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Lung cancer is the leading cause of cancer related mortality in Canada and USA. Majority of 
the patients present in advanced stage of the disease and of these only about 2% will be alive at 
5 years. NSCLC is the most common form of lung cancer, accounting for approximately 87% 
of cases.

Systemic chemotherapies have been used to treat metastatic NSCLC for decades, but the 
improvements of outcomes have reached a plateau.

Recent advances in understanding signalling pathways for malignant cells, their 
interconections,the importance of various receptors and biomarkers and the interplay between 
various oncogenes have led to the development of targeted treatments that are improving both 
efficacy and safety of the treatments.

Knowledge about the advantages of treatments with the targeted agents in metastatic NSCLC 
is growing rapidly. Combining various targeted agents or sequencing them properly will be 
important in the era of personalised medicine and overcoming development of the resistence 
to various targeted agents will be challenging.

The importance of a team work,from the diagnosis through various treatments, to supportive 
care,from the interventional radiologists, pneumologists or surgeons, who have to obtain a 
satisfactory tumor tissue specimen, to pathologists, radiation and medical oncologists, to 
supportive care specialists, will be described in our publications. We will cover completely 
present and future approaches to personalised medicine in this rapidly evolving field of 
metastatic NSCLC.
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Lung cancer is the leading cause of cancer-related mortality in
Canada (1) and around the world. Non-small cell lung cancer
(NSCLC) is the most frequent form of lung cancer, accounting
for approximately 87% of cases and the majority of these are
metastatic at the time of presentation (2, 3).

We have reached a plateau (4, 5) with different systemic
chemotherapies, specifically platinum-based, which have been
used to treat metastatic NSCLC for several decades; median sur-
vival improved to 8–10 months (from 4-6 months without treat-
ment). Significant toxicities limited the number of cycles that
could be administered (6).

Current recommendations for first-line treatment of advanced
NSCLC use both histologic and molecular diagnostics in design-
ing the course of treatment (7, 8). We have learned the importance
of distinguishing between squamous and non-squamous histolo-
gies (9) in order to choose an appropriate chemotherapy regimen.
The algorithms for first-line treatment of advanced NSCLC recom-
mend using both histologic and molecular diagnostics in designing
the treatment (7, 10, 11). This in turn requires an adequate amount
of biopsied tumor tissue in order to be able to perform all the nec-
essary testing, which is needed for right decisions (12). Tumor
aspirations for the diagnosis are not acceptable anymore.

Recent advances in understanding signaling pathways for
malignant cells, interconnections in those pathways, the impor-
tance of various receptors (13–15), and biomarkers, and also the
interplay between various oncogenes have led to the development
of targeted treatments that are improving not only the efficacy
of the treatments, but also safety benefits, less toxicity (16) with
improvement of patient’s quality of life (17) in this palliative
setting.

These treatments are aimed at specific (especially genetic) alter-
ations in the malignant cells. Various NSCLC subtypes are associ-
ated with potentially targetable biomarkers such as mutation of the
epidermal growth factor receptors (EGFR) (18–22), KRAS (23), or
the presence of echinoderm microtubule-associated protein-like 4
(EML-4) and anaplastic lymphoma kinase (ALK) fusion genes,
ALK rearrangements (13, 15). C-Met over-expression or amplifi-
cation (24–27), are playing a role in the development of resistance
to the therapies (28), i.e., with EGFR-TKIs. T790M mutation on
Exon 20 in the EGFR domain is the most frequent cause of the
development of this resistance (29).

Knowledge about the advantages of treatments with targeted
agents in advanced NSCLC is rapidly growing, but the hope is to
eventually apply this knowledge to earlier stages of NSCLC and

thus to increase the cure rate of these patients. Combining various
targeted agents or sequencing them properly will be of the utmost
importance in the new era of personalized targeted therapy (30).
Many clinical trials are ongoing to help us make the appropri-
ate decisions how to optimally treat advanced NSCLC in future
(31, 32). Immunotherapy of advanced NSCLC (33) is one of the
exciting areas of research and results of phase III trials are eagerly
awaited.

Contributors in this issue of Frontiers in Thoracic Oncology
describe the importance of team work (34) from diagnosis through
various treatments to supportive care. They explain and empha-
size the importance of the treatments of brain metastases (35) and
bone metastases with new bone targeted agents (36). Management
of adverse events when the new targeted agents are used (16) and
analysis of patients’ health-related quality of life (HR QOL) (17)
and the impact on patients’ performance status (PS) are also dis-
cussed in this issue. It is very important to preserve a good PS of
patients in order to make it possible for them to receive multiple
lines of the treatments now available for advanced NSCLC.

Our review will cover the description starting with the interven-
tional procedures (12), to treatments delivered by radiation oncol-
ogists (37), medical oncologists (10, 11, 34), including descriptions
of ongoing trials to provide a glimpse of the future (31, 32). The
importance of early supportive care (38), which should be an inte-
gral part of active care from the start of treatment of advanced
NSCLC, will also be discussed.

We hope to provide a complete review of present and future
approaches to personalized medicine in advanced NSCLC, reflect-
ing the present views, and practices in Canada.
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Lung cancer has entered the era of personalized therapy with histologic subclassification
and the presence of molecular biomarkers becoming increasingly important in therapeutic
algorithms. At the same time, biopsy specimens are becoming increasingly smaller as diag-
nostic algorithms seek to establish diagnosis and stage with the least invasive techniques.
Here, we review techniques used in the diagnosis of lung cancer including bronchoscopy,
ultrasound-guided bronchoscopy, transthoracic needle biopsy, and thoracoscopy. In addi-
tion to discussing indications and complications, we focus our discussion on diagnostic
yields and the feasibility of testing for molecular biomarkers such as epidermal growth fac-
tor receptor and anaplastic lymphoma kinase, emphasizing the importance of a sufficient
tumor biopsy.

Keywords: lung cancer, diagnosis, ultrasound bronchoscopy, diagnostic yield, transthoracic needle aspiration,
molecular biomarkers, EGFR

INTRODUCTION
Lung cancer remains the leading cause of cancer death in North
America. In Canada, an estimated 25,500 Canadians will be diag-
nosed with lung cancer in 2014 (1). The majority of these will be
non-small cell lung cancer (NSCLC) and unresectable.

At diagnosis, 75% of lung cancer patients will have either locally
advanced or metastatic disease (2). The goal in this group of
patients is to establish the diagnosis and, ideally, confirm stag-
ing with the least invasive technique possible. As a result of this
approach, biopsy specimens are becoming increasingly smaller. Up
to 80% of patients receiving chemotherapy for advanced disease
will have only a small biopsy and/or cytology samples available for
diagnosis (3).

The adequacy of these samples has important ramifications.
Lung cancer has entered an era of personalized therapy with
treatment based on histologic subtypes (adenocarcinoma ver-
sus squamous) and the presence of molecular markers [epider-
mal growth factor receptor (EGFR) and anaplastic lymphoma
kinase (ALK)]. For instance, several trials have demonstrated that
response rate and overall survival is significantly better with peme-
trexed in patients with non-squamous histology compared with
patients with squamous histology (4). Trials using tyrosine kinase
inhibitors (TKIs) have observed that patients with NSCLC tumors
harboring EGFR mutations derive a greater benefit from treat-
ment with TKIs than wild-type tumors (5). In fact, a number of
trials have consistently shown a statistically significant and clin-
ically meaningful benefit of TKIs over standard chemotherapy
in mutation positive patients (5–7). The ALK inhibitor, crizo-
tinib, is effective in patients with NSCLC harboring the ALK
rearrangement (8).

Procurement of adequate tissue samples that allow for accurate
characterization of histology and molecular testing is essential.
A multidisciplinary approach is recommended. Physicians who

obtain tissue samples (respirologists, interventional radiologists,
and thoracic surgeons) need to be aware of the tissue yields of their
procedures. Likewise, pathologists need to communicate the tissue
yields and to be judicious in tissue use especially when managing
small biopsy and cytology specimens. Finally, medical oncologists
should be aware of when to ask for more tissue in patients in whom
the treatment plan will be significantly impacted by further char-
acterization. Medical oncologist may recommend that a patient
with a known lung cancer be rebiopsied or that a metastatic site be
biopsied in addition to the primary site in order to clarify the mole-
cular status of the tumor. This can provide important information
with regard to treatment options or as to why therapies fail.

In this article, techniques used in the diagnosis of lung can-
cer will be discussed including the expected tissue yields and the
feasibility of histologic characterization and molecular testing.

DIAGNOSIS OF LUNG CANCER
RAPID ASSESSMENT CLINICS
Lung cancer guidelines recommend prompt investigation and
referral for treatment (9).

Recently, rapid access clinics have been developed to reduce wait
times and initiate investigations based on established algorithms
to provide the most information about diagnosis and staging with
the least risk to the patient. Bronchoscopy with or without lymph
node sampling is frequently recommended as the initial diagnostic
procedure.

FIBEROPTIC BRONCHOSCOPY
The bronchoscope is one of the primary diagnostic tools in
lung cancer. Flexible bronchoscopy, usually performed under
local anesthesia and with minimal sedation, provides a thorough
examination of all segmental bronchi within minutes. Compli-
cations for this procedure are rare, with major complication rates
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between 0.08 and 5% (10). Complications include pneumothorax,
hypoxemia, and hemorrhage (11).

Endobronchial tumor may be visible as an exophytic mass
or submucosal infiltration (Figure 1A). The diagnostic yield for
endobronchial biopsy when a lesion is visible is 70–90% (12). Five
biopsy specimens have been shown to be optimal for achieving
a diagnostic yield in central lesions (13). Combining the results
of bronchial biopsy, bronchial brushing, and bronchial washing
increases tissue yields (14), and it is better to do brushing after
biopsy (15).

Biopsy specimens are, in general, small averaging about 300 cells
in aggregate. Bronchial lavage yields the least number of malig-
nant cells. In biopsy specimens, the percentage (%) of tumor cells
can be relatively low. Coghlin et al. found the mean % of area of
tumor in an endobronchial sample to be 33%. In fewer than half of

their cases (48%), tumor was found in all biopsy specimens (16).
Although five specimens may be enough to establish the diagno-
sis of lung cancer, the number of specimens required to provide
detailed sub classification and molecular analysis has not be estab-
lished. In one series, EGFR testing could be performed in 100%
of endobronchial biopsy specimens that established a diagnosis of
lung cancer (17).

Endobronchial cryobiopsies could be one evidence-based way
of achieving a higher diagnostic yield and a higher molecular
analysis potential. Compared with conventional bronchoscopic
biopsies, cryobiopsies result in an increase in biopsy sample size
and yield (18, 19).

In the case of more peripheral lesions, when the endobronchial
exam is normal, the diagnostic yield falls to 40% (20, 21). The diag-
nostic yield can be increased when computed tomography (CT)

FIGURE 1 | (A) Endobronchial tumor visible in an airway. (B) Ultrasound
image of a peripheral lung cancer as visualized by radial EBUS-GS. The clear
central area is the ultrasound probe in the airway. The surrounding isoechoic
shadow represents a tumor. The hyperechoic line surrounding the tumor is an
ultrasound phenomenon produced by the sudden change in tissue density

from tumor to aerated lung. (C) Mediastinal lymph node station accessibility
by EBUS, mediastinoscopy, and EUS. (D) Real-time needle aspiration of a
lymph node. The needle (hyperechoic line coming from the top left corner of
the screen) is penetrating the lymph node under direct ultrasound
visualization.
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images are available for review prior to bronchoscopy (22). This
allows the bronchoscopist to better localize the bronchial segment
containing tumor. When positive, the diagnoses in these cases are
usually made on the basis of cytology: bronchial brushings or
washings. Molecular markers can be performed on these cytologi-
cal specimens with varying degrees of success. One series, however,
found that in the case of bronchial lavage, more than half of the
cytological specimens that confirmed the diagnosis of lung cancer
could not be used for molecular testing (23).

Ultrasonography using a guide sheath (radial EBUS-GS) and
electromagnetic navigation (ENB) can provide transbronchial
biopsy specimens, improving the possibility of having adequate
tissue for molecular analysis. In the case of a peripheral lesion
where the endobronchial exam is negative and radial EBUS-GS
or ENB are not available, consideration should be given to other
diagnostic procedures such as transthoracic needle aspirate.

RADIAL EBUS
Endobronchial ultrasonography using a sheath guide (EBUS-GS)
can increase the diagnostic yield of peripheral lung lesions. For
lesions less than 2 cm, the diagnostic yield can increase from 36%
using conventional bronchoscopy to between 58 and 70% (24).
This technique allows for visualization of the lesion (Figure 1B)
and repeated access to the lesion by brush, forceps biopsy, and
bronchial wash. The resulting specimens are cytological and small
biopsies.

Recently, ENB and virtual bronchoscopic navigation system
(VBNS) have been developed to assist the diagnosis of periph-
eral lung lesions in conjunction with EBUS-GS. Using ENB, yields
in peripheral lesions can be further improved upon. Combining
radial EBUS and ENB resulted, in one series, in a diagnostic yield
approaching 90% compared with 69% for radial EBUS alone (25).
No EMN complications have been reported. VBNS has also been
used with EBUS-GS with an overall diagnostic yield ranging from
63.3 to 84.4%, and in lesions less than 2 cm in diameter, rang-
ing from 44 to 75.9% (26). VBNS increases diagnostic yield and
decreases procedure time (27). Presently, there is little data on the
yield of molecular testing on specimens obtained by EBUS-GS
or ENB/VBNS. Tsai et al. performed EBUS-guided brushings in
122 patients with peripheral lung cancer receiving flexible bron-
choscopy. The yield for tumor cells was 68.9%. Genotyping of
EGFR and KRAS was successfully implemented in 80 (95.2%) of
the 84 cytology-proven brushing samples (28). It is probable that
the yields are similar to conventional bronchoscopy as the speci-
mens obtained are small biopsies and bronchial brushing/lavage
cytology.

EBUS TRANSBRONCHIAL NEEDLE ASPIRATION
Endobronchial ultrasound-guided transbronchial needle aspira-
tion (EBUS-TBNA) is a minimally invasive technique with a high
diagnostic yield for mediastinal lymph node staging of lung cancer
patients. Accurate staging is an essential step in the investiga-
tion of lung cancer patients. EBUS-TBNA is particularly useful
as diagnosis and staging can be achieved with a single procedure.

The technique is performed using a dedicated flexible bron-
choscope with an integrated ultrasound transducer. It allows for
sampling of mediastinal and hilar lymph nodes under direct vision

using local anesthesia and moderate sedation. The upper and
lower paratracheal, prevascular, subcarinal, and hilar lymph node
stations can all be sampled using this technique (Figure 1C).

A similar technique using a gastroscope with an integrated
ultrasound probe (EUS) can also sample mediastinal lymph nodes.
Nodal stations that can be accessed with EUS include aortopul-
monary window, subcarinal, para-esophageal, and pulmonary
ligament.

Herth et al. assessed EBUS yields in 502 patients with sus-
pected lung cancer, comparing EBUS-TBNA results with operative
findings (29). The reported sensitivity was 94% and specificity
was 100%. Several studies have compared EBUS-TBNA to medi-
astinoscopy and found both techniques to have comparable results
for mediastinal staging (30, 31). EBUS-TBNA has some advantages
over mediastinoscopy, in that EBUS-TBNA can be used to restage
a patient post surgery or radiation therapy, where a repeat medi-
astinoscopy would prove difficult because of fibrotic changes (32).
Additionally, it can be performed in high-risk patients with several
comorbidities such as COPD (33).

Tissue samples by EBUS-TBNA are typically small cytology
samples obtained using a dedicated 22 gage needle (Figure 1D).
Some institutions use rapid on-site evaluation (ROSE) of aspirated
samples by a cytopathologist. One of the main advantages of ROSE
is reduction of the number of passes and stations sampled, and
avoidance of other biopsy techniques like transbronchial biopsy.
Lee and colleagues have demonstrated that maximum diagnostic
values for achieving a diagnosis of lung cancer are achieved with
three aspirations per node when ROSE is not available (34). Mol-
ecular testing for EGFR and ALK mutations can be successfully
performed on EBUS-TBNA specimens. In several series, using
ROSE, molecular testing can be performed in between 70 and
90% of EBUS-TBNA samples (35–37). Yarmus et al. found that a
median of four passes in the presence of ROSE provided an ade-
quate amount of tissue for molecular analysis in 95% of patients
studied (38). In the absence of ROSE, Navasakulpong and col-
leagues found that 93% of EBUS-TBNA specimens from a single
lymph node station were adequate for EGFR testing with an aver-
age of 3.5 passes per lymph node. The minimum tumor cell count
that allowed for successful EGFR testing in this series was 100
cells (39). Schmid-Bindert et al. found that EBUS-TBNA pro-
vided the highest yield for biomarker testing when compared to
bronchoscopic forceps biopsy and CT-guided core biopsy (17).

Questions that remain to be answered are whether a larger nee-
dle (21 gage) results in better yields, whether mixing tissue from
more than one lymph node station, once staging is established,
can improve the yield of molecular testing, and finally, whether
combining EBUS and EUS increases tissue yields for molecular
analysis.

MEDIASTINOSCOPY
Cervical mediastinoscopy is used predominantly in the staging
of lung cancer. It is performed by a thoracic surgeon under gen-
eral anesthesia in an operating room. A small incision is made at
the base of the neck and a mediastinoscope is introduced. The
sensitivity of mediastinoscopy for detecting cancer in mediasti-
nal lymph nodes is between 80 and 95% (32, 40). False neg-
ative rates vary between 5 and 9% and are attributed to the
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inability to access para-esophageal, inferior pulmonary ligament,
and aortopulmonary nodes.

Tissue samples vary from millimeters to centimeters depending
on the size of the nodes biopsied. Tissue samples are sufficient for
molecular testing. The complication rate is between 2 and 5% and
includes hoarseness, infection, and bleeding (41).

Several series have compared EBUS to mediastinoscopy (42).
Both modalities have comparable sensitivities in staging the medi-
astinum. Mediastinoscopy has the advantage of larger tissue sam-
ples, compared with EBUS. It is unclear if this translates into better
molecular subtyping as little comparative data exist. The disad-
vantage of mediastinoscopy is the need for general anesthesia and
OR time.

TRANSTHORACIC NEEDLE ASPIRATE
A total of 10–20% of cases of NSCLC will present as a solitary pul-
monary nodule. In patients who are not candidates for surgery
or in patients who have advanced disease in whom the most
accessible site for biopsy is a peripheral lung nodule, transtho-
racic needle aspiration (TTNA) and biopsy (TTNB) are useful
diagnostic procedures.

Transthoracic needle aspiration can be performed under CT or
fluoroscopic guidance. CT-guided aspiration and biopsies result
in a higher diagnostic yield compared to fluoroscopy (43).The
most commonly used technique is a coaxial system, in which a
larger gage needle is inserted into the edge of the lesion and a
smaller needle is passed through the larger one. This allows for
a single pleural puncture and repeat needle passes by the smaller
needle reducing the risk of complications. Major complications
are bleeding and pneumothorax and occur in 10% and up to 20%
of cases, respectively (44). Contraindications to TTNA are pre-
vious pneumonectomy, severe chronic obstructive lung disease,
especially with bullous formation, mechanical ventilation, lesions
too close to vascular structures, and high risk for bleeding (45).

Transthoracic needle aspiration has a diagnostic accuracy of
between 80 and 95% for lung cancer (46, 47). Specimens obtained
by TTNA are cutting-needle core biopsies and needle aspirate
cytology. Core-needle biopsy specimens usually contain enough
cellular material for pathologic subtyping and molecular analy-
sis. The average number of cells obtained by CT-guided needle
biopsy is 500 cells per biopsy (48). Zhuang et al. showed that
CT-guided TTNA/TTNB performed using an 18 or 20 gage could
obtain tumor samples ranging from 0.5 to 1.5 cm in length and
that these samples were 100% adequate for histological and EGFR
mutation analysis (49). In addition, Fassina et al. showed that
TTNA samples can be used for EGFR and KRAS mutation analy-
sis (50). da Cunha Santos et al. found that in a review of 602 fine
needle aspirates, histological subtyping agreement with resected
specimens was achieved in 93% of cases (51).

PLEURAL FLUID ANALYSIS AND MEDICAL THORACOSCOPY
In rapid diagnostic clinics for the evaluation of suspected lung
cancer, diagnostic procedures that allow for simultaneous staging
and diagnosis are preferred. In patients with suspected lung can-
cer presenting with an accessible pleural effusion, thoracentesis
is recommended to distinguish between a malignant versus para-
pneumonic effusion (21). The yield of pleural fluid cytology is

60–80% with repeat sampling (52, 53). Use of cell block methods
improves the diagnostic utility of pleural cytology compared with
conventional smear cytology by providing higher cellularity and
better morphological features to allow for pathologic subtyping.
Using cell blocks of pleural fluid, molecular testing for EGFR and
KRAS has been performed with an insufficiency rate of 3.7% (1 in
27 specimens) (54).

Medical thoracoscopy is recommended when cytology speci-
mens are non-diagnostic or insufficient for histologic classifica-
tion. It offers higher yield compared with Abrams needle and
CT-guided pleural biopsy in malignant pleural disease (55). In
addition to being able to directly visualize and biopsy nodules on
the parietal pleural surface, thoracoscopy allows for drainage of
pleural fluid and talc pleurodesis in the case of malignant effusions.

Medical thoracoscopy can be performed in a dedicated sterile
endoscopy suite under local anesthesia and conscious sedation.
A pneumothorax is artificially induced, and a rigid thoracoscope
is introduced into the pleural cavity. Under direct vision, parietal
pleural nodules can be biopsied. The diagnostic yield of medical
thoracoscopy for malignancy is 93–97% (56). Biopsy specimens
are typically about 5 mm and multiple specimens can be obtained
during the procedure. The size of these specimens is adequate
for pathological subtyping, and molecular analysis was possible in
100% of specimens tested in one series (57).

Medical thoracoscopy is a relatively safe procedure with a
complication rate of 1.9% (58). Persistent air leak, subcutaneous
emphysema, and fever are the most common complications. Mor-
tality is rare with 1 death reported in more than 8000 cases (53).

TISSUE STRATEGIES FOR PATHOLOGICAL SUBTYPING AND
MOLECULAR ANALYSIS
Strategies have been proposed to allow for subtyping of NSCLC
and testing of molecular markers in small biopsy and cytol-
ogy specimens (59). With any specimen, the first approach is to
establish squamous or adenocarcinoma differentiation based on
morphology under light microscopy. The typical features of ade-
nocarcinoma include glandular differentiation of cell clusters and
in individual cells, the presence of basophilic cytoplasm, eccentric
nuclei, and a single macronucleolus. Squamous differentiation is
characterized by keratinization, intercellular bridges, and keratin
pearls in small biopsies. Individual cells may have long cytoplas-
mic tails, central nuclei, dense chromatin, and poorly developed
nucleoli.

In cases of NSCLC that cannot be subtyped based on mor-
phology, immunohistochemistry (IHC) is used. Because of the
small amounts of tissue, IHC should be used judiciously. It is rec-
ommended to use one adenocarcinoma marker (TTF1) and one
squamous marker (p63 or CK 5/7) to attempt to further subtype
NSCLC (60).

In the case of adenocarcinoma, molecular markers can then be
performed. Currently, EGFR and ALK are performed, but other
markers such as ROS1 and KRAS may also be considered. In
tumors that cannot be subtyped based on morphology and IHC,
a designation of NSCLC not otherwise specified (NOS) is made.
Decisions can be made whether additional tissue is warranted;
however, recommendations for EGFR testing include specimens
designated as NSCLC-NOS (61).
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Table 1 |Yields of various procedures used to diagnose lung cancer.

Diagnostic modality Specimen types Diagnostic yield Adequacy for biomarker testing

Bronchoscopy Endobronchial biopsy 70–90% (if lesion visible) Up to 100% in one series for endobronchial biopsy.

Less than 50% in washingsBrushing cytology Yields improve when biopsy,

brushing, and washing combinedWashing cytology

Radial EBUS-GS Transbronchial biopsy 58–70% when biopsy, brushing,

and washings combined

71% in one series examining bronchial brushing

For peripheral lesions

2 cm or less

Brushing cytology

Washing cytology

EBUS-TBNA Needle aspirate cytology Up to 94% 70–95%

Mediastinoscopy Biopsy 80–95% Not well established, but likely adequate based on size

CT-guided TTNA Core-needle biopsy 80–95% 100% in one series

Needle aspirate

Thoracentesis Fluid cytology 60–80% Insufficiency rate of 3.7% in one series

Medical thoracoscopy Biopsy 93–97% 100% in one series

The minimum number of malignant tumor cells required for
molecular marker testing has not been well established. In gen-
eral, larger samples with at least 200–400 malignant cells are
preferred (62).

Communication among the multiple physicians involved in
the care of patients with lung cancer must take into considera-
tion issues of tissue procurement strategies in order to optimize
diagnostic yield and molecular characterization of tumors. Only a
multidisciplinary approach can ensure that the needs of the med-
ical oncologist for treatment planning are reflected into judicious
tissue procurement, clinical staging, and thoughtful tissue analy-
sis. Moreover, local institutional strategies must be implemented to
take into consideration the local availability of different diagnostic
modalities and molecular analyses. Solutions regarding issues of
cost-effectiveness and quality control must be individualized for
each center, and ongoing monitoring is important to ensure that
safe and efficient diagnostic services are delivered. This is especially
important given that many of the above-mentioned technologies
have mostly been studied only in highly specialized centers.

SUMMARY AND RECOMMENDATIONS
A sufficient tumor biopsy is essential in the diagnosis of lung cancer
in order to subtype NSCLC and to establish the presence molecular
markers. Important therapeutic decisions are made on the basis of
these specimens. In this article, we have summarized the various
techniques used in the diagnosis of lung cancer and their respec-
tive yields in terms of tissue, pathological subtype, and molecular
testing. Table 1 summarizes the diagnostic yields of specimens
obtained.

A multidisciplinary approach in establishing a diagnosis of lung
cancer is strongly recommended to optimize tissue yields and ulti-
mately patient outcomes. In general, the least invasive procedure
should be favored and biopsy specimens favored over cytology
specimens. There is, however, increasing evidence to suggest that,
when handled judiciously, cytology specimens can prove to be
sufficient for diagnosis and molecular analysis. Understanding

the yields of diagnostic procedures is essential in diagnosing and
treating lung cancer in an era of personalized therapy.
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Biomarker testing has become standard of care for patients diagnosed with non-small cell
lung carcinoma (NSCLC). Although, it can be successfully performed in circulating tumor
cells, at present, the vast majority of investigations are carried out using direct tumor
sampling, either through aspiration methods, which render most often isolated cells, or
tissue sampling, that could range from minute biopsies to large resections. Consequently,
pathologists play a central role in this process. Recent evidence suggests that refining
NSCLC diagnosis might be clinically significant, particularly in cases of lung adenocarcino-
mas (ADC), which in turn, has prompted a new proposal for the histologic classification of
such pulmonary neoplasms. These changes, in conjunction with the mandatory incorpo-
ration of biomarker testing in routine NSCLC tissue processing, have directly affected the
pathologist’s role in lung cancer work-up. This new role pathologists must play is complex
and demanding, and requires a close interaction with surgeons, oncologists, radiologists,
and molecular pathologists. Pathologists often find themselves as the central figure in
the coordination of a process, that involves assuring that the tumor samples are properly
fixed, but without disruption of the DNA structure, obtaining the proper diagnosis with a
minimum of tissue waste, providing pre-analytical evaluation of tumor samples selected
for biomarker testing, which includes assessment of the proportion of tumor to normal
tissues, as well as cell viability, and assuring that this entire process happens in a timely
fashion.Therefore, it is part of the pathologist’s responsibilities to assure that the samples
received in their laboratories, be processed in a manner that allows for optimal biomarker
testing.This article goal is to discuss the essential role pathologists must play in NSCLC bio-
marker testing, as well as to provide a summarized review of the main NSCLC biomarkers
of clinical interest.

Keywords: ALK, EGFR, NSCLC, adenocarcinoma, biomarker, histology, lung

INTRODUCTION
In Canada, lung cancer represents the second most common can-
cer in both males and females (14 and 13%, respectively), and it is
the leading cause of cancer death for both sexes (1). In fact, lung
cancer, with 27.2 and 26.3% mortality rate in males and females,
respectively, is responsible for more deaths among Canadians than
the other two leading organ-specific cancers combined [colorectal
(12.7%) and prostate (10.0%) in males, and breast (13.9%) and
colorectal (11,6%) in females] (1). In the United States, approx-
imately 84% of new lung cancer cases are classified as non-small
cell lung carcinomas (NSCLC), and 15% as small cell carcino-
mas (SCC) (2), with the majority of patients being diagnosed at
advanced-stage (56%) (3). The prognosis is poor, with the overall
5-year survival rate of 6.1% for SCC and 17.1% for NSCLC (2).

Implementation of personalized targeted therapies has become
a reality for a group of lung cancer patients, but this therapeutic

Abbreviations: NSCLC, non-small cell lung carcinoma; SCC, small cell carcino-
mas; EGFR, epidermal growth factor receptor; ALK, anaplastic lymphoma kinase;
ADC, adenocarcinoma; LGC, large cell carcinoma; SqCC, squamous cell carcinoma;
TKI, tyrosine kinase inhibitors; TAT, turn-around-time; ALCL, anaplastic large cell
lymphomas; FISH, fluorescence in situ hybridization.

option is usually reserved for those patients whom tumor sam-
ples have been screened for specific biomarkers. A multitude
of potentially useful biomarkers have recently emerged and this
list continues to grow. It has become increasingly difficult for
pathologists and oncologists to define which biomarkers should
be routinely tested. An expert panel in pathology and oncol-
ogy, assembled by the College of American Pathologists (CAP)
with representatives from the International Association for the
Study of Lung Cancer (IASLC) and Association for Molecular
Pathology (AMP), has recently met in an attempt to address ques-
tions regarding biomarker testing in lung cancer. The conclusions
have been published in the format of testing guidelines, which
presently recommends investigations of abnormalities involving
only two genes: the epidermal growth factor receptor (EGFR) and
the anaplastic lymphoma kinase (ALK ) (4).

This review will focus on the role of the pathologist as an
essential figure in the NSCLC biomarker testing process.

TISSUE/CYTOLOGICAL DIAGNOSIS AND BIOMARKER
TESTING
NSCLC, as a standing alone diagnosis, in either tissue or cyto-
logical samples, should be avoided whenever possible. In some
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situations (when the tumor sample is restricted to a smear from
a bronchial brushing of a poorly differentiated carcinoma, for
example), further characterization might be impossible. However,
in our experience, further characterization, particularly with the
help of special histochemical stains for the detection of mucin
(often with the use of PAS-D or mucicarmin), and/or immuno-
cytochemistry, can be achieved in the majority of cases. From
a practical point of view, samples containing adenocarcinoma
(ADC) either pure or mixed should undergo biomarker testing.
In small samples, the recommendations are less stringent, and, as
long as an ADC component cannot be excluded, the tissue should
undergo biomarker testing (irrespective of the main tumor com-
ponent identified). In resections, however, when the pathologist
has an opportunity to examine the lesion in its entirety, “pure”
tumors [large cell carcinoma (LGC), squamous cell carcinoma
(SqCC) or others] should not be tested (Figure 1).

Numerous immunomarkers are available in order to help in the
sub classification of NSCLC. The most commonly used are TTF-1,
Napsin-A, p63, CK 5/6, and p40 (5–13). Although, it is true that in
most cases the pathologist will be reasonably at ease to sub classify
NSCLC’s, in some cases, sub classification might be rather difficult.
It is our understanding that if the pathologist is uncertain about
the specific sub classification, then the sample should be submitted
for biomarker testing.

Despite the emphasis placed on focusing on ADC for biomarker
testing, it is important to highlight that there are, however, isolated

reports in the literature of the detection of either EGFR mutations
or ALK rearrangements in tumors classified as SqCC (14–17).

Interestingly, some genetic aberrations can be generally asso-
ciated with specific NSCLC subtypes and/or clinical profile (i.e.,
smokers versus non-smokers) (18). ADC is the predominant his-
tologic type associated with both EGFR-mutated, as well as in
ALK -rearranged cases. However, EGFR mutations are particu-
larly prevalent in those cases containing non-mucinous bron-
chioloalveolar (lepidic) pattern (19), while in ALK-rearranged
ADC, the most striking correlation is made with the presence of a
signet-ring component (Table 1) (20, 21).

An important aspect that affects biomarker testing is the
amount of available tumor present in a determined sample. This
is a rather difficult topic to address, since the test sensitivity varies
significantly according to the employed technique, particularly
when searching for EGFR mutations, where normal DNA might
interfere with test sensitivity (22). Nevertheless, the pathologist
should provide an estimation of the percentage of tumor present
in the sample, as well as, the viability of the tumor cells. It is
recommended that testing sensitivity, as well as determination
of limiting factors that might influence optimal results (fixative
choice for example), should be defined locally, through proper
validation methods. Of note, samples collected from aspiration
biopsy methods, including direct lesion sampling (transbronchial
needle aspiration biopsies), as well as the drainage of effusions,
should be considered for biomarker testing (23–25).

FIGURE 1 | Recommendations on specimen handling in NSCLC biomarker testing.
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Table 1 | Summary of the clinical characteristics, common genetic abnormalities and respective targeting agents of the main NSCLC biomarkers.

Biomarkers Gender and age Prevalence Tobacco Ethnicity ADC versus SqCC/distinctive

histologic characteristics

Clinically relevant

genetic abnormality

Examples of targeting agent

(available or in development)

EGFR Female, Younger 10-40% Non-smokers Asian ADC/Non-mucinous

bronchioloalveolar (lepidic)

Mutation (various, most

common in-frame deletions of

exon 19 and a point mutation

(CTG to CGG) in exon 21)

Gefitinib, Erlotinib, Afatinib,

Dacomitinib, Neratinib

ALK Younger 2-6% Non-smokers Not distinctive ADC/solid pattern, signet-ring

cells

Translocation, inversion

(EML4-ALK most common)

Crizotinib, LDK378

HER2/ERBB2 Female 1-4% Non-smokers Asians ADC In-frame insertions in exon 20 Trastuzumab Pertuzumab,

Lapatinib

ROS1 Female, younger 0,5-2% Non-smokers Und. ADC Translocation (ROS1-FIG) Crizotinib

RET Younger 1-2% Non-smokers Not distinctive ADC/Adenosquamous KIF5B–RET and CCDC6–RET

fusion genes

Vandetanib Cabozantinib

KRAS Not distinctive 15-30% Smokers Caucasian ADC/mucinous, particularly with

lepidic (bronchioloalveolar)

pattern

Mutations in codon 12 (majority)

and 13

Selumetinib (via inhibition of

MEK)

BRAF Not distinctive 3% (ADC’s) Smokers Not distinctive ADC Mutations in, V600E(50%),

G469A(39%), D594G(11%)

Dabrafenib, Vemurafenib, XL281,

Selumetinib

NRAS Und. 0.5-1% Smokers Und. ADC Mutations in codon Q61 in exon

3 (80%) and G12 (exon 2)

Selumetinib Trametinib

FGFR1 Not distinctive 22% of SqCC Smokers Not distinctive SqCC Amplification PD173074

PTEN Not distinctive 4-8% Smokers Not distinctive SqCC Various mutations in exon 5-8 GSK2636771

DDR2 Und. 2.5-3.8% Und. Und. SqCC Missense mutations, several Imatini, Dasatinib

MAP2K1/MEK1 Und. 1% Unclear Und. ADC Mutations in Q56P, K57N and

D67N

AZD6244, Pimasertib,

Refametinib, others

PIK3CA Not distinctive 2-4% Mixed

reports

Not distinctive ADC and SqCC Mutations in E545K AND

H1047R (most common), also

E542K and H1047L

Everolimus, Tensirolimus,

GDC-0941, XL-147, Others

AKT1 Und. 1% Und. Und. ADC and SqCC Mutation in E17K MK-2206

MET Not distinctive 1-5% Not

distinctive

Und. ADC Amplification, protein

overexpression and mutation

Vandetanib, Cabozantinib

Und: undetermined.
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EPIDERMAL GROWTH FACTOR RECEPTOR
Epidermal growth factor receptor (also known as HER-1 or
Erb1) is a member of the ErbB receptor tyrosine kinase fam-
ily, which also includes HER-2/neu (ErbB2), HER-3 (ErbB3), and
HER-4 (ErbB4). EGFR activation is associated with cancer cell
growth, invasion, proliferation, apoptosis, tumor angiogenesis,
and metastatic spread. Therefore, it plays an important role in
carcinogenesis and tumor progression by activation mechanisms,
including overexpression, mutation, and autocrine ligand produc-
tion. These actions are accomplished through activation of the
RAS/RAF/MEK/MAPK and the PI3K/AKT/mTOR pathways (26).

The two most common EGFR activating mutations that confer
sensitivity to tyrosine kinase inhibitors (TKI) are short in-frame
deletions of exon 19, and a point mutation (CTG to CGG) in exon
21 at nucleotide 2573, that results in substitution of leucine by argi-
nine at codon 858 (L858R) (27). Despite the fact that these two
mutations might represent approximately 90% of all known clini-
cally significant EGFR mutations, the consensus recommendations
are that all EGFR mutations that account for at least 1% should
be tested (4). It is important to emphasize that among the tested
mutations, exon 20 T790M, as well as most exon 20 insertions are
associated with resistance to first-generation TKI’s (28).

Epidermal growth factor receptor mutations occur at a higher
frequency in tumors from East Asians than from non-Asians (30
versus 8%), from women than from men (59 versus 26%), from
never smokers than from ever smokers (66 versus 22%), and in
ADC’s compared with other NSCLC histologies (49 versus 2%)
(29). In the United States, it is estimated that activating EGFR
mutations are found in 15% of patients with primary lung ADC
(Table 1) (30).

Turn-around-time (TAT) might be a very important factor for
advanced-stage patients, whom might benefit from early insti-
tution of targeted therapy. The consensus recommends a maxi-
mum of 10 working days as an acceptable TAT from the date the
laboratory receives the sample to be tested (4).

ANAPLASTIC LYMPHOMA KINASE
Translocations involving ALK have previously been identified in
anaplastic large cell lymphomas (ALCL), and in a rare mesenchy-
mal neoplasm known as inflammatory myofibroblastic tumor or
inflammatory pseudotumor (31, 32). In lung carcinomas, ALK
rearrangement was first demonstrated in 2007 by Soda et al. (33)
when ALK fusion transcripts were found in 6.7% (5 out of 75) of
NSCLC samples. However, the prevalence of ALK rearrangement
in lung carcinomas varies significantly (34–36).

ALK rearrangements tend to be mutually exclusive with other
known driver mutations in NSCLC (18). However, it has rarely
been described together with EGFR and PI3K mutations (36–38).

ALK -rearranged NSCLC patients, when compared to ALK -
non-rearranged, are more frequently non- or light-smokers,
younger, and present with advanced clinical stage. Histologically,
the tumors demonstrate most frequently ADC with solid pattern
and signet-ring cells (20, 21, 39).

Although fluorescence in situ hybridization (FISH) is currently
the gold standard method for detecting ALK rearrangements
according to the United States Food and Drug Administration
(FDA) (40), the CAP consensus accepts that, if carefully validated,

immunohistochemistry can be considered as a screening method
(4). This proposition is in concert with the literature, which has
shown in several different articles that immunohistochemistry can
be very effective in the detection of ALK rearrangement in lung
carcinomas (41–43).

OTHER BIOMARKERS
Currently, in over 50% of NSCLC’s, a driver oncogene can be
identified (18). In addition to the previously discussed ALK and
EGFR genes, several other potential targets have been uncovered
in NSCLC’s, including the V-Ki-ras2 Kirsten rat sarcoma viral
oncogene homolog (KRAS), the human epidermal growth factor
receptor 2 (HER2), reactive oxygen species 1 (ROS1), v-raf murine
sarcoma viral oncogene homolog B1 (BRAF), phosphoinositide-
3-kinase catalytic alpha polypeptide (PIK3CA), c-mesenchymal-
epithelial transition mitogen (c-MET ), activated protein kinase
(MAP2K1), fibroblast growth factor receptor (FGFR), discoidin
domain receptor 2 (DDR2), phosphatase and tensin homolog
(PTEN), protein kinase B (AKT), rearranged during transfec-
tion (RET), and the neuroblastoma RAS viral oncogene homolog
(NRAS). It is beyond the scope of this review to discuss each
in detail. Current general knowledge of the characteristics of
lung cancers carrying abnormalities in these genes has been
summarized in Table 1 (18, 20, 21, 28, 31, 33, 36, 37, 41,
44–72).

In conclusion, targeted therapy is already a reality for many
patients and it is certain that several other components will soon
follow to become valid options in the therapeutic arsenal of
oncologists. In view of the overwhelming amount of informa-
tion being constantly generated into the molecular derangements
associated with the development of lung cancer, it is not far-
fetched to expect that the current consensus guidelines will soon
become obsolete. As a pathologist, I witness on a daily basis a
continuous and inexorable change in our practice: our job no
longer ends with the histological diagnosis. In fact, molecular
profiling has become an integral part of the surgical pathology
report. It is crucial that us pathologists embrace this new format
of oncologic surgical pathology practice, and question ourselves,
after each new malignant diagnosis: “what should I do now that
might translate into a potential treatment alternative for this
patient?”
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A number of developments have altered the treatment paradigm for metastatic non-small
cell, non-squamous lung cancer. These include increasing knowledge of molecular signal
pathways, as well as the outcomes of several large-scale trials. As a result, treatments
are becoming more efficacious and more personalized, and are changing the management
and prognosis of non-small cell lung cancer patients. This is resulting in increased survival
in select patient groups. In this paper, a simplified algorithm for treating patients with
metastatic non-small cell, non-squamous lung cancer is presented.

Keywords: metatstatic non-squamous NSCLC, systemic therapy, chemotherapy, targeted therapy

TREATMENT PARADIGMS
The previous standard of care in metastatic non-small cell lung
cancer (NSCLC) was to treat patients with a platinum doublet
for four to six cycles and to offer second-line therapy upon pro-
gression (1). The emergence of molecular testing, specifically for
the epidermal growth factor receptor (EGFR) and for anaplas-
tic lymphoma kinase (ALK), enables us to better tailor treatment
strategies. The results from many recent large-scale clinical trials
have validated these new treatment approaches.

Chemotherapy is still one of our most important weapons.
Patients are now surviving longer. All patients should get three
lines of therapy. With more treatment options becoming available,
algorithms must be strategically designed to balance the need to
give the best drugs first while ensuring that there are many more
options available for later.

The treatment algorithm discussed in this chapter is based
on Canadian recommendations. Although other health author-
ities may have different therapeutics available, basic principles still
apply.

FIRST TREATMENT DECISION POINT: HISTOLOGY AND
MUTATION TESTING
HISTOLOGY
In the past, the only histological criterion for therapeutic deci-
sion making was whether the lung cancer was small cell or non-
small cell. The distinction between squamous or non-squamous
cell histology became important and with the evolution of

Abbreviations: ATP, adenosine triphosphate; ALK, anaplastic lymphoma kinase;
EGFR, epidermal growth factor receptor; HER 2, human epidermal growth factor
receptor 2; NCI, National Cancer Institute; NSCLC, non-small cell lung cancer; RCT,
randomized clinical trial; OS, overall survival; PFS, progression free survival; TKI,
tyrosine kinase inhibitor.

immunostaining, this distinction has become more evident. The
reported incidence of squamous cell lung cancer has decreased
over the last several decades (2), which may be due to natural phe-
nomena or to the development of better immunostaining. For this
same reason, the reported incidence of large cell, squamous, and
non-small cell (otherwise unspecified) cancer is decreasing and the
incidence adenocarcinoma is increasing. The emergence of more
molecular tests is unlikely to lessen the importance of histology.

MUTATIONAL TESTING
Mutation status influences the selection of first-line therapies. At
this time, testing for EGFR mutations and for rearrangements in
the ALK gene is recommended for patients with non-squamous
histology. A number of initiatives are underway to help ensure
that all advanced lung cancer patients will have mutation and bio-
marker testing available. Cooperation of all specialties is required,
including respirologists, interventional radiologists, surgeons, and
pathologists (3, 4).

Mutation profiles of cancer continue to rapidly evolve, espe-
cially for adenocarcinomas. As we better understand how other
gene mutations influence lung cancer, mutation testing for other
targets including MET, RET, and KRAS (5, 6) will become more
likely and treatment algorithms will become even more complex.

TREATMENT OPTIONS FOR NON-SQUAMOUS NSCLC
Histological analysis determines if patients have tumors with squa-
mous or non-squamous histology. This chapter discusses non-
squamous histology only. With mutation testing, patients can be
divided into three groups: those whose tumors are positive for
the EGFR mutation, which is 10–30% (6) (group A); those whose
tumors are positive for the ALK mutation, approximately 5–7% (6)
(group B); and those whose tumors do not have mutations in either
EGFR or ALK or their mutation status is unknown, approximately
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63–85% (group C). Therapy is selected based on these distinctions
(Figure 1).

GROUP A: EPIDERMAL GROWTH FACTOR RECEPTOR
MUTATION POSITIVE
FIRST LINE
Activity of EGFR is inhibited by tyrosine kinase inhibitors (TKIs),
a unique class of orally administered, small molecule therapeutics
that have found their way into the standard of care treatment
in almost all types of malignancy. Several trials have demon-
strated that TKIs, including erlotinib (7), gefitinib (8), and afa-
tinib (9, 10), are efficacious first-line treatments for this patient
population.

The efficacy of gefitinib was demonstrated in the IPASS trial,
which compared first-line gefitinib with a carboplatin/paclitaxel
doublet in an EGFR-unselected population. Although the
gefitinib-treated patients demonstrated no increase in overall sur-
vival (OS), the time to progression (9.5 versus 6.3 months, respec-
tively, HR 0.48; 95% CI 0.36 versus 0.64; P < 0.0001), overall
response rate (71.2 versus 47.3%), and quality of life was improved
in a subset of patients with EGFR-mutated tumors (8).

Erlotinib was shown to be advantageous in the first-line setting
in the phase III EURTAC trial, where erlotinib-treated patients
with EGFR mutation-positive tumors experienced progression
free survival (PFS) of 9.7 months as compared to 5.2 months
(HR = 0.37; P < 0.0001) in those patients treated with a platinum-
based doublet such as docetaxel or gemcitabine (11). Response rate
was 58% in the erlotinib arm versus 15% in the chemotherapy arm
(P < 0.0001).

Afatinib has been shown to be superior to chemotherapy in the
first line, in both the LUX-LUNG 3 (12) and the LUX-LUNG 6

(10) trials. LUX-LUNG3 was a phase III trial comparing afatinib
versus chemotherapy (cisplatin/pemetrexed) as first-line treat-
ments in chemo-naïve, NSCLC patients with EGFR mutation-
positive tumors. LUX-LUNG 3 demonstrated that in the overall
study population, median PFS was significantly longer with afa-
tinib as compared to chemotherapy (11.1 versus 6.9 months; HR
0.58, 95% CI 0.43–0.78; P = 0.0004) (12). In patients with com-
mon EGFR mutation-positive tumors, median PFS was 13.6 versus
6.9 months on chemotherapy.

LUX-LUNG 6, a trial comparing afatinib with cis-
platin/gemcitabine, confirmed that afatinib significantly improves
PFS with a tolerable and manageable safety profile in Asian patients
with advanced NSCLC who had tumors with EGFR mutations.
In the overall study population, median PFS was significantly
longer with afatinib as compared to chemotherapy (11.0 versus
5.6 months; HR 0.28, 95% CI 0.20–0.39; P < 0.0001) (10).

Selecting the TKI in this situation depends on many factors
and is discussed in great detail elsewhere (13). Erlotinib and gefi-
tinib are first generation TKIs, while afatinib and dacomitinib
are second generation TKIs. Second generation TKIs differ from
first generation. They block more ligands of the HER family. Per-
haps more importantly, they are non-competitive inhibitors at the
kinase site, so theoretically should prove to be more effective or
confer a longer period to resistance than the first generation TKIs.
We await the results and publication of several pivotal dacomitinib
trials. Patient performance status, comorbidities, and age will all
come into play in the decision making, as well as the availabil-
ity of each therapeutic in a particular health authority. Unlike
chemotherapy, TKIs can often be continued past progression in
the lung cancer context, as long as there is a clinical benefit to the
patient.

FIGURE 1 | A simplified treatment algorithm for patients with metastatic non-small cell non-squamous lung cancer. Patients are divided into three
groups based on histology and EGFR and ALK mutation status. Selection of therapies is based on these groups. The dashed boxes indicate that maintenance is
optional in group C patients.
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SECOND-LINE THERAPY (FIRST-LINE SYSTEMIC THERAPY)
For all mutation-positive patients, the second-line therapy is
the standard chemotherapy: a platinum doublet such as plat-
inum/pemetrexed for four to six cycles (1). A single agent, such as
pemetrexed, is an option for patients who are elderly or who may
have a poor performance status and are not candidates for a plat-
inum doublet. After second-line therapy, the patient is observed
until progression.

THIRD LINE THERAPY
Selection of third line therapy in these patients is straightforward;
the single agent that has not been used so far. In most cases, this
will be either docetaxel or pemetrexed to be continued until dis-
ease progression. After disease progression, patients with adequate
performance status may be considered for clinical trials.

GROUP B: ANAPLASTIC LYMPHOMA KINASE MUTATION
POSITIVE
FIRST-LINE THERAPY
Anaplastic lymphoma kinase gene rearrangements are found more
commonly in adenocarcinomas than other types of lung cancers,
and also found more commonly in light smokers or non-smokers.
ALK gene rearrangements are thought to be exclusive of EGFR
and KRAS mutations and occur in approximately 4–7% of lung
cancers (6).

Patients with chromosomal rearrangements of the ALK gene
have shown to have a stronger clinical response to crizotinib, an
ALK-targeted TKI. A phase I trial in patients with advanced ALK-
positive NSCLC demonstrated that crizotinib is associated with
higher response rates and improved survival compared to that of
crizotinib-naive controls (14), and as a result, received approval
from FDA in the US and Health Canada in 2011 for use in this
patient population.

Crizotinib was shown to be superior to standard chemother-
apy in ALK mutation-positive pre-treated patients with advanced
NSCLC (median PFS 7.7 months in the crizotinib group ver-
sus 3.0 months in the chemotherapy group (HR, 0.49; 95%
CI, 0.37–0.64; P < 0.001); response rates 65% (95% CI, 58–72)
for crizotinib versus 20% (95% CI, 14–26) with chemother-
apy (P < 0.001) (15). Although this trial was conducted in
pre-treated patients, using a drug that specifically inhibits the
ALK pathway is perfect rationale to provide this treatment in
the first-line. NCCN guidelines have recommended a first-line
approach. Newly released results from the PROFILE 1014 phase
III trial showed that crizotinib significantly prolonged PFS as
compared to platinum-based chemotherapy in a first-line setting.
(Available at: http://www.marketwatch.com/story/pfizer-reports-
positive-phase-3-study-outcome-of-xalkori-crizotinib-compared
-to-chemotherapy-in-previously-untreated-patients-with-alk-po
sitive-advanced-non-small-cell-lung-cancer-nsclc-2014-03-25?
reflink=MW_news_stmp. Accessed on April 4, 2014).

As with the other TKIs, crizotinib is often continued past
progression as long as there is a clinical benefit to the patient.

SECOND AND THIRD LINE THERAPY
Advanced NSCLC patients positive for the ALK mutation now have
a new second-line agent (16). In April 2014, the FDA approved cer-
itinib for patients with ALK-positive NSCLC following treatment

with crizotinib. The addition of this new ALK-targeted TKI into
the ALK mutation-positive treatment paradigm pushes the use of
a platinum doublet or single agent into the third line. As the treat-
ment of ALK-positive patients evolves, we can expect treatment
paradigms to continue to shift.

GROUP C: MUTATION STATUS NEGATIVE OR UNKNOWN
FIRST LINE
Patients with advanced NSCLC who have no known muta-
tions in the EGFR or ALK genes or whose mutation status is
unknown, receive the standard of care: a platinum doublet fea-
turing pemetrexed or gemcitabine for four to six cycles. While
there are many doublets to choose from in the first line includ-
ing cisplatin/paclitaxel, cisplatin/gemcitabine, cisplatin/docetaxel,
carboplatin/paclitaxel (1), the pivotal Scagliotti trial (17) demon-
strated that patients with adenocarcinoma fare better with cis-
platin/pemetrexed than cisplatin/gemcitabine in the first line (OS
12.6 versus 10.9 months; HR, 0.84; 95% CI, 0.71–0.99; superiority
P = 0.033).

ANOTHER DECISION POINT: MAINTENANCE AFTER FIRST LINE
Maintenance therapy is the focus of another article in this journal
(18). This therapeutic approach is important enough that it will
be addressed in this article as well, albeit briefly.

Maintenance therapy in NSCLC is defined as a therapeu-
tic agent that is administered after completion of the first line,
but before the disease progresses. Results suggest that NSCLC
patients may be more likely to receive additional therapy if main-
tenance is offered immediately after front-line therapy, before
progression occurs (19–21). A recent meta-analysis of 13 main-
tenance chemotherapy trials demonstrated an improvement in
PFS and in OS in patients who had experienced maintenance
therapy (22). The most promising strategies involved administer-
ing an approved second-line NSCLC therapeutic for maintenance
therapy (23, 24).

There are two types of maintenance therapy to consider, con-
tinuous and switch maintenance. Continuous maintenance is
when patients are offered one of the agents in the induction
doublet to be continued after first-line therapy until progres-
sion. This is an option for patients who have not progressed
on first line. The PARAMOUNT trial demonstrated that peme-
trexed maintenance given to NSCLC patients with tumors having
non-squamous histology after first-line platinum/pemetrexed had
a significantly reduced risk of disease progression over placebo
(20). Switch maintenance, also referred to as “early second line,”
is when a new agent is given after the completion of four cycles
of first-line-doublet. Studies have shown that both pemetrexed
(19) and erlotinib (21) improve both PFS and OS when admin-
istered as maintenance therapy after first-line chemotherapy is
completed.

To ask our patients to take maintenance therapy requires care-
ful discussion and consideration. Residual nausea, fatigue, and
alopecia from chemotherapy can take time to resolve, and many
patients may choose to have drug holiday after 3–4 months of
a platinum regimen. Many may refuse maintenance therapy as
it requires monitoring visits in addition to treatment. Patients
who decline maintenance therapy should be observed closely until
progression so that they may receive another line of therapy.
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FIGURE 2 | Oncogenic drivers in lung adenocarcinoma (27–29).

SECOND LINE
Proven second-line options for patients whose tumors are muta-
tion negative or mutation unknown, include docetaxel (23),
erlotinib (25), and pemetrexed (26). Pemetrexed can only be
offered if it was not used in first-line or maintenance therapy. If a
pemetrexed platinum doublet was selected in the first line or for
maintenance, docetaxel or erlotinib is selected for the second line.

The BR-21 trial demonstrated that erlotinib prolongs sur-
vival in patients with NCSLC following the failure of first-line
or second-line chemotherapy (25). This multicenter, random-
ized, controlled, Phase III study randomized patients who had
failed first- or second-line chemotherapy to either erlotinib or to
placebo. Patient selection was not based on EGFR status, gender,
smoking history, or type of NSCLC. The study met its primary
endpoint of improving OS (median OS of 6.7 versus 4.7 months
(HR, 0.70; 95 CI, 0.58–0.85; P < 0.001), and demonstrated sta-
tistically significant effects in secondary endpoints including PFS,
time to symptom deterioration, and response rate. Overall, 8.9%
of patients achieved an objective response to erlotinib (P < 0.001);
the median duration of response was 34.2 weeks. This trial demon-
strated a survival benefit in all patients regardless of EGFR muta-
tion status or histology (25). Although still controversial, BR-21
led to an EGFR TKI to become standard of care in second and
third line in unselected patients with NSCLC.

