
Targeted Therapies for Lung Cancer:
Clinical Experience and Novel Agents

Jill E. Larsen, PhD*, Tina Cascone, MD†, David E. Gerber, MD‡, John V. Heymach, MD†, and
John D. Minna, MD*

*Hamon Center for Therapeutic Oncology Research, Simmons Cancer Center, University of
Texas Southwestern Medical Center, Dallas
†Department of Thoracic and Head and Neck Medical Oncology, The University of Texas MD
Anderson Cancer Center, Houston
‡Department of Internal Medicine, Division of Hematology-Oncology, University of Texas
Southwestern Medical Center, Dallas, TX.

Abstract
Although lung cancer remains the leading cancer killer in the United States, recently a number of
developments indicate future clinical benefit. These include evidence that computed tomography–
based screening decreases lung cancer mortality, the use of stereotactic radiation for early-stage
tumors, the development of molecular methods to predict chemotherapy sensitivity, and genome-
wide expression and mutation analysis data that have uncovered oncogene “addictions” as
important therapeutic targets. Perhaps the most significant advance in the treatment of this
challenging disease is the introduction of molecularly targeted therapies, a term that currently
includes monoclonal antibodies and small-molecule tyrosine kinase inhibitors. The development
of effective targeted therapeutics requires knowledge of the genes and pathways involved and how
they relate to the biologic behavior of lung cancer. Drugs targeting the epidermal growth factor
receptor, anaplastic lymphoma kinase, and vascular endothelial growth factor are now U.S. Food
and Drug Administration approved for the treatment of advanced non-small cell lung cancer.
These agents are generally better tolerated than conventional chemotherapy and show dramatic
efficacy when their use is coupled with a clear understanding of clinical data, mechanism, patient
selection, drug interactions, and toxicities. Integrating genome-wide tumor analysis with drug- and
targeted agent-responsive phenotypes will provide a wealth of new possibilities for lung cancer–
targeted therapeutics. Ongoing research efforts in these areas as well as a discussion of emerging
targeted agents being evaluated in clinical trials are the subjects of this review.
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Lung cancer is a heterogeneous disease clinically, histologically, biologically, and
molecularly.1 The 2 main types of lung cancer, non-small cell lung cancer (NSCLC)
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(representing 80%–85% of cases) and small cell lung cancer (SCLC) (representing 15%–
20%) are identified based on histological, clinical, and immunohistochemical characteristics
and also differ molecularly with many genetic alterations exhibiting subtype specificity.
Non-small cell lung cancer can be further histologically subdivided into adenocarcinoma
(including bronchoalveolar carcinoma), squamous cell carcinoma, large cell carcinoma
(including large cell neuroendocrine lung cancers), and mixed histologic types (e.g.,
adenosquamous carcinoma). In fact, these histologic subdivisions provide important
information for NSCLC therapy selection such as the use of pemetrexed and bevacizumab in
adenocarcinoma but not squamous lung cancers.

Surgical resection of the primary tumor remains the best chance of cure for NSCLC. Early
stages I and II NSCLCs are generally treated with surgery (or radiation if the patient is not a
surgical candidate) with or without adjuvant chemotherapy for stages IB and II. Locally
advanced stages IIIA and IIIB disease is typically treated with a combination of
chemotherapy and radiation if the patient is not a surgical candidate. Patients with metastatic
disease (stage IV) are generally treated with chemotherapy to improve quality of life,
palliate symptoms, and improve survival. Second- and third-line treatment for advanced or
recurrent disease is chemotherapy and, more recently, epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitors (TKIs) if harboring an EGFR mutation or amplification.
Patients with SCLC are generally treated with chemotherapy and concurrent radiation (if
staged as limited disease) or chemotherapy alone (if staged as extensive disease).

TARGETED THERAPIES
The term targeted therapy potentially applies to all cancer treatments. Conventional
cytotoxic chemotherapy is targeted against DNA replication (alkylating agents,
topoisomerase inhibitors, anthracyclines, antimetabolites) or the mitotic microtubule
apparatus (taxanes, vinca alkaloids). Recently, tumor expression of molecules relevant to the
mechanism of conventional chemotherapeutics (such as excision repair cross-
complementation group 1, ribonucleotide reductase M1, and thymidylate synthase) has been
associated with response to certain cytotoxic agents, thus providing further evidence of their
“targeted” nature. However, currently in general clinical usage, “targeted therapy” refers to
2 classes of cancer drugs: monoclonal antibodies (mAbs) and small-molecule TKIs.

Usually, to achieve a favorable efficacy-to-toxicity profile where a therapy kills tumor but
not normal cells, a molecular target should be either unique to, overexpressed in, or mutated
in tumors, when compared with normal tissues. The majority of molecular targets are
expressed on or within cancer cells themselves. However, some targets—in particular,
vascular endothelial growth factor (VEGF) and VEGF receptor (VEGFR)—are expressed in
the tumor microenvironment or stroma.

Compared with the dramatic benefit of imatinib therapy for chronic myeloid leukemia
(CML),2 the overall effect of targeted therapy on lung cancer outcomes has been modest to
date. Only a minority of patients have tumors highly sensitive to these treatments. These
cases generally develop resistance within months rather than years. In unselected
populations, survival gains are measured in weeks. Molecular complexity and heterogeneity
may account for the limitations of targeted therapy in lung cancer and, indeed, in most
malignancies. In contrast to the single, well-described chromosomal aberration of CML,
lung cancer cells are characterized by multiple molecular abnormalities.3 Furthermore,
tumor genetic profiles differ markedly among patients, highlighting the importance of
personalized or tailored therapy for this disease.

Larsen et al. Page 2

Cancer J. Author manuscript; available in PMC 2012 June 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MOLECULAR TARGETING OF NSCLC
Oncogene activation (by gene amplification, point mutation, or DNA rearrangements) or
loss of tumor suppressor gene (TSG) function (by loss of heterozygosity inactivating one
allele and point mutation, epigenetic or transcription silencing inactivating the second
allele)4,5 occurs in probably all lung cancers. This can result in dysregulation of signaling
pathways, leading the cell to exhibit the “hallmarks of cancer” (including self-sufficiency of
growth signals, insensitivity to growth-inhibitory (anti-growth) signals, evasion of
programmed cell death (apoptosis), limitless replicative potential, sustained angiogenesis,
and tissue invasion and metastasis).6,7 Research over the past decade has made a significant
step forward by discovering “oncogene addiction” whereby the cell becomes dependent on
this aberrant oncogenic signaling for survival.3,8–17 These “driver” oncogenes or oncogene
“addictions” represent acquired conditional (on the oncogene) vulnerabilities in lung cancer
cells and present as significant therapeutic targets by offering specificity of killing tumor but
not normal cells. Thus, the cancer cell needs (is “addicted” to) the continued function of the
oncogene (probably because of the associated acquired mutations that are required for the
tumor cell to “tolerate” the oncogene), whereas normal cells do not need the continued
function. This difference provides the therapeutic window. In lung cancer, commonly
activated oncogenes include EGFR/HER1/ERBB1, HER2/ERBB2, MYC, KRAS, MET,
CCND1, CDK4, EML4-ALK fusion, and BCL2. Oncogenic signaling pathways commonly
dysregulated in lung cancer are summarized in Figure 1. For the most part, these pathways
involve activation of a receptor tyrosine kinase (TK) at the cell surface by ligand binding
and receptor homodimerization or heterodimerization leading to autophosphorylation of the
intracellular tyrosine kinase domain, which in turn triggers multiple signal transduction
cascades including the RAS/RAF/MEK (mitogen-activated and extracellular signal–
regulated kinase kinase), PI3K (phosphatidylinositol-3-kinase)/AKT/mammalian target of
rapamycin (mTOR), and STAT (signal transducer and activator of transcription) pathways.

