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Abstract: Lung cancer is one of the leading causes of death in industrialized and developing countries. Approximately 80% of patients 
are diagnosed with non-small cell histology. Although a multidisciplinary approach is necessary for the treatment of patients at early or 
locally-advanced stages of the disease, further successes in the treatment of patients with advanced disease will largely rely on improved 
systemic tumor control. Although therapies directed against the epidermal growth factor receptor (EGFR) have been incorporated into 
daily clinical practice, the value of other treatments remains to be elucidated. The current review highlights the most important driver 
mutations in non-small cell lung cancer (NSCLC) and describes recent study results and the status of EGFR-directed therapy, anaplastic 
lymphoma kinase (ALK)-directed agents, antiangiogenic therapy, and mesenchymal-epithelial transition factor (MET) inhibitors. How-
ever, many other agents with different modes of action are being examined in clinical research.
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Introduction
Lung cancer is one of the most frequent malignant 
tumors in Europe1 and the United States2 and is asso-
ciated with a relatively older age at initial diagnosis, 
high mortality, and low cure rates.2,3

The majority of patients are diagnosed at a locally-
advanced or metastatic stage, making systemic thera-
pies the mainstay for treatment. However, the disease 
control achieved with classical doublet chemotherapy 
in advanced or metastatic non-small cell lung cancer 
(NSCLC) is usually restricted to only a few months.4–6 
Improved patient selection for existing therapies and 
the introduction of novel agents are integral to an 
optimized treatment outcome.

Several novel drugs were developed over the last 
few years and tested in phase I, II, and III studies. 
A few drugs were approved (erlotinib, gefitinib, 
bevacizumab, and crizotinib) or are awaiting approval 
(afatinib), whereas other drugs missed their statistical 
targets in phase III trials (eg, small-molecule angio-
genesis inhibitors) or were withdrawn due to insuffi-
cient study results (cetuximab). In recent years, with 
growing insight into molecular alterations in lung 
cancer, tremendous efforts have been made to identify 
and develop new agents. The present review focuses 
on known driver mutations in NSCLC, epidermal 
growth factor receptor (EGFR)-directed therapy, ana-
plastic lymphoma kinase (ALK) inhibitors, mesen-
chymal-epithelial transition factor (MET)-inhibitors, 
and angiogenesis inhibitors. However, other pathways 
may stimulate interest and different agents may soon 
enter clinical research.

Driver Mutations in NSCLC
Since the first attempts to systemically treat advanced 
lung cancer with drugs, the substances have had molec-
ular targets. Certain traditional chemotherapy agents 
interfere with DNA replication and repair (eg, platinum 
compounds, topoisomerase inhibitors, and antifolates) 
or mitotic cell division (taxanes and vinca alkaloids). 
However, the term “targeted therapy” has been increas-
ingly used in recent years to describe novel, more spe-
cific agents that modulate signal transduction from the 
cell surface (or other locations within the cell) to the 
nucleus. The term usually indicates a favorable relation-
ship between toxicity and efficacy because the therapy 
is specific to the target. Ideally, a certain diagnostic pro-
cedure should allow the separation of responders from 

non-responders before treatment. However, today, the 
majority of targeted therapies for NSCLC are prescribed 
without the detection of the necessary target of the sub-
stance (eg, second-line erlotinib in patients without 
activating EGFR mutations) or without a reliable pre-
dictive test or biomarker (eg, bevacizumab). Therefore, 
outcomes in such patient populations remain modest. 
The term “targeted therapy” is currently widely used 
but was recently critically judged.7 Exciting insights 
into novel pathways and drugs should be combined 
with efforts to find predictive tests for agents that are 
already approved.

The most recent classifications of lung tumors, the 
1999 World Health Organization (WHO) classification8 
and the 2011 Classification of Adenocarcinoma,9 are 
based on the light microscopy-related differentiation of 
different types of NSCLC. To date, beyond tumor stage, 
these classifications have served as the basis of our 
treatment decisions. However, genomic alterations have 
increasingly gained attention as a powerful tool to select 
specific treatments for patients. Several somatic muta-
tions (and other alterations) have been revealed, which 
are prevalent in genes that encode transmembrane or 
intracellular signaling elements important for prolifera-
tion and apoptosis. Recent trials demonstrated that driver 
mutations possess crucial therapeutic relevance.

Approximately 60% of all primary pulmonary 
adenocarcinomas exhibit a specific mutation, gene 
arrangement, or amplification that is responsible for 
the malignant phenotype.10 The Lung Cancer Mutation 
Consortium (LCMC) represents the largest initiative in 
the United States that prospectively collects and tests 
tumor tissue from lung cancer patients (http://www.
golcmc.com). The causative role of these changes in 
the development of malignancy is corroborated by the 
fact that the changes are mutually exclusive in most 
cases.11 For instance, if a V-Ki-ras2 Kirsten rat sar-
coma viral oncogene homolog (KRAS) mutation is 
detected in a pulmonary adenocarcinoma, an activat-
ing epidermal growth factor (EGF) receptor mutation 
can be excluded, and sequencing is unnecessary.12 In 
patients without a known driver mutation, other yet-
unknown or complex genomic alterations may be 
responsible for the malignant phenotype.13 Mutations 
in the EGF receptor gene were one of the first changes 
detected, facilitated by the relatively frequent occur-
rence of this alteration. Table 1 gives an overview of 
the most important findings in NSCLC.
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Table 1.

