small subgroup of Caucasian and Asian patients who underwent pharmacokinetic analysis. Based on established activity, the Food and Drug Administration approved alectinib for the treatment of ALK+ NSCLC patients who progressed or were intolerant of crizotinib on December 11, 2015.

Based on promising second-line data and potential superiority over crizotinib, alectinib is being investigated in the first-line setting. In the phase I/II AF-001JP study conducted in Japan, patients with ALK inhibitor-naïve ALK+ NSCLC were treated with alectinib (11). Alectinib at 300 mg BID daily was well tolerated with few grade 3 toxicities or dose-limiting toxicities (DLTs) and ORR was observed in 43 out of 46 patients (93.5%) at this dose. On the other hand, the response rate for first-line crizotinib reported by Solomon et al. was 74% (4). Two phase III trials, ALEX (NCT02075840), and JapicCTI-132316, are currently comparing alectinib and crizotinib in ALK inhibitor-naive patients with ALK-rearranged NSCLC. Recently updated clinical data among 207 randomized patients in the J-ALEX trial were presented at the ASCO 2016 annual meeting (39). The primary endpoint was PFS and secondary endpoints included OS, ORR, CNS PFS, safety, and quality of life. In the alectinib arm, constipation (36%) was the only common event, while in the crizotinib arm nausea (74%), diarrhea (73%), vomiting (59%), visual disturbance (55%), dysgeusia (52%), constipation (46%), ALT elevation (32%), and AST elevation (31%) were seen in >30% patients. Alectinib was more tolerable than crizotinib with fewer grade 3/4 AEs (26.2 vs. 51.9%) which translated to a lower discontinuation rate (8.7 vs. 20.2%). The ORRs of the alectinib and crizotinib arms were 91.6 and 78.9%, respectively. The median PFS was not reached (CI, 20.3 to NR) but significantly higher than crizotinib 10.2 (CI, 8.2–12.0) with HR 0.34 (0.17–0.71). Complete data sets from first-line trials are eagerly awaited and may lead to additional indications for alectinib.

ADDITIONAL SECOND- AND THIRD-GENERATION ALK INHIBITORS

The second-generation ALK inhibitor ceritinib has in vitro activity against crizotinib-resistant mutations. Results from the open label multicenter ASCEND-1 trial showed that ceritinib yielded ORR of 72% (95% CI, 61–82) in 83 ALK inhibitor-naive patients and 56% (49–64) in 163 ALK inhibitor-resistant patients (7). Median PFS was 18.4 months in ALK inhibitor-naive patients and 6.9 months (5.6–8.7) in ALK inhibitor-pretreated patients. Among 94 patients with brain metastases, intracranial disease control was reported in 15 of 19 (79%) ALK inhibitor-naïve patients and in 49 of 75 (65%) ALK inhibitor-pretreated patients. In ALK inhibitor-resistant patients with CNS metastasis, the rates of intracranial CR, PR, and SD were 5, 13, and 47%, respectively. Common toxicities included diarrhea (80%), nausea (77%), vomiting (57%), fatigue (38%), abdominal pain (37%), decreased appetite (36%), constipation (30%), cough (29%), abdominal pain (23%), and dyspnea (21%). In April 2014, ceritinib 750 mg daily was approved by the US FDA for ALK+ previously treated with crizotinib.

Although both alectinib and ceritinib have shown promising systemic and CNS activity they are unlikely to be compared head to head in clinical trials. While ceritinib appears to have similar systemic response to alectinib, the intracranial response rate appears inferior to alectinib in crizotinib-resistant patients with CNS metastases. Accepting cross-trial comparison caveats the absolute median PFS is numerically shorter for ceritinib (6.9 months in the ASCEND-1 trial) than alectinib (8.9 months in the global NP2873 trial) in ALK inhibitor-resistant patients.

Other ALK inhibitors including brigatinib (AP26113) and lorlatinib (PF-06463922) have shown activity in crizotinib failure and highlight the non-overlapping resistance mutation coverage among current ALK inhibitors (Table 2). Briefly, brigatinib is a potent dual inhibitor of ALK and EGFR, including ALK L1196M and EGFR T790M mutants, shown in preclinical studies (40, 41). In the phase II ALTA study, 222 heavily pretreated ALK-rearranged patients were randomized to receive brigatinib 90 mg PO (arm A) vs. 180 mg PO qd (arm B) (42). The investigator-assessed ORRs of arm A and B patients were 46% (95% CI, 36–55%) and 54% (95% CI, 44–63%), respectively. Median PFS in arms A and B was 8.8 and 11.1 months, respectively. However, the median follow-up was only 8.3 months and longer follow-up is needed to confirm the higher PFS observed in arm B. Among patients with active brain metastases at baseline, intracranial ORRs, as assessed by independent review committee, in A and B were 37% (7/19) and 73% (11/15), respectively. Most common AEs in arms A/B included nausea (33/40%), diarrhea (19/38%), headache (28/27%), cough (18/34%), dyspnea (21/21%), fatigue (20/27%), constipation (19/15%), abdominal pain (17/8%), and vomiting (24/23%). Grade ≥ 3 treatment-emergent AEs (A/B) included: increased CPK (3/8%), hypertension (4/5%), pneumonia (3/5%), rash (1/4%), and pneumonitis (2/3%). Discontinuations and dose reductions due to AEs (A/B) were 3/6% and 7/18%, respectively. Due to the favorable efficacy and toxicity profile, brigatinib 180 mg PO daily was chosen as the optimal dose and is moving forward in the phase III ALTA-1L vs. crizotinib in the first-line setting.

Lorlatinib (PF-06463922) is a third-generation reversible, potent ATP-competitive small molecule, inhibitor of ALK and ROS1. Lorlatinib has demonstrated activity against the majority of known resistant ALK mutations, except for L1198F (Table 2) (31, 37). Early data from an ongoing phase I/II study of lorlatinib in mostly pretreated patients with ALK+ and ROS1+ NSCLC were presented at the ASCO 2016 annual meeting (43). Among the 54 evaluable patients who received dose escalation from 10 mg to 200 mg, the overall response rate was 50% and intracranial response rate was 44% for target and non-target lesions and 60% for target lesions. The most common treatment-related AEs were hypercholesterolemia (54%) and peripheral edema (37%). Hypercholesterolemia was the most common (9%) grade (G) ≥ 3 treatment-related AE and most frequent reason for dose delay/reduction. No patient was discontinued due to a treatment-related AEs. The phase II dose was identified as 100 mg once daily. Pharmacokinetic analysis of four patients revealed that the unbound CSF to plasma drug ratio ranged from 0.61 to 0.96, indicative of good CSF penetration. In contrast, the ratio of CNS to serum concentration of crizotinib has been in the range of 0.0006–0.001 in previous reports (19, 44). Lorlatinib is effective against the G1202R mutation (Table 2).

CONCLUSION/FUTURE DIRECTIONS

Over the past decade, there has been a remarkable progress in the target therapy for the management of ALK-rearranged NSCLC. Second- and third-generation inhibitors demonstrate broader coverage against crizotinib-resistant ALK mutations and often more favorable side effect profiles. As discussed elsewhere in this issue, we are approaching a paradigm in which understanding the exact resistance mechanism will inform the optimal choice and perhaps sequencing of ALK inhibitors. The approval of alectinib for crizotinib failure highlights major areas of focus in ALK+ disease; toxicity profile, intracranial activity, and resistance mutation coverage. While alectinib compares favorably in these areas, ongoing results from first-line trials and direct comparison against current and emerging ALK inhibitors will be important to refine optimal alectinib usage. Here we have provided a review of the clinical data supporting the activity of alectinib in the management of ALK+ NSCLC with a focus on the second-line setting in advanced disease.
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Dacomitinib is a second-generation, irreversible, covalent pan-HER tyrosine-kinase inhibitor (TKI). It showed potent EGFR signaling inhibition in experimental models, including first-generation TKI-resistant non-small cell lung cancer (NSCLC) cell lines. This preclinical efficacy did not translate into clinically meaningful treatment benefits for advanced, pretreated, molecularly unselected NSCLC patients enrolled in two parallel phase III trials. Dacomitinib and erlotinib showed overlapping efficacy data in chemotherapy-pretreated EGFR wild-type (WT) patients in the ARCHER 1009 trial. Similarly, it failed to demonstrate any survival benefits as compared to placebo in EGFR WT subsets progressing on chemotherapy and at least one previous first-generation TKI (erlotinib or gefitinib) in the BR.26 trial. In the case of EGFR-mutant NSCLCs, a pooled analysis of the ARCHER 1009 and ARCHER 1028 trials comparing the efficacy of dacomitinib vs. erlotinib in chemotherapy-pretreated, EGFR TKI-naïve patients showed a trend to a longer progression-free survival (PFS) and overall survival in favor of dacomitinib that did not reach statistical significance, with a higher rate of treatment related adverse events (mainly skin rash, paronychia, and gastrointestinal toxicities). On the other hand, the clinical activity in patients with EGFR-mutant NSCLCs with acquired TKI resistance that were included in phase II/III trials was equally poor (response rate <10%; PFS 3–4 months). Therefore, with the results of the ARCHER 1050 trial (NCT01774721) still pending, the current clinical development of dacomitinib is largely focused on EGFR-mutant, TKI-naïve patients. Here, we review the most relevant clinical data of dacomitinib in advanced NSCLC. We discuss the potential role of dacomitinib in pretreated EGFR WT and EGFR-mutant (TKI-naïve and TKI-resistant) patients. Finally, we briefly comment the available clinical data of dacomitinib in HER2-mutant NSCLC patients.
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INTRODUCTION

Second-line treatment options for advanced non-small cell lung cancer (NSCLC) patients have substantially expanded in the past few years. Docetaxel- or pemetrexed-based chemotherapy and erlotinib were the only three drugs approved in our setting until year 2014, achieving an approximate 8–10% of response rates (RRs), median 4 months of progression-free survival (PFS) and 8–10 months of overall survival (OS) (1). Recently, antiangiogenics [ramucirumab (2), nintedanib (3), and bevacizumab (4)] and particularly PD-1/PD-L1 inhibitors [nivolumab (5, 6), pembrolizumab (7), and atezolizumab (8)] have shown to prolong survival in pretreated patients, transforming the standardization of second-line NSCLC treatment.

In the absence of significant differences in terms of efficacy, the choice between pemetrexed- or docetaxel-based second-line chemotherapy is largely driven by three factors: histology, as pemetrexed is restricted to non-squamous tumors, type of platinum doublet used during first-line treatment, with pemetrexed being increasingly incorporated into the first-line or maintenance treatments, and differences in toxicity profiles. On the other hand, when deciding between chemotherapy and erlotinib, apart from clinical factors, EGFR mutation status is the main biomarker that determines treatment selection.

The IPASS trial definitely demonstrated that the clinical activity of EGFR tyrosine-kinase inhibitors (TKIs) in treatment-naïve patients was restricted to those with EGFR-mutant tumors (EGFR-sensitizing mutations). As the clinical activity of EGFR TKIs in TKI-naïve, EGFR-mutant tumors is comparable between treatment-naïve or platinum-pretreated patients (9), first- or second-generation EGFR TKIs are the preferred treatment options in patients with EGFR-mutant tumors. On the contrary, in patients with EGFR wild-type (WT) cancers, RRs and survival were significantly lower with gefitinib- compared to platinum-based chemotherapy in the IPASS study (10). However, whether this was also true in the second-line setting, a clinical context in which the efficacy of docetaxel- or pemetrexed-based chemotherapy hardly reaches 10% of RRs, has been a matter of extensive debate in the past few years. Some molecularly unselected randomized trials, initiated at a time where no definitive predictive biomarkers for the benefit or EGFR TKIs were discovered yet, initially suggested similar efficacy outcomes between erlotinib and second-line chemotherapy (11–13). More recent data, including molecularly selected or molecularly stratified randomized trials and large meta-analysis, have confirmed that second-line chemotherapy is superior to EGFR TKIs in patients with EGFR WT tumors, at least in terms of RRs and PFS. OS differences did not reach statistical significance (14–16).

In this therapeutic scenario, and considering that EGFR pathway activation might hypothetically contribute to cancer progression even in tumors with no EGFR activating mutations (17), to investigate if a more potent pan-HER inhibition with dacomitinib would add any clinical benefit seemed a rational approach, either from a biological or a clinical perspective. In addition, as the majority of patients with EGFR-mutant tumors treated with first-generation EGFR TKIs develop acquired resistance by ERBB-dependent mechanisms (18), and considering that dacomitinib showed activity in gefitinib-resistant preclinical lung cancer models (19), it was also rational to test its clinical activity in patients with EGFR-mutant, TKI-resistant cancers. Herein, we will succinctly discuss the potential role of second-line dacomitinib in EGFR WT and EGFR-mutant NSCLC.

DACOMITINIB: PRECLINICAL AND EARLY CLINICAL DATA IN NSCLC

Dacomitinib is a second-generation, irreversible, covalent-binding pan-HER TKI. As compared to first-generation EGFR TKIs, it has comparable inhibitory activity against the WT EGFR kinase in vitro. However, dacomitinib is more potent than gefitinib against cell lines harboring common EGFR-sensitizing mutations (del19, L858R). Moreover, it has inhibitory activity against gefitinib-resistant exon 20 insertions and acquired resistance exon 20 T790M mutations in preclinical lung cancer models. Unlike gefitinib or other first-generation TKIs, dacomitinib, as a pan-ERBB inhibitor, also inhibits the activity of both WT and mutant HER2 kinase (19, 20).

Three phase I trials, conducted both in Western and Asian patients, established that the maximum tolerated dose of dacomitinib was 45 mg daily, and this dose level was selected for further clinical evaluation. The most frequent dose-limiting drug-related adverse events were skin and gastrointestinal toxicities (21–23). The three trials consistently demonstrated that plasma concentrations and other pharmacokinetic parameters proportionally increased with increasing doses of oral dacomitinib (21–23), with no apparent food effect (21). Dacomitinib’s half-life was estimated at 59–85 h in the phase I trial conducted in the United States (21). A modest preliminary clinical activity was observed in small cohorts of NSCLC patients previously treated with first-generation EGFR TKIs and/or chemotherapy. No objective responses were seen in EGFR TKI-resistant patients whose tumors harbored EGFR T790M mutations (21–23).

DACOMITINIB FOR PRETREATED NSCLC PATIENTS

Clinical Data in EGFR WT or NSCLCs Unselected by EGFR Status

The clinical activity of dacomitinib in pretreated NSCLC patients has been evaluated in four clinical trials (24–27). They are mostly molecularly unselected trials and, consequently, the vast majority of the patients included had EGFR WT tumors. An overview of the four clinical trials and the efficacy data in the overall study population are summarized in Table 1.

TABLE 1 | Clinical studies and efficacy data of dacomitinib in pretreated, advanced NSCLC patients.

[image: image1]

Two phase II trials initially suggested some degree of clinical activity in pretreated NSCLC patients. The ARCHER 1002 trial was a single-arm study that tested the activity of dacomitinib in patients that were refractory to one or two lines of chemotherapy and erlotinib. On the basis that KRAS mutant cell lines were primarily resistant to first- or second-generation EGFR TKIs, this study was enriched with patients with KRAS WT tumors. The trial failed to meet its primary end point, as dacomitinib yielded a disappointing 5.2 and 4.8% of RRs in the overall and adenocarcinoma subsets, respectively. Patients with EGFR WT/KRAS WT tumors included in this trial had comparable RRs (5%), PFS (8 weeks), and OS (26 weeks) to those of the overall study population (25) (Table 1). The second phase II trial (ARCHER 1028) compared the activity of dacomitinib and erlotinib in molecularly unselected patients progressing on one or two prior chemotherapy regimens. In this case, the trial met its primary endpoint, showing a statistically significant increase in PFS (2.86 vs. 1.91 months, HR 0.66, CI 95% 0.47–0.91) in favor of dacomitinib in the overall study population. Objective responses were also higher in dacomitinib treated patients (17 vs. 5.3%, p = 0.01). However, no differences in OS were noted (HR 0.80, CI 95% 0.56–1.10, p = 0.20) (Table 1). Comparable degree of PFS increment to the overall population was observed in EGFR WT NSCLCs (HR 0.70, CI 95% 0.47–1.05) and EGFR WT/KRAS WT NSCLCs (HR 0.61, CI 95% 0.37–0.99). Dacomitinib did not improve OS compared to erlotinib in patients with EGFR WT cancers (24).

This modest clinical activity served as the basis to launch two subsequent randomized phase III trials in similar therapeu-tic scenarios to their respective phase II trials. Unfortunately, both phase III studies were negative. First, in the BR.26 trial, whereas dacomitinib statistically significantly improved RRs (7 vs. 1%, p = 0.001) and PFS (2.66 vs. 1.38 months, HR 0.66 CI 95% 0.55–0.79) compared to placebo in patients progressing on chemotherapy and EGFR TKIs, it failed to demonstrate improved OS (primary end point; HR 1.00) (Table 1). Similarly, no trend for a clinically meaningful incremental efficacy was observed in patients with EGFR WT tumors or patients with both EGFR and KRAS WT NSCLCs compared to the overall patient population (27). And finally, Dacomitinib failed to improve the efficacy of erlotinib (control arm) in second- or third-line settings (ARCHER 1009), either in the overall population (Table 1) or in patients with EGFR WT tumors. In the latter subgroup, dacomitinib had overlapping objective RRs, PFS (1.9 vs. 1.9 months; HR 0.94, CI 95% 0.79–1.13), and OS (6.8 vs. 7.6 months; HR 1.07, CI 95% 0.90–1.29) compared to erlotinib. Results were almost identical for patients with either KRAS or EGFR WT NSCLCs (26).

Clinical Data in EGFR-Mutant, TKI-Naïve NSCLCs

In the particular case of pretreated, TKI-naïve subsets, a pooled analysis of the ARCHER 1009 and ARCHER 1028 trials comparing the efficacy of dacomitinib vs. erlotinib showed a comparable median PFS (14.6 vs. 9.6 months, respectively; HR 0.71, p = 0.14) and OS (26.6 vs. 23.2 months, respectively; HR 0.73, p = 0.26) outcomes that somehow favored dacomitinib (28) (Table 2). Both ARCHER 1028 and ARCHER 1009 trials showed that on target adverse events related to the inhibition of EGFR WT in normal tissues were significantly increased with dacomitinib compared to erlotinib, mainly skin rash, paronychia, and gastrointestinal toxicities (24, 26). These data are in line with the recently published LUX-Lung 7 trial, where afatinib significantly delayed PFS and the emergence of EGFR TKI resistance, albeit with a higher incidence of treatment related adverse events (29).

TABLE 2 | Clinical data of dacomitinib in EGFR-mutant NSCLCs.
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Clinical Data in EGFR-Mutant, TKI-Pretreated NSCLCs

In the context of EGFR TKI acquired resistance, the clinical efficacy of dacomitinib in patients with EGFR-mutant lung cancers progressing on first-generation EGFR TKIs that were included in these trials was disappointingly low, with an overall RR of about 8% (Table 2). No objective responses were reported among patients whose tumors harbored the secondary acquired resistance EGFR T790M mutation. In general, the PFS and OS data did not differ to those of the unselected patient population either (25, 27).

Clinical Data in HER2-Mutant, TKI-Naïve NSCLCs

In the largest prospective phase II study conducted to date in patients with HER2-mutant or HER2-amplified tumors (n = 30; 83% had received at least one line of previous chemotherapy), dacomitinib showed only modest efficacy, with an objective RR of 12%, 3 months of median PFS, and 9 months of median OS. No responses were seen in patients with tumors harboring the most common HER2 activating mutation (c. 2324_2325ins12) (31). Intriguingly, tumors with this genotype did respond to afatinib in other series (32). No responses were seen either in patients with HER2-amplified cancers (n = 4) (31). More studies are needed in order to determine which molecular contextures (i.e., possible coexistence with HER2 amplification) and what specific HER2 genotypes are true predictive targets for the benefit of dacomitinib.

CONCLUSION AND FUTURE PERSPECTIVES

Dacomitinib has failed to improve overall outcomes in pretreated NSCLC patients. An irreversible pan-HER inhibition is not superior to erlotinib in patients with no EGFR-sensitizing mutations and does not prolong OS compared to placebo in heavily pretreated patients either. Also, dacomitinib does not overcome EGFR T790M-mediated acquired resistance in EGFR-mutant NSCLCs at tolerable doses in humans. In non-T790M-mediated resistance, in which functional activation of HER pathway or acquired HER2 activating mutations have been described in some cases (18, 33), no reliable clinical data are available, but a robust activity in this clinical setting seems unlikely. With these clinical data, together with recent regulatory approvals of third-generation, EGFR-mutant selective TKIs (e.g., osimertinib) with potent activity against the T790M mutation (34), current development of dacomitinib is focused to TKI treatment-naïve, molecularly selected patients with EGFR-mutant and HER2-mutant lung cancers. In a small phase II trial including a total of 45 treatment-naïve patients with tumors harboring common EGFR-sensitizing mutations, dacomitinib achieved an overall RR of 75.6% and a median PFS of 18.2 months (30).