Currently, 1 mAb and 2 TKIs are U.S. Food and Drug Administration (FDA)–approved for
the treatment of NSCLC: bevacizumab (Avastin), crizotinib (Xalkori), and erlotinib
(Tarceva). Although targeted therapies are generally better tolerated than conventional
chemotherapy, they still exhibit toxicities. However, in the appropriate patient population,
these drugs may provide greater benefit than conventional chemotherapy. Ongoing
developments in targeted therapies for lung cancer have been the topic of several recent
reviews,18–22 and selected clinical trials are outlined in detail in the supplementary material
for this review (Supplemental Digital Content, http://links.lww.com/PPO/A4). Table 1 gives
a summary of available agents that have shown efficacy in lung cancer. Detailed information
on clinical trials for targeted agents in lung cancer is available in supplementary tables.

Epidermal Growth Factor Receptor
Epidermal growth factor receptor (also termed HER1/ErbB1) has an extracellular ligand-
binding domain, a transmembrane anchoring region, and an intracellular tyrosine kinase.
The receptor subunits form homodimers and heterodimers to bind different ligands, leading
to autophosphorylation of tyrosine residues on the intracellular tyrosine kinase domain.23

This action creates docking sites for numerous intracellular effector proteins activating
multiple signal transduction cascades including the RAS/RAF/MEK, PI3K/AKT/mTOR,
and STAT pathways (Fig. 1). These molecular signals ultimately result in cellular
proliferation, resistance to apoptosis, invasion, metastasis, and angiogenesis.24–28

Independent of kinase-dependent signal transduction pathways, the EGFR complex may also
be internalized and translocated to the nucleus, where it modifies gene transcription and
contributes to DNA repair mechanisms.29,30
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Epidermal growth factor receptor exhibits overexpression or aberrant activation in 50% to
90% of NSCLCs.31–33 Epidermal growth factor receptor protein expression has been
associated with more aggressive phenotype and worse prognosis in NSCLC, bladder, breast,
and head and neck cancers.33,34 Epidermal growth factor receptor is also expressed on
normal epithelial cells, such as skin and gastrointestinal mucosa—a distribution that
underlies the common toxicities of EGFR inhibitors.

In 2004, a significant advancement was made in the treatment of NSCLC following the
observation that somatic mutations in the kinase domain of EGFR strongly correlated with
sensitivity to EGFR TKIs.10,12 Exquisite sensitivity and marked tumor response have since
been shown with EGFR TKIs (such as erlotinib and gefitinib) in EGFR mutant
tumors10–12,35,36—an example of oncogene addiction in lung cancer where tumors initiated
through EGFR mutation-activation of EGF signaling rely on continued EGF signaling for
survival. Epidermal growth factor receptor mutation by either exon 19 deletion or exon 21
L858R mutation (termed “classic” EGFR mutations) each accounts for approximately 45%
of EGFR mutations and shows an increased amount and duration of EGFR activation
compared with wild-type receptors10 and has preferential activation of the PI3K/AKT/
mTOR and STAT3/STAT5 pathways rather than the RAS/RAF/MEK pathway.36 Exon 19
mutations, most commonly in-frame deletions of amino acids 747–750, are clustered around
the EGFR catalytic domain and flank the ATP-binding site. In addition to activating EGFR
TK signaling, these structural changes enhance drug binding, resulting in complete blockade
of mutated EGFR signaling at relatively low EGFR TKI doses.37 Higher response rates
usually are seen with exon 19 mutations than with exon 21 mutations.38 Exon 21 mutations,
which lie within the TK activation loop, are characteristically L858R substitutions.

Non-small cell lung cancer tumors harboring classic EGFR mutations have response rates
greater than 60% with EGFR TKIs—compared with response rates of approximately 10% in
wild-type EGFR cases—with progression-free survival (PFS) exceeding 1 year and overall
survival (OS) exceeding 2 years.38 Whereas EGFR mutations do not appear to predict
response to anti-EGFR mAbs,39,40 response rates to conventional chemotherapy in this
population may be up to twice those in EGFR wild-type patients.41 Classic EGFR mutations
are particularly prevalent in certain patient subgroups: female sex, East Asian ethnicity,
never-smoking status, and adenocarcinoma histology.11,31,38,42–51 Approximately 10% of
NSCLC cases in North America and Western Europe harbor EGFR mutations, compared
with 30% to 50% of cases in East Asia.

The remaining 10% of EGFR TK mutations, in exons 18 and 20, do not confer sensitivity to
EGFR TKIs and in some cases are associated with resistance. In exon 20, a threonine-to-
methionine substitution at codon 790 (T790M) accounts for approximately 50% of cases of
acquired resistance to EGFR TKIs. It appears that, in such cases, a small population of
cancer cells harboring T790M mutations is present at diagnosis and selected for during
EGFR TKI therapy. Proposed mechanisms of the therapeutic resistance caused by the
T790M mutation include (1) a conformational change resulting in steric hindrance to EGFR
TKI binding (analogous to the T315I mutation in CML)52 and (2) increased EGFR affinity
for ATP.53 Resistance to TKI therapy has also been associated with EGFR exon 20
insertions, KRAS mutation, or amplification of the MET proto-oncogene,54–59 where MET
activates the PI3K pathway through phosphorylation of ERBB3, independent of EGFR and
ERBB2.59 A key finding has been the detection of a small (often <1%) subpopulation of
resistant tumor cells in the primary tumor indicating the need to use EGFR-targeted therapy
combined with therapy to also hit the small subpopulation of resistant tumor cells.
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EGFR-INHIBITING DRUGS: CLINICALLY APPROVED FOR NSCLC
Currently, erlotinib (Tarceva) is the only EGFR-targeting agent FDA approved for the
treatment of NSCLC based on results of the BR.21 phase III trial.60 Cetuximab, an anti-
EGFR mAb approved for use in colorectal carcinoma and head and neck squamous cell
carcinoma, is not currently FDA approved for NSCLC but is included in a number of
NSCLC treatment guidelines, including those of the American Society of Clinical Oncology
and the National Comprehensive Cancer Network. Epidermal growth factor receptor TKIs
and mAbs exert their effects through separate mechanisms: EGFR TKIs bind competitively
to the adenosine triphosphate pocket of EGFR, inhibiting EGFR phosphorylation and
downstream signal transduction, whereas anti-EGFR mAbs antagonize ligand–receptor
binding, thereby preventing receptor subunit dimerization, EGFR autophosphorylation, and
signal transduction. In addition to erlotinib, gefitinib is another first-generation EGFR TKI
that was previously approved for use in NSCLC based on phase II data, but when the phase
III Iressa Survival Evaluation in Lung Cancer (ISEL) trial did not demonstrate a significant
survival benefit compared with placebo,61 it was relabeled for use only in patients already
benefiting from gefitinib or patients on clinical trials. Gefitinib remains approved for more
general use in Asia. In Europe, it is approved for use in patients with tumors harboring
activating EGFR mutations. Supplementary Table 1 summarizes selected phase III clinical
trials in NSCLC using EGFR inhibitors (Supplemental Digital Content,
http://links.lww.com/PPO/A4).