Frequency, histology, prognosis References
EGF receptor mutations,  
exons 18–21; EGF receptor  
amplification

0%–50% depending on smoking history and ethnicity, highest in never- 
smoking pts. with AC, higher in Asians than in Caucasians, very rare  
in squamous cell histology or large-cell carcinoma. Various different  
activating and resistance mutations known, majority of pts. have  
mutations in exons 19 and 21, activating mutations associated with  
long PFS with EGF receptor tyrosine kinase inhibitors, EGFR copy  
number closely linked to mutation but rarely available and used

10–19

KRAS mutation, exon 1  
(codons 12 and 13)  
or exon 2 (codon 61)

0%–43% depending on histology, 16% in a mixed NSCLC population,  
25% among pts. with AC, 2%–5% in never-smokers, 43% in former/ 
current smokers with AC, rare in squamous cell histology. Pts. with  
mutation have poor survival and rarely respond to chemotherapy

11,13–15,20,21

ALK rearrangements 1%–13% among NSCLC pts., depending on histology, smoking habits  
and age; more commonly found in light- or never-smokers and  
younger pts. with AC; more frequently found in male pts.; up to  
12% in never-smokers with AC. Presence of rearrangement  
associated with resistance to EGFR tyrosine kinase inhibitors

10,13,14,21–25

BRAF mutations,  
exons 11 and 15

2%–3% among AC pts., more frequently found in current  
or former smokers, not found in SCC

10,11,14,15

HER2 mutation,  
exon 20

1%–10% among AC pts., appears to be more common  
in never-smokers, infrequent in SCC

10,11,15,21,26

MET amplification/ 
mutations

Amplification in up to 21% of NSCLC pts. Contributes to primary  
and acquired resistance to EGFR TKIs, detectable in AC and SCC,  
somatic MET mutations rare

10,14,27–30

PIK3CA mutations Detectable in 1%–5% of AC and 7% of SCC.  
Therapeutic relevance unclear

10,11,14,15

AKT1 mutations Up to 1% in SCC, not found in AC 10,15,28
PTEN mutations 2%–11%, more frequently found in smokers and SCC 11,14,31
Others: DDR2, FGFR1, RET, ROS1.
Abbreviations: pts., patients; AC, adenocarcinoma; SCC, squamous cell carcinoma.

Targeting the EGF Receptor
Gefitinib and erlotinib
In 2002 and 2003, several large phase III studies 
demonstrated that a platinum-based doublet 
combination treatment, regardless of whether the 
platinum agent is combined with gemcitabine, 
vinorelbine, docetaxel, or paclitaxel, is unable to 
prolong progression-free and overall survival by 
more than 3.4–5.75 months (mo.) and 7.4–11.3 mo., 
respectively.4–6 Numerous attempts with dose and 
protocol alterations, including triplet and alternating 
regimens, could not define a new standard. Gefitinib 
and erlotinib, two small-molecule tyrosine kinase 
inhibitors directed against the EGFR (synonymous 
with (syn.) ErbB1 and HER1) yielded the first clini-
cal study data. Both gefitinib and erlotinib inhibit the 
EGFR tyrosine kinase by binding to the adenosine 
triphosphate (ATP)-binding site located within the 
kinase domain. Without ATP binding, autophospho-
rylation and downstream signaling are suppressed.32

In the last decade, studies began to test the clini-
cal activities of erlotinib and gefitinib in patients with 
platinum-pretreated advanced NSCLC. In the landmark 
BR21 study, erlotinib was tested against a placebo in 
patients with one or two prior chemotherapy regimens.33 
The study revealed a small benefit in progression-free 
survival in favor of erlotinib (median 2.2 versus (vs.) 
1.8 mo., hazard ratio (HR) = 0.61, P , 0.001) and overall 
survival (median 6.7 vs. 4.7 mo., HR = 0.70, P , 0.001) 
and led to the approval of erlotinib as a second-line treat-
ment by the Federal Drug Association (FDA) and the 
European authorities. In contrast, the Iressa Survival 
Evaluation in Lung Cancer (ISEL) study failed to show 
a benefit for NSCLC patients pretreated with 1 or 2 
chemotherapy regimens and randomized to receive gefi-
tinib or a placebo.34 The median survival (primary end-
point) was not superior for gefitinib (5.6 mo. for gefitinib 
vs. 5.1 mo. for the placebo, HR = 0.89, P = 0.087; median 
time to treatment failure 3.0 mo. for gefitinib vs. 2.6 mo. 
for the placebo, HR = 0.82, P = 0.0006).
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In unselected populations of untreated patients with 
advanced or metastatic NSCLC, gefitinib was tested 
as a third agent in combination with platinum-based 
doublet combination therapy in the 3-arm INTACT 1 
and INTACT 2 studies. INTACT 1 used cisplatin and 
gemcitabine in combination with either gefitinib or a 
placebo in 1093 patients and failed to detect a benefit 
for gefitinib in progression-free survival (PFS) or 
survival.35 Similarly, the INTACT 2 study was based 
on a regimen of carboplatin/paclitaxel, and gefitinib 
added no benefit compared with a placebo.36 With a 
comparable study design, erlotinib did not exhibit an 
additional benefit as a third combination partner in 
the TRIBUTE study (phase III; combination with car-
boplatin and paclitaxel)37 or TALENT study (combi-
nation with cisplatin and gemcitabine).38

