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Abstract

Lung cancer is the leading cause of cancer mortality. Great advances in non-small cell lung cancer 

therapy have been seen in the last decade, beginning with the success in treating lung cancer 

harboring EGFR mutations and ALK-gene rearrangements. The potential of these biomarker-

driven therapies has propelled research in biomarker targeted approaches to the forefront of lung 

cancer research. The successful development of immunotherapeutic agents targeting PD-L1 and 

PD-1 with an associated non-genomic biomarker has opened a new front in the effort for targeted 

approaches. Although early-phase lung cancer studies have hinted at the potential to use 

biomarkers to select patients for allocation to treatment in the conduct of clinical trials, data from 

late-phase studies have tempered expectations. The data leave unclear the wisdom of routinely 

restricting enrollment on lung cancer clinical trials to biomarker restricted populations, particularly 

non-genomic biomarkers.
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I. INTRODUCTION

Non-small cell lung cancer (NSCLC) is the most common type of lung cancer, constituting 

roughly 85% of all lung cancer diagnoses.1 Lung cancer is the leading cause of cancer death 

in the United States, accounting for approximately one quarter of all cancer deaths.2 The 

five-year survival rate for patients diagnosed with lung cancer is 17.4%.3 This high mortality 

rate can be attributed to advancedstage at diagnosis and a lack of effective treatment options. 

While platinum-based chemotherapy has shown benefit in late-stage patients, life 

expectancy is extended by only a few months on average, with significant toxicity.4 These 

poor outcomes, in addition to success in biomarker-driven therapies,5–7 have led to a push 

for biomarker targeted therapies in lung cancer and customization of treatments based on 

molecular abnormalities.

About a decade ago, there was tremendous enthusiasm that our refined understanding of 

molecular abnormalities would lead to a renaissance in the way lung cancer is treated.6 

Genetic profiles of various cell lines with known treatment-specific sensitivities were 

analyzed by gene expression microarray, and matched to genetic expression observed in 

individuals’ malignant tissue.8,9 Information from these analyses formed the scientific basis 

of multiple lung cancer clinical trials in which treatment allocation was based on the results 

of microarray analysis. However, on further investigation, errors were identified in the data 

and results could not be reproduced.10 Ultimately, this discovery led to much of this research 

being retracted and the discontinuation of multiple clinical trials.11 Despite this setback, in a 

disease with limited options, the appetite for clinical trials in which biomarkers guided 

allocation to treatment arm persisted.

In the intervening period, the field of lung cancer has seen significant change, and is often 

considered a model for the use of biomarkers to guide therapy.6 However, while single gene 

abnormalities in tumors have significantly altered the therapeutic approach for many 

patients, biomarker-based trials have not been uniformly successful in guiding patients to 

appropriate therapies. The successes and failures of recent trials have highlighted the need 

for careful assessment of the premise that patients should be allocated to treatment arms on 

clinical trials based on biomarker expression.

II. TARGETING SINGLE GENE MUTATIONS HAS PROVEN EFFECTIVE FOR 

SELECTION OF AGENTS

Targeted therapies have induced dramatic responses in patients whose tumors harbor specific 

genetic abnormalities, namely, epidermal growth factor receptor (EGFR) mutations and 

anaplastic lymphoma kinase (ALK)-gene rearrangements. EGFR mutations are seen in over 

10% of all NSCLC patients in some series, and are found more frequently in East Asian 

populations. Patients with these mutations experience disproportionate benefit with tyrosine 

kinase inhibitors (TKIs) such as gefitinib, erlotinib, and afatinib.5,6,12 These agents provide 

longer progression-free survival (PFS) and increased response rate (RR) when compared to 

conventional chemotherapy in this population. As a result, patients whose tumors harbor an 

EGFR mutation generally receive a TKI as initial treatment. Rearrangements involving the 

ALK gene occur in about 5% of NSCLC patients,5–7 and when compared to standard of care 
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chemotherapy, ALK gene-rearranged patients treated with crizotinib have longer PFS (10.9 

versus 7.0 months in frontline,13 7.7 versus 3.0 months in second line7) and higher RR (74% 

versus 45% in frontline; 65% versus 20% in second line).