Molecular Biomarkers for Patient Selection
EGFR Expression—The relationship between expression of the EGFR protein and tumor
sensitivity to EGFR inhibition is unclear. Numerous retrospective analyses of NSCLC
patients treated with EGFR TKIs have found no relationship between tumor EGFR protein
expression and objective response rate.45,62,63 However, in the BR.21 study of erlotinib and
the ISEL study of gefitinib, patients with EGFR-positive tumors had significantly prolonged
OS compared with EGFR-negative patients.63,64 The association between EGFR expression
and outcomes in studies of anti-EGFR mAbs is also unclear, as most of these studies
mandated EGFR positivity for study entry. Epidermal growth factor receptor protein
expression can be assessed by immunohistochemistry (IHC), which is available in most
medical centers; however, assessment is limited by reproducibility issues,65 lack of
standardized scoring for EGFR IHC, and the heterogeneous expression of EGFR within
tumor specimens.66,67

EGFR Copy Number—As in the case for EGFR expression, the association between the
number of copies of the EGFR gene and response to EGFR inhibitors is unclear. In some
clinical studies, there has been a positive correlation between increased EGFR copy number
and increased response rate,62,68 time to progression,62,68 and OS.62,69 In the phase III BR.
21 study of second-line erlotinib, increased EGFR copy number was associated with
increased response rates but not increased survival.63 Increased EGFR copy number is
highly correlated with the presence of EGFR mutations, but in Western populations,
increased EGFR copy numberoccurs more frequently.62 Epidermal growth factor receptor
copy number is most commonly assessed by fluorescence in situ hybridization (FISH),
which is more readily standardized than IHC, although less widely available.

EGFR Mutations—Of any biomarker, EGFR mutations have the clearest association with
tumor sensitivity to EGFR inhibitors, particularly TKIs. The current standard for EGFR
mutational analysis is direct gene sequencing. There is ongoing debate as to whether and
when tumor EGFR mutation testing should be performed. Although EGFR TKI as a first-
line therapy could be extremely effective, it would require testing all patients at time of
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diagnosis. Furthermore, clinical data suggest that there is no difference in PFS with EGFR
TKI administered as first-line—or second-line—or third-line therapy in patients with tumors
harboring EGFR mutations.38 Yet patients with EGFR wild-type tumors have superior
outcomes with conventional chemotherapy, rather than with EGFR TKIs in the first-line
setting.41 Aided by their low toxicity, EGFR TKIs provide a survival benefit in second- and
third-line therapy in unselected populations60; thus, EGFR TKIs could be included
regardless of EGFR mutation status. Otherwise, selection of enriched populations (such as
adenocarcinoma, female sex, and/or low smoking history) is a method to prioritize testing or
select patients for therapy. However, in such populations, EGFR mutations still occur in
only about 60% of patients,41 and EGFR mutations occur in up to 10% of patients lacking
typical clinical predictors.70

K-ras Mutations—KRAS is mutated in approximately 20% to 30% of NSCLC and are
mutually exclusive of EGFR mutations and ALK rearrangements.71,72 KRAS mutations in
NSCLC are not clearly associated with resistance to the anti-EGFR mAb cetuximab,40 but
they have been shown to be both prognostic (associated with worse OS) and predictive
(associated with lack of benefit from adjuvant conventional chemotherapy in early-stage
disease and with resistance to EGFR TKIs in advanced disease).60,68,73

Treatment Regimens and Results
Currently, insufficient evidence supports the use of EGFR inhibitors as adjuvant therapy for
early-stage (stage I–III) NSCLC or during or following chemoradiation for locally advanced
(stage III) NSCLC. Notably, a phase III trial in which patients with stage III NSCLC were
randomized to gefitinib or placebo after completion of concurrent chemoradiation
demonstrated significantly worse outcomes in the gefitinib arm (median OS, 23 vs 35
months; P = 0.01).74 This surprising result was not attributed to gefitinib-associated toxicity
and remains largely unexplained.

In a clinically and histologically enriched patient population (East Asian, never-smokers, or
former light smokers with adenocarcinoma NSCLC), gefitinib provides superior
progression-free survival compared with carboplatin-paclitaxel as first-line monotherapy
treatment of advanced (stage IV) NSCLC.41 However, even in this enriched population, for
patients with tumors not harboring activating EGFR mutations, carboplatin-paclitaxel was
superior to gefitinib (hazards ratio for progression or death, 0.48; 95% confidence interval,
0.36–0.64; P < 0.001). These findings have been replicated in other phase III trials of
enriched populations.75–77

As a first-line treatment in combination with chemotherapy, the addition of an EGFR TKI
(erlotinib or gefitinib) to platinum-based chemotherapy does not provide a survival benefit.
The negative results of 4 large randomized trials (totaling >4000 patients) have been
attributed to patient selection (not clinically or histologically enriched to benefit from EGFR
inhibition due to EGFR mutation or amplification) and pharmacodynamic interference
(EGFR TKIs induce G1 cell cycle arrest, potentially interfering with cell cycle–specific [S
and G2/M phase] cytotoxicity of some chemotherapy drugs).45,78 In contrast, in the phase
III FLEX (First-line in Lung cancer with ErbituX) trial, the addition of the anti-EGFR mAb
cetuximab to cisplatin-vinorelbine chemotherapy provided a modest but statistically
significant OS benefit as first-line therapy for patients with EGFR-positive NSCLC.

Erlotinib is approved for maintenance treatment of patients with advanced NSCLC whose
disease has not progressed after 4 cycles of platinum-based first-line chemotherapy. Similar
to second-line treatment, maintenance treatment is administered after completion of first-line
chemotherapy. In a phase III clinical trial, 889 patients (with approximately 70% of patients’
tumors EGFR positive by IHC) whose disease did not progress during first-line platinum-
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based chemotherapy were randomized to erlotinib or placebo. Erlotinib-treated patients had
a significant increase in PFS and OS.79

Epidermal growth factor receptor TKIs also show benefit as second-line therapy where
erlotinib prolongs survival in patients with previously treated advanced NSCLC. In the
phase III National Cancer Institute Canada BR.21 (“BR” designates “bronchus”) trial,
patients randomized to erlotinib had a median OS of 6.7 months, compared with 4.7 months
for placebo (P < 0.001). In contrast, in the phase III ISEL trial, gefitinib did not provide a
significant survival advantage over placebo (median, 5.6 vs. 5.1 months; P = 0.09).

EGFR-INHIBITING AGENTS: NOVEL EGFR mABS
Supplementary Table 1 summarizes selected phase III clinical trials in NSCLC using EGFR
inhibitors (Supplemental Digital Content, http://links.lww.com/PPO/A4). Necitumumab
(IMC-11F8) is a fully human IgG1 mAb directed against EGFR currently in 2 phase III
clinical trials.80 The INSPIRE trial is evaluating necitumumab in combination with
pemetrexed-cisplatin as first-line therapy in advanced NSCLC. Enrollment was stopped
early in 2011 because of concerns of thromboembolism, and the trial will continue with
existing patients. A second phase III trial, SQUIRE, is testing the efficacy of necitumumab
in combination with gemcitabine and cisplatin as first-line therapy in stage IV squamous
NSCLC. No safety concerns have been reported, and enrolment continues.