A new era in the treatment of lung cancer began in 
2004, with the first insight that treatment with gefi-
tinib is associated with superior efficacy in patients 
with NSCLC and alterations in the EGFR gene. 
Lynch16 and Paez19 demonstrated that the tumors of 
patients responding to gefitinib had activating muta-
tions in the EGFR tyrosine kinase domain. Pao and 
coworkers found that many of the responders were 
never-smokers and had adenocarcinoma and con-
cluded that such tumors form a distinct subtype of 
lung cancer.17 Nearly 90% of activating EGFR muta-
tions are exon 19 in-frame deletions of amino acids 
746–750 or exon 21L858R substitutions,39,40 whereas 
exon 19 deletions confer a superior response com-
pared with other mutations.40 Patients with exon 18 
or 20 mutations less frequently respond to an EGFR 
tyrosine kinase inhibitor (TKI) or are resistant to 
these agents. The frequency of activating EGFR 
mutations is highly dependent on sex, former smok-
ing habits, and ethnicity. Patients of Asian ethnicity 
possess EGFR mutations more frequently.19,41 The 
frequency approaches 50%–60% in East Asian never-
smokers and is 0%–10% in Caucasian current smok-
ers, whereas mutations are rarely found in patients 
with squamous cell histology.10–12,39,42 The EGF recep-
tor copy number, as assessed by fluorescence in situ 
hybridization (FISH), is closely linked to EGFR muta-
tions18,43 but may be of less predictive value in patients 
treated with an EGFR TKI.43 A strong cutaneous rash 
or the absence of any cutaneous toxicity during treat-
ment with erlotinib defines the favorably and poorly 
responding patient subgroups, respectively.44,45

Recent pivotal studies that only recruited patients 
with activating EGFR mutations clarified that treat-
ment with an EGFR-directed tyrosine kinase inhibi-
tor is superior to standard doublet chemotherapy in 
terms of response rate and PFS. However, longer 
survival was not shown, most likely because many 
patients received an EGFR TKI as a second-line 
therapy. EURTAC, OPTIMAL, WJTOG-3405, and 
NEJ002 each randomized EGFR-mutated patients 
to receive either chemotherapy or an EGFR TKI 
(see Table 2), and the median PFS in EGFR-mutated 
patients reached an impressive 9.2–13.1 mo.

Resistance to gefitinib and erlotinib
Although long PFS can be achieved in the subpopu-
lation of patients with activating EGFR mutations, 
every patient will ultimately experience disease 
progression. The development of secondary resis-
tance to erlotinib and gefitinib has led to significant 
research efforts. From recent publications, we know 
that certain patients develop a secondary EGFR muta-
tion with gefitinib or erlotinib that is clinically asso-
ciated with resistance to first-generation TKIs. The 
T790M mutation in exon 20 of the kinase domain is 
relatively rare in untreated patients but occurs in up to 
50% of patients with acquired resistance to erlotinib 
or gefitinib.51 Moreover, many patients exhibiting sec-
ondary resistance are known to have an amplification 
of MET, a member of the insulin receptor tyrosine 
kinase family. MET amplification has been detected 
in up to 20% of EGFR TKI-resistant tumors.51,52 Other 
mechanisms of acquired resistance to erlotinib and 
gefitinib include mutations of KRAS, PIK3CA muta-
tions and more complex cellular transformations, 
including epithelial-to-mesenchymal transformation 
and transformation into a small-cell type.51

Second-generation tyrosine kinase 
inhibitors
Afatinib (BIBW2992) is an oral, selective, irreversible 
ErbB family blocker of the EGFR, HER2, and ErbB4 
and is one of the most promising novel agents. Afa-
tinib was already submitted for approval in Europe in 
September 2012 for the treatment of NSCLC and has 
priority review status at the FDA. The submission is 
based on the pivotal LUX-Lung study program. In the 
LUX-Lung 3 study, untreated patients with advanced 
or metastatic NSCLC and activating EGFR muta-
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tions were randomized to receive afatinib or cisplatin/
pemetrexed for comparison.53 For the primary endpoint, 
PFS, treatment with afatinib was associated with 
11.1 mo., compared with 6.9 mo. for the other treat-
ment (HR = 0.58, P , 0.0004), but the survival data 
are still pending. For 2 symptoms, cough and dyspnea, 
a statistically significant delay in deterioration was 
reported for afatinib compared with chemotherapy. 
Whether afatinib is effective in patients with acquired 
resistance to gefitinib or erlotinib was the focus of the 
LUX-Lung 1 study.54 In this study, 585 patients who 
had received 1 or 2 previous chemotherapy regimens 
and had disease progression after at least 12 weeks 
of treatment with erlotinib or gefitinib were treated 
with afatinib or a placebo. The median overall sur-
vival (OS) (primary endpoint) was 10.8 mo. for afa-
tinib and 12.0 mo. for the placebo group (HR = 1.08, 
P  =  0.74). The median PFS was longer for afatinib 
(3.3 vs. 1.1 mo., HR = 0.38, P , 0.0001). The authors 
concluded that the lack of a benefit in OS was due to 
treatments given after the study and that the difference 
in PFS indicates a degree of efficacy. In a different 
publication, the investigators reported significantly 
improved symptoms (cough, dyspnea, pain, fatigue, 
and effects on physical functioning and quality of life 
[QOL]) in patients treated with afatinib.55

Dacomitinib (PF00299804) is a novel irreversible, 
second-generation TKI of the EGFR, HER2, and 
HER4. In a randomized phase II study, 188 patients 
who received 1 or 2 prior treatment regimens but no 
previous EGFR-directed therapy were allocated to 
dacomitinib or erlotinib treatment.56 The median PFS 
(primary endpoint) was 2.9 mo. for patients treated 
with dacomitinib and 1.9 mo. for erlotinib (HR = 0.66, 
P = 0.012). Dacomitinib resulted in a clinically mean-
ingful HR of 0.55 (P = 0.006) in a subpopulation of 
patients with KRAS-wild type tumors, whereas 
KRAS/EGFR-wild type patients had an HR of 0.61 
(P  =  0.043). This small but statistically significant 
advantage should be confirmed in a phase III study 
with a similar study design (ARCHER 1009 study, 
NCT01360554), in which a subpopulation of KRAS-
wild type tumors will again be analyzed. Other trials 
using the agent are underway.