THIRD LINE
Third line therapies for mutation negative or mutation unknown
patients may include whatever agents were not given in previ-
ous lines. This may include docetaxel (23), erlotinib (25), and
pemetrexed (26). A significant limitation of therapy selection is
that few trials have tested these different agents in later therapy,
and sequences and combinations of these therapies have not been
tested. Third line therapy is continued until disease progression or
undue toxicity. After disease progression patients with adequate
performance status may be considered for clinical trials.

CONCLUSION
Although we test for EGFR and ALK mutations and have treat-
ments for those patients, therapy is still palliative in nature.
Chemotherapy still remains our therapeutic backbone. However,
the treatment algorithm will always be changing. As we continue to
define the drivers of thoracic malignancy (Figure 2), our discov-
ery and understanding of mutations in non-squamous, NSCLC
will evolve. We will combine different targeted agents to overcome
the development of resistance and will learn about the best ways
to sequence these agents. Physicians should aim to provide three
lines of therapy to patients. The discovery of new molecular tar-
gets and the development of targeted therapy ultimately benefit
the patients with NSCLC.
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Historically, the treatment algorithm applied to non-small cell lung cancer (NSCLC) was the
same for all histologic subtypes. However, recent advances in our understanding of the
molecular profiles of squamous and non-squamous NSCLC have changed this perspective.
Histologic subtype and the presence of specific molecular abnormalities have predictive
value for response to and toxicity from therapy, as well as overall survival. For patients
with squamous NSCLC, a platinum agent plus gemcitabine, or paclitaxel is recommended
as first-line therapy. The role of epidermal growth factor receptor monoclonal antibodies is
uncertain. Maintenance therapy is not widely recommended, although data exist for the
use of erlotinib. The standard recommendation for second-line therapy is docetaxel and
erlotinib should be considered as second or third-line therapy. There is ongoing research
identifying molecular targets in squamous NSCLC and many agents are in early phase
clinical trials. Immunotherapeutic approaches targeting programed death-1 receptor and
its ligand (PD-L1) appear promising.

Keywords: non-small cell lung cancer, squamous cancer, molecular abnormalities, chemotherapy, EGFR inhibitors,
immunotherapy, novel agents

INTRODUCTION
Historically, one simplified management algorithm was applied
to all patients with non-small cell lung cancer (NSCLC). A plat-
inum agent combined with paclitaxel, docetaxel, vinorelbine, or
gemcitabine was recommended for first-line chemotherapy (1,
2). Second-line chemotherapy at the time of disease progression
could include docetaxel (3, 4), or pemetrexed (5) and erlotinib was
recommended as second/third-line therapy (6). There was no evi-
dence that histologic subtype of NSCLC impacted on the response
to, or survival gained from chemotherapy (7).

However, important differences exist between the major sub-
types of NSCLC, which have prognostic and predictive value.
There is evidence from some trials, that patients with squamous
histology have worse overall survival (OS) than patients with
adenocarcinoma (8). Additionally, qualitative interactions exist
between histology and the efficacy of some treatments (9). Dif-
ferences also exist in the molecular profile of squamous and non-
squamous NSCLC (10). Mutations of the Epidermal Growth Factor
Receptor (EGFR), or Kirsten Rat Sarcoma (K-RAS) genes are rare in
squamous cancers (10). However,EGFR protein overexpression,or
increased gene copy number occur commonly. Differences exist in
the expression of thymidylate synthase (TS) (11). Higher messen-
ger RNA (mRNA) and protein levels for TS are seen in squamous
cancers compared to non-squamous cancers, although there is no
direct clinical correlation between levels of TS mRNA and mea-
sures of response to treatment. Nevertheless, separate treatment
algorithms for squamous cancers have evolved. In this review, we
summarize the approach to the management of squamous NSCLC.

FIRST-LINE THERAPY FOR SQUAMOUS CANCERS
Randomized trials in the 1980s demonstrated that chemother-
apy improved OS as well as quality of life (12). These initial
studies of platinum-based chemotherapy did not observe any
differential response, or survival, based on histologic subtype.
Multiple subsequent studies comparing various platinum-based
chemotherapy regimens demonstrated similar response rates and
OS (1, 2, 13). A retrospective review by the Southwest Oncology
Group (SWOG), of systemic therapy trials of anti-microtubule
agents, also showed no differential effect in outcomes according to
histologic subtype (7).

More recent data demonstrate that histologic subtype is pre-
dictive of a differential response rate, OS, or toxicity profile from
certain systemic therapies (9, 14, 15). The JMDB trial randomized
1725 patients with NSCLC (all histologic subtypes), to six cycles
of first-line chemotherapy with cisplatin and gemcitabine, or cis-
platin and pemetrexed (16). The primary outcome for the trial
showed that cisplatin and pemetrexed was non-inferior to cisplatin
and gemcitabine (median OS 10.3 months for both arms, HR 0.94,
95% CI 0.84–1.05). A planned sub-group analysis demonstrated
evidence of a qualitative interaction between treatment effect and
histology (interaction p = 0.0011). OS was significantly improved
for patients with non-squamous histology randomized to cis-
platin and pemetrexed, versus cisplatin and gemcitabine (11.8 vs.
10.4 months, HR 0.81, 95% CI 0.70–0.94). However, in patients
with squamous cancer, OS was significantly worse for patients
randomized to cisplatin and pemetrexed (9.4 vs. 10.8 months, HR
1.23, 95% CI 1.0–1.53).
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Similar evidence of an interaction between histology and treat-
ment efficacy for pemetrexed was observed in the JMEN trial
evaluating maintenance therapy with pemetrexed, following four
cycles of platinum-based chemotherapy (17). The improvement
in progression free survival (PFS) from maintenance pemetrexed
was significantly greater in patients with non-squamous histol-
ogy than squamous histology (HR 0.44, 95% CI 0.36–0.55 vs.
HR 0.69, 95% CI 0.49–0.98; interaction p = 0.036). Similarly the
observed improvement in OS was limited to patients with non-
squamous histology (HR 0.70, 95% CI 0.56–0.88 vs. HR 1.07, 95%
CI 0.77–1.50, interaction p = 0.033). A second large randomized
trial of maintenance therapy following first-line platinum-based
chemotherapy evaluated erlotinib (18). The SATURN trial, which
included approximately 40% of patients with squamous cancers,
showed a modest improvement in OS for patients randomized to
maintenance erlotinib compared with placebo (12 vs. 11 months,
HR 0.81, 95% CI 0.70–0.95). There was no evidence of any inter-
action between treatment and histology (squamous HR 0.86, 95%
CI 0.68–1.10, adenocarcinoma HR 0.77, 95% CI 0.61–0.97).

Several trials have evaluated gemcitabine as maintenance ther-
apy (19–21). Brodowicz et al. (20) randomized patients to main-
tenance gemcitabine or placebo, after four cycles of cisplatin and
gemcitabine. There was a significant improvement in TTP, but
no significant improvement in OS. In contrast, Belani et al. (19)
found no improvement in PFS or OS, for continuation mainte-
nance gemcitabine. Data were not analyzed according to histology.
Lastly, the IFCT-0502 trial randomized patients to gemcitabine,
erlotinib, or observation, after first-line cisplatin and gemcitabine
(21). Improvements in PFS were observed for patients randomized
to both gemcitabine and erlotinib, compared with observation, but
no differences were observed in OS. For patients randomized to
gemcitabine, the improvement in PFS seemed less for patients with
adenocarcinoma than other histologies (HR 0.98 vs. 0.79). There
is insufficient data to recommend maintenance gemcitabine in this
setting.

The selection of first-line therapy for NSCLC is also influ-
enced by differing toxicity profiles between the histologic subtypes.
Major hemoptysis was observed in the randomized phase II trial
evaluating the addition of bevacizumab to first-line carboplatin
and paclitaxel (14). There was an excess risk of life threaten-
ing hemoptysis in patients with squamous cancers and these
patients were excluded from subsequent trials of bevacizumab in
NSCLC. More recently, an open-label single-arm phase II study,
the BRIDGE trial, evaluated delaying bevacizumab until after the
third cycle of carboplatin and paclitaxel, in 31 patients with squa-
mous NSCLC (22). Severe pulmonary hemorrhage was observed
in 1 patient and grade 3 toxicities occurred in 9 of 31 patients over-
all. The authors conclude that bevacizumab remains experimental
therapy in patients with squamous NSCLC.

Additional trials evaluating other targeted agents have also
shown worse outcomes for patients with squamous NSCLC. The
ESCAPE trial randomized 926 patients with advanced NSCLC (all
histologies) to carboplatin, paclitaxel with or without sorafenib
(15). The study was discontinued early following an interim analy-
sis demonstrating futility. In the final analysis of this trial, patients
with squamous histology (n = 223) randomized to chemother-
apy plus sorafenib had worse OS than patients randomized to

chemotherapy alone (8.9 vs. 13.6 months, 95% CI 1.22–2.81), as
well as lower PFS (4.3 vs. 5.8 months, HR 1.31 95% CI 0.94–1.83).

However, for some agents, squamous histology appears to pre-
dict better outcomes from treatment. The BMS-099 phase III trial
randomized patients with advanced NSCLC to carboplatin and
paclitaxel or docetaxel, with or without cetuximab (23). Although
the response rate was better for patients randomized to chemother-
apy plus cetuximab (25.7 vs. 17.2%, p = 0.007), there was no
difference in PFS, or OS. There was a trend to greater benefit from
the addition of cetuximab to chemotherapy, in patients with squa-
mous NSCLC (HR 0.7, 95% CI 0.47–1.05) compared to patients
with adenocarcinoma (HR 0.9, 95% CI 0.71–1.14). A second phase
III trial, the FLEX trial, evaluated the addition of cetuximab to cis-
platin and vinorelbine chemotherapy in patients with advanced
NSCLC demonstrating EGFR expression on immunohistochem-
istry (IHC) (24). There was a modest improvement in OS for
patients randomized to chemotherapy plus cetuximab compared
with chemotherapy alone (11.3 vs. 10.1 months, HR 0.871, 95%
CI 0.762–0.996). There was a trend for greater benefit in patients
with squamous histology (HR 0.8, 95% CI 0.64–1.0) compared
to patients with adenocarcinoma (HR 0.94, 95% CI 0.77–1.15).
However, a meta-analysis of four trials of first-line cetuximab plus
chemotherapy in advanced NSCLC did not find clear evidence for
a differential effect of treatment according to histology (25).

There does appear to be a differential effect of treatment accord-
ing to histology for necitumumab, a second EGFR monoclonal
antibody. The INSPIRE trial evaluating the addition of necitu-
mumab to cisplatin and pemetrexed in non-squamous NSCLC
patients, was stopped early because of an increased risk of throm-
boembolic complications in the necitumumab arm (26). However,
a press release from Eli Lilly earlier in 2014, announced that
a similar trial in patients with squamous NSCLC, had demon-
strated improved OS for patients receiving cisplatin plus gemc-
itabine in combination with necitumumab, compared with cis-
platin and gemcitabine alone. These data should be available
during 2014.

The available data support adopting a different algorithm for
first-line therapy of patients with squamous NSCLC compared
with non-squamous histology. While cisplatin and pemetrexed
appears to be the preferred chemotherapy in patients with non-
squamous NSCLC, pemetrexed appears to be an ineffective drug
in patients with squamous cancers. The JMBD trial did show that
cisplatin and gemcitabine was superior chemotherapy in patients
with squamous cancers (16). However, other trials, such as ECOG
1594, have demonstrated similar survival to cisplatin and gemc-
itabine from alternate chemotherapy regimens such as carboplatin
and paclitaxel (2). Either one of these regimens would be an appro-
priate choice for first-line chemotherapy in patients with advanced
squamous NSCLC. The role of EGFR monoclonal antibodies is
somewhat uncertain. The benefit from cetuximab is very modest
and there are additional toxicities. Therefore, it has not been widely
implemented into first-line treatments. Data on necitumumab will
need to be examined more closely once it is presented, in order to
determine whether it should be incorporated into routine man-
agement of patients with squamous NSCLC. Finally, maintenance
options in squamous NSCLC are limited. Pemetrexed is ineffective
as maintenance therapy for patients with squamous cancers and
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the benefit of erlotinib is modest. Therefore, maintenance therapy
in this population is not routinely employed.

SECOND-LINE CHEMOTHERAPY FOR SQUAMOUS CANCERS
Second-line chemotherapy for NSCLC has been widely adopted
since publication of two randomized trials in 2000 (3, 4). The
TAX 317 trial randomized patients to docetaxel or best supportive
care following first-line platinum chemotherapy (4), whereas the
TAX 320 trial randomized patients to docetaxel vs. either vinorel-
bine, or ifosfamide (3). Both trials showed modest, but significant
improvements in OS and the TAX 317 trial also demonstrated
improvement in lung cancer related symptoms (27). A further
trial compared second-line therapy with docetaxel to pemetrexed
(JMEI) (5). This trial demonstrated that pemetrexed was non-
inferior to docetaxel (median OS 8.3 vs. 7.9 months, HR 0.99,
95% CI 0.83–1.2). Secondary outcomes including response rate,
time to progression, and duration of response were also simi-
lar between the two groups. Therefore, pemetrexed and docetaxel
were both established as options for second-line chemotherapy for
NSCLC.

A retrospective analysis was subsequently undertaken of the
JMEI trial to look for an interaction between treatment effect and
histology (8, 9). Similar to data in the first-line setting, there was
a qualitative interaction between histology and treatment effect.
Patients with non-squamous histology treated with pemetrexed,
had significantly longer survival (9.3 vs. 8.0 m, HR 0.78 95% CI
0.60–1.02, interaction p = 0.04). On the other hand, patients with
squamous histology who received pemetrexed had inferior sur-
vival (6.2 vs. 7.4 months, HR 1.56 95% CI 1.08–2.26). This analysis
primarily showed that patients with squamous NSCLC treated
with pemetrexed had an inferior outcome.

These data support a differential approach to second-line
chemotherapy according to histology. Docetaxel is recommended
as second-line chemotherapy in patients with squamous type
NSCLC, whereas pemetrexed is recommended for patients with
non-squamous NSCLC. However, due to the adoption of peme-
trexed in the first-line setting, docetaxel remains an option
for second-line chemotherapy, in patients with non-squamous
histology.

ERLOTINIB THERAPY IN PATIENTS WITH SQUAMOUS
CANCERS
Many patients with advanced NSCLC are still candidates for fur-
ther systemic therapy, at the time of progression on second-line
chemotherapy. There is little evidence though, to support the
use of a third-line of chemotherapy. However, the results of the
BR21 trial of erlotinib vs. best supportive care support the use of
erlotinib as second or third-line therapy (6). This trial enrolled
731 patients, including patients with poor performance status
(ECOG 2 and 3), who had previously received one or two lines
of chemotherapy (49% received two prior lines of chemother-
apy). The trial demonstrated that erlotinib significantly improved
PFS (2.2 vs. 1.8 months, HR 0.61, 95% CI 0.51–0.74) and OS (6.7
vs. 4.7 months, HR 0.70, 95% CI 0.58–0.85). In addition, time to
deterioration in cough, dyspnea, and pain were all significantly
improved for patients randomized to erlotinib. The benefit of
erlotinib was similar in both second and third-line settings.

Since publication of the BR21 trial, there has been a con-
siderable body of evidence demonstrating that the presence of
activating mutations of the EGFR gene are strongly predictive of
benefit from an EGFR tyrosine kinase inhibitor (TKI) (28). It has
been argued that the benefit of an EGFR TKI is limited to such
patients with an EGFR mutation. Given that EGFR mutations are
rare in patients with squamous cancers, it has also been argued
that EGFR TKIs are ineffective in this group of patients as well.
However, the data from both BR21 and the SATURN trial of main-
tenance erlotinib (18), demonstrate that patients who are EGFR
wild type also benefit from EGFR TKIs, although the magnitude
of benefit may be smaller. Similarly, available data do not support
the contention that patients with squamous cancers fail to benefit
from an EGFR TKI. In the BR21 trial, 31% of patients had squa-
mous histology. The magnitude of benefit from erlotinib appeared
similar in patients with squamous cancers (HR 0.8, 95% CI 0.6–
1.0) and patients with adenocarcinoma (HR 0.7, 95% CI 0.6–0.9).
Therefore, erlotinib should be considered as a second or third-line
option for treatment in patients with squamous NSCLC. To date
no other agents have be shown to improve survival in this setting.

FUTURE DIRECTIONS
The molecular profile of adenocarcinomas of the lung has been
well described (29). Common mutations in lung adenocarcinoma
include K-RAS, EGFR, as well as translocations of the Anaplas-
tic Lymphoma Kinase (ALK) gene. However, there has been less
research characterizing molecular abnormalities in lung cancer
patients with squamous tumors. The cancer genome atlas (TCGA)
network published data on genomic and epigenetic analysis of
178 squamous NSCLC patients from across the world (30). The
data suggest squamous NSCLC’s are genetically complex tumors. A
high proportion of squamous cancers (171 of 178) contain one or
more mutations in tyrosine kinases, serine/threonine kinases,PI3K
catalytic and regulatory subunits, nuclear hormone receptors, G
protein-coupled receptors, proteases, and tyrosine phosphatases.
Common molecular abnormalities include mutations and ampli-
fication of fibroblast growth factor receptor gene (FGFR), muta-
tions of phosphatidylinositol 3-kinase, catalytic subunit alpha gene
(PIK3CA), phosphatase and tensin homolog gene (PTEN), discoid
domain receptor 2 gene (DDR2), BRAF, as well as EGFR ampli-
fication (31). This would suggest that squamous cancers have
a different molecular phenotype, hence the need for a separate
treatment algorithm. Multiple clinical trials are ongoing evalu-
ating agents targeting these molecular abnormalities, which will
further refine the treatment algorithm in squamous NSCLC.

Immune based therapies also appear to be gaining momentum
in NSCLC. There is considerable interest in immune checkpoint
regulation in NSCLC. In particular, therapy directed toward the
programed death-1 receptor (PD-1), or its ligand PD-L1 has
shown considerable promise in early phase clinical trials. Phase
I trials of several PD-1 receptor monoclonal antibodies, includ-
ing nivolumab (32), MK-3475 (33), as well as the PD-L1 antibody
MPDL-3280A (34) have all shown evidence of anti-tumor activ-
ity in heavily treated NSCLC patients. Approximately 20% of
patients have shown objective tumor responses and many of these
responses have been durable beyond 1 year. Response rates of 60–
70% were observed in patients with tumors expressing PD-L1,
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although there is a need to develop valid and reliable methods
of assessment of this. Of note, the response rates among patients
with squamous cancers appear to be higher than response rates
in patients with adenocarcinoma, although it is unclear whether
histology or some underlying molecular difference may account
for these findings. Data also exist for the CTLA-4 antibody, ipil-
imumab. A randomized phase II trial of chemotherapy with six
cycles of carboplatin and paclitaxel, chemotherapy plus ipili-
mumab in cycles one to four (concurrent) and chemotherapy
plus ipilimumab in cycles three to six (phased). Patients ran-
domized to carboplatin, paclitaxel, and phased ipilimumab had
improved PFS compared with the control arm (HR 0.72, 95% CI
0.50–1.06, p = 0.05). These data require confirmation in phase III
trials. The data suggest patients with squamous cancers may have
more benefit from the addition of ipilimumab (HR 0.55, 95% CI
0.27–1.12) than patients with non-squamous cancers (HR 0.81,
95% CI 0.53–1.26).

CONCLUSION
It is clear that a different treatment algorithm has emerged for
patients with squamous NSCLC. In the first-line setting platinum
doublets involving gemcitabine, or potentially paclitaxel should
be considered. The role of EGFR monoclonal antibodies such as
cetuximab and necitumumab, require further clarification. Treat-
ment options beyond progression of first-line therapy include
docetaxel and erlotinib. Multiple trials are currently examining
new therapies targeting the common molecular abnormalities
observed in squamous lung cancers.
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Platinum-based chemotherapy doublets have been the standard approach to first-line
therapy for more than a decade. Many randomized trials testing new combinations have
not been able to produce significant gains in patient outcomes when these studies have
looked at an unselected patient population. The recognition of the biologic importance
of histology and molecular features of lung cancer has dramatically impacted on patient
care, as can be easily recognized by the advent of targeted therapy for molecularly defined
lung cancers. Similarly, for lung cancers without recognized driver mutations, subgroup
evaluations of trials-based histology has identified that some chemotherapy regimens offer
greater benefit in the squamous cell or the non-squamous cell groups.Two such examples
are nab-paclitaxel and pemetrexed. These have shown improved anti-tumor activity and a
decreased toxicity profile compared to standard combinations. Preferential activity in histo-
logic divided patient subgroups can allow the clinician to personalize his approach to care.
The role of these two agents in the management of NSCLC will be described in this article.

Keywords: metastatic, non-small cell lung carcinoma, solvent-based paclitaxel, nab-paclitaxel, pemetrexed,
histology, clinical trials

INTRODUCTION
The standard of care for the first-line treatment of advanced
NSCLC without epidermal growth factor receptor (EGFR) or
anaplastic lymphoma kinase (ALK) mutations (about 80% of
advanced NSCLC) remains a platinum-based doublet in patients
with good performance status (PS) and no significant comor-
bidities. This includes third-generation cytotoxic agents (i.e., cis-
platin plus gemcitabine or carboplatin plus paclitaxel) (1, 2). Until
recently no platinum doublet has demonstrated superiority over
another in the treatment of advanced NSCLC (3–10). Lately, his-
tology has been shown to affect the treatment outcomes (1).
Patients with non-squamous cell cancer (NSCC) currently have
a variety of first-line treatment options (1). Testing for EGFR
and ALK mutations and tailoring therapy accordingly are now
accepted as a standard practice in patients with NSCLC (1). For
these patients, current guidelines recommend targeted therapies as
first-line treatment (1). However, about 60–90%, varying largely
according to ethnicity and smoking status, of patients with NSCLC
have wild-type EGFR. Several studies have demonstrated that
EGFR mutations occur infrequently in patients with squamous cell
carcinoma (11–14). ALK mutations/fusions have been observed
in only 1–7% of patients (15–20). Because EGFR and ALK muta-
tions occur infrequently in patients with squamous cell NSCLC,
mutation testing is not recommended routinely with the excep-
tion of never smokers and mixed histologies (1, 21, 22). Overall,
for patients with EGFR and Alk unmutated NSCLC, platinum-
based chemotherapy regimens remain the standard of care in
first-line therapy (1). Key phase III studies reporting outcomes
with platinum-doublet regimens for patients with squamous his-
tology have demonstrated a median overall survival (OS) ranging

from 8.9 to 13.7 months (5, 23–26) whereas the NSCC population
fared slightly better with an OS of 10.4–14.9 months. Similarly,
recently reported trials have renewed the interest in adapting
treatment based on histology. Two key examples of potential
application of personalized therapy based on histology are nab-
paclitaxel, which has shown improved results in the squamous
cell cancer (SCC) population and pemetrexed, which has on the
contrary, shown clear benefit in the NSCC patients. This mini-
review will highlight these two unique drugs and how they can
be incorporated into practice to improve outcomes in NSCLC
therapy.

PEMETREXED
Pemetrexed is a folic acid derivative that inhibits both purine and
pyrimidine synthesis by blocking three key metabolic enzymes
involved in DNA synthesis: thymidylate synthase (TS), dihy-
drofolate reductase (DHFR), and glycinamide ribonucleotide
formyltransferase (GARFT) (27). Building on the efficacy of
methotrexate in many human cancers, research focusing on the
identification of more potent inhibitors of purine synthesis has
led to the identification of the promising activity of peme-
trexed in lung cancer in the late 1990s (27). Although several
hundred trials have been conducted to evaluate the efficacy of
pemetrexed in many cancer settings, the first pivotal study was
reported by Hanna in 2004 (28). It is interesting to note that at
this time in pemetrexed development, studies were conducted
in unselected patient populations with NSCLC. Emerging sci-
ence since 2003 (29) and in particular the study published by
Ceppi et al. (30) in 2006, identified that chemonaïve patients with
squamous carcinoma had tumors expressing higher levels of TS
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than patients with adenocarcinoma. These seminal studies led
to the re-evaluation of previously published as well as ongoing
randomized trials to evaluate the interaction of histology with
clinical efficacy in NSCLC. The demonstration of a consistent
effect in NSCC and the lack of effect in SCC (Table 1) has
eventually directed the registration process for pemetrexed use
and dictated its current clinical use, which is now restricted to
non-squamous histology. Interestingly, knowledge of anti-folate
metabolism has also been able to decrease the incidence of
pemetrexed toxicity by the addition of folic acid and vitamin B12
supplementation (31).

SECOND-LINE STUDIES
Initially published in 2004 (28) as a study showing similar efficacy
between pemetrexed and docetaxel in unselected patients with
NSCLC, Hanna et al. presented a subgroup analysis based on his-
tology at the 12th WCLC in Seoul, Korea in 2007. The reported
median OS in the NSCC population was 9.2 vs. 8.2 months (peme-
trexed vs. docetaxel) and this was respectively 6.2 vs. 7.4 months
in the SCC cohort. This translates to an adjusted HR for OS of
0.78 in favor of pemetrexed in the NSCC group and a HR of 1.56
in the SCC group. Results were similar for PFS, with the HR being
0.82 in the NSCC group and 1.40 in the SCC group. The statistical
test demonstrating a quantitative interaction was positive for OS
(p= 0.001) and PFS (p= 0.004) (32).

MAINTENANCE STUDIES
Three large randomized,placebo-controlled trials address the issue
of pemetrexed maintenance and are discussed in the article of
this issue of Frontiers related to maintenance therapy. As the
PARAMOUNT (33) and AVAPERL (34) study are composed of
an exclusively NSCC population, only JMEN is informative as
to the histological interaction of pemetrexed therapy in this set-
ting. The JMEN study, published in 2009 by Ciuleanu (35) was
reported as a positive trial in an unselected population. The PFS
after first-line therapy was 4.3 months in the pemetrexed group

and 2.6 months in the placebo group (HR 0.50, p < 0.001). The
corresponding OS values were 13.4 and 10.6 months (HR 0.79,
p= 0.012). To validate, the biologic relevance of the histologic
interaction previously observed in the Hanna study, Belani et al.
reported this subgroup analysis at ASCO in 2009. This analysis
convincingly supported the previously observed finding of a his-
tological effect. Whereas PFS was indeed favorably impacted in
the NSCC population (HR 0.47, p < 0.0001), this was not the
case for SCC (HR 1.03, p= 0.90). Similar findings were found
for OS (HR 0.70, p= 0.002 and HR 1.07, p= 0.68). From this
moment on, pemetrexed use in the setting of SCC decreased
substantially. The histologic effect of pemetrexed was major con-
tributors to the major revolution in lung cancer care. A diagnosis of
NSCLC (non-otherwise specified) is now considered suboptimal
for patient care.

FIRST-LINE STUDIES
The JMDB study compared pemetrexed plus cisplatin with
gemcitabine plus cisplatin in patients with advanced NSCLC
(5). Similarly with other previously conducted trials evaluating
pemetrexed, patients of all histologies were accrued to this trial
that was published before the widespread acceptance of a clear
histologic effect. Whereas, the overall study results did not appear
to favor the pemetrexed plus cisplatin combination (OS HR
0.94, p=NS), subgroup analysis based on histology did show
once again a significant interaction. The gemcitabine regimen
produced a significantly longer median OS compared with
pemetrexed regimen in patients with SCC (10.8 vs. 9.4 months,
HR 1.23, p= 0.05). The opposite was seen in patients with
NSCC (10.4 vs. 11.8 months, HR 0.84, p= 0.011). Similarly,
PFS was impacted in a similar manner in the SCC group (HR
1.36, p= 0.002) and the NSCC group (HR 0.95, p= 0.35). The
treatment-by-histology interaction test was positive for PFS and
for OS.

One outlier in the pemetrexed–histology interaction story is
the Gronberg trial published in 2009 (36). This smaller study

Table 1 | Pemetrexed-histology interaction in randomized clinical trials of NSCLC.

First-line therapy

(n=1725)

Maintenance therapy

(N=663)

Second-line therapy

(N=571)

Squamous

(N=473)

Non-squamous

(N=1252)

Squamous

(N=182)

Non-squamous

(N=481)

Squamous

(N=172)

Non-squamous

(N=399)

Overall survival

Adjusted HR 1.23 0.84 1.07 0.70 1.56 0.78

Superiority p 0.050 0.011 0.678 0.002 0.018 0.048

Interaction test p 0.002 0.033 0.001

Progression-free survival

Adjusted HR 1.36 0.95 1.03 0.47 1.40 0.82

Superiority p 0.002 0.349 0.896 <0.001 0.046 0.076

Interaction test p 0.002 0.036 0.004

Adapted from Scagliotti et al. (32).

Hazard ratio <1 favors pemetrexed in non-squamous subgroups of all three studies.

Hazard ratio (HR) > 1.0 favors comparator arm in squamous subgroups of all three studies.
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included 436 patients, including 248 patients with NSCC histology.
Median OS was 7.3 months in the pemetrexed with carboplatin
arm compared to 7.0 months in the gemcitabine with carboplatin
arm (p= 0.63). Subgroup analysis was respectively 7.8 vs. 7.5 in
patients with NSCC (p= 0.77) and not reported for the SCC
subgroup. This trial was not designed to evaluate RR or PFS as
radiological assessment was not mandatory. These seemingly infe-
rior results may be due to the patient population, which included
22% of patients with PS 2 status, to the upfront 25% decrease in
pemetrexed dose in the 18% of the population that was >75 years
of age, to the use of carboplatin instead of cisplatin, or to the small
sample size of this study.

Although the combination of carboplatin with pemetrexed
and bevacizumab has never been formally compared with stan-
dard cisplatin and pemetrexed, the PointBreak (37) study com-
pared another standard regimen – carboplatin plus paclitaxel and
bevacizumab compared with carboplatin with pemetrexed and
bevacizumab. This extensive, 939-patient, exclusively-NSCC trial
failed to show a clearly superior regimen in terms of efficacy. The
HR for OS was 1.00 and for PFS was 0.83 (p= 0.012) slightly
favoring the pemetrexed triplet. The contribution of bevacizumab
to a platinum-pemetrexed doublet has never been studied in a
randomized trial.

SAFETY AND TOLERABILITY
The study by Hanna et al. (28) provides a good opportunity to
compare pemetrexed and docetaxel’s toxicity profile. In this study,
Grade 3–4 hematologic toxicities were significantly worse with
docetaxel: neutropenia (40.2 vs. 5.3%), febrile neutropenia (12.7
vs. 1.9%), compared to pemetrexed.

Non-hematologic toxicities (all grades) were relatively similar
except for alopecia (37.7 vs. 6.4%) and diarrhea (24.3 vs. 12.8%)
more frequently observed with docetaxel and ALT elevations (1.4
vs. 7.9%) more frequent with pemetrexed.

Relevant to second-line therapy decisions, there have been no
large randomized trial comparing pemetrexed alone and an EGFR
inhibitor in the second-line setting. A small phase II randomized
trial did compare pemetrexed to erlotinib in EGFR mutation-
negative but EGFR–FISH positive NSCLC (38). Although effi-
cacy differences could not be demonstrated between both regi-
mens, toxicity analysis did provide interesting observations. Few
Grade 3–4 toxicities were described. For erlotinib and pemetrexed,
respectively, rash was present in 3.3 and 0%; diarrhea in 1.6 and
0%; anorexia in 1.6 and 0%, and nausea in 0 and 3.2% (38). Com-
pared to placebo in the Ciuleanu maintenance trial, patients having
received four courses of a first-line platinum containing doublet
rarely developed Grade 3–4 toxicities (all <5%) while on peme-
trexed alone. The most frequent toxicities (mostly Grade 1–2) were
fatigue (24 vs. 10%), anorexia (19 vs. 2%), and nausea (19 vs. 5%);
all compared to placebo.

The first difference between cisplatin with pemetrexed and cis-
platin with gemcitabine is its administration schedule in that the
latter regimen requires a second visit to the chemotherapy suite
on day 8 whereas the former is a day 1 infusion alone. The JMDB
trial also showed some differences in the Grade 3–4 toxicity profile
of both combinations. Compared with the pemetrexed regimen,
the gemcitabine doublet was associated with more neutropenia

(26.7 vs. 15.1%), febrile neutropenia (3.7 vs. 1.3%), anemia (7.6
vs. 4.8%) and thrombocytopenia (12.7 vs. 4.1%), and less anorexia
(0.7 vs. 2.4%) and nausea (3.9 vs. 7.2%).

In the Gronberg trial, the use of pemetrexed and carboplatin
was associated with less granulocytopenia (40 vs. 51%) and throm-
bocytopenia (24 vs. 56%) compared to carboplatin and gemc-
itabine. This was associated with a decrease in the transfusion of
red blood cell (29 vs. 43%) and platelet (3 vs. 9%) transfusions
with pemetrexed use (5).

The PointBreak trial showed clinically relevant differences in
the Grade 3–4 toxicities of the studied regimens. The pemetrexed
arm was associated with more anemia (14.5 vs. 2.7%), throm-
bocytopenia (23.3 vs. 5.6%), and fatigue (10.9 vs. 5.0%) whereas
neutropenia (40.6 vs. 25.8%), febrile neutropenia (4.1 vs. 1.4%),
sensory neuropathy (4.1 vs. 0%), and alopecia (36.8 vs. 6.6%)
occurred more frequently in the paclitaxel triplet (37).

CONCLUSION
Pemetrexed use has shown consistent effects in favor of its
use in the setting of non-squamous cell lung cancer. Com-
pared with paclitaxel, gemcitabine, or docetaxel, its favorable
efficacy, toxicity profile, and convenient schedule of adminis-
tration makes this an agent of choice in this setting. As dis-
cussed in the article of this journal on maintenance therapy,
data from the PARAMOUNT and AVAPERL trial lends increasing
support for the first-line use of pemetrexed and its considera-
tion for maintenance in non-progressing patients after induction
therapy.

NAB-PACLITAXEL
Nab-paclitaxel is a 130 nm, albumin-bound formulation of the
microtubule inhibitor paclitaxel (39), and is a solvent-free option
for the first-line treatment of advanced NSCLC (39).

Solvents such as Cremophor EL and polysorbate 80 require
specialized tubing for administration, which is not required
for the administration of nab-paclitaxel (39–42). These solvents
have intrinsic toxicities, i.e., hypersensitivity reactions requiring
steroid/antihistamine pre-treatments, neuropathy, and excessive
fluid retention (40, 43, 44). In a pre-clinical study, nab-paclitaxel
demonstrated both enhanced endothelial cell binding and trans-
port, and improved delivery of paclitaxel to tumors compared with
solvent-based paclitaxel (45).

A phase III trial demonstrated overall response rates (ORRs)
superior for nab-paclitaxel plus carboplatin compared with con-
ventional solvent-based paclitaxel plus carboplatin in patients
with advanced NSCLC (46). Patient populations, i.e., with squa-
mous histology and those ≥70 years of age, had improved clinical
outcomes with nab-paclitaxel plus carboplatin compared with
solvent-based paclitaxel plus carboplatin (47, 48). No unexpected
differences in toxicity were noted.

CLINICAL EFFICACY
In the multicenter, randomized, Phase III registrational trial,
1052 patients with advanced NSCLC were randomized to receive
first-line weekly nab-paclitaxel (100 mg/m2) plus carboplatin
(AUC 6) every 3 weeks (n= 521) or solvent-based (sb) paclitaxel
(200 mg/m2) plus carboplatin (AUC 6) every 3 weeks (n= 531)
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(46). Patients had to have stage IIIB/IV disease, ECOG PS of 0
or 1 and were previously untreated for metastatic NSCLC. Adju-
vant chemotherapy was permitted if it was completed 12 months
prior to study enrollment. The median age of the patients was
60 years, 75% were male, 81% were white, 73% were smokers,
and 79% had stage IV disease. Patients in the nab-paclitaxel
arm had a significantly greater ORR= the primary endpoint,
compared with the sb-paclitaxel arm (33 vs. 25%, response
rate ratio= 1.313, 95% CI= 1.082–1.593, p= 0.005). Patients
on nab-paclitaxel had longer median PFS= 6.3 vs. 5.8 months,
hazard ratio (HR)= 0.902, 95% CI= 0.767–1.060, p= 0.214).
The median OS for nab-paclitaxel vs. sb-paclitaxel was 12.1
vs. 11.2 months (HR= 0.922, 95% CI= 0.797–1.066, p= 0.271),
respectively.

An exploratory elderly subgroup analysis examined the effi-
cacy and safety of these two regimens in patients ≥70 years of age
enrolled in this phase III trial (46). In these patients (n= 156),
the ORR in the nab-paclitaxel vs. sb-paclitaxel arms was 34 vs.
24% (p= 0.196). A trend toward improved PFS was also noted in
elderly patients with nab-paclitaxel, 8.0 vs. 6.8 months, p= 0.134.
Elderly patients in the nab-paclitaxel arm experienced an impres-
sive 19.9 months median OS compared with 10.4 months in the
sb-paclitaxel arm, p= 0.009.

Another analysis of this phase III trial examined efficacy of
the regimens by histology (48). Patients with squamous NSCLC
(n= 450), achieved a significantly higher ORR, p < 0.001, with
nab-paclitaxel plus carboplatin (41%) vs. sb-paclitaxel plus car-
boplatin (24%) and a 1.2 month improvement in median OS
(10.7 vs. 9.5 months, p=NS). A similar ORR was observed for
nab-paclitaxel plus carboplatin vs. sb-paclitaxel in patients with
non-squamous NSCLC (n= 602, 26 vs. 25%, p=NS), median OS
was 13.1 vs. 13 months in each arm (p=NS). Table 2 shows effi-
cacy outcomes of the intent-to-treat (ITT) population as well as
by age and histology from the phase III trial of nab-paclitaxel plus
carboplatin in NSCLC.

SAFETY AND TOLERABILITY
The most common Grade 3–4 adverse events of the ITT popu-
lation and select subgroups of the phase III trial are shown in
Table S1 in Supplementary Material.

Pre-treatment with antihistamines and/or steroids is required
for sb-paclitaxel and docetaxel to prevent hypersensitivity reac-
tions but not for nab-paclitaxel (39, 42). Much of these reactions
may be solvent-related because both Cremophor EL and polysor-
bate 80 have been associated with hypersensitivity reactions (40);
nab-paclitaxel is not formulated with a chemical solvent (39).
Taxanes are associated with the development of peripheral neu-
ropathy (49). However, in the phase III trial of nab-paclitaxel plus
carboplatin vs. sb-paclitaxel plus carboplatin, patients on nab-
paclitaxel arm experienced significantly less grade 3–4 peripheral
neuropathy compared with the sb-paclitaxel arm (46). Results
based on the FACT-Taxane neuropathy, pain in hands/feet and
hearing loss subscales demonstrated significantly less worsening
of taxane-related symptoms in the nab-paclitaxel arm compared
with the sb-paclitaxel arm, p≤ 0.002 for all (46, 50). The patient-
reported symptom scores were consistent with physician assess-
ments of peripheral neuropathy (50). In addition, patients in
the nab-paclitaxel arm who experienced Grade 3–4 peripheral
neuropathy experienced a faster median time-to-improvement to
Grade 1 (38 vs. 104 days) compared to sb-paclitaxel, respectively.

Taxane use is frequently associated with increased muscle and
joint pains (39, 42). In the phase III study, patients in the nab-
paclitaxel arm experienced significantly less Grade 3–4 arthralgia
and myalgia than patients in the sb-paclitaxel arm (46, 50). In the
phase III trial, patients in the nab-paclitaxel arm experienced sig-
nificantly less Grade 3–4 neutropenia, but more thrombocytopenia
and anemia than patients in the sb-based arm (46, 50).

CONCLUSION
Nab-paclitaxel represents an important advancement especially as
the treatment options for patients with squamous histology are

Table 2 | Select efficacy outcomes from the Phase III trial of nab-paclitaxel plus carboplatin in NSCLC.

Treatment ITT (41) ≥70 years (42) Histology (43)

SCC NSCC

nab-P/C sb-P/C nab-P/C sb-P/C nab-P/C sb-P/C nab-P/C sb-P/C

n 514 524 74 82 229 221 292 310

ORR (%) 33 25 34 24 41 24 26 25

Response rate ratio 1.313 1.385 1.680 1.034

p-Value 0.005 0.196 <0.001 0.808

Median PFS (months) 6.3 5.8 8.0 6.8 5.6 5.7 6.9 6.5

HR 0.902 0.687 0.865 0.933

p-Value 0.214 0.134 0.245 0.532

Median OS (months) 12.1 11.2 8.0 6.8 10.7 9.5 13.1 13.0

HR 0.922 0.583 0.890 0.950

p-Value 0.271 0.009 0.284 0.611

HR, hazard ratio; IIT, intent-to-treat; nab-P/C, nab-paclitaxel+ carboplatin; NSCC, non-squamous cell carcinoma; NSCLC, non-small cell lung cancer; ORR, overall

response rate; OS, overall survival; PFS, progression-free survival; sb-P/C, solvent-based paclitaxel+ carboplatin; SCC, squamous cell carcinoma.
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limited and elderly patients are often undertreated due to toxicity
concerns among other reasons. Based on these findings and its
greater ease of administration, nab-paclitaxel plus carboplatin
could be considered a first-line standard of care therapy in patients
with advanced NSCLC. Targeted agents active for patients with
squamous histology are in development and in the near future
some of these agents could be assessed in combination with this
regimen.

We must also select for each patient a treatment that is best
suited to his individual comorbidities and treatment toxicities to
ensure the best possible QOL during the last months of his life. Bet-
ter safety and tolerability profile in addition to a greater RR makes
nab-paclitaxel an excellent improvement to a paclitaxel combina-
tion for the first-line treatment of metastatic NSCLC especially for
squamous cell carcinoma.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at http://www.frontiersin.org/Journal/10.3389/fonc.2014.
00177/abstract
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Treatment of lung cancer had evolved during the last decade with the introduction of
new chemotherapeutic regimens and targeted therapies. However, the maximum benefit
reached after first-line therapy is limited by the cumulative toxicity of platinum drugs and
the subsequent deterioration in performance status in a high percentage of patients who
end up receiving not more than one line of treatment. Maintenance therapy had been intro-
duced and evaluated in many large randomized trials showing a delay in tumor progression
and an improvement in overall survival.This effective strategy should be taken into account
when discussing the initial treatment plan and tailored according to the preferences of both
patients and physicians.
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INTRODUCTION
Standard first-line treatment for patients who are negative for the
EGFR mutation and ALK rearrangement consists of platinum-
based chemotherapy (1). The optimal number of cycles had been
determined after Park et al. compared four to six cycles of treat-
ment showing non-inferiority in terms of overall survival and thus,
making four cycles a currently accepted standard (2).

During the past decade, research from different work groups
has focused on finding alternative strategies to improve tumor
response and extend survival.

The limited benefit from extending platinum-based chemother-
apy beyond four cycles as well as the cumulative toxicities of these
regimens leading to worsening of the quality of life (QoL) (2–4)
had led to the re-emergence of a relatively new concept based on
maintaining the response in patients who attain tumor control
during first-line induction treatment.

Therefore, cytotoxic agents and molecularly targeted agents
have been extensively evaluated in this setting and two practical
applications of maintenance therapy have evolved: continuation
maintenance and switch maintenance.

Maintenance therapy has potential advantages and inconve-
niences. Although many large randomized studies have shown that
maintenance therapy is associated with a delay in tumor progres-
sion and an improvement in overall survival, prolonging therapy
in a palliative intent also significantly increases the burden of med-
ical interventions to a patient, prohibits the patient from having an
often desired treatment holiday and may also increase treatment
related toxicities, which may have a detrimental impact on QoL.

This mini review will expose the issues related to main-
tenance therapy and discuss a personalized approach to the
implementation of such strategies in clinical practice.

CONTINUATION MAINTENANCE
Continuation maintenance refers to the continuation of one or
more non-platinum agents, initially used during induction, until
progression. This approach allows the discontinuation of plat-
inum compounds known to cause cumulative toxicity that often

becomes clinically meaningful after four to six doses of these drugs.
It also has the advantage of continuing an agent for which tolerance
has been defined in the induction phase of the treatment.

In 2006, Sandler et al. published the results of the ECOG 4599
trial, which showed that continuing bevacizumab (Bev) beyond six
cycles of paclitaxel (Pac)/carboplatin (Carbo)/Bev added 2 months
improvement in OS compared to six cycles of Carbo/Pac alone
(HR, 0.79, p = 0.003) (5). Similarly, in 2009, Pirker et al. demon-
strated in the FLEX study, that maintenance with cetuximab after
chemotherapy with cisplatin/vinorelbine/cetuximab significantly
improved OS (11.3 vs. 10.1 months; HR, 0.87, p = 0.044) com-
pared to cisplatin/vinorelbine alone (6). It is not clear whether
the benefit of bevacizumab or cetuximab in these studies is
from their integration of the induction phase, the maintenance
phase or both. Nonetheless, the design of these trials revived
the concept of adapting maintenance as an appropriate clinical
strategy.

Gemcitabine was evaluated in three randomized trials. CECOG
(7) and IFCT-GFPC 0502 (8) met their primary endpoint show-
ing longer PFS but with no significantly improved OS. These
trials show interesting trends toward an increase in overall sur-
vival although this interpretation is limited by the small sample
size of these trials. In a third trial, Belani et al. failed to demon-
strate any advantage of maintenance gemcitabine on PFS and OS.
These negative results have been attributed to the fact that most
patients (64%) had a poor performance status (PS 2) at random-
ization in contrast to most other maintenance trials where most
of the patients were PS 0 or 1 (9).

More recently, continuation maintenance with pemetrexed
(pem) has been evaluated in two large randomized studies. In
the PARAMOUNT trial, continuation pem after four cycles of
induction with cisplatin/pem demonstrated significant improve-
ment in PFS (4.1 vs. 2.8 months; HR, 0.62; p < 0. 0001) and OS
(16.9 vs. 14 months; HR, 0.78; p = 0.019) (10). In 2009, Patel
et al. combined pem and bev as continuous maintenance in a
phase II study. Their strategy was safe and resulted in a promising
14.1 months median OS (11). Maintenance with pem and bev was
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thereafter tested in three major phase III studies. In AVAPERL,
there was a 3.6 months improvement in PFS in the Pem/Bev arm
compared to the Bev arm, and OS benefit was similar as that
reported in PARAMOUNT although the sample size was too small
to demonstrate statistical significance (19.8 vs. 15.9 months, HR,
0.88, p = 0.32) (12).

Although not a maintenance trial per se, PointBreak com-
pared the ECOG 4599 regimen Pac/Carbo/Bev followed by Bev to
Pem/Carbo/Bev followed by maintenance with Pem/Bev. Despite
the fact that this study did not show significant improvement in
OS (median OS, 12.6 vs. 13.4 months; p = 0.949) and a slight
advantage in PFS favoring the pemetrexed containing regimen
(median PFS, 6.0 vs. 5.6 months; HR, 0.83; p = 0.012), the study
results highlighted different toxicity profiles between the pacli-
taxel and pemetrexed containing regimens that may lead to a
better treatment selection (13). Fatigue and thrombocytopenia
were more frequent in the pem arm and neutropenia, neuropathy,
and alopecia more frequent in the paclitaxel arm.

The ongoing ECOG 5508 study may better define the optimal
choice of maintenance agent after pac/carbo/bev as it random-
izes patients for maintenance after induction into three arms: Bev
alone, Pem alone, or combined Pem-Bev (Table 1).

SWITCH MAINTENANCE
Switch maintenance is the introduction of an additional, poten-
tially non-cross-resistant agent, immediately after completion of
first-line chemotherapy in patients who achieved an objective
response or a stable disease. This strategy focuses on the early
integration of drugs that have been shown to be useful in the sec-
ond line setting and in this regard can be seen as “early second

line” therapy. This exposes the patient to new toxicity that needs
to be addressed before choosing such a strategy.

The first pivotal trial to report benefit with a cytotoxic agent
using this strategy was presented by Fidias et al. who random-
ized 309 patients with advanced NSCLC who did not progress
after front-line treatment with four cycles of carbo/gemcitabine
to receive immediate docetaxel maintenance therapy vs. delayed
docetaxel at disease progression. The study showed a significant
3 months improvement in PFS and a non-statistically significant
2.5 months increase in OS in favor of the “immediate” docetaxel
arm, with no increase in toxicity or decrease in QOL. Even though
the patients in the delayed arm were carefully assessed and followed
and that docetaxel was available to all of these patients, 37.2% of
the patients in this arm did not receive docetaxel due to a rapid
disease progression or a rapid PS decline (14).

JMEN is a phase III trial that evaluated maintenance pem vs.
BSC in 633 non-progressive stage IIIB/IV patients after non-pem
containing platinum-doublet chemotherapy. The pemetrexed arm
showed significantly improved PFS (4.3 vs. 2.6 months; HR, 0.5,
p < 0.0001) and OS (13.4 vs. 10.6 months; HR, 0.79; p = 0.012).
Subgroup analysis based on histology showed that the improve-
ment in PFS (4.5 vs. 2.6 months; HR, 0.44; p = 0.0001) and OS
(15.5 vs. 10.3 months; HR, 0.70; p = 0.002) was restricted to
patients with tumors having a non-squamous histology (72.5%
of the population) (15). In this trial, there was a limited access to
pem in the BSC arm, as only 18% of patients were treated with
this drug, thus creating a subsequent imbalance in interpreting the
benefit of pem as a highly active drug in this particular population.

After showing an OS benefit in second and third line setting
for advanced NSCLC (16), erlotinib was evaluated as a switch

Table 1 | Key studies addressing continuous maintenance.

Reference (study name) N (pts) Maintenance arms PFS (mo) HR p Value OS (mo) HR p Value

Sandler et al. (5) 850 Bevacizumab 6.2 0.66 <0.001 12.3 0.79 0.003

(ECOG 4599) Observation 4.5 10.3

Pirker et al. (6) 850 Cetuximab 4.8 0.943 0.39 11.3 0.871 0.044

(FLEX) Placebo 4.8 10.1

Brodowicz et al. (7) 206 Gemcitabine 3.6 <0.001 13 0.195

(CECOG) BSC 2.0 11

Perol et al. (8) 464 Gemacitabine 3.8 0.56 <0.001 12.1 0.89 0.3867

(IFCT-GFPC 0502) Observation 1.9 10.8

Belani et al. (9) 255 Gemacitabine 3.9 0.58 8.0 0.97 0.84

Observation 3.8 9.3

Paz-Ares et al. (10) 539 Pemetrexed 4.1 0.62 <0.001 13.9 0.78 0.0195

(PARAMOUNT) BSC 2.8 11.0

Barlesi et al. (12) 253 Pem/Bev 10.2 0.5 <0.001 19.8 0.88 0.32

(AVAPERL) Bev 6.6 15.9

Patel et al. (13) 590 Pem/Bev 6.0 0.83 0.012 12.6 1 0.949

(Point break) Bev 5.6 13.4

PFS = progression-free survival; OS = overall survival; BSC = best supportive care; HR = hazard ratio; Bev = bevacizumab; Pem = pemetrexed.
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maintenance therapy in SATURN, a large phase III trial that ran-
domized 889 patients who did not progress after four cycles of a
platinum doublet, to erlotinib or placebo. There was a modest but
statistically significant improvement in PFS (3 vs. 2.8 months; HR
0.71, p < 0.0001) and OS (12 vs. 11 months; HR, 0.81, p = 0.0088).
Subgroup analyses showed larger treatment benefit in terms of OS
in patients with stable disease (HR, 0.72) after induction than in
responders (HR, 0.94). Progression-free survival was significantly
higher in patients with EGFR activating mutations (HR, 0.23)
than in patients EGFR WT (HR, 0.78) but a survival difference
could not be demonstrated in these subgroups (17). In a similar
fashion to the JMEN trial, erlotinib was not widely available to
patients in the placebo arm and only 21% of these patients were
actually treated with erlotinib. Similar results were seen in the
Erlotinib maintenance arm of the smaller IFCT-GFPC 0502 study
mentioned earlier, with a 1 month improvement in PFS but no
statistically significant change in OS (8). Following these positive
results, Johnson et al. studied the combination of bev and erlotinib
in maintenance. In the ATLAS trial, 1160 patients received first-
line platinum-based chemotherapy with bev, 768 patients had an
objective response or SD, and were randomized to receive bev
with erlotinib vs. bev alone. This trial showed 1 month improve-
ment in PFS (4.8 vs. 3.7 months, HR 0.72, p = 0.0012) for patients
in the combination maintenance arm but a non-statistically sig-
nificant improvement in OS (14.4 vs. 13.3 months; HR, 0.92;
p = 0.5341) (18).

The EORTC Lung Cancer Group and the Italian Lung Cancer
Project evaluated maintenance with gefitinib vs. placebo in 173
patients who did not progress after four cycles of platinum-based

chemotherapy. PFS was better in the treatment arm (4.1 vs.
2.9 months; HR, 0.61; p = 0.0015) but with no statistically signif-
icant improvement in OS (10.9 vs. 9.4 months; HR, 0.83; p = 0.2)
(19). The INFORM trial, an Asian phase III trial, tested gefitinib in
a similar setting in 296 patients (79 EGFR-mut). PFS was sig-
nificantly higher in the gefitinib arm (4.8 vs. 2.6 months; HR,
0.42; p < 0.0001) with more benefit EGFR-mut subgroup (HR,
0.17) compared to EGFR WT (HR, 0.87). An OS benefit was not
shown (18.7 vs. 16.9 months; HR, 0.84; p = 0.2608) (20). Finally,
the West Japan Thoracic Oncology Group 0203 phase III trial
compared prolonged chemotherapy with 6 cycles of a platinum
doublet to a short course of 3 cycles followed by gefitinib mainte-
nance in 604 patients. PFS was statistically better favoring gefitinib
maintenance (4.6 vs. 4.3 months; HR, 0.68; p < 0.001) but no sig-
nificant difference in OS was found (13.7 vs. 12.9 months; HR,
0.86; p = 0.11) (21) (Table 2).

DISCUSSION
Maintenance therapy,whether in switch or continuation approach,
has proved to be beneficial in patients with advanced NSCLC who
have received up to four cycles of a platinum-containing regimen.
Despite much debate regarding the results of the different stud-
ies and the reserved improvement in survival, Pemetrexed and
Erlotinib are already approved and used for maintenance in many
countries.

ARGUMENTS AGAINST MAINTENANCE
In dealing with a population of patients with a non-curable disease,
improvements in overall survival and QoL remain the primary

Table 2 | Key studies evaluating switch maintenance.