Additional examples of targetable molecular abnormalities include ROS1 gene 

rearrangements and BRAF mutations. ROS-1 gene rearrangements, first discovered in 

glioblastoma, are seen in approximately 1–3% of NSCLC patients.14,15 Despite no U.S. 

Food and Drug Administration (FDA) approved treatment, crizotinib has shown promise in 
vitro and in early clinical studies for the treatment of ROS-1 gene rearrangements.14–16 

These successes have led to crizotinib receiving the breakthrough therapy designation from 

the FDA for patients with ROS-1 rearrangements.17 BRAF mutations, though more 

commonly seen in melanoma, occur in about 4% of NSCLC patients.18 The BRAF inhibitor 

dabrafenib and the combination of dabrafenib plus trametinib have shown promising 

results.19,20

III. RECENT SUCCESS IN TRIALS INVOLVING IMMUNOTHERAPEUTIC 

AGENTS

Trials of anti-PD-1 (programmed cell death) and anti-PD-L1 (programmed cell death ligand) 

inhibitory antibodies have evaluated immunohistochemistry (IHC) to test for PD-L1 

expression in tumors.21,22

Immune checkpoint inhibitors have recently been shown to improve clinical outcomes.23–25 

These treatments target an inhibitory interaction involving T cells, allowing the T cells to 

recognize and destroy tumor cells. KEYNOTE-001 is a recent study that assessed the 

efficacy of pembrolizumab in patients. Along with assessing efficacy, the trial was designed 

to establish and validate a threshold level of PD-L1 expression that could be associated with 

a higher likelihood of clinical benefit. Four hundred ninety-five patients enrolled in this 

study, all of whom were treated with pembrolizumab. Response rate, PFS, and OS were all 

significantly greater in patients who had expression of PD-L1 in at least half of their cells.23 

Although some cohorts enrolled patients with known PD-L1 expression, others enrolled 

without respect to PD-L1 expression or specifically patients without PD-L1 expression on 

their tumors.23

The POPLAR and CheckMate 017 and 057 studies compared inhibitors of the PD-1/PD-L1 

checkpoint to docetaxel in a population that was not restricted based on any biomarker. The 

phase II POPLAR study enrolled previously treated, NSCLC patients who were stratified by 

PD-L1 expression using immunohistochemistry assays on tumor infiltrating immune cells 

(ICs) and tumor cells (TCs), histology, and previous therapy.2 Incrementally improved 

efficacy over docetaxel was seen with increasing PD-L1 expression.4 Similarly, in the phase 

III CheckMate 057 study, the PD-1 inhibitor nivolumab showed a greater overall survival 

(OS) and overall response rate (ORR) compared to docetaxel.25 Higher levels of PD-L1 

expression were associated with greater benefit from nivolumab. Patients with PD-L1 

expression in at least 10% of their tumor cells had a hazard ratio (HR) for OS of 0.4, as 

compared to 1.0 in those below that cutoff.25 Although nivolumab was superior to docetaxel 
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at all levels of PD-L1 expression in the CheckMate 017 trial, there was again a suggestion of 

greater benefit in those above the 10% cut point (HR 0.5 versus 0.7) than below.26

Rather than restricting enrollment based on biomarker status, these studies enrolled a broad 

population, and used the resultant data to characterize the biomarker. Although 

KEYNOTE-001 allocated patients to some cohorts based on PD-L1 status, the distribution 

of PD-L1 expression of study participants was similar to the general population.

IV. OUTSIDE OF IMMUNE CHECKPOINT INHIBITORS, SELECTION BY IHC 

HAS NOT LED TO IMPROVED OUTCOMES IN BIOMARKER-DRIVEN 

THERAPIES

Excision repair cross-complementation group 1 (ERCC1) is felt to repair lesions formed by 

cisplatin-DNA adducts, and was proposed to interfere with the efficacy of cisplatin-based 

therapy. Of the four ERCC1 isoforms (201, 202, 203, 204), only ERCC1-202 serves this 

repair function. In 2006, Olaussen et al.27 retrospectively tested hundreds of tissue samples 

from patients enrolled in the International Adjuvant Lung Cancer Trial using IHC to test for 