EGFR-directed antibodies
Although a variety of EGFR-directed small-molecule 
TKIs are approved or are in clinical development, 
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another way of interfering with EGF receptor func-
tion is the use of monoclonal antibodies. These anti-
bodies specifically bind to the extracellular domain 
of the EGFR and block the binding of ligands. The 
complexes are internalized, and receptors are subse-
quently downregulated [reviewed in].57

Cetuximab is a chimeric human-murine mono-
clonal IgG1 antibody. Based on the results of the 
FLEX study, cetuximab was a recent candidate for 
approval. However, the application was withdrawn 
in 2012, when the authorities demanded additional 
study evidence. The FLEX study tested whether the 
addition of cetuximab to a platinum-based doublet 
regimen (cisplatin/vinorelbine) is associated with 
a benefit in patients with advanced or metastatic 
NSCLC.58 In total, 1125 patients were randomized to 
receive chemotherapy plus cetuximab or a placebo. 
The median OS for cetuximab was 11.3 mo. compared 
with 10.1 mo. for the placebo (HR = 0.87, P = 0.044). 
No significant differences were noted in the QOL 
between the treatments. An acne-like skin rash and 
diarrhea were the most frequent side effects attribut-
able to cetuximab. Tumor tissue was collected in the 
study, and molecular markers were reported in a sub-
sequent publication. O’Byrne and coworkers could 
not demonstrate that activating EGFR mutations or 
KRAS status were predictive markers for therapeutic 
success with cetuximab.59 The patients who devel-
oped a skin rash early in the treatment with cetux-
imab had a favorable outcome.60 Identifying another 
predictive marker was the subject of a subsequent 
publication by Pirker and colleagues,61 which used 
the tissue samples and data set of the FLEX study. 
Based on the immunohistochemical detection of the 
EGFR in the tumor tissue, the patients were divided 
into subgroups with high or low EGFR expression 
(99.6% of the FLEX patients had sufficient tumor tis-
sue, and 31% and 69% had a high and low expression, 
respectively). The group found that a survival benefit 
was restricted to patients with high EGFR expression, 
whereas patients with low expression had no benefit 
with the addition of cetuximab.

Other EGFR-directed monoclonal antibodies being 
researched include panitumumab, necitumumab, 
and matuzumab. Necitumumab is a fully human 
monoclonal IgG1 antibody targeting EGFR. 2 large 
phase III studies addressed the efficacy of the agent 
in advanced or metastatic NSCLC. The INSPIRE 

study (NCT00982111) recruited only patients with 
non-squamous histology and tested whether necitu-
mumab is associated with a benefit when added to 
cisplatin/pemetrexed chemotherapy. Due to concerns 
about thromboembolic side effects, the study was ter-
minated in 2011. SQUIRE (NCT00981058) is testing 
whether necitumumab added to cisplatin/gemcitabine 
results in a benefit in overall survival.

Panitumumab is another fully human anti-EGFR 
monoclonal IgG2 antibody. It is currently in phase II of 
clinical testing. Matuzumab, a humanized anti-EGFR 
monoclonal IgG1 antibody with a prolonged half-life, 
was tested as a second-line treatment for NSCLC in 
a randomized phase II study.62 In this 3-arm study, 
pretreated patients with advanced NSCLC were ran-
domized to receive pemetrexed alone or in combina-
tion with one of 2 schedules with matuzumab (weekly 
or every 3 weeks). The study showed a statistically 
not significant trend in improvement in the objec-
tive response and overall survival for pemetrexed 
plus weekly matuzumab compared with pemetrexed 
alone. As for cetuximab, Schittenhelm and coworkers 
demonstrated that strong immunohistochemical stain-
ing of EGFR is associated with a superior response 
compared with the response in patients with low 
expression.63 Until now, matuzumab has not pro-
ceeded to phase III development.

ALK Inhibition
In 2007, the exciting observation that ALK gene 
rearrangements are detectable in the tumor tissue of 
a small number of patients suffering from advanced 
NSCLC was published.25 Inversions within chromo-
some 2 resulted in a novel fusion oncogene, known 
as echinoderm microtubule-associated protein-like 4 
(EML4)-ALK. The presence of ALK rearrangements 
or mutations results in the activation of ALK and its 
downstream signaling pathways. As a consequence, 
cellular proliferation and survival are no longer con-
trolled (reviewed in).64 FISH, immunohistochemistry 
(IHC), and reverse transcription polymerase chain 
reaction (RT-PCR) have been applied to detect rear-
rangements, although the optimal assay remains to be 
elucidated. Depending on clinical characteristics and 
smoking history, ALK rearrangements were detected 
in 1%–12% of patients with NSCLC,10,13,14,21,24,25,65 
although the alteration is most frequently detected in 
relatively young male patients with adenocarcinoma 
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who are light- or never-smokers. In the majority of 
patients, ALK translocations and EGFR mutations are 
mutually exclusive.66 When treated with conventional 
platinum-based chemotherapy, patients with ALK 
rearrangements, compared with wild type patients, 
have similar response rates and overall survival.22

Crizotinib is an oral small-molecule inhibitor of the 
receptor tyrosine kinases ALK and c-MET. In a recent 
extended phase I study, 149 ALK-positive patients 
with advanced or metastatic NSCLC received 250 mg 
crizotinib twice daily.67 Most of the patients had pre-
viously completed chemotherapy, and 143 patients 
were included in the response-evaluable population. 
In total, 87 of the patients (60.8%) achieved an objec-
tive response. The median duration of the response 
was 49 weeks, the median PFS was 9.7 mo. (95% CI: 
7.7–12.8), and the 1-year-survival 74.8% (95% CI: 
66.4–81.5).