Reference (study name) N (pts) Maintenance arms PFS (mo) HR p Value OS (mo) HR p Value

Fidias et al. (14) 309 Immediate 5.7 0.0001 12.3 0.0853

Docetaxel

Delayed 2.7 9.7

Docetaxel

Ciuleanu et al. (15) 663 Pemetrexed 4.3 0.5 <0.0001 13.4 0.79 0.012

(JMEN) Placebo 2.6 10.6

Cappuzzo et al. (17) 889 Erlotinib 3.0 0.71 <0.0001 12.0 0.81 0.0088

(SATURN) Placebo 2.8 11.0

Perol et al. (8) 310 Erlotinib 2.9 0.69 0.003 11.4 0.87 0.3043

(IFCT-GFPC 0502) Observation 1.9 10.8

Kabbinavar et al. (18) 768 Bev/Erlotinib 4.8 0.72 0.0012 14.4 0.92 0.5341

(ATLAS) Bevacizumab 3.7 13.3

Gaafar et al. (19) 173 Gefitinib 4.1 0.61 0.0015 10.9 0.83 0.2

(EORTC08021-LCP01/03) Placebo 2.9 9.4

Zhang et al. (20) 296 Gefitinib 4.8 0.42 <0.0001 18.7 0.84 0.26

(INFORM) Placebo 2.6 16.9

Takeda et al. (21) 604 Gefitinib 4.6 0.68 <0.001 13.7 0.86 0.11

(WJTOG 0203) Observation 4.3 12.9

PFS = progression-free survival; OS = overall survival; BSC = best supportive care; HR = hazard ratio; Bev = bevacizumab; Pem = pemetrexed.
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objective. Symptomatic patients who begin induction therapy
with a platinum doublet for lung cancer are often looking for-
ward to a symptom free and drug free holiday. In this regard,
many patients who obtain a meaningful symptomatic response
to induction are not enthusiastic about adding on more ther-
apy, especially if maintenance therapy is discussed after induction.
Compared to continuation maintenance, switch maintenance has
the added inconvenience of exposing the patient to new toxicities
not encountered during induction. The interpretation of many
trials is also bound with controversy. In particular, the absence of
broad availability of pemetrexed in the JMEN trial or erlotinib in
SATURN limits the interpretation of any small OS gain observed
in these studies as these drugs are now widely available in many
countries, particularly in the second line setting. The question now
becomes as to whether these agents are better given before radio-
logical or clinical progression (“early second line”) or at the time
of clear progression.

ARGUMENTS FOR MAINTENANCE
The current data appear even more compelling for continua-
tion maintenance, especially for non-squamous and EGFR-mut
patients. The PARAMOUNT trial has shown a PFS and an OS
benefit for continuation pem in responding and stable disease
patients. As used in this trial, limiting therapy to four cycles of cis-
platin therapy decreases platin-related toxicities and the absence
of new drug exposure limits the risk of new unexpected toxic-
ities. Considering a median time to progression of 6–12 weeks
in many observation arms of maintenance strategy trials, delay-
ing progression is a clinically meaningful endpoint to many
patients.

The case for switch maintenance is more debatable. For reasons
described above, the apparent OS benefit for switching to erlotinib
or pemetrexed may be associated to study design not relevant to
current practice. Nonetheless, progression in the placebo arms is
often very rapid as reported in trials where radiological and clin-
ical follow up is frequent. Leaving patients without treatment can
thus expose them to rapid and early progression, often leading
to a decline in performance status and inability to receive further
therapy. As the biggest benefit in the JMEN and SATURN trial
appears to be in patients obtaining no more than SD to induction
therapy, it may be hypothesized that these patients may obtain
more benefit from an earlier initiation of second line therapy. As
such, it seems reasonable to consider switch therapy to patients
that did not obtain palliative benefit from induction therapy in
an attempt to better alleviate symptoms and prevent symptomatic
progression.

Some patients are identified as having an actionable mutation
during induction chemotherapy. The ideal timing of the begin-
ning of targeted therapy in this particular situation is still a matter
of debate. It seems reasonable to pursue induction chemotherapy
in these patients, particularly if they are responding and tolerating
treatment well. On the other hand, switching to a specific targeted
agent is appropriate if induction is poorly tolerated or if symptoms
are poorly controlled. Targeted agents, for instance EGFR and ALK
inhibitors, are associated with rapid improvement in symptoms in
patients harboring sensitive mutations to these agents.

CONCLUSION
Maintenance therapy has shown effectiveness in delaying progres-
sion in many studies as well as prolonging overall survival in some
settings. Appropriate clinical decisions involve early discussions
of these options with potentially eligible patients. Factors that
may impact in the final decision to initiate maintenance include
tumor histology, clinical and radiological response to induction,
tumor mutations, and most importantly patient choice. Further
improvements in treatment and patient selection will most likely
arise with the improved refinement of the molecular diagnosis of
lung cancers.
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Brain metastases (BM) are a common and lethal complication of non-small cell lung cancer  

(NSCLC), which portend a poor prognosis. In addition, their management implies sev-  

eral challenges including preservation of neurological and neurocognitive function during
 

 
surgery or radiation-therapy, minimizing iatrogenic complications of supportive medica-

 
tions, and optimizing drug delivery across the blood–brain barrier. Despite these challenges,

 
advancements in combined modality approaches can deliver hope of improved overall sur-

 
vival and quality of life for a subset of NSCLC patients with BM. Moreover, new drugs  
harnessing our greater understanding of tumor biology promise to build on this hope. In  
this mini-review, we revised the management of BM in NSCLC including advancements in  

neurosurgery, radiation therapy, as well as systemic and supportive therapy.  

Keywords: brain metastases, lung cancer, targeted therapy, radiation therapy, chemotherapy, stereotactic radio-
surgery, surgery

INTRODUCTION
Lung cancer is the leading cause of cancer mortality world-
wide, accounting for 1.38 million annual deaths, representing
18.2% of total deaths from cancer (1). Among those, approx-
imately 7.4% of non-small cell lung cancer (NSCLC) patients
will have brain metastases (BM) at presentation (2), and 25–30%
will develop BM during the course of their disease (3). Life-
expectancy for these patients is poor, with a median survival of
only 3.4 months (4). Moreover, many will suffer considerable loss
of autonomy due to neurocognitive and functional deficits, as well
as morbidity associated with medications such as steroids and
anti-epileptic drugs.

Despite these grim realities, there is room for optimism among
identifiable subsets of these patients. A recent published series of
NSCLC patients with synchronous BM receiving surgery or radio-
surgery to the brain and aggressive management of their extracra-
nial disease reported a median overall survival (OS) of 12.1 months
(5). Improved surgical techniques and radiation therapy (RT)
technology, as well as more effective systemic treatments and
multimodality approaches have led to these superior outcomes.
Moreover, renewed hope has emerged from the use of small-
molecule drugs targeting oncogenic mutations, which have shown
promising activity both extra-cranially and intra-cranially (6).

PROGNOSTIC FACTORS
Several variables have been established of prognostic importance
in determining potential outcomes for patients harboring BM.
In 1997, the Radiation Therapy Oncology Group (RTOG) per-
formed a recursive partitioning analysis (RPA) from a historical
database of 1200 patients treated with whole-brain radiation ther-
apy (WBRT) from three RTOG BM trials and published a prog-
nostic scoring system (7). Three scoring classes were identified
based on patients’ Karnofsky performance score (KPS), age, status

of primary tumor, and extent of extracranial disease (Table 1).
Median survival ranged from 2.3 months for patients in class III
to 7.1 months for those in class I.

Since then, several other scoring classifications have been
described (4, 8–11) as shown in Table 1. All these classifica-
tions have limitations, but are able to consistently prognosticate
outcomes based on the defined scoring. Irrespective of the scor-
ing classification used, age, performance status, number of brain
lesions, and the presence of extracranial metastases are the vari-
ables that better define prognosis. Given the high heterogeneity
of the BM patient population, one should not rely exclusively on
these indices when assessing the management for such patients.
A comparative review of five of these prognostic indexes using an
artificial neural network in patients with BM and receiving WBRT
(12) suggests that the graded prognostic assessment index (10) was
the most powerful in predicting survival.

Increasingly, molecular biomarkers are also being identified
with prognostic significance in NSCLC, some with positive [e.g.,
EGFR (del-19 and L858R)] and others with negative (e.g., ERCC1,
BRCA1, TP53, and KRAS) prognostic value (13). In addition,
microarray-derived gene signatures provide the potential for even
greater prognostic ability (14). However, many of these biomark-
ers require further validation, and are not yet ready for entry into
routine clinical practice.

TREATMENT
SUPPORTIVE
Early integration of palliative care in the management of metasta-
tic NSLCC has been demonstrated to improve both quality of life
and mood, and is associated with improved survival despite less
aggressive end of life treatment (15). In addition to general pallia-
tive measures, patients with BM often necessitate additional sup-
portive medications such as steroids and anti-seizure medications.
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Table 1 | Prognostic indexes for metastatic brain disease.

RECURSIVE PARTITIONING ANALYSIS

Class 1 Age < 65; KPS≥70, primary controlled; no extra-cranial

disease

Class 2 Patients not in class 1 or 2

Class 3 KPS < 70

BASIC SCORE FOR BRAIN METASTASES

Score 0 KPS 50–70; primary uncontrolled; extra-cranial disease

present

Score 1 KPS 80–100; primary controlled; no extra-cranial disease

SCORE INDEX FOR RADIOSURGERY

Score 0 KPS≤50; age≥60; extra-cranial disease progressive;

lesions≥3; volume > 13 ml (largest lesion)

Score 1 KPS 60–70; age 51–50; extra-cranial disease stable; lesion 2;

volume 5–13 ml

Score 2 KPS > 80; age≤50; systemic disease NED; lesion 1;

volume < 5

GRADED PROGNOSTIC ASSESSMENT

Score 0 KPS < 70; age > 60; lesions > 3; extra-cranial disease

present

Score 0.5 KPS 70–80; age 50–59; lesions 2–3

Score 1 KPS 90–100; age < 50; lesion 1; no extra-cranial disease

KPS, Karnofsky performance status; NED, no evidence of disease.

Corticosteroids can be vital drugs in the control of intracranial
edema from BM and the relief of related symptoms. However,
in light of their considerable short- and long-term side effects,
steroids should be used judiciously. Hence, a systematic review on
the subject (16) has made the following recommendations:

• If corticosteroids are given, dexamethasone is the best choice
(level 3).

• Starting doses of 4–8 mg of dexamethasone should be given for
temporary relief of symptoms related to increased intracranial
pressure. In more severe cases,where symptoms suggest impend-
ing herniation, doses of 16 mg/day or more may be considered
(level 3).

• There is insufficient evidence to guide treatment recommenda-
tions for asymptomatic BM.

SURGERY
Up to few decades ago, surgical resection was mainly used to
establish a diagnosis or to alleviate mass-effect symptoms. More
recently, its definitive role in improving disease control for patients
with single, resectable metastasis has been shown to be significant.
Three randomized studies (17–19) have addressed the potential
therapeutic value of surgical resection by comparing surgery fol-
lowed by WBRT vs. WBRT alone in patients with a single brain
metastasis (Table 2).

In two of these trials (17, 18), a survival benefit was reported
for patients undergoing the combined approach. Patchell et al.
(17) randomized 48 good-performing (KPS≥70) patients with an
MRI-diagnosed, tissue-proven single lesion to surgical resection

plus WBRT (36 Gy in 12 fractions) vs. WBRT alone. Of interest,
11% of patients were excluded because no metastatic disease was
seen on the biopsy specimens. The authors reported a statisti-
cally significant improvement in survival (median survival: 40 vs.
15 weeks, p < 0.01) favoring the combined therapy, as well as a
reduction in brain recurrence rates and neurologic death. Vecht at
al. (18) compared WBRT (40 Gy in 20 fractions) with the same
WBRT preceded by surgery. Similarly, the combined approach
showed a survival advantage (median survival: 10 vs. 6 months,
p= 0.04). In this study, patients were stratified for progressive vs.
stable extracranial disease, which proved to be the most important
prognosticator for survival.

In contrast, the study by Mintz et al. (19) failed to show a
survival benefit when WBRT (30 Gy in 10 fractions) followed sur-
gical resection. The median survival for the WBRT group was 6.3
vs. 5.6 months for the combined modality group (p= 0.24). The
median survival in the Mintz et al. (19) series was lower than
the two other randomized studies and may be explained by the
selection of patients with lower KPS or with more extensive extra
cranial systemic disease (45% of patients). In addition, MRI was
not routinely used to exclude multiple metastases.

It should be mentioned that all of these randomized studies had
small patient numbers and did not include relatively radiosensitive
tumors such as small cell lung cancer, lymphoma, myeloma, and
germ cell tumors. Also, these trials were not specific for NSCLC
patients, although this histology was the predominant one in all
trials.

Despite these limitations, the current level 1 evidence sup-
ports the use of WBRT post-surgical resection in patients
with a single, resectable lesion, good performance, and lim-
ited extracranial disease. For patients with multiple metastatic
lesions, poor performance scores, and extensive systemic disease
an evidence-based recommendation for the combined approach
cannot be made.

A follow-up trial by Patchell and colleagues (24) addressed the
real need of WBRT post-resection of a single brain metastasis. In
a multi-center study, 95 patients (60% with NSCLC) with KPS
≥70 undergoing a complete resection of a single brain metasta-
sis were randomized to WBRT (50.4 Gy in 28 fractions) or no
further treatment for a primary end-point of tumor recurrence
anywhere in the brain. A total of 95 patients were randomized and
again NSCLC was the predominant tumor type. The group receiv-
ing post-operative WBRT experienced a significantly lower rate of
brain recurrence (18 vs. 70%, p < 0.001). WBRT also decreased
brain recurrence at the site of the original metastasis (10 vs. 41%,
p < 0.001) and at other sites in the brain (14 vs. 37%, p < 0.01).
Although OS was not different between groups, importantly, post-
operative WBRT significantly prevented death from neurologic
causes (14 vs. 44%, p= 0.003). This trial defined the need for
adjuvant RT post-resection of a single brain metastasis.

RADIATION THERAPY
WHOLE-BRAIN RADIATION THERAPY
The use of WBRT for patients harboring BM is considered by many
as the standard treatment. The rationale for treating the whole
brain is based on the presumption that micro-metastatic deposits
of tumor cells are present elsewhere in the brain. WBRT is the
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Table 2 | Randomized trials of WBRT in brain metastases.

Author No. patients Randomization Local control Survival (months) p Value

WBRT ± SURGERY

Patchell (7) 48 WBRT 48% 3.6 p < 0.001

S+WBRT 80% 9.5

Vecht (8) 63 WBRT NR 6.0 p=0.04

S+WBRT 10.0

Mintz (9) 84 WBRT NR 6.3 p=0.39

S+WBRT 5.6

Author No. patients Randomization Local control (%) Survival (months) Neurologic death

WBRT ± STEREOTACTIC RADIOSURGERY

Chougule (23) 73 SRS 87 5 NR

SRS+WBRT 91 9

Aoyama (34) 132 SRS 72.5 7.5 19.3%

SRS+WBRT 88.7 8 22.8%

Chang (35) 58 SRS 67 15.2 NR

SRS+WBRT 100 5.7

Kocher (36) 199 SRS 69 10.7 44%

SRS+WBRT 81 10.9 28%

No, number; S, surgery; SRS, stereotactic radiosurgery; WBRT, whole brain radiation therapy; NR, not reported.

most frequently used treatment for the management of BM and
its use is associated with improvement in neurologic symptoms
and decreased neurologic death (25). The RTOG and other inves-
tigators (26–31) conducted several randomized trials evaluating
different dose/fractionation regimens, but no particular regimen
appears to be superior in terms of disease control or survival.
Typically, a dose of 20 Gy in 5 fractions or 30 Gy in 10 fractions
is recommended. Approximately 60% of patients will experience
a complete or partial response with a similar rate for symptoms
improvement, though usually transient.

One major concern with the use of WBRT is the risk of
neurocognitive deficits, particularly short-term memory. Unfor-
tunately, the real rate and magnitude of neurocognitive deficits
post-WBRT has not been properly studied. It has been shown that
over 90% of patients with BM had impairment in one or more
neurocognitive tests at baseline and prior to WBRT (32). Propo-
nents of WBRT argue that it is the disease progression in the brain
not treated by WBRT that, in fact, compromises the patient’s neu-
rocognitive function. However, some patients develop cognitive
problems that cannot be simply explained by disease progression
elsewhere in the brain. Late effects from WBRT are usually seen
after 6 months post-treatment and are secondary to white matter
damage. Considering that many patients will not survive beyond
6 months, it is plausible to consider that cognitive deficits would be
seen in larger proportion of patients should they survive longer.
For a comprehensive review of the subject, we recommend the
paper by McDuff et al. (33).

Recent approaches to reduce the potentially negative effects
of WBRT on cognitive function include the concomitant use of
memantine (20) and hippocampal sparing during WBRT (21).
Memantine, a potential neuroprotector, was used during EBRT in
a recent RTOG randomized trial (20). Patients receiving the drug
had improved cognitive function in several domains. Gondi et al.
(21) presented a phase II RTOG study of hippocampal sparing in
patients undergoing WBRT for BM. Although this was a single
arm trial, the declines in cognitive function are less than what was
observed from historical controls.

STEREOTACTIC RADIOSURGERY
Stereotactic radiosurgery (SRS) delivers a single high dose of
irradiation to the target volume while avoiding the surrounding
normal tissues. A randomized trial conducted by the RTOG (22)
showed that the addition of SRS to WBRT was superior to WBRT
alone in patients with a newly diagnosed single brain lesion. A sur-
vival benefit was not seen for patients with two or three metastatic
lesions, although local brain control was significantly improved
with the addition of SRS. Given its focal delivery of irradiation,
there have been concerns that its isolated use could lead to an
increased rate of failure elsewhere in the brain. However, con-
cerns with cognitive deficits from WBRT led investigators to use
SRS alone in selected patients, reserving WBRT for a later date if
necessary.

To address to this question, four randomized trials have, to
date, compared SRS alone vs. SRS plus WBRT in patients with a
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limited number of metastatic lesions (23, 34–36). One of them has
only been reported in abstract form (23). Table 2 summarizes the
results of these trials.

Despite differences in patient selection and treatment design,
all trials consistently show no significant difference in survival,
but have shown a significant reduction in intracranial failures and
death from brain causes. One study (35) had a neurocognitive end-
point – Hopkins Verbal Learning Test (HVLT) – at 4 months post-
treatment. This small study was stopped prematurely because an
interim analysis showed neurocognitive function at 4 months sig-
nificantly worse after SRS+WBRT than after SRS alone, although
brain control at 1 year was significantly better for the WBRT+ SRS
arm (73 vs. 27%, p= 0.0003). On the other hand, in the Japanese
trial (34), there was a significant decline in mini-mental score when
SRS was given alone making the authors conclude that BM con-
trol was the most important factor for preserving neurocognitive
function.

Whether SRS can replace WBRT in newly diagnosed BM
remains to be determined and treatment decisions should be indi-
vidualized taking into consideration the patients’ wishes, age, intra
and extracranial disease extent, and prognosis.

CHEMOTHERAPY
Due to the failure of most drugs to cross the intact blood–brain
barrier (BBB), the role of chemotherapy in the treatment of BM
has been viewed critically (2). Chemotherapy drugs are generally
large (>150 kDa), ionized, hydrophilic, and often protein-bound,
and therefore, ill-suited to penetrate the tight-junctions, electro-
chemical barrier, astrocyte foot-processes, and highly regulated
transmembrane transport proteins of the central nervous system’s
endothelial vasculature (37).

However, the effects of the BBB may be over-estimated. First,
there is evidence that the BBB of BM is disrupted, as evidenced by
the presence of peritumoral edema and the accumulation of con-
trast media during computed tomography or magnetic resonance
assessments (38, 39). Second, there is evidence of intracranial
tumor response, even to drugs that in healthy systems have lit-
tle central nervous system penetration. In a recent review (37), the
response rates (RRs) of BM to platinum-based regimens in seven
clinical trials of treatment-naïve NSCLC patients were similar to
those achieved extra-cranially, ranging from 30 to 50%. However,
the median survival remained only 5–8 months in most cases. In
the same review, three trials using temozolomide achieved a RR of
only 0–10%, suggesting that the selection of chemotherapy drugs
should be based mainly on their established anti-tumor activity to
extracranial sites, and not on considerations of BBB penetrance.

More recently, two phase II trials have examined the use of cis-
platin and pemetrexed for the treatment of NSCLC with BM. In
one trial, 43 chemo-naive NSCLC patients (93% non-squamous
histology) with BM received up to six cycles of cisplatin and
pemetrexed at standard doses (40). WBRT was given in cases of dis-
ease progression or at chemotherapy completion. Cerebral, extra-
cerebral, and objective RRs by intention to treat (ITT) were 41.9,
34.9, and 34.9%, respectively. Median OS and progression-free
survival (PFS) were 7.4 and 4.0 months, respectively.

In another phase II trial (41), newly diagnosed NSCLC patients
with BM received up to six cycles of cisplatin and pemetrexed

concurrently with WBRT (30 Gy/10 fractions) during days 1–12
of the first cycle. Among the 41 patients evaluable for response
(100% adenocarcinoma), the cerebral, extra-cerebral, and overall
RRs were 68.3, 34.1, and 36.6%, respectively. The median PFS of
BM and OS were 10.6 and 12.6 months, respectively. The hema-
tologic toxicities were generally mild or moderate and there were
no grade 4 or higher non-hematologic toxicities. The combined
treatment was generally safe and well-tolerated.

TARGETED THERAPY
The use of drugs targeting the proteins of mutated EGFR and
anaplastic lymphoma kinase (ALK) genes has become standard of
care in the systemic treatment of metastatic NSCLC (42). In first-
line clinical trials of the EGFR-targeted drugs gefitinib, erlotinib,
and afatinib, objective response rates (ORRs) of 55–83% were
observed, mostly clustering above 70% (43). In addition, large
international phase III trials comparing EGFR tyrosine kinase
inhibitors (TKIs) against platinum doublet chemotherapy have
achieved significant PFS benefits of >4 months with hazard-ratios
(HRs) ranging from 0.37 to 0.58, and improvements to symptoms
and quality of life (44–47).

The ALK-inhibitor crizotinib has also demonstrated strong
anti-tumor activity systemically. In a phase III second-line NSCLC
trial of patients with ALK-rearranged tumors randomized to
receive crizotinib vs. chemotherapy with docetaxel or peme-
trexed, an ORR= 65% was demonstrated, as well as a PFS
benefit of 4.7 months vs. chemotherapy (7.7 vs. 3.0 months,
HR 0.49, p < 0.001) (48). Similarly, in a phase I study of the
newer ALK-inhibitor ceritinib, an ORR= 58% was achieved,
including an ORR= 56% in tumors that had progressed on
crizotinib (49).

The mutation status of tumors is usually derived from biopsies
obtained at extracranial sites, and thus, does not necessarily guar-
antee a mutation in the sub-clones within the brain. However, a
Chinese study of 136 NSCLC patients with resected BM, in which
an EGFR mutation was identified in 57% of the BM, found a con-
cordance rate of 93.3% in the EGFR mutation status between the
primary tumor and BM (50). This suggests that primary tumor
EGFR status is a very good surrogate for EGFR mutation status
of the BM. In this same cohort of patients, the median OS was
24.5 months in the EGFR mutation group, compared to 15 months
in the wild-type group. This finding is consistent with other studies
identifying EGFR mutation status as a positive prognostic factor
among patients with BM (51).

Just as targeted therapy with EGFR and ALK inhibitors is highly
active systemically among molecularly selected NSCLC patients,
there is mounting evidence that this is also true for activity intra-
cranially. A recent review has examined the use of the EGFR
inhibitors gefitinib and erlotinib in BM among NSCLC patients
(6). In the eight phase II clinical trials included in the review, the
intracranial RRs with gefitinib were 27–32% in unselected patients,
43% in an Asian population without molecular selection, and 70–
89% in molecularly selected patients. Similarly, intracranial RRs
were 56 and 82% for erlotinib in clinically and molecularly selected
patients, respectively. Taken together, these results highlight both
robust intracranial activity and the importance of EGFR mutation
status as a predictor of intracranial response. In addition, for the
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three studies where OS data were presented, the median OS results
were 12.9, 18.8, and 19.8 months, respectively.

CONCLUSION
The management of patients with BM has evolved over the
years from an under-studied area to a field of exciting active
research. Supportive therapy, surgery, and RT remain the main-
stays of management for these patients. Additional areas of active
research include techniques to preserve neurocognitive func-
tions with radiotherapy (20, 52), improving the detection and
clinical utility of circulating tumor cells (53), and novel sys-
temic approaches including immunotherapy alone (54, 55) or
in combination with radiotherapy (56), anti-metabolic agents
(57), anti-angiogenesis drugs (58), and novel targeted therapies
for a growing list of oncogenic mutations (59). Ultimately, the
optimal management strategy will employ a multi-disciplinary
approach accounting for individual characteristics of both patient
and tumor.
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Until now ~30–40% of patients with advanced lung cancer develop bone metastases, but
as the newer therapies are extending survival, the chance of developing bone metastases
increases. Bone metastases cause skeletal-related events (SREs) such as pathologic frac-
tures, spinal cord compression, radiation therapy or surgery to bone, or hypercalcemia,
which can have debilitating consequences affecting patients’ health-related quality of life
(HR-QOL) and performance status (PS). Poor PS then prevents the patients to receive fur-
ther lines of treatments, which are available today. SREs are associated with increased
economic costs. In one clinical trial, the median time to first SRE was only 5 months. Early
detection of bone metastases can prevent SREs and avoid inappropriate implementation
of major surgery or chemoradiation therapy.With the new generation bisphosphonate zole-
dronic acid (ZA) or denosumab (anti-RANKL activity), one can reduce the number of patients
who experience SREs, decrease the annual incidence of SREs and delay the median time to
first SRE.These agents are effective even after the onset of SREs.They are well tolerated,
with manageable side effects. The biochemical markers of bone metabolism especially N-
telopeptide of type I collagen and bone specific alkaline phosphatase (BALP) can be both
prognostic and predictive markers for the patients with bone metastases from non-small
cell lung cancer (NSCLC). Anticancer activity of ZA and denosumab further supports their
use as soon as bone metastases are diagnosed in patients with NSCLC. Further trials will
inform us about the efficacy of these agents for prevention of bone metastases and even
about possible effects on visceral metastases.

Keywords: bone metastases, denosumab, zoledronic acid, NSCLC, biomarkers, skeletal-related events, effect on
pain and survival

INTRODUCTION
Approximately 30–40% of patients with lung cancer develop bone
metastases (1), which can lead to skeletal-related event (SREs) such
as pathologic fractures, spinal cord compression, radiation therapy
or surgery to bone, or hypercalcemia. These SREs can affect the
patient’s health-related quality of life (HR-QOL). Bone metastases
are the most common cause of cancer-associated pain in patients
with advanced malignancies (2). The bone pain associated with
bone metastases often requires palliative radiation therapy. Patho-
logic fracture, which may require surgery, spinal cord compression,
and hypercalcemia of malignancy (HCM) can be life-threatening.
In a large prospective trial, pathologic fractures were significantly
and negatively correlated with survival among 460 patients with
bone metastases from solid tumors, including breast, prostate, kid-
ney, and lung cancers (3). SREs not only cause increased morbidity
and deterioration of performance status (PS), but also increased
economic costs (4), thus SRE prevention will not only decrease
patient morbidity, improve HR-QOL, but will also be associated
with decreased use of health care resources. The need to focus on
bone metastases and their sequelae is heightened as the survival of
patients with non-small cell lung cancer (NSCLC) increases with
the newer therapies. In one clinical trial, median time to first SRE
in patients with NSCLC was 5 months only (5). To prevent SREs,

preserve patients’ QOL, good PS, and functional independence are
of great importance and will allow patients to receive all the lines
of therapies now available.

PATHOPHYSIOLOGY OF BONE METASTASES
The release of growth factors from the bone matrix during
osteoclast-mediated osteolysis is conducive to the development
of metastatic lesions (6). In osteolytic lesions, factors secreted
by tumor cells induce osteoclast recruitment and activation,
leading to increased osteolysis (7). Elevated osteolysis decreases
bone integrity, can cause bone pain and the release of minerals
from the bone matrix, resulting in HCM (8). Bone resorption
releases growth factors that stimulate tumor growth and increase
of osteoclast-stimulating factors (9). In contrast, tumor cells in
osteoblastic lesions secrete factors that stimulate osteoblasts, which
are responsible for the formation of new bone tissue (osteogen-
esis). Levels of osteolysis are enhanced in response to increased
osteogenesis, releasing growth factors from the bone matrix (7).
Osteoblastic lesions may also contain a strong osteolytic compo-
nent that can decrease bone integrity (9, 10). Aberrant new bone
formation in osteoblastic lesions produces new bone tissue that
is abnormal, malformed, and does not add to the overall bone
strength (9, 11).
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Hirsh Treatment of bone metastases in lung cancer

FIGURE 1 | Zoledronic Acid reduced percentage of patients with each
SRE. Phase III trial of patients with bone metastases from NSCLC/OST
who received ZOL or placebo every 3 weeks for up to 21 months.
Approximately 50% of patients had NSCLC; ~7% of patients had SCLC.

SRE, skeletal-related event; mets, metastases; NSCLC, non-small cell
lung cancer; OST, other solid tumors; RT, radiotherapy; SCC, spinal cord
compression; HCM, hypercalcemia of malignancy. Data from Rosen
et al. (5).

EARLY DETECTION OF BONE METASTASES
The incorrect staging of patients with NSCLC can result in subop-
timal treatment decisions such as major surgery or an aggressive
chemoradiation without hope for a curative outcome.

Recently, PET scanning for accurate staging of NSCLC has
been recognized as a valuable tool by the National Comprehen-
sive Cancer Network (12). Fluorine-18 deoxyglucose (FDG)-PET
scans for the detection of bone metastases in NSCLC have been
shown to have a higher specificity compared with bone scans
(~90 versus 70%, respectively) (13, 14) and a much lower rate
of false negatives (6 versus 39%, respectively) (15). The sensitivity
of FDG-PET and bone scans for the detection of bone metastases
from NSCLC was comparable after appropriate follow-up imaging
(13, 14).

CLINICAL IMPLICATIONS OF BONE
METASTASES – BISPHOSPHONATES, ZOLEDRONIC ACID
Bisphosphonates are pyrophosphate analogs that are deposited at
sites of bone remodeling. They bind to bone mineral surfaces and
are ingested by osteoclasts wherein they inhibit osteolysis (16).
Early bisphosphonates i.e., etidronate, clodronate, demonstrated
efficacy for the treatment of HCM, but these agents are weak with
limited utility in the oncology setting (16).

The introduction of a nitrogen group to the bisphosphonate
backbone resulted (17) in increased potency and a different cel-
lular target: farnesyl diphosphonate synthase, a key enzyme in
the mevalonate pathway. These bisphosphonates inhibit protein
prenylation and RAS signaling in osteoclasts, thereby inducing
apoptosis (18). Zoledronic acid consistently achieved the great-
est antiresorptive efficacy among the bisphosphonates tested in
preclinical assays in human cancer cell lines and animal models
(19, 20).

Regulatory approval for zoledronic acid (ZA) in patients with
any solid tumors was based on results from a phase III random-
ized, placebo-controlled trial in which 773 patients with bone
metastases from solid tumors other than breast or prostate can-
cer received ZA (4 or 8 mg) or placebo via 15 min intravenous
infusion every 3 weeks for up to 21 months (5). Among the 507

patients randomized to the 4 mg ZA or placebo group of this trial,
249 had NSCLC and 36 had small cell lung cancer (SCLC).

In the overall trial population, ZA significantly reduced the
number of patients who experienced at least one SRE, includ-
ing HCM, 39 versus 48% with placebo, p= 0.039, and reduced
the proportion of patients who experienced each type of SRE
(Figure 1) (5).

Zoledronic acid also significantly decreased the annual inci-
dence of SREs, 1.74 versus 1.71 per year for placebo, p= 0.012
and significantly delayed the median time to first SRE compared
with placebo (236 versus 155 days, respectively, p= 0.009) (5). A
multiple event analysis using a robust Andersen–Gill model was
performed for the overall population. This analysis takes into
account not only the number of SREs but also the timing between
the SREs, thereby providing a sensitive comparison of the ongoing
risk of SREs between two treatment groups.

Zoledronic acid reduced the risk of SREs by 31% versus
placebo in the overall trial population (relative risk, RR= 0.693,
p= 0.003). Many patients with lung cancer are diagnosed only
after the first SRE. However, pre-existing skeletal morbidity does
not preclude the benefits of subsequent therapy with ZA. Indeed,
patients who have already experienced an SRE are at especially
high risk for subsequent events. In an exploratory analysis of
the ZA phase III trial in patients with NSCLC and other solid
tumors, patients with a history of SRE before study entry had
a 41% increased risk of experiencing an on-study SRE com-
pared with patients with no history of prior SRE (p= 0.036)
(21). In patients with a prior SRE, ZA produced a signif-
icant 31% reduction in the risk of developing an on-study
SRE compared with placebo in a robust Andersen–Gill multi-
ple event analysis, p= 0.009, and significantly reduced the skele-
tal morbidity rate, 1.96 versus 2.81 events per year for placebo,
p= 0.030 (21).

Furthermore, ZA significantly prolonged the median time to
first SRE on study by ~4 months compared with placebo in this
prior-SRE cohort (215 versus 106 days, respectively, p= 0.011).
Benefits were also seen in the subset of patients who had not
experienced a prior SRE, but without a statistical significance
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Hirsh Treatment of bone metastases in lung cancer

because of lack of the statistical power. This study suggests that
ZA is effective and provides benefits even after the onset of SREs.

The most commonly reported adverse events (AEs) for ZA
and placebo during the trial were bone pain including infusion
of ZA-related pain (48 and 58%, respectively), nausea (47 and
32%, respectively), and dyspnea (45 and 30%, respectively) (22).
There was no significantly lower incidence of palliative radiother-
apy to bone in the 4 mg ZA group versus placebo (23). There were
no grade 4 increases in serum creatinine in the NSCLC stratum.
Monitoring of renal function and oral health during bisphospho-
nate therapy is recommended to avoid uncommon, but potentially
serious AEs (24, 25). Because all intravenous bisphosphonates are
cleared by the kidneys, renal function, and hydration status should
be determined before each infusion to ensure renal safety. Reduced
starting dose of ZA is recommended for patients with impaired
renal function (26).

Osteonecrosis of the jaw (ONJ) has been reported as an uncom-
mon event in patients receiving bisphosphonates and is character-
ized by exposed bone in the maxillofacial area with no evidence
of healing after 6 weeks of appropriate dental care in the absence
of metastatic disease or radiation to the jaw (25). The reports
using the data obtained from retrospective analyses and reviews
of medical records databases suggest that the frequency of ONJ
in patients with malignant bone disease may be between 0.7 and
12.6% (27–29).

This wide range in ONJ frequency is likely due to variability
in preventive dental measures before and during bisphosphonate
therapy, variations in the duration of bisphosphonate treatment,
and geographic differences. Preventive dental measures and appro-
priate oral hygiene have been identified that can significantly
reduce the incidence of ONJ during bisphosphonate therapy (25,
30–32). A pilot study in patients with active ONJ lesions found that
local application of a medical ozone oil suspension led to complete
ONJ resolution (33).

ZOLEDRONIC ACID AND BIOCHEMICAL MARKERS
In a subset of patients with NSCLC or other solid tumors in the
placebo group (238 patients), urinary levels of the bone resorp-
tion marker N-telopeptide of type I collagen (NTX) and the
serum bone formation marker bone specific alkaline phosphatase
(BALP) were assessed approximately every 3 months (34). High
NTX levels (≥100 nmol/mmol creatinine) at baseline were asso-
ciated with an increased risk of first SRE (RR= 1.85, p= 0.076)
and bone disease progression (RR= 1.76, p= 0.029) compared
with patients with low NTX levels (<100 nmol/mmol creatinine,
Figure 2) (34). Moreover, compared with patients with low NTX
levels, patients with high NTX levels had a more than threefold
increased risk of death (RR= 3.03, p < 0.001) and a 5-month
reduction in median survival (3.2 versus 8.2 months for patients
with low baseline NTX levels) (34). Patients with high baseline
BALP levels (≥146 IU/L) also had statistically significant increases
in risk of disease progression (RR= 1.77, p= 0.005) and death
(RR= 1.53, p= 0.003) compared with patients with low BALP
levels (<146 IU/L) (34).

Exploratory analysis of the ZA phase III clinical trial database
(36) showed that ZA reduced mean urinary NTX levels within
3 months in patients with bone metastases from NSCLC and

FIGURE 2 | ZOL normalized NTX levels within 3 months in most
patients with elevated baseline NTX. NTX, N-telopeptide of type I
collagen; HRPC, hormone-refractory prostate cancer; NSCLC, non-small
cell lung cancer; OST, other solid tumors; BL, baseline. Data from Lipton
et al. (35).

other solid tumors who had bone marker assessment (n= 204)
(35). ZA also significantly reduced the RR of death by 35% ver-
sus placebo (RR= 0.650, p= 0.024) among patients with NSCLC
and high baseline NTX levels (NTX≥ 64 nmol/mmol creatinine,
n= 144) (37).

Differences in survival between the ZA and placebo groups did
not reach statistical significance in the normal baseline NTX sub-
set, consistent with the lower risks of SREs and death that have
been reported for that subset (34, 37).

This benefit could result from reduced osteolysis, resulting in
less release of growth factors from the bone matrix, reduced SRE
rate or possibly also from direct and indirect antitumor effects
of ZA i.e., increased apoptosis, synergism with chemotherapy,
antiangiogenesis, and stimulation of immune system.

ANTICANCER ACTIVITY OF ZOLEDRONIC ACID
There is a preclinical evidence that ZA can inhibit proliferation and
induce apoptosis in a broad range of human cancer cell lines (16,
38) ZA also exerts antitumor synergy with chemotherapy agents
in the A549 lung cancer cell line (39, 40). In murine lung can-
cer cell line, ZA inhibited the growth of these tumors and mice
treated with ZA survived significantly longer than the untreated
mice (p < 0.05) (41).

Multiple effects may contribute to the antitumor activity of
ZA that has been reported in preclinical models (42). In addi-
tion to direct antitumor effects, nitrogen-containing bisphospho-
nates appear to have immunomodulatory properties especially
with regard to γδ T cells, a subset of T cells that plays a role
in immunosurveillance for malignancies. In an in vitro model,
ZA induced maturation and upregulated co-stimulating surface
receptor expression (e.g., CD 40, CD 80, CD 83) on peripheral γδ

T cells (43). In addition, bisphosphonates have been shown to acti-
vate the cytolytic activity of γδ T cells and therefore, may enhance
the antitumor immune response (44).

There are ongoing clinical studies in patients with NSCLC eval-
uating the efficacy of ZA both for prevention of bone metastases
and for antitumor activity.
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DENOSUMAB AND ANTI-RANKL ACTIVITY
Denosumab is a fully human monoclonal antibody that binds
to and neutralizes RANKL (receptor activator of nuclear factor
kappa-B ligand) thereby inhibiting osteoclast function and pre-
venting generalized bone resorption and local bone destruction.

It is hypothesized that tumor cells in the bone lead to increased
expression of RANKL on osteoclasts and their precursors. RANKL
is an essential mediator of osteoclast function, formation, and sur-
vival (45–47). Excessive RANKL-induced osteoclast activity results
in resorption and local bone destruction with evidence of elevated
levels of bone turnover markers, leading to SREs (34, 36).

Denosumab has been studied in two phase II trials of patients
with bone metastases in advanced cancer and in one phase II
trial with myeloma (48–50). These studies demonstrated that
treatment with denosumab at doses ranging from 30 to 180 mg
administered every 4 or 12 weeks was associated with a rapid and
sustained suppression of bone turnover markers and delay of SREs
similar to that seen with i.v. bisphosphonates.

In a randomized, double-blind phase III trial of denosumab
versus ZA, in the treatment of bone metastases in patients with
advanced cancer (excluding breast and prostate cancer) or multi-
ple myeloma, 1779 patients were enrolled onto study, 890 patients
analyzed on ZA, 886 on denosumab (51). Baseline characteris-
tics were well balanced (Table 1). The primary endpoint was time
to first on-study SRE comparing denosumab with ZA for non-
inferiority. Secondary efficacy endpoints were to be evaluated only
if non-inferiority was demonstrated, and were superiority tests
comparing denosumab and ZA for time to first on-study SRE and
time to first and subsequent SRE by multiple event analysis. A sub-
sequent SRE was defined as an event occurring ≥21 days after the
previous SRE.

The median number of doses was seven for ZA and seven for
denosumab with cumulative drug exposure of 651.9 patient-years
for ZA and 675.3 patient-years for denosumab. Median time on
study was ~7 months.

Table 1 | Baseline characteristics.

Characteristic, n (%)

or median

Zoledronic acid

(n = 890)

Denosumab

(n = 886)

Male 552 (62) 588 (66)

Age (years) 61 60

Primary tumor type

Non-small cell lung cancer 345 (39) 343 (39)

Multiple myeloma 93 (10) 86 (10)

Other 452 (51) 457 (52)

ECOG performance status of 0 or 1 728 (82) 748 (84)

Time from first bone metastasis to

randomization (months)

2 2

Previous SRE 446 (50) 440 (50)

Presence of visceral metastases 448 (50) 474 (53)

See Ref. (52).

Denosumab was non-inferior to ZA in delaying time to first on-
study SRE (HR= 0.84, p= 0.0007) representing 16% reduction in
hazard (Figure 3). The median time to first on-study SRE was
20.6 months for denosumab and 16.3 months for ZA. The test for
superiority for time to first SRE showed p= 0.06 and therefore did
not reach statistical significance. Time to first and subsequent SREs
(multiple events) analysis demonstrated a rate ratio of 0.90 for
denosumab compared with ZA, p= 0.14, which was not statisti-
cally significant. Overall survival (HR= 0.95, p= 0.43) and disease
progression (HR= 1.00, p= 1.0) were similar between treatment
groups (Figures 4 and 5).

The effect of denosumab on time to first on-study SRE relative
to ZA by tumor stratification factors resulted in an HR= 0.84 for
NSCLC, p= 0.20; 1.03 for myeloma, p= 0.89, and 0.79 for other
solid tumors, p= 0.04. An ad hoc analysis examining overall sur-
vival demonstrated an HR= 0.79 for NSCLC, 2.26 for myeloma,
and 1.08 for other solid tumors.

Patients in both arms experienced similar rates of AEs (Table 2).
Rates of serious AEs are 13.4% for ZA versus 14.6% for deno-
sumab. New primary malignancy occurred in three patients
(0.3%) receiving ZA and in five patients (0.6%) receiving deno-
sumab.

Adverse events of hypocalcemia occurred more frequently with
denosumab (10.8% denosumab, 5.8% ZA). In general, the clin-
ical consequences of hypocalcemia were not observed. Centrally
determined grade 3 and 4 decreases in albumin-adjusted calcium
values were reported in 9 patients (1%) receiving ZA and 20
patients (2.3%) receiving denosumab. IV calcium was adminis-
tered on study to 2.7% of patients receiving ZA and 5.7% receiving
denosumab.

Positive adjudicated ONJ occurred with cumulative incidence
rates in the ZA and denosumab groups of 0.6 and 0.5% at 1 year,
respectively, 0.9 and 1.1% at 2 years, and 1.3 and 1.1% at 3 years
(p= 1.0).

Adverse events associated with acute phase reactions within
the first 3 days after dose 1 occurred in 14.5% of patients receiv-
ing ZA versus 6.9% receiving denosumab. Most frequent reac-
tions were pyrexia, arthralgia, and fatigue. One hundred fifty-two
patients (17.3%) on ZA required dose adjustments to levels lower
than 4 mg and doses were withheld because of elevated serum
creatinine in 78 patients (8.9%). No dose adjustments or dose
withholding for renal function were required for denosumab.
Despite appropriate adjustments of the ZA dosing regimen for
renal function, there was an evidence of an excess of renal AEs
with ZA. Denosumab has no limitations with respect to renal
impairment as it is a monoclonal antibody and is eliminated by
intracellular catabolism in phagocytes, with no evidence of renal
effects (53, 54).

BONE TURNOVER BIOMARKERS – DENOSUMAB VERSUS
ZOLEDRONIC ACID
Patients treated with denosumab experienced a greater suppres-
sion of bone turnover markers than with ZA. Between baseline and
study week 13 levels of urinary NTX/Cr decreased by a median
of 76% for denosumab (n= 546) and 65% for ZA (n= 543),
p < 0.001 and BALP decreased by 37% for denosumab (n= 578)
and 29% for ZA (n= 581), p < 0.001.
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FIGURE 3 |Time to first on-study SRE (52).

FIGURE 4 | Overall survival (52).

EXPLORATORY ANALYSIS OF OVERALL SURVIVAL IN LUNG
CANCER
Sub-analysis of 811 patients with any lung cancer showed that
denosumab was associated with significantly improved over-
all median survival compared with ZA, with a difference of
1.2 months (KM median= 8.9 versus 7.7 months, HR= 0.80,
p= 0.01) (Figure 6) (55). Denosumab continued to show a

significant survival advantage over ZA when overall survival was
adjusted for relevant baseline covariates (age, sex, time from diag-
nosis of primary cancer to first evidence of metastasis or the first
bone metastasis, visceral metastasis, and ECOG status) and strat-
ified by the randomization stratification factors (previous SRE
and systemic anticancer therapy), HR= 0.81, p= 0.01. In patients
with visceral metastases (231 in denosumab group and 233 in
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Hirsh Treatment of bone metastases in lung cancer

FIGURE 5 | Overall disease progression (52).

Table 2 | Adverse events of interest.

Event, n (%) Zoledronic acid

(n = 878)

Denosumab

(n = 878)

Infectious AEs 349 (39.7) 358 (40.8)

Infectious serious AEs 118 (13.4) 128 (14.6)

Acute phase reaction (first 3 days) 127 (14.5) 61 (6.9)

Potential renal toxicity AEsa 96 (10.9) 73 (8.3)

Renal failure 25 (2.8) 20 (2.3)

Acute renal failure 16 (1.8) 11 (1.3)

Cumulative rates of ONJ* 11 (1.3) 10 (1.1)

Year 1 5 (0.6) 4 (0.5)

Year 2 8 (0.9) 10 (1.1)

New primary malignancy 3 (0.3) 5 (0.6)

aIncludes blood creatinine increased, renal failure, renal failure acute, proteinuria,

blood urea increased, renal impairment, urine output decreased, anuria, oliguria,

azotemia, hypercreatininemia, creatinine renal clearance decreased, renal failure

chronic, blood creatinine abnormal.

*p=1.0.

No neutralizing anti-denosumab antibodies were detected.

See Ref. (52).

ZA group), denosumab was also associated with improved overall
median survival with a difference of 1.2 months (KM median= 7.7
versus 6.4 months, HR= 0.79, p= 0.03). Denosumab was asso-
ciated with significantly improved survival in patients with
NSCLC with a difference of 1.5 months (KM median= 9.5 versus
8.1 months, HR= 0.78, p= 0.01) (Figure 7).

Explanation for the longer survival with the denosumab treat-
ment in these lung cancer patients includes both direct and indirect

effects on tumor cells. An indirect effect may derive from the
symbiotic relationship between tumor cells and the bone marrow
microenvironment in which both bone destruction and tumor
growth are promoted. Tumor cells secrete various factors that
stimulate production of RANKL (45). The increased expression
of RANKL in the tumor environment leads to increased forma-
tion, activation, and survival of osteoclasts and results in osteolytic
lesions (56). Osteolysis then results in the release of growth factors
derived from bone (45, 57).

These growth factors increase the production of parathy-
roid hormone-related protein or promote tumor growth directly
(45). Bone destruction increases local extracellular calcium con-
centrations, which have also been shown to promote tumor
growth and the production of parathyroid hormone-related pro-
tein (57). Denosumab may indirectly affect skeletal tumor pro-
gression by targeting osteoclasts and disrupting the interaction
between tumor cells and the bone microenvironment. RANKL
inhibition has been shown to reduce bone lesions/osteolysis,
and skeletal tumor burden in a model of NSCLC (58) and to
enhance antitumor efficacy of other therapies on skeletal tumors
(59, 60).

Another hypothesis is that denosumab may improve survival
by directly inhibiting RANKL on RANK-expressing tumor cells,
which has been demonstrated for breast cancer cells in vivo (61)
and for a number of tumor cell lines (including lung cancer cells)
in vitro (62). RANKL inhibition may have a direct antineoplastic
effect on lung cancer cells via apoptosis or anti-migration activ-
ity (63). The hypothesis of mechanism of anticancer activities,
which inhibit RANKL or RANK-expressing tumor cells has been
described in more detail in the review article of Peters and Meylan
(64). These findings warrant further prospective clinical inves-
tigations, denosumab might have anticancer effects beyond the
skeleton (65).
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Hirsh Treatment of bone metastases in lung cancer

FIGURE 6 | Overall survival: patients with lung cancer.

FIGURE 7 | Overall survival: patients with NSCLC.

PROMISING NEW BONE TARGETING AGENTS
Targeting bone agents in the early stage of investigation in NSCLC
are Dasatinib (i.e., anti-src activity) (66), ACE-011 (Sotatercept –
Activin TRAP) (67, 68), Cabozantinib (anti-RET agent) (69), and
Radium 223 (targeted alpha emitter) (70).

CONCLUSION
In the palliative group of patients with metastatic lung cancer, the
HR-QOL is extremely important. Preserving a good PS, which
enables these patients to receive all the available lines of treatment
for metastatic NSCLC is also desirable.

www.frontiersin.org June 2014 | Volume 4 | Article 146 | 53

http://www.frontiersin.org
http://www.frontiersin.org/Thoracic_Oncology/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hirsh Treatment of bone metastases in lung cancer

Early identification of bone metastases and management of
SREs have become crucial for maintaining QOL and containing
healthcare costs throughout the patient’s care. The identification
of risk factors for skeletal metastases in patients with NSCLC will
help us to implement early treatment to prevent or delay the onset
of debilitating SREs.

The safety profile for ZA and denosumab is similar but sub-
cutaneous administration of denosumab offers advantages over
intravenous administration with no need for renal monitoring.
Denosumab is associated with fewer acute phase reactions, but has
a higher incidence of hypocalcemia. ONJ is similar for both agents.
Thus both agents are a reasonable option for targeted bone therapy.

Future trials are needed to inform us about efficacy of these
agents for prevention of bone metastases and effects on visceral
metastases, too, thus contributing to a longer survival in patients
with metastatic NSCLC.
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An increasing proportion of patients with advanced non-small cell lung cancer (NSCLC) are
over 70 years old, raising unique challenges for treatment decision-making. While these
patients are underrepresented in clinical trials, there is an emerging body of evidence
associated with this group. The lesson of comprehensive geriatric assessment is that
chronological age does not always correlate with physiological age and a variety of impor-
tant co-morbidities and geriatric syndromes can go undetected in a typical history and
physical. These co-morbidities and expected physiologic changes due to aging complicate
decision-making around appropriate treatment. This review discusses geriatric assess-
ment in elderly cancer patients and evaluates the current evidence for chemotherapy and
targeted therapy for patients with advanced NSCLC aged ≥70 years.

Keywords: non-small cell lung cancer, chemotherapy, elderly, geriatric assessment, targeted therapy

INTRODUCTION
The number of seniors in Canada is projected to more than dou-
ble between 2005 and 2036 (1) and global life expectancy has
increased continuously over the last 40 years (2). Forty-three per-
cent of cancers in 2010 were diagnosed in patients 70 years or older
(3). Therefore, barring a significant change in cancer incidence,
the absolute number of cancers diagnosed in elderly patients
can be expected to increase substantially both in Canada and
worldwide.

Worldwide, lung cancer is the leading cause of cancer-related
mortality and by 2010 was the fifth overall leading cause of death
(4, 5). Eighty-five percent of diagnosed lung cancer patients have
non-small cell lung cancer (NSCLC) (6, 7). The median age of
diagnosis is 70 years and has been increasing (7, 8). Lung cancer
is therefore a disease of older adults and up to 70% of patients
are diagnosed in advanced stage, where the standard treatment is
systemic therapy (8).

This advanced age is an important treatment consideration
due to the complex interplay of physiologic changes associated
with aging, co-morbidities, competing mortality, and potential
differences in priorities among younger vs. older individuals when
prognosis is limited. These issues are compounded by difficulty in
predicting both benefit from chemotherapy and risk of toxicity
in older patients due to historical underrepresentation in clinical
trials (9, 10).

This narrative review will discuss the complexity of treating
geriatric patients and outline the current state of evidence for
the use of chemotherapy in this population for the treatment of
advanced lung cancer.

PHYSIOLOGIC CHANGES
Physiologic changes with aging occur in a number of organ systems
that can affect the safety of chemotherapy (Table 1). Glomerular
filtration rate is typically estimated to decrease by 1 mL/min/year
beyond age 40 (11–14). In addition to this reduction in renal
clearance, there is also impairment in the handling of water and
electrolytes (13, 15). These changes can increase the risk to elderly
lung cancer patients for toxicity from drugs primarily cleared by
the kidneys, as well as dehydration and electrolyte imbalances.

The gastrointestinal system also changes with age, affecting
drug absorption and the risk of mucositis (16, 17). Inconsistency
in absorption results from reduced gastric blood flow, delayed
gastric emptying, and a reduction in intestinal absorptive capacity
(18–21). The vulnerability to mucosal injury arises from alter-
ation of protective mechanisms, including a reduction in mucus
and bicarbonate secretion (18). More importantly, elderly indi-
viduals generally show a decrease in hepatic mass and blood flow,
which reduces drug metabolism (22). A reduction in activity of
the cytochrome P450 system can also occur, resulting in a higher
risk of drug interactions (23). The changes in metabolism can be
further exacerbated by body composition changes that increase
fat content and decrease water composition, thereby altering the
volume of distribution for many drugs (24).

Finally, important changes occur in the bone marrow, with
decreased cellularity, precursor proliferation, and cell mobilization
(25, 26). These changes result in decreased bone marrow reserve.
This altered bone marrow responsiveness increases the risk of mar-
row suppression and associated complications from chemotherapy
and can delay further treatment administration (27, 28).
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Table 1 | Physiologic changes with aging.

Organ system Changes Effect on chemotherapy

Renal Decreased glomerular filtration Decline in renal drug clearance that increases risk of drug toxicity

Impaired water and electrolyte handling Increased risk of dehydration

Gastrointestinal Decreased gastric blood flow and delayed gastric emptying Variable drug absorption

Decreased absorptive capacity Decreased absorption of oral drugs

Decreased mucosal repair Vulnerability to mucositis

Hepatobiliary Decreased liver mass and blood flow Reduced hepatic metabolism

Reduction in cytochrome P450 activity Greater vulnerability to P450 associated with drug interactions

Body composition Increased fat and decreased water Changes drug volume of distribution

Hematologic Decreased marrow cellularity, proliferation, and mobilization Impaired response to cytopenias, delayed blood count recovery,

and higher risk of infection

PREDICTION OF TOXICITY
These physiologic shifts can increase the risk of chemotherapy
toxicity in older individuals. However, clinical experience iden-
tifies many patients who seem much younger (or older) than
their chronological age. This heterogeneity was strikingly demon-
strated through comparison of life expectancies within geriatric
age groups. Life expectancy for a 75-year-old woman ranged from
6.8 years (lowest 25th percentile) to 17 years (highest 25th per-
centile) and the same values for a man are 4.9 and 14.2 years
(29). This variation in life expectancy reflects differences in base-
line health, comorbidity, and genetics (30). It seems reasonable
to hypothesize that the individual with better life expectancy has
less risk of toxicity and more chance of benefit from chemother-
apy, since they have less risk of competing causes of mortality. The
challenge is identifying these patients and improving the up to 44%
of lung cancer patients≥70 years, who may require hospitalization
during chemotherapy (31).