ERCC1 expression. An association between ERCC1-negative tumors and extended survival 

with cisplatin-based adjuvant chemotherapy was identified.28 However, five years after the 

initial publication, when tissue was retested with the same 8F1 antibody, 77% of samples, as 

opposed to the original 44%, had positive results.19 Additionally, the investigators could not 

differentiate the functional ERCC1-202 isoform from the other isoforms. In a subsequent 

clinical trial in which patients were randomized to chemotherapy treatments driven by 

ERCC1 and ribonucleotide reductase M1 (RRM1) expression versus a control arm of 

carboplatin and gemcitabine (Fig. 1), no benefit was found from biomarker-driven therapy in 

either PFS (6.9 versus 6.1 months) or OS (11.3 versus 11 months).29

IHC analysis was also used to evaluate whether high EGFR expression was predictive of 

improved outcome for NSCLC patients receiving cetuximab, an antibody targeting EGFR.30 

In the First-Line ErbituX (FLEX) study, high EGFR expression was defined as an H score of 

200 or above, while low expression was any score below 200. An association between 

increased overall survival and high EGFR expression was found in patients receiving 

cetuximab and chemotherapy.30 However, these results could not be replicated in subsequent 

studies with other chemotherapy backbones, in which a high H score was not found to be 

predictive of a favorable outcome with chemotherapy and cetuximab.31

Many trials of agents targeting MET protooncogene (MET), a proto-oncogene that codes for 

the hepatocyte growth factor receptor, used IHC to analyze MET overexpression as a 

potential predictor of outcome.32 A phase II study of onartuzumab in combination with 

erlotinib showed a numerically unfavorable HR for the entire population. However, patients 

with a MET IHC score of +2 or +3 showed significantly improved PFS and OS compared to 

patients receiving erlotinib alone.32,33 Despite the success in the phase II trial, several 

NSCLC studies were stopped, including a phase III study of erlotinib with or without 

onartuzumab in patients with this high degree of MET staining due to lack of efficacy.34
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V. STUDIES SELECTING TREATMENT BASED ON MULTIPLE BIOMARKERS 

HAVE BEEN COMPLETED

Well-run multiple therapy studies have been conducted in which treatment selection was 

based on multiple biomarkers. The BATTLE (Biomarker-Integrated Approaches of Targeted 

Therapy for Lung Cancer Elimination) I and II studies highlight these efforts, the first of 

which has been completed and reported. From November 2006 to October 2011, 341 

patients enrolled in BATTLE I, the first completed prospective, biopsy-mandated, 

biomarker-based, adaptively randomized clinical study in patients with pretreated, advanced 

NSCLC.35,36 Treatment arms consisted of erlotinib, vandetanib [vascular endothelial growth 

factor (VEGFR), EGFR, and RET (rearranged during transfection) proto-oncogene 

inhibitor], erlotinib plus bexarotene (retinoid × receptor inhibitor), and sorafenib (RAF and 

VEGFR inhibitor). The primary endpoint of the study was overall eight-week disease 

control rate (DCR) with a secondary endpoint of PFS.

Patients were enrolled under an umbrella protocol, and after a mandated core biopsy and 

associated molecular testing, the first 97 patients were randomly assigned to one of the four 

treatment arms in an equal ratio (excluding patients with prior erlotinib treatment who were 

excluded from erlotinib-containing arms). The subsequent 158 patients were adaptively 

randomized to study arms according to a Bayesian adaptive algorithm, informed by 

associations between the biomarker groups and the DCR for the first 97 patients. This 

adaptive randomization was continually updated to allow for more appropriate biomarker 

prediction. The biomarker profiles used to adaptively randomize patients to the most 

effective study drug consisted of EGFR mutation/copy number, KRAS/BRAF mutation, 

VEGF/VEGFR-2 expression, RXRs/Cyclin D1 (CCND1) expression, and CCND1 copy 

number. In 244 patients eligible for analysis, overall eight-week DCR was 46% and the 

median PFS was 1.9 months (95% CI, 1.8–2.4).