In this regard, whether second-generation EGFR TKIs in TKI-naïve patients are superior to first-generation TKIs in EGFR-mutant NSCLCs is not fully answered to date. In the LUX-Lung 7 trial, afatinib significantly increased RRs (70 vs. 56%; p = 0.0083), median PFS (11 vs. 10.9 months; HR 0.73, CI 95% 0.57–0.95; p = 0.0195), and median time to treatment failure (13.7 vs. 11.5 months; HR 0.73, CI 95% 0.58–0.92; p = 0.0073) over gefinitib. However, there were no OS differences among treatment arms in this phase IIb trial (n = 319). Pre-specified subgroup analysis according to mutation type (exon 19 deletions vs. L858R mutations) did no show significant differences in OS either. Overall, treatment-related adverse events (mainly skin rash and diarrhea) and serious adverse events were more common with afatinib (33). Therefore, this trial suggests that the emergence of acquired resistance might be delayed with second-generation compared to first-generation TKIs, but whether these modest differences are clinically relevant for patients is arguable for many physicians. The ARCHER 1050 trial (NCT01774721) comparing first-line dacomitinb vs. gefitinib has recently completed accrual and will hopefully give a definitive answer in this regard, establishing the true role of front-line dacomitinib in EGFR-mutant NSCLCs.
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Tyrosine kinase inhibitors (TKIs) against the human epidermal growth factor receptor (EGFR) are now standard treatment in the clinic for patients with advanced EGFR mutant non-small-cell lung cancer (NSCLC). First-generation EGFR TKIs, binding competitively and reversibly to the ATP-binding site of the EGFR tyrosine kinase domain, have resulted in a significant improvement in outcome for NSCLC patients with activating EGFR mutations (L858R and Del19). However, after a median duration of response of ~12 months, all patients develop tumor resistance, and in over half of these patients this is due to the emergence of the EGFR T790M resistance mutation. The second-generation EGFR/HER TKIs were developed to treat resistant disease, targeting not only T790M but EGFR-activating mutations and wild-type EGFR. Although they exhibited promising anti-T790M activity in the laboratory, their clinical activity among T790M+ NSCLC was poor mainly because of dose-limiting toxicity due to simultaneous inhibition of wild-type EGFR. The third-generation EGFR TKIs selectively and irreversibly target EGFR T790M and activating EGFR mutations, showing promising efficacy in NSCLC resistant to the first- and second-generation EGFR TKIs. They also appear to have lower incidences of toxicity due to the limited inhibitory effect on wild-type EGFR. Currently, the first-generation gefitinib and erlotinib and second-generation afatinib have been approved for first-line treatment of metastatic NSCLC with activating EGFR mutations. Among the third-generation EGFR TKIs, osimertinib is today the only drug approved by the Food and Drug Administration and the European Medicines Agency to treat metastatic EGFR T790M NSCLC patients who have progressed on or after EGFR TKI therapy. In this review, we summarize the available post-progression therapies including third-generation EGFR inhibitors and combination treatment strategies for treating patients with NSCLC harboring EGFR mutations and address the known mechanisms of resistance.
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INTRODUCTION

Over the past decade, scientific advances have progressively improved outcomes for patients diagnosed with lung cancers driven by target oncogene mutations. The first oncogenic driver in non-small-cell lung cancer (NSCLC) was discovered in 2004 with the identification of activating mutations in the kinase domain of the epidermal growth factor receptor (EGFR) among patients with dramatic responses to EGFR tyrosine kinase inhibitors (TKIs) (1–3). EGFR mutations account for 10–17% of NSCLC cases in North America and Europe and 30–50% of NSCLCs in Asian countries and are most common among patients with adenocarcinoma NSCLC and a light or non-smoking history (4, 5). The first-generation TKIs gefitinib (Iressa®, AstraZeneca, London, UK) and erlotinib (Tarceva®, F. Hoffmann-La Roche, Basel, Switzerland), and the second-generation TKI afatinib (Giotrif®, Boehringer Ingelheim, Ingelheim, Germany) have shown higher response rates (RRs), improving progression-free survival (PFS) and quality of life compared to standard platinum-based chemotherapy in patients with good performance status (0–2) whose tumors harbor an activating (sensitizing) EGFR mutation (6–13).

These data established EGFR TKIs as the treatment of choice for patients with newly diagnosed EGFR-mutant advanced NSCLC. Of note, none of these studies demonstrated a benefit in terms of overall survival (OS) due to the high level of crossover. However, an unplanned pooled OS analysis of patients included in the LUX-Lung 3 or LUX-Lung 6 phase III trials demonstrated an OS benefit for afatinib compared to platinum-based chemotherapy in patients whose tumors harbor EGFR Del19 mutations vs. EGFR L858R mutations: 27.3 vs. 24.3 months, respectively [hazard ratio (HR) 0.81; 95% confidence interval (CI), 0.66–0.99; p = 0.037] (14). However, this benefit was not confirmed in the phase IIb LUX-Lung 7 designed to compare head-to-head afatinib with gefitinib in the first-line treatment of patients with EGFR-mutant NSCLC (15). Unfortunately, the majority of patients progress after a median of 12 months treatment with first-line TKIs, and multiple mechanisms of acquired resistance have been identified. Among them, the most common mechanism (~50% of cases) is the acquisition of a missense mutation within exon 20 of EGFR, the T790M mutation (p.Thr790Met) (16).

Until recently, standard chemotherapies were the main treatment option in a post-progression setting. For patients initiating chemotherapy, the role of EGFR TKI maintenance remains controversial. In a retrospective analysis, up to 23% of patients experience a disease flare after TKI discontinuation (17), which led many clinicians to continue EGFR TKIs when starting chemotherapy. It was hypothesized that some clones within a resistant cancer remained sensitive to EGFR inhibition and that withdrawal of the TKI could “let loose” these clones with resultant adverse outcomes. The randomized phase III IMPRESS trial provided the first prospective data to address this clinical question. Patients progressing on first-line gefitinib were randomized to receive cisplatin–pemetrexed with gefitinib or placebo. The trial did not confirm a benefit of maintaining the EGFR TKI, with comparable RRs and PFS in the two arms (18). The final OS analysis was presented recently; patients in the gefitinib arm had significantly lower OS compared to the placebo arm (13.4 vs. 19.5 months, HR = 1.44, p = 0.016), confirming the deleterious effect of maintaining the EGFR inhibition. Of note, this detrimental effect was predominantly observed among patients whose tumors harbored a T790M mutation detected via circulating tumor DNA (ctDNA; HR = 1.49; 95% CI, 1.02–2.21) (19).

To date, many third-generation EGFR TKIs have been developed to target both sensitizing EGFR mutations and EGFR T790M. In this review, we outline available post-progression therapies including osimertinib (previously known as AZD9291) as the only drug approved by the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA) for the treatment of patients with metastatic EGFR T790M+ NSCLC who have progressed on or after EGFR TKI therapy (20), and other next-generation irreversible EGFR TKIs in clinical development (Table 1).

TABLE 1 | EGFR TKI generations for metastatic EGFR-mutant NSCLC.
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IDENTIFYING THE ACQUIRED RESISTANCE MECHANISM TO FIRST/SECOND-GENERATION EGFR TKIs

For patients whose disease progresses on gefitinib, erlotinib, or afatinib, understanding the major mechanisms of resistance is essential to choosing the optimal post-progression treatment. To date, repeated biopsies are the standard of care; however, this approach comes with some limitations—not all patients are amenable to this procedure, and not all progressing lesions are accessible for biopsy. In addition, there is growing evidence that a single biopsy may not accurately represent the intrinsic heterogeneity of a resistant tumor. Liquid biopsy is a valid alternative to tissue rebiopsy. This approach, which has been validated (21), represents a surrogate DNA source and is a novel strategy for tumor genotyping, mainly applicable at the time of progression for EGFR-mutated patients (22–24). In cases when the T790M mutation is identified in peripheral blood, treatment with third-generation EGFR TKIs is justified (25).

In addition to T790M, other resistance mechanisms have also been identified. Globally, these can be categorized as target gene alterations (i.e., EGFR amplifications and mutations such as T790M), downstream bypass signaling pathway activation (i.e., MET and HER2 amplifications or mutations in BRAF, PIK3CA), and phenotypic changes (including small-cell lung cancer transformation and epithelial to mesenchymal transition) (26, 27).

TARGETING EGFR T790M+ NSCLC

Second-Generation EGFR TKIs

Following the discovery that T790M is the main resistance mechanism against the first-generation EGFR TKIs gefitinib and erlotinib, many new drugs targeting T790M were developed. Although second-generation EGFR inhibitors such as neratinib, afatinib, and dacomitinib exhibited promising anti-T790M activity in the laboratory, their clinical activity in T790M+ NSCLC was poor, with RR less than 10% among patients resistant to gefitinib or erlotinib (28–30). In addition, increased toxicity, mainly skin and digestive (Table 1), was observed due to EGFR wild-type inhibition at lower concentrations than those required to inhibit T790M. Thus to date, none of the second-generation agents are considered as effective monotherapies in patients progressing on first-generation TKIs.

On the basis of preclinical observations that afatinib plus cetuximab (an anti-EGFR monoclonal antibody) overcame T790M-mediated resistance (31), this combination was evaluated in a phase Ib trial enrolling 126 heavily pretreated patients with advanced EGFR-mutant NSCLC who had developed resistance to erlotinib/gefitinib. The overall response rate (ORR) was 29% and was comparable in both T790M+ and T790M− tumors (32 vs. 25%), and median PFS was 4.7 months (95% CI, 4.3–6.4) (32). However, the dual EGFR inhibition resulted in increased toxicity with various grades 3–4 adverse events (AEs) (mainly rash, diarrhea, and fatigue) reported in up to 46% of patients (32). A randomized phase II/III trial (NCT02438722) of afatinib plus cetuximab vs. afatinib alone is currently open in treatment-naïve patients with advanced EGFR-mutant NSCLC.

Third-Generation EGFR TKIs

Many third-generation EGFR inhibitors are currently being consecutively developed to more effectively target the T790M mutation. Unlike second-generation TKIs, as these drugs exhibit increased specificity for T790M and thus mutant EGFR compared to wild-type EGFR, they are well tolerated resulting in few wild-type EGFR adverse effects. Among them, osimertinib (AZD9291) was the first to receive FDA and EMA approval in November 2015 and February 2016, respectively, for metastatic EGFR T790M+ NSCLC, which has progressed on or after EGFR TKI therapy. Table 2 shows available efficacy data of new-generation EGFR TKIs.

TABLE 2 | Efficacy of third-generation tyrosine kinase inhibitors (TKIs) in activating epidermal growth factor receptor (EGFR) mutations and T790M+ NSCLC patients.
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Osimertinib (AZD9291; Tagrisso®)

Osimertinib is a mono-anilino-pyrimidine compound that acts as a covalent EGFR TKI. In EGFR recombinant enzyme assays, osimertinib showed potent activity against diverse EGFR mutations (L858R, L858R/T790M, exon 19 deletion, and exon 19 deletion/T790M) and exhibited nearly 200 times greater potency against L858R/T790M than wild-type EGFR. Osimertinib is metabolized to produce at least two circulating metabolites, AZ5104 and AZ7550. In biochemical assays, AZ7550 had a comparable potency and selectivity profile to osimertinib, although AZ5104 showed greater potency against exon 19 deletions, T790M mutants (both ~8-fold) and wild-type (~15-fold) EGFR (33). Its pharmacokinetic exposure did not significantly differ between Asian and non-Asian patients, showing a minimal food effect (34). Additionally, data from a clinical pharmacokinetic study (NCT02163733) showed that osimertinib exposure was not affected by concurrent administration of omeprazole (35). Thus, unlike first- and second-generation TKIs, gastric pH modifying agents can be concomitantly used with osimertinib without restrictions.

A phase I/II dose-escalation study of osimertinib (AURA, NCT01802632) was carried out in patients with locally advanced or metastatic EGFR-mutated NSCLC progressing on first- or second-generation EGFR TKIs. Patients were not preselected according to T790M status (36). The study included 253 patients who received osimertinib at five dose levels ranging from 20 to 240 mg daily and distributed between two cohorts, dose-escalation and dose-expansion cohorts. Among 31 patients enrolled in the dose-escalation cohort, no dose-limiting toxicity (DLT) occurred and the maximum tolerated dose (MTD) was not reached. An additional 222 patients were treated in five dose-expansion cohorts. The EGFR-T790M mutation was detected in tumors from 138 patients (62%) in the expansion cohorts. Of the 253 patients treated across all dose levels, 239 were evaluated for response. The ORR and disease control rate (DCR) in the whole population were 51% [95% CI, 45–58%] and 84% [95% CI, 79–88%], respectively. Among the 138 patients with a centrally confirmed EGFR-T790M mutation, 127 patients were evaluable for response. Outcomes were substantially better in the EGFR T790M+ population compared to T790M− tumor patients with an ORR of 61% [95% CI, 52–70%] vs. 21% [95% CI, 12–34%], a DCR of 95% [95% CI, 90–98%] vs. 61% [95% CI, 47–73%] and median PFS of 9.6 months [95% CI, 8.3–not reached] vs. 2.8 months [95% CI, 2.1 to 4.3], respectively (36). There were no DLTs at any dose level. The most common AE, mostly grade 1–2, were diarrhea (47%), skin toxicity (rash/acne, 40%), nausea (22%), and anorexia (21%). With increased incidence and severity of AEs (rash, dry skin, and diarrhea) in relation to the wild-type EGFR inhibition at higher dose levels (160 and 240 mg), 80 mg daily was selected as the recommended dose for further clinical trials (36).

The efficacy and safety data from the 80 mg expansion cohort in patients with centrally confirmed T790M NSCLC were recently updated (data cutoff: January 4, 2016). Among 63 patients, 61 patients were evaluable for response. The ORR and DCR were 71% [95% CI, 57–82%] and 93% [95% CI, 84–98%], respectively, with a median PFS of 9.7 months [95% CI, 8.3–13.6] (37).

The 80-mg daily dose evaluated in the phase II T790M+ extension cohort of the AURA trial (described above) was evaluated in an additional phase II “AURA2” study (NCT02094261) designed for patients with confirmed EGFR-mutant T790M+ locally advanced or metastatic NSCLC progressing on an approved EGFR TKI. A preplanned pooled analysis of both studies was performed. Among 411 patients (201 from the AURA extension and 210 from AURA2), 397 were evaluable. The ORR and DCR were 66% [95% CI, 61–71%] and 91% [95% CI, 88–94%], respectively. Median PFS was 11.0 [95% CI, 9.6–12.4] months with a median duration of response of 12.5 months [95% CI, 11.1 months to not calculable] (37).

Osimertinib has also demonstrated activity in the first-line setting. Data from two expansion cohorts in treatment-naïve EGFR-mutated advanced NSCLC patients were recently presented. Sixty patients received osimertinib 80 mg (n = 30) or 160 mg (n = 30) once daily and all were evaluable. The confirmed ORR was 77% [95% CI, 64–87%] with a DCR of 98% [95% CI, 89–100%]. Median PFS was 19.3 months [95% CI, 13.7 to not calculable] (38).

A number of phase III trials involving osimertinib in different settings are ongoing. The phase III FLAURA trial (First-Line-AURA; NCT02296125) in EGFR-mutated treatment-naïve NSCLC patients was designed to compare osimertinib 80 mg daily vs. the current standard of care gefitinib or erlotinib. The AURA3 trial (NCT02151981) is an open-label, randomized trial in the second-line setting, designed to compare osimertinib with platinum-based doublet chemotherapy in patients with EGFR T790M+ locally advanced or metastatic NSCLC. In a press release dated July 18, 2016, AstraZeneca announced that the AURA3 trial, which included more than 400 patients, had met its primary endpoint demonstrating superior PFS compared to standard platinum-based chemotherapy.

In the adjuvant setting, the ongoing ADAURA trial (ADjuvant-AURA; NCT02511106) is a double-blind, randomized, placebo-controlled trial assessing the efficacy and safety of osimertinib vs. placebo in patients with EGFR-mutated stage IB–IIIA NSCLC following complete tumor resection. Results are not yet available.

Rociletinib (CO-1686)

Rociletinib is another oral, irreversible, mutant-selective inhibitor of commonly mutated forms of EGFR, including T790M, with minimal activity against wild-type EGFR in preclinical studies (39). A phase I/II trial (TIGER-X; NCT01526928) of rociletinib was performed in patients with EGFR-mutant NSCLC with acquired resistance to first- or second-generation EGFR TKIs (40). In the expansion (phase II) part of the study, patients with T790M+ NSCLC received rociletinib at doses of 500, 625, or 750 mg twice daily. At the time of report, 130 patients were enrolled. The MTD was not identified. The most common grade 3 AE was hyperglycemia, occurring in 20 of the 92 patients (22%) who received therapeutic doses. Among the 46 evaluable patients with T790M+, the ORR was 59% [95% CI, 45–73%]. For the 17 evaluable patients with T790M− disease, the ORR was 29% [95% CI, 8–51%] (40).

In November 2015, Clovis Oncology issued a press release that contained data from a pooled analysis of TIGER-X and TIGER-2 (NCT02147990), another phase II trial examining rociletinib in second line in patients with EGFR T790M+ NSCLC progressing on at least on EGFR inhibitor. Among 325 patients, the ORR (dose range, 500–750 mg twice daily) was 30.2% [95% CI, 25.2–35.5%]. The ORRs were 32% [95% CI, 25–40%] and 23% [95% CI, 14–34%] in patients receiving 625 mg (n = 170) and 500 mg (n = 79), respectively. The median duration of response for the two treatment doses was 8.8 and 9.1 months, respectively. Due to the different RR, an independent updated analysis was assessed in patients (intention-to-treat population) included in the TIGER-X trial confirming ORRs of 45% [95% CI, 31–60%] and 17% [95% CI, 4–41%] among patients with T790M+ and T790M− disease, respectively (41). Clovis thus decided to halt enrollment in all ongoing rociletinib studies, including the phase III TIGER-3 trial (NCT02322281), and has withdrawn its application for regulatory approval in the European Union.

Olmutinib (BI-1482694/HM61713; Olita™)

Olmutinib is an oral EGFR mutant-specific TKI active against mutant EGFR isoforms, including T790M, while sparing wild-type EGFR (42). A phase I/II trial HM-EMSI-101 (NCT01588145) was conducted to evaluate the safety, tolerability, pharmacokinetics, and preliminary activity of olmutinib in Korean patients with EGFR TKI-pretreated NSCLC (43). Patients received olmutinib at doses ranging from 75 to 1,200 mg/day. The ORR was 58.8% in the 34 patients who received olmutinib with a dose more than 650 mg. The most common DLTs involved gastrointestinal symptoms and increased aspartate aminotransferase, alanine aminotransferase, amylase, and lipase levels. The recommended phase II dose was 800 mg/day. In part II of the study, 76 patients with centrally confirmed T790M+ NSCLC were enrolled, 70 of whom were evaluable for response. The ORR was 61% and median PFS (n = 76) was 6.9 months [95% CI, 5.36–9.49]. The most common drug-related AEs (all grades) were diarrhea (59%), pruritus (42%), rash (41%), and nausea (39%) (44). These data validate previous preliminary trial results presented at the European Society for Medical Oncology Asia Congress in December 2015 (45). These results were the basis for Breakthrough Therapy Designation granted by the FDA in 2015 and the first approval for the treatment of patients with EGFR T790M+ NSCLC in South Korea in 2016. Following promising early clinical data, Boehringer Ingelheim launched the ELUXA clinical trial program to investigate olmutinib as a monotherapy in different settings as well as in combination with other anticancer treatments. Nevertheless, due to an unexpected increase in grade 3/4 skin toxicity (epidermolysis) in previous trials Boehringer decided to definitively stop the development of this drug.