Updated efficacy and safety data from a globally 
ongoing, open-label, single-arm phase II study was pre-
sented at the ASCO 2012 meeting (Profile 1005 study).68 
More than 900 patients with advanced ALK-positive 
NSCLC who progressed after at least one course of 
chemotherapy were enrolled at that time. Among the 
255 subjects evaluable for efficacy, the overall response 
rate (ORR) was reported to be 53%, and the median 
PFS was 8.5  mo. (95% CI: 6.2–9.9). A statistically 
significant and clinically meaningful improvement in 
patient-reported symptoms (pain, pain in chest, cough, 
dyspnea, insomnia, fatigue, and decreased global QOL) 
from the baseline values was observed. The most com-
mon reported side effects were visual disturbances and 
gastrointestinal symptoms (nausea, vomiting, and diar-
rhea), most of which were grade 1 or 2. Cases of severe, 
life-threatening, or fatal drug-related hepatotoxicity and 
pneumonitis were reported (see also).69

Based on the response rates in the phase I and II 
studies, crizotinib was approved by the FDA in August 
2011. The Committee for Medicinal Products for 
Human Use (CHMP) at the European Medicines 
Agency (EMA) concluded that the beneficial effect 
of treatment with crizotinib is greater than the treat-
ment’s risks, and thus, crizotinib has been given con-
ditional approval.

The Profile 1007 study was a global phase III study 
that compared crizotinib with single-agent peme-
trexed or docetaxel as a second-line treatment in ALK-
positive patients with advanced or metastatic NSCLC. 

Interim results were published at the 2012 ESMO 
meeting,70 and the full-text publication of the final 
results is expected soon. The study accrued 347 
patients. Crizotinib significantly improved PFS com-
pared with chemotherapy (primary endpoint, median 
7.7 vs. 3.0 mo., HR = 0.49, P , 0.0001). Crizotinib 
tripled the overall response rate, from 20% to 65% 
(P  ,  0.0001). The interim analysis of overall sur-
vival revealed no statistically significant difference 
between crizotinib and chemotherapy (median 20.3 
vs. 22.8 mo., HR = 1.02, P = 0.54). However, 62% of 
the chemotherapy patients crossed over to crizotinib 
after progression. QOL parameters were not reported 
in the abstract.

According to the current NSCLC guidelines of the 
National Comprehensive Cancer Network (NCCN), 
all diagnosed cases of advanced adenocarcinoma of 
the lung, beyond being tested for EGFR mutations, 
should be tested for rearrangements of ALK (http://
www.nccn.org). The guidelines recommend crizo-
tinib as a first-line therapy in patients with advanced 
ALK-positive NSCLC. Despite the notable antitu-
mor activity of crizotinib in ALK-positive NSCLC, 
every patient eventually acquires resistance to this 
therapy. Next-generation ALK inhibitors are cur-
rently under investigation in early-phase studies. At 
the ASCO 2012 annual meeting, preliminary results 
for LDK378 were presented. In a population of ALK-
positive patients with lung cancer, the investigators 
reported objective responses in patients already pre-
treated with crizotinib.71

MET Inhibitors
MET is a tyrosine kinase receptor for hepatocyte 
growth factor (HGF) that is primarily expressed 
on epithelial cells. The activation of MET induces 
several pathways controlling the development and 
growth of different types of cancers (reviewed in).72 
In a recent study comprising 380 surgically resected 
patients with NSCLC, the investigators found that an 
increased MET copy number (assessed by FISH) and 
MET overexpression (assessed by IHC) are negative 
prognostic factors for survival.30 MET amplification 
is a mechanism of resistance to gefitinib and erlo-
tinib in patients with activating EGFR mutations.51,52 
This fact supports the dual inhibition of MET and the 
EGFR, which is applied in current studies of tivan-
tinib and onartuzumab.
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MET is a promising target for anticancer treatment, 
and several MET inhibitors are under clinical study 
for the treatment of NSCLC. Tivantinib (ARQ197) 
is a selective small-molecule tyrosine kinase inhibi-
tor with high specificity for c-MET. In a randomized 
phase II study published in 2011, the combination of 
tivantinib and erlotinib was compared with a placebo 
and erlotinib.73 Of the 167 randomly assigned patients, 
all had been previously treated with chemotherapy 
for advanced NSCLC, but none had undergone EGFR 
TKI therapy. The primary endpoint was PFS. Tumor 
tissue was examined for EGFR and KRAS mutations, 
and the incidence of EGFR mutations was 15%. The 
median PFS was not significantly different between 
the treatments (3.8 mo. for tivantinib vs. 2.3 mo. for 
the placebo, HR = 0.81, P = 0.24). Interestingly, the 
investigators found an HR of 0.18 (P  =  0.006) for 
PFS in the small subpopulation with KRAS-mutated 
tumors. The side effects were typical of EGFR-
directed therapy (rash, mucosal toxicity, and diarrhea) 
and were not significantly increased in the tivantinib 
group. The patients in the tivantinib plus erlotinib 
arm, and especially patients with non-squamous his-
tology, had a significantly longer time until the devel-
opment of new metastases. Based on the results of 
the study, tivantinib entered a phase III clinical trial. 
The MARQUEE study (NCT01244191)74 repeated 
the design of the randomized phase II study but lim-
ited the recruitment to non-squamous histology. In 
a recent press release, the company announced that 
the independent data-monitoring committee of the 
study recommended that the trial be terminated early 
(http://www.daiichisankyo.com/news/detail/004480.
html). A planned interim analysis revealed that the 
study did not meet the primary endpoint of improved 
overall survival. A randomized phase II study com-
paring erlotinib/tivantinib versus single-agent chemo-
therapy in previously treated patients with advanced 
NSCLC and a KRAS mutation is currently underway 
(NCT01395758).