MET, HER2, AND EGFR TKI RESISTANCE
Although EGFR mutant tumors are initially exquisitely sensitive to EGFR TKIs, disease
progression eventually develops in most patients within a year,81 usually because of
secondary mutations that arise.81,82 Resistance-associated mutations include a T790M
mutation in the EGFR TK domain (which has been reported in approximately 50%–60% of
EGFR TKI resistant tumors),83 EGFR exon 20 insertions, KRAS mutation, or amplification
of the MET proto-oncogene.54–59 In addition, recently, a subgroup of EGFR mutant, EGFR
TKI resistant tumors has been identified that have developed features of small cell lung
carcinoma (while retaining the EGFR mutation).84 Interestingly, these tumors then respond
to SCLC-like chemotherapy. Subsequently when they are resistant to this chemotherapy
they revert to an adenocarcinoma phenotype. This transition strongly suggests resistance
developing by some epigenetic mechanism. Therapeutic resistance caused by the T790M
mutation could be due to a conformational change resulting in steric hindrance to EGFR
TKI binding52 and/or increased EGFR affinity for ATP.53 Amplification of MET is thought
to provide a “bypass” mechanism whereby signaling continues independently of EGFR
activation.

Similar to EGFR, MET is a receptor tyrosine kinase capable of driving RAS/RAF/MEK and
PI3K/AKT/mTOR pathway signaling.85 MET is activated upon binding of the hepatocyte
growth factor. Independent of therapeutic resistance incurred through the EGFR T790M
mutation, amplification of the MET proto-oncogene is also thought to mediate resistance to
EGFR TKIs,54–59 where MET activates the PI3K/AKT/mTOR pathway through
phosphorylation of HER3, independent of EGFR and HER2.59 Inhibition of MET is being
approached with mAbs (such as MetMAb) and small-molecule MET inhibitors (tivantinib/
ARQ-197). Phase II clinical trials in EGFRTKI–naive advanced NSCLCs found a trend for
better PFS with erlotinib and tivantinib compared with erlotinib and placebo, particularly in
patients with KRAS mutant tumors.86 Phase III trials comparing erlotinib and tivantinib
with erlotinib and placebo in non-squamous and EGFR wild-type advanced-stage lung
cancer are currently underway.80 A phase II trial of advanced NSCLC comparing MetMAb,
a monovalent mAb that specifically binds the Met receptor, plus erlotinib to placebo plus
erlotinib as second- or third-line therapy found the combination of MetMAb and erlotinib
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had significant benefit to PFS and OS in tumors with high MET IHC levels but conferred a
worse OS in tumors with no MET amplification.87

Second-generation EGFR TKIs that bind irreversibly to EGFR tyrosine kinase are novel
compounds that induce much less therapeutic resistance and appear to be effective against
secondary resistance mutations such as T790M as well.88,89 Irreversible EGFR TKIs
currently being evaluated in clinical trials, such as PF00299804 (PF-299), afatinib (BIBW
2992), and neratinib (HKI-272), have affinity for both EGFR and HER2, a receptor tyrosine
kinase that can activate lung cancer signaling pathways such as RAS/RAF/MEK and PI3K/
AKT/mTOR.85

The ligand for HER2 remains unknown, but it is activated following homodimerization or
heterodimerization (with EGFR or HER3 preferentially).90 Although HER2 amplification or
overexpression confers sensitivity to anti-HER2 mAbs (trastuzumab) or HER2 TKIs
(lapatinib) in breast and gastric cancer, it does not in NSCLC.91,92 However, exon 20
mutations in HER2 (occurring in 3%–10% of lung adenocarcinomas) do confer sensitivity to
lapatinib in NSCLC cell lines.93,94 HER2 mutations also confer resistance to EGFR TKIs,
regardless of EGFR mutation status as HER2 replaces EGFR in driving growth signals. In
addition to trastuzumab and lapatinib, other mAbs and TKIs in clinical trials include
MGAH22 and PF00299804 (PF-299), afatinib (BIBW 2992), and neratinib (HKI-272). The
LUX-LUNG 1 phase III study evaluated the benefit of afatinib with best supportive care in
advanced NSCLC and found a clinical benefit in PFS.95 Two other phase III studies
evaluating afatinib are underway.80 Following positive results from ongoing phase II studies
showing a benefit of PF00299804, a pan-HER TKI, in advanced NSCLC patients,96,97 phase
III studies of PF00299804 in advanced NSCLC are also underway comparing with either
erlotinib (ARCHER 1009) or with placebo (NCT01000025).80 A phase III study evaluating
neratinib, however, found low activity in all patients, with only 2% responding but a
dramatic response (response rate = 75%) in a rare subset of patients with EGFR G719X
tumors.98 Supplementary Table 1 summarizes selected phase III clinical trials in NSCLC
using EGFR inhibitors (Supplemental Digital Content, http://links.lww.com/PPO/A4).

Anaplastic Lymphoma Kinase
In 2007, a novel fusion gene with transforming ability was reported in a small subset of
NSCLC patients.99 Formed by the inversion of 2 closely located genes on chromosome 2p,
fusion of protein tyrosine kinase echinoderm microtubule-associated protein–like 4 (EML4)
with anaplastic lymphoma kinase (ALK), a transmembrane tyrosine kinase, yields the
EML4-ALK fusion protein. The fusion results in constitutive oligomerization leading to
persistent mitogenic signaling and malignant transformation, and a recent meta-analysis of
13 studies encompassing 2835 tumors reported the EML4-ALK fusion protein is present in
4% of NSCLCs.100 Despite the rarity of these aberrations in NSCLC, the vast number of
lung cancer cases worldwide results in an estimated 40,000 such cases occurring
annually.101 EML4-ALK fusions are, in nearly every case, found exclusive of EGFR and
KRAS mutations and occur predominantly in adenocarcinomas, never or light smokers,
younger age, and male sex.102,103 In contrast to EGFR mutations, ALK translocations do not
appear to have a clear association with race/ethnicity. Anaplastic lymphoma kinase–positive
patients have a significantly longer PFS with pemetrexed, whereas EGFR or KRAS mutant
patients do not.104 Tumors with EML4-ALK fusions exhibit dramatic clinical responses to
ALK-targeted therapy,105–109 and the ALK and MET inhibitor crizotinib (PF-02341066) is
now approved for use for lung cancer treatment in patients harboring the fusion protein.
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ALK-INHIBITING DRUGS: CLINICALLY APPROVED FOR NSCLC
Crizotinib (Xalkori) is an orally bioavailable adenosine triphosphate–competitive inhibitor
of the ALK tyrosine kinase. Crizotinib is the only ALK inhibitor currently FDA approved,
and its use is restricted to patients with advanced NSCLC harboring EML4-ALK fusions.
Crizotinib also inhibits the MET tyrosine kinase, although it is not clear to what extent this
mechanism contributes to therapeutic effect in ALK-positive NSCLC. Supplementary Table
2 summarizes selected phases I–III clinical trials of ALK inhibitors in NSCLC
(Supplemental Digital Content, http://links.lww.com/PPO/A5).

Molecular Biomarkers for Patient Selection
The clinical development of ALK inhibitors is unique among targeted therapies for lung
cancer in that all studies have been biomarker based, where only patients with tumors
harboring EML4-ALK fusions have been enrolled. Anaplastic lymphoma kinase
rearrangements can be identified by IHC, FISH, or polymerase chain reaction, where FISH
is the most clinically applicable; however, dual IHC and FISH may increase sensitivity.103

Whether all NSCLC patients should be tested or a subset preferentially enriched for ALK
fusions (e.g., adenocarcinomas) remains to be determined for cost and efficacy. The terms
“ALK positivity,” “ALK rearrangement,” “ALK fusion,” and “ALK translocation” are
generally synonymous and refer to the presence of the EML4-ALK translocation.