ASP8273

ASP8273 is another oral, irreversible TKI that inhibits the kinase activity of EGFR mutations including T790M, with limited activity against EGFR wild-type (46). ASP8273 was further shown to suppress signaling via ERK and Akt. This agent showed activity in mutant EGFR cell lines that are resistant to other EGFR TKIs including osimertinib and rociletinib (47). ASP8273 was evaluated in an open-label phase I/II study (NCT02192697) for safety and efficacy (48). Thirty Japanese patients were enrolled in the phase I dose-escalation cohorts across seven dose levels (25–600 mg/day), and 15 patients were enrolled in the response expansion cohorts across four dose levels (100–400 mg/day). T790M status was 49% positive, 13% negative, and 38% unknown, respectively. Responses were observed in patients enrolled in ≥100 mg/day cohorts. Partial responses were achieved in 50% (18/36) of all evaluable patients and 80% (12/15) of patients with T790M+ NSCLC (including confirmed and unconfirmed). The most common AEs (all grades) were diarrhea (56%), nausea (31%), vomiting (31%), and thrombocytopenia (31%). Based on tolerability and preliminary antitumor activity, the recommended phase II dose selected was 300 mg once daily (48). The safety, tolerability, and antitumor activity for ASP8273 300 mg/day in patients with NSCLC EGFR mutation-positive and previously treated with an EGFR TKI were recently presented in a total of 63 patients, including seven treated in the dose-escalation part, 18 in the response expansion, 19 in recommended phase II dose part, and 19 from the food effect cohort (49). The majority of tumors (>90%) were positive for the T790M mutation based on local testing. All but one patient (98%) had been previously treated with an EGFR TKI, with erlotinib the most common inhibitor. Among the 63 patients treated with ASP8273 300 mg, the ORR was 30% [95% CI, 19.2–43.0%] and the median PFS was 6.0 [95% CI, 4.1–9.8] months. For the subgroups with T790M+ tumors the ORRs, assessed by local or central testing, were similar: 31% [95% CI, 19.5–44.5%] and 29% [95% CI, 13.2–48.7%], respectively. Median PFS for T790M+ patients (local testing) was 6.0 months [95% CI, 5.3–9.8] and 6.8 months [95% CI, 5.5 months to not evaluable] for T790M+ patients (central testing). The most frequent drug-related AEs (all grades) were diarrhea (48%), nausea (27%), hyponatremia (19%), paresthesia (14%), and vomiting (13%). Six patients (10%) discontinued treatment due to treatment-related toxicity (49). Based on this study, the dose of ASP8273 300 mg daily was selected for a recently initiated, large (n = 600), international, randomized, phase III study (SOLAR) to compare the clinical efficacy and safety/tolerability of ASP8273 with erlotinib or gefitinib as initial treatment of advanced EGFR-mutant NSCLC (NCT02588261).

Nazartinib (EGF816)

Nazartinib is a novel, irreversible mutant-selective EGFR inhibitor that specifically targets both EGFR-activating mutations (L858R, Del19) and the resistant T790M mutation, while sparing wild-type EGFR (50). NCT02108964 (EGF816X2101) is a phase I/II first-in-human study of nazartinib in patients with EGFR-mutated locally advanced or metastatic NSCLC. Updated results from the phase I dose-escalation part were recently presented. Patients were assigned to receive once-daily nazartinib with doses ranging from 75 to 350 mg. At the cutoff date of January 29, 2016, 152 patients had been treated across seven cohorts (51). Among them, 147 patients were evaluable for response. The confirmed ORR was 46.9% [95% CI, 38.7–55.3%] and the DCR was 87.1% [95% CI, 80.6–92.0%]. The estimated median PFS across all dose levels was 9.7 months [95% CI, 7.3–11.1]. Among 69 patients with confirmed responses at the cutoff date, the estimated median duration of response was 9.5 months [95% CI, 9.2–14.7]. The most common toxicities (all grades) were rash (54%), diarrhea (37%), and pruritus (34%). Interestingly, the rashes observed in the study tended to have a different pattern, location, and histology than those seen with other EGFR TKIs that target wild-type EGFR. Diarrhea was the most common grade 3/4 AE (16%), and of note, both incidence of diarrhea and rash tended to increase with increasing nazartinib doses (51). The phase II part, performed in six cohorts, is ongoing (Figure 1). In addition, the drug is being investigated in association with INC280, a specific MET inhibitor (based on the potential escape pathway for third-generation EGFR TKIs) in an ongoing phase Ib/II trial in patients with advanced EGFR mutant NSCLC (NCT02335944), and with nivolumab, an anti-PD-1 monoclonal antibody in a phase II trial in EGFR mutant/T790M+ NSCLC patients who have progressed on first-line EGFR TKI (NCT02323126).
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FIGURE 1 | Study design of nazartinib in EGFRm+ NSCLC patients (NCT0210896). EGFRm+, EGFR mutation-positive; MTD, maximum tolerated dose; qd, one daily; NSCLC, non-small-cell lung cancer; RP2D, recommended phase 2 dose.



Avitinib (AC0010)

Avitinib is another new-generation inhibitor of EGFR that, like the abovementioned agents, targets EGFR-activating mutations overcoming T790M-induced mutation with limited activity against wild-type EGFR. Clinical trials were initiated in China and the United States in parallel using avitinib as second-line therapy in NSCLC patients progressing on first-generation EGFR TKIs and who have acquired the gatekeeper T790M mutation. Two trials evaluating the safety, tolerability, pharmacokinetics, and antitumor activity of avitinib are ongoing; a phase I/II trial (NCT02274337) in advanced NSCLC patients progressing on prior therapy with an EGFR TKI agent and a phase I trial (NCT02330367) designed to determine the MTD and/or recommended phase 2 dose in previously treated mutant EGFR NSCLC patients with a T790M resistant mutation.

PF-06747775

PF-06747775 is another small molecule inhibitor of EGFR T790M with minimal activity against wild-type EGFR. It is being studied in a phase I/II clinical trial (NCT02349633) in advanced NSCLC patients with EGFR mutations (Del19 or L858R ± T790M). Results are not yet available.

HS-10296

HS-10296 is a small molecule inhibitor of EGFR-activating mutations and T790M-resistant mutation with limited activity against wild-type EGFR. An open-label, multicenter, phase I/II trial of HS-10296 with dose escalation, dose expansion, and extension cohorts in locally advanced or metastatic NSCLC patients who have progressed following prior therapy with an EGFR TKI agent is currently recruiting participants (NCT02981108).

THIRD-GENERATION EGFR TKIs IN CENTRAL NERVOUS SYSTEM (CNS) METASTASES

Incidence data of brain and leptomeningeal metastasis in EGFR-mutated NSCLC patients come from retrospective cohorts, reporting 24 and 9%, respectively. Gefitinib, erlotinib, and afatinib have impressive intracranial activity, with RR of 60–80% (52, 53). However, for patients with CNS progression on these first- and second-generation agents, further effective therapies are limited. Among the third-generation EGFR TKIs, osimertinib was the only inhibitor demonstrating sustained tumor regression in both preclinical and clinical models (54). Osimertinib has greater penetration of the mouse blood–brain barrier than gefitinib, rociletinib, or afatinib, and induced sustained tumor regression in an EGFR mutant PC9 mouse brain metastasis model at clinically relevant doses, while rociletinib did not achieve tumor regression (55). CNS activity was confirmed in the AURA study phase II extension cohort (NCT01802632) and the AURA2 phase II study (NCT02094261) (56). The phase I BLOOM trial (NCT02228369) was designed to assess for the first time the safety, tolerability, pharmacokinetics, and preliminary antitumor activity of two third-generation EGFR TKIs, orsimetinib and AZD3759. AZD3759 was the first EGFR TKI primarily designed to effectively across the blood–brain barrier to tackle CNS metastases in patients with EGFR mutant NSCLC (57, 58). The osimertinib cohort of the trial included 21 Asian patients with advanced or metastatic NSCLC harboring the L858R mutation (n = 13) or an exon 19 deletion (n = 9), and a confirmed diagnosis of leptomeningeal metastasis by positive cerebrospinal fluid cytology. At study entry, the T790M mutation was detected in cerebrospinal fluid in two patients and in plasma in six. Patients received osimertinib at 160 mg/day. All patients were evaluable for efficacy; seven (33%) had a confirmed radiologic response, nine (43%) had stable disease, and neurological function improvement was seen in five (24%) patients (59). Preliminary results from the AZD3759 cohort were recently presented (60). Twenty-nine patients with advanced EGFR mutant NSCLC and brain metastases, including leptomeningeal metastasis were treated in escalating dose cohorts of 50–500 mg, twice daily (BID). The pharmacokinetic analysis demonstrated excellent CNS penetration, with a 1:1 ratio with plasma. The tolerability profile of AZD3759 was consistent with EGFR TKI class effects and included grade 3/4 rash (7%), pruritus (7%), diarrhea (3%), and acne (3%). The MTD was 300 mg BID but study investigators recommended 200 mg BID for phase II dosing. AZD3759 demonstrated encouraging intracranial antitumor activity. Among 21 patients with measurable brain metastases, 11 demonstrated tumor shrinkage in the target brain lesion at AZD3759 doses of ≥50 mg BID. In this group, there were six partial responses (three confirmed, three unconfirmed). Among 22 patients with measurable extracranial lesions, eight experienced tumor shrinkage, with one unconfirmed partial response (60). Based on these promising findings, the BLOOM trial is continuing to enroll patients in the AZD3759 brain and leptomeningeal metastasis expansion cohorts.

MECHANISMS OF RESISTANCE TO THIRD-GENERATION EGFR TKIs

As is the case with first and second-generation EGFR TKIs, mutations mediating resistance to third-generation EGFR TKIs are emerging (61–65). Among them, while the C797S mutation in exon 20 of EGFR was the most common mechanism responsible for resistance to osimertinib (62), it occurs in less than 3% of patients treated with rociletinib (66). The C797S mutation was also reported in one case that led to resistance to olmutinib (65). Very recently, two novel tertiary EGFR mutations were described. The acquired L798I mutation was observed in cis with T790M in one patient following rociletinib therapy (66). Subsequently, another mutation in the same codon (L798Q) was reported in one patient at the time of progression under osimertinib (67).

The acquired resistance associated with the EGFR T790M mutation can occur by selection of preexisting EGFR T790M+ clones or via genetic evolution of initially EGFR T790M− drug-tolerant cells, suggesting that cancer cells that survive third-generation TKIs may serve as a key reservoir from which acquired resistance can emerge during treatment (68).

Additional EGFR-independent mechanisms of resistance have been reported. NRAS mutations, including a novel E63K mutation, and amplifications of wild-type NRAS or KRAS have been described as mechanisms of acquired resistance to osimertinib but also to gefitinib and afatinib (69). Amplifications in HER2 and MET genes were also described as potential mechanisms of acquired resistance to osimertinib and rociletinib in EGFR T790M+ NSCLC patients (66, 70). Additionally, loss of T790M at the time of progression may be mediated by overgrowth of cells harboring HER2 amplification, or BRAF V600E or PIK3CA mutations, as was recently detected in plasma of patients included in the phase I AURA trial (71).

Finally, small-cell lung cancer transformation was seen in two cases of rociletinib resistance and one osimertinib-resistant patient; the T790M was lost while the original EGFR mutation was maintained in the small cell transformed cancer in each case (72, 73).

OVERCOMING RESISTANCE TO THIRD-GENERATION EGFR TKIs

The favorable toxicity profiles of the third-generation EGFR TKIs make them particularly attractive candidates for combination therapy, and many trials are currently planned or ongoing (Table 3).

TABLE 3 | Ongoing and forthcoming third-generation EGFR TKIs-based combination trials.
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Preclinical EGFR L858R/T790M/C797S mutation cell models exhibited in vitro sensitivity to cetuximab, an antibody that blocks EGFR dimerization (74, 75), but this was not confirmed in in vivo analyses. However, the allosteric inhibitor EAI045 in combination with cetuximab exhibited mechanistic synergy and was effective in mouse models of lung cancer driven by EGFR L858R/T790M and by EGFR L858R/T790M/C797S (76). Interestingly, the allelic context in which C797S was acquired may predict responsiveness to subsequent TKI treatments. For example, if the C797S and T790M mutations are in trans, cells will be resistant to third-generation EGFR TKIs but are sensitive to a combination of first and third-generation TKIs, and when C797S develops in T790 wild-type cells, this results in resistance to third-generation TKIs, while sensitivity to first-generation TKIs is retained (61). These data are of great clinical value in sequencing for this mutation in patients with acquired resistance to osimertinib.

Navitoclax (ABT-263), a BCL-2 family inhibitor, enhances the apoptotic response of late-resistant EGFR T790M cells with decreased sensitivity to EGFR inhibition. The combination of navitoclax with the third-generation EGFR TKI WZ4002 (in preclinical development) induced more apoptosis compared to WZ4002 alone in both in vivo and in vitro analyses. This approach could be an effective strategy for treating EGFR T790M-positive cancers that have a decreased apoptotic response to EGFR inhibition (68). Additionally, the combination of WZ4002 with trametinib, another MEK inhibitor, prevents the development of acquired resistance in EGFR-mutant lung cancer models (77). A phase Ib trial is ongoing to evaluate the safety and tolerability of the osimertinib/navitoclax combination in patients with EGFR-mutant NSCLC following resistance to prior EGFR TKIs (NCT02520778).

In vitro, a combination of osimertinib with the MEK 1/2 inhibitor selumetinib prevented emergence of resistance in PC9 (Ex19del) cells and delayed resistance in NCI-H1975 (L858R/T790M) cells. In vivo, concomitant osimertinib with selumetinib caused regression of osimertinib-resistant tumors in an EGFR-mutant/T790M transgenic model (69). This association, among others, is being evaluated in the phase Ib TATTON trial (NCT02143466) designed to evaluate the safety, tolerability, and preliminary antitumor activity of osimertinib in combination with durvalumab (an anti-PD-L1 monoclonal antibody), savolitinib (MET inhibitor) or selumetinib in patients with advanced EGFR-mutant NSCLC who have progressed on an EGFR TKI. Preliminary results from the osimertinib/durvalumab arm were recently presented (78). The investigator-assessed ORR was 67% in nine patients with T790M+ tumors, compared to 21% in 14 T790M− NSCLC. Interstitial lung disease was reported in 38% (13/34) of patients, which is higher than would be expected with either drug alone, including five grade 3/4 events (78). Thus, recruitment in the osimertinib + durvalumab arm was stopped but expansion cohorts of the MET and MEK inhibitor combinations are ongoing. In addition, the phase III CAURAL trial (NCT02454933) is being conducted in second-line metastatic EGFR-mutant T790M+ NSCLC patients testing osimertinib plus durvalumab vs. osimertinib monotherapy. This study was also stopped prematurely due to the pulmonary toxicity observed in the TATTON trial.

Dual EGFR blockage is being evaluated in a phase I trial (NCT02496663) combining osimertinib with the anti-EGFR monoclonal antibody necitumumab to assess safety and determine the optimal dose in patients with EGFR-mutant advanced NSCLC who have progressed on a previous EGFR TKI.

As was reported, the dual vascular endothelial growth factor receptor (VEGFR) and EGFR blockade inhibit tumor growth in EGFR TKI resistance xenograft models (79). This hypothesis was confirmed in two phase II clinical trials in EGFR-mutant NSCLC treatment-naïve patients, the randomized Japanese (JO25567) trial comparing erlotinib plus bevacizumab vs. erlotinib alone, and the single-arm Caucasian (BELIEF) trial. Median PFS was similar and encouraging in both trials supporting the combination in the first-line setting (80, 81). Following this strategy, a phase I trial was designed to evaluate the safety of two osimertinib-based combination strategies, with necitumumab or ramucirumab (an anti-VEGFR2 monoclonal antibody) in patients with advanced EGFR T790M+ NSCLC after progression on first-line EGFR TKI therapy (NCT02789345). Finally, the osimertinib/bevacizumab combination will be evaluated in another phase I/II 3 + 3 dose-escalation study (NCT02803203) to test the safety of combining these drugs.

For patients whose tumors undergo small-cell lung cancer transformation, platinum-based plus etoposide chemotherapy is recommended.

CONCLUSION

Over the last decade, we have seen considerable advances in the treatment of patients with EGFR mutant NSCLC. Three EGFR TKIs are currently FDA and EMA approved for first-line treatment of patients with sensitizing EGFR mutations in metastatic NSCLC. Despite this progress, the development of acquired resistance is an unfortunate reality and remains an important challenge in the clinical setting. No second-generation TKIs have been successfully developed, and to date, osimertinib is the only third-generation EGFR mutant/T790M+ TKI approved by the FDA and EMA for patients with advanced T790M NSCLC who progress on a first-line EGFR TKI. Osimertinib has demonstrated strong efficacy and safety data in phase I and II studies, mainly in a second- or post-second-line setting but also as first-line treatment, placing it as a very attractive drug in this scenario. The clinical development of osimertinib represents one of the fastest cancer drug development programs, taking just 2 years, 8 months, and 1 week from the first patient dosed to the first approved indication. Until recently, patients with advanced NSCLC with EGFR-activating mutations who progress on a first-line EGFR TKI have traditionally been treated with a platinum-doublet chemotherapy. These combinations show ORRs of approximately 30%, marginally higher than those observed in the T790M− populations, but significantly lower than those reported in T790M+ cohorts across osimertinib phase I–III trial development. In addition, given the encouraging CNS efficacy, osimertinib is also attractive as frontline treatment for patients with brain and/or leptomeningeal metastases. The phase III FLAURA (NCT02296125) trial will hopefully soon answer the issue of where osimertinib should be positioned. Among the other new-generation EGFR TKIs and considering that the development of rociletinib and olmutinib as monotherapies has been stopped, ASP8273 is now the most advanced agent in the clinic.

Figure 2 illustrates potential post-progression treatment algorithms for EGFR-mutated advanced NSCLC patients. The heterogeneity of resistant cancers seems to play an important role in both efficacy and resistance to these novel T790M-specific agents, and combination strategies could be effective in delaying and/or preventing resistance. Finally, in an era of personalized medicine, the analysis of both tumor tissue and ctDNA should be a priority to improve our knowledge to the benefit of our patients.
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FIGURE 2 | Potential treatment algorithm for advanced EGFR-mutated NSCLC patients. CT, chemotheraphy; EGFR, epidermal growth factor receptor; MoR, mechanism of resistance; NSCLC, non-small-cell lung cancer; SCLC, small-cell lung cancer; TKI, tyrosine kinase inhibitor.
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Liquid biopsy analyses are already incorporated in the routine clinical practice in many hospitals and oncology departments worldwide, improving the selection of treatments and monitoring of lung cancer patients. Although they have not yet reached its full potential, liquid biopsy-based tests will soon be as widespread as “standard” biopsies and imaging techniques, offering invaluable diagnostic, prognostic, and predictive information. This review summarizes the techniques available for the isolation and analysis of circulating free DNA and RNA, exosomes, tumor-educated platelets, and circulating tumor cells from the blood of cancer patients, presents the methodological challenges associated with each of these materials, and discusses the clinical applications of liquid biopsy testing in lung cancer.
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INTRODUCTION

The so-called “liquid biopsy” is quickly moving from research into clinical practice in lung cancer, as well as in other human malignancies. Although its full potential has not yet been reached, the “liquid biopsy” is no longer a promise but a reality that is allowing a better treatment selection and monitoring of lung cancer patients in hospitals and oncology departments worldwide. We can already foresee a day when “liquid biopsy”-based tests will be as widespread and useful as “standard” biopsies and imaging techniques, offering invaluable diagnostic, prognostic, predictive, and monitoring information. In this mini review, we will summarize the state of the art in this exciting area, placing a particular emphasis on the clinical utility of the “liquid biopsy” and the variety of applications, methodologies, and results that can be derived from it.

“Liquid biopsies” are usually defined as tests done in blood samples or other body fluids. In the case of cancer patients, the objective of those tests is to detect materials originated in the tumor. Although the term “liquid biopsy” is universally used, many pathologists argue that it is incorrect. The so-called “liquid biopsies,” they claim, are not true biopsies. A “true” biopsy is usually performed by a surgeon or a pneumologist and involves the extraction of sample cells or tissues that are subsequently examined by a pathologist under a microscope, commonly after some kind of fixation and staining. Paraffin embedding is also widespread. In contrast, “liquid biopsies” are not obtained by surgeons; involve the extraction of blood or other fluids and not of solid tissues, pathologists only occasionally intervene and fixation, embedding, or staining are equally infrequent. In addition to the “biopsy” half, the “liquid” half in the term “liquid biopsy” can also be misleading. The materials originated in the tumor that are to be detected in such “biopsies” are never liquid. Some of them are cells or fragments of cells, such as circulating tumor cells (CTCs), exosomes, or tumor-educated platelets (TEPs); others are nucleic acids dissolved in the blood, such as circulating tumor DNA or RNA (ctDNA, ctRNA). Each of these materials offers unique opportunities to test different biomarkers and analyze particular characteristics of the tumors (Table 1).

TABLE 1 | Biological materials that can be isolated from liquid biopsies and their applications in lung cancer.
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The differences between a “real” and a “liquid” biopsy—or “liquid sample,” as the pathologists would probably prefer to call them—explain the advantages of the latter. “Liquid” biopsies will never replace real biopsies, which are irreplaceable sources of information that cannot be obtained by any other means, such as tumor type and histology. However, they offer all sorts of additional data that cannot be obtained in any other way. In patients who cannot be biopsied, or where biopsies do not have enough tissue, “liquid biopsy” is the only alternative to perform genetic testing for targeted therapy. Also, in patients with advanced disease, it is not feasible to obtain biopsies of every metastasic site. But blood reaches both the primary tumor and the metastases, and materials coming from all can be found in a “liquid biopsy.” Finally, unlike “real” biopsies, blood can be repeatedly obtained without the risk of comorbidities and used to monitor the course of the disease, including early detection of response and relapse or emergence of resistance to a particular therapy.