Onartuzumab (Met-MAb) is another agent in current 
clinical development. This compound is a humanized 
monovalent (1-armed) antibody fragment that specif-
ically binds to the MET receptor. Consequently, the 
binding of the receptor to its ligand, HGF, and its sig-
naling pathways are inhibited. A recent phase II study 
compared the efficacy of the combination of onartu-
zumab and erlotinib with a placebo and erlotinib in 

NSCLC patients previously treated with intravenous 
chemotherapy.75 Among the 128 randomized patients, 
54% had c-MET-positive tumors, as assessed by IHC. 
In this subpopulation, the addition of onartuzumab 
resulted in superior PFS (primary endpoint, median 
3.0 vs. 1.5 mo., HR = 0.47, P = 0.01). In patients with 
c-MET-negative tumors, onartuzumab had a detri-
mental effect on overall survival. The patients were 
also tested for EGFR and KRAS mutations and by 
MET-FISH. The results of the study should be con-
firmed by the MetLung study (NCT01456325), a ran-
domized phase III study that is currently recruiting. 
This study will test whether a combination of onar-
tuzumab plus erlotinib is superior to a placebo plus 
erlotinib in chemotherapy-pretreated patients with 
MET-positive NSCLC.

Crizotinib, which was recently approved for the 
treatment of ALK-rearranged NSCLC, is also a potent 
MET inhibitor. A durable response in a patient with 
MET-amplified NSCLC but no ALK rearrangement 
has been reported.76

Angiogenesis Inhibitors
The formation of blood vessels is a crucial process 
in the development and growth of any malignant 
tumor.77 The restriction of vessel growth to control 
tumor growth represents one of the most extensively 
studied pathways in oncology. Therapeutic targets 
mainly involve circulating cytokines and growth 
factors (vascular endothelial growth factor [VEGF], 
platelet-derived growth factor [PDGF], and fibro-
blast growth factor [FGF]) and their transmembrane 
receptors. In NSCLC, one antiangiogenic agent is 
currently approved (bevacizumab). However, numer-
ous other agents could not fulfill early hopes. Several 
of the antiangiogenic tyrosine kinase inhibitors stud-
ied were approved for other indications (eg, sorafenib 
and sunitinib in renal cell carcinoma) but failed or 
are in danger of failing in NSCLC. Currently, no bio-
marker or surrogate marker is established for treat-
ment with bevacizumab. Thus, adequate patient 
selection with the power to improve outcomes is 
lacking. Angiogenesis seems to be a complex mecha-
nism with several parallel signaling pathways that are 
highly adaptable.78

Bevacizumab represents the first substance 
used in lung cancer that specifically targets tumor 
angiogenesis. Based on the results of the pivotal 
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ECOG 4599 and AVAiL studies, this humanized 
monoclonal antibody against VEGF-A was approved 
by the European authorities in 2005 and the FDA in 
2006 for combination treatment of NSCLC. In the 
ECOG 4599 study,79 878 patients with untreated 
advanced NSCLC (only non-squamous histology 
allowed) were randomly assigned to either carbopla-
tin/paclitaxel or carboplatin/paclitaxel/bevacizumab. 
The patients additionally treated with bevacizumab 
had superior overall survival (primary endpoint, 12.3 
vs. 10.3 mo., HR = 0.79, P = 0.003) and progression-
free survival (6.2 vs. 4.5  mo., P  ,  0.001). The 
response rate for bevacizumab was 35% compared 
with an unexpectedly low rate (15%) for the standard 
treatment. QOL was not assessed. In the experimental 
arm, five patients died from severe pulmonary hem-
orrhage (none in the standard arm). The advantage of 
bevacizumab could not be confirmed in the AVAiL 
study.80,81 Here, 1043 patients were randomized to cis-
platin/gemcitabine/placebo or cisplatin/gemcitabine 
plus 1 of 2 doses of bevacizumab (3-arm design). The 
primary endpoint of the study was changed from sur-
vival to progression-free survival while the study was 
running. The median PFS was reported as 6.7/6.5 mo. 
(for 7.5/15 mg/kg bevacizumab, respectively) in the 
experimental arms compared with 6.1  mo. for the 
control population (HR = 0.75/0.82, P = 0.003/0.03). 
The median OS was not significantly different across 
the groups: 13.6/13.4 for bevacizumab compared 
with 13.1 mo. for the placebo. QOL parameters were 
not reported.

Patients with squamous-cell carcinoma were 
excluded from treatment at an early stage because 
of concerns about hemoptysis. Recently, an inter-
national consensus panel of specialists additionally 
recommended withholding bevacizumab from patients 
with a history of grade $2 hemoptysis.82 Major blood 
vessel infiltration, encasement, and abutting can pre-
dict hemoptysis. However, standardization by means 
of radiological criteria remains difficult. Because 
pemetrexed is one of the most effective partners 
used along with platinum agents in the treatment of 
non-squamous NSCLC, a triplet combination com-
prising platinum, pemetrexed, and bevacizumab has 
gained increasing attention. In the recent AVAPERL 
study,83 patients treated with cisplatin, pemetrexed, 
and bevacizumab, with maintenance treatment with 
pemetrexed and bevacizumab, achieved a median 

PFS of 10.2 mo. The data were too premature to allow 
a definitive analysis of OS.