BATTLE successfully employed a novel research design demonstrating (i) the feasibility of 

performing biopsies and real-time biomarker analyses in previously treated lung cancer 

patients, (ii) identifying interactions between the treatments and markers, and (iii) 

confirming the prespecified hypotheses of treatment efficacy in the presence of individual 

markers related to the treatments’ mechanism of action.35 It incorporated four different 

treatment arms with the cooperation of four different pharmaceutical companies within a 

single study, leading to a significant decrease in screen fails.36

Unfortunately, several of the prespecified markers were ultimately found to have little, if 

any, predictive value in optimizing treatment selection.36 The authors concluded that, 

“biomarker groups were less predictive than were individual biomarkers, which diluted the 

impact of strong predictors in determining treatment probabilities.”36 The greatest example 

of this was erlotinib in the EGFR arm. Despite extensive data correlating erlotinib response 

with EGFR mutations, erlotinib did not meet the predicted efficacy for the EGFR group. In 

fact, the highest DCR for erlotinib (40%) was in the VEGF/VEGFR 2 biomarker group. This 

example underscores the fact that even in adaptive trial designs like BATTLE, assumptions 

are made, and failures of these assumptions can lead to the same pitfalls seen with more 

traditional study designs.
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VI. ONGOING CLINICAL TRIALS WILL EXPAND ON THE BATTLE-1 

APPROACH

The BATTLE-2 trial contains similar aims to BAT-TLE-I. Patients with an ALK gene 

rearrangement or an EGFR mutation are excluded unless they previously failed treatment 

with an inhibitor targeting the mutation. The primary endpoint is again DCR at eight weeks 

and the secondary endpoint is PFS. Patients with at least one prior chemotherapy treatment 

are allocated to erlotinib alone, erlotinib with the Akt inhibitor MK-2206, the MEK inhibitor 

selumetinib with MK-2206, or sorafenib alone based on their molecular profile. Patients in 

the first cohort are adaptively randomized into one of the four treatment arms based on 

eight-week DCR and KRAS mutation status. Patients in the second cohort are assigned by a 

refined adaptive randomization based on the most predictive biomarkers tested on patients in 

the first cohort. Patients that progress are allowed to reenroll into a different randomized 

arm.

However, at this time, erlotinib is not as promising an agent in EGFR wild-type patients as 

when the study was designed. The Tarceva Italian Lung Optimization trial (TAILOR) trial 

was a phase III trial randomizing to erlotinib or docetaxel as second line treatment for 

NSCLC patients without an EGFR mutation. Docetaxel led to improved outcomes compared 

to erlotinib.37 Less data are available regarding the other arms, and data are eagerly awaited 

on results of this trial.

VII. LARGER MULTICENTER MULTIARM STUDIES ARE PLANNED WITH 

TREATMENT ALLOCATION BASED ON BIOMARKERS

The phase II/III “master protocol” is directed at squamous cell disease, a notoriously 

difficult group of patients to treat.8 EGFR and ALK mutations are rare in lung SQCC;38 

however, a broad pathologic assessment has elucidated potential therapeutic targets.38 

PIK3CA copy number increases or mutations have been identified in approximately one 

third of patients.39 CDKN2A, a tumor suppressor protein, is inactivated in up to 72% of 

cases.40,41 Other studies have discovered correlations between HGF/c-Met overexpression 

and progression, as well as an association between FGFR amplification and mutations with 

tumor growth and survival.42,43 Based on these genetic markers, the original master protocol 

was devised to include five different substudies.44 Eligible patients are either assigned to one 

of four biomarker-specific substudies or to the “nonmatch” therapy substudy. Within each 

substudy, patients are then randomized to a biomarker-driven targeted therapy or standard of 

care (Soc) therapy.45

The master protocol provides a process by which a large number of patients with advanced-

stage lung SQCC are screened for enrollment.44 The primary objective of the protocol is to 

evaluate PFS between targeted therapy (TT) versus SoC docetaxel with other objectives to 

evaluate toxicities associated with TT versus SoC. Each arm opens and closes independent 

of other arms.44 Substudies can also be added to the protocol as continual discovery of drug-

biomaker pairs occur.45 During the phase II portion, positive results at “rolling” interim 

analysis will determine if a protocol arm enters a phase III portion. At the phase III stage, 
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the primary objective will be OS for TT versus SoC within each biomarker-defined subgroup 

with other objectives including PFS, toxicities, and RR with TT versus SoC. It is estimated 

that 500–1000 patients will be screened for enrollment per year.45

Before a patient receives treatment, a common biomarker profile is generated in a CLIA 

certified laboratory, and results are expected to be obtained within approximately two weeks. 