CIRCULATING TUMOR DNA

Circulating free DNA (cfDNA) can be found dissolved in plasma and serum, at variable amounts. In the case of cancer patients, a fraction of the cfDNA is tumor derived, and ctDNA represents from less than 0.1% to more than 10% of the total cfDNA. This percentage has been shown to depend on stage, tumor burden, vascularization of the tumor, biological features like apoptotic rate and metastatic potential of the cancer cells, and factors affecting the blood volume of the patient (1, 2). In addition, variations on the relative abundance of ctDNA correlate with response to therapy (3–5). ctDNA is released by passive mechanisms, such as lysis of apoptotic and necrotic cells or digestion of tumor cells by macrophages, and also by active mechanisms. In this respect, cfDNA shows and enrichment in 150–180 bp fragments typical of the nucleosomal pattern of DNA fragmentation during apoptosis (6–9). The ctDNA carries the same somatic alterations as the tumor itself and can be used to detect clinically relevant mutations such as those in the epidermal growth factor (EGFR) or KRAS genes. This is particularly useful when no biopsy is available for genetic analyses and, in this setting, the European Medicine Agency recommends EGFR testing in liquid biopsies to select patients for tyrosine kinase inhibitor (TKI) therapy (10). However, many standard techniques for mutation detection are not useful for ctDNA analyses due to an insufficient sensitivity. Since ctDNA often represents a small percentage of the total cfDNA, somatic mutations coming from the tumor can be present at allele fractions as low as 0.01%. Highly sensitive methodologies, or variations of preexisting methodologies, have been developed in order to detect low abundance mutations in cfDNA (6, 11).

Modified real-time PCR techniques have been widely used to identify genetic alterations in the cfDNA of cancer patients. They include amplification-refractory mutation system [ARMS (12),], Scorpion-ARMS (13), and peptide nucleic acid (PNA) or locked nucleic acid (LNA) mutant-enriched PCR (14–17). The diagnostic sensitivity of these techniques, when compared to tumor tissue, ranges from 43 to more than 90%, while the specificity is usually close to 100%; and the two commercially available methods to determine EGFR mutations in the cfDNA of cancer patients (Therascreen Plasma from Qiagen and COBAS Blood from Roche Diagnostics) are based on them. In our group, we have developed a quantitative PCR technique in the presence of PNA to detect EGFR, KRAS, and BRAF mutations in the cfDNA of advanced lung, colon, and cancer patients that achieves 75–80% sensitivity with 100% specificity (18, 19). Digital PCR, droplet digital PCR, and beads, emulsion, amplification, and magnetics (BEAMing) system constitute further refinements of the PCR-based techniques and have also been used to determine mutations in cfDNA (14, 20–26) (Table 2).

TABLE 2 | Summary of reports on detection of genetic alterations in liquid biopsy materials from advanced NSCLC patients.
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Most modified PCR techniques are easy, comparatively unexpensive, and have a quick turnaround time (19), but have the disadvantage that can only detect mutations in a limited number of loci, usually within a single gene. Next-generation sequencing methodologies can overcome these limitations but, while tissue-based NGS genotyping is already well established, the application of NGS technologies to liquid biopsies is challenging and an ultra-deep sequencing approach is commonly used in order to improve sensitivity. In this approach, the gene panels are limited so that each read is sequenced thousands of times (39, 50, 51). However, this requirement of a high sensitivity may easily lead to false-positive results and requires a careful validation of the whole testing process. Examples of NGS protocols specifically developed for ctDNA analysis include TAm-Seq (tagged-amplicon deep sequencing), which combines site-specific primers with universal tails (52, 53); Safe-SeqS (Safe-Sequencing System) (54), and CAPP-seq (capture based sequencing), which relies on hybridization-based capture of target regions followed by amplification (38, 55) (Table 2).

The detection of mutations in cfDNA by modified PCR or NGS techniques is not only useful in lung cancer patients at presentation. It has also been successfully employed for patient monitoring, including early evaluation of response and relapse, which are associated with changes in the EGFR or KRAS mutational burden in cfDNA; and for early detection of acquired resistance to EGFR TKIs, associated in many patients with the emergence of the p.T790M mutation in blood (26, 56). In this respect, p.T790M testing in cfDNA has been recently recommended in patients eligible for osimertinib treatment, in order to avoid unnecessary rebiopsies (33, 36, 56).

CIRCULATING TUMOR RNA

Similar to ctDNA, RNA derived from tumor cells (ctRNA) is present in the plasma of cancer patients and can be used for detection of the clinically relevant ALK, ROS1, and RET fusion genes and METΔ14 splicing variant. However, genetic analyses in cfRNA present specific challenges and have not been widely used. Unlike cfDNA, cfRNA degrades very quickly and needs to be purified rapidly after blood extraction. The alternative is adding a preservative such as Trizol and freezing the sample at −80°C, but this procedure is not easily accessible to many clinical sites. Despite these limitations, our group has a 5-year experience in detection of EML4-ALK fusion transcripts in plasma cfRNA by retrotranscription PCR (RT-PCR) (49) and, using improved processing and purification methods, we have demonstrated that the sensitivity of the technique can be significantly improved.

TUMOR-EDUCATED PLATELETS

Platelets have been recently demonstrated to sequester tumor RNA by a microvesicle dependent mechanism, and the so-called TEPs (57, 58) can be used as a source of tumor RNA for genetic analysis. Platelets can be isolated from blood by simple centrifugation steps, and its RNA content easily purified and used for the detection of gene fusions and splicing variants. Using a RT-PCR approach, our group has detected EML4-ALK fusion transcripts in TEP RNA from advanced lung cancer patients with 65% sensitivity and 100% specificity (49). In addition, we have demonstrated that the disappearance of fusion transcripts in platelets correlates with response to crizotinib treatment. Regarding splicing variants, the clinical relevance of METΔ14 in lung cancer was only described in 2015 (59–61), and there are no reports in the literature about detection of METΔ14 transcripts in liquid biopsy. However, we have recently detected the alteration in the TEP RNA of a NSCLC patient positive in tumor tissue, who attained a partial response to crizotinib (unpublished data).

Platelet RNA can also be analyzed by multiplexing techniques, and a recent report has demonstrated the diagnostic potential of this approach. Using mRNA sequencing and surrogate TEP RNA profiles of 283 samples, 228 cancer patients of six different origins were discriminated from 55 healthy individuals with 96% accuracy. Tumors with specific genetic alterations, such as KRAS or EGFR mutations, were also distinguished and the location of the primary tumor identified with 71% accuracy (58).

EXOSOMES

Exosomes are small vesicles present in blood and other body fluids (62–64). With a 30–100 nm diameter, they are constitutively released through exocytosis by many cells, including tumor cells, in physiological and pathological conditions. Exosomes contain lipids, proteins, mRNA, several types of non-coding RNAs, and double-stranded DNA; and their composition partly reflects that of the parental cells (65). In addition, being generated by the cell secretion pathway, all exosomes carry some common proteins independent of their origin, such as ALIX, CD63, or TSG-101 (66). Exosomes are generally isolated by sucrose gradient ultracentrifugation or immune-bead isolation techniques (such as magnetic activated cell sorting), and there are commercial kits available. Once isolated, exosomes are characterized by transmission electron microscopy, Western blot, FACS, or other methodologies (67).

Although being more difficult to purify than other materials, the lipid bilayer of exosomes makes their cargo particularly stable, theoretically allowing the identification of the tumor of origin, genetic alterations or resistances to treatments. In this respect, EML4-ALK fusion transcripts have been recently identified in the exosomal RNA of NSCLC patients (68). In addition, some studies indicate that micro RNA (miRNA) analysis of exosomes might be useful for the diagnosis of lung adenocarcinoma (69–71) and that particular miRNAs can offer prognostic information in advanced NSCLC. For example, downregulation of miRNA-373 and miRNA-512 has been associated with a poor prognosis (72), miR-208a and miR-1246 with resistance to radiotherapy (73, 74), and miR-221-3p and 222-3p with good response to osimertinib in EGFR mutated patients (75).

CIRCULATING TUMOR CELLS

Together with ctDNA, CTCs are the most widely investigated material in liquid biopsies of cancer patients. First observed in 1869 (76), they are cancer cells detached from the solid tumor mass that circulate in the blood and lymphatic system (77) as single cells or as aggregates, the so-called circulating tumor microemboli (78–80). In advanced NSCLC patients, CTCs are relatively rare, 1–10 per mL against a background of 106–107 peripheral blood mononuclear cells. This low abundance poses formidable challenges for the development of robust and sensitive enrichment protocols (81).

Some CTC capture methods are label dependent, based on specific epithelial cell surface markers, such as epithelial cell adhesion molecule (EpCAM) for positive selection or CD45 for negative depletion. One of such techniques, the CellSearch® system (Veridex), has been approved by the FDA for monitoring some type of tumors (82–84), but not lung cancer. In advanced NSCLC, CellSearch® has shown a limited detection efficiency, with CTCs detectable in only 20–40% of patients (85–87). Label-dependent methods do not select CTCs that have undergone epithelial to mesenchymal transition (88) or those with stem cell characteristics that have not started epithelial differentiation. Label-independent techniques, which are based on physical characteristics such as size, can overcome this limitation. Isolation by Size of Epithelial Tumor cells (ISET®, Rarecells), based on filtration and cytological characterization, has shown an increased sensitivity in NSCLC (89–92) with an 80% detection rate of CTCs in blood from 40 stage IIIA–IV patients compared with 23% using CellSearch® (85). Another technology based on size, ScreenCell®, allows not only the detection but also the isolation of CTCs, which can be subjected to further morphological studies and used for genetic testing. Isolated CTCs can be cultured or injected into mice to generate xenografts (93–96) and CTC-derived tumor cells can thus be obtained in enough numbers for molecular and pharmacological profiling.

CTC counts have been extensively researched as a prognostic factor in NSCLC (97). In early-stage patients, the decrease or disappearance of CTCs after surgery has been reported to correlate with better clinical outcomes (98, 99), while its persistence was associated with shorter progression-free survival (PFS) (100). Regarding advanced NSCLC, some studies have reported that a higher CTC count at presentation correlates with advanced stage and shorter PFS and overall survival (85, 101). Also, the decrease or disappearance of CTCs after chemotherapy or targeted therapy has been consistently associated with better outcomes (102–104).

Finally, CTCs have also been investigated as a tool to identify clinically relevant genetic alterations in NSCLC (Table 2). Using NGS and modified PCR techniques, EGFR-sensitizing mutations and the p.T790M resistance mutation have been detected in the CTCs of EGFR-positive patients at presentation and after progression to TKI treatments, respectively (28, 41, 42, 105). The sensitivities reported range from 47 to 100%. However, unlike cfDNA, CTCs are not used for EGFR testing in the routine clinical practice. EML4-ALK fusions have been identified by fluorescence in situ hybridization (FISH) and immunochemistry in CTCs isolated using ISET (44) or other enrichment methodologies (47, 48). In some cases, filter-adapted FISH was employed, a methodology that has also been demonstrated to successfully identify ROS1 rearrangements in CTCs isolated by ISET (46).

AUTHOR CONTRIBUTIONS

All the authors contributed to the writing and critical revision of the review.

REFERENCES

1. Kidess E, Jeffrey SS. Circulating tumor cells versus tumor-derived cell-free DNA: rivals or partners in cancer care in the era of single-cell analysis? Genome Med (2013) 5:70. doi:10.1186/gm474

2. Diehl F, Schmidt K, Choti MA, Romans K, Goodman S, Li M, et al. Circulating mutant DNA to assess tumor dynamics. Nat Med (2008) 14:985–90. doi:10.1038/nm.1789

3. Haber DA, Velculescu VE. Blood-based analyses of cancer: circulating tumor cells and circulating tumor DNA. Cancer Discov (2014) 4:650–61. doi:10.1158/2159-8290.CD-13-1014

4. Sozzi G, Conte D, Mariani L, Lo Vullo S, Roz L, Lombardo C, et al. Analysis of circulating tumor DNA in plasma at diagnosis and during follow-up of lung cancer patients. Cancer Res (2001) 61:4675–8.

5. Sirera R, Bremnes RM, Cabrera A, Jantus-Lewintre E, Sanmartín E, Blasco A, et al. Circulating DNA is a useful prognostic factor in patients with advanced non-small cell lung cancer. J Thorac Oncol (2011) 6:286–90. doi:10.1097/JTO.0b013e31820189a5

6. Crowley E, Di Nicolantonio F, Loupakis F, Bardelli A. Liquid biopsy: monitoring cancer-genetics in the blood. Nat Rev Clin Oncol (2013) 10:472–84. doi:10.1038/nrclinonc.2013.110

7. Jahr S, Hentze H, Englisch S, Hardt D, Fackelmayer FO, Hesch RD, et al. DNA fragments in the blood plasma of cancer patients: quantitations and evidence for their origin from apoptotic and necrotic cells. Cancer Res (2001) 61:1659–65.

8. Diehl F, Li M, Dressman D, He Y, Shen D, Szabo S, et al. Detection and quantification of mutations in the plasma of patients with colorectal tumors. Proc Natl Acad Sci U S A (2005) 102:16368–73. doi:10.1073/pnas.0507904102

9. Heitzer E, Ulz P, Geigl JB. Circulating tumor DNA as a liquid biopsy for cancer. Clin Chem (2015) 61:112–23. doi:10.1373/clinchem.2014.222679

10. European Medicines Agency. Summary of Product Characteristics for Iressa, Annex 1. London: European Medicines Agency (2016). 3 p.

11. Volik S, Alcaide M, Morin RD, Collins C. Cell-free DNA (cfDNA): clinical significance and utility in cancer shaped by emerging technologies. Mol Cancer Res (2016) 14(10):898–908. doi:10.1158/1541-7786.MCR-16-0044

12. Douillard JY, Ostoros G, Cobo M, Ciuleanu T, Cole R, McWalter G, et al. Gefitinib treatment in EGFR mutated caucasian NSCLC: circulating-free tumor DNA as a surrogate for determination of EGFR status. J Thorac Oncol (2014) 9:1345–53. doi:10.1097/JTO.0000000000000263

13. Kimura H, Kasahara K, Kawaishi M, Kunitoh H, Tamura T, Holloway B, et al. Detection of epidermal growth factor receptor mutations in serum as a predictor of the response to gefitinib in patients with non-small-cell lung cancer. Clin Cancer Res (2006) 12(13):3915–21. doi:10.1158/1078-0432.CCR-05-2324

14. Mok T, Wu YL, Lee JS, Yu CJ, Sriuranpong V, Sandoval-Tan J, et al. Detection and dynamic changes of EGFR mutations from circulating tumor DNA as a predictor of survival outcomes in NSCLC patients treated with first-line intercalated erlotinib and chemotherapy. Clin Cancer Res (2015) 21(14):3196–203. doi:10.1158/1078-0432.CCR-14-2594

15. Goto K, Ichinose Y, Ohe Y, Yamamoto N, Negoro S, Nishio K, et al. Epidermal growth factor receptor mutations status in circulating free DNA in serum: from IPASS, a phase III study of gefitinib or carboplatine-paclitaxel in non-small cell lung cancer. J Thorac Oncol (2012) 7(1):115–21. doi:10.1097/JTO.0b013e3182307f98

16. Rosell R, Molina MA, Serrano MJ. EGFR mutations in circulating tumour DNA. Lancet Oncol (2012) 13:971–3. doi:10.1016/S1470-2045(12)70369-8

17. Kim HR, Lee SY, Hyun DS, Lee MK, Lee HK, Choi CM, et al. Detection of EGFR mutations in circulating free DNA by PNA-mediated PCR clamping. J Exp Clin Cancer Res (2013) 32:1–8. doi:10.1186/1756-9966-32-50

18. Karachaliou N, Mayo-de las Casas C, Queralt C, de Aguirre I, Melloni B, Cardenal F, et al. Association of EGFR L858R mutation in circulating free DNA with survival in the EURTAC trial. JAMA Oncol (2015) 1(2):149–57. doi:10.1001/jamaoncol.2014.257

19. Gonzalez-Cao M, Mayo-de-Las-Casas C, Molina-Vila MA, De Mattos-Arruda L, Muñoz-Couselo E, Manzano JL, et al. BRAF mutation analysis in circulating free tumor DNA of melanoma patients treated with BRAF inhibitors. Melanoma Res (2015) 25(6):486–95. doi:10.1097/CMR.0000000000000187

20. Weber B, Meldgaard P, Hager H, Wu L, Wei W, Tsai J, et al. Detection of EGFR mutations in plasma and biopsies from non-small cell lung cancer patients by allele-specific PCR assays. BMC Cancer (2014) 14:294. doi:10.1186/1471-2407-14-294

21. Wang Z, Chen R, Wang S, Zhong J, Wu M, Zhao J, et al. Quantification and dynamic monitoring of EGFR T790M in plasma cell-free DNA by digital PCR for prognosis of EGFR-TKI treatment in advanced NSCLC. PLoS One (2014) 9(11):e110780. doi:10.1371/journal.pone.0110780

22. Yung TK, Chan KC, Mok TS, Tong J, To KF, Lo YM. Single-molecule detection of epidermal growth factor receptor mutations in plasma by microfluidics digital PCR in non-small cell lung cancer patients. Clin Cancer Res (2009) 15:2076–84. doi:10.1158/1078-0432.CCR-08-2622

23. Janku F, Angenendt P, Tsimberidou AM, Fu S, Naing A, Falchook GS, et al. Actionable mutations in plasma cell-free DNA in patients with advanced cancers referred for experimental targeted therapies. Oncotarget (2015) 6(14):12809–21. doi:10.18632/oncotarget.5663

24. Taniguchi K, Uchida J, Nishino K, Kumagai T, Okuyama T, Okami J, et al. Quantitative detection of EGFR mutations in circulating tumor DNA derived from lung adenocarcinomas. Clin Cancer Res (2011) 17(24):7808–15. doi:10.1158/1078-0432.CCR-11-1712

25. Thress KS, Brant R, Carr TH, Dearden S, Jenkins S, Brown H, et al. EGFR mutation detection in ctDNA from NSCLC patient plasma: a cross-platform comparison of leading technologies to support the clinical development of AZD9291. Lung Cancer (2015) 90(3):509–15. doi:10.1016/j.lungcan.2015.10.004

26. Karlovich C, Goldman JW, Sun JM, Mann E, Sequist LV, Konopa K, et al. Assessment of EGFR mutation status in matched plasma and tumor tissue of NSCLC patients from a phase I study of rociletinib (CO-1686). Clin Cancer Res (2016) 22(10):2386–95. doi:10.1158/1078-0432.CCR-15-1260

27. Liu X, Lu Y, Zhu G, Lei Y, Zheng L, Qin H, et al. The diagnostic accuracy of pleural effusion and plasma samples versus tumour tissue for detection of EGFR mutation in patients with advanced non-small cell lung cancer: comparison of methodologies. J Clin Pathol (2013) 66(12):1065–9. doi:10.1136/jclinpath-2013-201728

28. Maheswaran S, Sequist LV, Nagrath S, Ulkus L, Brannigan B, Collura CV, et al. Detection of mutations in EGFR in circulating lung-cancer cells. N Engl J Med (2008) 359(4):366–77. doi:10.1056/NEJMoa0800668

29. Brevet M, Johnson ML, Azzoli CG, Ladanyi M. Detection of EGFR mutations in plasma DNA from lung cancer patients by mass spectrometry genotyping is predictive of tumor EGFR status and response to EGFR inhibitors. Lung Cancer (2011) 73(1):96–102. doi:10.1016/j.lungcan.2010.10.014

30. He C, Liu M, Zhou C, Zhang J, Ouyang M, Zhong N, et al. Detection of epidermal growth factor receptor mutations in plasma by mutant-enriched PCR assay for prediction of the response to gefitinib in patients with non-small-cell lung cancer. Int J Cancer (2009) 125(10):2393–9. doi:10.1002/ijc.24653

31. Zhao X, Han RB, Zhao J, Wang J, Yang F, Zhong W, et al. Comparison of epidermal growth factor receptor mutation statuses in tissue and plasma in stage I-IV non-small cell lung cancer patients. Respiration (2013) 85:119–25. doi:10.1159/000338790

32. Yam I, Lam DC, Chan K, Chung-Man Ho J, Ip M, Lam WK, et al. EGFR array: uses in the detection of plasma EGFR mutations in non-small cell lung cancer patients. J Thorac Oncol (2012) 7(7):1131–40. doi:10.1097/JTO.0b013e3182558198

33. Oxnard GR, Thress KS, Alden RS, Lawrance R, Paweletz CP, Cantarini M, et al. Association between plasma genotyping and outcomes of treatment with osimertinib (AZD9291) in advanced non-small-cell lung cancer. J Clin Oncol (2016) 34(28):3375–82. doi:10.1200/JCO.2016.66.7162

34. Wei Z, Shah N, Deng C, Xiao X, Zhong T, Li X. Circulating DNA addresses cancer monitoring in non small cell lung cancer patients for detection and capturing the dynamic changes of the disease. Springerplus (2016) 5:531. doi:10.1186/s40064-016-2141-5

35. Zheng D, Ye X, Zhang MZ, Sun Y, Wang JY, Ni J, et al. Plasma EGFR T790M ctDNA status is associated with clinical outcome in advanced NSCLC patients with acquired EGFR-TKI resistance. Sci Rep (2016) 6:1–9. doi:10.1038/srep20913

36. Huang Z, Wang Z, Bai H, Wu M, Ann T, Zao J, et al. The detection of EGFR mutation status in plasma is reproducible and can dynamically predict the efficacy of EGFR-TKI. Thorac Cancer (2012) 3:334–40. doi:10.1111/j.1759-7714.2012.00133.x