Treatment Regimens and Results
Crizotinib has not yet been studied as adjuvant (postoperative) therapy for early-stage (stage
I-III) NSCLC or as therapy for locally advanced (stage III) disease. In first-line treatment for
advanced (stage IV) NSCLC, results are awaiting for a randomized phase III trial (PROFILE
1014) comparing crizotinib with cisplatin-pemetrexed or carboplatin-pemetrexed in patients
with previously untreated stage IV ALK-positive NSCLC. In second-line and beyond
treatment for advanced disease, crizotinib showed efficacy in an expanded cohort of ALK-
positive NSCLC from a multicenter phase I study.110 Tumor specimens from approximately
1500 patients with advanced NSCLC were screened for ALK translocations. A total of 82
patients, most of whom were treated previously with chemotherapy, were enrolled. The
radiographic objective response rate was 57%, with stable disease 33%, yielding a clinical
benefit rate of 90%. The estimated 6-month PFS rate was 72%. PROFILE 1007 is a
randomized phase III clinical trial of crizotinib versus pemetrexed or docetaxel
chemotherapy for patients who had progressed after platinum-based chemotherapy, whereas
PROFILE 1005 is a phase II single-arm study that provides crizotinib to patients on
PROFILE 1007 randomized to chemotherapy with disease progression or to patients not
eligible for PROFILE 1007.

ALK-INHIBITING AGENTS: NOVEL AGENTS
Nearly all ongoing clinical trials aimed at inhibiting ALK activity in NSCLC use crizotinib,
but despite remarkable initial responses, cancers eventually develop resistance to crizotinib,
usually within a year,111,112 thereby limiting the potential clinical benefit. Secondary
resistance mutations in the TK domain of ALK were identified in patients who had a disease
progression on crizotinib. Thus, as with second-generation development of irreversible
EGFR TKIs against EGFR T790M resistance mutations, efforts are being made to identify
agents effective against crizotinib-resistant EML4-ALK–positive cancers. Two ALK
inhibitors structurally different from crizotinib, NVP-TAE684 and AP26113, as well as the
heat shock protein 90 (HSP90) inhibitors 17-AAG and ISI-504 have shown potency in vitro
where crizotinib does not.112–114 A phase II trial is ongoing to evaluate efficacy of ISI-504 a
phase II trial in ALK inhibitor– naive versus pretreated NSCLCs.80

Larsen et al. Page 9

Cancer J. Author manuscript; available in PMC 2012 June 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://links.lww.com/PPO/A5


VEGF and VEGFR
Angiogenesis, the growth of new blood vessels from pre-existing vasculature, is essential for
tumor development as tumor cells require an ongoing source of oxygen and nutrients for
proliferation,115 thus rendering angiogenesis a rational target for cancer therapy. The
VEGF–VEGFR axis regulates endothelial cell survival, mitogenesis, migration, mobilization
of endothelial progenitor cells from bone marrow, and vascular permeability.

Whereas VEGF is the principal mediator of angiogenesis, other angiogenic proteins include
platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), interleukin 8, and
angiopoietins 1 and 2. Vascular endothelial growth factor stimulates proliferation and
migration, inhibits apoptosis, promotes survival, and regulates endothelial cell
permeability.116 VEGF signaling is stimulated by tumor hypoxia, growth factors and
cytokines, and oncogenic activation.117 The VEGF-related gene family of growth factors
includes VEGF-A, -B, -C, -D, and -E and placenta growth factors 1 and 2. Vascular
endothelial growth factor A, commonly referred to as VEGF, binds to 3 receptors: VEGFR1,
VEGFR2, and VEGFR3. Vascular endothelial growth factor receptors are receptor tyrosine
kinases. Similar to EGFR, they convey proliferation signals via intracellular mediators.
Vascular endothelial growth factor is highly expressed in both NSCLC and SCLC,118 and its
expression is associated with poor prognosis in NSCLC71,119,120; therefore, inhibition of
VEGF signaling in tumor cells is an important therapeutic target. One caveat to this therapy
is VEGF signaling is also present in the stroma as well as the tumor cells. Supplementary
Table 3 summarizes selected phase III clinical trials in NSCLC using antiangiogenic
inhibitors (Supplemental Digital Content, http://links.lww.com/PPO/A6).

VEGF-INHIBITING DRUGS: CLINICALLY APPROVED FOR NSCLC
Currently, only 1 VEGF inhibitor is FDA approved for NSCLC, the mAb bevacizumab
(Avastin). Bevacizumab blocks the binding of all VEGF-A isoforms to VEGFRs, inhibiting
the biologic activities of VEGF. Because angiogenesis is relevant to the development and
growth of multiple tumor types, bevacizumab is approved for multiple indications, including
NSCLC (nonsquamous histology), colorectal cancer, breast cancer, glioblastoma
multiforme, and renal cell carcinoma.

Molecular and Clinical Biomarkers for Patient Selection
In NSCLC, no biomarkers consistently predict response to antiangiogenic agents. Tumor
and plasma VEGF levels are prognostic, but not reliably predictive.72 Vascular endothelial
growth factor and VEGFR polymorphisms, which have been characterized in breast cancer
patients treated with bevacizumab,121 are under study in NSCLC. Other candidate
pharmacodynamic markers include multiple plasma cytokines and angiogenic factors,
among them intracellular adhesion molecule 1, E selectin, soluble VEGFRs, matrix
metalloproteinases, and interleukins.

Analogous to EGFR inhibitor–associated rash, treatment-associated hypertension has
emerged as a possible predictor of benefit from bevacizumab. In Eastern Cooperative
Oncology Group 4599, patients randomized to receive bevacizumab who developed
hypertension had a median OS of 14.0 months, compared with 11.3 months for patients
without hypertension. However, it should be noted that only 8% of bevacizumab-treated
patients in this study developed hypertension and that this comparison did not reach
statistical significance.122
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Treatment Regimens and Results
Bevacizumab has shown efficacy in first-line treatment of advanced (stage IV) NSCLC. The
addition of bevacizumab to carboplatin-paclitaxel for patients with advanced nonsquamous
NSCLC significantly prolongs survival. In the phase III Eastern Cooperative Oncology
Group 4599 clinical trial, patients receiving carboplatin-paclitaxel plus bevacizumab had a
median survival of 12.3 months, compared with 10.3 months in the group receiving
carboplatin-paclitaxel alone (P = 0.003). However, the addition of bevacizumab to cisplatin-
gemcitabine does not provide a survival benefit. In the phase III AVAiL (AVAstin in Lung)
trial, patients were randomized to cisplatin-gemcitabine alone, cisplatin-gemcitabine plus
bevacizumab 7.5 mg/kg, or cisplatin-gemcitabine plus bevacizumab 15 mg/kg. Median OS
in the 3 groups was, respectively, 13.1, 13.6 (P = 0.42 compared with chemotherapy alone),
and 13.4 (P = 0.76 compared with chemotherapy alone) months.