COMPREHENSIVE GERIATRIC ASSESSMENT
Historically, physicians used a combination of performance status
(PS), measured using the Eastern Cooperative Oncology Group
(ECOG) PS scale, and organ function as determined through
blood work to determine, which patients qualified for chemother-
apy treatment (32). This approach has been demonstrated to per-
form poorly when compared to more formal geriatric assessment
(33–35). Comprehensive geriatric assessment (CGA) is usually
composed of medical, functional, mental, social, and nutritional
assessments, as well as explicit assessment of prescription drug
use (36). A variety of studies have been completed to evaluate the
usefulness of CGA in oncology patients. Systematic reviews of the
available evidence show that CGA identifies problems that would
otherwise be missed, leads to modifications in treatment plans,
and helps predict toxicity from chemotherapy (37–42). Modifica-
tion of treatment plans occurs in 21–53% of patients, suggesting
that oncologists believe the additional information is valuable
(42). CGA is also better than physician opinion for identifying
frail elderly patients who experience greater toxicity (43). When
tested in elderly NSCLC patients, CGA was feasible (44–46). Frail

patients also exhibited poorer survival (46). However, when Corre
et al. allocated patients to treatment based on CGA, survival was
not different between groups, but toxicity was reduced in the arm
allocating treatment using CGA (47).

OTHER PREDICTIVE TOOLS
While a CGA can be very useful, it has not become a routine
part of oncologic care because it is time and labor intensive.
The mean duration of CGA during one prospective study was
80 min/patient (48). Such a time commitment is difficult to under-
take in lung cancer patients with metastatic disease, since it may
delay patient throughput in clinic and/or delay commencement
of treatment, a serious concern when patients have an average
life expectancy of 10–12 months (8). In light of these concerns,
a number of groups have attempted to shorten the CGA or pro-
vide a screening tool. Two groups have published new tools geared
toward predicting chemotherapy toxicity and derived from multi-
variable analyses of CGAs conducted in cancer patients (Table 2)
(33, 49). The chemotherapy risk assessment scale for high-age
patients (CRASH) is actually composed of two scores, one for
hematologic toxicity and another for non-hematologic toxicity
(49). Diastolic blood pressure, instrumental activities of daily liv-
ing (IADL), lactate dehydrogenase, and a proprietary Chemotox
score help stratify the likelihood of experiencing Grade 3–4 hema-
tologic toxicity into low (7%), medium-low (23%), medium-high
(54%), and high (100%). For non-hematologic adverse events,
the predictors are: ECOG PS, mini mental status, mini nutritional
assessment, and the Chemotox score. The same predictive cate-
gories for non-hematologic toxicity predict risks of 33, 46, 67, and
93% (49). The Chemotox score is a quantitation of the toxicity
of chemotherapy regimens that the group developed previously
(50, 51). The cohort used for the CRASH score contained 21%
lung cancer patients. The Cancer Aging Research Group (CARG)
derived another predictive tool (33, 52). The CARG score uses 11
factors to stratify risk: age ≥72, cancer type, standard chemother-
apy dosing, polychemotherapy, low hemoglobin, low creatinine
clearance, fair or worse hearing, falls, needing help with med-
ications, trouble walking 1 block, and decreased social activity.
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Table 2 | Significant factors in scores predicting chemotherapy toxicity.

CRASH score (49) Hematologic Non-hematologic

Diastolic blood pressure ECOG performance

status

IADL Mini mental status

LDH Mini nutritional

assessment

Chemotox score Chemotox score

CARG score (33) Predictive factors

Age ≥72 years

Standard chemotherapy dosing

Multi-drug chemotherapy

Low hemoglobin

Low creatinine clearance

Decreased hearing

Fall within 6 months

Needs help taking medications

Limited in walking 1 block

Decreased social activity

IADL, instrumental activities of daily living; LDH, lactate dehydrogenase; ECOG,

Eastern Cooperative Oncology Group.

This score classified lung cancer patients into low (10%), inter-
mediate (40%), or high (60%) risk of Grade 3–5 toxicity (52).
This score was better able to stratify risk of toxicity than Karnof-
sky PS alone. Both of these predictive tools are exciting because
they provide information that can be used to discuss chemother-
apy treatment with elderly patients. Unfortunately, neither has
been validated outside of the initial population and, therefore,
widespread adoption is not yet justified.

EVIDENCE FOR CHEMOTHERAPY
Since 1995, standard first line chemotherapy for younger patients
with stage IV NSCLC has been a platinum doublet. The
meta-analysis supporting this recommendation demonstrated a
10% improvement in 1-year survival for patients treated with
chemotherapy compared to supportive care (53). However, the
first randomized trial focusing specifically on elderly patients was
not published until 1999 (54, 55). Since then, only a few random-
ized trials have been conducted in patients 70 years and older with
metastatic NSCLC. Most recommendations have been based on
subgroup analyses or cohort studies. This lower level of evidence
has likely contributed to uncertainty among health professionals
regarding the standard of care in these patients.

The primary trial investigating the utility of single-agent
chemotherapy compared to the best supportive care in elderly
patients with metastatic NSCLC was the Elderly Lung Cancer

Vinorelbine Italian Study (ELVIS) (55). The experimental arm of
this RCT was single-agent vinorelbine (30 mg/m2) administered
on days 1 and 8 of a 21-day cycle. This treatment resulted in an
improvement in median survival (28 vs. 21 weeks) and 1-year sur-
vival (32 vs. 14%), in addition to improvement in some lung cancer
symptoms. Despite falling short of its 350 patient accrual target
and closing prematurely, this established a new standard of care,
which was incorporated as the control arm in further studies.

DOUBLET CHEMOTHERAPY
Subsequent trials have evaluated doublet chemotherapy regimens.
Due to concerns about toxicity, these trials initially examined
non-platinum chemotherapy combinations. The Southern Italy
Cooperative Oncology Group (SICOG) conducted an RCT com-
paring gemcitabine and vinorelbine in combination to vinorelbine
alone (56). The combination arm reported a median survival of
29 weeks compared to 18 weeks for vinorelbine alone. While this
difference was statistically significant, there were concerns that
the control group had worse survival than expected. These con-
cerns prompted the multicenter Italian lung cancer in the elderly
study (MILES),which compared three arms: vinorelbine plus gem-
citabine, gemcitabine alone, and vinorelbine alone (57). Whereas,
the SICOG trial enrolled 120 patients, MILES randomized 698
patients between the three arms. Median survivals were 30, 28, and
36 weeks for each of the arms, respectively. There was no statisti-
cally significant difference. There was, however, greater toxicity
in the combination arm, specifically for neutropenia, thrombo-
cytopenia, anemia, vomiting, constipation, and hepatic toxicity
(57). These results do not support the use of the combination of
vinorelbine and gemcitabine.

Further evaluation of doublet chemotherapy in patients
≥70 years was pursued. In one RCT of elderly patients or those
with ECOG PS 2, the combination of gemcitabine and pacli-
taxel improved median survival to 9.2 months compared with
5.1 months for gemcitabine alone (58). However, a RCT in
the same mixed population comparing gemcitabine/docetaxel to
weekly docetaxel reported no difference in survival (59). A system-
atic review with meta-analysis of RCTs comparing non-platinum
doublets with single-agent therapy for elderly patients showed no
survival advantage to doublet therapy and higher risk of throm-
bocytopenia (60). Perhaps the most promising regimen was the
combination of carboplatin with paclitaxel. One phase II trial
demonstrated that weekly paclitaxel combined with carboplatin
resulted in a 14-month median survival with quite manageable
toxicity (61). Interestingly, when compared to standard paclitaxel,
weekly paclitaxel appears to have equivalent benefit, but reduces
the risk of neutropenia and peripheral neuropathy (62). The land-
mark trial investigating the use of platinum doublets in the elderly
is Intergroupe Francophone Cancérologie Thoracique (IFCT)-
0501 (63). This trial included 451 patients aged 70–89 years, with
locally advanced or metastatic NSCLC and a PS of ECOG 0–2.
Patients were randomized to carboplatin and weekly paclitaxel vs.
monotherapy with either gemcitabine or vinorelbine. The trial was
stopped early after interim analysis demonstrated superiority for
the doublet regimen. Median overall survival was 10.3 months for
carboplatin and paclitaxel compared to 6.2 months for monother-
apy (hazard ratio 0.64, 95% CI 0.52–0.78, p < 0.0001). The largest
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increases in toxicity for doublet chemotherapy were neutropenia
(48.4 vs. 12.4%) and asthenia (10.3 vs. 5.8%) (63). Point esti-
mates were quite consistent for all subgroups and multivari-
able analysis confirmed expected prognostic factors like sex, PS,
adenocarcinoma histology, and smoking history.

One final trial, conducted in Japan by Takeda et al., has only
been published in abstract form (64). The trial enrolled 276
patients, who were chemotherapy naïve, age >70 years, ECOG
PS 0–1, and with stage III/IV NSCLC. Patients were randomized
to receive either docetaxel every 3 weeks or weekly cisplatin–
docetaxel. Enrollment was stopped early due to futility, with
median survival times of 13.3 months for cisplatin–docetaxel and
17.3 months for docetaxel alone (hazard ratio 1.557, 95% CI
0.976–2.485). Interestingly, neutropenia was far more common
with docetaxel alone than the doublet regimen 88 vs. 11%. The sur-
vival of the monotherapy group was remarkably high compared
previous trials (65–67).

The majority of subgroup analyses from earlier trials sug-
gest that survival is similar, though not always equal, between
younger and older patients with advanced NSCLC who receive
the same chemotherapy (68–71). The evidence suggests that the
results of IFCT-0501 should form the standard of care for first
line chemotherapy treatment in fit elderly patients with advanced
NSCLC, especially when no molecular abnormalities are detected.

In the second line setting, there are no elder-specific tri-
als. A retrospective analysis of the JMEI trial comparing doc-
etaxel to pemetrexed was completed for patients ≥70 years old
vs. younger patients. Median survival of 9.5 and 7.7 months was
reported for elderly patients receiving pemetrexed (n= 47) and
docetaxel (n= 39). In younger patients, these values were 7.8 and
8.0 months. Febrile neutropenia occurred in only 2.5% of elderly
patients receiving pemetrexed, but 19% of those being treated with
docetaxel (p= 0.025) (72).

TARGETED THERAPIES
BEVACIZUMAB
Bevacizumab is a monoclonal antibody that targets vascular
endothelial growth factor (VEGF) and can be used in combination
with first line platinum-based chemotherapy. Two trials, ECOG
4599 and AVAiL, originally tested the addition of bevacizumab to
standard chemotherapy (73, 74). Analyses of the elderly patients
in both of these trials were conducted. The AVAiL trial, comparing
cisplatin and gemcitabine with or without bevacizumab, showed
no improvement in overall survival in the elderly population
(n= 304), with the addition of bevacizumab (73). An analysis of
patients≥70 years in the ECOG 4599 trial of carboplatin and pacli-
taxel with or without bevacizumab reported overall survival was
11.3 months with bevacizumab and 12.1 months without. There
was a higher incidence of bleeding, neutropenia, and proteinuria
in older compared to younger patients (74). There does not appear
to be compelling evidence to include bevacizumab for those older
than 65–70 years of age.

EGFR TYROSINE KINASE INHIBITORS
Molecularly defined subtypes of NSCLC have become incredibly
important to management over the last 5 years. Epidermal growth
factor receptor (EGFR) mutations are detected in approximately

15% of Caucasian patients with advanced NSCLC and these
mutations are found more often, but not exclusively in younger,
never smoking women, or those of Asian ethnicity (75). The pres-
ence of an EGFR mutation is highly predictive of benefit from
EGFR tyrosine kinase inhibitors (TKIs) (76). More widespread
screening of all NSCLC tumor samples for molecular abnormali-
ties will increase the number of EGFR mutations identified in the
elderly. Available data demonstrate EGFR TKIs (erlotinib,gefitinib,
or afatinib) result in better progression free survival (PFS) and
favorable toxicity compared to chemotherapy in NSCLC patients
with an EGFR mutation (76–79). While few studies have examined
the effect of this strategy exclusively in elderly patients, available
data would suggest that elderly patients have similar response rate
and PFS (80–84). Toxicities reported were the expected diarrhea,
rash, and risk of transaminitis.

The NCIC BR.21 trial evaluated erlotinib in NSCLC patients
who progressed after one or two prior chemotherapy treatments
regardless of EGFR mutation status. The improvement in overall
survival was seen in both EGFR mutated and wild type patients. A
retrospective analysis of treatment effect and age in BR.21 found
no statistically significant difference in treatment effect between
younger and older patients for overall survival. Elderly patients
did experience more Grade 3–4 toxicity (35 vs. 18%, p < 0.001).
Based on this subgroup analysis, erlotinib seems to be a rea-
sonable option for elderly patients in the second or third line
setting (85). A trial in vulnerable elderly patients by CGA adds
further support to this opinion, since both gemcitabine followed
by erlotinib or the reverse on progression showed similar survival
and tolerability (45).

ALK TYROSINE KINASE INHIBITORS
The other actionable mutation found in NSCLC is a translocation
in echinoderm microtubule associated protein-like 4 – anaplastic
lymphoma kinase (EML4–ALK ) gene, which is found in approxi-
mately 4% of patients with adenocarcinoma (75). Data in younger
patients have been extremely promising with the use of crizotinib
for EML4–ALK translocated NSCLC (86–88). Few patients were
older than 70 years. A phase I study including 149 patients did
report a response rate of 65% (40.8–84.6%) in patients ≥65 years
(87). More recently, two other early-phase clinical trials with differ-
ent ALK TKIs demonstrated response rates >50%, with ceritinib
showing impressive responses even in crizotinib resistant disease
(89, 90). While there are little data in elderly patients, there is no
reason to believe this group would derive less benefit from ALK
TKI therapy.

CONCLUSION
An increasing proportion of patients with advanced NSCLC are
over 70 years old, raising unique challenges for treatment decision-
making. While these patients are underrepresented in clinical
trials, there is an emerging body of evidence associated with this
group. The lesson of CGA is that chronological age does not
always correlate with physiological age and a variety of impor-
tant co-morbidities and geriatric syndromes can go undetected
in a typical history and physical. Geriatric assessment provides
medical oncologists with information that can affect treatment
decision and help predict chemotherapy toxicity. Abbreviated
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CGAs or newly derived tools offer the promise of more widespread
implementation of appropriate assessment of elderly patients.

For patients fit enough to consider first line chemotherapy, a
platinum doublet appears to be a reasonable standard of care.
Adding bevacizumab does not appear to improve overall sur-
vival. In the second line, pemetrexed, docetaxel, or erlotinib are
all options for consideration. Pemetrexed would be the preferred
option for patients with non-squamous histology. For patients
with EGFR mutated disease, using an EGFR TKI as a first line
treatment is a reasonable approach, though there is little evidence
specific to elderly populations.

Further research is needed on the validation of tools that predict
chemotherapy toxicity and prognosis to facilitate informed con-
sent and treatment decisions. More studies focusing on elderly
patients are also essential to help account for the physiologic
changes inherent in this population. As we move forward, medical
oncology is becoming geriatric oncology in many ways.
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Lung cancer remains the most lethal malignancy in the world. Despite improvements in sur-
gical treatment, systemic therapy, and radiotherapy, the 5-year survival rate for all patients
diagnosed with lung cancer remains between 15 and 20%. Newer therapeutic strategies
rely on specific molecular alterations, or biomarkers, that provide opportunities for a person-
alized approach to specific patient populations. Classification of lung cancer is becoming
increasingly focused on these biomarkers, which renders the term “non-small cell lung”
cancer less clinically useful. Non-small cell lung cancer is now recognized as a complex
malignancy and its molecular and genomic diversity allows for patient-centered treatment
options. Here, we review advances in targeted treatment of lung adenocarcinoma with
respect to five clinically relevant biomarkers – EGFR, ALK, MET, ROS-1, and KRAS.

Keywords: EGFR, ALK, Met, ROS-1, KRAS, lung adenocarcinoma, biomarkers

INTRODUCTION
Lung cancer remains one of the most commonly diagnosed
malignancy worldwide and the leading cause of cancer-related
death (1). Until the last decade, non-small cell lung cancer
(NSCLC) was considered a single disease, and systemic treatment
of metastatic NSCLC was limited to platinum-based chemother-
apy doublets resulting in approximately 20% response rates and
median survival of 8 months (2). Only recently, we have realized
that recognition of histological subtypes of NSCLC is clinically
relevant when choosing systemic, platinum-based chemother-
apy (3). In recent years, the oncology community has seen a
paradigm shift in the molecular diagnosis and treatment of
lung cancer thanks to identification of sensitizing mutations
within the epidermal growth factor receptor gene (EGFR) to
EGFR tyrosine kinase inhibitors (EGFR-TKIs) (erlotinib, gefi-
tinib, and afatinib), and anaplastic lymphoma kinase gene (ALK)
rearrangements (i.e., EML4-ALK ) to ALK inhibitors (crizotinib
and ceritinib) (4).

These breakthrough discoveries provide the unique oppor-
tunity for molecularly selected lung cancer patients to receive
targeted, personalized treatment options that translate into clini-
cally meaningful benefit (4). Molecular testing of NSCLC is now
widely recommended by oncology societies because it provides
personalized treatment options and better outcomes for patients
with metastatic disease (5, 6).

To improve outcome,molecular profiling of lung cancer tumors
should be available to all NSCLC patients in order to make targeted
therapy available to patients with actionable/“druggable” driver
mutations (7–9). Currently,we can offer these treatments routinely
to patients with EGFR-mutated and ALK -rearranged NSCLC, the
vast majority of whom have adenocarcinoma histology.

This review summarizes the most recent data on efficacy, risks,
and benefits of novel biologic therapies in NSCLC focusing on
EGFR, ALK, MET, ROS-1, and KRAS (Table 1).

EGFR
The epidermal growth factor receptor family (ERBB family) com-
prises four tyrosine kinase receptors: HER-1 (EGFR), HER-2/neu
(ERBB2), HER-3 (ERBB3), and HER-4 (ERBB4) (38, 39). Follow-
ing ligand-binding, EGFR receptors homo- and hetero-dimerize
and promote autophosphorylation of the intracellular tyrosine
kinase domain and initiate molecular cascade of events involved in
growth, cell proliferation, differentiation, and survival (10, 11, 40).
Small-molecule receptor tyrosine kinase inhibitors (TKIs) bind to
the intracellular catalytic domain of the tyrosine kinase and inhibit
receptor autophosphorylation and activation of downstream sig-
naling pathways by competing with adenosine triphosphate (ATP)
(41). Gefitinib and erlotinib are the most extensively studied
reversible EGFR-TKIs in patients with metastatic NSCLC (42, 43).
The majority of unselected NSCLC patients will not respond to
treatment with EGFR-TKIs. Patients of Asian ethnicity, females,
never-smokers, or those with adenocarcinoma histology, were ini-
tially identified as a population with the most substantial clinical
benefit from EGFR-TKIs (12, 44–53). The marker of sensitivity to
EGFR-TKIs was unknown until 2004 when activating mutations in
exon 18, 19, and 21 of the EGFR gene were discovered (54–56). The
majority of mutations are either point mutations leading to amino
acid substitutions (exon 18 and 21) or in-frame deletions (exon
19) clustered around the ATP-binding pocket of the intracellular
tyrosine kinase domain (13). A kinetic analysis of the intracellu-
lar domains of mutant EGFR has shown that the mutant receptor
compared with a wild-type shows reduced affinity for ATP in the
presence of EGFR-TKI (57).

The Iressa Pan-Asia Study (IPASS) was the first phase III ran-
domized trial that demonstrated superior outcome with first-line
EGFR-TKI treatment in patients with EGFR-mutant NSCLC when
compared with platinum-based chemotherapy in a retrospec-
tive subgroup analysis (58). Other trials have employed a similar
approach to the IPASS study and reported similar results (59, 60).
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Table 1 | Clinically relevant biomarkers in NSCLC.

Biomarker Treatment Genomic aberration Prevalence in NSCLC patients Reference

EGFR 1. Tyrosine kinase inhibitors (e.g.,

gefitinib, erlotinib, and afatinib)

1. Activating mutation within

intracellular catalytic domain of EGFR

EGFR mutations (non-squamous

histology)

(10–14)

2. Monoclonal antibodies (e.g.,

cetuximab and necitumumab)

2. Over-expression of extracellular part

of EGFR

1. ~15% in Caucasians
2. ~40% in Asians

3. ~75–80% in never-smoker Asians

EGFR mutations (squamous histology)

1. ~5%

EGFR over-expression

1. 39% in adenocarcinoma

2. 58% in squamous cell carcinoma

3. 38% in large-cell carcinoma

ALK Tyrosine kinase inhibitors (e.g.,

crizotinib and ceritinib)

Chromosomal translocation and fusion

of ALK gene

1. 3–5% in unselected NSCLC (15–19)
2. ~10% in non-never-smokers

3. <1% in squamous carcinoma

MET 1. Tyrosine kinase inhibitors (e.g.,

tivantinib, cabozantinib, and crizotinib)

2. Monoclonal antibodies

(onartuzumab, AMG 102, ficlatuzumab)

1. Increased MET copy number

2. Over-expression of extracellular part

of MET receptor

1. 2–4% MET amplification (untreated)

2. 5–20% MET amplification in

EGFR-TKI-resistant tumors

3. 25–75% over-expression of

extracellular part of MET receptor

(20–23)

ROS-1 Tyrosine kinase inhibitor (crizotinib) Chromosomal translocation and fusion

of ROS-1 gene

1–2% in unselected population (24–27)

KRAS Downstream pathway inhibitors (e.g.,

MEK inhibitors selumetinib and

trametinib)

Activating mutation within catalytic

RAS domain

1. KRAS are rare in never-smokers

2. ~25–30% in adenocarcinoma

3. ~5% in squamous cell carcinoma

(28–37)

Four randomized phase III trials prospectively compared the
efficacy of first generation EGFR-TKIs against standard platinum-
based chemotherapy in patients with EGFR mutation-positive
NSCLC (61–67). In all four trials, EGFR-mutated NSCLC patients
treated with TKIs (erlotinib or gefitinib) had significantly better
ORR, PFS, and quality of life (QOL) when compared with patients
treated with platinum-based chemotherapy (58, 61, 63, 65, 67–70).
Despite significant PFS benefit of EGFR-TKIs in EGFR-mutant
NSCLC patients, none of the trials showed statistically signifi-
cant survival improvement, which is likely related to a high rate
of patient crossover to EGFR-TKI from first-line chemotherapy
upon progression or development of acquired resistance.

Afatinib is a second-generation EGFR-TKI that irreversibly
blocks EGFR and Her-2 (71, 72). LUX-Lung 3 was a phase III clini-
cal trial of afatinib compared to cisplatin-pemetrexed chemother-
apy in treatment-naïve patients with EGFR-mutant advanced lung
adenocarcinoma (73). Both median PFS and ORR were signif-
icantly better in patients treated with afatinib compared with
chemotherapy. A pooled, retrospective subgroup analysis of LUX-
Lung 3 and LUX-Lung 6 trial at 2014 ASCO annual meeting
demonstrated better OS for patients with EGFR exon 19 dele-
tion vs. EGFR L858R exon 21 insertion mutations (HR= 0.59;
CI 0.45–0.77; p < 0.001 vs. HR= 1.25; CI 0.92–1.71; p= 0.16)
(74). First-line treatment of EGFR mutation-positive NSCLC
with EGFR-TKIs (gefitinib, erlotinib, and afatinib) is now recom-
mended worldwide (5, 9). AZD9291 and CO-1686 are irreversible

selective EGFR inhibitors, which demonstrate significant activity
in patients with acquired resistance to first-generation EGFR-TKI,
and are currently under development. One of the most common
mechanisms of resistance to EGFR-TKIs is the development of
T790M mutation (~50% of patients), which prevents binding of
reversible EGFR-TKI to the EGFR kinase domain while preserv-
ing its catalytic activity (75). In patients with tumors harboring
T790M mutation, AZD9291 and CO-1686 show promising 64 and
58% ORR, respectively (76, 77).

ALK
The EML4-ALK fusion gene is a product of inversion within the
short arm of chromosome 2, where ALK (anaplastic large-cell
lymphoma kinase) joins EML4 (echinoderm microtubule-associated
protein-like 4) to form a fusion gene (15). The product of
EML4-ALK fusion is a chimeric protein with constitutive ALK
activity and is detected in 3–6% of unselected NSCLC and
especially among never-smokers or light ex-smokers who have
adenocarcinoma histology (16–19). ALK rearrangements are
nearly almost mutually exclusive with EGFR or KRAS muta-
tions, although some rare exceptions exist (78). ALK -positive
NSCLC represents a distinct molecular subtype that can be tar-
geted with ALK-specific treatments (15, 24). Crizotinib is an
oral small-molecule TKI that targets ALK, MET, and ROS1 tyro-
sine kinases (79–82). Crizotinib received accelerated US Food
and Drug Administration (FDA) approval for treatment of
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ALK -positive NSCLC based on an objective response rate of 60%
and median PFS of 8–10 months in single-arm studies (16, 79,
83, 84).

A first-line phase III study (PROFILE 1014) assessed efficacy
of crizotinib vs. cisplatin/carboplatin-pemetrexed chemotherapy
in patients with ALK -positive NSCLC. Recently presented data
at the 2014 ASCO Annual Meeting demonstrated significantly
better median PFS and ORR when compared with patients who
received chemotherapy – 10.9 vs. 7.0 months and 74 vs. 45%,
respectively (85). No survival benefit was demonstrated at the
time of data cut-off and may never be, since patients who pro-
gressed on chemotherapy were allowed to crossover to crizotinib.
The PROFILE 1007 phase III study investigated the efficacy of
crizotinib vs. standard of care second-line chemotherapy (peme-
trexed or docetaxel) in previously treated ALK -positive NSCLC
(86). Patients treated with crizotinib demonstrated significantly
improved median PFS when compared with chemotherapy – 7.0
vs. 3.0 months. No overall survival benefit was noted likely due
to a high rate of patient crossover to the crizotinib arm from
chemotherapy. Patients treated with single-agent pemetrexed had
higher ORR when compared with docetaxel (29 vs. 13%).

After clinical recognition of acquired resistance to crizotinib,
multiple second-generation ALK inhibitors (LKD378, AP26113,
and TSR-011) entered early phase clinical trials for patients with
ALK-positive solid tumors, including NSCLC (87, 88). Recently
published results of a phase I clinical trial of ceritinib (LDK378)
in patients with ALK -rearranged NSCLC demonstrated a ORR of
58% in all patients and 56% in crizotinib-resistant patients (88).
Median PFS in crizotinib-naïve patients was 10.4 and 6.9 months
in the crizotinib-pretreated population. Ceritinib received accel-
erated FDA approval in April 2014 and confirmatory trials with
ceritinib in this group of patients are ongoing (http://www.fda.
gov/newsevents/newsroom/pressannouncements/ucm395299).

MET
MET is a proto-oncogene that encodes for the heterodimeric
transmembrane MET tyrosine receptor kinase. Its only known
ligand – hepatocyte growth factor (HGF) (89). Binding of HGF to
the MET receptor activates the tyrosine kinase and downstream
signaling pathways including PI3K/AKT, Ras-Rac/Rho, mitogen-
activated protein kinase (MAPK), and phospholipase C (PLC)
involved in cell motility and invasion (20, 21, 89). The MET
receptor is expressed in approximately 40–50% of NSCLC tumors;
high levels of receptor expression, as well as high MET gene copy
number are independent prognostic factors of poor outcome in
patients with resected NSCLC (22, 23). MET amplification is rec-
ognized as one of the potential molecular mechanisms of acquired
resistance in EGFR-mutated NSCLC to EGFR-TKIs (90, 91).

Pre-clinical studies showed promising results of combined
blockade of EGFR and MET signaling pathways in NSCLC (92).
MET inhibitors can be divided into mAbs targeting HGF or
the MET receptor (AMG 102, ficlatuzumab, and onartuzumab)
or MET TKIs (tivantinib, cabozantinib, foretinib, and crizo-
tinib) (93).

A phase II randomized study compared onartuzumab plus
erlotinib vs. erlotinib alone in second- and third-line treat-
ment. Onartuzumab, in combination with erlotinib, significantly

improved PFS and OS in patients with increased MET gene copy
(≥5) assessed by FISH (MET -FISH positive) as well as in patients
with over-expression of MET receptor as assessed by immunohis-
tochemistry (MET-IHC positive) regardless of gene amplification
status (94). Unfortunately, a confirmatory phase III MET-Lung
trial that randomized MET-IHC-positive NSCLC patients to com-
bination onartuzumab/erlotinib vs. erlotinib alone was stopped
prematurely due to lack of clinically meaningful efficacy in the
combination arm (95).

Tivantinib was investigated in combination with erlotinib
(EGFR-TKI) in patients with previously treated NSCLC in
both phase II and phase III trials (96, 97). In the phase
II trial, an exploratory subgroup analysis showed that MET-
IHC-positive patients with non-squamous histology harbor-
ing KRAS mutations had better PFS and OS with tivantinib
and erlotinib treatment when compared with erlotinib and
placebo. MARQUEE, a phase III, double-blind trial random-
ized 1048 patients with metastatic pre-treated non-squamous
NSCLC to tivantinib plus erlotinib vs. tivantinib plus placebo
(98). While median PFS and ORR significantly favored tivan-
tinib plus erlotinib (3.6 vs. 1.9 months; 10.3 vs. 6.5%, respec-
tively), MARQUEE did not reach its primary endpoint of
improved overall survival (http://eccamsterdam2013.ecco-org.eu/
Scientific-Programme/Abstract-search.aspx?abstractid=6904). A
subgroup analysis of patients with 2+-positive MET immunos-
taining demonstrated better OS, PFS, and ORR when compared
to patients who had lower levels of tumoral MET expression. A
further retrospective molecular subset analysis is underway to
identify other potential biomarkers (MET copy number, KRAS,
and EGFR mutations) that may help to select a target population
for MET-directed treatments.

Crizotinib, which inhibits both ALK and MET, demonstrated
promising results in a small pilot study (N = 13) of patients with
MET -amplified NSCLC (99).

ROS-1
ROS-1 is an orphan receptor tyrosine kinase that is phylogenet-
ically related to ALK (100–103). ROS-1 chromosomal rearrange-
ments with CD74, EZR, SLC24A2, and FIG genes define a new
genomic driver in 1–2.5% of NSCLC patients (25, 26). Clinical
characteristics of NSCLC patients with ROS-1 rearrangements are
similar to patients with ALK -rearranged NSCLC – more com-
monly seen in patients of Asian ethnicity, young age (median
age 49.8 years), female sex, never-smokers, and adenocarcinoma
histology (25). ROS-1 rearrangements appear mutually exclu-
sive of other known oncogenic drivers like EGFR, KRAS, HER-
2, ALK, RET, and MET aberrations (27, 104). Pre-clinical data
showed activity of ALK inhibitors (i.e., crizotinib and TAE684)
in ROS-1-rearranged NSCLC cell lines given the high degree of
homology between ALK and ROS-1 tyrosine kinase domains
(25). This led investigators to assess the benefit of crizotinib in
this unique patient subset. Efficacy has been demonstrated with
an overall response rate of 56% and 6-month PFS of 71% in
25 evaluable patients (105). There are a number of currently
ongoing phase I and II studies investigating activity of crizo-
tinib, dual ALK/ROS1 inhibitor PF-06463922, and ceritinib in
ROS-1-rearranged NSCLC.
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Since ROS-1-rearranged NSCLC is rare and detection of ROS1
fusions by a break-apart FISH assay is expensive and labor inten-
sive, diagnostic algorithms and simpler screening methods (e.g.,
by immunohistochemistry) are needed to identify patients with
ROS-1-rearranged NSCLC (104, 106). At this moment, patients
without driver mutations like EGFR, KRAS, HER-2, ALK, and RET
rearrangements and MET amplifications should be screened for
ROS-1 fusions (preferentially never-smokers) since they can be
offered targeted treatment with crizotinib.

KRAS
The RAS oncogene family,HRAS,KRAS, and NRAS, encodes intra-
cellular transducer proteins (small GTPases) that are involved
in transmitting signals from extracellular growth factor recep-
tors like EGFR to the cell (107, 108). As G proteins, they are
located on the intracellular side of the plasma membrane, bind
guanine nucleotides, and have GTP-ase activity (109). In the rest-
ing state, RAS proteins are bound to GDP and are inactive. Upon
exchange of GDP to GTP, the RAS-GTP complex activates multiple
downstream pathways (MAPK, STAT, and PI3K) that regulate cell
proliferation, motility, and apoptosis (110). After a short period,
the signaling configuration of RAS is halted by intrinsic GTP-
ase activity. Activating RAS mutations prevent GTP hydrolysis to
GDP, thus the RAS protein is rendered constitutively active with
uncontrolled activation of downstream signaling pathways (111).

KRAS mutations are present in approximately 30% of lung ade-
nocarcinomas and less commonly in squamous NSCLC (~5%)
(28). They are found more frequently in Caucasians with lung
cancer than in the Asian population and in current- or ex-smokers
when compared with never-smokers (29, 110). Most KRAS muta-
tions in NSCLC are single amino acid substitutions in codon
12 (80%) and to a lesser extent in codons 13 and 61 (30). In
current- or ex-smokers, KRAS mutations are usually transver-
sions (pyrimidine nucleotide is exchanged for purine or vice versa;
e.g., G→T or G→C) and transitions in never-smokers (purine
nucleotide is exchanged for another purine or pyrimidine for
another pyrimidine; e.g., G→A or C→T) (29). KRAS muta-
tions are nearly always mutually exclusive with EGFR and BRAF
mutations although rare co-existence of EGFR and KRAS muta-
tions has been observed (12, 31–33). KRAS mutations co-exist
with PIK3CA mutations in approximately 19% of PIK3CA-mutant
NSCLC (32).

It has been postulated for over 20 years that KRAS-mutant
NSCLC may be associated with poor outcome. However, multiple
studies have shown conflicting results due to heterogeneity among
the studies, including tumor type, stage, treatment, and study end
points (28, 34). A meta-analysis of 28 studies published in 2005
demonstrated that KRAS mutation was a significant prognostic
marker when polymerase chain reaction sequencing was used as a
detection method (35). Recently published results of a LACE-Bio
pooled retrospective analysis reported no prognostic or predictive
(in regard to benefit from adjuvant chemotherapy) effect of KRAS
mutations in patients with resected NSCLC (36). A subset analysis
of patients with NSCLC with KRAS codon 13 mutations suggests
that adjuvant chemotherapy may have a deleterious effect in this
subgroup, but needs to be further validated (HR – 5.78; 95% CI,
2.06–16.2) (36). In the absence of prospective, large, randomized

clinical trials, KRAS mutation status in NSCLC cannot be used as a
prognostic nor predictive biomarker for treatment with exception
of negative predictive value of KRAS mutations and response to
EGFR-TKI (37, 112).

Direct inhibition of KRAS has been unsuccessful so far due to
its molecular and functional complexity (113). The activation of
the RAS-RAF-MEK-ERK signaling pathway as a consequence of
KRAS mutations renders it an attractive target for small-molecule
inhibition in KRAS-mutated NSCLC. Given the critical location in
this signaling pathway, MEK has been recognized as an important
target, downstream from KRAS, for anti-cancer therapy (114).

The efficacy of treatment with a combination of the orally
available potent MEK inhibitor selumetinib plus docetaxel
chemotherapy has been demonstrated in the treatment of patients
with advanced KRAS-mutant NSCLC (115). Median PFS was
5.3 months in the selumetinib group and 2.1 months in the placebo
group (p= 0.014), with a 37% ORR in the selumetinib/docetaxel
arm and no response in the docetaxel alone arm (p < 0.0001).

Trametinib is another orally available MEK inhibitor that has
been combined with docetaxel or pemetrexed in phase I/Ib trial in
patients stratified by KRAS mutation status (116). While no dif-
ference in response rate was seen between the pemetrexed-treated
groups, these response rates compare favorably with historical data
for second-line chemotherapy treatment and support the absence
of any negative interaction between these agents (117). Given these
promising findings, ongoing studies are investigating the opti-
mal combination of MEK inhibition and chemotherapeutic agents
(www.clinicaltrials.gov).

Early studies have also suggested that the subgroup of KRAS-
mutant NSCLC patients may benefit from targeting the PI3K-
AKT-mTOR signaling pathway, downstream from KRAS. The
mTOR inhibitor, ridaforolimus, has been investigated in patients
with disease progression following chemotherapy with random-
ization to continued therapy or placebo after 8 weeks of treatment.
Improved PFS was seen in the ongoing therapy group (4 vs.
2 months) with a trend toward survival benefit (18 vs. 5 months;
p = 0.09) (118).

KRAS mutations in NSCLC, despite being the most com-
mon, remain the most intriguing and elusive of therapeutic tar-
gets. At present, targeted treatment is not available for KRAS-
mutated NSCLC outside clinical trials. However, novel agents tar-
geting downstream effector signaling pathways are under clinical
development (119).

CONCLUSION
In the addition to the emergence of histological subtypes as key
factors in the treatment decision-making process for patients with
advanced NSCLC, identification of certain genomic abnormali-
ties and protein expression signatures that drive progression and
metastasis of lung cancer have led to a completely new approach to
treatment of NSCLC patients (120). For the first time, we recognize
NSCLC as a heterogenous entity and are able to use the differ-
ences within tumors to tailor treatment with clear improvements
in outcome for patients.

Biomarker-driven treatment has proven to be a major break-
through in the modern management of lung cancer. New ther-
apeutic modalities target specific genomic aberrations resulting
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Unknown - 43%

KRAS - 25%

EGFR - 15%

ALK - 5%

HER-2 - 2%

BRAF - 2%

MET - 2%

PIK3CA - 2%

MAP2K1 - 1%

ROS-1 - 1%

RET - 1%

AKT - 1%

NRAS - 1%

FIGURE 1 | Molecular subsets of lung adenocarcinoma. KRAS: v-Ki-ras2
Kirsten rat sarcoma viral oncogene homolog; EGFR: epidermal growth
factor receptor; ALK: anaplastic lymphoma kinase fusion; HER-2: human
epidermal growth factor receptor 2; BRAF: v-raf murine sarcoma viral
oncogene homolog B1; PIK3CA: phosphoinositide-3-kinase, catalytic, α

polypeptide; MAP2K1: mitogen-activated protein kinase kinase 1; RET:
rearranged during transfection; AKT1: v-akt murine thymoma viral oncogene
homolog 1; NRAS: neuroblastoma RAS viral (v-ras) oncogene homolog (4,
9, 14, 18, 24, 31, 104).

in deregulation of select signaling pathways that are crucial for
proliferation and metastasis of lung cancer.

There are a number of clinically and therapeutically relevant
molecular changes within the lung cancer genome that can be
now effectively targeted with systemic therapy in specific sub-
groups of patients (14). Ongoing research involving genomic
efforts to elucidate further molecular subsets of NSCLC with ongo-
ing development of biomarker-guided targeted therapies hope-
fully will continue to expand the therapeutic options for NSCLC
patients.

Unfortunately, the number of patients for whom targeted
therapy is suitable is still very small (Figure 1). The access to
tumor tissue for biomarker assessment and de novo molecular
and genomic tumor heterogeneity (that may be further increased
during the biomarker-driven therapy) remain a serious chal-
lenge. Ongoing research in detection of cell-free circulating tumor
DNA (cfDNA) and circulating tumor cells (CTCs) may become
clinically relevant alternatives for tumor biopsy that will pro-
vide measurements of the total tumor burden as well as identify
mutations arising during therapy that may be responsible for
development of acquired resistance (121). Genomic screening of
NSCLC tumors will continue to facilitate identification of mol-
ecular mechanisms of acquired resistance to targeted therapies.
Ongoing translational and clinical research will facilitate a greater
understanding of genomic alterations within lung cancer, with
the aim of increasing benefit to wider population of lung cancer
patients.
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Recent clinical trials have demonstrated the efficacy of epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitors (TKI) in the treatment of patients with advanced metasta-
tic non-small cell lung cancer. Most of these recent trials were conducted in patients with
EGFR mutation-positive tumors. As our knowledge of the EGFR mutation and its resistant
pathways develops, the complexity of the situation expands.This article briefly reviews the
pivotal trials leading to approval of EGFRTKIs in the first-line setting for patients with EGFR
mutation-positive non-small cell lung carcinomas. It discusses the historical use of EGFR
TKIs after the first-line setting in unselected patients and briefly describes ongoing trials.

Keywords: EGFRTKI, first-line therapy, erlotinib, gefitinib, afatinib, dacomitinib

BACKGROUND
For many years, standard first-line systemic treatment for metasta-
tic NSCLC has consisted of chemotherapy with a two drug com-
bination including a platinum compound and a non-platinum
drug such as pemetrexed, gemcitabine, vinorelbine, or a taxane.
The typical median time to progression for chemotherapy-treated
patients is 4–6 months and median survival is 10–12 months. The
advent of epidermal growth factor receptor (EGFR) molecular
testing changed the treatment paradigm.

The EGFR or human epidermal growth factor receptor (HER)
family contains four members: EGFR (otherwise known as HER1),
HER2, HER 3, and HER4. In a normal cell, binding of the epider-
mal growth factor ligand causes dimerization, phosphorylation,
activation of the receptor, and triggering of signaling cascades
through pathways such as PI3-Kinase-AKT and RAS/RAF. The
presence of an EGFR gene mutation is activating, causing a con-
stant signal to be generated, which leads to cell proliferation and
other cancer processes.

Approximately 10–30% of NSCLC patients have an EGFR gene
mutation. This mutation is observed at a higher frequency in
some subpopulations. In Asian NSCLC cancer patients who never
smoked or were only light smokers, this percentage may be as high
as 60% (1). For NSCLC patients whose tumors test positive for any
EGFR mutations, an oral tyrosine kinase inhibitor (TKI) is now
the preferred first-line therapy.

FIRST-GENERATION EGFR TKIs
First-generation EGFR TKIs such as erlotinib and gefitinib
reversibly compete with adenosine triphosphate (ATP) binding

Abbreviations: ATP, adenosine triphosphate; CI, confidence interval; EGFR, epider-
mal growth factor receptor; HER, human epidermal growth factor receptor; HRQoL,
health-related quality of life; NCI, National Cancer Institute; NSCLC, non-small cell
lung cancer; ORR, objective response rate; OS, overall survival; PFS, progression-free
survival; RCT, randomized clinical trial; TKI, tyrosine kinase inhibitor.

at the tyrosine kinase domain of EGFR. This inhibits ligand-
induced EGFR tyrosine phosphorylation, EGFR/HER1 activation,
and subsequent activation of the downstream signaling networks
(2). Pivotal randomized trials with these first-generation TKIs are
chronologically described in the sections below. Although it is
tempting to directly compare the results of these studies, a recent
publication (3) argues that this type of comparison is invalid due
to differences in trial design, comparator choice, and inclusion
criteria; readers are urged to refer to Sebastian et al.’s elegant
description and critical analysis of these trials (3).

IDEAL 1 AND IDEAL 2 – GEFITINIB PROVIDES A SURVIVAL ADVANTAGE
IN EGFR MUTATION-UNSELECTED PATIENTS
The IDEAL 1 (4) and IDEAL 2 (5) phase II trials were two of
the first studies to test gefitinib in patients with stage IV NSCLC.
These trials demonstrated that both 250 and 500 mg doses of gefi-
tinib were equally active in an EGFR mutation-unselected patient
population, resulting in response rates of approximately 20% and
median progression-free survival of 2.7 and 2.8 months for the
250 and 500 mg doses of gefitinib, respectively (4). Because both
doses showed equivalent results, the lower 250 mg dose was put
forward for the registration phase III trials. A subset of patients
treated with gefitinib demonstrated a very positive response, but
it was unclear why that was the case. At the time, the implications
of EGFR mutations were not understood, but we now know that
most of these patients likely harbored an EGFR gene mutation.

NCIC BR.21: ERLOTINIB FOR AN EGFR MUTATION-UNSELECTED
PATIENT POPULATION IMPROVES SURVIVAL
The NCIC BR.21 phase III trial demonstrated that erlotinib pro-
longed survival in NCSLC following the failure of first-line or
second-line chemotherapy (6). This multicenter, randomized con-
trol trial compared erlotinib to placebo in 731 patients with stage
IIIB/IV recurrent NSCLC. Study participants who had failed first-
or second-line chemotherapy were randomized 2:1 to receive
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Melosky First-line TKIs

either erlotinib or placebo. One half of the patients had received
one prior regimen, and half had received two prior regimens.
Patient selection was not based on EGFR mutation status, gender,
smoking history, or type of NSCLC.

This study met its primary endpoint of improving overall sur-
vival, 6.7 months for erlotinib compared to 4.7 months for placebo
(HR 0.70, CI 0.58–0.85, P < 0.001). The study demonstrated
statistically significant effects in secondary endpoints including
progression-free survival of 2.23 months for patients treated with
erlotinib compared to 1.84 months for those treated with placebo
(HR 0.61, CI 0.51–0.73, P < 0.001), time to symptom deterio-
ration, and response rate. Overall, 8.9% of patients achieved an
objective response to erlotinib (P < 0.001), although mutational
analysis was retrospective and only positive in approximately 40
patients. This trial demonstrated a survival benefit in all patients
regardless of whether their tumors had an EGFR gene mutation.

Why an EGFR inhibitor was efficacious in the absence of an
EGFR mutation is unclear. This reflects the complexity of the
EGFR mutation and other downstream signaling pathways, many
of which are still to be delineated. As a result of the NCIC BR.21
trial (6), erlotinib was approved and became standard of care in
the second or third line setting for patients with NSCLC.

ISEL: GEFITINIB PROVIDES NO SURVIVAL ADVANTAGE IN AN EGFR
MUTATION-UNSELECTED POPULATION
The Iressa Survival Evaluation in Lung Cancer (ISEL) phase III
study was similar to the NCIC BR.21 trial design as it compared
an EGFR TKI to placebo in EGFR mutation-unselected NSCLC
patients in the second and third line setting (7). Unlike NCIC
BR.21, this study failed to meet its endpoint of improved overall
survival, with median survival of 5.6 months for patients treated
with gefitinib as compared to 5.1 months for patients treated with
placebo (HR 0.89, CI 0.77–1.02, P = 0.087). There was a pro-
nounced heterogeneity in survival outcomes between groups of
patients, most notably those who were never smokers (HR 0.67,
CI 0.49–0.92, P = 0.012) and those of Asian ancestry (HR 0.66,
CI 0.48–0.91, P = 0.01). Due to the negative primary results of
this trial, gefitinib fell out of use for EGFR mutation-unselected
patients in North America.

DISCOVERY OF EGFR MUTATIONS
In 2004, two articles were published in prestigious journals by Paez
et al. (8) and Lynch et al. (9). Both publications demonstrated that
patients who responded well to gefitinib had EGFR gene muta-
tions, and the mutations were located in the region of the gene that
encoded the tyrosine kinase domain. Although much discussion
centered on whether the presence of the mutation should influ-
ence treatment decisions, clarity about the importance of EGFR
mutations did not occur until the Iressa Pan Asian Study (IPASS)
trial was completed, the mutation status of patients was analyzed,
and the biomarker story became clear.

IPASS TRIAL: GEFITINIB IMPROVES SURVIVAL IN THE FIRST LINE, IN
AN EGFR MUTATION-ENHANCED POPULATION
The IPASS trial was the study attributed to changing practice.
The goal of the IPASS trial was to evaluate the benefit of gefi-
tinib as compared to carboplatin/paclitaxel as first-line treatment

for patients with advanced NSCLC (10). Patients selected with
this trial had favorable clinical characteristics and included Asian
patients with adenocarcinoma, who were non-smokers or former
light smokers. Patients treated with gefitinib demonstrated supe-
rior progression-free survival as compared to those treated with
chemotherapy (HR 0.74, CI 0.65–0.85, P < 0.001).

An EGFR biomarker analysis was specified in this protocol,
but was retrospective and exploratory. Of 1200 patients, 437 had
a tumor specimen that was evaluable for EGFR mutation analy-
sis and of these, 261 patients (59.7%) had tumors that contained
EGFR gene mutations. In the subset of EGFR mutation-positive
patients, the response rate to gefitinib was 71.2% as compared to
47.3% for carboplatin/paclitaxel. PFS was significantly superior
for the EGFR mutation-positive patients treated with gefitinib,
9.5 months as compared to 6.3 months for those treated with
chemotherapy (HR 0.48,CI 0.36–0.64,P < 0.001). Overall survival
was not different, most likely due to crossover; 21.6 months for
gefitinib as compared to 21.9 months for carboplatin/paclitaxel.

Iressa Pan Asian Study demonstrated that an EGFR was the
most appropriate biomarker for the use of EGFR TKI inhibitors
in stage IV non-small cell lung carcinomas and with a significant
improvement in PFS and quality of life, gefitinib became standard
of care first-line option for NSCLC patients with EGFR-mutated
tumor. From this point onward, all TKI trials were conducted in
EGFR mutation selected populations and European authorities
restricted the use of gefitinib to patients with an EGFR mutation
only, regardless of therapeutic line.

WJOG AND NEJSG: JAPANESE TRIALS TESTING GEFITINIB IN EGFR
MUTATION SELECTED POPULATIONS
Two randomized phase III studies compared gefitinib to
chemotherapy in the first-line setting (11, 12). Both of these
trials, involving NSCLC patients selected on the basis of EGFR
mutations, demonstrated a statistically significant increase in
progression-free survival for patients treated with gefitinib over
chemotherapy. In the West Japan Oncology Group (WJOG) trial,
patients treated with gefitinib experienced a median PFS of 9.2
as compared to 6.3 months for those treated with chemotherapy
(HR = 0.489, CI 0.336–0.710, P < 0.0001) (11). Results were simi-
lar in the North-East Japan Study Group (NEJSG), where patients
treated with gefitinib experienced a median PFS of 10.8 months
compared to 5.4 months for those treated with chemotherapy
(HR = 0.30, CI 0.22–0.41, P < 0.001) (12). This study was stopped
following the results of a planned interim analysis as the gefitinib
arm had significantly superior PFS compared to the chemotherapy
arm. A high number of patients crossed over to gefitinib (98%);
this is the most likely explanation for no difference is overall
survival.

EURTAC TRIAL: ERLOTINIB IN THE FIRST-LINE IMPROVES
PROGRESSION-FREE SURVIVAL
The European Tarceva vs. Chemotherapy (EURTAC) trial was con-
ducted in patients with EGFR mutation positive tumors, and was
the first to demonstrate the benefits of an EGFR TKI in a Caucasian
population (13). Patients were randomized to receive erlotinib
or chemotherapy (cisplatin/gemcitabine or cisplatin/docetaxel)
in the first-line setting. Response rate was 58% in the erlotinib
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arm compared to 15% in the chemotherapy arm (P < 0.0001).
Progression-free survival was 9.7 months for patients treated with
erlotinib and 5.2 months for patients treated with chemotherapy
(HR = 0.37, CI 0.25–0.54, P < 0.0001) (13). Overall survival was
22.9 months in the erlotinib arm as compared to 18.8 months
in the chemotherapy arm (HR = 0.80; P = 0.42), most likely
confounded by second-line therapy and crossover to erlotinib.

SECOND-GENERATION TKIs
Afatinib and dacomitinib are second-generation EGFR TKIs, and
block all HER-family ligands, including HER1 (EGFR), as well as
HER2 and HER4. These agents form permanent covalent bonds
with the target, irreversibly inhibiting ATP binding at the tyrosine
kinase domain. As a result, second-generation TKIs are theo-
retically more effective in inhibiting EGFR signaling than first-
generation erlotinib or gefitinib because the inhibition of EGFR
signaling is prolonged for the entire lifespan of the drug-bound
receptor molecule (14).

Two phase III trials were conducted to test dacomitinib in
EGFR mutation-unselected populations. The Archer 1009 phase
III trial compared dacomitinib with erlotinib in EGFR mutation-
unselected patients who were previously treated with chemother-
apy. The trial did not demonstrate statistically significant improve-
ment in progression-free survival and was discontinued. The
NCIC BR.26 trial phase III trial compared dacomitinib with
placebo in 736 EGFR mutation-unselected patients with advanced
NSCLC previously treated with both chemotherapy and an EGFR
TKI. This study also did not meet its objective of prolonging over-
all survival. Subgroup analysis is currently being conducted in
order to understand if there was a difference in response between
patients whose tumors harbored an EGFR mutation and those
whose tumors did not.

A number of other trials testing the second-generation EGFR
TKI dacomitinib are underway and have yet to be published.
Archer 1050 is a phase III randomized, open-label trial comparing
dacomitinib to gefitinib in a first-line treatment setting in EGFR
mutation-positive NSCLC patients. In this trial, approximately 440
patients were randomized 1:1 to dacomitinib or gefitinib. The pri-
mary endpoint is PFS by independent review, while the secondary
endpoints include PFS by investigator assessment, overall survival,
best overall response, duration of response, safety and tolerability,
and patient-reported outcomes. As phase II studies of dacomitinib
in the first-line treatment setting were promising, we look forward
to the results of this phase III study, which will be revealed in
mid-2015.

AFATINIB FOR PATIENTS WITH EGFR MUTATION POSITIVE TUMORS
LUX-Lung 1 was a phase 2b/3 randomized trial comparing afa-
tinib to best supportive care in unselected patients who had
received both a platinum doublet and 3 months of an EGFR
TKI, gefitinib, or erlotinib (15). Although progression-free sur-
vival was increased, the primary endpoint of overall survival was
not. Because of this negative trial, the use of afatinib in patients
with an acquired resistance to EGFR TKIs was not approved in any
country except Japan.

The pivotal afatinib trial is LUX-Lung 3 (16). This phase III
trial randomized 345 patients with NSCLC in the first-line setting

who had EGFR mutation-positive tumors to receive either afa-
tinib or cisplatin/pemetrexed. For this study, all EGFR mutations
from codons 18–21 were analyzed. While the majority of patient
tumors harbored common EGFR mutations (Del-19 and Point
21 L858R), approximately 10% of patients had uncommon EGFR
mutations. The primary endpoint of this trial was progression-
free survival and secondary endpoints included overall survival,
objective response rate, and quality of life.

Afatinib treatment led to an increase in the objective response
rate compared with chemotherapy treatment (56.1 vs. 22.6%).
Patients randomized to afatinib experienced a significant improve-
ment in median progression-free survival compared with those
randomized to chemotherapy, 11.1 vs. 6.9 months, respectively
(HR 0.58, CI 0.43–0.78, P = 0.0004). The treatment effect of afa-
tinib was more pronounced when comparing progression-free
survival in the pre-defined subgroup of patients with the com-
mon Del-19 or Point 21 L858R EGFR mutations. In this subgroup,
patients treated with afatinib experienced progression-free sur-
vival of 13.6 months as compared to 6.9 months for those treated
with chemotherapy (HR 0.47, CI 0.34–0.65, P < 0.0001) (16).

The LUX-Lung 6 trial, conducted in Asia, confirmed the value
of afatinib in the population of patients with EGFR mutation-
positive tumors (17). This phase III, open-label trial random-
ized 364 NSCLC patients in a 2:1 fashion to receive afatinib
or gemcitabine/cisplatin. The primary endpoint in this study
was progression-free survival and secondary endpoints included
objective response rate, disease control rate, patient-reported
outcomes, and safety.

A statistically significant improvement in progression-free
survival was demonstrated between patients treated with afa-
tinib as compared to those treated with chemotherapy, 11.0
vs. 5.6 months, respectively (HR 0.28, CI 0.20–0.39, P < 0.0001)
(17). The progression-free survival benefit was consistent across
all subgroups, including all mutation categories. The percent-
age of LUX-Lung 6 patients with a confirmed objective response
was 67% in the afatinib group as compared to 23% in the
chemotherapy group. Overall, the results of the LUX-Lung 6
trial support the efficacy observations (progression-free survival
and objective response rate) demonstrated in the LUX-Lung
3 trial.