37. Bai H, Mao L, Wang HS, Zhao J, Yang L, An TT, et al. Epidermal growth factor receptor mutations in plasma DNA samples predict tumor response in Chinese patients with stages IIIB to IV non-small-cell lung cancer. J Clin Oncol (2009) 27(16):2653–9. doi:10.1200/JCO.2008.17.3930

38. Newman AM, Lovejoy AF, Klass DM, Kurtz DM, Chabon JJ, Scherer F, et al. Integrated digital error suppression for improved detection of circulating tumor DNA. Nat Biotechnol (2016) 34(5):547–55. doi:10.1038/nbt.3520

39. Couraud S, Vaca-Paniagua F, Villar S, Oliver J, Schuster T, Blanché H, et al. Noninvasive diagnosis of actionable mutations by deep sequencing of circulating free DNA in lung cancer from never-smokers: a proof-of-concept study from BioCAST/IFCT-1002. Clin Cancer Res (2014) 20:4613–24. doi:10.1158/1078-0432.CCR-13-3063

40. Uchida J, Kato K, Kukita Y, Kumagai T, Nishino K, Daga H, et al. Diagnostic accuracy of noninvasive genotyping of EGFR in lung cancer patients by deep sequencing of plasma cell-free DNA. Clin Chem (2015) 61(9):1191–6. doi:10.1373/clinchem.2015.241414

41. Breitenbuecher F, Hoffarth S, Worm K, Cortes-Incio D, Gauler TC, Köhler J, et al. Development of a highly sensitive and specific method for detection of circulating tumor cells harboring somatic mutations in non-small-cell lung cancer patients. PLoS One (2014) 9(1):e85350. doi:10.1371/journal.pone.0085350

42. Marchetti A, Del Grammastro M, Felicioni L, Malatesta S, Filice G, Centi I, et al. Assessment of EGFR mutations in circulating tumor cell preparations from NSCLC patients by next generation sequencing: toward a real-time liquid biopsy for treatment. PLoS One (2014) 9(8):e103883. doi:10.1371/journal.pone.0103883

43. Sundaresan TK, Sequist LV, Heymach JV, Riely GJ, Jänne PA, Koch WH, et al. Detection of T790M, the acquired resistance EGFR mutation, by tumor biopsy versus noninvasive blood-based analyses. Clin Cancer Res (2016) 22(5):1103–10. doi:10.1158/1078-0432.CCR-15-1031

44. Ilie M, Long E, Butori C, Hofman V, Coelle C, Mauro V, et al. ALK-gene rearrangement: a comparative analysis on circulating tumour cells and tumour tissue from patients with lung adenocarcinoma. Ann Oncol (2012) 23(11):2907–13. doi:10.1093/annonc/mds137

45. Pailler E, Adam J, Barthélémy A, Oulhen M, Auger N, Valent A, et al. Detection of circulating tumor cells harboring a unique ALK rearrangement in ALK-positive non-small-cell lung cancer. J Clin Oncol (2013) 31(18):2273–81. doi:10.1200/JCO.2012.44.5932

46. Pailler E, Auger N, Lindsay CR, Vielh P, Islas-Morris-Hernandez A, Borget I, et al. High level of chromosomal instability in circulating tumor cells of ROS-1 rearranged non-small-cell lung cancer. Ann Oncol (2015) 26(7):1408–15. doi:10.1093/annonc/mdv165

47. Tan CL, Lim TH, Lim TK, Tan DS, Chua YW, Ang MK, et al. Concordance of anaplastic lymphoma kinase (ALK) gene rearrangements between circulating tumor cells and tumor in non-small cell lung cancer. Oncotarget (2016) 7(17):23251–62. doi:10.18632/oncotarget.8136

48. He W, Xu D, Wang Z, Xiang X, Tang B, Li S, et al. Detecting ALK-rearrangement of CTC enriched by nanovelcro chip in advanced NSCLC patients. Oncotarget (2016). doi:10.18632/oncotarget.8305

49. Nilsson RJ, Karachaliou N, Berenguer J, Gimenez-Capitan A, Schellen P, Teixido C, et al. Rearranged EML4-ALK fusion transcripts sequester in circulating blood platelets and enable blood-based crizotinib response monitoring in non-small-cell lung cancer. Oncotarget (2016) 7(1):1066–75. doi:10.18632/oncotarget.6279

50. Paweletz CP, Sacher AG, Raymond CK, Alden RS, O’Connell A, Mach SL, et al. Bias-corrected targeted next-generation sequencing for rapid, multiplexed detection of actionable alterations in cell-free DNA from advanced lung cancer patients. Clin Cancer Res (2016) 22:915–22. doi:10.1158/1078-0432.CCR-15-1627-T

51. Gargis AS, Kalman L, Berry MW, Bick DP, Dimmock DP, Hambuch T, et al. Assuring the quality of next-generation sequencing in clinical laboratory practice. Nat Biotechnol (2012) 30:1033–6. doi:10.1038/nbt.2403

52. Martinez P, McGranahan N, Birkbak NJ, Gerlinger M, Swanton C. Computational optimisation of targeted DNA sequencing for cancer detection. Sci Rep (2013) 3:3309. doi:10.1038/srep03309

53. Forshew T, Murtaza M, Parkinson C, Gale D, Tsui DWY, Kaper F, et al. Noninvasive identification and monitoring of cancer mutations by targeted deep sequencing of plasma DNA. Sci Transl Med (2012) 4(13):ra68. doi:10.1126/scitranslmed.3003726

54. Kinde I, Wu J, Papadopoulos N, Kinzler KW, Vogelstein B. Detection and quantification of rare mutations with massively parallel sequencing. Proc Natl Acad Sci U S A (2011) 108:9530–5. doi:10.1073/pnas.1105422108

55. Lebofsky R, Decraene C, Bernard V, Kamal M, Blin A, Leroy Q, et al. Circulating tumor DNA as a non-invasive substitute to metastasis biopsy for tumor genotyping and personalized medicine in a prospective trial across all tumor types. Mol Oncol (2014) 9:783–90. doi:10.1016/j.molonc.2014.12.003

56. Rosell R, Karachaliou N. Implications of blood-based T790M genotyping and beyond in epidermal growth factor receptor-mutant non-small-cell lung cancer. J Clin Oncol (2016) 34(28):3361–2. doi:10.1200/JCO.2016.68.3458

57. Nilsson RJ, Balaj L, Hulleman E, van Rijn S, Pegtel DM, Walraven M, et al. Blood platelets contain tumor-derived RNA biomarkers. Blood (2011) 118(13):3680–3. doi:10.1182/blood-2011-03-344408

58. Best MG, Sol N, Kooi I, Tannous J, Westerman BA, Rustenburg F, et al. RNA-seq of tumor-educated platelets enables blood-based pan-cancer, multiclass, and molecular pathway cancer diagnostics. Cancer Cell (2015) 28(5):666–76. doi:10.1016/j.ccell.2015.09.018

59. Frampton GM, Ali SM, Rosenzweig M, Chmielecki J, Lu X, Bauer TM, et al. Activation of MET via diverse exon 14 splicing alterations occurs in multiple tumor types and confers clinical sensitivity to MET inhibitors. Cancer Discov (2015) 5(8):850–9. doi:10.1158/2159-8290.CD-15-0285

60. Schrock AB, Frampton GM, Suh J, Chalmers ZR, Rosenzweig M, Erlich RL, et al. Characterization of 298 patients with lung cancer harboring MET exon 14 skipping alterations. J Thorac Oncol (2016) 11(9):1493–502. doi:10.1016/j.jtho.2016.06.004

61. Paik PK, Drilon A, Fan PD, Yu H, Rekhtman N, Ginsberg MS, et al. Response to MET inhibitors in patients with stage IV lung adenocarcinomas harboring MET mutations causing exon 14 skipping. Cancer Discov (2015) 5(8):842–9. doi:10.1158/2159-8290.CD-14-1467

62. Kalra H, Simpson RJ, Ji H, Aikawa E, Altevogt P, Askenase P, et al. Vesiclepedia: a compendium for extracellular vesicles with continuous community annotation. PLoS Biol (2012) 10(12):e1001450. doi:10.1371/journal.pbio.1001450

63. Conde-Vancells J, Rodriguez-Suarez E, Embade N, Gil D, Matthiesen R, Valle M, et al. Characterization and comprehensive proteome profiling of exosomes secreted by hepatocytes. J Proteome Res (2008) 7(12):5157–66. doi:10.1021/pr8004887

64. Mathivanan S, Simpson RJ. ExoCarta: a compendium of exosomal proteins and RNA. Proteomics (2009) 9(21):4997–5000. doi:10.1002/pmic.200900351

65. Thakur BK, Zhang H, Becker A, Matei I, Huang Y, Costa-Silva B, et al. Double-stranded DNA in exosomes: a novel biomarker in cancer detection. Cell Res (2014) 24(6):766–9. doi:10.1038/cr.2014.44

66. Thery C, Ostrowski M, Segura E. Membrane vesicles as conveyors of immune responses. Nat Rev Immunol (2009) 9(8):581–93. doi:10.1038/nri2567

67. Zhang X, Yuan X, Shi H, Wu L, Qian H, Xu W. Exosomes in cancer: small particle, big player. J Hematol Oncol (2015) 8:83. doi:10.1186/s13045-015-0181-x

68. Brinkmann K, Emenegger J, Hurley J, et al. Exosomal RNA-based liquid biopsy detection of EML4-ALK in plasma from NSCLC patients. Presented at: 2016 National Comprehensive Cancer Network 21st Annual Conference. Hollywood, FL (2016).

69. Rosell R, Wei J, Taron M. Circulating microRNA signatures of tumor-derived exosomes for early diagnosis of non-small-cell lung cancer. Clin Lung Cancer (2009) 10(1):8–9. doi:10.3816/CLC.2009.n.001

70. Rabinowits G, Gerçel-Taylor C, Day JM, Taylor DD, Kloecker GH. Exosomal microRNA: a diagnostic marker for lung cancer. Clin Lung Cancer (2009) 10(1):42–6. doi:10.3816/CLC.2009.n.006

71. Cazzoli R, Buttitta F, Di Nicola M, Malatesta S, Marchetti A, Rom WN, et al. MicroRNAs derived from circulating exosomes as noninvasive biomarkers for screening and diagnosing lung cancer. J Thorac Oncol (2013) 8(9):1156–62. doi:10.1097/JTO.0b013e318299ac32

72. Adi Harel S, Bossel Ben-Moshe N, Aylon Y, Bublik DR, Moskovits N, Toperoff G, et al. Reactivation of epigenetically silenced miR-512 and miR-373 sensitizes lung cancer cells to cisplatin and restricts tumor growth. Cell Death Differ (2015) 22(8):1328–40. doi:10.1038/cdd.2014.221

73. Yuan D, Xu J, Wang J, Pan Y, Fu J, Bai Y, et al. Extracellular miR-1246 promotes lung cancer cell proliferation and enhances radioresistance by directly targeting DR5. Oncotarget (2016) 7(22):32707–22. doi:10.18632/oncotarget.9017

74. Tang Y, Cui Y, Li Z, Jiao Z, Zhang Y, He Y, et al. Radiation-induced miR-208a increases the proliferation and radioresistance by targeting p21 in human lung cancer cells. J Exp Clin Cancer Res (2016) 35:7. doi:10.1186/s13046-016-0285-3

75. Giallombardo M, Chacartegui J, Reclusa P, Van Meerbeeck JP, Alessandro R, Peeters M, et al. Follow up analysis by exosomal miRNAs in EGFR mutated non-small cell lung cancer (NSCLC) patients during osimertinib (AZD9291) treatment: a potential prognostic biomarker tool. J Clin Oncol (2016) 34(suppl; abstr e23035).

76. Ashworth T. A case of cancer in which cells similar to those in the tumors were seen in the blood after death. Aus Med J (1869) 14:146–9.

77. Pantel K, Speicher MR. The biology of circulating tumor cells. Oncogene (2016) 35(10):1216–24. doi:10.1038/onc.2015.192

78. Carlsson A, Nair VS, Luttgen MS, Keu KV, Horng G, Vasanawala M, et al. Circulating tumor microemboli diagnostics for patients with non-small-cell lung cancer. J Thorac Oncol (2014) 9:1111–9. doi:10.1097/JTO.0000000000000235

79. Hou JM, Krebs M, Ward T, Sloane R, Priest L, Hughes A, et al. Circulating tumor cells as a window on metastasis biology in lung cancer. Am J Pathol (2011) 178:989–96. doi:10.1016/j.ajpath.2010.12.003

80. Hou JM, Greystoke A, Lancashire L, Cummings J, Ward T, Board R, et al. Evaluation of circulating tumor cells and serological cell death biomarkers in small cell lung cancer patients undergoing chemotherapy. Am J Pathol (2009) 175:808–16. doi:10.2353/ajpath.2009.090078

81. O’Flaherty JD, Gray S, Richard D, Fennell D, O’Leary JJ, Blackhall FH, et al. Circulating tumour cells, their role in metastasis and their clinical utility in lung cancer. Lung Cancer (2012) 76(1):19–25. doi:10.1016/j.lungcan.2011.10.018

82. Cristofanilli M, Hayes DF, Budd GT, Ellis MJ, Stopeck A, Reuben JM, et al. Circulating tumor cells: a novel prognostic factor for newly diagnosed metastatic breast cancer. J Clin Oncol (2005) 23:1420–30. doi:10.1200/JCO.2005.08.140

83. de Bono JS, Scher HI, Montgomery RB, Parker C, Miller MC, Tissing H, et al. Circulating tumor cells predict survival benefit from treatment in metastatic castration-resistant prostate cancer. Clin Cancer Res (2008) 14:6302–9. doi:10.1158/1078-0432.CCR-08-0872

84. Cohen SJ, Punt CJ, Iannotti N, Saidman BH, Sabbath KD, Gabrail NY, et al. Relationship of circulating tumor cells to tumor response, progression-free survival, and overall survival in patients with metastatic colorectal cancer. J Clin Oncol (2008) 26:3213–21. doi:10.1200/JCO.2007.15.8923

85. Krebs MG, Sloane R, Priest L, Lancashire L, Hou JM, Greystoke A, et al. Evaluation and prognostic significance of circulating tumor cells in patients with non-small-cell lung cancer. J Clin Oncol (2011) 29(12):1556–63. doi:10.1200/JCO.2010.28.7045

86. Tanaka F, Yoneda K, Kondo N, Hashimoto M, Takuwa T, Matsumoto S, et al. Circulating tumor cell as a diagnostic marker in primary lung cancer. Clin Cancer Res (2009) 15:6980–6. doi:10.1158/1078-0432.CCR-09-1095

87. Isobe K, Hata Y, Kobayashi K, Hirota N, Sato K, Sano G, et al. Clinical significance of circulating tumor cells and free DNA in non-small cell lung cancer. Anticancer Res (2012) 32:3339–44.

88. de Wit S, van Dalum G, Lenferink AT, Tibbe AG, Hiltermann TJ, Groen HJ, et al. The detection of EpCAM(+) and EpCAM(-) circulating tumor cells. Sci Rep (2015) 5:12270. doi:10.1038/srep12270

89. Farace F, Massard C, Vimond N, Drusch F, Jacques N, Billiot F, et al. A direct comparison of CellSearch and ISET for circulating tumour-cell detection in patients with metastatic carcinomas. Br J Cancer (2011) 105:847–53. doi:10.1038/bjc.2011.294

90. Krebs MG, Hou JM, Sloane R, Lancashire L, Priest L, Nonaka D, et al. Analysis of circulating tumor cells in patients with non-small cell lung cancer using epithelial marker-dependent and -independent approaches. J Thorac Oncol (2012) 7:306–15. doi:10.1097/JTO.0b013e31823c5c16

91. Mascalchi M, Falchini M, Maddau C, Salvianti F, Nistri M, Bertelli E, et al. Prevalence and number of circulating tumour cells and microemboli at diagnosis of advanced NSCLC. J Cancer Res Clin Oncol (2016) 142:195–200. doi:10.1007/s00432-015-2021-3

92. Hofman V, Long E, Ilie M, Bonnetaud C, Vignaud JM, Fléjou JF, et al. Morphological analysis of circulating tumour cells in patients undergoing surgery for non-small cell lung carcinoma using the isolation by size of epithelial tumour cell (ISET) method. Cytopathology (2012) 23:30–8. doi:10.1111/j.1365-2303.2010.00835.x

93. Kolostova K, Spicka J, Matkowski R, Bobek V. Isolation, primary culture, morphological and molecular characterization of circulating tumor cells in gynecological cancers. Am J Transl Res (2015) 7:1203–13.

94. Zhang Z, Shiratsuchi H, Lin J, Chen G, Reddy RM, Azizi E, et al. Expansion of CTCs from early stage lung cancer patients using a microfluidic co-culture model. Oncotarget (2014) 5:12383–97. doi:10.18632/oncotarget.2592

95. Baccelli I, Schneeweiss A, Riethdorf S, Stenzinger A, Schillert A, Vogel V, et al. Identification of a population of blood circulating tumor cells from breast cancer patients that initiates metastasis in a xenograft assay. Nat Biotechnol (2013) 31:539–44. doi:10.1038/nbt.2576

96. Maheswaran S, Haber DA. Ex vivo culture of CTCs: an emerging resource to guide cancer therapy. Cancer Res (2015) 75:2411–5. doi:10.1158/0008-5472.CAN-15-0145

97. Rolfo C, Castiglia M, Hong D, Alessandro R, Mertens I, Baggerman G, et al. Liquid biopsies in lung cancer: the new ambrosia of researchers. Biochim Biophys Acta (2014) 1846(2):539–46. doi:10.1016/j.bbcan.2014.10.001

98. Rolle A, Gunzel R, Pachmann U, Willen B, Höffken K, Pachmann K. Increase in number of circulating disseminated epithelial cells after surgery for nonsmall cell lung cancer monitored by MAINTRAC(R) is a predictor for relapse: a preliminary report. World J Surg Oncol (2005) 3:18. doi:10.1186/1477-7819-3-18

99. Yoon SO, Kim YT, Jung KC, Jeon YK, Kim BH, Kim CW. TTF-1 mRNA-positive circulating tumor cells in the peripheral blood predict poor prognosis in surgically resected non-small cell lung cancer patients. Lung Cancer (2011) 71:209–16. doi:10.1016/j.lungcan.2010.04.017

100. Bayarri-Lara C, Ortega FG, Cueto Ladrón de Guevara A, Puche JL, Ruiz Zafra J, de Miguel-Pérez D, et al. Circulating tumor cells identify early recurrence in patients with non-small cell lung cancer undergoing radical resection. PLoS One (2016) 11(2):e0148659. doi:10.1371/journal.pone.0148659

101. Hofman V, Bonnetaud C, Ilie MI, Vielh P, Vignaud JM, Fléjou JF, et al. Preoperative circulating tumor cell detection using the isolation by size of epithelial tumor cell method for patients with lung cancer is a new prognostic biomarker. Clin Cancer Res (2011) 17:827–35. doi:10.1158/1078-0432.CCR-10-0445

102. Li J, Shi SB, Shi WL, Wang Y, Yu LC, Zhu LR, et al. LUNX mRNA-positive cells at different time points predict prognosis in patients with surgically resected nonsmall cell lung cancer. Transl Res (2014) 163:27–35. doi:10.1016/j.trsl.2013.09.010

103. Yamashita J, Matsuo A, Kurusu Y, Saishoji T, Hayashi N, Ogawa M. Preoperative evidence of circulating tumor cells by means of reverse transcriptase-polymerase chain reaction for carcinoembryonic antigen messenger RNA is an independent predictor of survival in non-small cell lung cancer: a prospective study. J Thorac Cardiovasc Surg (2002) 124:299–305. doi:10.1067/mtc.2002.124370

104. Punnoose EA, Atwal S, Liu W, Raja R, Fine BM, Hughes BG, et al. Evaluation of circulating tumor cells and circulating tumor DNA in non-small cell lung cancer: association with clinical endpoints in a phase II clinical trial of pertuzumab and erlotinib. Clin Cancer Res (2012) 18:2391–401. doi:10.1158/1078-0432.CCR-11-3148

105. Tan DS, Yom SS, Tsao MS, Pass HI, Kelly K, Peled N, et al. The International Association for the Study of Lung Cancer consensus statement on optimizing management of EGFR mutation positive non-small cell lung cancer: status in 2016. J Thorac Oncol (2016) 11(7):946–63. doi:10.1016/j.jtho.2016.05.008

Conflict of Interest Statement: The authors declare that this review was elaborated in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Molina-Vila, Mayo-de-las-Casas, Giménez-Capitán, Jordana-Ariza, Garzón, Balada, Villatoro, Teixidó, García-Peláez, Aguado, Catalán, Campos, Pérez-Rosado, Bertran-Alamillo, Martínez-Bueno, Gil, González-Cao, González, Morales-Espinosa, Viteri, Karachaliou and Rosell. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







	 
	REVIEW
published: 13 December 2016
doi: 10.3389/fmed.2016.00067





[image: image1]

Focus on Nivolumab in NSCLC

Diego L. Cortinovis*, Stefania Canova, Marida Abbate, Francesca Colonese and Paolo Bidoli

SC Oncologia Medica, Ospedale San Gerardo, Monza, Italy

OPEN ACCESS

Edited by:

Umberto Malapelle, University of Naples Federico II, Italy

Reviewed by:

Renato Franco, Seconda Università degli Studi di Napoli, Italy
Dario De Biase, University of Bologna, Italy

*Correspondence:

Diego L. Cortinovis
d.cortinovis@asst-monza.it

Specialty section:

This article was submitted to Pathology, a section of the journal Frontiers in Medicine

Received: 05 October 2016
Accepted: 28 November 2016
Published: 13 December 2016

Citation:

Cortinovis DL, Canova S, Abbate M, Colonese F and Bidoli P (2016) Focus on Nivolumab in NSCLC. Front. Med. 3:67. doi: 10.3389/fmed.2016.00067

Immunotherapy is changing the treatment of non-small cell lung cancer (NSCLC). The PD-1 inhibitor nivolumab has demonstrated meaningful results in terms of efficacy with a good safety profile. The novel approach to treating NSCLC using immunotherapy still has unsolved questions and challenging issues. The main doubts regarding the optimal selection of the patient are the role of this drug in first line of treatment, the individualization of the correct methodology of radiologic assessment and efficacy analysis, the best management of immune-mediated adverse events, and how to overcome the immunoresistance. The aim of this review is to analyze literature data on nivolumab in lung cancer with a focus on critical aspects related to the drug in terms of safety, the use in clinical practice, and possible placement in the treatment algorithm.
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RATIONALE FOR IMMUNE CHECKPOINT INHIBITORS

Several clinical observations foresaw the promising results arising from the employment of immunotherapy in lung cancer. Indeed, the lungs are involved in many autoimmune disorders. In addition to hyperplasia of fibroblasts, diminished collagen breakdown and production of autoantibodies, the pathophysiology of pulmonary disease includes activation of T cells, B cells, and alveolar macrophages. Activated T cells produce cytokines, such as interleukin-4 and interleukin-10, which enhance fibroblasts proliferation. Furthermore, activated T cells produce an altered form of interferon gamma (IFNγ) with a reduced skill to inhibit fibroblasts proliferation (1). Moreover, spontaneous tumor regressions, not only in cutaneous melanoma (2) but also in lung cancer (3), have been described and confirm the involvement of immune system in cancer control.