Currently, insufficient evidence supports the use of bevacizumab as a component of
adjuvant therapy for early-stage (stage I-III) NSCLC, and combining bevacizumab with
concurrent chemoradiation for inoperable stage III NSCLC is not recommended because it is
associated with increased incidence of tracheoesophageal fistulae.123

In addition to inhibiting the growth of new blood vessels in tumors, disruption of the VEGF
pathway exerts several effects on normal vasculature. Thus, bevacizumab toxicities include
thromboembolic events, bleeding, wound healing complications, hypertension, and
proteinuria.124–127 In patients with lung cancer, specifically with squamous cell histology, a
particular concern is hemoptysis, and squamous cell tumor histology remains an absolute
contraindication to bevacizumab.

VEGF-INHIBITING AGENTS: NOVEL AGENTS
The anti-VEGF mAb bevacizumab is the only antiangiogenic drug currently approved for
lung cancer treatment. Several antiangiogenic agents have been FDA-approved for the
treatment of various cancers, including sunitinib (renal cell carcinoma [RCC], hepatocellular
carcinoma, pancreatic neuroendocrine tumors), sorafenib (RCC, hepatocellular carcinoma),
vandetanib (medullary thyroid cancer), and pazopanib (RCC). However, these drugs have
not demonstrated survival benefits in NSCLC. Selected clinical trials of these inhibitors as
well as additional novel agents in NSCLC are summarized in Supplementary Table 3
(Supplemental Digital Content, http://links.lww.com/PPO/A6).

VEGFR TKIs
Sunitinib and sorafenib are TKIs targeting multiple kinases, including VEGFR, PDGF
receptor (PDGFR), cKIT, and FLT-3.128 Phase II trials of single-agent therapy with
sunitinib in NSCLC reported activity129; however, toxicity issues were demonstrated in
trials combining sunitinib with chemotherapies (SABRE-L).130,131 A phase II trial testing
the benefit of sunitinib and pemetrexed alone or in combination in advanced pretreated
NSCLCs as well as a phase III/IV trial evaluating sunitinib for maintenance therapy as a
single agent is ongoing.80 Dual inhibition of EGFR and VEGF signaling is being evaluated
in phase II (SUN 1058) and phase III (SUN 1087) trials studying the benefit of erlotinib
alone or in combination with sunitinib in advanced NSCLC.80 Both trials have finished
recruiting and await results.

Following promising results in a phase II study that found benefit with sorafenib therapy in
patients with prior therapies,132 sorafenib was evaluated in phase III trials as a first-line
therapy in combination with chemotherapies (ESCAPE128 and NExUS). The ESCAPE study
found no improvement in OS with the addition of sorafenib to carboplatin-paclitaxel.128 The
NExUS study comparing cisplatin-gemcitabine with and without sorafenib has completed
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enrollment and awaits results. Recent results from the phase II BATTLE trial in pretreated
lung cancers found benefit for sorafenib in KRAS mutant tumors,79 illustrating the need for
biomarkers to identify patient populations that will most benefit from targeted therapies.

Vandetanib (ZD6474) is a dual VEGFR2 and EGFR TKI, albeit with only moderate EGFR
TKI activity. Phase II data found PFS benefit of vandetanib to docetaxel as second-line
therapy in patients who had failed platinum-based chemotherapy.133 A phase III study
(ZEAL) evaluating the benefit of adding vandetanib with pemetrexed found no OS or PFS
benefit but improved objective RR and time to deterioration of symptoms with
vandetanib.134 However, another phase III trial comparing erlotinib alone or with
combination with vandetanib found no difference in PFS or OS in an unselected population
of advanced NSCLC with treatment failure following at least 1 chemotherapy.135

Pazopanib, a multikinase TKI approved for use in RCC, targets VEGFR1/2/3, PDGFR>/A,
and cKIT and is currently undergoing phase III trials as second-line monotherapy.

Two VEGFR TKIs undergoing clinical trials in lung cancer that have not been approved for
use in any cancer are vargatef (BIBF 1120) and motesanib (AMG-706). Vargatef targets
VEGFRs, PDGFRs, and FGF receptors and is currently in 2 phase III trials evaluating its
efficacy in second-line therapy combined with either docetaxel or pemetrexed.80 Motesanib
inhibits all known VEGFRs, PDGFR, and c-KIT and is currently being evaluated in a phase
III trial in combination with paclitaxel and carboplatin for advanced NSCLC.

VEGF mAbs
Aflibercept is a fusion protein with high affinity for VEGF. A phase II clinical trial found
aflibercept was well tolerated in nonsquamous, advanced population,136 which led to an
ongoing phase III trial comparing the efficacy of aflibercept with docetaxel in advanced
NSCLC.80

RAS/RAF/MEK Pathway
Activation of the RAS/RAF/MEK pathway occurs frequently in lung cancer, most
commonly via activating mutations in KRAS (predominantly in codon 12), which occur in
~20% of lung cancers, particularly adenocarcinomas.137,138 Mutation results in constitutive
activation of downstream signaling pathways such as PI3K/AKT/mTOR and MAPK,
rendering KRAS mutant tumors independent of EGFR signaling and therefore resistant to
EGFR TKIs as well as chemotherapy.35,56,139 KRAS mutations are mutually exclusive with
EGFR and HER2 mutations and are primarily observed in lung adenocarcinomas of
smokers.35,140 The prevalence and importance of KRAS in lung tumorigenesis make it an
attractive therapeutic target; however, it remains “undruggable,” with 2 unsuccessful
approaches being farnesyltransferase inhibitors (to inhibit posttranslational processing and
membrane localization of RAS proteins) and antisense oligonucleotides against RAS.137

Recent efforts have focused on downstream effectors of RAS signaling: RAF kinase and
mitogen-activated protein kinase (MAPK) kinase (MEK).137,141 BRAF is the direct effector
of RAS, and although commonly mutated in melanoma (~70%), mutations are rare in lung
cancer (~3%), predominantly in adenocarcinoma, and mutually exclusive to EGFR and
KRAS mutations.142–145 Small-molecule kinase inhibitors have been designed to inhibit
RAF kinase activity such as the multikinase inhibitor sorafenib (which inhibits VEGFR,
PDGFR, FLT-3, RAF, MEK, and KIT) as well as some BRAF mutant-specific inhibitors
such as vemurafenib (PLX-4032), PLX-4720, and GDC-0879146 Sorafenib was approved by
the FDA in 2005 for the treatment of RCC. It is a relatively weak RAF inhibitor but showed
efficacy in KRAS mutant NSCLC in the phase II BATTLE trial.79
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Several potent and selective MEK inhibitors such as selumetinib (AZD6244) and
GSK1120212 show potential in inhibiting RAS/RAF/MEK signaling. In an unselected
population of advanced NSCLCs, a phase II trial comparing selumetinib with pemetrexed
therapy found no benefit with selumetinib therapy,147 but 2 more phase II trials are either
underway or completed including the BATTLE-2 trial comparing erlotinib, the AKT
inhibitor MK-2206, selumetinib, and sorafenib. Evaluation of GSK1120212 is still in early
phase I trials.

Supplementary Table 4 summarizes selected phases II and III clinical trials in NSCLC using
RAF and MEK inhibitors (Supplemental Digital Content, http://links.lww.com/PPO/A7).