To date, none of the published randomized EGFR TKI tri-
als have demonstrated a statistically significant improvement in
overall survival. In the American Society of Clinical Oncology
meeting in Chicago 2014, a pooled analysis of LUX-Lung 3 and
LUX-Lung 6 was presented (18). Although the pooling of clinical
trial results in this way is controversial, the results are interest-
ing. According to this analysis, the overall survival of LUX-Lung
3 was 31.6 months for patients treated with afatinib as com-
pared to 28.2 months for those treated with chemotherapy (peme-
trexed/cisplatin) (HR: 0.78). The pooled overall survival analysis
of LUX-Lung 6 showed that patients treated with afatinib had
a median survival of 23.6 months as compared to 23.5 months
when treated with gemcitabine/cisplatin (HR 0.8). Although both
hazard ratios are approximately 0.8, neither of the P values were
significant.

The pooled analysis showed an important improvement
in overall survival in patients whose tumors had the most
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common EGFR mutations, Del-19 and Point 21 L858R. In the
sub-population of patients with these mutations, the median
overall survival in the afatinib arm was 27.3 months, which was sig-
nificantly improved over median overall survival of 24.3 months
in the chemotherapy arm (HR 0.81, p = 0.037).

The most interesting analysis concerned the subpopulation of
patients whose tumors had harbored the Del-19 deletion, where
a significant improvement in overall survival was seen in both
LUX-Lung 3 and LUX-Lung 6 trials. In the LUX-Lung 3 trail,
the median survival was 33.2 months for Del-19 patients treated
with afatinib as compared to 21.1 months with chemotherapy
(pemetrexed/cisplatin) (HR 0.54). In LUX-Lung 6, the median sur-
vival was 31.4 months for Del-19 patients treated with afatinib as
compared to 18.4 months for patients treated with chemotherapy
(gemcitabine/cisplatin) (HR 0.64). The author concluded that the
patients with Del-19 and Point 21 L858R mutations may constitute
very different populations, and may require different treatment
strategies (18).

A highly anticipated trial is LUX-Lung 7. This phase III, open-
label trial randomized 316 patients with EGFR mutation-positive
advanced adenocarcinoma to receive either afatinib or gefitinib.
The primary endpoint for the trial, which completed in July 2013,
was overall survival. We await the results eagerly.

Clinical trials with the third-generation EGFR TKIs are under-
way. These inhibitors work to selectively inhibit tumors that harbor
the acquired T790 mutation.

Currently, there are more than 350 open trials for EGFRs in
NSCLC, and at least 20 of these are phase III. Indeed, this is a very
exciting time in the evolution of our knowledge of the EGFR TKI
inhibitors, and we expect outstanding advances in the care of our
patients with non-small cell lung carcinoma.
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Our ability to detect and directly target the oncogenic alterations responsible for tumor
proliferation has contributed significantly to the management of lung cancer in the last
decade. The therapeutic efficacy of molecularly targeted therapy is, however, mainly lim-
ited to patients harboring certain genetic mutations and is generally short-lived. Herein, we
review primary and secondary drug resistance using the most well-studied of the molecu-
larly targeted agents, the tyrosine kinase inhibitors targeting the epidermal growth factor
(EGF) receptor, and the anaplastic lymphoma kinase (ALK) rearrangement, the current limi-
tations of targeted therapies and their consequences on the management of patients with
lung cancer.
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The treatment of advanced non-small-cell lung cancer (NSCLC)
had reached a therapeutic plateau prior to the introduction of
molecularly targeted agents (MTAs), with a median survival of
8–12 months (1, 2). With an improved understanding of the
molecular biology of lung cancer, enabled by advances in high-
throughput technology, have come molecular therapies that target
specific receptors and oncogenic pathways responsible for tumor
growth and proliferation. Despite the demonstrated superiority of
these MTAs over standard chemotherapy in subgroups of patients
(3, 4), their therapeutic efficacy is limited to patients harboring the
targeted genetic aberration and is generally short-lived. Any future
advances in the survival of patients with advanced NSCLC will
hinge on our ability to expand on the percentage of patients eligible
and responsive to targeted therapy and our capacity to mitigate the
mechanisms of acquired resistance that prevent long-term disease
control.

As the most well-studied of the MTAs, tyrosine kinase inhibitors
in NSCLC targeting the epidermal growth factor (EGF) receptor
(erlotonib, gefitinib, and afatinib) and the anaplastic lymphoma
kinase (ALK) rearrangement (crizotinib) provide a useful frame-
work in which to understand the current limitations of molecu-
larly targeted therapy and their consequences in the management
of patients with NSCLC.

PRIMARY RESISTANCE TO EGFR INHIBITORS
The EGFR pathway is known to be active in NSCLC (5) and protein
overexpression is known to be associated with poorer prognosis
(6). Early on in the clinical development of EGFR-tyrosine kinase
inhibitors (EGFR-TKIs), which targeted this pathway, it was real-
ized that patients whose tumor harbored an activating mutation
in the EGFR gene at exons 19 and 21 had more dramatic responses
and better clinical outcomes than their EGFR wild-type (W/T)
counterparts (7, 8). This has resulted in some countries limiting

regulatory approval in the first-line setting to patients whose
tumors harbor these sensitizing mutations (9). Although com-
mon among lung cancer patients of Asian descent (10), sensitizing
EGFR mutations are relatively uncommon in North American
and European NSCLC populations with a prevalence of ~15%
in patients with advanced non-squamous histology (11). Further,
despite their heightened sensitivity to EGFR-TKIs, as many as
one third of NSCLC patients with tumors with sensitizing EGFR
mutations do not respond to targeted therapy (12, 13).

The mechanisms of primary resistance to EGFR-TKIs are best
considered in terms of patients with tumors with (EGFR mutant)
and without (EGFR W/T) sensitizing mutations. In the latter case,
patients may not respond to EGFR-TKIs because their tumors are
being driven by other oncogenic pathways that are not sensitive
to EGFR inhibition. Indeed, different oncogenic alterations have
been identified in up to half of patients with EGFR W/T disease
(14). Importantly, the successful targeting of one such alteration,
namely the ALK gene rearrangement with crizotinib (15) demon-
strates the feasibility of addressing this form of primary resistance
in the EGFR W/T population. Therapies targeting other mutations
that commonly occur among EGFR W/T patients such as c-ros
oncogene 1 (ROS1), ret proto-oncogene (RET), v-raf murine sar-
coma viral oncogene homolog B (BRAF), and the human EGF 2
(HER2) are currently under development.

In addition, primary resistance in the EGFR W/T population
may be the result of activation of alternate parallel signaling path-
ways, which can overcome EGFR blockade, that are independent of
a pathway-specific activating mutation. Activation of the insulin-
like growth factor receptor (IGFR) pathway (16) is one such
potential mechanisms of primary resistance. Blockade of these
alternate pathways to enhance EGFR TKI efficacy is a strategy
that is being investigated, but to date has yielded mixed results
(17–19). Lack of response to EGFR-TKIs among patients with
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W/T tumors may also be due to incomplete binding of the drug
to the EGF receptor or because of insufficient drug concentration
necessary for effective pathway blockade (20). Further, as only one
of four receptor tyrosine kinases in the ERbB family (21, 22), the
isolated targeting of the EGF/Erb1 receptor may not prevent auto-
phosphorylation and downstream pathway activation by the other
receptors (i.e., Erb2, Erb3, Erb4). Newer second-generation irre-
versible pan-HER tyrosine kinase inhibitors such as dacomitinib
and afatinib that target multiple receptors are being evaluated in
both EGFR W/T and EGFR-mutant populations as a strategy to
enhance and prolong treatment response (23, 24).

In patients with tumors with EGFR sensitizing mutations a
number of factors have been identified in the primary resistance
setting, which may modulate or blunt the therapeutic efficacy of
EGFR-TKIs. While most oncogenic driver mutations are mutually
exclusive in context of lung cancer, the co-existence of EGFR muta-
tions with other oncogenic alterations, including class A phospho-
inositide 3-kinase (PI3KCA), have been reported (25). Activation
of compensatory signaling pathways by these other mutations
may afford continued disease progression and negate or circum-
vent clinical benefit derived from EGFR TKIs in patients whose
tumors harbor EGFR mutations. The dual targeting of co-existing
mutations with combination therapy in EGFR-mutant disease is
currently under investigation (clinical trials.gov: NCT01570296).

In a similar fashion, exogenous factors, including MED12-
mediated transforming growth factor beta (TGF-β) activation
(26) and hepatocyte growth factor (HGF) ligand overexpres-
sion (27), may enable the activation of alternate signaling path-
ways in tumors that may override the pathways inhibited by
the EGFR-TKIs. The inhibition of these compensatory pathways
in tumors with EGFR sensitizing mutations is a hot topic in
clinical research with the testing of a number of combination
therapies that include agents to overcome TGF-β and HGF-
mediated resistance [e.g., heat shock protein (Hsp) 90 inhibitors]
in both the primary (clinicaltrials.gov: NCT01714037) and resis-
tance setting (clinicaltrials.gov: NCT01259089, NCT01288430,
NCT01851096).

Finally, exogenous apoptotic factors have been identified that
may modulate the impact of EGFR TKIs in patients with tumors
with sensitizing EGFR mutations and may explain their variable
treatment response. Increasing evidence suggests that expres-
sion levels of proapototic BH-3 only molecule (BIM) can influ-
ence treatment-induced apoptosis (28, 29) and further that pre-
treatment BIM expression may play a role in treatment response
to many kinase inhibitors across many disease sites (30, 31). While
in lung cancer, it has been shown that low pre-treatment BIM lev-
els are associated with shorter time to progression (29), available
pro-apoptotic assays are not currently being used in clinical prac-
tice to predict treatment response. Targeted therapies with B-cell
lymphoma 2 (blc2) inhibitors that enhance apoptosis, however,
are currently being evaluated in combination with EGFR-TKIs
as a strategy to enhance treatment response (clinicaltrials.gov:
NCT00988169).

Despite early and dramatic treatment responses in up to two
thirds of patients with EGFR sensitizing mutations, most patients
will eventually progress while on therapy within a year of treat-
ment initiation (12). Beyond the level of pre-treatment apoptotic

factors, such as BIM discussed previously, a number of other
factors have been suggested to influence the development of
clonal and sub-clonal EGFR-resistant cell populations. Specifi-
cally, both factors affecting the drug metabolism and character-
istics of the treatment schedules may impact the development of
acquired resistance in previously responsive patients (32). While
the higher metabolic clearance of EGFR-TKIs among smokers
and fast metabolizers has long been recognized as a negative
predictor for time to progression (33), only recently have the
pharmacokinetics of different dosing schedules been considered
for their potential influence on the evolution of drug resistance
to EGFR TKIs. Specifically, based on evolutionary modeling and
clinical data, it has been proposed that pulsed high dose with
continuous low dose EGFR-TKI treatment helps to maintain sen-
sitive cell populations and may extend the therapeutic benefit
of EGFR-TKI therapy beyond progression (34). While standard
once daily dosing continues to be used in the clinic for approved
MTAs, research is on-going to define characteristics of the treat-
ment regimen that may delay disease progression and optimize
therapeutic outcomes with EGFR-TKI therapy (clinicaltrials.gov:
NCT01967095).

Although criteria for acquired resistance have now been devel-
oped (35), resistant disease is best considered along an evolu-
tionary continuum, where resistant clones eventually overrun
EGFR-sensitive cells, leading to the clinical characteristics of dis-
ease progression. The existence of EGFR-sensitive cells in tumors
that progress is supported by reports of clinical response in patients
re-challenged with EGFR-TKIs (36) and also by reports of disease
flare in up to 15% of patients who are taken off EGFR-TKI therapy
at disease progression (37).

SECONDARY EGFR-TKI RESISTANCE
Genetic adaptations and altered network signaling pathways
invariably lead to drug resistance in patients whose tumors har-
bor EGFR sensitizing mutations who initially respond to EGFR-
targeted therapy (acquired resistance). Molecular profiling of
tumors with acquired resistance to EGFR-TKIs has identified a
number of resistance mechanisms and dominant acquired resis-
tance phenotypes, which may be useful in guiding future treat-
ment. The most common mechanism of acquired resistance to
EGFR-TKI is the development of a second mutation of the EGFR
that is resistant to therapy. While a number of secondary mutations
have been identified (38), the most common “gatekeeper” muta-
tion is that of the T790M, which occurs in 50–60% of patients with
acquired resistance to EGFR-TKIs (39). This secondary mutation
is believed to exert its effect by enhancing ATP kinase affin-
ity, thereby decreasing sensitivity to the ATP-competitive EGFR
TKIs (40). Importantly, the development of secondary resistance
mutations in the EGFR kinase domain has implications in the
re-challenging of patients with previously sensitive disease and
has fueled research in the development of second and third gen-
eration inhibitors (41–45). Despite encouraging phase II data
of one such second-generation inhibitor (dacomitinib) in pre-
viously treated patients (41, 42), emerging phase III data suggests
that there is no overall survival benefit associated with its use
in previously treated EGFR W/T patients or those with acquired
EGFR-TKI resistance (23). Similarly, while interim analysis of
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another second-generation irreversible ErbB family blocker (Afa-
tinib) in patients with acquired resistance to EGFR-TKIs suggested
improved progression-free survival (PFS) (43), the lack to an over-
all survival benefit observed in this phase 2b/3 randomized trial
(24) does not support the strategy of extended EGFR blockade in
the EGFR-resistant population.

Most recently, the finding of a T790M mutation in tumors at
the time of initial diagnosis (44, 45) has implicated the mutation
in primary EGFR-TKI resistance, suggesting that up-front treat-
ment with second/third generation EGFR-TKIs may confer added
benefit over their use in the second-line setting in patients with
T790M-mediated acquired resistance. Indeed, preliminary clini-
cal reports of second-generation EGFR inhibitors in the first-line
treatment setting support their up-front use in patients whose
tumors harbor EGFR mutations (46, 47).

An alternate mechanism of secondary resistance is the activa-
tion of other signaling pathways by adaptive de novo alterations
that develop outside the EGFR kinase domain in response to treat-
ment. A number of these alterations have been identified; the most
well-studied being MET amplification, which occurs in 10–20%
of patients with EGFR-TKI resistant disease (48). Other less com-
mon mutations include HER2 amplification (49, 50), activation of
PIK3Ca (51) and BRAF (52), and loss of phosphatase and tensin
homolog (PTEN) function (53).

Crosstalk between key signaling pathways may also play a role
in the development of acquired resistance to EGFR inhibitors.
Specifically, the activity of the angiogenic VEGF pathway has been
suggested to play a role in resistance to EGFR-TKIs (54), which is
not surprisingly given the common downstream effectors shared
by these parallel pathways (55). Although preclinical data across
different tumor types (56, 57) and early phase lung cancer clinical
trials (58, 59) pointed to the potential utility of dual inhibition of
VEGF and EGFR, phase III data of the dual inhibitor vandetanib
suggest that this is not a promising approach to overcome acquired
resistance to EGFR-TKIs in advanced NSCLC (60).

Finally, a less common but well documented mechanism of
acquired resistance to EGFR-TKIs is histological transforma-
tion from NSCLC to SCLC or epithelial–mesenchymal transi-
tion (EMT), which has been reported in up to 3% of EGFR-
TKI resistant patients (61). Increasing evidence suggest that
these transformations are linked to the activation of the AXL
kinase, the inhibition of which may restore EGFR-TKI sensitiv-
ity in previously resistant cells (62). Collectively, these mech-
anisms clearly demonstrate the multitude of adaptive strate-
gies developed by the tumor to ensure its continued growth
and underscores the complexity of treating EGFR-TKI-resistance
disease.

While the above resistant disease phenotypes are useful in
the classification of acquired resistance, these adaptive mecha-
nisms may not be mutually exclusive. Indeed, it has recently been
proposed that T790M mutations and MET amplifications are
complementary and may co-exist in the development of drug resis-
tance (63). In addition, oncogenic driver mutations may be tumor
specific, as different driver mutations from different tumor sites
within the same individual have been identified in patients with
EGFR-TKI resistant disease (39), further illustrating the challenges
in managing patients with acquired resistance.

PRIMARY RESISTANCE TO ALK INHIBITORS
Between 1 and 3% of patients with advanced NSCLC have tumors
that harbor sensitizing chromosomal rearrangements of the ALK
gene (64–66). The ALK inhibitor crizotinib has recently been
approved for the treatment of patients with ALK-positive tumors,
however, as with EGFR-TKIs not all patients respond to ther-
apy. Specifically, while phase III studies have shown that crizo-
tinib improves PFS compared to chemotherapy in previously
treated NSCLC patients with ALK-positive disease (HR = 0.49
95% CI: 0.37–0.64, p < 0.001), only 65% of patients were shown to
respond to therapy (67). While primary resistance among patients
with ALK-positive tumors is less well-understood, the occur-
rence of drug-resistant ALK mutations and compensatory mech-
anisms have been advanced as potential mechanisms of primary
resistance (68).

In summary, less than 20% of patients have tumors with an
EGFR or ALK mutation at the time of diagnosis, and of these,
only 60–70% of patients respond to currently available MTAs.
Therefore, we are mandated to address the approximately 80%
of patients whose tumors are de novo resistant to EGFR and
ALK inhibition, a percentage of whom are resistant due to other
oncogenic driver mutations such as Kirsten rat sarcoma viral onco-
gene homolog (KRAS), BRAF, and RET, among others. Many
investigations targeting these mutations are on-going.

SECONDARY RESISTANCE TO ALK INHIBITORS
While secondary mutations in the ALK domain have been iden-
tified in approximately one-third of the patients with acquired
resistance to ALK inhibitors (69), unlike acquired resistance to
EGFR-TKIs, there does not appear to be a dominant secondary
mutation. Further complicating the management of such patients,
multiple mutations within the same individual have also been
reported in patients with acquired resistance (70). Of note, second-
generation ALK inhibitors have, however, recently shown high
response rates (48% confirmed responses) in patients previously
treated with crizotinib, in tumors with and without secondary
mutations in ALK (71). These results support the importance of
ALK in crizotinib-resistant disease and the continued effort in
targeting the ALK domain.

TREATMENT IMPLICATIONS
Since the publication of the initial reports over a decade ago, we
now have a much better understanding of which patients stand to
benefit most from targeted therapies with EGFR and ALK tyro-
sine kinase inhibitors and the intrinsic and adaptive mechanisms
that limit treatment response and inevitably lead to acquired drug
resistance. Despite these treatment advances, there are currently
a limited number of therapeutic options available to patients not
harboring sensitizing EGFR mutations or rearrangement of the
ALK gene. Further, the mechanisms of acquired resistance among
those who initially respond to treatment remain uncharacterized
in almost 40% of patients with acquired resistance (72). That said,
many agents targeting other oncogenic mutations are in phase III
development, and in the near future will expand the armamentar-
ium of targeted therapies available in the treatment of advanced
NSCLC. The following strategies are proposed in the current and
future management of patients with NSCLC.
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All patients presenting with advanced NSCLC should be
screened for all known oncogenic driver mutations with treatment
assigned accordingly based on available molecularly targeted ther-
apies. With the approval of second line and third line (T790M
specific) EGFR-TKIs, it may also be useful to screen up-front
for T790M mutations and preferentially treat patients harboring
these mutations with these second and third generation therapies,
given the shorter PFS that patients harboring this mutation expe-
rience with first-line reversible EGFR-TKIs (44). In addition, for
patients harboring sensitizing EGFR mutations, the assessment
of pre-treatment BIM expression may be a useful approach to
help to optimize EGFR-TKI treatment outcomes, with the addi-
tion of anti-apoptotic inhibitors such as Blc2 to the treatment
regimen.

While alternate dosing schedules, such as pulsed high dose with
continuous low dose may be shown to delay time to disease pro-
gression, current treatment regimens of approved targeted agents
are limited to once daily dosing. EGFR-TKI treatment should
ideally be continued in the case of disease progression until the
initiation of second-line therapy, given the potential for disease
flare (37) and data that suggest that patients may benefit from
continued treatment beyond progression (73, 74). As it has been
shown that isolated sites of disease progression may be success-
fully treated while continuing on EGFR-TKIs (75), the decision
to discontinue EGFR-TKI therapy at disease progression should
be considered in the context of available therapeutic alternatives
and the potential benefit of continued EGFR-TKI therapy. For
example, treatment with afatinib in addition to chemotherapy
has recently been shown to delay progression over chemother-
apy alone (5.6 vs. 2.8 months) in patients who had progressed on
afatinib (76).

The optimal treatment of patients with tumors that harbor
EGFR mutations and ALK gene rearrangement who develop
acquired resistance to EGFR and ALK tyrosine kinase inhibitors
has yet to be defined. While most patients are managed with
chemotherapy, the evidence to support this therapeutic approach
is limited and the documented response rate with chemotherapy
in patients with EGFR-resistance disease is l0–20% (77). As more
targeted therapies become available, a more informed approach to
the treatment of acquired disease to targeted therapies may emerge
through rebiopsy at the time of disease progression and tailoring
of subsequent mechanism-based therapies.

Lung cancer is a heterogenous disease and resistance mecha-
nisms to targeted molecular therapy are many. Given the multitude
of signaling pathways and the evolving characteristics of resis-
tant disease, an up-front combination therapy that simultaneously
inhibits multiple resistance pathways is likely to yield better clini-
cal outcomes. Personalized targeted therapy at the time of disease
recurrence may further improve survival. Importantly, an aggres-
sive front-line strategy and a tailored management approach in
the case of resistant disease has been successfully employed in the
management of other diseases, including HIV (78), which has now
come to be considered a chronic disease. Whether advanced lung
cancer may someday have a similar clinical outcome remains to
be seen. To achieve this, attention must be directed at reducing
the toxicity of combination therapies and greater efforts made to
define the molecular basis of acquired resistance.
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Molecularly targeted agents are changing the therapeutic landscape in advanced non-small
cell lung cancer. Since the discovery of sensitizing mutations in the epidermal growth factor
receptor (EGFR) and anaplastic lymphoma kinase (ALK) domain, clinical investigations have
focused on optimizing the efficacy of EGFR and ALK tyrosine kinase inhibitors by addressing
therapeutic resistance that commonly develops within a year of treatment initiation. Here,
we review the clinical trials of novel therapies and combination regimens that have been
undertaken in response to our evolving understanding of the mechanisms of resistance
to targeted therapy. The aim of these trials was to enhance the therapeutic efficacy of tar-
geted therapies by improving blockade and/or inhibiting parallel or compensatory signaling
pathways.We have documented the sequential conduct of EGFR and ALK biomarker-driven
trials in order to highlight particular pitfalls and successes, which should be considered in
the design of future trials. Although there remain significant challenges, substantial gains
have been made in our understanding of cellular resistance. This knowledge will drive the
design of future trials to the benefit of lung cancer patients.

Keywords: EGFR, ALK, resistance, molecular therapy, clinical trial

Lung cancer is the leading cause of cancer related deaths worldwide
(1). Non-small cell lung cancer (NSCLC) represents approximately
85% of all lung cancers (2). In the advanced disease setting,
systemic platinum-based chemotherapy yields survival rates of
approximately 1 year (3). In the last decade, the targeted inhibition
of oncogenic driver mutations with molecular therapies of which
the epidermal growth factor receptor (EGFR) and the anaplastic
lymphoma kinase (ALK) are the most studied targets, has seen
dramatic improvements in overall survival in defined subsets of
patients (4, 5). However, despite impressive early response rates,
most patients progress within a year (4). Herein, we review clinical
trials undertaken in response to our evolving understanding of the
oncogenic drivers and molecular mechanisms of drug resistance.

BACKGROUND
Given its important role in tumor growth and proliferation, the
EGFR pathway has been the focus of intense clinical investigation
across many tumor sites (6, 7). The high protein expression levels
observed in NSCLC across all histologies (8), particularly among
those with advanced disease (9), provided the initial impetus for
the early lung cancer trials targeting the EGFR pathway by small
molecule tyrosine kinase inhibitors (EGFR-TKIs) and anti-EGFR
monoclonal antibodies.

Early trials in advanced NSCLC evaluated EGFR-TKIs as both
monotherapy after chemotherapy failure and in combination
with chemotherapy in the first-line setting. As a monotherapy,
the EGFR-TKI erlotinib, was shown to improve progression free
survival (PFS) (2.2 vs. 1.8 months, p < 0.001) and overall sur-
vival (OS) over best supportive care (6.7 vs. 4.7, p < 0.001) in

unselected NSCLC patients with advanced disease who had failed
one or two prior lines of chemotherapy (BR 21) (10). Although
gefitinib, another EGFR-TKI, was similarly able to delay disease
progression over placebo in the second/third-line setting (3.0
vs. 2.6 months, p = 0.0006), the lack of overall survival benefit
(5.6 vs. 5.1 months, p = 0.087) in the definitive phase III trial
(ISEL) (11)resulted in the withdrawal of gefitinib’s accelerated
FDA approval, which was based on encouraging phase II data
(IDEAL-1, IDEAL-2) (12, 13). Disappointingly, when used in
combination with upfront chemotherapy in unselected patients
with advanced NSCLC, neither erlotinib nor gefitinib was shown
to improve overall survival (14–17). The strategy of combining
EGFR-TKIs and chemotherapy, therefore, has since largely been
abandoned.

Objective responses in most of the early EGFR-TKI trials in
unselected patients was quite variable, with many trials indepen-
dently identifying a small subgroup of extreme responders (10,
11), against a large background of patients with primary resis-
tance to EGFR inhibition. In these trials, the extreme responders
were most commonly defined by their clinical and ethnic char-
acteristics (Asian, non-smokers) and not by their pre-treatment
EGFR protein expression levels. With the discovery of the acti-
vating EGFR mutations in exon 19 and 21 of the kinase domain
(18, 19), came a number of retrospective mutational studies of
the earlier anti-EGFR trials, which confirmed the importance
of these mutations (20, 21). These studies lead to the molec-
ular characterization of EGFR-TKI responders and the subse-
quent EGFR mutation-positive biomarker-driven trials, detailed
below.
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PAST CLINICAL TRIALS ADDRESSING RESISTANCE
The restriction of EGFR-TKI trials to patients whose tumors har-
bored activating EGFR mutations represented the first attempt to
address primary drug resistance, by limiting exposure in patients
unlikely to benefit from EGFR-TKIs. Six large randomized phase
III trials that enriched or selectively enrolled patients with acti-
vating EGFR mutations definitively confirmed the benefit of first-
generation reversible EGFR-TKIs over standard chemotherapy in
the first-line setting (Table 1) (22–27). These trials, which collec-
tively enrolled over 2200 patients, showed a doubling of response
rate to 60–80% over chemotherapy alone in patients whose tumors
harbored the EGFR mutation (22–27). In the four trials that
only enrolled EGFR-mutant positive NSCLC patients (two gefi-
tinib, two erlonitib), EGFR-TKIs were shown to extend PFS by
3–8 months (24–27). Consequently, targeted monotherapy with
erlotinib or gefitinib has now become standard of care in the
first-line setting in patients with EGFR mutation-positive tumors.

Due to their different mechanism of action, anti-EGFR mono-
clonal antibodies have also been evaluated in the management of
advanced NSCLC. The most well studied of these agents is cetux-
imab, a monoclonal chimeric IgG1 antibody, that inhibits EGFR
pathway activation by binding to the EGF receptor (28). Unlike
its small molecule counterpart, monotherapy trials of cetuximab
were disappointing in advanced NSCLC (29). However, cetuximab
has been successfully combined with chemotherapy in the first-
line setting. In a large phase III trial that enrolled 1125 patients
with advanced NSCLC (FLEX) (30), cetuximab was shown to
improve overall survival (11.3 vs. 10.1 months, p = 0.004) when
combined with cisplatin and vinorelbine, with greater efficacy
noted in patients with higher EGFR protein expression (31).
While a similar smaller study (n = 676) of cetuximab with a car-
boplatin/paclitaxel regimen (BMS099) (32) did not demonstrate
improved PFS or OS with the addition of cetuximab, a meta-
analysis of four randomized phase II&III trials (which included
the BMS099 study results) did show that cetuximab with first-line

Table 1 | Randomized phase III trials of first-generation EGFR-TKIs in

EGFR mutation (+)/enriched populations.

Study Agent EGFR+/N PFS (EGFR+)

(months)

OS (EGFR+)

(months)

NEJ002 (24) Gefitinib 224/224 10.8 vs. 5.4

(HR 0.3)

27.7 vs. 26.6

(HR 0.89)

WJTOG-3405

(25)

Gefitinib 192/192 9.2 vs. 6.3

(HR 0.5)

36 vs. 39

(HR 1.19)

OPTIMAL

(26)

Erlotinib 154/154 13.1 vs. 4.6

HR 0.16

HR 1.065

EURTAC (27) Erlotinib 153/153 9.7 vs. 5.2

HR 0.37

19.3 vs. 19.5

HR 1.04

IPASS (22) Gefitinib 261/1217 9.5 vs. 6.3

HR 0.48

21.6 vs. 21.9

HR 1.0

SIGNAL (23) Gefitinib 42/309 8.0 vs. 6.3

HR 0.54

27.2 vs. 25.6

HR 1.04

platinum-based chemotherapy improved both PFS and OS (33).
Cetuximab’s inconsistent and limited clinical efficacy, however,
has restricted the uptake and regulatory approval of this anti-
EGFR monoclonal antibody in advanced NSCLC. While other
anti-EGFR monoclonal IgG1 antibodies, such as matuzumab, have
demonstrated some efficacy in combination with chemotherapy
in the second-line setting in phase II trials (34), other anti-EGFR
monoclonal IgG2 antibodies (e.g., panitumumab) in combination
with chemotherapy have shown little activity, even in patients with
EGFR-mutant disease (35). Newer fully human recombinant anti-
EGFR IgG1 monoclonal antibodies (e.g., necitumumab), which
lack the immunoreactivity of earlier chimeric (human/mouse)
monoclonal antibodies, are currently under investigation in cer-
tain histological subgroups in combination with chemotherapy, as
detailed below.

As noted previously, even in the presence of sensitizing EGFR
mutations, only 60–80% of patients with advanced NSCLC
respond to EGFR-TKIs. Despite earlier failed attempts to com-
bine EGFR-TKIs with chemotherapy, other combination regimens
were evaluated early in the clinical development of EGFR-TKIs, in
an attempt to expand and enhance their therapeutic efficacy. To
understand the rationale for these, and other combination regi-
mens evaluated in molecular oncology clinical trials, it is useful to
consider the therapeutic strategies advanced by Dancey and col-
leagues (36) to address targeted therapy drug resistance, namely
to (1) augment the first agent’s activity; (2) enhance single target
blockade; (3) inhibit multiple targets or multiple pathways; and
(4) inhibit compensatory pathways. While combination therapies
with chemotherapy used the first of these strategies, strategies two
to four have guided most clinical research in the acquired resistance
setting, as detailed below.

PAST TRIALS OF COMBINATION THERAPIES
Dual targeting of a single receptor was the rationale behind the
early trials of combined EGFR-TKI and anti-EGFR monoclonal
antibody therapies, which, due to the off-target effects of the first-
generation EGFR-TKIs, proved very toxic (37). Multiple pathway
inhibition was the guiding strategy behind combining EGFR-
TKIs with the anti-VEGF monoclonal antibody, bevacizumab,
given its earlier success in improving overall survival in advanced
NSCLC when given with chemotherapy (38). Although early tri-
als of dual VEGF and EGFR inhibition were encouraging (39,
40), more recent trials in unselected populations of VEGF/EGFR
inhibitors, such as vandetanib, do not support this approach in the
management of advanced NSCLC (41).

CURRENT CLINICAL TRIALS ADDRESSING RESISTANCE
Despite dramatic responses in patients whose tumors harbor
EGFR activating mutations, most patients become resistant to
EGFR-TKIs within the first year (10, 11). The majority of cur-
rent trials are, therefore, focused on addressing the mechanisms of
acquired resistance (Table 2). The most common of these mech-
anisms is the development of a second mutation of the EGFR,
namely the T790M mutation (T790M), which occurs in up to 60%
of those with EGFR-TKI resistant disease (42). The newer second-
generation pan-HER irreversible inhibitors provide compensatory
pathway inhibition by direct targeting of the resistant T790M
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Table 2 | Select trials addressing acquired resistance to targeted therapy.

Line of therapy Agents Trial PFS (months)

MONOTHERAPYTRIALSTARGETINGTHE EGFR DOMAIN

First line Afatinib vs. pem/cispl LuxLung 3 (45) 11.1 vs. 6.9 (p = 0.001)

First line Afatinib vs. gem/cispl LuxLung 6 (46) 11.0 vs. 5.6 (p < 0.0001)

First line Dacomitinib vs. gefitinib ARCHER 1050 Results pending

Second line Afatinib vs. placebo LuxLung 1 (43) 3.3 vs. 1.1 (p < 0.0001)

Second line Dacomitinib vs. placebo BR 26 (44) 2.7 vs. 1.4 (p < 0.0001)

COMBINATIONTHERAPIESTARGETINGTHE MET COMPENSATORY PATHWAY

Second/third line Tivantinib + erlotinib vs. erlotinib + placebo Marqueea (47) 3.6 vs. 1.9 (p < 0.0001)

Second/third line Onartuzumab + erlotinib vs. erlotinib + placebo METLunga (48) 2.7 vs. 2.6 (p = 0.92)

aTrial stopped early for futility to meet primary endpoint.

mutation and bind irreversibly to 2 or more receptors of the EGFR
domain, thus providing enhanced EGFR pathway blockade. Of
the second-generation inhibitors, afatinib and dacomitinib have
been the most extensively studied, in both heavily pre-treated
patients and in the first-line setting. Afatinib has been evalu-
ated in an EGFR-mutant enriched population who had failed
one to two lines of chemotherapy and an EGFR-TKI (LUX-Lung
1) (43). In this placebo-controlled phase III trial, afatinib was
shown to improve PFS (3.3 vs. 1.1 months, p < 0.0001) but not
overall survival (10.8 vs. 12.0 months, p = 0.87) (43). A similar
study was also undertaken with dacomitinib (BR. 26) (44) in
patients who had failed one to three lines of chemotherapy and an
EGFR-TKI. As with afatinib, dacomitinib showed improved PFS
(2.7 vs. 1.4 months, p < 0.0001) but did not improve OS (6.8 vs.
6.3 months, p = 0.099) (44).

Unlike the disappointing results observed in the second/third-
line setting, second-generation EGFR inhibitors have proven effec-
tive in the first-line setting in patients whose tumors harbor
EGFR activating mutations. Specifically, afatinib has been shown
to improve PFS compared to pemetrexed/cisplatin (LUX-Lung 3)
(11.1 vs. 6.9 months, p = 0.001) (45) and, more recently, com-
pared to gemcitabine/cisplatin (LUX-Lung 6) (11.0 vs. 5.6 months,
p < 0.0001) (46). Dacomitinib is also being evaluated in a head-
to-head phase III trial against gefitinib (ARCHER 1050), with the
results expected next year (www.clinicaltrials.gov: NCT01774721).

In the context of acquired resistance to anti-EGFR therapies, the
activation of alternate signaling pathways by both adaptive muta-
tions that develop outside the EGFR kinase domain and mutation-
independent factors have also been described (49), and are inform-
ing novel combination therapies to address these acquired mech-
anisms of resistance. The most common of these alterations is
MET activation, which occurs in up to 20% of patients with
acquired resistance (50). Both small molecule inhibitors targeting
MET and anti-MET monoclonal antibodies have been combined
with first-generation EGFR-TKIs. The small molecule, tivantinib,
and the monoclonal antibody onartuzumab have both been eval-
uated in the second-line setting in EGFR-TKI naïve patients after
chemotherapy failure. In phase II trials, patients were screened
and stratified by EGFR mutation status with planned subgroup
analysis by both EGFR mutation and pre-treatment tumor MET
expression levels. Despite promising phase II data in patients

whose tumors were strongly positive for MET by immunohis-
tochemistry (IHC) (51), the combination of onartuzumab and
erlotinib in the phase III trial was not shown to improve PFS
(2.7 vs. 2.6 months, p = 0.92) or objective response rate (ORR)
(8.4 vs. 9.6%, p = 0.63) and was stopped early for futility to meet
its primary endpoint of improved OS (48). The small molecule
tivantinib had a similar outcome, with the phase III trial discontin-
ued prematurely for futility for the primary outcome of improved
overall survival, which at the planned interim analysis was com-
parable to EGFR monotherapy (8.5 vs. 7.8, HR = 0.98, p = 0.81)
(47). Given the failure of these phase III trials to improve sur-
vival, direct targeting of MET as a strategy to enhance EGFR-TKI
efficacy has an uncertain future.

The failure of dual MET/EGFR inhibition to improve OS in the
second-line setting can, in part, be attributed to fact that none
of these trials, which were designed to address acquired resis-
tance to EGFR-TKIs, restricted enrollment to patients with tumors
harboring EGFR activating mutations and due to the lack of a
robust biomarker predictive of efficacy to MET inhibition. The
more focused strategy applied in the first-line setting to evaluate
of the first and second-generation EGFR-TKIs, and more recently
to ALK inhibitors, which limited enrollment to EGFR mutation-
positive and ALK mutation-positive NSCLC, respectively, have
been far more successful. In the case of the ALK inhibitor, crizo-
tinib, accelerated approval was granted based on clinical activity
observed in a phase I dose-escalation and expansion study, which
screened over 1500 pre-treated patients and selectively enrolled 82
patients whose tumors screened positive for the ALK rearrange-
ment (5% prevalence) (52). Results of the definitive phase III trial
of first-line crizotinib compared to chemotherapy have recently
confirmed these initial findings (53). Using a similar approach of
selective enrollment, the second-generation ALK inhibitor cere-
tinib (LDK378) has also recently achieved regulatory FDA drug
approval in patients who have failed the crizotinib, by demonstrat-
ing antitumor activity and ORR of ~60% in a heavily pre-treated
populations in a phase I trial (ASCEND-1) (54).

THE FUTURE OF CLINICAL TRIALS OF ACQUIRED RESISTANCE
Moving forward, clinical trials of acquired resistance will continue
to focus on the testing of novel monotherapies and combination
therapies targeting the EGFR kinase domain. In the former
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case, phase III clinical trials are currently on-going compar-
ing the efficacy of the second-generation irreversible EGFR-TKIs
against the first-generation inhibitors, in the second-line setting
in advanced squamous NSCLC (LuxLung 8, afatinib vs. erlotinib,
www.clinicaltrials.gov: NCT01523587) and in the first-line treat-
ment of patients with EGFR-mutant disease (ARCHER 1050,
dacomitinib vs. gefitinib, www.clinicaltrials.gov: NCT01774721).
Disappointingly, the results of another phase III trial comparing
first and second-generation EGFR-TKIs in the second/third-line
setting (ARCHER 1009: dacomitinib vs. erlotinib) do not support
the greater clinical efficacy of the newer EGFR-TKIs in unselected
patients with advanced NSCLC (55). However, the results from
the two on-going phase III trials, mentioned above, are eagerly
awaited.

THIRD-GENERATION EGFR-TKIs AND NEWER RECOMBINANT
ANTI-EGFR MONOCLONAL ANTIBODIES
A number of third-generation EGFR-TKIs are also in develop-
ment, with AZ9291 and CO-1686 being the most advanced of
these T790M-specific small molecule inhibitors. Results of early
phase I trials of both AZ9291 and CO-1686 in EGFR mutation-
positive NSCLC patients previously treated with EGFR-TKIs are
encouraging. In both trials, which required screening biopsies
for centralized T790M mutation testing, objectives responses of
~60% in patients testing T790M positive at screening have been
observed (56, 57), with responses also noted in patients lacking the
T790M mutation receiving AZ9291, albeit less frequently (23%)
(56). Definitive phase III trials of these molecularly targeted agents
are planned.

The recent success of the newer recombinant anti-EGFR mono-
clonal antibody, necitumumab, in combination with gemcitabine–
cisplatin chemotherapy over chemotherapy alone in the first-line
treatment of patients with advanced squamous NSCLC (58) (OS:
11.5 vs. 9.9, p = 0.012) is also of interest in advanced NSCLC.
Although potentially effective in the primary resistance setting,
what role necitumumab will play in the acquired resistance setting
in patients with squamous and non-squamous NSCLC histology
remains to be determined.

DUAL TARGETING OF THE EGFR KINASE DOMAIN
Dual targeting of the EGFR kinase domain, although historically
quite toxic, will also likely continue to be explored as a strategy
to optimize EGFR-TKI therapy given the phase I dose-escalation
and expansion trial demonstrating ORR of ~30% with dual ther-
apy with the anti-EGFR monoclonal antibody cetuximab and
afatinib in patients with acquired resistance to first-generation
EGFR-TKIs (59). These encouraging results, however, are tem-
pered by the continued toxicity of this combination regimen with
77 and 69% of patients experiencing rash and diarrhea (any grade),
respectively (59).

SECOND-GENERATION ALK INHIBITORS
As secondary mutations in the ALK domain have been identified in
approximately one third of patients with acquired resistance to the
ALK inhibitor crizotinib (60), clinical trials in the ALK resistance
setting are also focused on the evaluation of more potent second-
generation molecular therapies. Of note, high response rates with

the newer second-generation ALK inhibitor, ceretinib, have been
observed in patients with and without secondary ALK mutations
(54), suggesting that their benefit in ALK-resistant disease may not
be limited to patients with secondary ALK mutations. A number
of other second-generation ALK inhibitors are also in early clini-
cal development (e.g., AP26113), with promising phase I/II results
emerging (61).

DUAL EGFR AND MET INHIBITION
While the dual inhibition of EGFR and MET-mediated pathway
inhibition by direct MET targeting has not been successful to
date, other c-MET inhibitors are being investigated (e.g., INC 280,
XL184). A related mechanism of EGFT-TKI resistance is MET acti-
vation by its ligand hepatocyte growth factor (HGF) (62) that when
overexpressed enables this compensatory mechanism of pathway
activation. Preliminary results of a phase I clinical trial evaluating
dual inhibition of EGFR and HGF with erlotinib and rilotumumab
(AMG 102), a HGF-binding monoclonal antibody, have recently
been reported (63) and a phase II study is on-going.

EGFR AND HSP 90 INHIBITORS
As a molecular chaperone for proteins involved in MET, HGF,
and EML4/ALK fusion, the inhibition of heat shock protein 90
(HSP90) is also being considered as a target for compensatory
pathway inhibition and has fueled combination therapies in both
EGFR-TKI and ALK inhibitor-resistant disease. In the advanced
NSCLC EGFR-TKI resistant setting, the HSP90 small molecule
inhibitor AUY922 is being evaluated as monotherapy in a phase
II clinical trial vs. pemetrexed or docetaxel in patients with
tumors with activating EGFR mutations (www.clinicaltrials.gov:
NCT016461250). This agent is also being assessed in a phase
II trial in patients with de novo resistant T790M mutations
not previously treated with EGFR-TKIs (www.clinicaltrials.gov:
NCT01854034) and in patients with EGFR mutations and/or
EGFR-TKI resistant disease, as part of a phase II cluster study
in Chinese patients evaluating five novel inhibitors of HSP90,
PI3K, ALK, MET, and MEK (64). Further, AUY922 is also being
assessed in combination with erlotinib in patients who have previ-
ously responded to EGFR-TKIs and/or whose tumors harbor acti-
vating EGFR mutations (www.clinicaltrials.gov: NCT01259089),
with results expected in the near future. The safety and activ-
ity of another HSP90 inhibitor, ganetespib (STA-9090), has also
been assessed in a heavily pre-treated population with NSCLC in
a phase II single arm trial with three cohorts (EGFR+, KRAS+,
EGFR/KRAS wild-type) (65). In this study, partial responses were
noted in 4/66 patients in the EGFR/KRAS wild-type cohort, all
of whom were retrospectively confirmed to have disease that har-
bored the ALK gene rearrangement (65). Despite interest in this
HSP90 inhibitor in combination with chemotherapy (GALAXY-
1, GALAXY-2) (66, 67), ganetespib’s role in inhibiting EGFR
is unclear. Given encouraging preclinical data in ALK-driven
tumors resistant to crizotinib (68), ganetespib is being inves-
tigated in clinical trials in NSCLC patients with ALK-driven
tumors, as a monotherapy in heavily treated (crizotinib naïve)
patients (www.clinicaltrials.gov: NCT01562015) and in combina-
tion with crizotinib in patients with prior exposure to crizotinib
(www.clinicaltrials.gov: NCT01579994).
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CONCLUSION
Over the last decade, our understanding of the EGF receptor
and our ability to target it has evolved significantly, from single
receptor first-generation inhibitors in unselected populations to
biomarker-driven clinical trials of more potent second and third-
generation irreversible multi-targeted EGFR-TKIs and humanized
monoclonal antibodies. The failure of earlier trials targeting the
EGF receptor was in part due to the lack of good predictive
biomarkers of efficacy. The future success of targeted strategies
addressing resistance will hinge on our ability to identify these
biomarkers and selectively enroll patients to clinical trials, a strat-
egy that has been more successfully applied in the approval of ALK
inhibitors. Furthermore, in order to be successful in the acquired
resistance setting, rebiopsy, and tailored mechanism-driven strate-
gies will be required at the time of progression, with a concurrent
reduction in the toxicity of multi-targeted and combination ther-
apies. Importantly, the knowledge gained from investigations of
EGFR and ALK inhibition over the last decade can be applied to
the testing of novel therapies targeting newly discovered onco-
genic drivers in NSCLC (69) in order to optimize study designs
and streamline regulatory approval, to the benefit of all patients
with NSCLC.
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The identification of oncogenic driver mutations in non-small cell lung cancer (NSCLC) has
led to a paradigm shift and the development of specific molecular treatments. Tumors
harboring a rearranged EML4–ALK fusion oncogene are highly sensitive to therapy with
ALK-targeted inhibitors. Crizotinib is the first approved treatment for advanced lung tumors
containing this genetic abnormality. In this mini review, we discuss the existing data on
crizotinib as well as ongoing trials involving this medication. A brief overview of the known
resistance mechanisms to crizotinib will also be presented followed by a summary of
the ongoing trials involving next-generation ALK-inhibitors or other targeted therapies in
patients with ALK NSCLC.+
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INTRODUCTION
Treatment for non-small cell lung cancer (NSCLC) has histor-
ically consisted of cytotoxic chemotherapy. Recent advances in
molecular biology had led to the discovery of oncogenic dri-
ver mutations with subsequent development of oral agents that
target these molecular pathways. In NSCLC, the main two dri-
ver mutations, with FDA approved targeted therapies, consist
of echinoderm microtubule protein like-4/anaplastic lymphoma
kinase (EML-4/ALK) translocations and epidermal growth factor
receptor (EGFR) mutations. Crizotinib is the first FDA approved
treatment for patients with ALK+ NSCLC. To this date, only the
final data from one phase III randomized trial has been published,
evaluating the use of crizotinib as a second-line therapy (1). Multi-
ple phase III randomized trials are in progress to assess the efficacy
of crizotinib as first-line chemotherapy. Eventually, most patients
on treatment with crizotinib develop resistance to this drug within
1 year of treatment. Most clinical trials in progress in the ALK+

patient population involve “new-generation ALK-inhibitors,” or
crizotinib in combination with novel drugs to bypass known
resistance mechanisms.

The scope of this review article is twofold. First, the existing
data on crizotinib will be presented as well ongoing trials involving
this medication. Second, a brief overview of the known resistance
mechanisms to crizotinib will be presented followed by a summary
of the ongoing trials involving newer generation ALK-inhibitors
or other targeted therapies in patients with ALK+ NSCLC.

ALK FUSION GENE AND ITS TARGET CRIZOTINIB
Crizotinib is an orally active inhibitor of multiple tyrosine kinase
inhibitors (TKIs), including ALK, c-Met, hepatocyte growth fac-
tor receptor (HGFR), and c-ros oncogene 1 (ROS1) (Figure 1)
(2). In 2007, the ALK gene rearrangement in which the 5′ end of
EML4 gene is fused to the 3′ end of ALK was first identified by
Soda et al. in NSCLC cell lines (3). The fusion protein resulting

from this translocation has constitutive kinase activity, leading
to downstream activation of multiple diverse signaling cascades
involved in cell proliferation and carcinogenesis. Currently, mul-
tiple EML4–ALK fusion combinations have been identified (4).
All these fusion proteins have a similar ALK kinase domain, but
differ in the EML4 breakpoint. Pre-clinical data from in vitro stud-
ies suggested different crizotinib sensitivity for each variant of the
EML4–ALK fusion protein (5). However, a subgroup analysis from
the phase I trial of crizotinib failed to demonstrate such correlation
between variant fusion proteins and clinical response to therapy
(6). In addition, fusions of ALK with other partners including
TRK-fused gene TFG and KIF5B have also been described in
lung cancer patients, but appear to be much less common than
EML4-ALK (7).

CLINICAL TRIALS INVOLVING CRIZOTINIB
In 2013, Shaw et al. published the first phase III randomized
trial involving crizotinib in the second-line setting (1). Patients
with locally advanced or metastatic ALK+ NSCLC were randomly
assigned to receive oral treatment with crizotinib (250 mg) twice
daily or intravenous chemotherapy with either pemetrexed or doc-
etaxel. The median progression-free survival was 7.7 months in the
crizotinib group and 3.0 months in the chemotherapy group. An
interim analysis of overall survival showed no significant improve-
ment with crizotinib as compared with chemotherapy. This analy-
sis was nevertheless immature with a total of 96 deaths (40% of the
required events) and censoring of over 70% of patients in either
treatment arm. In addition, the analysis was likely confounded by
the high crossover rate of patients in the chemotherapy group,
with nearly 90% of patients on the chemotherapy arm crossing
over to the other arm upon disease progression. The response
rates were 65% with crizotinib, as compared with 20% with
chemotherapy. Common adverse events associated with crizotinib
were visual disorder, gastrointestinal side effects, and elevated liver
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FIGURE 1 |The ALK signaling pathway with its cross-talk with other pathways involved in the resistance to ALK-inhibitors. Adapted from
Tabbo et al. (47).

aminotransferase levels. Given the positive response rates with
crizotinib, multiple phase III trials are currently in progress to
address the efficacy of crizotinib as first-line therapy. Details of
these trials, including patient population and their respective pri-
mary endpoints, are summarized in Table S1 in Supplementary
Material.

One challenging clinical problem remains the treatment of
ALK+ NSCLC patients with brain metastasis. These patients suffer
from an adverse impact on quality of life and survival. Although
it has been shown that crizotinib is effective for brain metas-
tasis, it is penetration into cerebrospinal fluid (CSF) has been
demonstrated to be very poor (8). Costa et al. measured the CSF-
to-plasma ratio of crizotinib being only at 0.0026 (9). Past expe-
rience with erlotinib and gefitinib in patients with EGFR-mutated
lung cancer has uncovered similar challenges: despite good sys-
temic control of disease, a subset of patients would progress in
the CNS, without any new acquired resistance mechanism, owing
to the poor penetration of these TKIs in the CSF. Although
pulse EGFR–TKIs doses have been used in this setting, there is
limited data to support its use with crizotinib (10). Newer gener-
ation of ALK-inhibitors with better CSF penetration are currently
under study.

RESISTANCE MECHANISMS OF CRIZOTINIB
In order to understand the rationale behind the majority of ongo-
ing clinical trials involving ALK+ NSCLC patients, it is important
to survey the currently known mechanism of resistance to crizo-
tinib. ALK-dependant resistance mechanism occurs upon muta-
tions in the tyrosine kinase (TK) domain, and activation of alter-
native signaling pathways. Alternatively, true ALK-independent
resistance may arise through the outgrowth of clones that do
not harbor an ALK gene fusion and contain a separate activated
oncogene (11). Given that multiple resistance mechanisms are

occasionally found within the same biopsy specimen, as well as
different resistance mechanisms may be found in separate tumor
deposits within the same patient, it is important to consider re-
biopsy of the tumor upon progression on treatment, whenever
technically feasible, to correctly identify the resistance mechanism
accounting for progression of disease (12).

MUTATIONS IN TARGET TYROSINE KINASES
Past experience with the use of TKIs in chronic myelogenous
leukemia as well as EGFR-mutated lung cancer teaches us that most
common mechanisms of resistance to this class of medications are
secondary mutations in the TK domains (13). This also holds true
for crizotinib, given that mutations in the TK domains of the dif-
ferent targets of crizotinib is currently the best studied and most
prevalent form of resistance to this drug, accounting for up to 25%
of all cases resistant to ALK therapy (14).

The first major “gatekeeper” mutation identified in the TK
domain of EML4–ALK involves the substitution of leucine for
a methionine at position 1196 (L1196M) of the kinase domain of
ALK, thus creating a mutant bulky amino-acid side chain in the
ATP-binding pocket of the receptor, ultimately interfering with
the binding of crizotinib to its receptor (15). This is analogous
to the EGFR T790M mutation in the ATP biding pocket of the
EGFR, which is the most common mechanism of resistance in
EGFR-mutated lung cancer (12).

Tissue analysis of harvested tumor cells from patients resis-
tant to crizotinib has demonstrated other non-gatekeeper sec-
ondary mutations in the ALK TK receptor. ALK secondary muta-
tions in NSCLC are distributed throughout the kinase domain,
including the solvent front (G1202R, S1206Y), ATP-binding
pocket (G1269A), and N-terminal to the C-helix (1151Tins,
F1174L, L1152R, and C1156Y) (11, 15–20). The prevalence and
clinical significance of these secondary mutations remains to
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be elucidated. Of interest, a separate secondary ALK mutation,
F1174L, has also been identified in inflammatory myofibroblastic
tumors (21).

Crizotinib is an inhibitor of multiple TKIs beside ALK, includ-
ing ROS1 oncogene. A recent report of a G2032R mutation in the
ROS1 TK domain leading to crizotinib resistance has also been
identified (22). Although this mutation does not lie at the gate-
keeper position, it confers resistance to ROS1 kinase inhibition
through steric interference with drug binding.

ACTIVATION OF ALTERNATIVE PATHWAYS
Activation of alternative downstream signaling pathways, even in
the setting of complete ALK receptor inhibition, is increasingly rec-
ognized as mechanisms of resistance to crizotinib. These include
activation of the EGFR, heat shock protein 90 (HSP90), and the
PI3K/AKT/mTOR pathways. The activation of these alternative
pathways is present in up to 20% of patients (23).

Recent data from cell line experiments showed the activation
of EGFR to be associated with ALK resistance (18). This was fur-
ther corroborated with clinical analysis of tumor cells biopsied
from patients resistant to ALK therapy (24). In most studies, the
activation of EGFR occurred through increased phosphorylation
and upregulation of EGFR ligands, such as amphiregulin, rather
than being caused by mutations in the EGFR gene itself (18, 25).
Although ALK mutations are usually mutually exclusive to other
driver mutations such as EGFR, there have been reports of de novo
mutation of the EGFR gene in patients and cell lines treated with
crizotinib, accounting for resistance to this drug (11, 24, 26, 27).

The PI3K/AKT/mTOR pathway is an intracellular signaling
pathway important in cell cycle regulation and apoptosis also
implicated in resistance to ALK-targeted therapy. Recent ALK-
resistant cell line analysis revealed that the activation of the mTOR
pathways was associated with increased autophagy of the ALK
receptor thus leading to decreased response to crizotinib treatment
(28). The exact mechanism by which the ALK receptor induces
activation of the mTOR pathway remains to be elucidated, but
inhibition of AKT by phosphorylation seems to play a key factor.
One study showed synergistic in vitro growth inhibitory activity
of ALK inhibitor when combined with an mTOR inhibitor (29).
The clinical significance of mTOR activation in NSCLC patients
remains to be elucidated.

HSP90 is a highly abundant and ubiquitous molecular chap-
erone, which plays an essential role in many cellular processes
including cell cycle control, hormone signaling, as well as pro-
tein folding, and degradation. The ALK receptor is one of the
many client proteins of HSP90. HSP90 inhibition induced loss
of EML4-ALK expression and depletion of multiple oncogenic
signaling proteins in ALK-driven NSCLC cell lines (30). These
results were further corroborated in murine models of NSCLC as
well as anecdotal case reports of tissues derived from ALK therapy
resistant patients (31, 32).