At the beginning of the twentieth century, Paul Ehrlich first proposed the idea that transformed cells can elicit immune system to repress them (4). The discovery of rejection of transplanted tumors in mice and the existence of tumor-associated antigens (5) led then Burnet to propose the hypothesis of cancer immune surveillance (6) with the assumption that “tumour cells provoke an effective immunological reaction with regression of the tumor and no clinical hint of its existence” (6). However, immune surveillance is not sufficient to explain the occurrence and growth of cancer in immunocompetent individuals. Indeed, tumors acquire ability to resist to host’s immune system. The term “cancer immunoediting” has been proposed to explain this complex interaction between cancer and host and includes three phases: elimination, equilibrium, and escape. During elimination phase, tumor growth induces the release of inflammatory signals that activate cells of the innate immune system. These are natural killer (NK), NK T cells, γδ T cells, macrophages, and dendritic cells (DCs). They produce IFNγ, which has antiproliferative and apoptotic effect, and induce chemokines such as CXCL10, CXCL9, and CXCL11. These chemokines block angiogenesis and recruit more NK and macrophages that promote the maturation of DCs. DCs capture necrotic tumor cells, migrate to lymph nodes, and present tumor antigens (TAs) to naïve CD4+ T cells leading to their differentiation in effector CD4+ T cells, development of TA-specific CD8+ T cells, and their expansion. Finally, TA-specific T cells can home to tumor site and eliminate tumor cells. Some tumor cells that withstand the elimination phase enter the equilibrium process. During this phase, activated T cells and IFNγ manage to limit tumor growth without removing it. Nevertheless, tumor cells with reduced immunogenicity for low levels of TAs survive and become resistant to immune system. They enter the escape phase and expand in an uncontrolled way (7). To become effector T cells, naïve T cells must recognize their specific TAs and interact with DCs through major histocompatibility complex. This interaction involves both costimulatory and coinhibitory signals. In normal tissues, there is a balance between these signals. By contrast, inhibitory receptors and ligands are overexpressed on tumor cells and in tumor microenvironment. For example, high proportions of CD4+CD25+ T cells are present in the tumor-infiltrating lymphocytes (TILs) of patients with non-small cell lung cancer (NSCLC) (8). These T cells show high expression of CTLA-4 on their surface and inhibit the activation of T cells (9).

Immune checkpoints, such as CTLA4 and PD-1, are crucial to maintain the balance between costimulatory and inhibitory signals limiting excessive immune response against self-antigens. Thus, they are potential targets for cancer therapies.

CTLA4 is expressed on CD8+ T cells, CD4+ T cells, and on regulatory T cells (Treg) and is involved in early stages of T cell activation. Its ligands are CD80 (B7.1) and CD86 (B7.2) expressed on antigen-presenting cells (APCs) like DCs (10). CD28 is a costimulatory receptor also expressed on T cells, which binds to CD80 and CD86 with consequent activation of T cells. CTLA4 interacts with CD80 and CD86 with higher affinity than CD28 does and inhibits CD4+ T cell activation (11).

Even though CTLA4 is expressed by activated CD8+ effector T cells, the major physiological role of CTLA4 seems to be through distinct effects on the two major subsets of CD4+ T cells: downmodulation of helper T cell activity and enhancement of Treg activity. The latter is crucial for the maintenance of self-tolerance (12).

PD-1, as CTLA4, is expressed on T cells, but contrary to CTLA4, it is involved in the late phases of immune reactions and mostly within the tumor microenvironment. Its ligands are PD-L1 (B7-H1) and PD-L2 (B7-DC) that are expressed on APCs and tumor cells. The interaction of PD-1 with its ligands results in reduced effector T cell proliferation, exhaustion of T cell activity, and enhancement of Treg proliferation (13). Tumors are able to escape immune control because of upregulation of PD-1 on their surface. Indeed, PD-L1 is expressed in about 50% of NSCLC, mostly in squamous subtypes at advanced stage, and seems to correlate with poor prognosis (14, 15).

Two mechanisms of PD-1 ligands upregulation are present, known as innate immune resistance and adaptive immune resistance. The first refers to the constitutive expression of PD-L1 through involvement of oncogenic signaling pathways, such as AKT and STAT3, as in ALK-positive lung cancer (16, 17). In adaptive immune resistance, PD-1 ligands are overexpressed on tumor cells in response to cytokines, in particular IFNγ (18). The adaptive immune resistance is probably involved in most NSCLC without an oncogenic driver. Indeed, higher neoantigen burden seems associated with clinical benefit of PD-1 blockade (19).

Due to strong rationale and promising preclinical data, monoclonal antibodies anti-CTLA4 and anti-PD-1/PD-L1 have been extensively studied in advanced NSCLC. The therapeutic interference of immune synapse was a strategy adopted in preclinical model from 2010, and nivolumab was the “first in class” MoAb to be employed in clinical trials in advanced NSCLC immediately the unripe experience of Ab anti-CTLA4.

NIVOLUMAB DEVELOPMENT IN CLINICAL PRACTICE: STATE OF THE ART

Nivolumab was evaluated in the Phase Ib dose-escalation trial Checkmate 003 (20) (Table 1) in 129 heavily pretreated NSCLC patients. It was administered at 1, 3, and 10 mg/kg i.v. every 2 weeks for up to 96 weeks. Median OS for 3 mg/kg cohort was longer than mOS for 1 and 10 mg/kg (14.9 vs. 9.2 months). Median progression-free survival (mPFS) was 2.3 months, median duration of response was 17.0 months, and the overall response rate (ORR) was 17%, similar for squamous and non-squamous NSCLC. Eighteen patients discontinued the study without progression and 50% of these continued to respond 9 months after the last dose. The dose of 3 mg/kg every 2 weeks of nivolumab was determined as the dose to be employed in further trials.

TABLE 1 | Major clinical trials of nivolumab in lung cancer.
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CheckMate 063 (21) (Table 1), a Phase II, single-arm trial, evaluated nivolumab activity in 117 pretreated advanced squamous NSCLC patients. ORR was the primary endpoint. About 14.6% (17/117) of patients obtained a response, 26% (30/117) had stable disease (SD). Response was achieved in a median time of 3.3 months, and the majority of responses were ongoing at the time of the report. Patients with SD had a duration of response of 6 months. Nivolumab demonstrated activity irrespective of PD-L1 expression, using a cutoff of 5%. PD-L1 was assessed in 76 patients, 33% (25/76) had PD-L1 expression and among them 6 patients had a partial response, whereas 7 patients of 51 with PD-L1-negative obtained a response.

After these promising results, nivolumab was compared with chemotherapy in two randomized Phase III trials in second line in advanced squamous and non-squamous NSCLC.

CheckMate 017 (22) (Table 1), a randomized open-label Phase III trial, employed nivolumab or docetaxel in advanced squamous (SCC) NSCLC after progression to first-line chemotherapy. OS was the primary endpoint, and it was significantly longer in the nivolumab arm compared to docetaxel (9.3 vs. 6.0 months). Nivolumab decreased the risk of death of 41% (hazard ratio 0.59; 95% CI, 0.44–0.79; P < 0.001). In the experimental arm, ORR (20 vs. 9%) and PFS (3.5 vs. 2.8 months; hazard ratio for death or disease progression, 0.62; 95% CI 0.47–0.81; P < 0.001) were also increased.

There was no correlation between PD-L1 expression and nivolumab activity (PD-L1 analysis was performed retrospectively).

Nivolumab was also compared to docetaxel in the CheckMate 057 (23) (Table 1), a randomized Phase III trial in non-squamous advanced NSCLC after platinum-based doublet chemotherapy (PT-DC). OS was the primary endpoint, and as previously seen in SCC, it was improved for nivolumab-treated patients (12.2 vs. 9.4 months, hazard ratio for death, 0.73; 96% CI, 0.59–0.89; P = 0.002). OS rate at 1 year and 18 months was longer for the experimental arm (51 and 39% vs. 39 and 23%) in addition, there was an advantage also for ORR (19 vs. 12%) with a longer duration of response and a median time to response of 2.1 vs. 2.6 months. Immunotherapy was not superior to chemotherapy in terms of mPFS (2.3 and 4.2 months). PD-L1 expression was assessed retrospectively on archival or recent tumor tissue. PD-L1 cutoff was ≥1, ≥5, and ≥10%. It was observed a relevant predictive association among OS, mPFS, ORR, and PD-L1 expression. Subgroup analysis revealed that patients who received third line of chemotherapy, the presence of central nervous system metastases, EGFR mutation, and patients who lived in South America, Asia, and Australia obtained more benefits from chemotherapy. Kaplan–Meyer curves of OS and PFS revealed a chemotherapy early advantage, however, later curves crossed showing a nivolumab advantage. This unexpected finding may be explained by an initial benefit from chemotherapy in patients who do not expressed PD-L1 but presented EGFR mutations. In fact, in this setting, the experimental drug provided less advantage respect to chemotherapy By contrast, in CheckMate 017 trial, Kaplan–Meyer curves had an early separation, particularly for OS. It can be related to nivolumab benefit in overall squamous NSCLC population.

CheckMate 012 trial (24, 25) (Table 1) was conducted in I line in advanced NSCLC. It is a Phase I multicohort study that evaluated the safety and efficacy of nivolumab monotherapy or combined to PT-DC. Pretreatment tissue was used only for biomarker evaluation and not for patients’ selection. In monotherapy, nivolumab was administered to 52 patients. ORR was 23%, 27% of patients had SD with a disease control rate of 50%. mOS in overall population was of 19.4 months (16.8 months in squamous histology and NR in non-squamous), 12-month OS rate in overall population was 73% (76% in squamous histology and 72% in non-squamous), and 18-month OS rate in overall population was 57% (42% in squamous histology and 63% in non-squamous). In overall population, mPFS was 3.6 months and 24-week PFS was 41%.

Clinical activity was observed regardless of PD-L1 expression, and higher ORR was related to greater PD-L1 expression. The correlation between PFS, OS, and PD-L1 expression is not clear. Smoking history seems to be associated with higher activity of nivolumab. In the combination arm, nivolumab was administered to 56 patients for four cycles every 3 weeks at 10 mg/kg + cisplatin–gemcitabine in squamous histology, plus cisplatin–pemetrexed in non-squamous histology or at dose of 5 or 10 mg/kg + carboplatin–paclitaxel in all histologies. After the planned chemotherapy cycles, patients received nivolumab alone. Nivolumab dose of 5 mg/kg was emended when trial was ongoing. mPFS ranged from 4.8 to 7.1 months, 24-week PFS rate from 38 to 71%. Range of mOS of PT-DC + nivolumab at 10 mg/mg was from 11.6 to 19.2 months, but it was not reached for nivolumab at 5 mg/kg + carboplatin–paclitaxel. ORR was 48% for patients with PD-L1 expression >1 and 43% if PD-L1 was <1%. Nivolumab activity also occurred if PD-L1 was absent or low expressed, whereas smoking history was related to higher clinical activity.

Small cell lung cancer (SCLC) is strongly related to tobacco use, and as a result, it is characterized by high mutational burden. Response to second-line chemotherapy is around 9–23% depending on platinum sensitivity.

CheckMate 032 (26) (Table 1) is a muticentre, Phase I/II open-label trial. Patients affected by limited or extended SCLC, after at least platinum-based chemotherapy, received: nivolumab 3 mg/kg every 2 weeks, nivolumab + ipilimumab every 3 weeks for four cycles (1 + 1, 1 + 3, and 3 + 1 mg/kg), then nivolumab 3 mg/kg every 2 weeks. Patients were enrolled sequentially in the four cohorts. The cohort nivolumab 1 mg/kg + ipilimumab 1 mg/kg is the smaller with only 3 patients of 216 overall patients. At interim analysis, ORR was 10% for nivolumab, 23% for nivolumab 1 mg/kg + ipilimumab 3 mg/kg, and 19% for nivolumab 3 mg/kg + ipilimumab 1 mg/kg. mOS was 4.4 months for nivolumab, 7.7 months for nivolumab 1 mg/kg + ipilimumab 3 mg/kg, and 6.0 months for nivolumab 3 mg/kg + ipilimumab 1 mg/kg. One-year overall survival was 33, 43, and 35%. mPFS was 1.4, 2.6, and 1.4 months. Most frequent Grade 3 or 4 AEs were diarrhea and increase of lipase occurring in 4, 30, and 15%. PD-L1 was evaluated retrospectively on archival or fresh tissue collected. PD-L1 expression in SCLC was lower compared to NSCLC, and there was no correlation found between PD-L1 and response.

This trial evidenced similar responses between platinum-resistance and platinum-sensitive patients. The reason is probably due to the mechanism of action of immune checkpoint that is completely different from chemotherapy (i.e., topotecan), and it works better in presence of high mutational burden. No differences were found between patients pretreated with one or more line of chemotherapy. Unfortunately, the absence of randomization does not allow to a comparison between the different arms. Nivolumab achieves rapid and durable responses. The majority of nivolumab studies are limited by the evaluation of PD-L1 expression that can change over time, so tissue collection deriving from archival or recent biopsy does not offer a PD-L1 real status even if this point remains a major concern to debate.

Trials of immune checkpoint inhibitors used different test to establish PD-L1 expression, so there is no unique test for PD-L1 evaluation and a comparison among PD-1/PD-L1 inhibitors is not possible. For this reason, the Blueprint development group has proposed a way to compare different diagnostic assays for future clinical practice that requires validation.

Interesting future development of nivolumab (Table 2) in lung cancer are as adjuvant therapy (NCT02595944), after chemo-radiotherapy (NCT02768558), in association with RT in case of intracranial metastasis (NCT 02696993), as maintenance treatment (NCT02538666; NCT02713867), and in combination with ipilimumab/chemotherapy/TKIs (NCT02477826, NCT02785952, NCT02659059, NCT02154490, NCT02041533, NCT02613507, NCT02481830, and NCT02864251).

TABLE 2 | Selected future development of nivolumab in lung cancer.
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NIVOLUMAB – SAFETY PROFILE

As mentioned earlier, nivolumab demonstrated an improvement over current available therapies with a risk profile acceptable relative to the clinical benefit offered.

Phase I

In Phase I study of nivolumab, treatment-related select adverse events of any grade were observed in 41% of 129 patients with NSCLC, and the most common included skin, gastrointestinal, and pulmonary events (16, 12, and 7%, respectively). Grades 3–4 treatment-related adverse events occurred in 14% of cases, with fatigue (3.1%) and pneumonitis (2.3%) being the most common. There were three treatment-related deaths associated with pneumonitis. No clear relationships between the occurrence of pneumonitis and dose level or treatment duration were noted (20).

Phase II

In the non-comparative Phase II trial (ONO-4536-06) conducted in Japanese population (currently not published), any grade drug-related adverse events were reported in 68% of patients. Decrease appetite, malaise, pyrexia, and rash were the most frequent toxicities. Grade 3/4 toxicities were experienced in 5.7%. Regarding the immune-related adverse events, the most common was skin rash (reported in 28% of patients), followed by endocrine (11.4%), pulmonary, gastrointestinal, infusion reactions (each occurring at 5.7%), and renal (2.9) toxicity. No Grade 3/4 toxicities occurred (27).

CheckMate 063: SCC

In the Phase II, single-arm study CA209063 (CM063), any grade treatment-related adverse events were reported in 74% of patients and included fatigue (33%), decreased appetite (19%), nausea (15%), asthenia (12%), rash (11%), and diarrhea (10%). Grades 3–4 treatment-related adverse events were observed in 17% of subjects, with fatigue (4%), pneumonitis (3%), and diarrhea (3%) being the most frequent. Treatment-related adverse events led to discontinuation of the drug in 12% of patients. Immune-mediated adverse reactions, defined as cases requiring use of systemic corticosteroids with no clear alternative cause were immune-mediated pneumonitis (6.0%), hypothyroidism (4.3%), hyperthyroidism (1.7%), motor dysfunction (1.7%), rash (1.7%), adrenal insufficiency (0.9%), vasculitis (0.9%), colitis (0.9%), and renal dysfunction (0.9%). These immunological side effects were treated with administration of high-dose corticosteroids followed by a taper and interruption of nivolumab therapy. Of note, no patients were rechallenged with nivolumab following corticosteroid taper. Finally, two treatment-associated deaths (one due to pneumonia and one due to stroke) occurred (21).

CheckMate 017

In the Phase III open-label randomized trial CheckMate 017 comparing nivolumab vs. docetaxel in SCC NSCLC, the incidence of adverse events was 58% in the nivolumab group vs. 86% in the docetaxel arm. The most frequent adverse events in patients treated with nivolumab were fatigue (16%), reduced appetite (11%), and asthenia (10%), whereas in patients treated with docetaxel, neutropenia (33%), fatigue (33%), alopecia (22%), and nausea (23%) were commonly observed. In the overall study population, treatment-related Grade 3/4 adverse events were more common with docetaxel (55%) with a high number of hematologic toxic events and infections. On the contrary, only 6.9% of patients in the nivolumab arm reported Grade 3/4 treatment-related adverse events, and they were commonly represented by fatigue, decreased appetite, and leukopenia. Overall, 3.1% of patients in the nivolumab arm discontinued treatment due to an AE compared with 10.1% for docetaxel. The most frequently reported (≥3% of patients) selected treatment-related AEs of any grade were hypothyroidism (4 vs. 0%), diarrhea (8 vs. 20%), and pneumonitis (5 vs. 0%) for nivolumab and docetaxel, respectively. Discontinuation due to toxicity issues occurred in 10% of patients on docetaxel, mostly due to peripheral neuropathy, while only 3% interrupted nivolumab mainly for pneumonitis. Finally, no treatment-related deaths were reported for patients treated with nivolumab, whereas three deaths occurred (one death each from interstitial lung disease, pulmonary hemorrhage, and sepsis) in docetaxel arm (22).

Data regarding longer follow-up of the study showed no unpredicted adverse events with nivolumab and a good safety profile compared to docetaxel (28).