Another antibody is currently in an advanced stage 
of clinical development. Ramucirumab is a fully 
human antibody targeting VEGF receptor 2. This anti-
body functions as a receptor antagonist and blocks the 
binding of VEGF. The results of randomized phase II 
studies were recently presented, and a phase III clini-
cal study program is ongoing. In a NSCLC population 
stratified by histology (the data for adenocarcinoma 
have been presented, and squamous cell carcinomas 
are still being recruited in 2 other arms), 140 patients 
were randomized to receive a platinum agent and (in 
adenocarcinoma patients) pemetrexed, with ramu-
cirumab in one arm.84 The median PFS (primary 
endpoint) was 6.3 mo. with ramucirumab compared 
with 4.3 mo. without ramucirumab (HR = 0.48; 90% 
CI: 0.31–0.74). Survival results are not yet reported. 
The disease control rate at the first staging interval 
was 87% compared with 72%. Another single-arm 
phase II study (SCC not primarily excluded) reported 
a median PFS of 7.85  mo. and a DCR of 90% 
with a combination of carboplatin, paclitaxel, and 
ramucirumab.85 Although the investigators of the first 
study did not report adverse bleeding events, Camidge 
and coworkers specified that 23% of subjects suffered 
from epistaxis.85

Aflibercept is a recombinant fusion protein 
comprising different VEGF receptor domains and 
binding to VEGF-A and -B with a much higher 
affinity than bevacizumab. Moreover, this drug spe-
cifically binds to placenta growth factor (PIGF). In a 
recent large phase III study in patients with advanced 
or metastatic non-squamous NSCLC pretreated with 
a platinum agent, 913 patients were randomized to 
receive docetaxel plus aflibercept or docetaxel plus a 
placebo.86 The primary endpoint was overall survival. 
The median overall survival was not superior with 
aflibercept/docetaxel (median 10.1 vs. 10.4  mo. 
for docetaxel/placebo, P = 0.90). A small benefit in 
progression-free survival (median 5.2 vs. 4.1  mo., 
P = 0.0035) and the objective response rate (23 vs. 9%, 
P , 0.001) was reported by the authors. Given the 
relatively poor results, it is currently unclear whether 
aflibercept will be further developed for the treatment 
of NSCLC.

Several VEGF receptor-directed tyrosine kinase 
inhibitors have been studied over the last few years. 
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However, none of these TKIs is currently approved 
for the indication of NSCLC. Sunitinib is a recep-
tor tyrosine kinase inhibitor with multiple targets. 
In addition to VEGF receptors 1, 2, and 3, this drug 
inhibits PDGF receptors α and β and KIT. In 2 smaller 
phase II studies in which sunitinib was administered 
as a monotherapy to patients who were pretreated with 
NSCLC, the substance yielded response rates of 2/11% 
and median PFS of 12/12 weeks, respectively.87,88 
However, a phase III study published in 2012 could 
not confirm the earlier efficacy data. In a study con-
ducted by Scagliotti and colleagues, pretreated patients 
with disease progression after one or two prior che-
motherapy regimens were 1:1-randomized to receive 
erlotinib plus sunitinib or erlotinib plus a placebo.89 
The primary endpoint was overall survival and the 
combination was not superior to erlotinib alone (9.0 
vs. 8.5 mo., HR = 0.92, P = 0.14). However, patients 
treated with erlotinib and sunitinib had longer PFS 
(3.6 vs. 2.0 mo., HR = 0.807, P = 0.0023).

Sorafenib is a small-molecule tyrosine kinase 
inhibitor with multiple targets. This agent is an inhib-
itor of VEGFR and PDGFR and targets the Raf/Mek/
Erk pathway. In unselected patients with advanced 
NSCLC, sorafenib was tested in 2 large phase III 
studies. One study sought to elucidate whether a 
combination of carboplatin, paclitaxel, and sorafenib 
is superior to a standard treatment with carboplatin 
and paclitaxel plus a placebo.90 The study random-
ized 926 patients. However, the study was terminated 
prematurely, when an interim evaluation revealed 
that the experimental arm could not reach statistical 
significance. Moreover, patients with squamous cell 
histology were found to have higher mortality with 
sorafenib. Among all of the treated patients, the median 
OS for the treatment with sorafenib was 10.7 com-
pared with 10.6 mo. (HR = 1.15, P = 0.92). Another 
study with a comparable phase III design used cispla-
tin and gemcitabine as the chemotherapy backbone, 
and the patients were randomized to receive additional 
sorafenib or a placebo.91 Because of concerns caused 
by the other study, patients with squamous cell carci-
noma were excluded at a certain point. However, the 
primary study endpoint of overall survival was not sig-
nificantly different between the sorafenib and placebo 
treatments (12.4 vs. 12.5 mo., HR = 0.98, P = 0.40). 
An analysis of progression events revealed a minimal 
advantage for the experimental arm (6.0 vs. 5.5 mo., 

HR = 0.83, P = 0.008). Another group selected only 
pretreated KRAS-mutated patients for treatment with 
sorafenib,92 and 59 patients were included. The authors 
reported a median PFS of 2.3 mo. and a median OS of 
5.3 mo. in this poor-prognosis subpopulation.

Vandetanib (ZD6474) is another oral receptor 
tyrosine kinase inhibitor that inhibits KDR/VEGFR2, 
VEGFR3, EGFR, and RET signaling. The substance 
revealed an attractive preclinical efficacy profile. 
However, after a series of clinical studies in pre-
treated patients with NSCLC, the results did not meet 
expectations, and the company decided to withdraw 
any application for approval for the treatment of 
NSCLC. For instance, in the ZODIAC study, 1391 
pretreated patients with NSCLC were randomized to 
receive docetaxel plus vandetanib or docetaxel plus 
a placebo.93 Among the patients treated with van-
detanib, PFS was slightly longer (4.0 vs. 3.1  mo., 
HR = 0.79, P , 0.0001). The ZEAL,94 ZETA,95 and 
ZEPHYR96 studies each addressed the population of 
platinum-pretreated patients and compared vande-
tanib with a placebo, pemetrexed, or vandetanib in 
combination with pemetrexed. However, the results 
were mainly negative.