Insulin Growth Factor Pathway Inhibition
The insulin growth factor (IGF) pathway mediates the growth and differentiation of bone
and skeletal muscle. It comprises 2 receptors, insulin receptor (IR) and insulin-like growth
factor 1 receptor (IGF-1R), and 3 principal ligands, IGF-1, IGF-2, and insulin.148 Insulin-
like growth factor 1 receptor is a receptor tyrosine kinase that forms homodimers and
heterodimers with IR and HER2. Like HER2, IGF-1R does not appear to be mutated in
cancers. Activation upon ligand binding results in up-regulation of various signaling
pathways including the PI3K/AKT/mTOR and RAS/RAK/MEK pathways. Dysregulation of
IGF signaling in lung cancer is evidenced by frequent (up to 70%) overexpression of
IGF-1R in NSCLC,149,150 where increased signaling results in tumor growth and drug
resistance.151 Furthermore, increased levels of IGF-1 are associated with increased risk of
lung cancer.152,153

Several mAbs and small molecules have commenced efficacy testing in lung cancer
(Supplementary Table 4, http://links.lww.com/PPO/A7), although progress in IGF-R1–
targeted TKIs has been limited by the high degree of TK domain homology between IGF-1R
and IR.154 Following promising phase II results of figitumumab (CP-751,871), a mAb
against IGF-1R, in nonadenocarcinoma histology,155 a randomized phase III trial (ADVIGO
1018) commenced comparing the efficacy of figitumumab plus erlotinib versus erlotinib
alone in refractory, advanced NSCLC but was terminated due to lack of effect in the primary
endpoint of OS. Another phase III trial (ADVIGO 1016) evaluating the efficacy of
combining paclitaxel, carboplatin, and figitumumab as first-line therapy in advanced
NSCLC was also terminated because of lack of efficacy as well as adverse effects.156 Other
IGF-1R–targeted mAbs such as cixutumumab and AMG479 as well as IGF-1R TKIs such as
OSI906 have commenced preliminary phases I and II evaluation, but the lack of success
found with figitumumab suggests that further progress of IGF-1R–targeted therapy will
require identification of biomarkers and clinicopathologic factors—such as squamous cell
histology—to select appropriate patient groups.157

PI3K/AKT/mTOR Pathway Inhibition
The PI3K/AKT/mTOR pathway is a downstream signaling pathway of several receptor
tyrosine kinases, such as EGFR. Downstream targets of AKT (a serine/threonine kinase
downstream from PI3K) are involved in cell growth, angiogenesis, cell metabolism, protein
synthesis, and suppression of apoptosis directly or via the activation of mTOR. Activation
can occur through the binding of the SH2 domains of p85, the regulatory subunit of PI3K, to
phosphotyrosine residues of activated RTKs such as EGFR or via binding of PI3K to
activated RAS.158 The pathway has 2 negative regulators: the tumor suppressor gene,
PTEN, and TSC1/TUSC2 complex, which act upstream and downstream of AKT,
respectively. In lung tumorigenesis, activation of the PI3K/AKT/mTOR pathway occurs
early in pathogenesis, generally through mutations in PI3K; AKT; or PTEN as well as
EGFR or KRAS; amplification of PIK3CA, which encodes the catalytic subunit of PI3K;
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PTEN loss; or activation of AKT and results in cell survival through inhibition of
apoptosis.13,159–164

Several novel PI3K (BKM120 and GDC-0941) and AKT (MK-2206) inhibitors are currently
being evaluated in phase II trials in patients with advanced NSCLC after promising phase I
results (Supplementary Table 4, http://links.lww.com/PPO/A7). The results from 2 BKM120
trials will be of particular interest as patient selection includes molecular biomarker analysis,
requiring either activated PI3K pathway (being tested in combination with chemotherapy) or
tumors with mutations in KRAS, NRAS, and/or BRAF.

Rapamycin and its derivatives (everolimus, temsirolimus) block mTOR functions and yield
antiproliferative activity in a variety of malignancies. Everolimus (RAD001) has
demonstrated tolerability in advanced-stage NSCLC patients in a phase II study with some
clinical activity.165 An analysis of molecular biomarkers was attempted in the patient cohort,
but limited sample precluded any conclusions. Ongoing phase II trials are testing the
efficacy of everolimus in combination with chemotherapies.80 The mTOR inhibitor
temsirolimus is clinically approved for use in renal cell carcinoma. Studies in lung cancer
are ongoing. In an attempt to enhance the effectiveness of temsirolimus and bypass
resistance to mTOR inhibition, a phase I trial dually inhibited mTOR and IGF-1R with
temsirolimus and cixutumumab in solid tumors.166 Temsirolimus combined with
cixutumumab was well tolerated, but tumor reduction was observed only in Ewing sarcoma
and adrenocortical carcinoma. As a single agent, temsirolimus was recently evaluated in the
phase II setting in advanced NSCLC, and results are expected soon.80 The studies of mTOR
inhibitors have all been conducted in unselected patient populations. Molecular
characterization of PI3K/ AKT/mTOR pathway biomarkers is expected to allow a better
selection of tumors responsive to mTOR, as well as AKT and PI3K inhibition. Loss of
PTEN functions, for example, results in AKT activation and cell growth and proliferation,
and targeted therapies to the PI3K/AKT/mTOR pathway (such as LY294002 and
rapamycin) have shown significant efficacy in vitro in both NSCLC and SCLC cells with
activated AKT signaling.167–169

Tumor Necrosis Factor–Related Apoptosis-Inducing Ligand Therapy
Tumor necrosis factor–related apoptosis-inducing ligand (TRAIL) is a membrane-bound
protein constitutively expressed on macrophages, T cells, natural killer cells, and dendritic
cells that selectively kills tumor cells while leaving most normal cells unharmed.170 It
initiates apoptosis by binding to cell surface TRAIL death receptors (TRAIL-R1/R2), which
trimerize for receptor activation leading to intracellular recruitment of FADD (Fas-
associated death domain) and its sequestered procaspase 8 to form the death-inducing
signaling complex. Both the extrinsic (direct) and intrinsic (indirect) apoptotic pathways can
then be activated through the cleavage of procaspase 8.

Therapeutic targeting of TRAIL receptors is an attractive target, particularly because
TRAIL-induced apoptosis is independent of p53, which is often inactivated in lung cancer
cells. However, many lung cancer cell lines demonstrate intrinsic resistance to TRAIL-
induced apoptosis, thought to be conferred, in part, through mutations in TRAIL death
receptors and the death-inducing signaling complex, rendering them resistant to TRAIL
therapy. Currently, TRAIL targeting molecules comprise either recombinant human TRAIL
or agnostic mAbs targeted against either TRAIL-R1 and/or TRAIL-R2 (Supplementary
Table 4, http://links.lww.com/PPO/A7). A phase IB trial using the recombinant human
TRAIL dulanermin in combination with paclitaxel and carboplatin with and without
bevacizumab showed potential as first-line therapy in advanced NSCLCs171 and is currently
being evaluated in a phase II setting.80 Mapatumumab and conatumumab are 2 agonist
mAbs being tested in clinical trials that target TRAIL-R1 and TRAIL-R2, respectively. As a
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single agent, mapatumumab was well tolerated in NSCLC patients with refractory
disease,172 but combination with carboplatin-paclitaxel as first-line therapy showed little
effect.173 A similar study using conatumumab with carboplatin-paclitaxel has been
completed and is awaiting results80 following promising monotherapy results.174