ONGOING CLINICAL TRIALS INVOLVING NEW-GENERATION
ALK-INHIBITORS AND COMBINATION THERAPY
Most ongoing trials in ALK+ NSCLC patients involve newer
generation ALK-inhibitors or combination therapy targeting cur-
rently known resistance mechanism to crizotinib. These include

agents with activity against NSCLC with the L1196M gate-
keeper mutation or the ROS1 mutation, as well as combina-
tion therapy targeting the EGFR and HSP90 proteins/pathways.
A summary of these trials are presented in Table 1. Current
evidence for some of these new-generation ALK-inhibitors are
presented here.

CERITINIB (LDK378)
Ceritinib (LDK378, Novartis) is a novel and potent selective TKI
targeting ALK. Results from a recent phase I/II study of this
drug in both crizotinib-naïve and crizotinib-resistant patients
have been published (33). The maximum tolerated dose of cer-
itinib was 750 mg once daily. Dose-limiting toxic events included
diarrhea, vomiting, dehydration, elevated aminotransferase levels,
and hypophosphatemia. Among 114 patients with NSCLC who
received at least 400 mg of Ceritinib per day, the overall response
rate was 58%. For 80 patients previously treated with crizotinib, the
response rate was 56%. Responses were observed in patients with
various resistance mutations in ALK, including L1196M, and in
patients without detectable mutations. The median progression-
free survival of patients receiving at least 400 mg of ceritinib
was 7 months. Based on these findings, Ceritinib has recently
been granted FDA approval for treatment of patients with ALK+

NSCLC in the second-line setting following failure or intolerance
to crizotinib.

Multiple trials are nevertheless ongoing for this drug.
These include three phase II trials of ceritinib for crizotinib-
resistant patients (NCT01685060; NCT02040870) and crizotinib-
naïve patients (NCT01685138). One phase II study is looking
specifically at patients with ROS1 mutation (NCT01964157).
Two phase III trials are comparing ceritinib with standard
chemotherapy in patients previously treated with platinum-based
chemotherapy (NCT01828112), and chemotherapy-naïve patients
(NCT01828099). One phase I study is assessing the combination
of ceritinib with a HSP90 inhibitor (NCT01772797).

ALECTINIB (CH5424802/RO5424802)
Alectinib (Chugai and Roche Pharmaceuticals) is a highly potent
selective ALK inhibitor with activity against L1196M gatekeeper
mutation as well as other secondary mutations such as F1174L
and R1275Q (34, 35). Results from a recent phase I/II study with
alectinib in a Japanese population have been published (36). In
the phase I study, alectinib was given up to a maximum dose of
300 mg twice daily without dose-limiting toxicity. In the phase
II part of the study, 40/46 (87%) of patients achieved a par-
tial response within 6 weeks of treatment. Two patients had a
complete response. Median PFS had not been reached at the
time of the report. Responses were seen in brain metastases in
three patients. Grade 3 adverse events including neutropenia and
increase creatine phosphokinase occurred in 12 (26%) of patients.

Three phase II/III trials with alectinib are in progress in
crizotinib-naïve (ALEXA trial-NCT02075840) as well as in
crizotinib-resistant (NCT01871805; NCT01801111) patients.

AP26113
AP26113 (Ariad Pharmaceuticals) is a novel inhibitor of ALK
with activity against L1196M gatekeeper mutation as well as
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Table 1 | Ongoing clinical trials involving novel ALK- and HSP90-inhibitors in NSCLC.

ONGOING CLINICALTRIALS INVOLVING NOVEL ALK-INHIBITORS

Drug Company Activity against Activity against Ongoing trials Study phase Previous treatment

other kinases L1196M mutation

LDK378 (ceritinib) Novartis IFG-1R Yes NCT01772797 Phase I None

c-MET NCT02040870 Phase I/II Crizotinib/chemotherapy

NCT01685138 Phase II 0-3 lines of chemotherapy

NCT01685060 Phase II Crizotinib or 1-3 lines of chemotherapy

NCT01947608 Phase II Crizotinib

NCT01964157 Phase II 1 line of chemotherapy

NCT01828099 Phase III None

NCT01828112 Phase III Crizotinib

CH5424802/

RO5424802

(alectinib)

Roche/Chugai ROS1 Yes NCT01588028 Phase I
NCT01871805 Phase II Crizotinib

NCT01801111 Phase II Crizotinib

NCT02075840 Phase III

AP26113 Ariad EGFR Unknown NCT01449461 Phase I/II Refractory to standard therapy

ROS1 NCT02094573 Phase II Crizotinib

ASP3026 Astellas ROS1 Yes NCT01401504 Phase I Refractory to standard therapy

NCT01284192 Phase I Refractory to standard therapy

TSR-001 Tesaro Unknown Yes NCT02048488 Phase I None

PF-06463922 Pfizer EGFR Unknown NCT01970865 Phase I/II None

ROS1

X-396 Xcovery Unknown Yes NCT01625234 Phase I None

ONGOING CLINICALTRIALS INVOLVING HSP90 INHIBITORS

Drug Company Ongoing trials Study phase Combination therapy Previous treatment

AUY922 Novartis NCT01772797 Phase I LDK378 None

NCT01752400 Phase II Crizotinib

NCT01124864 Phase II Two lines of chemotherapy

NCT01922583 Phase II One line of chemotherapy

STA-9090 Synta NCT01579994 Phase I/II Crizotinib Standard chemotherapy

NCT01562015 Phase II Three lines of therapy

IPI-504 Infinity NCT01228435 Phase II Refractory to standard therapy

AT13387 Astex NCT01712217 Phase I/II Crizotinib Crizotinib

DS-2248 Daiichi Sankyo NCT01288430 Phase I Crizotinib

against ROS1 and EGFR (including mutant form with the
T790M gatekeeper mutation) (37). In an ongoing phase I/II
study (NCT01449461), the established dose was at 180 mg once
daily with good antitumor activity in ALK+ NSLC patients (38).
Objective response was observed in 15/24 (63%) patients (1
complete response and 14 partial responses), including 12/16
(75%) in patients resistant to crizotinib. Of interest, 4/5 patients
with brain metastasis had objective responses as well. The most
common treatment-related adverse events were nausea (33%),

fatigue (22%), and diarrhea (20%). A confirmatory phase II
studies in crizotinib-resistant (NCT02094573) is currently in
progress.

OTHER NEW-GENERATION ALK AGENTS
Multiple other new-generation ALK agents are currently under
phase I study. These include TSR-001, ASP3026, PF-06463922, as
well as X-396 (39–42). Details about these studies can be found in
Table 1.
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HSP90 INHIBITORS
Pre-clinical studies involving HSP90 inhibitors in ALK+ NSCLC
led to decreased ALK fusion protein levels in vitro, and led to tumor
regression in in vivo models (43). Currently, multiple HSP90
inhibitors are in phase I/II clinical trials involving ALK+ NSCLC
patients, either as stand-alone drugs or in combination with other
ALK-inhibitors such as crizotinib. Details about ongoing studies
can be found in Table 1.

Early results from phase II studies involving IPI-504 (Infinity
Pharma) in three NSCLC patients resulted in two partial responses
and one case of prolonged stable disease (44). In another phase II
study of ganetespib (STA-9090), 4/8 patients had partial responses
and three patients had stable disease (45). The most common
adverse effects were diarrhea, fatigue, nausea, and anorexia. Two
patients in this study died of cardiac arrest and renal failure asso-
ciated with ganetespib. There has also been one case report of a
crizotinib-resistant ALK+ NSCLC with an objective response to
this drug (31). AUY922 (Novartis) has been studied as a single
agent in both crizotinib-resistant and – naïve patients. Objective
response was achieved in 6/21 (29%) of patients, 4 of which were
crizotinib-naïve and remainder 2 had been previously treated with
crizotinib (46).

SUMMARY AND CONCLUSION
The identification of the ALK fusion protein in 2007 and the
fast development and approval of a FDA targeted treatment in
<5 years constitutes a remarkable feat in the field of targeted ther-
apies. Crizotinib holds many promises from its early debut in
treatment-refractory NSCLC patients. Final results from phase
III randomized trials using Crizotinib as a first-line therapy
are eagerly awaited for. Despite excellent response in the initial
stages, most patients develop resistance to crizotinib. Elucidating
resistance mechanism and subsequently developing therapeutic
strategies to overcome resistance to ALK-inhibitors constitutes
a priority, with the vast majority of ongoing clinical trials in
this field involving new-generation ALK-inhibitors or combina-
tion therapy with other targeted agents. Key questions remain
on how to correctly identify the resistance mechanism of a
tumor progressing on ALK-targeted therapy given re-biopsy is
often technically challenging and resource intensive, as well as on
how to correctly identify and stream the correct combination of
therapies to the appropriate patient populations as first-line ther-
apy. The ongoing Q-CROC-05 multicenter phase IV clinical trial
(NCT02041468) will aim to shed some light on these important
clinical issues.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at http://www.frontiersin.org/Journal/10.3389/fonc.2014.
00174/abstract
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The possible link between infection/inflammation/immune activation and a cancer patient’s
outcome from both a causative and outcome point of view has long been postulated.
Substantial progress in the understanding of tumor-associated antigens/epitopes, immune
cellular subpopulations, cytokine pathways/expression, the tumor microenvironment, and
the balance between tumor-immune suppression and stimulation have been made over the
past decade.This knowledge has heralded a new era of tumor immunotherapy utilizing vac-
cines, immune checkpoint inhibition, and oncolytic viruses. Despite significant progress in
the molecular era now with targeted therapeutics such as EGFR tyrosine kinase inhibitors
and ALK fusion protein inhibitors that have significantly improved the outcome of these
specific lung cancer subpopulations, the overall 5 year survival for all non-small cell lung
cancer (NSCLC) is still <20%. Unlike malignancies such as malignant melanoma, renal cell
carcinoma, and neuroblastoma given their documented spontaneous remission rates lung
cancer historically has been felt to be resistant to immune approaches likely related to an
immunosuppressive tumor microenvironment and/or lack of immune recognition. Defin-
ing responding populations, understanding the mechanism(s) underlying durable immune
responses, and the role of chemotherapy, radiation, oncolytic viruses, and other tumor
disrupting agents in augmenting immune responses have led to improved optimization
of immune therapeutic strategies. The purpose of this review is to focus on the recent
advances in lung immunotherapy with an emphasis on recent clinical trials in the last
5 years in NSCLC.

Keywords: lung cancer, vaccines, immune checkpoint inhibitors, clinical trials

INTRODUCTION
Lung cancer is the number one cause of cancer mortality globally
and has an estimated incidence of 1.3 million new cases every year
(1). Approximately 80–85% of the newly diagnosed cases of lung
cancer are non-small cell lung cancer (NSCLC) (adenocarcinoma,
squamous carcinoma, and large cell carcinoma) and 15–20% small
cell lung carcinoma. In the majority of cases, patients present with
unresectable and/or non-curable disease (2). Locally advanced,
good performance status NSCLC patients may be offered concur-
rent chemotherapy, radical radiotherapy, and/or surgery, with a
resultant 8-month progression-free survival rate and <15% 5-year
survival (3). Patients diagnosed with metastatic disease newer
cytotoxic chemotherapies such as pemetrexed [17-month median
overall survival (OS)] and treatment with molecularly targeted
therapeutics for adenocarcinomas, such as next generation small
molecules targeting the EGFR (24 months median OS) and ALK
inhibitors (20 months median OS), the survival rate for advanced
disease has improved only marginally (4–6). In the last decade,
there has been a better understanding on how cancer interacts
with the immune cells and the ways that the cancer have devel-
oped to evade the immune system, resulting in a new era of
cancer immunotherapy protocols, which may aid in overcoming
the limitations of conventional therapeutic strategies (7).

Two such immunotherapeutic strategies in NSCLC are cur-
rently in clinical trials that involve increasing tumor immuno-
genicity by using cancer vaccines to augment tumor-immune

recognition and overcoming tumor immunosuppression by using
immune checkpoint inhibitors (Figure 1).

CANCER VACCINES
Cancer vaccines are biologically active antigenic preparations that
ideally educate the immune system about an existing cancer (8, 9).
For a cancer vaccine to be effective, it should target an antigen spe-
cific to the cancer cell, i.e., tumor-associated antigens (TAA), which
are frequently elevated in the circulation of cancer patients (10).
Vaccines have historically been (glyco) peptides, recombinant pro-
teins, or whole cancer cell preparations (that have been rendered
replication incompetent); however, since antigenic peptides sub-
optimally activate antigen presenting cells (APCs), vaccines are
usually augmented by an immunoadjuvant or immunostimulant
in the form of inactive pathogen or other non-specific immune
stimulant. Cancer vaccines are taken up APCs, which later migrate
to the nearest draining lymph node and consequently activate T-
and B-lymphocytes. Specific T-cells will differentiate and expand
to become tumor specific effector cells that will home to the tumor
microenvironment which hosts the original antigens (11). It is of
interest to speculate whether immune targeted therapeutics will
be more effective if the tumor is initially disrupted by cytotoxic
chemotherapy and/or radiation or some other cellular disrupting
strategy, i.e., radiofrequency ablation/cryotherapy/oncolytic virus
in order to augment antigen/epitope exposure to the immune
system. There are numerous types of cancer vaccines that have
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FIGURE 1 | Schematic diagram of immunotherapeutic strategies in NSCLC.

been tested in clinical trials involving NSCLC patients as discussed
below.

BELAGENPUMATUCEL-L
Belagenpumatucel-L (Lucanix®) (NovaRx Corporation, San
Diego, CA, USA) is an allogeneic tumor cell vaccine prepared
from four irradiated human NSCLC cell lines SK-LU-1 (adeno-
carcinoma), NCI-H 460 (large cell carcinoma), NCI-H 520, and
Rh 2 [squamous cell carcinoma, transfected with a transgene plas-
mid containing an antisense construct against the TGF-β2 gene
(12)]. Elevated levels of TGF-β are frequently associated with
immunosuppression in cancer through antagonizing the function
of natural killer cells (NK) and dendritic cells (DC) (13). Moreover,
the prognosis of NSCLC patients has been found to be inversely
correlated with the level of TGF-β (14).

In the first of two phase II studies using the intradermal Lucanix
vaccine involving stage II–IV NSCLC patients with low-tumor
burden who had completed or refused conventional therapy toler-
ated the treatment well. Those patients with advanced disease who
received higher doses (N = 41,>2.5× 107 cells/intradermal injec-
tion monthly) had a significant improved 2-year survival com-
pared to the low-dose cohort [(N = 20,<2.5× 107 cells/injection)
(47 versus 18%) (p= 0.0069)] (13). A second trial confined to
pretreated stage IV NSCLC patients had an OS of 19 months (14).
Interestingly, in this trial, the vaccine elicited both a cell medi-
ated and a humoral immune response in the form of high level of
cytotoxic cytokines and increased IgG and IgM titers.

The phase III survival, tumor free, overall, and progression-
free (STOP) clinical trial, involving advanced NSCLC patients,
pretreated with a first-line platinum-based chemotherapy,
treated similarly (2.5× 107 cells/intradermal monthly injection)

presented at the European Cancer Congress 2013 revealed a
median OS of 20.3 and 17.8 months in Lucanix and placebo
groups, respectively [hazard ratio (HR) 0.94; p= 0.594]. Although
the OS was numerically longer STOP trial did not meet the pri-
mary endpoint. On the other hand, this analysis demonstrated
improved OS in two subgroups, the non-adenocarcinoma and
the stage IIIB/IV patients who started the vaccine therapy within
12 weeks of the finishing the initial chemotherapy.

TG4010
The TG4010 vaccine is a suspension of recombinant modified vac-
cinia virus of Ankara (MVA strain) vector vaccine that expresses
the TAA MUC1 and interleukin (IL)-2 (15). MUC1 is a trans-
membrane glycoprotein, which is normally expressed on normal
duct epithelia, such as those lining the breast, prostate, lung,
stomach, bladder epithelium, and sweat glands (16). Its normal
function is related to mucin formation; however, in cancer its
function is altered, due to excessive glycosylation, which con-
tributes to its immunogenicity. High-MUC1 expression correlates
with invasiveness and a poor prognosis for lung cancer (17).
Furthermore, MUC1 overexpression activates phosphatidylinos-
itol 3-kinase (PI3K) and the AKT pathways and resultant cell
proliferation (18).

The initial randomized phase II study that included 65
patients with stage III/V NSCLC showed that TG4010 (108

plaque forming units injected subcutaneously weekly for 6 weeks
then every 3 weeks) in combination with chemotherapy (cis-
platin/vinorelbine) (N = 44) versus TG4010 monotherapy until
progression followed by the addition of chemotherapy (N = 21)
was generally well tolerated. The combination group had a
response rate of 30 versus 0% in the TG4010 group, however, a
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numerically inferior median and 1-year survival rate (19). Despite
this a larger multicenter, open-label randomized phase IIB trial
was conducted (20). This study enrolled 148 IIIB (pleural effu-
sion)/IV patients with a 1:1 randomization to the combination
therapy of TG4010 plus chemotherapy versus chemotherapy (cis-
platin and gemcitabine) alone. The primary end point of the study
was achieved with a resultant 6-month progressive free survival
(PFS) of the combined group of 43% (95% CI 33.4–53.5) ver-
sus 35% (95%CI 25.9–45.3) in the control group. Notably, the
objective response rate and median OS of responding patients
was higher in the TG4010 group than in the chemotherapy alone
group: 41.9 versus 28.4% and 23.3 versus 12.5 months, respectively.
In this study, patients who presented with high levels for activation
marker for NK cells (CD16+CD56+CD69+) at the baseline levels
had the worst outcome. Thus, the presences of these markers may
act as potential biomarker for the safety and efficiency of TG4010.
Of note, FDA approved a phase III study on TG4010 in a subpop-
ulation of patients with advanced NSCLC and normal levels of
activated NK cells.

There is an ongoing Phase IIB/III randomized, double-blinded,
placebo-controlled study comparing first-line therapy with or
without TG4010 immunotherapy product in patients with stage
IV NSCLC (TIME trial) currently accruing patients in Europe and
the US.

BLP25
BLP25 (Tecemotide®) (also known as L-BLP25 and Stimuvax)
is a liposomal vaccine, which is formed from the immunoad-
juvant monophosphoryl lipid A, and three lipid components
(cholesterol, dimyristoyl phosphatidylglycerol, and dipalmitoyl
phosphatidylcholine) (21) that harbors a 25 amino acid syn-
thetic immunodominant core peptide of MUC1 TAA that has
been shown to elicit a strong T-cell immune response both
in transgenic murine lung cancer models and in patients (21–
23). Recently, using a MUC1.Tg lung cancer mouse model, it
was demonstrated that pre-administration of cyclophosphamide
(CPA) with BLP25 increases the levels of the immune stimulating
T-helper 1 (Th1) response [IL-2 and interferon gamma (IFN-
γ)], as well as other inflammatory chemokines such as IP-10,
MIG, KC, MCP-1, and MIP-1α (22), may enhance immunother-
apy by boosting both cellular and humoral mediated antitumor
immune responses for the vaccine by inhibiting regulatory T
(Treg) cells (24–26).

A phase IIB clinical trial was conducted involving 171 stage IIIB
and IV NSCLC patients with stable or better response to first-line
chemotherapy or chemo-radiotherapy with a primary objective
of OS and toxicity (21). The secondary endpoints investigated the
health related quality of life (QQL) and immune response elicited
by the vaccine. Patients were randomized to receive BLP25 plus
best supportive care (BSC) versus BSC only. BLP25 or placebo
was given subcutaneously weekly× 8 then 6 weekly until progres-
sion or significant toxicity. All patients in the BLP25 arm received
a low dose of CPA prior vaccination. Although, the median sur-
vival time was 4.2 months longer in the treatment arm, this result
was not statistically significant [17.2 versus 13 months, HR 0.74
(0.53–1.0)]. In addition, the 3-year OS was higher in BLP25
plus BSC group than the BSC group (31 versus 17%, p= 0.035).

Interestingly, a 17.3-month improved survival as well as improved
QQL was observed in those patients with stratified stage IIIB
locoregional disease who received the BLP25 plus BSC [30.6 versus
13.3 months, HR 0.54 (0.3–0.99)]. The 3-year OS in this subgroup
was also numerically higher in BLP25 plus BSC group than the
BSC group (49 versus 27%, p= 0.07). Whether or not patients
with a lower tumor burden, no metastasis and perhaps patients
that receive multimodality treatment may benefit preferentially
from this vaccine is unclear. Evidence of T-cell mediated immu-
nity was only detected in only approximately 20% of the patients
in the BLP25 arm, thought in part to be due technical prob-
lems related to decrease lymphocyte viability during collection
and transportation.

On the strength of the above findings, two phase III trials
were conducted. The stimulating targeted antigenic responses
to NSCLC (START) clinical trial an international, randomized,
double-blinded trial evaluated BLP25 as a maintenance therapy
in stage III NSCLC patients with stable disease or better response
after chemotherapy (27). The study was initiated in 2007 with
recruitment of 1513 patients from 264 trial centers in 33 countries
worldwide. Unfortunately, as a result of fatal encephalitis reported
in a patient with malignant melanoma that was treated with
BLP25 on an exploratory trial, the Food and Drug Administration
agency placed a hold on the BLP25 clinical trials for approximately
135 days. This hold was suggested to have a negative impact on
trial objectives as it resulted in a total of 274 patients from the
BLP25 and placebo groups to be excluded from the study. The
median OS and the 1–3 year survival rate between the two groups
(BLP25 and placebo) were not statistically significant. Interest-
ingly, the median OS for BLP25 compared to placebo arms in the
concurrent chemo-radiotherapy subgroup was statistically signif-
icant [30.8 versus 20.6 months (HR 0.78, 0.64–0.95)]; however,
no differences were noted in patients who had received sequen-
tial chemo-radiotherapy. The second phase II trial the INSPIRE
trial (BLP25/Stimuvax trial In Asian NSCLC Patients stimulating
Immune Response) (NCT01015443) is a double-blinded random-
ized 2:1 (BLP25: placebo) trial and is still ongoing (28). The study
will target 420 patients with unrespectable stage III NSCLC from
40 trial sites in Asia (China, Hong Kong, Singapore, South Korea,
and Taiwan) excluding Japan.

MAGE-A3
Human melanoma antigen (MAGE)-A, -B, and -C are a fam-
ily of genes normally expressed during embryogenesis and are
also expressed in the immunoprivileged human tissues sites (29).
Although, these genes are expressed in testicular germ cells and pla-
centa trophoblasts, the antigens are not presented to the immune
cells because of the lack of class I human leukocyte antigen
molecules (HLA) (30, 31). For that reason, expression of these
antigens on tumor cells that express class I HLA to the immune
cells are likely immunogenic. Tumor cells such as melanoma,
sarcoma, bladder, liver, esophageal, and lung cancers overexpress
these antigens and hence considered tumor-associated antigens
(32). MAGE-A3, a subtype of this family of genes, is differen-
tially expressed in early stage (35%) and advanced stage (55%)
lung cancer and hence it is theoretically a good target for tumor
immunotherapy (33).
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The MAGE-A3 vaccine (GlaxoSmithKline) is composed of
the recombinant full-length protein MAGE-A3, Haemophilus
influenza protein D that acts as an immune adjuvant and an
immunostimulant AS02B or AS15 (34). The advantage of using
the full protein is the production of several immunodominant
epitopes that can be presented in the context of HLA class I and II
and consequently activate both CD4 and CD8 T-cells. The broad
array of T-cell responses can be in the form of Th response, cyto-
toxic T-cells (CTL), Th17 cells, and memory T-cells that result in
immune effector antitumor immune responses (38). Recent find-
ings indicate a beneficial role for MAGE-A3 vaccine in triggering
the immune system including a study, which reported 84 genes as
a gene expression signature (GS) in melanoma and NSCLC (35).
These genes are involved in IFN-γ pathways, adaptive immunity,
and specific chemokines that are responsible for T-cell activation
and homing. When the MAGE-A3 vaccine was used with these
GS-positive NSCLC patients, the disease free interval was in favor
of the MAGE-A3 group compared to placebo group. In addition,
no effect of the MAGE-A3 vaccine on the OS was noticed when
GS was not taking into account, indicating that GS may act as an
immune biomarker.

In order to evaluate the clinical benefit of the MAGE-A3
vaccine as an adjuvant treatment in postoperative lung can-
cer, 182 patients with completely resected MAGE-A3 positive
stage IB/II NSCLC were enrolled into randomized (2:1 ratio),
double-blinded, placebo-controlled phase II trial (36). Although
all patients who received MAGE-A3 developed anti-MAGE-A3
immunoglobulin G antibodies, suggesting that vaccine triggered
the immune response, no statistically significant difference were
observed between the two groups with regards DFI, DFS, and OS.
After applying forest plot analysis for HR (95% CI) to stratifica-
tion factors, tumor stage, histology, and resection technique, all
estimated values favored MAGE-A3 over placebo. Limited sam-
ple size and lack of chemotherapy as an adjuvant therapy were
the main limitation of this study, which was later modified in the
following phase III trial.

MAGRIT (MAGE-A3 as Adjuvant Non-Small Cell LunG
CanceR ImmunoTherapy) was the largest ever phase III lung
cancer adjuvant trial that aimed in determining the efficiency
of MAGE-A3 vaccine as an adjuvant therapy following tumor
resection in MAGE-A3 positive stage IB, II, and IIIA NSCLC
(37). The other objectives were to study the toxicity. The study
started in 2007 and recruited 2270 patient from 400 trial centers
in 33 countries. Patients were randomly selected in 2:1 ratio and
included patients who undergone surgery with or without adju-
vant chemotherapy. Unfortunately, GlaxoSmithKline announced
in April 2014 that MAGRIT study was to be discontinued due to
failure to meet its primary objective, with no significant difference
noted in DFS between MAGE-A3 and placebo group. Subgroup
analyses are currently underway to see if there was a subpopulation
that may have had more benefit.

OTHER
There are many other vaccination strategies currently in preclinical
or early human clinical trial testing. One of these utilizes the anti-
gen PRAME (preferentially expressed in melanoma) involved in
retinoic acid receptor repression although expressed in low levels
in many normal tissues and is overexpressed in both melanoma

and NSCLC and therefore a vaccination target. A dose escalation
study of recombinant PRAME protein in a liposomal formulation
containing the immune adjuvant AS15 (GSK2302032) is currently
recruiting patients with resected early stage NSCLC. Other vac-
cines directed at epidermal growth factor ligand in combination
with cyclophosphamide (CIMAvax) and cell therapy and oncolytic
viral strategies containing constructs expressing various antigens
or immune stimulating cytokines (GM-CSF) are currently being
investigated.

IMMUNE CHECKPOINT REGULATORS
Initiation of adaptive immunity is a complex multifaceted mech-
anism that takes place between APCs and T-cells. A homeostatic
balance between stimulatory and inhibitory signals is required
to prevent over/under stimulation of T-cells, which may result
in autoimmunity or immunosuppression sequelae, respectively
(38, 39). APCs take up foreign antigen, process it, and express
the antigen on its surface in the context of class II HLA, which
then engages the T-cell receptor on the surface of T-cells. A second
signal through the costimulatory molecules facilitated by bind-
ing of CD28 on T-cell surface by CD86 (B7-2) on APCs. As a
result of these specific interactions, T-cells are activated and secrete
cytokines (third signal) such as IL-2 stimulating T-cell clonal pro-
liferation. In order to prevent autoimmunity, T-cell proliferation is
negatively regulated by cytotoxic T-lymphocyte antigen 4 (CTLA-
4), which is expressed on the surface of activated T-cells. CTLA-4 is
a member of immunoglobulin superfamily and binds to B7-2 with
much higher affinity than CD28 and therefore when expressed
the T-cell response is down regulated. Furthermore, CTLA-4 is
expressed by the Tregs thereby enabling them to suppress the effec-
tor T-cells. CTLA-4 regulation takes place in the early activation
phase of immune induction occurring in the regional lymph nodes
at the level of the APC and unprimed T-cell interaction.

Another significant immune check point regulator molecule
that has been extensively studied is the programed death-1 (PD-1)
molecule (40). PD-1 is expressed on the surface of activated T-cells
and its active ligand [PD-L (B7-H1)] is expressed on macrophages
and can be also actively induced in endothelial, epithelial, and
tumor cells. PD-1 can also binds to PDL-2, which is expressed
mainly on APC and some tumor cells. Unlike CTLA-4 negative
regulation PD-1/PDL-1 takes place in the peripheral tissue/tumor
during the effector phase of T-cell activation. Both CTLA-4 and
PD-1 have been targeted by inhibitory antibodies as an adjuvant
therapy in cancer in attempt to enhance T-cell activation and
tumor immunity (41).

IPILIMUMAB
Ipilimumab also known as MDX-010 and MDX-101 (Yervoy,
Bristol-Myers Squibb) is a human monoclonal antibody directed
against CTLA-4 molecule. Ipilimumab blocks the interaction of
CTLA-4 with its ligand B7-2, resulting in T-cell activation, prolif-
eration, induction of cytotoxic cytokines, and tumor suppression
(42). Phase I/II trials have identified the safety and tolerabil-
ity of CTLA-4 inhibition in several cancers that include the
significant risk of colitis and, hepatotoxicity, skin rash, and
hypophysitis/hypopituitarism (43). Moreover, they significantly
improved OS in patients with malignant melanoma in phase III
trials (44).
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Two concurrent randomized phase II trials used ipilimumab
in combination with chemotherapy (carboplatin/paclitaxel) for
extensive stage small cell lung cancer (n= 130) and advanced stage
NSCLC (n= 204) (45, 46). The primary endpoint of these studies
was immune-related progression-free survival (irPFS). Secondary
endpoints included PFS, best overall response rate (BORR),
immune-related BORR (irBORR), OS, and safety. Patients were
randomized to three groups (1:1:1), placebo/chemotherapy alone
for up to six cycles, concurrent ipilimumab plus chemother-
apy (four doses of ipilimumab/chemotherapy followed by two
doses of placebo/chemotherapy) or phased ipilimumab (two
doses of placebo/chemotherapy followed by four cycles of ipili-
mumab/chemotherapy). Phased ipilimumab, but not concurrent
ipilimumab group, significantly improved irPFS in both the SCLC
and NSCLC studies (HR 0.64 p= 0.03; HR 0.72, p= 0.05, respec-
tively) and PFS in the NSCLC study (HR 0.69, p= 0.02) compared
to patients who received placebo/chemotherapy alone. This find-
ing was felt to be explained by chemotherapy induced tumor
antigen release by chemotherapy trigger T-cell activation thus
augmenting the effects of the immune checkpoint blockade (47).
Of note, the improved irPFS in the phased ipilimumab NSCLC
study was mainly confined to patients who had squamous cell
histology. This is consistent with an increase T-cell infiltration
found in squamous NSCLC (48). Further, an interesting case
report of a patient with metastatic systemic treatment refractory
NSCLC who was treated with palliative concurrent radiother-
apy and ipilimumab that was associated with both a local and
distant tumor complete response. A post-treatment increase in
tumor-infiltrating cytotoxic lymphocytes, tumor regression, and
normalization of tumor markers was observed. One year after
treatment the patient was without evidence of disease based on
PET/CT imaging (52). Two phase III trials NCT01450761 (ED-
SCLC, etoposide/platinum, N = 1125, first data November 2015)
and NCT01285609 (advanced NSCLC, carboplatin/paclitaxel,
N = 920, first data October 2015) are still recruiting participants
comparing ipilimumab plus chemotherapy versus chemotherapy
alone in patients recently diagnosed ED-SCLC and squamous
NSCLC, respectively.

NIVOLUMAB AND MK-3475
Nivolumab (Bristol-Myers Squibb) and MK-3475 (Merck) are
fully human antibodies that inhibit PD-1 receptors expressed on
activated T-cells (49). Both block the binding of PDL-1/2 with PD-
1 on surface of activated T-cells, and consequently increases T-cell
activation by removing the inhibitory signaling of PD-1 (50). As
PDL-1 is only expressed on selected tumor cells, the adverse effect
of the drug is expected to be less than ipilimumab. A Phase I
trial (N = 129) for nivolumab at three different doses (1, 5, and
10 mg/kg every 2 week) in NSCLC treatment refractory patients
reported an overall 2 years survival rate 24% with median OS of
9.9 months with minimal toxicity (51). Interestingly, the 3 mg/kg
group did the best with a BORR of 24.3% and a duration of
response of 74 weeks and a median OS of 14.9 months. A Phase
III trial involving nivolumab compared to docetaxel in second
line and beyond is ongoing (NCT01673867) and will recruit 582
patients with metastatic/recurrent non-squamous NSCLC with a
primary objective of OS in PD-1 inhibitor versus chemotherapy

groups. The secondary objectives will determine PFS and disease
related symptom progression, and evaluation of clinical benefit of
PD-1 blocker. A second Phase III trial has just started accrual in
advanced stage NSCLC PD-1 positive patients in first-line setting
randomized to 3 mg/kg nivolumab every 2 week versus investiga-
tor choice chemotherapy. It is anticipated that 330 patients will be
accrued to the study with a reporting date in 2017.

Merck also announced the result of phase Ib trial with a 24%
immune-related response (IRRC), median OS was under a year
and with minimal toxicity (49). Interestingly, 6/9 patients who
met the IRRC had high levels of PDL-1, suggesting that this could
be a predictor of response and survival. There are also six ongoing
Phase I and Phase II studies involving PDL-1 blocking antibodies
(MPDL3280A) in NSCLC.

SUMMARY
Targeting the immune system as a viable strategy for the treatment
of lung cancer was until very recently not felt to be viable. Lung
cancer historically was never felt to be a cancer histology that would
lend itself to immune manipulation; however, we are now in an era
of increased understanding of the complexity of tumor-immune
interactions, which has facilitated over the past 5 years an increased
interest and application of immune therapeutic strategies. The
use of lung cancer directed vaccines and immune checkpoint
inhibitors are driving these activities, however, in the future, it
remains to be seen if tumor microenvironment cellular popula-
tions such as Tregs, myeloid derived suppressor cells (MDSC),
tumor-associated macrophages, or soluble tumor immunosup-
pressive mediators such as indoleamine 2,3-dioxygenase (IDO),
arginase, IL-6, IL-10, and other cytokines/chemokines will also
be able to be targeted. Further, oncolytic viruses armed with
immune stimulating constructs or in combination with immune
checkpoint inhibitors, adoptive cellular therapies remain relatively
untested in the clinic and are attractive to consider.
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Lung adenocarcinoma is the most common subtype of lung cancer today. With the discov-
ery of epidermal growth factor receptor (EGFR) mutations, anaplastic lymphoma kinase
(ALK ) rearrangements, and effective targeted therapy, personalized medicine has become
a reality for patients with lung adenocarcinoma. Here, we review potential additional tar-
gets and novel therapies of interest in lung adenocarcinoma including targets within the
cell surface (receptor tyrosine kinases EGFR, human epidermal growth factor receptor 2,
RET, ROS1, mesenchymal–epidermal transition, TRK), targets in intracellular signal trans-
duction (ALK, RAS–RAF–MEK, PI3K–AKT –PTEN, WNT), nuclear targets such as poly-ADP
ribose polymerase, heat shock protein 90, and histone deacetylase, and selected pathways
in the tumor environment. With the evolving ability to identify specific molecular aberra-
tions in patient tumors in routine practice, our ability to further personalize therapy in lung
adenocarcinoma is rapidly expanding.

Keywords: NSCLC, nuclear targets, intracellular pathways, EGFR, ALK, novel targets, non-squamous

INTRODUCTION
In recent years, we have witnessed a transformation of the treat-
ment paradigm for advanced non-small cell lung cancer (NSCLC).
Previously, patients were offered platinum-based chemotherapy,
followed by second-line chemotherapy with docetaxel or peme-
trexed, and erlotinib after chemotherapy failure, yielding modest
benefits in an unselected population (1). Using molecular selec-
tion, clinical trials of targeted therapy have demonstrated major
improvements in response, quality of life, and progression-free
survival compared to chemotherapy, using epidermal growth fac-
tor receptor (EGFR) TKI in EGFR mutant NSCLC and crizotinib
in anaplastic lymphoma kinase (ALK ) rearranged NSCLC (2, 3).
Survival is similar in many of these trials, given the high rate
of crossover from chemotherapy to the more active agent upon
progression.

It is now standard of care to test non-squamous lung carcinoma
for the presence of EGFR mutation and ALK rearrangement upon
diagnosis of advanced disease (4), in order to select patients for ini-
tial EGFR TKI and ALK inhibitor therapy. The remarkable activity
of these agents in molecularly selected lung cancer patients has led
to a rapid increase in studies evaluating new targets and novel
targeted agents. These targets include oncogenic driver mutations
(genomic alterations that initiate malignant transformation of the
normal cell), signal transduction proteins, tumor angiogenesis,
and factors in the tumor environment supporting cancer cell pro-
liferation (for example, immune-modulating proteins) (Figure 1;
Table 1). In this review, we discuss selected new and promising
targets as well as targeted therapies currently under investigation
in non-squamous NSCLC, specifically adenocarcinoma.

TARGETS WITHIN THE CELL SURFACE
EPIDERMAL GROWTH FACTOR RECEPTOR
Targeting EGFR has led to a breakthrough in understanding
of lung cancer biology, and the NSCLC treatment paradigm.

Mutations in EGFR, resulting in greater affinity for ATP bind-
ing by the EGFR tyrosine kinase domain and constitutive acti-
vation, are found in ~15% of lung cancers in Caucasians and
40% in Asians (5, 6). Activating mutations are significantly
associated with response to EGFR TKIs, with erlotinib, gefi-
tinib, and afatinib established as initial standard therapy. How-
ever, resistance mutations have been identified, such as T790M
in exon 20. There are multiple agents in development with
enhanced affinity for T790M mutant lung cancer that may
spare wild type EGFR, potentially avoiding toxicities like rash
and diarrhea. AZD9291 and CO-1686 are examples of such
agents, and have reported responses in 58–64% of patients
with acquired EGFR TKI resistance and documented T790M
mutation (7, 8). There are other strategies in development, tar-
geting acquired EGFR TKI resistance including chemotherapy
with intercalated EGFR TKI, combinations with mesenchymal–
epidermal transition (MET ), dual EGFR and heat shock protein
90 (HSP90) inhibitors, and more. For example, combination of
afatinib and cetuximab has demonstrated activity in patients with
acquired EGFR TKI resistance and T790M positive and nega-
tive tumors (9), and the addition of AUY922 to erlotinib has
restored sensitivity in 22% of patients with acquired resistance
to erlotinib (10).

HUMAN EPIDERMAL GROWTH FACTOR RECEPTOR 2
Human epidermal growth factor receptor 2 is a cell surface recep-
tor, and member of the erbB receptor tyrosine kinase family. It is
activated by heterodimerization with other ligand-bound mem-
bers of the erbB family, or by homodimerization. HER2 is a key
oncogene in breast cancer, and is associated with improved out-
comes with trastuzumab (anti-HER2 monoclonal antibody) (11,
12). In NSCLC, HER2 protein overexpression is found in 6–35%
of patients and HER2 gene amplification is found in 10–20% (13).
Trastuzumab has shown minimal activity in lung cancer, both as a
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FIGURE 1 |Targetable pathways in the non-squamous NSCLC cell.

single agent and in combination with chemotherapy, particularly
in patients with FISH positive or IHC 3+ tumors (14, 15).

HER2 mutations are seen in 2.8–6% of lung adenocarcino-
mas (16, 17), more commonly in women and non-smokers. These
mutations are commonly exon 20 in-frame insertions. Activ-
ity has been seen with trastuzumab-based therapy and afatinib
(13, 18). A phase I trial of neratinib (an irreversible pan-HER
inhibitor) and temsirolimus (mTOR inhibitor) suggested bene-
fit in five patients with HER2-mutant NSCLC (19). A phase II
trial assessing this combination is underway. Other trials include
studies of HER2-directed antibodies (trastuzumab, pertuzumab),
TKIs (neratinib, dacomitinib, and afatinib), and a peptide vaccine
(www.clinicaltrials.gov).

RET
RET (rearranged during transfection), is a known oncogene in
thyroid cancer,with both activating mutations and gene rearrange-
ments observed (20). Approximately 1.5% of NSCLC cases have
RET translocations, typically in younger, non-smoking adeno-
carcinoma patients (21). Fusion variants include KIF5B-RET in
adenocarcinoma, CCDC6, NCO4, and TRIM33 also found in
thyroid cancer (22, 23).

Vandetanib, sunitinib, sorafenib, lenvatinib, ponatinib, and
cabozantinib are all multi-targeted kinase inhibitors that target
RET. Activity has been seen in RET -positive lung cancer patients
with cabozantinib and vandetinib, and multiple trials are ongoing
in this population with a recent halt in a ponatinib study for safety
concerns (24, 25).

ROS1
ROS1 encodes a receptor tyrosine kinase of the insulin recep-
tor super family, with no known ligand and little known about

its normal function. ROS1 fusion genes, with oncogenic trans-
formation potential, have been described in multiple tumor cell
lines, including lung cancer. The prevalence of ROS1 rearrange-
ment in NSCLC is estimated at 1–2%, and can be detected using
FISH or IHC. Patients, similar to those with ALK -rearranged lung
cancer, tend to be younger, never smokers, and have adenocar-
cinoma histology, although cases in squamous carcinoma have
been reported (26). A response rate of 60% has been reported
with crizotinib in 35 patients with ROS-1-rearranged lung cancer,
including two patients with complete response, and median PFS
was not reached (27). Multiple other agents are under develop-
ment including AP26113, foretinib, PF-06463922, ceritinib, and
HSP90 inhibitors such as AT13387 (NCT01712217).

MESENCHYMAL–EPIDERMAL TRANSITION RECEPTOR
Mesenchymal–epidermal transition is a receptor tyrosine kinase,
which undergoes homodimerization by binding its ligand, hepa-
tocyte growth factor (HGF), to trigger intracellular signaling cas-
cades, including PI3K–AKT –mTOR and RAS–RAF–MAPK path-
ways. In lung cancer, MET mutations are rare, but amplification is
seen in up to 21%, resulting in constitutive MET activation and is
believed to be a potential mechanism of acquired EGFR TKI resis-
tance (28, 29). MET expression is seen in at least one-third of lung
cancers, including adenocarcinoma and squamous histology (30).

Targeting MET protein-expressing lung cancer has not been
successful to date, with negative phase III trials of onartuzumab
(anti-MET monoclonal antibody), and TKIs including tivantinib
(31, 32). Crizotinib activity has been reported in MET -amplified
tumors (33), with ongoing studies in EGFR TKI-resistant lung
cancer of MET and HGF-targeted agents, such as ficlatuzumab
(anti-HGF monoclonal antibody, NCT02034981).
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Table 1 | Selected targets and selected targeted agents in lung adenocarcinoma.

Target Frequency (common clinical features) Selected agents under study Current development

CELL SURFACETARGETS

EGFR mutations

(EGFR TKI acquired

resistance)

17–43% (female, never

smokers, Asian)

AZD9291 Phase II/III

CO-1686

HM-61713

Afatinib + cetuximab

Erlotinib +AUY922

Gefitinib + INC280 (MET TKI)

HER2 insertion

mutation

3–6% (female, never

smokers)

Trastuzumab + chemotherapy Phase II

Afatinib

Pertuzumab

Neratinib + temsirolimus

RET fusion 1–2% (young, never smokers,

poorly differentiated tumor)

Vandetanib Phase II

Cabozantinib

Lenvatinib

Ponatinib

INTRACELLULAR PATHWAYS

ROS1 fusion 1–2% (young, never smokers) Crizotinib Phase I/II

Ceritinib

AP26113

Foretinib

PF-06463922

AT13387

MET amplification ~1% Crizotinib Phase I

MET expression Up to 50% Ficlatuzumab Phase II/III

NTRK-1 fusion ~1% RXDX101 Phase I

KRAS mutations Up to 30% Selumetinib + chemotherapy Phase I–III

Trametinib + chemotherapy

MEK162 + chemotherapy

BRAF mutation 3%, smokers Dabrafenib Phase I/II

Vemurafenib

mTOR activation Up to 90% Everolimus Phase II

Temsirolimus

Sirolimus

NUCLEARTARGETS

PARP n/a Olaparib + chemotherapy Phase II/III

Veliparib + chemotherapy

HDAC n/a Romidepsin Phase II

Pabinostat

Etinostat

TUMOR ENVIRONMENT

RANK-Ligand n/a Denosumab + chemotherapy Phase III

VEGF n/a Bevacizumab Phase II/III

Nintedanib

CTLA-4 n/a Ipilimumab Phase II/III

PD-1 ~40% of lung

adenocarcinomas express

PD-L1

Nivolumab Phase II/III

PD-L1 Lambrolizumab

BMS-936559

MPDL-3286A

n/a, not available; EGFR TKI, epidermal growth factor receptor tyrosine kinase inhibitor; NTRK, neurotrophic tyrosine kinase receptor type; mTOR, mammalian tar-

get of rapamycin; PARP, poly-ADP ribose polymerase; HDAC, histone deacetylases; RANKL, receptor activator of nuclear factor kappa-B ligand; CTLA-4, cytotoxic

T-lymphocyte-associated protein 4; PD-1, programed cell death protein 1; PD-L1, programed cell death protein 1 ligand.
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NTRK1 FUSIONS
These have recently been described in never smokers with adeno-
carcinoma that is ALK and EGFR wild type. NTRK-1 fusions have
been identified in 3 of 91 lung adenocarcinoma samples that were
EGFR/KRAS/ALK-1/ROS-1 negative (34). RXDX101 has demon-
strated activity in TRK-fusion positive lung cancer in a recent
phase I trial (35).

TARGETS WITHIN INTRACELLULAR PATHWAYS
ANAPLASTIC LYMPHOMA KINASE
Anaplastic lymphoma kinase fusion genes, resulting in ALK fusion
proteins, are present in 3–5% of lung adenocarcinomas, com-
monly in never smokers and younger patients. The presence of
ALK fusion strongly predicts response to ALK TKIs, such as crizo-
tinib, ceritinib, and others. This topic is discussed in length in a
separate review article in this issue.

RAS–RAF–MEK pathway
The RAS family of oncogenes includes H-RAS,K-RAS, and N-RAS.
RAS proteins encode a membrane-bound GTP-ase that mediates
signal transduction from various tyrosine kinase receptors (e.g.,
EGFR, HER2) to the RAF/MEK /ERK pathway and others, regulat-
ing cell growth, proliferation, and apoptosis (36). KRAS mutations
are seen in ~30% of Western adenocarcinoma cases, fewer in Asian
populations, most commonly in codons 12 or 13. NRAS and HRAS
mutations are less common in lung cancer, <1% (37).

K-RAS
The role of mutant KRAS (V-Ki-ras2 Kirsten rat sarcoma viral
oncogene homolog) as a prognostic or predictive marker in
NSCLC remains controversial. An analysis of LACE-BIO suggests
that it is not prognostic in early stage lung cancer, nor does it
predict for adjuvant chemotherapy benefit (38). Several studies
suggest that it is a potential negative predictor of benefit from
EGFR TKI (39). While KRAS mutations have been identified in
patients with and without smoking histories, never smokers are
more likely to have transition mutations. Transversion mutations
are found almost exclusively in smokers (40).

The most promising agents in development for KRAS mutant
lung cancer have been MEK inhibitors combined with chemother-
apy. Selumetinib, a MEK1/2 inhibitor, significantly improved PFS
and response when added to docetaxel versus docetaxel plus
placebo (HR = 0.58, p = 0.014, RR 37 vs. 0%, p < 0.0001), with
a trend toward greater survival (41); a phase III trial is ongoing.
Trametinib, another MEK inhibitor, showed activity in combi-
nation with docetaxel as well as with pemetrexed (42, 43). The
response rate with single agent trametinib is 12%, with simi-
lar activity to docetaxel in pre-treated KRAS mutant lung cancer
patients (44).

BRAF
BRAF, a serine-threonine kinase, lies downstream of KRAS and
directly activates MEK by phosphorylation, which in turn activates
ERK. BRAF (v-Raf murine sarcoma viral oncogene homolog B)
mutations and BRAF inhibitors first gained attention in melanoma
where 40–60% of tumors harbor activating V600E BRAF muta-
tions. Three percent of lung adenocarcinomas harbor BRAF muta-
tions, half of the V600E subtype, inducing constitutive kinase

activity. These mutations occur more frequently in smokers.
Dabrafenib, a BRAF kinase inhibitor, demonstrated a 54% RR
in 17 BRAF V600E-mutated NSCLC patients (45). Vemurafenib is
another BRAF kinase inhibitor that shown activity in this popu-
lation. There are ongoing clinical trials assessing BRAF, MEK, and
AKT inhibitors in this population.

PI3K–AKT–PTEN pathway
The phosphatidylinositol 3-kinase (PI3K)–AKT –mTOR (mam-
malian target of rapamycin) signaling pathway is one of the
most dysregulated pathways in human cancers, including NSCLC.
PI3K can be activated by transmembrane receptor tyrosine
kinases like EGFR or RAS, through phosphorylation of AKT.
This inhibits pro-apoptotic proteins and promotes cell survival.
Activated mTOR complexes (mTORC1), downstream of PI3K–
AKT, result in increased ribosomal protein synthesis and further
AKT activation (mTORC2). PI3K-dependent signal transduction
can be terminated by PTEN, a tumor suppressor intracellular
protein (46).

PIK3CA
PIK3CA encodes the catalytic subunit of PI3K, and mutations and
amplification are seen in 2 and 12–17% of NSCLC cases (47, 48).
These mutations can co-exist with other known driver mutations
in lung adenocarcinoma, including EGFR and KRAS and in the
setting of acquired EGFR TKI resistance (49, 50), suggesting that
this may not be a driver mutation in itself. Trials of PI3K specific
kinase inhibitors are ongoing.

PTEN, AKT, mTOR
Loss of PTEN protein expression, with subsequent AKT overex-
pression, occurs in a third of NSCLC cases, and is associated with
poor prognosis in lung cancer (51). This may be related to epi-
genetic silencing, as PTEN mutations are rare in NSCLC (52).
AKT activation and mTOR phosphorylation is found in 51% of
NSCLC cases, although AKT mutations are rare (<1%). Given
the high level of activation and “crosstalk” with the RAS–RAF–
MEK pathway, studies of mTOR and AKT inhibitors are of major
interest in lung cancer. Everolimus (RAD001), temsirolimus, and
other mTOR inhibitors are being investigated in combination with
other targeted agents, including EGFR TKIs, although toxicity of
these agents remains challenging, with high rates of fatigue and
stomatitis (53, 54).

Wnt-beta-catenin pathway
The Wnt signaling pathway is highly active in lung cancer and
correlates with metastasis and proliferation, and is believed to
maintain cancer stem cells. Activated Wnt signaling inhibits the
proteolysis of beta-catenin. Accumulated beta-catenin in cyto-
plasm moves to the nucleus where it initiates transcription factors
promoting cell growth and chemo- and radio-resistance. Down-
regulation of Wnt inhibitors is common in NSCLC samples and
associated with poor prognosis (55). WNT mutations are rare in
lung cancer and mutations in Beta-catenin are detected in 2% of
lung adenocarcinoma (56). Several targeted therapies against the
Wnt pathway are being investigated in early phase trials, including
PRI-724, a small molecule beta-catenin inhibitor.
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NUCLEAR TARGETS
POLY-ADP RIBOSE POLYMERASE
BRCA1, BRCA2, and PALB2 are proteins responsible for repair of
DNA double-strand breaks through the homologous repair path-
way; breaks that are not repaired lead to apoptosis. This repair
pathway can be disrupted by mutations in BRCA1, BRCA2, or
ATM (ataxia telangiectasia mutated), found in 7% of lung ade-
nocarcinomas. High levels of BRCA1 protein expression in lung
cancer correlate with poor survival, while decreased expression
predicts response to platinum-based chemotherapy (57, 58). The
poly-ADP ribose polymerase (PARP) enzyme is key in repair-
ing single-strand DNA breaks, which may lead to double-strand
breaks. BRCA deficient or mutated cells are sensitive to PARP
inhibition,which may also sensitize cancer cells to alkylator or plat-
inum damage via DNA single- or double-strand breaks. Despite
a negative study with iniparib and chemotherapy, veliparib, and
olaparib are being evaluated in combination with platinum-based
therapy or EGFR TKI in NSCLC.

Heat shock protein 90
Heat shock protein 90 is a chaperone protein that assists post-
translational folding of several proteins to stabilize and protect
them from cellular stresses like heat or hypoxia, including critical
proteins in lung cancer such as EGFR, HER2, MET, ALK, and oth-
ers. HSP90 inhibitors have shown activity in EGFR mutant lung
cancer after the development of resistance, in ALK -rearranged
tumors and more recently in EGFR wild type adenocarcinoma
when combined with chemotherapy (59). A phase III clinical trial
of docetaxel plus or minus ganetespib in chemo-naïve adenocarci-
noma is ongoing. Other HSP90 inhibitors under active investiga-
tion in lung cancer include retaspimycin (IPI-504), AUY992, and
AT13387.

Histone deacetylase
Histones are a family of proteins bound to DNA strands that
maintain the helical structure of DNA. DNA expression is reg-
ulated by acetylation and deacetylation of histones. Deacetylation
results in condensed DNA and reduced transcription. But his-
tone deacetylase (HDAC), highly expressed in most cancers, may
also alter activity of various proteins involved in carcinogenesis
including HSP90, STAT3, and p53. HDAC inhibitors have multi-
ple effects on DNA transcription, including induction of HSP90
acetylation (see above), disrupting its function, and resulting
in tumor apoptosis. Vorinostat, FDA approved for treatment of
cutaneous T-cell lymphoma, showed initial promise when added
to chemotherapy in advanced NSCLC, although the subsequent
phase III trial was negative (60). Other HDAC inhibitors being
studied include etinostat, romidepsin, pabinostat, pivanex, and
CI-994.

TARGETS IN THE TUMOR ENVIRONMENT
ANGIOGENESIS
Vascular endothelial growth factor (VEGF) is a pro-angiogenic
factor, with a key role in tumor angiogenesis. Its high expres-
sion in a variety of tumors, including NSCLC, is associated with
poor prognosis (61). Although multiple agents targeting VEGF
and VEGF receptors have been studied in lung cancer, only beva-
cizumab and more recently nintedanib have improved survival in

advanced non-squamous NSCLC. Bevacizumab, combined with
paclitaxel and carboplatin, improved response, PFS, and sur-
vival in the practice-changing ECOG4599 trial (62), although
subsequent bevacizumab trials have not improved survival com-
pared to chemotherapy alone. Nintedanib, a multi-targeted VEGF-
and FGFR-1 receptor TKI demonstrated greater OS in a sub-
group of adenocarcinoma patients when added to docetaxel ver-
sus chemotherapy alone (63). Trials of multiple other agents
have not demonstrated positive results, although trials with
VEGF/R inhibitors, including in different molecular subtype of
adenocarcinoma, are ongoing.

Vascular disrupting agents, such as vadimezan, target vascula-
ture directly, not through VEGF/VEGFR. To date, trials of these
and multiple other anti-angiogenic agents have not yet yielded
benefit.

IMMUNE MODULATION
The immune system plays an active role in eradication of malig-
nant cells. However, the evolution of cancer includes developing
mechanisms to escape the immune system. Several approaches are
now being investigated to boost anti-cancer immune response,
either by inhibiting immune checkpoints (as CTLA-4, PD-1, and
PD-L1) or by developing vaccines of cancer antigens. This topic
is discussed in length in a separate review article, with the PD-
1 checkpoint inhibitors as the most promising current target in
immune therapy of lung cancer, with demonstrated single agent
activity in both adenocarcinoma and squamous carcinoma (64).