CheckMate 057: nsq NSCLC

In the Phase III CheckMate 057 having similar characteristics in terms of design, endpoints, drugs, and schedules of treatment of CheckMate 017, but with a larger samples (in the CheckMate 057:292 and 290 patients in the nivolumab and docetaxel arm, respectively, in the CheckMate 017:135 patients in the nivolumab arm and 137 in the docetaxel arm), the safety profile was in line with the previous reports. More in details, safety analysis demonstrated that AEs of any grade occurred in 69% of patients receiving nivolumab and 88% of patients receiving docetaxel. Among them, the most frequent were fatigue, nausea, decreased appetite, and asthenia in the nivolumab group, whereas neutropenia, fatigue, nausea, alopecia, diarrhea, and anemia were the most common in the docetaxel group. Treatment-related Grade 3/4 adverse events were reported by 10% of the patients treated with nivolumab, with fatigue, nausea, and diarrhea being the most common and each reported in 1% of subjects. In comparison, 54% of patients in the docetaxel group experienced mainly neutropenia (27% of cases), febrile neutropenia (10%), leukopenia (8%), fatigue (5%), and anemia (3%). Treatment-related select adverse events of any grade reported in ≥2.5% of patients were rash (9% of patients vs. 3%, respectively, in the nivolumab and docetaxel arm), pruritus (8 vs. 1%), erythema (1 vs. 4%), diarrhea (8 vs. 23%), hypothyroidism (7 vs. 0%), increased alanine aminotransferase levels (3 vs. 1%), increased aspartate aminotransferase (AST) levels (3 vs. 1%), infusion-related reactions (3 vs. 3%), and pneumonitis (3 vs. 0.4%). Grades 3–4 treatment-related select adverse events experienced in patients receiving nivolumab were pneumonitis (1.0% of patients), diarrhea and increased γ-glutamyl transferase levels (each reported in 0.7% of cases) and rash, dermatitis, colitis, increased AST levels, transaminases increased and interstitial lung disease (each reported in 0.3% of patients). Treatment discontinuation due to adverse events occurred in 5% of patients receiving nivolumab (mainly because of pneumonitis) and in 15% of subjects treated with docetaxel (mostly because of fatigue) (23).

CheckMate 012: I Line

Recently, the results of the first-line monotherapy with nivolumab for advanced NSCLC in the Phase I, multicohort, CheckMate 012 trial were published. Also in this setting, nivolumab was well tolerated, with 19% of patients reporting Grades 3–4 treatment-related AEs and no treatment-related deaths. According to prior nivolumab data (20–23, 27), treatment-related select AEs affected the skin (any grade, 25%; Grades 3–4, 4%), endocrine (any grade, 14%; Grades 3–4, 0%), gastrointestinal (any grade, 12%; Grades 3–4, 2%), and pulmonary organ (any grade, 6%; Grades 3–4, 2%) (24). These toxicities were easily manageable using established guidelines.

Recently, the results of the cohort of the CheckMate 012 study investigating nivolumab + PT-DC in first-line advanced NSCLC were published. A total of 56 patients were enrolled and treated with the following regimens: nivolumab 10 mg/kg + gemcitabine–cisplatin (squamous) or pemetrexed–cisplatin (non-squamous), or nivolumab 5 or 10 mg/kg + paclitaxel–carboplatin (all histologies). No dose-limiting toxicities occurred during the first 6 weeks of treatment. In patients treated with nivolumab full dose + PT-DC, treatment-related AEs of any grade occurred in 93% of patients, whereas Grade 3/4 AEs occurred in 50% of patients. In the overall population, 95 and 45% of patients experienced any Grade and Grade 3 or 4 treatment-related AEs, respectively. The most frequent (≥30% of patients) treatment-related AEs of any grade were fatigue, nausea, decreased appetite, and alopecia. Regarding treatment-related Grade 3 or 4 AEs, they were mainly (≥5% of patients) pneumonitis, fatigue, and acute renal failure. The majority of patients experienced a treatment-related select AE during the combination period than during nivolumab monotherapy. Treatment-related AEs led to discontinuation of all study therapy in 21% of patients and Grade 3 or 4 treatment-related AEs led to discontinuation in 14% of patients. However, no treatment-related deaths were reported. Because of the high percentage of discontinuation due to AEs, the potential regimen for future indication could be the nivolumab 5 mg/kg + paclitaxel–carboplatin (25).

Recently, the results from CheckMate 026 were presented. The study was one of the first trial in chemotherapy-naïve patients with stage IV or recurrent NSCLC to compare nivolumab with a platinum-based regimen. A total of 541 patients received nivolumab 3 mg/kg every 2 weeks or investigator’s choice of PT-DC every 3 weeks for up to six cycles. Despite an enriched population with PD-L1-positive tumors (threshold defined as ≥1%; n = 423), nivolumab did not show superior mPFS compared with chemotherapy (4.2 vs. 5.9 months; HR 1.15, P = 0.25) (29).

In this context, the CheckMate 227 Phase III open-label study evaluating platinum-based chemotherapy alone or in combination with nivolumab + ipilimumab or nivolumab in previously untreated advanced NSCLC (NCT02477826) is largely awaited.

A Toxicity Profile Never Seen Before

As mentioned, the introduction of immunotherapy in clinical trials showed a specific toxicity profile that is peculiar from the known side effects of cytotoxic chemotherapy or targeted therapies (30). As a result, some patients experienced a novel type of AE considered to be linked to an immune-mediated response directed to different tissues: an immume-related AE (irAE). The percentage of the incidence is around 9%, and the most common irAEs are skin rash, hypothyroidism, diarrhea and colitis, pneumonitis, and increased hepatic function test. These side effects are generally manageable but can be fatal in some cases (31–34). Moreover, their appearance may be subclinical and early diagnosis and management could be extremely challenging. For these reasons, it is important to underline the need to act a careful monitoring of patients receiving nivolumab in order to offer a prompt and optimal management of irAEs. For this reason, physicians should be aware about the use of the established safety guidelines (20, 23, 35, 36). In addition, education of patients and caregivers on recognition of irAEs has a relevant role. Finally, input from other specialties may be valuable for difficult cases (Table 3).

TABLE 3 | Management of selected immune-related adverse events.
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Peculiar Aspects

Combination

The combination of nivolumab with different drugs in NSCLC is under investigation. Of note, combinations of the anti-CTLA4 antibody ipilimumab + nivolumab have showed promising results (37), and several trials are ongoing (NCT02477826, NCT02659059, NCT02864251, NCT01454102, and NCT02869789). Toxicity management is a challenging issue, and new dosages and schedules are under evaluation.

Onset

The onset of immune adverse events occurs on average 6–12 weeks after starting of therapy. It should be considered that these events can happen within days of the first dose, after several months of treatment, and even after discontinuation of therapy.

Open Questions

Currently, many questions are still unsolved. First, the toxicity profile in “real-world,” since patients included in clinical trials do not represent the total population in clinical practice. In this setting, there is a lack of data as well as people with pre-existing autoimmune conditions. In such cases, physicians have to consider if benefit exceeds the risk.

A number of case reports about rare irAEs are publishing in literature demonstrating the need to improve the recognition of clinical abnormalities and their association with nivolumab treatment. The awareness of nivolumab safety will grow as experience of physician will increase as well.

Second, immunotherapy has improved survival and as a consequence, a new set of survivorship issues may arise for management. For instance, there may also be sequelae due to an interplay between late effects of radiotherapy in addition to immunotherapy and association among immunotherapeutics MoAbs or targeted therapies must be deeply explored in order to unveil newer and unexpected safety concerns.

NIVOLUMAB ON REAL-WORLD POPULATION: THE STRENGTHS AND WEAKNESSES

After the unprecedented clinical results regarding the activity and the long-term response duration even in heavily pretreated NSCLC squamous and non-squamous subtypes, nivolumab quickly became an undebatable gold standard in second-line setting. These results are noteworthy also because adverse events are generally manageable and or reversible.

The strength of nivolumab arose from clinical trials, especially those well-designed Phase III (22, 23). In order to maximize these astonishing results in real-world population, it is necessary to understand in which patients this drug must be employed and in which nivolumab does not work at all. In addition, it is important to highlight the challenging “gray zones” coming from nivolumab experience in the past 2 years of clinical practice.

In squamous and in non-squamous patients, nivolumab shows nearly 20% of RR and approximately two-third of response are durable and persisting with a plateau after more than 24 months of follow-up in overall survival. As a consequence, it has been demonstrated that nivolumab can provide a real control of the disease leading to the concept of disease chronicization. Unfortunately, 80% of patients have a temporary control of the disease, and in the era of precision medicine, it is essential to understand the main reasons. Looking at the cross-over shape of the CheckMate 057 (23) overall survival curves between docetaxel and nivolumab, the main reason for this particular aspect can be due to the activity of the immune checkpoint inhibitor in one undefined subpopulation. This point led investigators to analyze one or more predictive biomarkers, and as a result, PD-L1 tumoral staining has became an important putative biomarker to select the patient who would benefit more with of this class of drugs (38).

Nivolumab has been studied in all-comers patients, regardless of PD-L1 expression; however, a post hoc analysis analyzing the percentage of positivity of tumoral PD-L1 was carried out and different cutoff (>1, >5, and >10%) were reported.

In non-squamous histotype, the PD-L1 tumor expression is predictive of nivolumab activity in term of ORR, DOR, mPFS, and mOS. In particular, higher ORRs were observed when PD-L1 was expressed ranging from 31 to 37% respect to 18% in overall population and 9% in PD-L1-negative patients. Median DOR was longer with nivolumab than with docetaxel across different PD-L1 expression levels (16 vs. 5.6 months). Among PD-L1-negative patients responsive to nivolumab, the mDOR was higher respect to docetaxel (18.3 vs. 5.6 months). This result highlights how PD-L1 alone is a defective predictive biomarker.

A further sub-analysis in strong PD-L1-positive tumors (i.e., >50%) has confirmed the axiom “more PD-L1 expression on tumor and more nivolumab clinical activity.” There are many reasons to consider PD-L1 expression as a weak predictive biomarker. First of all, the confounding role between predictivity and prognosis. Many studies associated PD-L1 overexpression with poor prognosis (39); however, prognosis depends on the characteristic of PD-L1 expression and on lymphocyte population forming tumor-infiltrating cells. In fact, CD8 T cells infiltrations strongly correlates with good prognosis in NSCLC, while high B cells and CD4 T cells seem to not impact on prognosis (40–42). It is possible to assume that the subtypes of TILs and the frequency of CD8+ T cells infiltrating tumor and PDL1 tumoral expression are all important to predict the activity of nivolumab more than PD-L1 expression alone. In fact, like chronic infection, in cancer antigen, persistency leads to T cell exhaustion with a high number of T reg and other immunosuppressive myeloid cells constituting TILs. In this situation, tumor PD-L1 expression is not enough to predict the activity of nivolumab on the contrary in TILs rich in T cells CD8+ even with PD-L1 low expression the immune checkpoint inhibitor could stimulate the awakening of competent immune system.

Some elegant models seem to corroborate this hypothesis: the frequency of CD8+ T cells may be associated with better clinical response to immune checkpoint blockade (43, 44), while an immunosuppressive protumoral microenvironment defines intrinsic resistance to anti-PD1 therapy (45). Moreover, myeloid-derived suppressor cells (MDSCs) are recently emerged since they produce many factors stimulating angiogenesis and immunosuppression with a reduction of viability and number of CD8+ T cells in TILs (46).

Furthermore, MDSCs accumulate in tumor and blood of NSCLC patients, and they are associated with poor prognosis (47, 48). Their quantity reflects a higher number of neutrophil count and a simple and easy calculation of neutrophil to lymphocyte ratio could be a predictive marker of response to immunotherapy (49, 50).

Regarding clinical features associated with a major probability of response, data from a subgroup analysis showed that smoking habit has an important role, especially in non-squamous histology. Ever smoker has a great possibility to have a clinical benefit from nivolumab as demonstrated from CheckMate 057 study (23). This aspect is related to a higher rate of non-synonimous load mutation due to genetic instability of tumors occurring more in smokers than in never-smokers patients. These neoantigens may elicit an immune response in particular when their expression is represented in most tumor cells generating the theory that a clonal mutation has a better possibility to generate a neoantigen recognized by immune system rather than a subclonal expression (51).

Tumors with low mutational burden seem to benefit less from nivolumab according to a subgroup analysis from CheckMate 057. Moreover, it was shown that EGFR-mutated tumors and never-smokers patients had a similar benefit if treated with docetaxel or nivolumab.

The expression of PD-L1 in tumors harboring EGFR mutations or ALK translocations is generally high; however, no reliable data and final conclusions can be drawn from literature data (52, 53).

Recently, in a larger cohort of EGFR/ALK-positive patients, the lack of expression of PD-L1 and the absence of CD8+ T cells in TILs surrounding these tumors were seen. This aspect could classify oncogenic driven tumors as non-inflamed tumors, suggesting a scarce probability to induce an immune awakening and a low activity from immune checkpoint inhibitor agents (54).

The mutational load combined with PD-L1 expression and the analysis of lymphocyte subpopulation of TILs may represent a sort of signature of prediction of response to nivolumab. However, no standard cutoff are available, and there are still many methodological issues regarding the definition of “high” vs. “low” mutational rate tumors.

Nivolumab demonstrates higher efficacy than docetaxel in second line irrespective to PD-L1 expression and in non-squamous patients this benefit increases with the expression of PD-L1. However, the mDOR of nivolumab and its better safety profile renders this drug a reasonable choice even in PDL1-negative patients. This finding led the FDA and EMA approval of nivolumab for all-comers patients and several guidelines do not recommend PDL1 testing.

The issue of a specific predictive biomarker is an important challenge since nivolumab is not a treatment that fits for all patients for several reasons.

First of all the safety: in a post hoc analysis from CheckMate 057, a higher risk of death emerged in the first 3 months of treatment with nivolumab respect to docetaxel in particular in poor prognosis patients, especially those with worse ECOG PS and heavy disease burden (55). This aspect is partially explained by a delayed pattern of response of nivolumab, but other characteristics may contribute to contraindicate the use of nivolumab instead of chemotherapy. Second, the sustainability of nivolumab therapy for all patients, in particular in non-squamous histology, across countries.

Some authority regulation agencies like UK National Institute for Health and Care Excellence and Canadian Agency for Drugs and Technologies in Health rejected the use of nivolumab merely due to costs defining this drug as non-cost-effective (56, 57).

Recently, the Swiss Health System conducted a study in order to investigate the cost-efficacy of nivolumab compared with docetaxel. A way to consider this drug effective and sustainable is to select patients with non-squamous histology and testing PD-L1 (cutoff >10%). However, an acceptable ICER threshold of CHF 100,000/QALY is reached only reducing the price of the drug or the dosage or the duration of treatment (58).

It is probable that the absence of a predictive marker of activity will not allow nivolumab to confirm its usefulness largely demonstrated in many trials in a real-world population due to accessibility disparity across countries.

OVERCOME THE RESISTANCE: FUTURE STRATEGIES

There are two main causes of resistance to immune checkpoint inhibitors: the first one is an intrinsic resistance and the second one is an acquired resistance. The former, excluding the mechanism of pseudo-progression, is due to an immunologic ignorance or an adaptive immune resistance. The combination of PD-L1 expression and TIL presence surrounding and within a tumor may classify carefully this situation (59).

The immune-ignorant phenotype lacks a precise strategy; however, the combination of chemotherapy and nivolumab could switch this situation toward and “immune-awakening” due to the delivery of neoantigens as killing effect to chemotherapy use. In the Phase I multicohort study, CheckMate 012 nivolumab was combined with PT-DC (25). In this non-pretreated cohort, the combination showed a good safety profile and encouraging activity in particular when nivolumab at 5 mg/kg was combined with the paclitaxel–carboplatin regimen leading to a 62% of 2-year OS rate. Data are still immature to definitely suggest the application of this strategy only to immune-adaptive resistance or ignorance. Nevertheless, it is intriguing to think about a different strategy in cases where the use of nivolumab alone predicts a worse clinical benefit.

Another approach is to combine nivolumab with the anti-CTLA4 agent ipilimumab in order to enhance T-cell antitumor activity through distinct and complementary mechanisms.

Based on the sole PD-L1 expression, it could be presumed that in PD-L1-positive tumor nivolumab alone should be enough and in PD-L1-negative tumors the combination with ipilimumab could restore the sensitivity to nivolumab.

Several cohorts of CheckMate 012 explored the combination of different doses of nivolumab and ipilimumab. Recently, the combination of nivolumab 3 mg/kg every 2 weeks + ipilimumab 1 mg/kg every 6 or 12 weeks demonstrated a good tolerability profile and promising efficacy with an ORR of 39–47% with mDOR not reached in first-line treatment (37). Patients with higher levels of PD-L1 expression had especially robust responses to the nivolumab/ipilimumab combination. Among patients with tumor PD-L1 expression levels of ≥50% treated with nivolumab every 2 weeks and ipilimumab Q12w, the ORR was 100% and the median PFS was 13.6 months. However, the nivolumab/ipilimumab combination demonstrated efficacy across all tumor PD-L1 expression levels, even among patients with <1% tumor PD-L1 expression.

The combination of ipilimumab 1 mg/kg q6w + nivolumab 3 mg/kg q2w in PD-L1 unselected population is ongoing in a Phase III trial in first-line treatment (CheckMate 227).

In order to circumvent the intrinsic or acquired resistance, other strategies are under investigation. Early phase trials suggest an activity in particular with the combination with other inhibitors or agonists of immune synapse like Abs targeting CSF1R, LAG3, TIM3, IDO, GITR, and OX40. Finally, the combination of nivolumab and radiotherapy (60) or CAR-engineered T cell ACT and vaccines (61) may represent a fascinating strategy to enhance the activity of nivolumab alone.

In EGFR-positive tumors where there is a lack of response of nivolumab in patients previously treated with TKIs, the research is currently focused on naïve EGFR TKI population. This approach is based on the link between the high probability to generate a response with EGFR TKIs in naïve population and the induction of upregulation of PDL1 and TILs. Nivolumab was studied in pretreated and in EGFR TKIs naïve population with promising results observed in the naïve group (62). With the same rationale nivolumab is currently being studied with crizotinib (NCT01998126) and results are largely awaited.

Another strategy to explore is the combination between immune-checkpoint inhibitors and antiangiogenic agents due to cross talk between this two systems and the possibility to influence the angiogenic power and immune-tolerance against tumor. However, even if the rational is strong, the huge number of factors regulating these two axes renders difficult to forecast the results.

In conclusion, nivolumab currently represents the gold standard for the therapy of advanced, pretreated SCC NSCLC and may represent, with some criticism about the role of PDL tumor expression, a valid option in pretreated nsq NSCLC.

The sustainability and disparity across countries lead the affordability of this drug a main concern for the future. Even if for the first time, we have observed a long and durable response in lung cancers using nivolumab in second line, many questions remain to be answered. In particular, the understanding of the right selection of the patient who would benefit more from the drug and the next step of moving toward a first-line treatment with nivolumab in all-comers to control cancer growth from the beginning.

Finally, it is crucial to understand and overcome the immunoresistance mechanisms in order to develop future studies not only trying a combination based on “in vitro” rationale but orienting the discoveries of older trials in biologically based Phase I studies.

Nivolumab is not a “one-size fits all” treatment and the main risk is to deny one of the most powerful drug ever employed in clinical practice.
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NSCLC with EGFRm+

Dose levels
Capsule Tablet

75 mg od
100 mg qd
150 mg qd

225mg qd

300 mg qd

350 mg qd

Cohort 1: activating EGFRm+, treatment-naive

Cohort 2: activating EGFRm+ and T790M+
acquired following 1 prior EGFR TKI therapy

Cohort 3: de novo T790M+
No prior EGFR TKI

Cohort 4: ex20ins or ex20del EGFR

Cohort 5: activating EGFRm+ but no T790M+
progression on 1 prior EGFR TKI

Cohort 6: activating EGFRm+ and T790M+
acquired following 1 prior first- or second-
generation EGFR TKI, and progressing on or
intolerant to a third-generation EGFR TKI

EGFRmt+, EGFR mutation-positive; MTD, maximum tolerated dose; qd, one daily; NSCLC, non-small cell lung cancer; RP2D, recommended phase 2 dose;

TKL tyrosine kinase inhibitor.
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Osimertinib NCT02454933;  Osimertinio monotherapy EGFR mutant/T790M+ NSCLC progressing PFS On hold
CAURAL under EGFR TKI
Phase lil Durvalumab Anti-PD-L1 antibody
Osimertinib NCT02496663;  Necitumumab Anti-EGFR antibody Advanced EGFR-mutant NSCLC progressing  Safety and tolerabiity Recniting
phase | under EGFR TKI
Osimertinib NCT02803203;  Bevacizumab Anti-VEGF antibody Advanced EGFR-mutant NSCLG in the first-ine  Phase I: MTD Recruiting
phase I/l setting Phase Il: PFS
Osimertinib NCT02789345;  Necitumumab Anti-EGFR antibody EGFR mutant/T790M+ NSCLC progressing ORR Forthcoming
phase | Ramuciumab Anti-vascular endothelial  under frst-ine EGFR TKI
growth factor receptor 2
antibody
Necitumumab + ramucirumab
Osimertinib NCT02520778;  Navitooiax Bcl-2 family inhibitor Advanced EGFR-mutant NSCLC progressing  Safety and tolerabiity Recniting
phase b under EGFR TKI
Osimertinib NCT02503722;  Sapanisertio TOR1/2 inhibitor Advanced EGFR-mutant NSCLC progressing  Safety and recommended phase Il dose  Recriting
phase Vi under EGFR TKI Safety and efiicacy in T790M~ population
Nazartinib NCT02335944;  ING280 MET inhibitor Ph. Ib/Ph. Il Group 1: advanced EGFR-mutant  Phase Ib: MTD or RP2D of nazartinib Recriting
phase o/l NSCLG progressing under G/E/A Phase Il: ORR
Ph. 1l Group 2: advanced NSCLG not been
previously treated with any EGFA TKI and harbor
de novo T790M mutation
Nazartinib NCT02323126;  Nivolumab Anti-PD-1 antibody EGFR mutant/T790M+ NSCLC progressing PFS On hold
phase I under first-iine EGFR TKI

G/E/A, gefitnib/erotinib/afatinib; MTD, maximum tolerated dose; NCT number, hito://clinicaltrials.gov identifcation number; NSCLC, non-small-cel lung cancer; ORR, objective response rate; PFS, progression-free survival; RP20,
recommended phase 2 dose.
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Osimertinib Rociletinib Olmutinib  ASP8273 Nazartinib
Trial AAURA phase | AURA phase | AURA  AURA2  TIGER-X phase I/II* HM-EMSI-101  NCT02113813 NCT02108964
T790M+ phasell phase I phase VI phase I/l ongoing) ~ phase I/l
ext. T790M+ (ongoing)
(ongoing)
T790M+
Pooled analysis
Patients (V) 253 63 201 210 69 7 63 152
T790M+ = 138 T790M+ = 51 T790M+ = 58
Dose 20-240 mg ad 80mg ad 80mg ad 500,625,0r750mgbid  800mgqd 300 mg ad 75-350mg qd
ORR 51[95%Cl, 45-58] - - 17(95% G, 4-41) - 30 -
actEGFRM (%)
ORRT790M+ 61(95% CI, 52-70]  71[95% Cl, 57-82] 66(95% Cl, 61-71] 45 (95% Cl, 31-60) 62 29 (central testing) 469
(%)
Overal mPFS ~ T790M+: 9.6 83-NR) 9.7(83-136)  11.0(96-124)  T790M+:6.1 (42-0.6) 6.9 (6.4-9.5F T790M+:68(5.5-NRF 9.7 (7.8-11.1)
(95% Clmo  T790M-:2.8 (2.1-4.3) T790M-: 1.8 (1.2-8.0) T790M-: 6.0 (4.1-9.8)
Reference  Janne etal. (36) Yang et al. (37) Sequist et al. (41) Parketal. (44), Yuetal. (49) Tanetal. (51)

Lee etal. (45)

“Updated results from 69 reviewed cases included in the phase | TIGER-X tral.
“Updated results from 2016 ASCO Annual Meeting.