Histone Deacetylase Inhibition
Epigenetic events can lead to changes in gene expression without any changes in DNA
sequence and therefore, importantly, are potentially reversible.175 Histone modification is a
mechanism for epigenetic control of gene transcription where histone deacetylation results
in condensing of chromatin, resulting in transcriptionally inactive DNA. Inhibitors of
histone deacetylases (HDACs) resulting in pharmacologic restoration of expression of
epigenetically silenced genes—such as TSGs—are an exciting targeted therapeutic approach
and show promise in lung cancer176,177 (Supplementary Table 4,
http://links.lww.com/PPO/A7). A phase II/III trial found a significantly improved RR with
the addition of vorinostat, an HDAC inhibitor, to carboplatin-paclitaxel for the treatment of
advanced NSCLC; however, the study was terminated because the primary endpoint of OS
was not reached.178 Similar studies plus a phase III trial testing the efficacy of another
HDAC inhibitor, CI-994, in combination with gemcitabine as a second-line therapy are
ongoing.80

Heat Shock Protein Inhibition
Heat shock proteins are molecular chaperones involved in posttranslational folding, stability,
activation, and maturation of many proteins essential to signal transduction and cell cycle
progression. They also chaperone oncogenic proteins, and inhibition of HSP90, the best
studied HSP proteins, leads to the degradation of known oncogenes such as HER2, BRAF,
and BCR-ABL, resulting in the inhibition of multiple oncogenic transduction pathways.

Geldanamycin is a natural compound HSP90 inhibitor from which several 17–amino acid
derivatives have been developed including 17-AAG, SNX-5422, retaspimycin, and
ganetespib (Supplementary Table 4, http://links.lww.com/PPO/A7).179 A phase I trial of
SNX-5422 in refractory tumors was well tolerated,180 but development has been halted
because of ocular toxicity observed in mouse models and another phase I study.181 A phase
II study of retaspimycin (IPI-504) in advanced NSCLC with prior EGFR TKI therapy and
molecular profiling found that patients with ALK rearrangements had improved response
compared with patients with EGFR wild-type or mutant tumors.182 Consequently, a number
of other phase II studies are underway in patients with tumors harboring KRAS mutations or
ALK rearrangements80 to better define the benefit of molecular selection of patients.

Telomerase Inhibition
Activation of telomerase, the telomere-lengthening enzyme, in premalignant cells prevents
loss of telomere ends beyond critical points and is essential for cell immortality. Although
silenced in normal cells, telomerase is activated in greater than 80% of NSCLCs and almost
uniformly in SCLCs.183–185 Inhibition of telomerase in cancer cells leads to telomere
shortening and ultimately either cellular senescence or apoptosis.186,187 Targeted
approaches to telomerase inhibition include using antisense oligonucleotides that bind to
human telomerase RNA187 (such as imetelstat, which has started Phase II trials)
(Supplementary Table 4, http://links.lww.com/PPO/A7).80

Targeting Lung Cancer Stem Cells
The cancer stem cell (CSC) model hypothesizes that there is a population of rare, stem-like
tumor cells capable of self-renewing and undergoing asymmetric division, thereby giving
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rise to differentiated progeny that comprises the bulk of the tumor.188–190 Although the first
evidence for CSCs (also termed tumor-initiating cells) was reported in acute myeloid
leukemia,191 support for their existence in solid tumors, including lung cancer, is
increasing.105,107,192–196 Regulation of CSCs in lung cancer is likely by the hedgehog (Hh),
Wnt, and Notch stem cell signaling pathways as persistent dysregulation of these pathways
is found in both SCLC and NSCLC.197–210

Cancer stem cells are thought to have higher resistance to cytotoxic therapies and
radiotherapy than the bulk of differentiated tumor cells. Thus, whereas conventional
treatment strategies may initially “debulk” the primary tumor through elimination of
differentiated tumor cells, the small population of CSCs eventually regenerates the tumor,
giving rise to recurrence. Approaches to specifically treating the CSC population include
selective targeting using CSC detection molecules; sensitization of CSCs to conventional
therapies and differentiation therapies; inhibition of signaling pathways important to CSCs
such as Hh, Wnt, and Notch signaling pathways; and inhibition of telomerase. Inhibition of
the Hh pathway has been demonstrated with cyclopamine, a naturally occurring inhibitor of
SMO, which has led to the development of synthetic oral inhibitors that show clinical
activity in basal cell carcinoma.211 Inhibition of the Notch signaling pathway shows
potential with γ-secretase inhibitors. Several inhibitors have shown efficacy in
NSCLC,212,213 and 2 phase II trials using the γ-secretase inhibitor RO4929097 as second-
line therapy in advanced NSCLC with prior chemotherapy have commenced.80

MOLECULAR TARGETING OF SCLC
No targeted therapies have been presently approved for the treatment of SCLC. A number of
agents have either been tested or are ongoing in clinical trials (Supplementary Table 5,
http://links.lww.com/PPO/A8), although the limited success of the former suggests we need
better understanding of the molecular biology of SCLC to identify better therapeutic targets.
As with other cancers, SCLS exhibits dysregulation of signaling pathways regulating
various cellular processes such as cell cycle, cell proliferation, apoptosis, and angiogenesis,
but agents targeting these pathways have little activity. Clinical studies of targeted therapy
in SCLC have been reviewed recently.18,19 Limited access to tumor samples has hindered
understanding of the SCLC genome, but recent whole-genome sequencing efforts214,215 will
identify somatic “driver” mutations that provide good targets for therapeutic development.
This will allow a more systemic approach to clinical trials that is more likely to generate
improved results.

CONCLUSIONS
Immense effort in basic research now affords clinicians a considerable selection of targeted
agents for therapy. However, one overall message that has emerged from clinical trials of
targeted therapies in NSCLC to date is that the heterogeneous nature of NSCLC
significantly limits the ability to detect therapeutic benefit of a specific agent in unselected
patient populations. Thus, the current dilemma in clinical trial design is how to select patient
populations that will derive the most benefit. This requires identifying patients who exhibit
dramatic results from these agents and subsequently identifying clinicopathologic factors or
molecular biomarkers associated with response. Two multi-institutional examples of
coordinated efforts to accelerate our understanding of the lung cancer genome are The
Cancer Genome Atlas216 and the Lung Cancer Mutation Consortium (LCMC).217 The
LCMC has completed sequencing of tumor DNA for mutations in common and potentially
“actionable” oncogene using CLIA-certified methods. The LCMC then couples the patients
with particular mutations to clinical trials with agent(s) targeting that mutant oncoprotein or
activated pathway.
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Both in vitro studies and clinical trials of targeted agents have also shown that inhibition of a
single target or pathway is an ineffective approach to cancer therapy. Experience with EGFR
and ALK TKIs has shown that resistance mechanisms will continue to emerge in tumor
cells. Combination targeted therapies, such as erlotinib and bevacizumab, are now being
evaluated in clinical trials that are directed at multiple targets, pathways, or cellular
processes.

Finally, although traditional chemotherapy approaches to lung cancer treatment may not
provide any further significant advancement to disease response and OS in lung cancer, it is
apparent that their efficacy can be marked and diverse when combined with knowledge of
molecular biomarkers or use with targeted therapies. Elucidating these patient subsets will
guide clinicians in the context of personalized medicine.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Signaling pathways and their targeted therapies in NSCLC. Aberrant signaling resulting in
activation of growth stimulatory pathways or interference of growth inhibitory pathways has
been implicated in lung cancer pathogenesis. Activation of RTKs through ligand binding
leads to up-regulation of multiple signaling pathways including the RAS/RAF/MEK
pathway, the PI3K/AKT/mTOR pathway, and the STAT. GF, growth factor.
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