There are multiple other potential targets in lung adenocarci-
noma that are not reviewed here, such as the cell surface receptor
insulin-like growth factor 1 receptor, apoptotic receptors, and pro-
teins including TRAIL, BCL-1, IAP proteins including survivin,
and the proteasome. Additional targets in the tumor environment
include adhesion molecules such as integrins, and even osteoclasts,
all potentially important targets in lung cancer with ongoing trials
of targeted agents.

CONCLUSION
Striking therapeutic advances in metastatic NSCLC have been
observed with targeted agents using molecular selection, notable
for patients with EGFR mutant or ALK -rearranged lung can-
cer. Testing for these oncogenic drivers is now standard of care
in advanced lung adenocarcinoma, but they are found in only
~20% of lung adenocarcinomas in Western populations, while
remaining patients are eligible only for standard chemotherapy.
However, this “success story,” as well as improved understanding
of molecular pathways of lung carcinogenesis, had led to rapid
progress in the identification of novel targets in adenocarcinoma
and potential therapies. Despite this enthusiasm, there are still
barriers to overcome, including how to approach tumors without
single oncogene addiction, i.e., targeting multiple pathways, and
also how to overcome primary and secondary resistance to targeted
therapies. Finally, the development of accurate, rapid, tissue-, and
cost-conserving assays to identify multiple targets simultaneously,
including targets beyond genomic sequencing, is urgently needed.
In the meantime, drug development and discovery of novel targets
in lung adenocarcinoma remain one of the fastest growing areas
of research and development in oncology today.
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Squamous cancer of the lung (SQCC), although no longer the premier variant of non-
small cell lung cancer, continues to impose a heavy world-wide burden. Advanced SQCC
has enjoyed little of the recent progress benefiting patients with adenocarcinoma of the
lung, but that has now begun to change. This article reviews the underlying molecular
pathology of SQCC, as well as potential new targets and the corresponding novel targeted
agents; included are some of which may soon be approvable in this notoriously hard-to-treat
indication.
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INTRODUCTION
Although squamous (epidermoid) lung cancer (SQCC) represents
a declining proportion of non-small cell lung cancer (NSCLC), it
still represents about 30% of all NSCLC, and as such, accounted for
6300 of the ±24,700 new cases of lung cancer in Canada thought
to have occurred in 2013 (1). There is little if any comprehen-
sive data on the histologic subtype distribution by stage, but it is
possible that SQCC is somewhat more frequent in earlier stages as
evidenced by two large Canadian series of stage III NSCLC, in both
of which SQCC was the most frequent histological subtype (2, 3).

Up to, and including the 1990s, histological subtype was not
considered to be particularly relevant in determining either the
choice of therapy, or its outcomes, in advanced NSCLC. Of course,
it had long been realized that SQCC had certain characteristic clin-
ical features, such as a much higher incidence of hypertrophic pul-
monary osteoarthropathy (including “clubbing”), non-metastatic
paraneoplastic hypercalcemia and proximally situated, cavitating
primary lesions, compared to other types of lung cancer. Further-
more, it had also been well understood that SQCC had a stronger
association with smoking than adenocarcinoma (ADC), e.g., for
current smokers (RR 16.91 vs. 4.21) (4). Unsurprisingly, SQCC is
the histological subtype most associated with emphysema (5).

All of these features, while of great interests to diagnostic physi-
cians and respirologists, may also impact directly or indirectly on
the management of advanced NSCLC by oncologists. However,
shortly after the turn of the century, it became clear that the his-
tological subtyping of lung cancer had a previously unrecognized
importance that went way beyond the fine-tuning of management,
and even beyond the important distinction between small cell
(SCLC) and NSCLC, which had, heretofore, been the major con-
tribution of pathologists. Two types of new molecularly targeted
drugs, gefitinib and bevacizumab, and one new chemotherapeutic,
pemetrexed, seemed to have dramatically different effects (either
with respect to efficacy or toxicity) according to histology, and the

increasingly powerful techniques of genetic sequencing and analy-
sis were revealing that SQCC seemed to be a different molecular
entity from other types of lung cancer. In an era in which molec-
ular diagnostics is seen increasingly as a way not only to guide the
use of existing therapies but also to select patients for clinical trial
accrual, and most critically, as a pathway for novel drug design, the
traditional “one size fits all” categorization of advanced NSCLC is
increasingly seen as obsolete.

That having been said, it is worth noting that often, definitive
biopsy material may not be available, not even for histology let
alone molecular tests, and the clinician may be forced to rely on a
scant, non-specific cytology specimen (“NSCLC-NOS”), and the
clinical features may be the only clue to the true histology. Fur-
thermore, novel immunomodulatory drugs are definitely active in
both SQCC and ADC, and for these agents, emerging molecular
biomarkers may prove to be more predictive such that histological
subtyping of NSCLC may, at least in the immunological arena,
again become irrelevant.

CONVENTIONAL PATHOLOGY
Because histological subtype now profoundly affects clinical man-
agement, and because molecular analysis should be routine, at
least in non-SQCC, every patient with advanced NSCLC should,
if at all possible, be provided with the opportunity to undergo
a professional biopsy procedure. Paradoxically, although patients
with advanced NSCLC usually have a higher disease bulk and
more potential sites for biopsy, they still may be referred in with
a sub-optimal, cytology-only fine needle aspirate (FNA) perhaps
motivated by risk-avoidance. In skilled hands, and with an ade-
quately cellular FNA, the diagnostic accuracy and value of cytology
and a small biopsy are actually comparable and even complimen-
tary (6). Importantly, both cytology and core biopsy can each
be used for immunohistochemistry (IHC) and molecular test-
ing for EGFR and KRAS, providing a cell block-sufficient sample
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Vincent Squamous histology

is obtained. Nonetheless, most pathology departments prefer an
adequate core biopsy both for histology (including IHC) and, if
indicated, subsequent molecular testing.

It is now generally accepted that only two major types of NSCLC
exist, ADC and SQCC, with other types being relatively uncom-
mon (7). SQCC is diagnosed by the presence of keratinization and
intercellular bridges, and the absence of features typical of ADC
(intracellular mucin and gland formation). If this distinction can-
not be rendered by conventional stains, IHC is usually adequate
and highly valuable (8). Several investigations have confirmed that
cytokeratin 5/6 (CK5/6) and p63 are most useful for SQCC, with
a recent study showing for CK 5/6, a sensitivity of 94%, speci-
ficity of 97%, PVP of 97%, and PVN of 96%. These values for p63
were 93% (sensitivity), 87% (specificity), 96% (PVP), and 94%
(PVN) (9).

Additional criteria include negativity for the ADC markers of
CK7, TTF-1, and Napsin A. Although there is some variability in
these results, it should be generally noted the SQCC of the lung
are likely to be both CK 5/6 and p63 positive, and negative for
TTF-1 or CK7. Novel immune panels continue to be developed,
and which may prove superior (10).

MOLECULAR PATHOGENESIS AND TARGETED THERAPY
The effort to elucidate the molecular abnormalities in cancer is
driven not just by curiosity or technical prowess but by a deeply
embedded belief system that mutations drive malignant behavior,
and that a description of these “driver mutations” will inevitably
lead to the design of targeted drugs that are efficacious, via inhibi-
tion of the causal chain, and non-toxic, because of the specificity
of the mutation for the cancer. Although this paradigm is overly
simplistic, it has proven accurate for ADC in respect to EGFR
mutations, and translocation of ALK; in both cases, reliable mol-
ecular tests are available, which guide the selection of available
targeted drugs, which exhibit marked if temporary activity in
subgroups of ADC with these genetic alterations. Unfortunately,
EGFR and ALK rearrangements have only been described in rare
cases of pure SQCC (11–13), but not at a frequency that would
justify testing for either mutation routinely. Furthermore, at least
in the case of those rare pure SQCCs with mutated EGFR, the tar-
geted first generation tyrosine kinase inhibitors (EGFR-TKIs) seen
to be somewhat less active than in ADC with mutated EGFR (12).
Consequently, unless there is pathological evidence of a mixed
adeno-squamous pathology (in which case it is worth testing)
(14), it is not cost-beneficial to submit SQCCs (nor, probably,
“NOS – probably squamous”) cases for molecular analysis.

Likewise, KRAS mutations, which are common in (ex-) smok-
ers with ADC, are only occasionally detected in SQCC (6.4% in
the West, 1.8% in Asia) (15). KRAS in any event remains directly
undruggable, but some believe that NSCLC patients with KRAS
mutations may be less responsive to EGFR-TKIs (16). If true, this
could explain why SQCCs do relatively well on EGFR-TKIs, despite
the absence of EGRF mutations (17).

Squamous (epidermoid) lung cancer, despite the general
absence of EGFR, ALK, and KRAS mutations, is genomically
speaking, a highly aberrant malignancy (18). This is likely related
to its close association with tobacco smoke, which contains over

5000 identified compounds, of which 73 are known carcinogens
(19). These compounds form DNA adducts once metabolically
activated. Unless repaired, these DNA lesions cause permanent
mutations in the complementary strand due to bypass polymerases
“inserting the wrong base opposite the adduct” (19). As a result of
long-term exposure, thousands of mutations occur in the respira-
tory cells of smokers, some of which affect the function of growth
regulatory genes. A variety of other processes facilitate tumorige-
nesis, such as inflammatory generation of reactive oxygen species
and gene promoter methylation.

The Cancer Genome Atlas Research Network (CGARN) study
on lung SQCC revealed many varied DNA alterations (“. . . a mean
of 360 exonic mutations, 323 altered copy number segments and
165 genomic rearrangements per tumor”) (18). Importantly, copy
number aberrations do not necessarily imply point mutations
in the DNA sequence. The mean rate of exonic somatic muta-
tions was, at 8.1 mutations per megabase, higher than any other
cancer type except melanoma. TP53 mutations occurred in at
least 81% of 178 samples of SQCC; TP53 is well known as the
“guardian of the genome.” Other mutations occurred quite often
in pathways felt to be important in the mediation of the malig-
nant phenotype, e.g., oxidative stress (KEAP1, 12%, CUL3, 7%,
and NFE 2L2, 19%); squamous differentiation (SOX2, 21%; TP63,
16%; NOTCH 1 and 2, 8% and 5%, respectively; ASCL4, 3%; and
FOXP 1, 4%). mRNA expression profiling revealed overexpression
of SOX2, TP63, and P1K3CA, corresponding to the known 3q26
chromosomal amplicon. The p40 version of p63 may act as an
oncogene, expressed by 89% of tumors; RB1 and PTEN (loss-of-
function) were also frequent. Amplification or alteration of FGFR
1, 2, and 3 were seen in 7, 3, and 2%, respectively, as well as others
involved in PI3K/RTK/RAS signaling (EGFR 9%; ERB B2 4%; ERB
B3 2%; PTEN 15%; PIK3CA 16%; AKT3 16%; STK 11, 2%; TSC
1 and 2, 3% each; KRAS 3%; HRAS 3%; NF1 11%; RASA 1 4%;
BRAF, 4%).

CDKN2A, a “known tumor suppressor gene,” encodes INK
4A/p16 and ARF/p14, which control the cell cycle. This gene is
inactivated in 77% of SQCCs (by a variety of mechanisms), often
by epigenetic silencing (21%) or homozygous deletions (19%). On
the other hand, about 30% overexpress both p16 and p14; often
with mutation (see Tables 1 and 2).

These changes were seen against a background of a high
mutational load in apparently non-contributory genes.

The authors contemplated the totality of this picture in terms
of potential therapeutic targets. They felt the location of muta-
tions in key cancer genes, such as a variety of tyrosine kinases,
serine/threonine kinases, PI3K regions, proteases, and G-protein
coupled receptors, suggested potential therapeutic targets. Unfor-
tunately, however, many of the mutations were inactivations of
tumor suppressor genes, which are currently not directly drug-
gable. FGFR alterations, however, are among the most promising,
and have recently been extensively reviewed in Ref. (20).

FGFR fibroblast growth factor receptor, is a family of 4 kinase
receptors (FGFR 1–4) spanning the cell membrane and involved in
signal transduction via downstream RAS/MAPK and PI3K/AKT
pathways. In normal physiology, FGFR signaling is involved in
angiogenesis and organogenesis. In lung cancer, serum FGF levels
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Table 1 | Selected genomic alterations in SqCC.

Gene Mutation rate Normal function Consequence of alteration Comment

(a) KEAP1 12% Oxidative stress response Loss-of-function

(a) NFE2L2 19% Oxidative stress response Activation

(a) CUL3 7% Oxidative stress response Loss–of-function

(b) SOX2 Zero Squamous differentiation Activation Amplified in 21%

(b) NOTCH1 8% Squamous differentiation Mostly loss-of-function Mutually exclusive with

TP63 or SOX2 alterations

(b) TP63 (p40 isoform) 16% Squamous differentiation Activation, oncogene

(c) TP53 ≥81% Genomic integrity, apoptosis Loss-of-function Disabled in ~90% SqCC

(d) CDKN2A 15% Cell cycle control Loss-of-function Inactivated in 72% by

several mechanisms

(d) RB1 7% Cell cycle control Loss-of-function Mutually exclusive with

CDKN2A alterations

(e) NF1 11% RAS inhibitor Loss-of-function

(e) BRAF 4% Signal transduction Activation

(e) RASA1 4% RAS inhibitor Loss-of-function

(e) KRAS <1% Signal transduction Activation Very uncommon in SqCC

(f) HLA-A 3% Antigen display Loss-of-function May permit avoidance of

immune destruction

(g) PTEN 8% PI3K/Akt pathway inhibitor Loss-of-function

(g) PIK3CA 16% PI3K/Akt pathway growth and survival Activation AKT3 also activated in 16%

(h) FGFR1 Few RTK growth/survival Activation Amplified in 21%

(h) EGFR ±1% L861Q

mutation rate

RTK in growth/survival growth function Activation Amplified in 9%, rarely

mutated

(i) MLL2 20% Chromatin regulation ?

are known to be elevated. Amplification of FGFR 1 may be char-
acteristic of SQCC. The prognostic and predictive significance of
these pathway alterations remains under investigation,but the bulk
of evidence seems to suggest over-activity correlates with a poorer
outcome.

The preclinical data have been sufficiently compelling to war-
rant the design and trialing of small molecules with FGFR
inhibitory activity, including cediranib, nintedanib, pazopanib,
and ponatinib. Nintedanib (an inhibitor of VEGFR 1–3, FGFR 1–4,
PDGFR,FLT-3,and src), is most advanced,with a positive random-
ized trial (LUME – Lung 1) in second line (docetaxel± nintedanib)
(21). About 42% of the patients had SQCC; in these, the PFS HR
0.77 was significant (p= 0.02), as it was in the ADC subgroup
(HR 0.77 p= 0.0193). Disease control was superior in the SQCC
patients (49.3% vs. 35.5%, p < 0.0001). However, the effect on
overall survival (OS) (in an exploratory analysis) seemed better
in ADC than SQCC. Nintedanib appears tolerable, with GI and
liver function abnormalities being most prominent. An excess of
12.3% of the patients required a dose reduction over placebo.
LUME-Lung 3 is a first-line phase I/II trial of nintedanib with
cisplatin/gemcitabine (NCT01346540).

Ponatinib is undergoing a phase II in SQCC as monotherapy
after prior treatment, with FGFR amplification as an eligibility

requirement (NCT01761747). A randomized trial of first-line car-
boplatin/paclitaxel± cediranib was halted early for futility (22).
Cediranib, however, has much less FGFR inhibitory activity than
VEGFR blockade.

Pazopanib, another broad-spectrum kinase inhibitor whose
actions include FGFR blockade as ancillary to VFGFR inhibi-
tion (23), is in a range of trials in A-NSCLC as monotherapy
maintenance after first-line chemotherapy (NCT01208064) and
with a variety of other traditional drugs in phase II. Other FGFR
inhibitors include AZD4547 and BGJ398 and both are in phase I
and/or phase II. FP-1039 is a FGF ligand trap also in phase I.

A series from the Massachusetts General Hospital found 16%
of 226 SQCCs exhibited FGFR 1 amplifications, but these were
not associated with any particular clinical features, suggesting that
molecular testing would be required as a biomarker. Furthermore,
the amplification was focal (24).

Looking more broadly at the pathway level, the CGARN found,
in their 178 SQCC, 69% had an alteration in one of the PI3K/AKT,
RTK, or RAS pathways, when considering either mutation in the
DNA or amplification. For instance, 26% had either EGFR ampli-
fication, an activating BRAF mutation or FGFR 1 amplification,
any of which might be targetable by an inhibitory drug. As noted,
in the Canadian BR21 trial of erlotinib (an EGFR-TKI) vs. placebo,
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Table 2 | Alterations in major pathways in SqCC.

Gene Direction of

dysregulation

Incidence Normal

function

Current

targetability

EGFR ↑ 9%

ERBB2 ↑ 4% Receptor

tyrosine

kinase:

26%

ERBB3 ↑ 2% (Potentially

targetable)FGFR1 ↑ 7%

FGFR2 ↑ 3%

FGFR3 ↑ 2%


KRAS ↑ 3%

HRAS ↑ 3%
RAS/RAF:

24%

(Potentially

targetable)
NRAS ↑ <1%

RASA1 ↓ 4%

NF1 ↑ 11%


PIK3CA ↑ 16%

AKT2 ↑ 4% PI3K/AKT:

47%

(Potentially

targetable)AKT3 ↑ 16%

PTEN ↓ 15%


CDKN2A

methylation

↓ 21%

CDKN2A

mutation

↓ 18%

CDKN2A:

72%

(Not currently

targetable)CDKN2A Exon

skip.

↓ 4%

CDKN2A Hom

del

↓ 29%



the HR in favor of drug was 0.66 in SQCC with a smoking his-
tory, almost certainly due to the driver activity of wild-type EGFR
(which is quite often overexpressed at the protein level) (25).

Finally, a significant proportion of specimens contained inacti-
vating mutations in the HLA-A gene; this might convey resistance
to emerging immunomodulatory regimens. It should also be noted
that human papilloma virus, a known carcinogen in the urogenital
tract, and in upper respiratory epithelium, has been ruled out as
instrumental in lung cancer (26).

Targetable genetic alterations in SQCC were also reviewed
recently by Heist et al. from the Massachusetts General Hospital
(27), emphasizing that inactivated tumor suppressor genes (tsgs)
can only, if at all, be indirectly targeted. They focus on com-
monly mutated genes (TP53, GRM8, BAI3, ERBB4, RUNX1T1,
KEAP1, FBXW7, and KRAS) while noting no currently avail-
able agents directed at these mutations. However, they do high-
light genomic amplifications and areas of overexpression, which,
whether mutated or not, are likely implicated as “drivers,” includ-
ing SOX2 (amplified in 20% of SQCC; and a key stem cell regula-
tor; no drugs in development); PIK3CA, affecting cell survival and
proliferation (copy no. gains in >20% SQCCs, mutated in 6.5%)
for which several drugs are in development (Table 3), especially
buparlisib, which is in phase II and GDC-0032; and FGFR 1 (dis-
cussed above, and mediating growth, survival, and angiogenesis,
for which several drugs are in development e.g., AZ4547 a specific
FGFR 1–3 blocker). Although available drugs (apart from AZ4547)

Table 3 | Molecularly targeted drugs under investigation in Sqcca.

FGFR inhibitors Cediranib; nintedanib; pazopanib; ponatinib;

AZD4547; BGJ398; FP-1039

EGFR inhibitor Afatinib; necitumumab

PIK3CA Buparlisib; GDC-0032

CDK 4/6 Palbociclib

VEGF-R Ramucirumab, motesanib

PARP Veliparib

Clusterin Custirsen

aSome of these agents have multiple other mechanisms of action in addition.

inhibit more than just the FGFR system, preclinical work confirms
that pure inhibitors of FGFR 1 will inhibit growth of FGFR1 ampli-
fied tumor cell lines; IGF1R (insulin-like growth factor receptor)
is overexpressed in some SQCCs, acting via the canonical growth
and survival pathways, but promising phase II results in SQCC
lung were not replicated in two phase III trials of figitumumab (a
monoclonal antibody against IGF1R).

Other promising targets include EphA2 (overexpression
increases invasiveness, and dasatinib is an available inhibitor);
MET (amplified in about 6% of SQCCs, and mediating pro-
liferation and invasion; multiple small molecules and antibod-
ies are in development, but recently a large phase III trial of
erlotinib± onartuzumab failed, despite a prior highly promis-
ing randomized phase II in MET overexpressors (28). A plat-
inum/paclitaxel± onartuzumab randomized phase II is pending
(NCT01519804). Rilotumumab, an inhibitor of the MET ligand
HGF/SF, is also of interest. Other targets of promise include
PDGFRA (amplified in 8–10% of SQCC; sunitinib an available
inhibitor); p53/MDM2 (p53 mutations in about 65% of SQCCs,
mostly loss-of-function; alternatively, MDM2 overexpression can
inactivate p53, as in about 7% of SQCC; no drugs yet in devel-
opment); AKT(mutated in about 5% of SQCCs; several drugs in
development); DDR2 (a RTK promoting migration, proliferation,
and survival, and mutated in about 4% of SQCCs; dasatinib may
be active); LKB1 (a cell cycle regulator, inactivated in 5–20%; not
yet drugged); PTEN (a tsg, and negative regulator of PI3K/AKT,
which is then de-repressed when PTEN inactivated, very frequent
in both types of NSCLC, especially SQCC; PI3K inhibitors are
logical here); NRF2/KEAP1 (an oxidative stress response system;
KEAP1 negatively regulates NRF2,and dysregulation of either gene
is common in SQCC; no drugs in development yet).

The cyclin-dependent kinases, CDK 4 and 6 are another target
of interest and the inhibitor palbociclib (PD-0332991) is in phase
II in SQCC.

EGFR is commonly overexpressed (but rarely mutated) in
SQCC. The overexpression may be associated with amplifica-
tion or polysomy (29–31). FLEX, a first-line phase III trial
of cisplatin/vinorelbine± cetuximab, was especially positive in
both types of NSCLC if, in an explanatory analysis, EGFR
was overexpressed by IHC, independent of mutation status (32,
33), but this remains controversial. As noted, BR.21, a last-
line study of erlotinib vs. placebo, showed a beneficial HR
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0.67 for SQCC. A 545 patient, first-line phase III trial of cis-
platin/gemcitabine± necitumumab, a novel, fully human lgG1
monoclonal antibody, has just been reported as positive for OS
(median survival 11.5 vs. 9.9 months, HR 0.84, p= 0.012). One-
and 2-year survival also favored the necitumumab arm (34).
Patients <70 years seemed to fare better, but the H-score bio-
marker seemed to exhibit at most a trend for more benefit at
higher levels of EGRF expression. Another (phase II) RCT is
testing carboplatin/paclitaxel± necitumumab in first-line SQCC
(NCT0176939). Some ±5% patients with SQCC exhibit a trun-
cated form of EGFR known as EGFR-vIII, which is transform-
ing, but which lacks an extra-cellular domain, and may be less
amenable to inhibition by antibody. Lux-Lung 8 is an ongoing
phase III study of a novel, pan-HER, irreversible inhibitor afa-
tinib, vs. erlotinib, in last-line SQCC, and initial reports indicate a
modest superiority over erlotinib (35). It remains an open ques-
tion as to whether EGFR by IHC or gene copy number, can suffice
as a biomarker for benefit from anti-EGFR agents in SQCC.

The VEGF/VEGFR angiogenesis pathway is clearly implicated
in SQCC progression (36). Bevacizumab, a VEGF-sequestration
antibody, caused an unacceptable rate of fatal hemoptysis in SQCC
(37). Whether this relates to the tendency of SQCC to have cav-
itating primaries close to major airways, or some more complex
association with squamous histology, is still unresolved; however,
bevacizumab was only approved for use in non-SQCCs, for safety
reasons. Bevacizumab may well be active in SQCCs and may be
safer in patients with excised primaries; this is not known and
would be off-label.

Ramucirumab, a fully human lgG1 monoclonal antibody to
VEGRF-2, was recently the subject of a randomized phase III
trial (REVEL: docetaxel± ramucirumab) in second-line NSCLC
including SQCC. It was positive for OS; REVEL included 328
SQCC patients, who experienced a modest OS benefit (9.5
vs. 8.2 months, HR 0.88) in a subgroup analysis (38). Mote-
sanib, a small molecule VEGF-R inhibitor, seemed ineffective and
prohibitively toxic in a recent randomized trial (39).

It is noteworthy that the successful RCTs in SQCC involve
agents not directed at mutated proteins, but at normal compo-
nents of upregulated pathways in which the specificity arises from
contextual, causal dependence rather than biomolecular structural
differences. Furthermore, as is usual, the benefits, albeit welcome,
appear to be temporary. With the exception of chronic myeloid
leukemia and bcr-abl inhibitors, targeted drugs based on the mol-
ecular causality principle have uniformly provided only temporary
benefit.

RECOGNITION-BASED TARGETING
Interference in the causal chain mediating malignancy is not the
only way to target cancer; another way is based on the princi-
ple of recognition. The immune system exploits this to protect
us very effectively against foreign organisms, and also, cellular
transformation; its direct targets are surface-based biomolecular
differences (“markers”), irrespective of whether they are causally
important drivers or not. Until recently, it was quite erroneously
believed that most cancers were not “antigenic enough” to evolve
an effective immune response (IR); however, it is now appreciated

that the problem is more that the local milieu within the tumor
environment is immunosuppressive, partly because of the manip-
ulation of the immune system by negative regulators expressed
on the tumor cells, and (still under-appreciated) the highly pro-
teolytic and extremely acidotic extra-cellular milieu in tumors
(40), which is likely to damage the three-dimensional structure
of extra-cellular recognition peptides on which the IR is utterly
dependent.

Squamous (epidermoid) lung cancer cells, by virtue of the very
high mutation burden, are likely to express altered proteins as effi-
cient neoantigens in the context of HLA. (The latter, as noted, may
be mutated, potentially compromising antigen presentation in
SQCC.) New immunomodulatory agents, also known as“immune
checkpoint inhibitors,” which have proven effective in both forms
of lung cancer (as well as melanoma), derive from an understand-
ing of the “immunological synapse” (41), a complex network of
positive and negative regulatory interactions that occur among
the tumor cells, the dendritic antigen-presenting cells and the T
lymphocytes, and which strongly influence whether these effector
(cytotoxic) T-cells are activated or not.

So far, useful therapies have been developed to block CTLA4
(an early negative regulator on T-cells, active in draining lymph
nodes), with a monoclonal antibody, and the PD-L1/PD1 inter-
action (with monoclonal antibodies directed against either the
PD-1 negative regulator on the T lymphocytes, or the PD-L1 lig-
and on the tumor cell, including SQCC cells, or dendritic cell).
This system acts later in the “cancer-immunity cycle,” (42), in
the actual tumor milieu. Monoclonal antibodies against all three
targets have shown surprising activity in lung cancer, and are in
accelerated development; side effects have generally been tolera-
ble, with a range of auto-immune effects, more associated with
the anti-CTLA4 monoclonal antibody ipilimumab, and rare but
potentially serious pneumonitis with the prominent anti PD-1
agent nivolumab.

The CA184-041 study tested two regimens of combina-
tion ipilimumab with chemotherapy (concurrent or phased) vs.
chemotherapy only; the phased (but not the concurrent) PFS
was significantly superior to the chemotherapy only arm. The
SQCC patients seemed to benefit more (HR 0.48 for OS) (43).
NCT01285609, an ongoing phase III, tests the combination vs.
chemotherapy in first-line SQCC, using the apparently superior
phased regimen.

The anti-PD1 agent nivolumab achieved a 6/18 ORR (SQCC) in
a phase I study; despite heavy pre-treatment, OS at 2 years was 24%
across all 129 NSCLC patients (44). NCT01721759 is an ongoing
phase II in SQCC (third line). A phase III in SQCC (nivolumab
vs. docetaxel) is underway (NCT01642004), as are phase I tri-
als in A-NSCLC with the various platinum doublets, and also in
the highly promising combination with ipilimumab. The role of
tumor cell expression of PD-L1 as a biomarker is being investi-
gated in these studies. MK-3475 in another anti-PD1 monoclonal
antibody with a 2/6 ORR in SQCC, being moved into phase II/III
(NCT01905657), and another pending phase III (NCT0214738),
also focused on PD-L1 expressing tumors.

Several anti-PD-L1 antibodies have also shown some activ-
ity against SQCC such as BMS-936559 (45). MPDL3280A is
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Table 4 | Checkpoint inhibitors under evaluation in advanced SqCC (selected studies).

ClinicalTrials.gove Identifier,

agent, trial name

Target Phase Line Design Status

NCT01285609 CTLA-4 III 1st Carboplatin/paclitaxel± Ipilimumab Recruiting

Ipilimumab

NCT01721759 PD-1 II 3rd Single agent nivolumab Active, not

recruitingNivolumab

Checkmate 063

NCT01642004 PD-1 III >1st Nivolumab vs. docetaxel Active, not

recruitingNivolumab

Checkmate 017

NCT02041533 PD-1 III 1st Nivolumab vs. investigator’s choice chemotherapy Recruiting

Nivolumab

Checkmate 026

NCT01454102 PD-1 I Multiple Nivolumab with various platinum doublets and/or

biologicals/targeted agents including ipilimumab,

erlotinib

Recruiting

Nivolumab

Checkmate 012

NCT01295827 PD-1 I/II ≥1st Low and high doses, q2 and 3 week schedule Active, not

recruitingPembrolizumab

KEYNOTE 001

NCT02220894 PD-1 III 1st Pembrolizumab vs. carboplatin/paclitaxel (or

pemetrexed)

Not yet open

Pembrolizumab

KEYNOTE 042

NCT02039674 PD-1 I/II ≥1st Pembrolizumab with various platinum doublets

and/or biologicals/targeted agents

Recruiting

Pembrolizumab

KEYNOTE 021

NCT02007070 PD-1 II 2nd Single agent Recruiting

Pembrolizumab PTO

KEYNOTE 025

NCT01905657 PD-1 II/III ≥2nd 2 doses of Pembrolizumab vs. docetaxel Recruiting

Pembrolizumab

KEYNOTE 010

NCT0214738 PD-1 III 1st Pembrolizumab vs. platinum doublet Not yet

recruitingPembrolizumab

KEYNOTE 024

NCT01846416 PD-L1 II ≥1st Single agent Active, not

recruitingMPDL3280A

FIR

NCT02031458 PD-L1 II ≥1st Single agent Recruiting

MPDL3280A

BIRCH

NCT01903993 PD-L1 Random II 2nd MPDL3280A vs. docetaxel Active, not

recruitingMPDL3280A

POPLAR

NCT02008227 PD-L1 III 2nd MPDL3280A vs. docetaxel Recruiting

MPDL3280A

OAK

(Continued)
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Table 4 | Continued

ClinicalTrials.gove Identifier,

agent, trial name

Target Phase Line Design Status

NCT02087423 PD-L1 II 3rd Single agent Recruiting

MEDI4736

NCT02000947 PD-L1 I ≥1st MEDI4736 with Tremelimumab Recruiting

MEDI4736

NCT02154490 PD-L1 II/III 2nd Multi-arm master protocol vs. docetaxel for various

targeted agents including MEDI4726

Recruiting

MEDI4736

LUNG-MAP

NCT02087423 PD-L1 II 3rd Single agent Recruiting

MEDI4736

ATLANTIC

Ref for this table: Clinical Trials.gov accessed 31 August 2014.

another anti-PD-L1 monoclonal with early demonstrated activ-
ity in SQCC (3/20), especially associated with IHC positivity of
PD-L1 (46). NCT01903993 will compare MPDL3280A with doc-
etaxel in 2L, followed by the phase III (NCT02008227). MEDI4736
is another anti PD-L1 agent entering phase II in advanced NSCLC
(ATLANTIC NCT02087423) and phase III in stage III (PACIFIC),
including SQCC.

Readers are referred to two excellent overviews for further
details (47, 48), and to Table 4.

BONE METASTASES
Bone metastases may occur in any type of lung cancer, and two cat-
egories of drugs have shown efficacy in reducing skeletal-related
events (SREs). The bisphosphonate zoledronic acid (49–51) is
well studied, and patients with elevated osteoclast marker (N-
telopeptide of type 1 collagen) appear to experience an OS benefit
(52). Denosumab, a monoclonal antibody against RANK-ligand,
an osteoclast activator, led to an OS benefit compared with zole-
dronic acid, in a large NSCLC subgroup analysis (51) (HR 0.78,
p= 0.01) in which the biggest benefit was experienced by SQCC
(HR 0.68 p= 0.035), and also which was associated with a lower
incidence of SREs than zoledronic acid (53).

CHEMOTHERAPY
No particular third-generation platinum doublet stands out as
clearly superior in advanced SQCC, and the decision should be
made based on toxicity avoidance (54). In a subgroup analysis
of ECOG1594, a large four-armed phase III of taxane and gemc-
itabine platinum doublets, cisplatin/gemcitabine had the best PFS
(4.3 months) and OS (9.4 months) in SQCC, but the differences
were not statistically significant. Pemetrexed, however, whether as
a single agent or in combination with cisplatin, is inferior and
contra-indicated in SQCC, despite its superiority in ADC and
large cell (55, 56). Pemetrexed is also ineffective in prolonging
either PFS of OS in maintenance in SQCC, in contrast to non-
SQCC (57). Pemetrexed may be less efficacious in SQCC because
of higher thymidylate synthase levels (58, 59), although differential
expression of the folate receptor alpha may also be important (60).

Nab-paclitaxel with carboplatin appears to be superior to pacli-
taxel/carboplatin in SQCC, with a higher ORR and less grades 3/4
neuropathy and arthralgia in SQCC (61). Neither PFS nor OS were
different. The 41% ORR for the nab-paclitaxel arm is notable, as
it was independently reviewed in Ref. (62).

In Japan, the LETS phase III study demonstrated the superi-
ority of carboplatin/S-1 over carboplatin/paclitaxel in SQCC (HR
0.713; 14.0 vs. 10.6 months) (63). S1 is an oral fluoropyridine.

Further improvements in chemotherapy are unlikely to emerge
without the addition of biologicals, some of which have been
detailed above. One additional possibility relates to PARP
inhibitors. PARP (poly ADP-ribose polymerase) is an enzyme that
participates in several DNA repair pathways (64) and is believed
to be important particularly in SQCC (65). An initial randomized
phase II experience suggested significant benefit in SQCC with
veliparib, a PARP inhibitor (PFS HR 0.50) OS HR 0.72), when
added to carboplatin/paclitaxel (66) NCT01560104, a phase III
trial of first-line platinum chemotherapy, ±veliparib (ABT-888),
is currently underway. An earlier trial of chemotherapy± iniparib
failed, probably because iniparib might not be a sufficiently active
PARP inhibitor (67).

The efficacy of chemotherapy may be also be attenuated by
anti-apoptotic (pro-survival) proteins like clusterin, expressed in
about 70% of NSCLC, apparently unrelated to histological subtype
(68, 69). A phase I/II trial of platinum/gemcitabine with clus-
terin, a 2.0 generation antisense oligonucleotide, achieved an OS
of 14.1 months, which was thought sufficient to justify the phase
III trial now underway.

CONCLUSION
The proportionate reduction in SQCC is likely to be the result of an
ongoing reduction in cigarette smoking (70); however, as long as
tobacco products (and, probably, marijuana) (71) are consumed,
this disease will be a major public health concern. Although most
of the progress in lung cancer in the last decade has occurred
in ADC, a recent spate of positive trials has, at last, brightened
the prospects for SQCC. OS gains have been shown for ramu-
cirumab, necitumumab, cetuximab, denosumab, and nintedanib
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(to be prospectively confirmed); although these results are mod-
est, they do provide a foundation upon which to explore novel
biomarkers and potentially synergistic drug combinations. Fur-
thermore, immunomodulators such as anti-PD-1/PD-L1 agents
are unquestionably active. The rapidly expanding trove of knowl-
edge on the volatile genome of SQCC has thrown up some further
target opportunities, such as the FGFR family. This progress will
likely serve to push the 1-year median OS consistently through
the 1-year barrier; beyond that, further radical innovation will be
necessary.
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Radiotherapy has had important role in the palliation of NSCLC. Randomized trials tend to
suggest that, in general, short regimens give similar palliation and toxicity compared to
longer regimens. The benefit of combining chemotherapy to radiosensitize the palliative
radiation treatment is an open question, but so far it has not been proved to be very useful
in NSCLC. The addition of molecular targeted drugs to radiotherapy outside of approved
regimens or clinical trials warrants careful consideration for every single case and prob-
ably should not be used as a routine management. Stereotactic radiosurgery (SRS) and
stereotactic body radiation therapy (SBRT) are modern techniques being used each time
more frequently in the treatment of single or oligometastases. In general, they offer good
tumor control with little toxicity (with a more expensive cost) compared to the traditionally
fractionated radiotherapy regimens.

Keywords: palliative radiotherapy, metastatic NSCLC, stereotactic body radiosurgery, radiosensitizers

INTRODUCTION
Good palliative local treatment should be simple, fast, generally
efficient, and not very expensive. Radiotherapy has largely been
used to palliate NSCLC for all these reasons (1). A good example
is the fact that one simple treatment of external beam radiation
treatment (EBRT) may stop a hemoptysis. Multiple prospective
randomized trials using different dose/fractionation schedules
have shown that palliative radiotherapy can often alleviate thoracic
and extra-thoracic symptoms in patients with locally advanced or
metastatic NSCLC (1–3).

Indications for thoracic EBRT include, but are not limited to:
hemoptysis, cough, chest pain, dyspnea, obstructive pneumonia,
dysphagia related to esophageal compression, superior vena cava
syndrome, hoarseness, or stridor. Symptoms caused by malig-
nant pleural effusion, lymphangitic carcinomatosis, and multi-
ple parenchymal diseases typically are not suitable for palliative
thoracic EBRT.

Indications for extra-thoracic EBRT include, but are not limited
to: brain, adrenal, bone, and liver metastases.

REVIEWS
In 2009, a comprehensive review involving 14 randomized clinical
trials, all related to different dose schedules to palliate the symp-
tomatic primary lung cancer, was performed by the Cochrane
Collaboration (4). In general, the results of those trials suggest
that there are not significant differences among short compared
to long radiotherapy regimens in terms of palliation, but higher-
dose regimens were associated with mild increased acute toxicity,
particularly esophagitis (Table 1). However, the studies are not
homogeneous, the end points and assessments were different, and
the reviewers did not make a clear conclusion on the ideal regi-
men of palliative radiation treatment. In fact, in clinical practice,

depending on the institution, we have seen different doses and
fractionations regimens being used for similar clinical situations. It
is very well possible that, at least in part, remuneration directs prac-
tical management. The case for bone metastases is a good example.
Despite a considerable body of evidence from randomized trials
supporting the use of a single fraction of 8 Gy for radiation ther-
apy, there is still considerable use of longer regimens such as 30 Gy
in 10 fractions (5).

TYPICAL PALLIATIVE RADIOTHERAPY DOSE AND
FRACTIONATION IN NSCLC
At the McGill University Health Centre (MUHC), we practice
evidence-based medicine preferring short and simple treatments.
Our typical palliative dose is 17 Gy in two fractions (1 week apart)
after randomized trials concluded that this regimen is simple, well
tolerated, and efficient compared to other regimens (6, 7).

SVC SYNDROME
In the past, SVC syndrome was considered a potentially life-
threatening medical emergency requiring immediate radiotherapy
as the quickest way to relieve the obstruction. Emergency radio-
therapy is no longer considered necessary for most patients (8).
Patients who present with stridor due to central airway obstruc-
tion or severe laryngeal edema represent a true medical emergency,
and these patients require immediate treatment (stent placement
and/or radiotherapy) to decrease the risk of sudden respiratory
failure and death. Evidence-based guidelines for management of
SVC syndrome are not available. Most of the malignancies caus-
ing SVC syndrome, including NSCLC, are radiation-sensitive, and
symptomatic improvement is usually apparent within 72 h, associ-
ated with complete relief of symptoms of SVC obstruction in 63%
of patients with NSCLC (9). Radiotherapy treatments are typically
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Table 1 | Randomized controlled trials assessing palliative lung radiotherapy fractionation [from Ref. (3)].

Study Year Radiotherapy schedules compared Evaluable

patients (n)

Survivala by regimen

(P = NS unless specified)

Symptom control by regimen

(P = NS unless specified)

Simpson 1985 40 Gy/20 F daily continuous/4 weeks vs.

30 Gy/10 F/2 weeks vs. 40 Gy/10 F/4 weeks,

split course

316 6.2 vs. 6.9 vs. 6.4 months No difference

Teo 1988 45 Gy/18F/3.5 weeks vs. 31.2 Gy/4 F/4 weeks 273 20 vs. 20 weeks Better with 45 Gy, P = 0.012

MRC 1991 30 Gy/10 F/2 weeks or 27 Gy/6 F/2 weeks or

17 Gy/2 F/8 days

369 177 vs. 179 days No difference

MRC 1992 17 Gy/2 F/8 days vs. 10 Gy/1 fraction 235 100 vs. 122 days No difference

Abratt 1995 35 Gy/10 F/2.5 weeks vs.

45 Gy/15F/3.75 weeks

84 8.5 vs. 8.5 months No difference

MRC 1996 36 or 39 Gy/12 or 13 F/2.5 weeks vs. 17 Gy/2

F/8 days

509 1. 9 vs. 2.7 months ,

P = 0.03

No difference

Rees 1997 17 Gy/2 F/8 days vs. 22.5 Gy/5 F/5 days 216 23 vs. 18% (1 year) No difference

Reinfuss 1999 50 Gy/25 F/5 weeks (conventional) vs.

40 Gy/10 F daily (split course with 4 weeks

gap) vs. delayed radiotherapy (20 25 Gy/4 or

5 F when symptomatic).

240 18 vs. 6 vs. 0%, P < 0.05

(2 years)

No assessment of symptoms

Nestle 2000 32 Gy/16 F twice daily/10 days vs. 60 Gy/30

F/6 weeks

152 36 vs. 38% (1 year) No difference

Bezjak 2002 20 Gy/5 F/1 weeks vs. 10 Gy/1 F 230 6 vs. 4.2 months, P = 0.03 Better for 20 Gy on Lung Cancer

Symptom Scale, P = 0.009

Sundstrom 2004 17 Gy/2 F/8 days vs. 42 Gy/15 F/3 weeks vs.

50 Gy/25 F/5 weeks

407 6.8 vs. 7.0 vs. 8.2 months No difference

Erridge 2005 30 Gy/10 F/2 weeks vs. 10 Gy/1 F 148 23 vs. 28 weeks Better for 30-Gy arm, P = 0.05

Kramer 2005 30 Gy/10 F/2 weeks vs. 16 Gy/2 F/8 days 297 20 vs. 11%, P = 0.03

(1 year)

No difference

Senkus-

Konefka

2005 20 Gy/5 F/l weeks vs. 16 Gy/2 F/8 days 100 5.3 vs. 8.0 months,

P = 0.016

No difference

F, fraction; Gy, gray; NS, non-significant.
aSurvival given as median value or percentage at specific timepoint.

administered over a course of 1–2 weeks with larger fraction sizes
of 3–8 Gy (e.g., 17 Gy in 2 fractions, 20 Gy in 5 fractions, and 30 Gy
in 10 fractions), with the goal of achieving a more rapid response
by using larger daily doses (10).

BRACHYTHERAPY
In our Department at MUHC, we have the facilities to use
high dose rate (HDR) endobronchial brachytherapy for palli-
ation of hemoptysis or obstruction (we use doses between 6
and 10 Gy at 1 cm). Brachytherapy has been used sporadically.
Comparing brachytherapy to EBRT is difficult. There is cur-
rently no randomized or meta-analysis based evidence to recom-
mend endobronchial brachytherapy as the routine initial palliative
management of endobronchial obstruction resulting from lung
cancer (11).

The use of concurrent chemotherapy with palliative irradiation
in lung cancer.

The question if some systemic treatment should be used as a
radiosensitizer of palliative radiotherapy in NSCLC is open for
discussion. The question is pertinent because several random-
ized studies have demonstrated that, when compared with best
supportive care, chemotherapy not only significantly improves
survival but also reduces symptoms and enhances quality of life
in stage IV NSCLC. However, in palliative radiotherapy the total
dose is usually not very high (to avoid risk of radiation induced
toxicity). In general, in the group of metastatic NSCLC patients
that need local radiotherapy palliation, the addition of chemother-
apy may increase toxicity, cost, and may complicate the delivery
of the whole treatment without significant improved palliation.
At this time, it seems that there is no added benefit for the use
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of chemotherapy concurrently with radiation therapy in the pal-
liation of thoracic symptoms in lung cancer patients (3, 4), but
this is of course an open topic and indications may be discussed
in a case by case basis. There is only one randomized clinical
trial addressing this issue showing that the use of continuous-
infusion fluorouracil showed only a discrete better response but
with increased toxicity in palliation of NSCLC (12). However,
fluorouracil is not an agent currently used in NSCLC, and the avail-
able data of palliative radiotherapy with the use of other agents
commonly used today as systemic treatment in NSCLC such as
platinum based chemotherapy, vinorelbine, or gemcitabine, are
not very persuasive (13, 14).

THE USE OF TARGET AGENTS WITH PALLIATIVE
RADIOTHERAPY
When used in combination with radiotherapy, molecularly tar-
geted agents aim to increase the effect of the radiation on the
tumor. Substantial preclinical data have accumulated to show that
these agents can potentially enhance the tumor response to radio-
therapy through a variety of mechanisms (15). They offer new but
challenging possibilities for clinical practice. There is a growing
number of publications and reviews on the topic of combination
of radiotherapy and targeted therapies in many cancers, including
NSCLC (16, 17). The addition of targeted agents to thoracic radi-
ation so far has not improved outcomes in patients with locally
advanced NSCLC (18, 19).

The combination of radiotherapy and molecular agents target-
ing vascular endothelial growth factor (VEGF) mediated angio-
genesis may evolve synergistic effects leading to enhanced tumor
cell killing on the one hand, but to enhanced normal tissue dam-
age on the other hand (20). To date, there are only limited data
on the efficacy and toxicity of anti-angiogenic agents given in
combination with radiotherapy in lung cancer.

Given the strong preclinical rationale for combining EGFR
inhibitors (Cetuximab, Panitumumab, Erlotinib, Gefitinib, Lapa-
tinib, and Trastuzumab) with radiation, additional studies are cru-
cial. Phase I/II data and lack of long-term experience suggest that
physicians should consider combined modality approaches with
caution, considering the possibility of uncommon but potentially
severe toxicity (21).

With high-precision irradiation techniques (such as “stereotac-
tic body radiation therapy”), the combination with targeted agents
is feasible with apparent no increase in severe adverse events. Nev-
ertheless, the addition of molecular targeted drugs to radiotherapy
outside of approved regimens or clinical trials warrants careful
consideration for every single case.

The problem of timing is particular to radiotherapy and molec-
ularly targeted agent combination research. It cannot be assumed
that giving the drug concurrently with radiation (as it happens
with chemotherapy) is always the optimal treatment strategy.
Indeed, drugs that cause cell cycle arrest or prolong cells in the
radio-resistant phase of the cell cycle may jeopardize the radiation
effect (17).

BRAIN METASTASES
When brain metastases occur in patients with NSCLC, there
is often also active disease at the primary site or elsewhere in

the body. In few cases, the brain is the only site with active
disease (22).

There are many guidelines on the treatment of brain metastases
showing that therapeutic intervention (radiotherapy or surgery)
is associated with improved brain control (23).

Stereotactic radiosurgery (SRS) to the brain involves a single
shot of high dose radiotherapy and can control very efficiently one
to few metastases either close to the surface or deep in the brain
(24). No randomized trials compared SRS with traditional surgi-
cal resection. The traditional whole brain radiotherapy (WBRT)
(that covers the whole brain) treats the metastases and may also
prevent the growth of new metastases, but may cause side effects
such as memory loss. Recent Cochrane review shows that there is
low quality evidence that adding upfront WBRT to surgery or to
SRS decreases any intracranial disease progression at 1 year. There
is also no clear evidence of an effect on overall and progression
free survival (25).

Stereotactic radiosurgery has become increasingly important
treatment technique in the management of brain metastases, but
it is not available everywhere and it is more expensive than WBRT.
An approach of SRS alone as initial treatment of brain metastases
has allowed patients to delay or avoid WBRT and its associated
side effects. “One of the most critical questions on this topic is
how “benefit” is defined and from who’s perspective – patient,
provider, payer, or society” (26). Whether the cost of SRS in mul-
tiple brain metastases versus just WBRT approach is justified has
yet to be defined.

STEREOTACTIC BODY RADIATION THERAPY
Stereotactic body radiation therapy or “stereotactic ablative radio-
therapy” (SART) is a technique similar to SRS, but used in tumors
outside the brain. It utilizes precisely targeted high dose radiation
to the tumor while minimizing radiation to adjacent normal tissue.
It has the luxury of using 4D CT scans to manage the pulmonary
motion during treatments. This technique allows treatment of
small to moderate sized tumors, in either a single or limited num-
ber of high daily dose fractions, with high chances of local control
and little toxicity. SBRT has a role in treating selected patients with
painful bone metastases or with oligometastases in lungs, liver, or
other sites. In spine metastases, for example, non-randomized data
show good results with this technique (27). Radiation Therapy
Oncology Group (RTOG) study number 0631 is an open Phase
II/III Study of Image-Guided SBRT for localized spine metastasis
comparing one treatment of 16 Gy delivered with SBRT versus a
single fraction of 8 Gy (28).

In patients with NSCLC and with oligometastases, there is a
trend to treat them with SBRT, although there is no evidence-
based data to show that SBRT is better than traditional palliative
radiotherapy. Recently, a proposal submitted to RTOG was not
approved because many participants would consider abusive not
to offer SBRT in those cases. There is no prospective randomized
trial to answer this question. The COMET study (stereotactic abla-
tive radiotherapy for comprehensive treatment of oligometastatic
tumors (SABR-COMET) is a randomized Phase II Trial (PIs: David
Palma, and Suresh Senan) open in Europe and Canada, comparing
patients with up to five metastatic lesions from any primary tumor
site who can receive SABR. Eligible patients are randomized to
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either standard palliative radiotherapy versus SABR (with further
chemotherapy at discretion of medical oncologist).
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The management of non-small cell lung cancer (NSCLC) has evolved into a multidiscipli-
nary team approach that traditionally has involved medical oncology, radiation oncology,
and thoracic surgery. However, in the era of personalized medicine the importance of mol-
ecular diagnostics requires adequate tissue for histologic subtyping and molecular testing
and thus requires the engagement of other subspecialties such as pathology, respirology,
and interventional radiology. Unfortunately in 2014, the majority of patients presenting with
NSCLC will succumb to their disease and the early integration of palliative care into the
treatment strategy will improve the quality of life and end-of-life care of our patients and
may in fact improve their overall survival.

Keywords: collaborative care, NSCLC, early palliative care

INTRODUCTION
Lung cancer is globally the leading cause of cancer death for both
men and women, more so than colorectal, breast and prostate
cancer combined (1). According to the Canadian Cancer Society’s
statistics 2013 report, lung cancer accounts for approximately 25%
of cancer deaths each year (2). Histologically, the majority of lung
cancers diagnosed are non-small cell lung cancer (NSCLC). The
most important risk factor for developing lung cancer remains
tobacco use, accounting for an estimated 86% of lung cancer cases
in high-income countries like Canada and the median age at diag-
nosis is 70. However, the incidence of lung cancer in non-smoking
young women is increasing (2).

Although there is no data available specifically on NSCLC in
Canada, the National Cancer Institute’s surveillance, epidemiol-
ogy, and end results (SEER) database in the United States has
reported 5-year survival rates across all stages being only 16%, with
stage IIIA, IIIB, and IV at 14, 5, and 1%, respectively (3). Although
post-operative adjuvant treatment, combined-modality treatment
approaches and the newer targeted therapies have improved out-
comes in a subset of patients, NSCLC continues to be diagnosed
late with the majority of patients presenting with advanced stage
IV disease with an associated significant symptom burden. Thus,
the goal of systemic therapy in this setting is to prolong sur-
vival and improve quality of life (QoL) by treating cancer related
symptoms.

Dr. Ellis has previously written an excellent review of the impor-
tance of the multidisciplinary team management of patients with
NSCLC (4). In this review, he addressed such things as diagnos-
tic assessment clinics, multidisciplinary case conferencing, and
involvement of the patient as part of the team as well as psy-
chosocial and nutritional support. Thus, the primary focus of this
review will be on the early integration of palliative care. As well
we will briefly address the rationale for an increased awareness of
recent advances in lung cancer care among the various specialties

involved in the assessment of patients with lung cancer and the
need to establish a cohesive network for ongoing communication
and collaboration.

ONE EXAMPLE OF THE IMPORTANCE OF A COLLABORATIVE
CARE APPROACH TO NON-SMALL CELL LUNG CANCER
Although chemotherapy remains the standard of care for most
patients, there has clearly been a shift toward personalized therapy
with the understanding of molecular diagnosis and treatment of
lung cancer. This has come about by the identification of a num-
ber of actionable mutations including the EGFR and ALK fusion
genes, which have revolutionized therapy in those patients who
harbor these mutations (5–7). As demonstrated by the Lung Can-
cer Mutation Consortium, two-thirds of NSCLC patients have an
oncogenic driver and those patients with these drivers have been
shown to live longer if they receive the corresponding targeted
agent (8).

Unfortunately, the majority of patients present to the medical
oncologist without knowledge of the EGFR or ALK mutation sta-
tus, which has the potential for delaying the start of treatment.
Furthermore, a significant number of patients will be found to
have insufficient tissue to do the appropriate molecular analysis,
which will further delay treatment and often requires commencing
chemotherapy in patients in whom it might be unnecessary thus
exposing them to increased toxicity and an inferior treatment.
Therefore, it is important for physicians involved in the diagnosis
and treatment of lung cancer to be aware that maximizing tissue
yield for histologic subtyping and molecular testing is not only
crucial but also essential to be able to offer patients a personalized
treatment approach.

Thus, an increased awareness of recent advances in lung can-
cer care by engaging multidisciplinary teams in discussions about
innovative knowledge transfer strategies would hopefully lead
to more effective practice. It is also important for professionals
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including respirologists, thoracic surgeons, internal medicine, and
interventional radiologists working with lung cancer patients to
establish a cohesive network for ongoing communication and
collaboration.

INTEGRATION OF EARLY PALLIATIVE CARE
A study examining inoperable NSCLC patients with a good perfor-
mance status found an average of 14.3 symptoms reported by these
patients at presentation. Even patients with a WHO Performance
Status of 0 (fully active) reported an average of 11.6 symptoms.
The most commonly reported symptoms included fatigue, lack of
energy, shortness of breath, cough, worrying, and chest pain (9).
Similarly, a Canadian study conducted in the ambulatory setting
found newly diagnosed lung cancer patients had a greater symp-
tom burden compared to other cancer sites (10). As expected, as
lung cancer progresses, so does the symptom burden. A group of
patients in a community radiation oncology program were found
to have increased symptom severity during the last few months of
their life, compared to the 3-months prior (11). These studies high-
light the importance of early palliative care (EPC) involvement to
help guide symptom management.