“mPFS from 28 NSCLC patients with central testing T790M+.

aCtEGFRm, activating EGFR mutation; bid, twice dail; Cl, confidence interval; ext., extension; mo, months; mPFS, median progression-free survival; NR, not reached; ORR, overall
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EGFR mutant NSCLC
Stage IIIB (not eligible for combined modality treatment)
Stage IV
gefitinib 250 mg/day; erlotinib 150 mg/day; afatinib 40 mg/day

Disease
progression

Oligoprogression

Local treatment (surgery or radiotherapy)
and consider continuing EGFR TKI Systemic progression

Liquid or tissue biopsy

EGFR T790M+ EGFR T790M- EGFR T790M-
Osimertinib 80 mg/day Liquid - and tissue - Other targetable MoR
Liquid - and tissue not feasible Clinical trial if possible

Platinum-based CT SCLC transformation: platinum-

based + etoposide CT

CT, chemotherapy; MoR, mechanism of resistance; SCLC, small-cell lung cancer; TKI, tyrosine kinase inhibitor
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Generation Drug Company Molecular targets Most common adverse events Status
I
rst Gefitinib AstraZeneca Competitve;  EGFR L858R, Del19 Diarrhea, rashvacne, ALT/AST increased,  Phase Il
generation reversible decreased appetite (approved)
Erlotinib . Hoffmann-La
Roche
Second  Afatinib Boehringer Ingelheim  Covalent; WI-EGFR, EGFR L858R, Skin rash, diarrhea Phase Il
generation ireversible LB858R/T790M, LB58R/ (approved)
T854A, wt-HER2, HER2
amp., HER4
Dacomitinib ~ Pfizer EGFR L858R, Del19, Diarrhea, rashvacne Phase Il
T790M, wt-HER2, mutant-
HER2, HER2 amp., HERA
Neratinib Puma Biotechnology EGFR L858R, T790M, Diarrhea, dyspnea, nausea, vomiting Phase Il
HER2, HER4
Third Osimertinib Astrazeneca Covalent; EGFRL858R, Del19, T790M  Diarrhea, rash, nausea, decreased appetite  Phase i
generation ireversible  (imited activity against (approved)
Rocietinib Clovis W-EGFR) Hyperglycemia, long QT interval, nausea,  Phase IVl
fatigue, diarthea (stopped)
Olmutinib Hanmi/Boehringer Diarrhea, rash, skin exfoliation, nausea, Approved in
Ingelheim pruritus South Korea®
ASP8273 Astellas Diarrhea, nausea, vomiting, platelet count  Phase
decreased
Nazartinib Novartis Rash, diarrhea, pruritus Phase I
PF-06747775  Plizer No reported yet Phase I
Avitinio Ace Bio No reported yet Phase |
HS-10296 Jiangsu Hansoh No reported yet Phase I

*Due to an unexpected increase of grade 3/4 skin toxicity, the ELUXA clinical trial program was temporally stopped

ALT, alanine aminotransferase; AST, aspartate aminotransferase; Del, deletion; amp, amplification; TKls, tyrosine kinase inhibitors; wt, wild-type; EGFR, epidermal growth factor receptor.
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Trial No.  Phase  Histology  Setting Treatment Outcome safety Notes
patients
CheckMate 129 Phasel  Non-smalcell Pretreated  Nivolumab dose 083 mgig 3 treatment-related deaths (associated with pneumonits)
003 (20) ung cancer escalation 149 months vs.
(NSCLO) mOS 1.and 10 mgkg
9.2 months
CheckMate 117 Phasell  Squamous  Pretreated  Nivolumab 3 mgkg 0882 months 1-year  17% of the pts reported Grade 3 or 4 treatment-related AEs. PD-L1 cutoffof 5%;
063 (21) NSCLC Os41% Two treatment-assocated eaths (pneumonia and schemic  nivolumab demonstrated
stroke) activty irespective of
PO-L1 expression
CheckMate 272 Phasell Squamous  Pretreated  Nivolumabvs. docetaxel  OS 9.3vs. 6.0 months  Grade 3 or 4 treatment related were reported n 7% of the  Nivolumab demonstrated
017 (22) NSCLC pts in the nivolumab arm vs. 55% in the docetaxel am activty irespective of
PO-L1 expression
CheckMate 562 Phasell  Non- Pretreated  Nivolumab vs. docetaxel ~ OS 12.21s. Grade 3 or 4 treatment-related AES were reported in 10%  PD-L1 cutoff 21, 25, and
057 (23) ‘squamous 9.4 months of the pts in the nivolumab arm vs. 54% in the docetaxel am ~>10%; relevant precictive.
NSCLC association between O,
median progression-free
sunvival, overall response
rate (ORR), and PD-L1
expression
CheckMate 52 Phassl  NSCLC tine Nivolumab 3 mg/kg 05 19.4 months. 19% of pts reported Grades 3-4 treatment-related AES;  PD-L1 cutoff 21 and <1%,
012 24) 12-month OS 73%  12% discontinued because of a treatment-related AE 25 and <5%; cinical
activity regardiess of PD-L1
expression, but higher
ORR for greater PD-L1
exprassion. Not cear
correlation between PFS,
08, and PD-L1 expression
CheckMate 56 Prasel  NSCLC line Nvolumab + platinum-  OSPT-DC+Nvo 4% of pts reported Grade 3 or 4 treatment-related AES.  Nivolumab demonstrated
012 (25) based doublet 10 mg/kg from 11.610  21% of pts discontinued because of a treatment-related AES _ activiy imespective of
chemotherapy (PT-DC)  19.2 months; plus Nivo PO-L1 expression
5 mg/kg not reached
CheckMate 216 Phasell  Smalcellung Pretreated  Nivolumab or OSNivo 4.4 months;  Grade 3 or 4 treatment-related AES events occurred in No correlation between
032 (26) cancer sequentally cohorts OS Nivo + 1Pt 13% of ptsin the nivolumab 3 mg/kg cohort, 0% inthe  PD-L1 expression and
nivolumab + iplimumab  6-7.7 months; 1-year  nivolumab 1 mg/kg + ipiimumab 3 mg/kg and 19% inthe  response
0833and35-43%  nivolumab 3 mg/kg + ipiimumab 1 mg/kg. Two pts who.

received nivolumab 1 mg/kg + iplimumab 3 mg/kg died
from treatment-related AEs (myasthenia gravis and renal
faiure); 1 who received nivolumab 3 mg/kg + ipiimumab.
1 mg/kg died from treatment-related pneumonitis
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Chockiate 227 NCT02477826 Prase Nonsmal line Nvo, Nivo + IP1, Nvo + plainum-  Recriing ~ CT and
) based doublet chemotherapy Immunotherapy
cancer (P00, PTOC
NScLo)
ANVIL NCT02505044 Prase NSOLC  IB-IAadwant Nvo Recrutng  Immunotharapy
"
Lung: MAP NCT02785952 Prase  Squamous Iline Nvo, Nvo + IP1 Recniting  Immunotharapy
W NSOLC
Checkiate 451 NCT02538668 Prase EDsmal  Matenancoafter e CT N + Piacebo, Nivo + Iiimumab Recruting  Immunotherapy
W celng
cancer
o)
ChickMate-026 NCT02041533 Prase NSCLC  line Nvo, investigators choce CT  Actve,not CT and
W eoL recnitng _ immunotherapy
Cisplatn and etoposido + RT folowed  Phase  NSCLC  Unvesectable, medicaly Thoracic AT, isplatin, Notyet  RT,CT.and
oy Nivolplacebo forlocaly avanced 1 inoperable disease, or etoposida £ Nvo, focnuitng  Immunotharapy
NSCLC NCT02768558 patonts who refuse resection
stage IIA or stage 1B isease
ChockMate 078 NCTO2613607 Prase NSCLC  Iline, after plainum-based CT o, docetaxel Recnitng CT and
" Immunotherapy
Phase U tral of ivolumab with radiatin Phase  NSCLC  Stage IV metastatic diseaso  Nio + P+ BT, Notyet  ATang
ornivokumab and plimumab with w with ntracrarial dsease Nvo + P! + SRS, recruling  Immunotherapy
adiaton for th treatment of intracranil
metastases from NSCLC NCTO2696993
Chockiate 331 NCT02481830 Prass SOLC  Iline,ater platnum-based CT Nivolumab, topolecan, ambion  Notyet  CTand
" recruing  Immunotherapy
CheckMate 384 NCTO2713867 Phase NSCLC — Nwo240mgevery2Wvs.  Nio240mg every 2 Wys. Recnitng  Immunciherapy
" Nivo 480 mg every 4 Watter ~nivolumab 480 mg
10 12 months of Nivo at
3 mgkg or 240 mg every 2 W
Chockiate 568 NCT02659059 Prasell NSCLC e Nvo +P1 Recriting  Immunotherapy
Lung: AP NCTO2154490 Prase  Squamous Iline Docetaxel, duvalumab, erotind,  Recriing  Immunctherapy,
Wi NSOLC Iydrocnioride, FGFR, AZDASAT, CT,and target
1P, aboratory bomarker anayss, therapy
Nwo, palbociclb, dotumumab,
tasolis
ChickMate 722 NCT02864251 Phase NSCLC  Afer 1 ine EGFR T therapy  Nivo + IPO vs. Notyet  Immunotherapy,
W EGFRmu, Nvo+PEM + CODP/CBOCA  recniting T, and targel
T790M therapy

CT. chemotheraoy: Nvo. rvokamad: IPL bamumed: PEM. pemebened: VY. week.
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Organ (disorder)

Grade 1-Grade 2

Grade 3-Grade 4

Gastrointestinal
(diarrhea colis)

Supportive care measures
Loperamide

If no improvement in 5 days, or if worsening of symptoms,
commence steroids at a dose of 0.5-1 mg/kg/day of
prednisolone (or IV equivalent)

Withheld the drug
Steroids at 1-2 mg/kg precisolone or IV equivalent
If no improvement consider infiximab 5 mg/kg

Grade 4: permanent discontinuation of drug

Dermatologic (difuse,
maculopapular rash)

Manage symptomatically
If persistent Grade 2, the drug should be withheld for one dose

Grade 3: the drug should be withheld for one dose
Grade 4: permanent discontinuation of drug

Hepatic (elevation in
iver function tests)

High-dose IV glucocorticosteroids for 24-48 h, followed by an
oral steroid taper (dexamethasone or prednisone)

Grade 3/4: permanent discontinuation of the drug

Lung (pneumonitis)

Observation
Delay drug administration

Consider steroids (e.g., prednisone 1 mg/kg/day PO or
methylpredisolone 1 mg/kg/day IV)

Discontinue drug administration
High-dose steroids with methylprednisolone (e.g., 1 g/day IV)
Add prophylactic antibiotics

If not improving after 48 h or worsening, administer additional
immunosuppressive therapy (e.g.. infiximab, mycophenolate, and
immunoglobuiins). If improving, taper steroids

Discontinue treatment permanently

Endocrine (hypophysitis)

Asymptomatic, no intervention needed: moritor only

Withhold the treatment

Use methylprednisolone 1-2 mg/kg intravenously (IV). This should be
followed by predhisone 1-2 mg/kg orally (PO) once daily with gradual
tapering over 4 weeks and replacement hormones during the tapering.
The drug can be restarted with Grade 2, but Grade 3/4 endocrinopathy
requires permanent drug discontinuation

Renal injury Monitor renal function, promote hydration and cessation of Prednisolone 1-2 mg/kg or IV equivalent. Discontinue the drug
nephrotoxic drugs
Nephritis Consider prednisolone 0.5-1 mg/kg

Adapted from Ref. (35, 36).
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Study

BR.21(30)
TITAN (35)
DELTA (36)
TAILOR (37)
PROSE (38)
HORG (39)
LUX-LUNG
8 (40)

Treatment

Erlotinib vs best supportive care
Erlotinib vs docetaxel or pemetrexed
Erlotinib vs docetaxel

Docetaxel vs erlotinib

Docetaxel or pemetrexed vs erlotinib
Erlotinib vs pemetrexed

Afatinib vs erlotinib

Nof
pts
731
424
301
222
285
322
795

Major toxicities

Skin rash, diarrhea
Skin rash, diarrhea for erlotinio

Leukopenia, neutropenia, hair
loss for docetael

Skin rash, diarrhea for erlotinio
Skin rash, diarrhea

Progression-free survival HR
(95%Cl)

HR 0.61(0.51-0.74) p < 0.001
HR 1.22 (0.97-1.55)p = 0.09
HR 0.71 (0.53-0.95) p = 0.02
HR = 1.35 (1.05-1.78) p = 0.020
p=0136

HR 082 (0.68-1.0)p = 0.04

Overall survival HR (95% CI)

HR 0.70 (0.58-0.85) p < 0.001
HR 0.96 (0.78-1.19)p = 0.73
HR0.91(0.68-1.22) p = 0.53
HR 0.73 (0.53-1.0)p = 0.05

HR = 1.22(0.98-159) p = 0.148
p=0986

HR 0.81(0.69-0.95) p = 0.01
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Study Treatment

TAX317 (20)  Docetaxel (100 or 75 mg/m?) vs best supportive
care

TAX320 (21)  Docetaxel (100 or 75 mg/m?) vs vinorelbine or
ifosfamide

DISTAL-01 Docetaxel (76 mg/m? g21) vs docetaxel (33 mg/

(22) m? weekly)

JMEI(23)  Pemetrexed (500 mg/m?) vs docetaxel (75 mg/m)

NS, not significant; HR, hazard ratio.

Nof
pts

103

373

Major toxicities

Leukopenia, neutropenia, hair loss

Leukopenia, neutropenia, hair loss for
docetaxel

Weekly: non-neutropenic infection
3-weekly: leukopenia, neutropenia, hair loss.
Leukopenia, neutropenia, hair loss for
docetael

Progression-
free survival HR
(95%Cl)

p=0005

HR0.97
(0.82-1.16)

Overall survival HR
(95% Cl)

p=001
5.5v85.7m(NS)
HR 1.04 (0.77-1.39)

p=080
HR 0.99 (0.8-1.20)
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Technique n Typeof sample Alteration detected Sensitivity (%) Reference

ARMS 86 Circulating free DNA (cfDNA)  Epidermal growth factor 68 @7
(plasma) (EGFR}-sensitizing mutations
SARMS 42 CfDNA (serum) EGFR-sensitizing mutations 75 (13)
SARMS 11 CfDNA (serum) EGFR-sensitizing mutations. 50 (13)
SARMS 21 CiDNA (plasma) EGFR-sensitizing mutations. 39 8)
SARMS-based DxS EGFR mutation test kit 86 CiDNA (serum) EGFR-sensitizing mutations 43 (15)
SARMS-based EGFR mutation detection kit 652 CDNA (plasma) EGFR-sensitizing mutations 66 (12)
Mass spectrometry-based genotyping 31 CfDNA (plasma) EGFR-sensitizing mutations 39 ©9)
Mutant-enriched PCR EGFR-sensitizing mutations 33
Mutant-enriched PCR 18 ofDNA (plasma) EGFR-sensitizing mutations 100 (@0)
Mutant-enriched PCR 111 cfDNA (plasma) EGFR-sensitizing mutations 56 @1)
EGFR array, PNA-PCR 37 CfDNA (plasma) EGFR-sensitizing mutations 100 @2
Digital PCR 35 CIDNA (plasma) EGFR-sensitizing mutations % 2
Droplet digital PCR 46 CIDNA (plasma) EGFR-sensitizing mutations. 67 63
Droplet digital PCR 50 CfDNA (plasma) EGFR mutations 7 (34)
Droplet digital PCR 25 CfDNA (plasma) EGFR mutations 81 (@)
Cobas® EGFR blood test 199 cfDNA (plasma) EGFR-sensitizing mutations 61 (20)
Cobas® EGFR blood test 38 CIDNA (plasma) P.T790M (EGFR) 73 (@6)
Cobas® EGFR blood test 238 GfDNA (plasma) EGFR mutations 76 (14)
DHPLG 230 ofDNA (plasma) EGFR-sensitizing mutations 82 @7)
DHPLC 822 CIDNA (plasma) EGFR-sensitizing mutations 7 (36)
BEAMing 44 cfDNA (plasma) EGFR-sensitizing mutations 73 (24)
BEAMing® 915 CIDNA (plasma) EGFR, KRAS, BRAF, PIK3CA mutations 83-09¢ 3)
BEAMing 153 CIDNA (plasma) EGFR-sensitizing mutations 82 (26)
P.T790M 73
Cobas® EGFR blood test EGFR-sensitizing mutations 73
P.T790M 64
PNA-Q-PCR 97 CfDNA (serum/plasma) EGFR sensitizing mutations 78 (18)
PNA/LNA-Q-PCR 35 CfDNA (serum) EGFR, KRAS mutations 73 i)
NGS (CAPP-Seq) 142 CfDNA (plasma) EGFR mutations 81 @8)
NGS (lon Torrenty* 107 cfDNA (plasma) EGFR, HER?, KRAS, BRAF, PIKGCA 58 @9)
mutations
NGS (deep sequencing) 288 GDNA (plasma) EGFR mutations 73 (40)
Melting curve PCR 8 Circulating tumor cells (CTCs)  EGFR mutations 100 @1)
NGS 87 CTCs EGFR mutations 84 “2)
Mutant-enriched PCR 21 CTCs P.T790M (EGFR) 57 (3)
25 CfDNA (plasma) 60°
ISET + fluorescence in situ hybridization 5 CTCs ALK fusions. 100 (@4)
(FISH)
ISET + fiter-adapted FISH 32  CTCs ALK fusions. 100 (5)
ISET + filter-adapted FISH 4 CTCs ROST1 fusions 100 (46)
Antibody-independent CTG isolation + FISH 31 CcTCs ALK fusions 290° (@7)
NanoVelcro System + FISH 41 CTCs ALK fusions. 100 (@8
Retrotranscription PCR 77 CiRNA (plasma) ALK fusions. 2 (49)
Platelets ALK fusions. 65

"Samples in the study include stages HIA.
“Samples in the study include tumors other than NSCLC.
Concordance value.
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Material

Applications

Girculating tumor DNA
(ctDNA)

GtRNA

Tumor-educated platelets

Exosomes

Girculating-tumor cells
(CTCs)

Somatic mutations®
DNA methylation changes
Copy number alterations

Gene fusion
Splicing variants

Gene fusions
Splicing variants
Cancer diagnosis
RNA profiing

Gene fusions
Splicing variants
miRNA analyses
RNA and protei

Montoring (total GTC counts)*

Culture of CTCs

DNA, RNA, and protein-based molecular profiing
‘Somatic mutations

Gene fusions

based molecular profiing

Applications used in routine clinical practice in ) NSCLC or () metastatic breast,
prostate, and colon cancer patients. Unmarked, research use.





