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Introduction
Recognition of molecularly defined subsets of non–
small cell lung cancer (NSCLC), targeted therapies, 
and immunotherapeutics has transformed the 
management of patients with advanced NSCLC. In 
this review, we will discuss the significance of front-
line molecular testing to optimize treatment selection, 
testing at the time of resistance to offer effective 
second-line strategies, and implications of circulating 
tumor DNA (ctDNA) testing. Selected key and repre-
sentative clinical studies permitting validation of 
the most relevant biomarkers will also be reviewed 
without the goal to provide a comprehensive overview 
of the treatment landscape.

Frontline Testing to Optimize Treatment Selection
Immunotherapy
The introduction of checkpoint inhibitors has revo-
lutionized management of advanced NSCLC. The 
majority of lung cancers—in particular, smoking-as-
sociated tumors—harbor a large number of missense 
mutations, and they are immunogenic through the 
presentation of neoantigens. In many lung tumors, a 
T-cell response is established but is negatively regu-
lated via the tumoral expression of checkpoint 
molecules. PD-1 is a transmembrane receptor present 
on T cells, which interacts with the PD-1 ligand, 
PD-L1, present on multiple cell types, including tumor 
cells (TCs) and PD-L2. Engagement of PD-1 with 
the PD-L1 receptor negatively regulates T-cell func-
tion and leads to immune evasion.1 The following 
3 aspects of antitumor response provide promising 
biomarkers to assess for potential benefit with check-
point inhibitor therapy: 1) molecular makeup of the 
tumor, measured by tumor mutation burden (TMB); 
2) lymphocytic infiltration of the tumor (so-called 
“inflamed tumor”), measured by a variety of assays; 
and 3) tumoral “defense” response, assessed by PD-L1 
immunohistochemistry. 

The anti–PD-1 antibody nivolumab was the first 
checkpoint inhibitor to be approved for the treat-
ment of advanced NSCLC. In the CheckMate-017 
and -057 trials, nivolumab significantly improved 
median overall survival (OS) compared with docetaxel 
in patients who experienced disease progression on 
platinum-based chemotherapy. There was a trend for 
higher levels of PD-L1 expression in the Checkmate 
057 trial.2 

In the pivotal KEYNOTE-010 study,3 pembroli-
zumab, another anti–PD-1 antibody, was found to 
improve OS and progression-free survival (PFS) 
compared with docetaxel in patients with PD-L1–
positive tumors (defined as PD-L1 expression of at 
least 1%), with a striking improvement in the subset 

The last decade has seen dramatic paradigm shifts 
in the management of advanced non–small cell lung 
cancer (NSCLC). Immune checkpoint inhibitors are 
now used routinely in patients with advanced NSCLC, 
and a range of biomarkers have emerged that can 
guide patient selection. Molecularly targeted therapies 
have been approved as standard first-line treatment in 
patients with tumors harboring actionable EGFR, ALK, 
and ROS alterations, and several emerging molecular 
targets demonstrate significant promise to impact 
management. Powerful technology allows utilization 
of circulating tumor DNA testing to facilitate molecular 
diagnosis and monitoring. Given the rapid and signif-
icant progress in novel biomarkers and therapeutics 
leading to improvements in outcomes and patient 
experience, it is critical to incorporate biomarker stud-
ies into the treatment continuum. In this review, we 
provide a summary of the key advances in this area 
and describe practical approaches for use in clinical 
settings. 
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of patients with PD-L1 expression of at least 50%. 
This study led to the FDA approval of pembroli-
zumab in the second-line setting for PD-L1–positive 
(expression >1%) tumors, and it provided impetus for 
the biomarker-selected, first-line studies, such as the 
KEYNOTE-024 study.4 In this study, single-agent 
pembrolizumab was compared with standard doublet 
chemotherapy for patients with treatment-naïve, 
advanced NSCLC with PD-L1 tumor proportion score 
score of ≥50%, and significant OS benefit and less 
toxicity were demonstrated for the pembrolizumab 
group, leading to the approval of pembrolizumab as 
first-line treatment for advanced PD-L1–high-posi-
tive NSCLC.4 

NSCLCs with high TMB are associated with better 
response to immune checkpoint inhibitors.5 For 
example, while the frontline CheckMate-026 study did 
not demonstrate benefit for nivolumab versus doublet 
chemotherapy in patients with advanced PD-L1–posi-
tive NSCLC (defined as PD-L1 expression of ≥5%),6 an 
unplanned subset analysis suggested that outcomes 
(PFS) improved in patients with tumors harboring a 
high TMB, suggestive of additional benefit of TMB 
determination in optimizing immunotherapy selec-
tion.7 It should be noted that tumors with low TMB, 
such as EGFR/ALK/ROS-mutated NSCLC appear 
to have low objective response rates (ORRs) to 
immunotherapy, around 4%, arguing for reserving 
immunotherapy until after exhausting more effective 
targeted and chemotherapy options for this subset 
of patients.