If the patient is positive for certain specified mutational targets (PI3K, CDK4/6, FGFR, 

HGF), the patient will go on the corresponding substudy, and be randomized to either the 

targeted therapy drug or chemotherapy.45 In the original protocol, if the patient was a 

nonmatch for those mutations, the patient was placed in the nonmatch substudy and 

randomized to receive either MEDI4736 (an anti-PD- L1) or chemotherapy.45

Size and scope are major assets in the search for suitable treatments for lung SQCC. The 

high potential rate (70%) of patients selected for a biomarker-driven trial, the large number 

of patients screened, and the five trials promise a decreased screen failure rate. Another 

advantage involves the structure of this umbrella trial, which enables multiple experimental 

agents to be tested simultaneously. If there appears to be a significant treatment response in a 

phase II trial, phase III trials will be implemented quickly, which accelerates drug and 

biomarker developments.

Yet, there are also suppositions regarding the function of biomarkers in various portions of 

the trial, such as how specific biomarkers can predict response to treatment. The reliance of 

lung SQCC on these individual mutations has yet to be fully understood. Additionally, anti-

PD-L1 treatment has exhibited robust response rates that may diminish the perceived impact 

of the results of other drug treatments.27

In response to the recent approval of the immunotherapy, nivolumab, for patients diagnosed 

with SQCC, the master protocol study team has implemented major revisions.46 Now, the 

docetaxel arm of the nonmatch substudy has been closed, and the trial is now open to 

patients on their second or greater lines of therapy.46

VIII. CONCLUSIONS

The progress seen in both EGFR mutant and ALK-gene rearranged NSCLC has provided a 

great deal of excitement regarding biomarker-driven research in NSCLC. The advances in 

using immune check-point inhibitors have led to further enthusiasm. However, despite 

increasing scientific knowledge, many high-profile studies in which enrollment has been 

based on one non-genomic biomarker or several biomarkers have not had an impact on 

disease management. Though the research community continues to design exciting and 

ambitious trials in which treatment allocation is based on biomarkers, the limited success of 

these trials suggests that we must continually evaluate the approach to assure that it is 

generating the best options for patients and the most robust research results possible.
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ABBREVIATIONS

ALK anaplastic lymphoma kinase

CCND1 cyclin D1

DCR death control rate

EGFR epidermal growth factor receptor

ERCC1 excision repair cross-complementation group 1

IC immune cell

MET MET proto-oncogene

NSCLC non-small cell lung cancer

PFS progression-free survival

PD-1 programmed cell death

PD-L1 programmed cell death ligand

ROS-1 ROS proto-oncogene 1

RR response rate

RRM1 ribonucleotide reductase M1

SQCC squamous cell carcinoma

TC tumor cell

TKI tyrosine-kinase inhibitor

TT targeted therapy
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FIG. 1. 
Study diagram for the randomized phase III multicenter trial of RRM1 & ERCC1 directed 

customized chemotherapy versus standard of care for first line treatment of patients with 

advanced non-small-cell lung cancer

Garon et al. Page 13

Crit Rev Oncog. Author manuscript; available in PMC 2017 January 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	I. INTRODUCTION
	II. TARGETING SINGLE GENE MUTATIONS HAS PROVEN EFFECTIVE FOR SELECTION OF AGENTS
	III. RECENT SUCCESS IN TRIALS INVOLVING IMMUNOTHERAPEUTIC AGENTS
	IV. OUTSIDE OF IMMUNE CHECKPOINT INHIBITORS, SELECTION BY IHC HAS NOT LED TO IMPROVED OUTCOMES IN BIOMARKER-DRIVEN THERAPIES
	V. STUDIES SELECTING TREATMENT BASED ON MULTIPLE BIOMARKERS HAVE BEEN COMPLETED
	VI. ONGOING CLINICAL TRIALS WILL EXPAND ON THE BATTLE-1 APPROACH
	VII. LARGER MULTICENTER MULTIARM STUDIES ARE PLANNED WITH TREATMENT ALLOCATION BASED ON BIOMARKERS
	VIII. CONCLUSIONS
	References
	FIG. 1