Other tyrosine kinase inhibitors with antiangio-
genic effects include motesanib, pazopanib, axitinib, 
and nintedanib. Phase III study results are currently 
available or awaited for motesanib and nintedanib. 
For nintedanib (BIBF 1120), a potent small-molecule 
inhibitor of VEGFR1, VEGFR2, VEGFR3, FGFR-1, 
FGFR-2, FGFR-3, and PDGFR-α/β, 2 phase III studies 
will be presented this year (LUME-Lung 1 and 2 stud-
ies). The studies address the role of nintedanib added 
to docetaxel (LUME-Lung 1) or pemetrexed (LUME-
Lung 2) in pretreated NSCLC patients. Motesanib 
(AMG 706) is a selective oral inhibitor of VEGF 
receptors 1, 2, and 3; the PDGF receptor; KIT; and 
RET. Recently, the results of the MONET1 study have 
been published.97 The study randomized 1090 patients 
with advanced or metastatic non-squamous NSCLC 
to receive carboplatin and paclitaxel with daily oral 
motesanib or a placebo. The study was negative for 
the primary endpoint of overall survival (median 13.0 
vs. 11.0 mo., respectively, HR = 0.90; P = 0.14). The 
median PFS was 5.6 mo. for motesanib compared with 
5.4 mo. for the placebo (P ,  0.001). The company 
developing the treatment will continue to conduct a 
phase III study in East Asian patients.
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A major disadvantage of all antiangiogenic anti-
bodies and TKIs is that a reliable selective biomarker 
has not been defined yet. Powerful patient selection 
was missing in all mentioned trials, contributing to 
the weak results with many of the agents. Patient data 
and samples from the ECOG 4599 study on beva-
cizumab have been extensively analyzed to acquire 
more knowledge about predictive markers or sur-
rogate markers for treatment success. Dahlberg and 
coworkers studied the association of a typical adverse 
reaction to all antiangiogenic drugs, arterial hyperten-
sion, with the treatment outcome.98 Compared with 
patients treated without bevacizumab in the ECOG 
4599 study, the authors demonstrated a slightly greater 
benefit for patients receiving bevacizumab and devel-
oping hypertension in terms of progression and sur-
vival. The authors concluded that the occurrence of 
hypertension may be associated with an improved 
outcome.

Dowlati and colleagues tested whether circulating 
cytokines or growth factors can predict the outcome 
of bevacizumab treatment.99 Plasma Intercellular 
adhesion molecule (ICAM), bFGF, E-selectin, and 
VEGF were determined at baseline, and the set of 
patients was divided into low and high groups accord-
ing to the median value. The response rate, PFS, and 
survival were analyzed. The results suggest prognos-
tic but not significantly predictive relevance for the 
pretreatment ICAM levels in bevacizumab-treated 
patients. The VEGF levels had a degree of predic-
tive importance. Patients with low VEGF levels had 
equal response rates with and without bevacizumab 
(29% vs. 29%), whereas at high VEGF levels, the 
bevacizumab-based treatment was associated with a 
superior response rate (33% vs. 8%, P = 0.01). The 
observed effects, however, were not statistically sig-
nificant if the hazard ratios for PFS and survival were  
considered.

Compared with the large number of antiangiogenic 
agents recently being studied, the amount of evidence 
available regarding marker-based patient selection is 
scarce. This should be taken into account while plan-
ning future study projects.

Conclusion and Outlook
The tremendous preclinical and clinical research 
efforts focused on NSCLC over the past few years 
have provided exciting novel insights into systemic 

treatment options. This process is associated with a 
growing number of journal articles, congress posters, 
and news items. Whereas a PubMed search for “lung 
cancer” results in 2438 publications for the year 
2000, the number increases to 7335  in 2012. Once 
an entity exclusively classified by light microscopy-
based characteristics, NSCLC is now further dis-
tinguished by genetic alterations. These alterations 
represent attractive targets for systemic therapies. 
The first studies of gefitinib in EGFR-mutated tumors 
impressively demonstrated that tumor control with 
this novel substance was far superior to conventional 
chemotherapy in certain patients. However, cur-
rent legislation demands high standards in conduct-
ing clinical studies, with corresponding high costs 
of drug development. Another challenge is the low 
frequency of certain driver mutations and biomark-
ers in patients with NSCLC (eg, ALK rearrangements 
occur in approximately 3% of patients, so 33 patients 
are screened to identify one with rearrangement). 
This infrequency requires enormous efforts for the 
screening of patients, and the costs add to the costs 
of therapy.

The vast majority of studies testing novel sub-
stances accrued only patients at an advanced or meta-
static stage of the disease. However, until now, very 
little was known about the incorporation of novel 
therapies into multimodal schedules at early or locally 
advanced stages. For instance, a treatment approach 
in a patient with a stage III tumor and an activating 
EGFR mutation cannot be based on convincing study 
evidence.

There are many patients with types of NSCLC in 
which known, druggable alterations in the genome 
are rare. Nearly every patient with squamous cell 
histology is still treated with conventional platinum-
based doublet chemotherapy. Other rarer histologic 
types, such as large-cell neuroendocrine carcinoma, 
generally lack study evidence. Thus, further research 
efforts are needed in other histologic types in addition 
to adenocarcinoma.
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