Palliative care has also been shown to assist with goals of care
discussions and address psychosocial supports. The WHO now
defines palliative care as “an approach that improves the quality
of life of patients and their families facing the problem asso-
ciated with life-threatening illness, through the prevention and
relief of suffering by means of early identification and impeccable
assessment and treatment of pain and other problems includ-
ing physical, psychosocial, and spiritual.” As well they state “is
applicable early in the course of illness, in conjunction with other
therapies that are intended to prolong life, such as chemotherapy
or radiation therapy, and includes those investigations needed to
better understand and manage distressing clinical complications”
(12). Patients report inadequate communication with providers
about shared decision-making at the end-of-life (EOL). This bet-
ter understanding of their illness through important conversations
can help patients and families prepare for EOL, which they have
reported as a valuable aspect of their care. In fact, patients rely on
their physicians to discuss hospice, advanced directives, and other
EOL care options. Studies have shown deficiencies in the area of
communication surrounding EOL (13, 14) and palliative care can
assist in facilitating these important discussions.

The American Society of Clinical Oncology published a pro-
visional clinical opinion in 2012 recommending the integration
of palliative care into standard oncology care for patients with
metastatic cancer. This recommendation was based on a phase III
clinical trial conducted by Temel and colleagues of 151 ambulatory
patients newly diagnosed with NSCLC. Patients were randomly
assigned to standard oncology care or EPC. The primary out-
come was QoL at 12 weeks, with secondary outcomes including
mood, understanding of illness, and aggressiveness of care at the
EOL. Both QoL and depression had significantly improved with
EPC. In addition, patients in the intervention group had higher
documentation rates of resuscitation preferences, as well as less
aggressive care at EOL, including intravenous chemotherapy in the
last 2 weeks of life. Despite this, patients who received EPC had a
significantly prolonged survival, by approximately 3 months (15).

A recent review by Irwin et al. postulated the possible mech-
anisms for prolonged survival attributed to EPC in patients with
metastatic NSCLC. They identified four randomized controlled
trials, including the Temel study above, which studied palliative
care interventions’ effects on QoL and EOL care in cancer patients.
They all found improved QoL in patients who received EPC, and
two of the studies showed increased survival in the intervention
groups. Irwin and colleagues hypothesized several variables are
associated with increased survival in this population based on cur-
rent literature (16). The first being palliative care’s focus on reliev-
ing suffering and improving symptom distress. Both health-related
QoL and physical symptoms have been associated with prognosis
(17, 18). Secondly, they identified treating depression as a poten-
tial mechanism for improved survival. The relationship between
depression and survival may be due to multiple effects. Improving
depression may have a beneficial impact on health behaviors linked
to treatment adherence and well-being. Depression is known to
activate the hypothalamic–pituitary axis and thus increase levels
of cortisol, affecting the immune system and specifically, helper T
cells (19, 20). A third mechanism identified is EPC’s focus on dis-
ease/prognosis understanding and goals of care discussions. When
patients had a better understanding of their prognosis, they were
less likely to receive chemotherapy at EOL. Many believe that there
is a point at EOL where the toxicity of chemotherapy may has-
ten death. Temel et al. found patients assigned to EPC were less
likely to receive intravenous chemotherapy at EOL and the interval
between last chemotherapy infusion and time of death was longer
for patients who received EPC compared to those who did not
(16). Finally, the focus on increasing social support for both the
patient and their caregivers may also be a factor in extending length
of survival. Many studies have demonstrated that marital status
is associated with a survival advantage for lung cancer patients,
which may translate into increased social support (21, 22).

In a more recent retrospective study, Hui and colleagues (23)
looked at the impact, timing, and setting of palliative care refer-
rals on the quality of end-of-life in cancer patients. A total of 366
adult cancer patients at a tertiary care center who between Sep-
tember 1, 2009 and February 28, 2010 who received a palliative
care referral and who had contact with the cancer center within
the last 3 months of life were included in the study. Outpatient
referrals were associated with significantly fewer emergency room
visits, hospital admissions, hospital deaths, ICU admissions, and
a shorter duration of hospital stay, when compared to inpatient
referrals. Outpatient palliative care referral remained an indepen-
dent factor for improved end-of-life care in multivariate analysis.
It is noteworthy that 20% of patients in each group had a diag-
nosis of lung cancer. Early outpatient involvement with palliative
care allows patients to develop a longitudinal therapeutic rela-
tionship. Through the course of multiple clinic visits the palliative
care team can help facilitate goals of care discussions and advanced
care planning, with the hope of reducing aggressive interventions
at EOL. The palliative care team also has access to community
resources and supports for both the patient and their families as
their disease progresses. Finally, the palliative care focus on symp-
tom assessments not only improves QoL but can also minimize
unnecessary ER or hospital admissions with patient education and
routine follow-up for symptom management (23).
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CONCLUSION
Clearly, our ultimate goal is to improve the diagnosis and care of
lung cancer patients. The treatment of NSCLC has evolved con-
siderably including the introduction of post-operative adjuvant
therapy for early stage disease and the use of combined-modality
therapy for stage III disease that requires the collaboration of
medical oncology, radiation oncology, and thoracic surgery. The
management of advanced disease has also evolved significantly
and a personalized approach to treatment in advanced stage IV
disease is a reality. Although traditionally, collaboration has pri-
marily been between thoracic surgery, radiation oncology, and
medical oncology, in the era of personalized medicine it is impor-
tant for all physicians involved in the diagnosis and treatment of
lung cancer to be aware that maximizing tissue yield for histo-
logic subtyping and molecular testing is not only crucial but also
essential to be able to offer patients the appropriate therapy in
a timely fashion. Unfortunately in 2014, the majority of patients
presenting with NSCLC will succumb to their disease and studies
have shown that the early integration of palliative care into the
management strategy will improve the QoL and EOL care of our
patients.
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Tyrosine kinase inhibitors (TKIs) against the epidermal growth factor receptor (EGFR) are
the standard of care treatment in non-small cell lung cancer (NSCLC).TKIs are used first line
in EGFR mutation-positive NSCLC; erlotinib is the only TKI approved for subsequent lines
of treatment in EGFR wild-type NSCLC. As promising as TKIs are in helping patients avoid
some of the side effects of traditional cytotoxic chemotherapy, they do come with a variety
of side effects.This article will describe the most common adverse events associated with
the epidermal EGFR family of TKIs including diarrhea, rash, mucositis, and paronychia. The
objective of this paper is to provide simple guidelines to assist oncologists in managing
these common toxicities. As patient survival is often directly correlated with successful
therapeutic drug delivery, the management of TKI-induced adverse events ensures proper
treatment and may avoid discontinuation or reduction of the therapeutic.

Keywords: tyrosine kinase inhibitor, EGFR, adverse event management, diarrhea, rash, stomatitis/mucositis,
paronychia

INTRODUCTION
Tyrosine kinase inhibitors (TKI) are a relatively new class of tar-
geted therapeutics used to treat a range of diseases and disorders,
primarily cancers. The first TKIs, described in 1988, specifically
inhibited the epidermal growth factor receptor (EGFR) cascade
(1). This unique class of orally administered small molecule ther-
apeutics has found their way into the standard of care treatment
in almost all types of malignancy including non-small cell lung
cancer (NSCLC). Many new EGFR–TKIs will continue to emerge,
and the number of TKls in use will continue to expand.

Tyrosine kinase inhibitors may help patients avoid some of the
side effects of traditional cytotoxic chemotherapy, where toxicities
usually involve bone marrow involvement. However, as promis-
ing as the TKIs are, they do come with a variety of side effects.
These gastroenterologic side effects, such as diarrhea and mucosi-
tis, and cutaneous side effects, such as rash and paronychia, deserve
attention as successful management can extend the time that the
patient is on therapy. To date, there have been few clinical studies
conducted to study these side effects. The objective of this paper
is to provide simple guidelines to assist oncologists in manag-
ing these common toxicities. While the use of EGFR–TKIs can
also have more severe adverse events (SAE) including ocular dis-
orders, interstitial lung disease, or hepatotoxicity, these SAE are
uncommon and fall beyond the scope of this paper.

DIARRHEA
Diarrhea is one of the most frequent adverse events of EGFR–
TKI therapy. The gastrointestinal tract expresses EGFR on cells of
epithelial origin.

Abbreviations: BCCA, BC cancer agency; EGFR, epidermal growth factor receptor;
NCI, National Cancer Institute; NSCLC, non-small cell lung cancer; QOL, quality of
life; RCT, randomized clinical trial; SAE, severe adverse event; TKI, tyrosine kinase
inhibitor.

CAUSES AND INCIDENCE
Epidermal growth factor receptor–tyrosine kinase inhibitors
induced diarrhea is thought to result from excess chloride secretion
that causes a secretory form of diarrhea (2). Severe diarrhea can
result in fluid and electrolyte loss, which then can lead to dehydra-
tion, electrolyte imbalances, and renal insufficiency. Alterations in
gastrointestinal transit and digestion can lead to nutritional defi-
ciencies that can negatively impact the quality of life (QOL) of
patients (3).

The incidence of diarrhea with EGFR–TKI treatment in phase
III clinical trials ranges from 27 to 87% with up to 25% of patients
experiencing SAEs (Table 1).

GRADING AND ASSESSMENT OF DIARRHEA
The severity of diarrhea is graded using the National Cancer
Institute’s CTCAE (Table 2). These criteria (grades) do not pro-
vide a complete assessment, and additional information should
be obtained from the patient evaluation. It is important to rule
out other possible causes of diarrhea. These include medications
such as laxatives, stool softeners, antibiotics, or antacids; dietary
factors such as excess consumption of fiber or dairy products,
greasy foods; comorbid infections such as intestinal obstruction,
fecal impaction, and surgeries (short bowel or gastrectomy); or
radiation toxicity.

Laboratory investigations include a complete blood count and
differential to rule out neutropenia, blood tests to assess renal
function, and electrolyte abnormalities and a stool culture or
Clostridium difficile toxin screen to check for bacterial pathogens.
To rule out co-existing disorders such as bowel obstruction or per-
foration, abdominal radiography, endograph endoscopy, or biopsy
might need to be performed. Duration of diarrhea, stool charac-
teristics, and co-existing symptoms should also be obtained from
the patient (3, 4).
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MANAGEMENT RECOMMENDATIONS FOR DIARRHEA
Patients should be advised to immediately report any symptoms
of diarrhea, so they can be managed early and effectively. Patients
have to understand the importance of avoiding/preventing dose
reductions or discontinuation of EGFR–TKIs.

Dietary changes and over-the-counter anti-diarrheal medica-
tions can generally be used to manage EGFR–TKI induced diar-
rhea. This management is identical to that of chemotherapy-
induced diarrhea (3–5).

Patients who experience diarrhea should avoid greasy, spicy,
and fried foods as they can exacerbate the symptoms. Until symp-
toms start to resolve, patients can eat a diet of bananas, rice, apple
sauce, and toast (BRAT) and avoid foods that may increase abdom-
inal cramping and bloating such as Brussels sprouts, cabbage, and
broccoli. When symptoms start to improve, foods such as eggs,
pasta, and skinless chicken can be added. Patients should drink
3–4 l of fluid to prevent dehydration. Prolonged diarrhea may
cause diminished lactase activity resulting in lactose intolerance

Table 1 | Incidence of diarrhea with EGFR–TKIs in NSCLC clinical trials.

EGFR–TKI Description Grade (%)

All ≥3

Erlotinib 150 mg All studies (10–69) (0–17)

Phase III studies (40–68) (2–12)

Gefitinib 250 and 500 mg All studies (27–75) (0–25)

• 250 mg (27–58) (0–10)

• 500 mg (51–75) (5–25)

Phase III studies (27–69) (3–25)

• 250 mg (27–58) (3–10)

• 500 mg (51–69) (12–25)

Afatinib 40 and 50 mg All studies (67–100) (0–33)

• 40 mg (67–97) (0–7)

• 50 mg (87–100) (17–33)

Phase III studies

• 50 mg (87–17)

Dacomitinib 15, 30, and 45 mg All studies (phase II) (77–97) (0–15)

• 30 mg (77–0)

• 45 mg (81–97) (13–15)

Adapted from Hirsh (10).

thus milk products should be avoided for about a week following
diarrhea (3–5).

The pharmacologic management of diarrhea is generally lim-
ited to over-the-counter loperamide (Figure 1). After the first
diarrhea, patients should start 4 mg of loperamide followed by
2 mg after each loose stool or every 4 h to a maximum daily dose
of 20 mg. If symptoms persist for more than 24 h, the dose of
loperamide can be increased to 4 mg followed by 2 mg every 2 h.
If 12 h have passed without diarrhea, loperamide can be stopped
(3–6).

Epidermal growth factor receptor–tyrosine kinase inhibitors
cessation is required for grade 3 or 4 diarrhea and then restart
EGFR–TKI at a lower dose once the severe symptoms have sub-
sided. Use of octreotide is generally for chemotherapy-induced
diarrhea and there is no evidence to support its use in the
EGFR–TKI setting.

RASH
Cutaneous side effects of EGFT–TKIs can include skin rashes of
many different types and severity. The rash is very acne-like in
appearance, and is accurately described as a papulopustular erup-
tion. Other descriptions include the terms acneiform skin reaction,
acneiform rash, acneiform follicular rash, acne-like rash, mac-
ulopapular skin rash, and amonomorphic pustular lesions. The
EGFR–TKI induced rash most often appears on the face and chest,
but can be more widespread. The rash may be triggered by sun
exposure (7). Dry skin, pruritus, ocular, and hair changes are also
common.

CAUSES AND INCIDENCE
Epidermal growth factor receptor is expressed in the basal layer of
the epidermis, and its normal physiological roles include stim-
ulation of epidermal growth, inhibition of differentiation, and
acceleration of wound healing. As the name of this receptor is“epi-
dermal,” it is no surprise that inhibitor toxicity may include the
epidermis. Pathophysiological effects of EGFR inhibition include
impaired growth and migration of keratinocytes, and the expres-
sion of inflammatory chemokines by these cells, which results
in inflammatory cell recruitment (8). Not surprisingly, a histo-
logic analysis demonstrates a mixed inflammatory infiltrate in the
upper areas of the skin. This inflammation and subsequent cuta-
neous injury accounts for many of the symptoms observed in
patients being treated with this class of TKI, including tenderness,
papulopustules, and periungual inflammation (9).

Table 2 | US National Cancer Institute grading for diarrhea.

Grade 1 Grade 2 Grade 3 Grade 4 Grade 5

An increase of <4 stools over

baseline, per day

An increase of 4–6 stools over

baseline, per day

An increase of 7 or more stools

over baseline per day

Life-threatening consequences Death

Incontinence Urgent intervention indicated

Hospitalization indicated

Limits self-care activities of daily

living

Adapted from the Common Terminology Criteria for Adverse Events (15).
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FIGURE 1 | Management of diarrhea induced by chemotherapy or EGFR–TKIs. IV, intravenous, SC, subcutaneous, TID, three times daily. Adapted from
Hirsh (10).

There are several phases to the cutaneous manifestations.
In the first week of TKI treatment, patients often experi-
ence sensory disturbances, erythema, and edema. In the second
week of TKI treatment, patients experience papulopustular

eruptions, followed by crusting in week 4. In the 4–6 weeks
following, a background of erythema and dry skin can
be seen in areas previously affected by the papulopustular
eruption (8).
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Table 3 | Rate of grade 3 rash, Paronychia and Stomatitis/mucositis observed in trials.

Grade 3/4 adverse events EGFR–TKI and trial

Gefitinib Erlotinib Afatinib Afatinib

IPASS (3)

(N =607) (%)

EURTAC (4)

(N =84) (%)

LUX-Lung 3 (5)

(N =229) (%)

LUX-Lung 6 (6)

(N =239) (%)

Rash/acne 3.1 13 16.2 14.6

Stomatitis/mucositis 0.2 NR 8.7 5.4

Paronychia 0.3 NR 11.4 NR

NR: not reported.

Incidence of all grades of rash in phase 3 clinical trials varies
from 37 to 78% (10). Grade 3 rash ranges from 3.1 to 16.2%
depending on the trial (Table 3) (11–14).

MANAGEMENT RECOMMENDATIONS FOR SKIN RASH
Patient education is a very important aspect of management, and
several important points need to be communicated and empha-
sized. First of all, the rash is not contagious; the skin toxicity is not
infectious, but inflammatory. Secondly, this skin rash is not acne,
and so patients should be strongly discouraged from treating the
rash with over-the-counter acne medications, as acne medication
is very drying and will exacerbate the pruritus. Third, as dry skin is
almost universally experienced by patients taking this medication,
they should be instructed to use an alcohol-free emollient cream
applied twice daily, preferably to their entire body. Finally, since
sun exposure may aggravate the pruritus, patients are advised to
avoid sun exposure, and a broad spectrum sunscreen is strongly
recommended (9).

The specific treatment algorithms for rashes caused by EGFR
inhibitors vary widely throughout the different centers that use
these agents in their clinics. Nonetheless, some basic principles
may apply to all situations. Early treatment of rash can prevent
symptoms from becoming worse, so clinicians are advised to assess
patients weekly, and intervene when the first symptoms of rash
appear. Management strategies for EGFR–TKI induced rash are
shown in Table 4.

Mild reactions (NCI-CTC grade 1) (15) are gener-
ally localized with no associated physical symptoms. Treat-
ment options include topical low–medium potency corticos-
teroids. Other options include the addition of clindamycin
1% gel to hydrocortisone 1% and the use of oral semi-
synthetic tetracyclines (i.e., doxycycline or minocycline). The
EGFR inhibitor should be continued while the rash is being
treated.

Moderate reactions (NCI-CTC grade 2) (15) are more
severe and can include symptoms such as tenderness or itch-
ing. The recommended treatment is hydrocortisone 1 or 2.5%
cream± clindamycin 1% cream, as well as a 4-week course of
an oral tetracycline antibiotic, such as doxycycline 100 mg daily
or minocycline 100 mg twice daily. Minocyline can cause nausea
in a small percentage of patients, and reduction to 100 mg daily
may be better tolerated. As the rash from the EGFR–TKI may
wax and wane, the treatment may need to be repeated at several
intervals.

Table 4 | BCCA management guidelines for EGFR–TKI induced rash.

Grade Toxicity EGFR inhibitor

1 Macular or papular

eruption or erythema

with no associated

symptoms

Maintain dose level of TKI

Consider clindamycin 2% and

hydrocortisone 1% in a lotion to be

applied topically BID as needed

2 Macular or

papulopustular eruption

or erythema with pruritus

or other symptoms that

are tolerable or interfere

with daily life

Maintain dose level of TKI

Consider clindamycin 2% and

hydrocortisone 1% in a lotion to be

applied topically BID as needed

+minocycline 100 mg PO BID for

1–2 weeks or longer as needed

3 Severe, generalized

erythroderma, or

macular, popular or

vesicular eruption

Withhold EGFR TKI for 10–14 days

When improvement to grade 2 or

less, continue at 50% of original dose

If toxicities do not worsen, escalate

by 25% increments of original dose

until starting dose is reached

If no improvement, discontinue

Continue treatment with clindamycin

2% and hydrocortisone 1% in a lotion

to be applied topically BID as needed

+minocycline 100 mg PO BID for 1 to

2 weeks or longer as needed

4 Generalized exfoliative,

ulcerative, or blistering

skin toxicity

Discontinue treatment

Adapted from the management guidelines utilized in the BC Cancer Agency

(BCCA) Oncology Department.

Severe reactions (NCl-CTC grade 3) (15) are generalized with
major symptoms affecting activities of daily living and are intol-
erable to the patient. Though histological findings suggest that
the papulopustular eruption has an inflammatory component,
the use of topical oral corticosteroids is based on empirical data.
A temporary 7–10 days discontinuation of the TKI involved is
recommended, with subsequent reintroduction at a lower dose
according to the product monograph. Treatment with both a
steroid cream and oral tetracycline as per moderate rash is
encouraged during the interruption period. When treatment is
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reintroduced, dose escalation of the TKI being used is often
possible.

Some guidelines, including BC Cancer Agency guidelines,
include drug dose reduction to alleviate severe drug reactions.
While side effects of the TKIs are often unpleasant, effort must be
made to maintain patients on their cancer therapies. If a TKI is
administered in only one dose, for example, in the case of gefitinib
where only one dose exists, switching the patient to another TKI
that has more flexible dosing is strongly recommended.

Dry skin in the trunk and extremities is very common in
patients being treated with EGFR–TKIs. Fragrance free creams
and ointments are recommended over lotions, which may con-
tain alcohol. For scaling and hyperkeratosis, ammonium lactate
and urea-containing preparations are also useful, but they should
be used with care because of greater skin sensitivity in these
patients.

A scalp rash may be successfully treated with the basic princi-
ples above, however, a gel can be formulated as cream and lotion
treatment can be unappealing in the hair or hairline area of the
neck. Patients may often develop lesions and plaques on the scalp,
which can be treated with topical clindamycin 2% plus triamci-
nolone acetonide 0.1% in equal parts of propylene glycol and water
until resolution.

MUSOSITIS/STOMATITIS
In addition to diarrhea, patients taking EGFR–TKIs often experi-
ence other gastrointestinal side effects. Although used interchange-
ably, mucositis refers to inflammation of the gastrointestinal tract
while stomatitis refers to inflammation of the mouth (15, 16).
Symptoms can also include tingling in the mouth or on the tongue,
ulcers or cracks on the side of the mouth (B. Melosky, unpublished
observation). This side effect is rarely seen with the first genera-
tion TKIs, but is observed with the second generation TKIs. In
the original IPASS trial, 0.2% of patients treated with gefitinib
reported grade 3 mucositis/stomatitis (11), while 8.7% of patients
treated with afatinib in LUX-Lung 3 experienced grade 3 mucosi-
tis/stomatitis (Table 3) (13). As this is a new finding, the true
incidence of mucositis/stomatitis has not often been evaluated in
a trial setting.

MANAGEMENT RECOMMENDATIONS FOR MUCOSITIS/STOMATITIS
There have not been any randomized control trials to determine
the best ways to manage EGFR–TKI induced mucositis/stomatitis.
A careful examination of patients prior to treatment to determine
baseline oral health status and inflammation is recommended, as
well as observation during treatment (17). Patients are encouraged
to practice good oral hygiene including frequent brushing with a
soft brush, flossing, and rinsing with saline. Avoid commercial
mouthwashes as they often contain alcohol, which can exacerbate
the situation. As symptoms become more severe, oral care should
become more frequent (16).

The following strategies for treating stomatitis/mucositis are
recommended (Dr. Kim Papp, personal communication). The rec-
ommended treatment for grade 1 stomatitis/mucositis is kenalog
in Orabase®, applied two or three times a day. The recommended
treatment for grade 2 stomatitis/mucositis is kenalog in Orabase®,
with the addition of 250–350 mg of erythromycin a day. The

recommended treatment for grade 3 stomatitis/mucositis is clo-
betasol ointment instead of kenalog in Orabase®, with an increase
in erythromycin dose to 500 mg daily. EGFR–TKI is maintained
for grades 1 and 2, and temporarily discontinued for grade 3,
until the stomatitis/mucositis improves to grade 2, at which point
it is resumed at 50% of the original dose and then increased if
symptoms do not get worse.

PARONYCHIA
In addition to the skin rash,other cutaneous manifestations may be
observed in patients treated with EGFR–TKIs. Paronychia inflam-
mation or infections associated with the lateral nail folds of the toes
and fingers can become a concern after a longer period of treat-
ment. Although EGFR–TKI related nail changes are usually mild,
they can also be severe and symptomatic, especially with the newer
generation of TKIs (8, 18). Of note, paronychia is almost never seen
with first generation EGFR–TKIs, erlotinib, and gefitinib (Table 3).

MANAGEMENT RECOMMENDATIONS FOR PARONYCHIA
A challenge in managing paronychia is that there have not been
any randomized control trials testing out treatment/management
options. Patients are advised to use emollient lotions, to wear
gloves during chores or cleaning, and to avoid impacts on fingers
and toes.

Table 5 | Management guidelines for paronychia (Hirsh, personal

communication).

Grade Toxicity EGFR inhibitor

1 • Nail fold edema or

erythema

• Disruption of the cuticle

• Topical

antibiotics/antisepticsa

• Vinegar soaksb

• Topical ultrapotent steroids

(clobetasol priopionate)

applied twice daily

2 • Nail fold edema or

erythema with pain

• Associated with discharge

or nail plate separation

• Limiting instrumental

activities of daily living

• Same as in grade 1

• Silver nitrate application

weekly

3 • Limiting self-care activities

of daily living

Interrupt afatinib; refer to a

dermatologist and resume

afatinib at a reduced dose

(10 mg) if patient recovers to

grade ≤1

• Same as in grade 2

• Consider nail avulsion and

systematic antibioticsc

aExamples of topical antibiotics/antiseptics: clindamycin 1%, erythromycin 1%,

tetracycline 1%, or chloramphenicol 1%, iodine ointment.
bVinegar soaks consist of soaking fingers or toes in a solution of white vinegar or

water 1:1 for 15 min every day.
cSystemic antibiotics include tetracyclines and antimicrobials (erythromycin

should be avoided).
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The following strategies for treating the inflammation and
infection are recommended (Table 5, Dr. Hirsh). The recom-
mended treatment for grade 1 paronychia is topical antibiotics and
antiseptics including clindamycin 1%, erythromycin 1%, tetracy-
cline 1%, or chloramphenicol 1%, iodine ointment. Vinegar soaks,
whereby fingers or toes are soaked in a 1:1 solution of white vine-
gar and water for 15 min a day are recommended. In addition, oral
doxycycline may be effective along with a high potency corticos-
teroid such as clobetasol propionate applied to nail beds twice a
day. For more severe cases (grade 2), silver nitrate may be applied
weekly. Patients with splinter hemorrhages can be treated with
liquid bandage. In severe cases (grade 3), the EGFT–TKI should
be discontinued until symptoms improve. Additionally, intrale-
sional corticosteroid injections or removal of the nail plate may be
beneficial.

CONCLUSION
Tyrosine kinase inhibitors against the epidermal growth fac-
tor have become standard of care in cancers such as NSCLC.
Therapy with EGFR–TKIs has improved clinical outcomes, but
they are accompanied by a number of adverse events that can
be effectively managed, especially diarrhea, rash, mucositis, and
paronychia. Strategies for early and ongoing management of rash
and diarrhea are essential to patient compliance and treatment
outcome.
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The majority of patients with non-small cell lung cancer present at the time of diagnosis
with stage IV metastatic disease and they experience 2 or more disease-related symp-
toms. These symptoms may have a negative impact on their health-related quality of life
(HR QOL). Data has shown many of these patients prefer a therapy to improve their symp-
toms rather than receive a therapy which slightly prolongs their survival without improving
their symptoms. The improvement of disease-related symptoms on a specific drug or reg-
imen augments the significance of prolongation of the progression-free survival or the
response rate as well as symptom worsening. The choice of the questionnaires to evalu-
ate patients’ reported outcomes and HR QOL benefits and the methods of collecting the
data and their interpretations are very important. Only if the data are collected and analyzed
properly will they be meaningful and can then be viewed as components that add the total
value to a treatment and provide a comprehensive picture of the benefits and risks of a
certain anticancer therapy.

Keywords: HR QOL, symptoms, data collection, metastatic NSCLC, clinical trials

INTRODUCTION
Lung cancer is the leading cause of cancer death worldwide for
both men and women (1). A majority of these patients present at
the time of diagnosis with metastatic disease. Approximately 90%
of patients with advanced non-small cell lung cancer (NSCLC)
experience two or more disease-related symptoms such as cough,
dyspnea, pain, anorexia, or fatigue (2). These symptoms in turn
can cause psychological distress and may have a negative impact
on a patient’s health-related quality of life (HR QOL). High
degrees of psychological distress influence the emotional well-
being in both patients and their families. In one survey, 68% of
patients preferred a therapy that would improve disease-related
symptoms without prolonging their life as opposed to treat-
ment(s) that slightly prolonged their survival without improving
symptoms (3).

A patient’s well-being can be affected both through symptom-
control, treatment-related toxicity, and treatment efficacy. There-
fore, treatments which can decrease the tumor burden and growth,
and be less toxic, are very important for patients with advanced
NSCLC (4, 5). It is of the utmost importance for these patients to
preserve their independence and not be dependent on their loved
ones feeling like a burden at the end of their lives (6–8).

Some studies suggest a link between tumor response and
improvement of symptoms such as cough, dyspnea, chest pain, and
also systemic symptoms such as fever, anorexia, and weight loss (9–
11). The improvements in symptoms further augment the signifi-
cance of good response rates or prolonged PFS. As the median OS
of most of the patients with metastatic NSCLC is modest (around
1 year), with specific new targeted agents it approaches 2 years,
therefore HR QOL and patients’ reported outcomes (PROs) carry
high importance and thus will be reviewed here.

COLLECTION OF THE DATA
Patients’ reported outcomes and HR QOL benefits are usually
assessed during clinical trials using the self-administered cancer-
specific European Organization for Research and Treatment of
Cancer (EORTC) questionnaires QLQ C30 (12), the lung cancer-
specific EORTC QLQ LC13 (13), and the Euro QOL EQ-5D (14)
questionnaire (in afatinib LUX LUNG phase 3 trials or crizotinib
phase 3 trials) or functional assessment of cancer therapy-lung
(FACT-L) (15) (functional assessment of cancer treatment in lung
cancer) questionnaire (i.e., in IPASS phase 3 trial with gefitinib).
The QLQ C30 questionnaire consists of five functional scales
(physical, role, cognitive, emotional, and social functioning), three
symptom scales (fatigue, pain, and nausea/vomiting), a global
health status/QOL scale, and single items, i.e., dyspnea, loss of
appetite, constipation, diarrhea, sleep disturbance, and financial
impact. The QLQ LC13 questionnaire incorporates one multi-item
scale to assess dyspnea and a series of single items assessing cough,
pain, sore mouth, dysphagia, peripheral neuropathy, alopecia, and
use of pain medication.

For each scale/item, a linear transformation is applied to stan-
dardize the raw score on a range from 0 to 100 with 100 represent-
ing the best possible function/QOL for functional scales, and the
highest burden of symptoms for symptom scales and symptom
items. A 10-point change in an item or domain is perceived to be
clinically meaningful (16). The percentage of patients who are clas-
sified as improved (≥10-point increase for functioning scales and
≥10-point reduction for symptom domains or items from baseline
scores) with respect to each of the questionnaires is examined (16).
In addition, the time-to-deterioration of an item/domain score is
defined as the item from randomization to the first appearance of
a score that is 10 points or more lower or higher than the baseline
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score (≥10-point reduction for functioning scales and ≥10-point
increase for symptom scales or items).

The EQ-5D is a disease-generic questionnaire that comprises
the EQ-5D and EQ-visual analog scale (VAS). The EQ-5D mea-
sures five dimensions of health (mobility, self-care, usual activities,
pain/discomfort, and anxiety/depression). Each dimension com-
prises three levels (no problems, some/moderate problems, and
extreme problems). Utility scores range from 0 to 1 and are
calculated from the five EQ-5D items scores using the United King-
dom preference weights (17). The EQ-VAS records the patient’s
self-rated health status on a vertical, graduated (0–100) VAS.

Functional assessment of cancer therapy-lung questionnaire
(version 4) comprises 36 items across 5 domains/categories: phys-
ical, social, family, emotional, and functional well-being. The Lung
cancer subscale consists of symptoms, cognitive function, and
regret of smoking. Scores range from 0 (not at all) to 4 (very
much) (15).

Each protocol specifies a schedule for questionnaires to be com-
pleted (at baseline, every 2–4 weeks, at the end of the treatment
visit, and during the first follow-up visit). The use of concomi-
tant medications is assessed at the baseline and during the trial,
especially analgesic use, anti-anxiety/depression medications, O2

use, etc.

INTERPRETATION OF THE RESULTS
Patients must answer the questionnaires prior to learning the
results of their tests (scans) from their physicians in order to obtain
reliable results. Help with the questionnaires should be available
by knowledgeable staff in the clinic or hospital. Since patients
must fill out the questionnaire by themselves, supervision of this
procedure in order to ensure objectivity is important. Attention
should be paid to the baseline scores. In randomized trials, are
they well-balanced? Are they low (i.e., low burden of symptoms)
or high (i.e., high burden of symptoms)? If the baseline scores are
low, the percentage of patients with improved symptoms on cer-
tain anticancer treatments might be difficult to find. Delay of the
symptom deterioration is usually of high importance. The longi-
tudinal analysis which looks at symptoms and HR QOL over time
(at different visit intervals) might be informative.

The compliance of patients a propos to the completion of their
questionnaires must be reported at the baseline and also during the
study. The compliance during the study should remain at ≥80% in
order to interpret the results appropriately. In the case of EORTC
questionnaires, both EORTC QLQ LC13 and QLQ C30 have to be
analyzed to get a complete picture not only of lung cancer-related
symptoms, but also of symptoms related to cancer treatment tox-
icities. The patients’ symptoms are treated by analgesics, cough
suppressants, O2, anti-depressants, appetite stimulating agents,
etc., and they all have to be incorporated in the final analysis.
Other factors such as patient’s performance status (improving or
deteriorating), weight loss, and special emotional counseling are
of great value and can influence patients’ HR QOL.

CONCLUSION
Patients’ reported outcomes and health-related quality of life out-
comes are important parameters of the evaluation of new drugs
or regimens of patients in advanced NSCLC, but only if the data

are collected and analyzed correctly. They should be viewed as
components of the total value of a treatment. They should pro-
vide, together with the other primary and secondary endpoints,
a comprehensive picture of the benefits and risks of anticancer
therapies for patients with metastatic NSCLC. This is the position
taken by the Food and Drug Administration (18) and the European
Medicine Agency (19, 20).

Dedicated personnel are required for this time-consuming
process of collecting and analyzing the PROs and HR QOL data.
The delivery of reliable results from these questionnaires requires
the team work of knowledgeable and devoted workers. Conse-
quently enabling patients with advanced NSCLC to feel more
comfortable and independent during the last months or years of
their life becomes a very important task in their treatment.
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A paradigm-shift in the management of non-small cell lung cancer (NSCLC) has resulted in
many new therapies becoming available for patients with advanced disease. Stratification
of treatment by histologic and molecular subtype is recommended to obtain the great-
est clinical benefit for patients while minimizing adverse effects of treatment. However,
these advances in diagnosis and treatment of NSCLC have come at a financial cost. This
review highlights the economic impact of screening for molecular abnormalities and tar-
geted treatment for advanced NSCLC. Major determinants of cost are drug acquisition and
molecular testing. As technologies advance, molecular testing costs may reduce. However,
we must collaborate with payers and manufacturers to ensure that high drug costs do not
limit patient accessibility to potentially beneficial treatment.

Keywords: metastatic NSCLC, economic impact, tissue testing, personalized medicine, medical economics

INTRODUCTION
Increasing understanding of the biology of cancer has resulted
in strategies to personalize therapy for patients. In advanced
non-small cell lung cancer (NSCLC), these advances have led to
stratification of treatment by histological and molecular subtype
to obtain the greatest clinical benefit, while minimizing adverse
effects of treatment (1–3). However, these innovations in diagnosis
and treatment of NSCLC have come at a financial cost. Where cure
is not an option, the impact of cost is a significant consideration
in provision of cancer care.

TREATMENT FOR NSCLC
The SWOG 9509 (4) and ECOG 1594 (5) studies established
platinum-based doublet chemotherapy as the treatment of choice
in advanced NSCLC. These studies did not demonstrate benefit
between treatment regimens for any subgroup analyzed. However,
comparison of pemetrexed with docetaxel as second-line therapy
(6), and a subsequent randomized trial comparing the combina-
tion of pemetrexed/cisplatin with gemcitabine/cisplatin as first-
line treatment (7), highlighted a clinical benefit for pemetrexed
in patients with non-squamous histology, giving the first sugges-
tion that NSCLC can no longer be treated as one disease. Further
attempts to improve outcomes included the addition of beva-
cizumab to platinum-doublet chemotherapy. This combination
resulted in hemoptysis when used to treat patients with squamous
cell carcinoma (8), resulting in selective treatment of patients with
non-squamous histology only. A modest survival benefit of two
months was seen in the bevacizumab arm with overall survival of
12.3 months compared with 10.3 months for the chemotherapy
alone arm (9) and 4 months in the adenocarcinoma subgroup.

Further therapeutic options became available with the emer-
gence of epidermal growth factor receptor (EGFR) tyrosine kinase
inhibitors (TKIs). The presence of activating mutations in exons

18, 19, 20, and 21 of EGFR in NSCLC [in 15% of adeno-
carcinoma (10)] predicts for improvements in progression-free
survival, response, and quality of life with the use of EGFR
TKIs for this subpopulation of patients compared to traditional
chemotherapy (10–12). In addition, the presence of the echino-
derm microtubule-associated protein-like 4-anaplastic lymphoma
kinase (EML4-ALK ) fusion gene in 2–7% of cases of NSCLC (13)
is a target for therapy with crizotinib with enhanced response
rates and progression-free survival when compared to second-line
chemotherapy in pre-treated patients, and more recently first-line
treatment (3). These targeted therapies have dramatically changed
the diagnosis and treatment of NSCLC.

COSTS OF LUNG CANCER MANAGEMENT
Increasing costs of cancer management are a global issue. The esti-
mated cost of cancer care in the United States (US) was $124.57
billion in 2010, with a minimum estimated cost of lung cancer care
being $12.12 billion. Using the most conservative estimates, this
cost was predicted to increase by 25% to $15.19 billion by 2020
(14). However, this does not account for changes in treatment
strategy and the introduction of novel agents. Canadian data have
shown that the proportion of patients receiving systemic ther-
apy has doubled from 18.1 to 37.5% from 1997 to 2007 but that
the treatment costs tripled during this interval (15). Cost is of
major concern to patients and payors, with medical debt being
the most common cause of personal bankruptcy in the US (16).
Molecularly targeted agents, while providing clinical benefit, carry
a high price tag. The monthly cost of the EGFR TKI erlotinib is
$2,847CAD (Canadian dollars), and the ALK TKI crizotinib costs
$10,400CAD for a month’s supply (17). Additional expenses may
also apply, including overhead costs, within certain countries.

With the expanding use of targeted therapies in this popula-
tion, even greater increases in the cost of lung cancer treatment are
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Graham and Leighl Economics of personalized NSCLC management

anticipated. In addition, the cost of further diagnostic testing to aid
treatment selection will escalate costs in the management of lung
cancer. Obtaining value for money when prescribing expensive
medications is critical for patients, payors, and society.

DIAGNOSTIC TESTING
As histology and molecular subtype are such critical determinants
of cancer treatment, adequate tissue sampling is vital. Approxi-
mately 70% of NSCLC is diagnosed at an advanced stage, usually
by small biopsy sampling rather than surgical resection. Interna-
tional guidelines have recommended routine immunohistochem-
ical staining (IHC) of all NSCLC for diagnosis, histologic subtype
and molecular testing for EGFR mutation, and EML4-ALK fusion
for patients with advanced NSCLC (18–20). With small tissue
or cytology samples, the diagnostic yield may be compromised,
resulting in a requirement for re-biopsy to obtain more tissue to
accurately provide a diagnosis. In the IPASS study, 44% of patients
did not have available tissue for molecular testing (12), similar to
55% of patients in the BR.21 study (2). In addition, the tumor
content may be insufficient for molecular testing (21). Amount
of tissue required and labor intensiveness depend on the tech-
niques employed, e.g., IHC requires less tissue and is less costly
than fluorescent in situ hybridization (FISH) or sequencing, cost-
ing $40CAD compared with $388CAD for FISH (22). Therefore,
the availability of tissue and method of testing are of clinical and
economic importance.

Standardized IHC is recommended for diagnosis of NSCLC
and the determination of histologic subtype. The current gold
standard for EML4-ALK testing, used in initial clinical studies as
a companion diagnostic tool, is the use of a break-apart FISH
assay (Vysis ALK Break Apart FISH Probe, Abbott Molecular Inc.,
Des Plaines, IL, USA). However, reverse-transcriptase polymerase
chain reaction, IHC, chromogenic in situ hybridization (CISH),
and other techniques may also be used. The most reliable of these
alternative methods is IHC, due to improved sensitivity and speci-
ficity of the antibodies (23). IHC has been shown to correlate with
FISH in several studies (24, 25), providing a far less costly and more
easily accessible method for preliminary detection of EML4-ALK
fusion, which may subsequently be confirmed with FISH (26).
EGFR mutation testing can be performed using Sanger sequenc-
ing, and other less labor-intensive methods of EGFR mutation
testing have been developed, which may have even greater sensi-
tivity (27, 28). Multiplex assays and next-generation sequencing
in lung cancer samples are tested for several genomic aberrations
simultaneously and usually include EGFR genotyping.

Personalized therapy relies on the presence of a predefined
clinical, pathological, or molecular biomarker. Biomarkers can be
incorporated into drug development by different methods. Where
a biomarker is integral to the drug development process, the popu-
lation are screened and pre-selected for treatment on the presence
of this biomarker. In order for this to be a valid strategy, robust
preclinical data must strongly support this methodology. Crizo-
tinib (an ALK, ROS-1, and MET inhibitor) is an example of a drug
that was developed using an integral approach (29). An a priori
hypothesis of efficacy in patients with EML4-ALK+, ROS-1+, and
MET amplified tumors was used to enroll only these subpopula-
tions to the study. This trial design led to accelerated approval for

this agent, where the relatively low frequency of EML4-ALK in
the population of NSCLC may have otherwise resulted in a nega-
tive outcome. However, there is a concern that this approach may
miss activity in biomarker-negative patients who may potentially
benefit from an agent, if they are excluded from clinical trials. In
addition, the cost of identifying the target population in this type
of study is not accounted for.

Alternatively, a biomarker may be integrated into trial design,
allowing both biomarker-positive and -negative patients to receive
treatment, thereby enabling assessment of benefit in both groups.
In this case, all patients are tested for the presence of the biomarker,
and analysis of the subpopulation of interest occurs retrospec-
tively. This was the case with the EGFR TKIs, where the biomarker
of interest was initially thought to be EGFR protein expression (30)
but pre-specified subgroup analysis confirmed a greater benefit for
this therapy in patients with the presence of EGFR mutation in the
tumor (12, 31–33).

ECONOMIC ANALYSES
Economic analyses aim to contextualize the cost of healthcare ser-
vices by providing a measure of the cost and consequences for
different treatments. The gold standard for oncology is the cost–
utility analysis. Results are commonly presented as incremental
cost-effectiveness ratios (ICER) and cost per quality-adjusted life
year (QALY) to give a measure of the value of the intervention
based on clinical benefit and costs (34). The quality of an eco-
nomic assessment is often driven by the existing clinical data to
support the intervention (35).

Different paths of drug development become important in eco-
nomic analyses when considering the methods by which the inter-
vention in the target population and the comparator is defined.
There are different approaches to evaluate the cost of personalized
medicine. It is possible to focus only on the target population and
compare the intervention with other comparators in that group.
However, the cost of identifying the target population through
molecular testing will not be incorporated in this design, thereby
potentially underestimating total cost of therapy. An alternative
approach would be to compare a strategy of testing for the target
biomarker in the entire population followed by treatment of the
target population, with a strategy involving no biomarker testing
and standard of care therapy. However, this relies on availability
of an accurate assay for biomarker assessment in order to identify
the true target population as a proportion of the population as a
whole. An effect on small target populations may have minimal
change in outcome for the population as a whole, especially if the
target population is very small, e.g., 1–2%. Also, improvements in
technology may result in a change of testing strategy and modified
costs in the future. Another approach may be to separate the test
and treat component of the analysis (26).

EGFR TKIs
These agents were developed before the optimal target population
was defined. Thus, early trials in lung cancer involved unselected
advanced NSCLC patients.

An economic analysis of erlotinib in previously treated other-
wise unselected patients with NSCLC was performed by the NCIC
clinical trials group (NCIC CTG) based on data from the NCIC
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CTG BR.21 study. An ICER of $94,638CAD per life-year gained
(LYG) (95% confidence interval of $52,359–429,148CAD) was
identified (36). Exploratory analysis identified that treating never-
smokers and patients with high tumoral EGFR gene copy number
were the most cost-effective strategies. Interestingly, in patients
with sensitizing EGFR mutations, treatment was associated with
an ICER of $138,168CAD/LYG compared with $87,994CAD/LYG
for patients with EGFR wild-type tumors. This likely reflects the
small survival benefit noted in this study for both groups and
the shorter duration of therapy in patients with EGFR wild-type
tumors.

Over time, we have learned that patients with EGFR-mutated
advanced NSCLC derive the greatest benefit from EGFR TKI ther-
apy, which is superior to chemotherapy in terms of response
rate, quality of life, and progression-free survival, although not
in overall survival due to crossover in clinical trials, with a recent
exception (35). Given this clinical benefit, a number of analy-
ses have been performed to assess cost-effectiveness in this setting
(Table 1). Using platinum-doublet chemotherapy as a comparator,
a CE estimate of £59,216–70,390/QALY was calculated for first-line
gefitinib in a British study (37), but was not considered cost effec-
tive at standard willingness-to-pay thresholds. A number of studies
have also investigated the cost-effectiveness of EGFR TKI treat-
ment with EGFR mutation testing included. Based on the IPASS
study (12), a Singaporean study suggested that first-line treatment
of EGFR-mutated NSCLC with gefitinib was a cost-effective strat-
egy with a CE estimate of $77,160 Singaporean dollars/QALY (38)
compared with carboplatin/paclitaxel, carboplatin/pemetrexed,
or carboplatin/pemetrexed/bevacizumab. Of note, their model
included second-line gefitinib for patients treated with initial
chemotherapy irrespective of EGFR genotype.

The potential for insufficient diagnostic tissue available for
EGFR mutation testing (2, 12) prompted a study in which either
no lung adenocarcinoma patient samples were tested (all received
first-line chemotherapy), a second testing scenario where half of
the patients had sufficient tissue for EGFR testing, or a third sce-
nario where half of the patients had repeat tumor biopsy for EGFR
testing (although 15% still had insufficient tissue after re-biopsy).
First-line erlotinib therapy resulted in an ICER of $110,658/QALY
gain compared with carboplatin/paclitaxel with the testing strategy
and $122,234/QALY using the re-biopsy strategy. With carbo-
platin/pemetrexed as a comparator, the ICER for the repeat biopsy
strategy was $180,665/QALY; adding bevacizumab increased the
ICER significantly to $359,619/QALY, in excess of commonly
accepted thresholds for cost-effectiveness (39). A recent study
from the perspective of the Chinese healthcare system investi-
gated the cost-effectiveness of first-line erlotinib compared with
platinum-doublet chemotherapy in advanced EGFR mutation
positive lung cancer patients based on outcomes from the OPTI-
MAL trial (42). Treatment with upfront erlotinib was deemed
cost effective with an ICER of $85,927.41USD/QALY gained. Of
note, this analysis assumed that after the first 5 months (seven
cycles) of therapy, subsequent erlotinib would be donated by
Roche China.

A U.S. study demonstrated a modest budget impact of EGFR
mutation testing and erlotinib as first-line therapy for patients
with EGFR mutation positive advanced disease compared with

platinum-doublet based chemotherapy regimens, from a U.S.
health plan perspective (43). Increasing EGFR testing rates from 50
to 100% increased overall health plan expenditures by $0.013 per
member per month (PMPM). Treatment costs contributed $0.012
PMPM with extended duration of treatment giving the greatest
contribution. The cost of EGFR mutation testing was estimated
at $0.002 PMPM, but was offset by the cost-savings associated
with treatment of chemotherapy-related adverse events (−$0.002
PMPM).

Recent clinical data suggest an improvement in progression-
free and overall survival for patients with EGFR-mutant NSCLC
when treated with afatinib compared with platinum-based
chemotherapy (44, 45). Although unable to estimate a plau-
sible ICER based on the manufacturer’s submission, afatinib
was considered to be a reasonable option for first or second-
line treatment for patients with EGFR-mutant NSCLC, with
exploratory estimates from the Evidence Review Committee of
an ICER of £39,300/QALY gained with afatinib compared to
pemetrexed/cisplatin in the overall population, and an ICER of
£23,700/QALY gained in the non-Asian population based on trial
data provided (46).

ALK INHIBITORS
The cost-effectiveness of testing methodology for EML4-ALK
fusion-positive tumors has been assessed using differing tech-
niques, from a societal perspective using the US healthcare
system (26). By varying ALK testing methods and population
tested, the CE of FISH testing for all patients was estimated
at $106,707USD/QALY, compared with $57,165USD/QALY for
IHC. In a clinically selected population of non-smokers with
EGFR- and KRAS-wild type adenocarcinoma, the CE estimates
were $4,756USD/QALY and $2,548USD/QALY for FISH and IHC,
respectively. One cost-effectiveness analysis has explored the use
of crizotinib for the first-line treatment of patients with EML4-
ALK fusion-positive tumors from the Canadian public health-
care perspective (22). The comparator was a platinum-doublet
chemotherapy regimen in patients with non-squamous NSCLC,
and the model incorporated subsequent treatment with peme-
trexed and erlotinib. A re-biopsy strategy was employed in case
of inadequate tissue. The method of assessment for EML4-ALK
positive tumor was by initial IHC and, if positive, confirmatory
testing with FISH. The incremental cost of crizotinib therapy for
a gain of 0.11 QALYs was $2,725CAD/patient, with an ICER of
$255,970/QALY gained. For patients with confirmed EML4-ALK
positive tumors, first-line therapy with crizotinib produced an
ICER of $250,632CAD/QALY, in excess of commonly accepted
cost-effectiveness thresholds. Sensitivity analysis highlighted the
major driver of cost as the price of crizotinib therapy. Despite
FISH testing costs exceeding those of IHC, the relative cost of
crizotinib was so great that use of the cost of initial FISH testing
instead of IHC had minimal impact on the overall ICER.

HISTOPATHOLOGY
Patients with non-squamous NSCLC derive benefit from
pemetrexed-based chemotherapy and from the addition of beva-
cizumab to a platinum-doublet. Although histologic subtype is not
a recognized biomarker, these data have led to treatment selection
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Table 1 | Cost-effectiveness studies of first-line EGFRTKI therapy.

Author Type of study EGFRTKI and

comparator

Model Cost of

testing

Perspective ICER per QALY Cost-

effective?

Remarks

Brown et al.

(37)

Cost-

effectiveness

analysis

Gefitinib compared with

platinum-doublet

chemotherapy

Decision model comparing

gefitinib with carbo/tax in

patients with EGFR mutation

positive disease

No National Health

Service

£59,216–70,390 No Clinical data from IPASS: (12)

de Lima

Lopes et al.

(38)

Cost–utility

analysis

Gefitinib compared with

carbo/gem

Subset analysis of

gefitinib as second-line

Assumed 60% with

EGFR mutation

Decision tree with testing

versus no testing and multiple

lines of treatment.

Test positive: gefitinib,

carbo/gem, BSC

Test negative: Carbo/gem,

BSC

No testing: Carbo/gem,

gefitinib, BSC

Included

$380

Singaporean

health care

system, 2010

Singapore dollars

$77,160 Yes Clinical data from 3 trials: IPASS:

(12);WJTOG 345: (32);

C000000376: (33)

Handorf et al.

(39)

Cost-

effectiveness

analysis

Erlotinib compared with

carbo/tax, carbo/pem,

and carbo/pem/bev

Decision analytic model with

testing versus no testing and

re-biopsy included

Test positive: erlotinib

Test negative: platinum-based

chemotherapy

No testing or insufficient

tissue on repeat biopsy:

platinum-based

chemotherapy

Yes Payer’s

perspective

$110,658 for

carbo/tax test and

treat

$122,234 for

carbo/tax re-biopsy

$180,665 for

carbo/pem

$359,619 for

carbo/pem/bev

Yes Re-biopsy strategy included:

assumed 15% yielded insufficient

tissue

Brown et al.

(40)

Cost-

effectiveness

analysis

Gefitinib compared with

platinum-doublet

chemotherapy

Decision model comparing

gefitinib with cis/tax,

carbo/tax or cis/doc

No UK National

Health Service

and Personal

Social Services

Mean £35,700

(range £59,216–

70,390)

No Clinical data from IPASS: (12, 31);

WJTOG 345: (32); C000000376:

(33); Mean negotiated NHS costs

included

Wang et al.

(41)

Cost-

effectiveness

analysis

Erlotinib compared with

carbo/gem

Markov model comparing

carbo/gem for 4 cycles with

erlotinib until progression

No Chinese health

care system,

2010 US dollars

$85927.41 (range

$58,584.57–

336,404.20)

Yes Clinical data from OPTIMAL trial:

(42)

Cost of erlotinib included only for

first 7 cycles (from cycle 8 or

month 5 onward cost is zero due

to donations from Roche China)

EGFR TKI, epidermal growth factor tyrosine kinase inhibitor; ICER, incremental cost-effectiveness ratio; LY, life years; QALY, quality of life year; carbo/gem, carboplatin and gemcitabine chemotherapy; BSC, best

supportive care; carbo/tax, carboplatin and paclitaxel; carbo/pem, carboplatin and pemetrexed; carbo/pem/bev, carboplatin, pemetrexed and bevacizumab; cis/tax, cisplatin and paclitaxel; cis/doc, cisplatin and

docetaxel.
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for patients based on histologic subtype. Given the significant cost
of these agents when compared with other standard chemotherapy
regimens, several economic assessments have been performed. A
cost–utility analysis of the addition of bevacizumab to platinum-
based chemotherapy compared with chemotherapy alone (9) in
patients with non-squamous NSCLC estimated an increase of 0.13
QALYs with the addition of bevacizumab, at a cost of $72,000USD
per patient. The incremental cost–utility ratio for the addition of
bevacizumab was $560,000USD/QALY (47), exceeding accepted
thresholds for cost-effectiveness.

In the first-line setting, pemetrexed/cisplatin improved median
overall survival by 1 month in advanced non-squamous lung
carcinoma patients, when compared with gemcitabine/cisplatin,
and an ICER estimated at £17,000–25,000/QALY (48). When
pemetrexed is used as maintenance, the median survival gain
compared to observation is 5 months, with an ICER of $122,
371USD/LYG.

CONCLUSION
The management of lung cancer has transformed in recent years,
due to increasing stratification of treatment based on pathologic
and molecular characteristics. Optimizing treatment by using per-
sonalized therapy has resulted in improved treatment responses,
quality of life, and progression-free survival of patients with
NSCLC, with some evidence of survival benefit. However, this
comes at a price, and, acknowledging that these actionable muta-
tions are present only in a small subset of NSCLC tumors, we
must act in the best interests of all our patients to ensure that this
is affordable for the benefit gained.

In order to focus on the relevant population for a molecularly
targeted therapy, tissue must be available and the testing method
must be accurate. However, as in the case of EML4-ALK, there
may be methods to select the target population with lower cost,
and these technologies will continue to evolve. Further evolution
of next-generation sequencing and multiplex platforms may also
improve the cost-effectiveness of testing, where multiple abnor-
malities can be evaluated with a single test. While molecular testing
beyond EGFR and ALK is not currently recommended as standard
of care in NSCLC (18), more comprehensive genomic testing will
likely become cheaper and more accessible in the future, minimiz-
ing time and tissue requirements in efforts to better personalize
therapy (49, 50).

Cost-effective, -accurate, and -efficient methods of diagnosis
must be employed, which allow equal accessibility to therapy for
all patients. However, the major cost determinant in most eco-
nomic evaluations of targeted treatment in NSCLC is drug price.
Economic evaluations are integral to assessment of value for a
given therapy as these may be used to enable funding decisions
by policy-makers, and to negotiate pricing strategies with manu-
facturers where possible. There has been a paradigm-shift in the
treatment of NSCLC with exciting new therapies revolutionizing
treatment for patients with a previously dismal prognosis. As clin-
icians, we must ensure that as many patients as possible derive
benefit from a personalized approach. Collaboration with payers
and manufacturers is a key to ensure that cost of treatment is not
prohibitive for patients and permitting further advances in lung
cancer therapy.
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