The randomized phase III OAK8 and phase II 
POPLAR9 studies demonstrated increased OS with 
the anti–PD-L1 antibody atezolizumab compared with 
docetaxel for the overall group of patients; further-
more, patients with tumors expressing high levels of 
PD-L1, as measured by a unique immunohistochem-
istry-based assay assessing both TC and immune cell 
PD-L1 expression, derived the greatest benefit. The 
POPLAR study intriguingly suggested that highly 
inflamed tumors, as assessed by a T-cell effector/
gamma interferon signature, demonstrate better 
response to atezolizumab, suggestive of a third poten-
tial biomarker for patient selection.9

While PD-L1 is now a validated biomarker for 
selecting patients for single-agent, frontline immuno-
therapy, several challenges should be noted: 

1. PD-L1 can often be heterogeneously expressed in 
tumor tissue.10

2. Patients without PD-L1 expression can still have 
benefit from a checkpoint inhibitors equivalent 
to that of second-line chemotherapy, with fewer 

adverse effects; therefore, PD-L1 status should not 
exclude a patient from immunotherapy.2,8

3. Much confusion has existed around the various 
PD-L1 assays using different proprietary anti-
bodies, platforms, and scoring criteria. The 
Blueprint study suggested similar performance of 
the generally used antibodies, with the exception 
of the SP142 antibody that appears to show less 
TC staining.11

4. Recent approval of the combination of doublet 
chemotherapy plus pembrolizumab, regardless 
of PD-L1 expression, based on the KEYNOTE-
021 study, provides further options, but also adds 
complexity as to the proper use of biomarkers 
for patient selection; further clarity is anticipated 
from completion of pivotal studies in this area.12

Targeted Therapies
Over the past decade, multiple molecularly defined 
subsets of patients have been identified, and appro-
priate genomic testing is a critical component of 
proper patient management.

EGFR mutations are more commonly found in 
nonsmokers, women, and Asians, and occur in 
approximately 10% to 15% of all lung adenocarcinomas 
in the United States.13 EGFR tyrosine kinase inhib-
itors (TKIs) are the standard first-line treatment for 
advanced NSCLC in tumors harboring EGFR muta-
tions (Figure 1). The 2 most common EGFR mutations 
are exon 19 deletion and the L858R point mutation in 
exon 21, accounting for more than 90% of known acti-
vating EGFR mutations.14 EGFR TKIs improve ORRs 
and delay disease progression compared with chemo-
therapy in tumors harboring these mutations. 

The landmark IPASS trial15 was among the initial 
studies showing dramatic improvement in PFS with 
gefitinib compared with chemotherapy in patients 
with EGFR mutations. Several trials since have shown 
improved ORR and PFS with gefitinib, erlotinib, and 
afatinib compared with chemotherapy. For example, 
the OPTIMAL trial16 showed improved PFS of 13.1 
versus 4.6 months, while the EURTAC study17 showed 
improved PFS of 9.7 versus 5.2 months compared with 
chemotherapy. Overall survival was not significantly 
different in these trials, but this is likely confounded 
by crossover effects. 

Afatinib is a second-generation irreversible 
EGFR TKI, with similar improvement in PFS in the 
LUX-Lung 318 and LUX-Lung 619 trials, with an OS 
benefit noted in the subset of patients with exon 
19 deletions. Results of the randomized phase II 
LUX-Lung 7 study20 suggested a modest but significant 
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PFS benefit but no OS benefit of afatinib versus gefi-
tinib in the frontline setting, whereas a randomized, 
phase III study of another irreversible inhibitor, 
dacomitinib, versus gefitinib recently was reported 
to show an even more impressive PFS benefit for 
dacomitinib.20,21

Rearrangement of the ALK gene on chromosome 2, 
most commonly associated with echinoderm micro-
tubule-associated protein-like 4, and less commonly 
with other partners, results in a fusion oncogene 
found in 2% to 3% of patients with NSCLC; it is most 
commonly seen in younger nonsmokers and in adeno-
carcinomas.22 The PROFILE 1014 trial23 showed that 
the ALK inhibitor crizotinib was superior to stan-
dard chemotherapy as first-line therapy in patients 
with ALK-positive, advanced NSCLC. Alectinib and 
ceritinib are second-generation ALK inhibitors with 
improved central nervous system (CNS) penetration, 
and they demonstrate activity in crizotinib-refrac-
tory patients. In a recent trial, alectinib was associated 
with a significantly prolonged PFS and increased time 
to intracranial progression when used as a frontline 
agent compared with crizotinib, and it may become 
the preferred first-line treatment.24 Another similarly 
potent agent, brigatinib, was recently granted acceler-
ated approval for treatment of patients with ALK-positive 
NSCLC who progressed on or were intolerant to crizo-
tinib.25,26 A fifth agent, lorlatinib, is currently under 
investigation; it demonstrates activity in multiple subsets 
of highly treatment-refractory patients. 

ROS proto-oncogene 1 receptor tyrosine kinase 
chromosomal rearrangements can be found in about 

1% of patients with advanced lung adenocarcinoma. 
Patients with ROS1 rearrangements are more likely to 
be younger and never-smokers.27 Given outstanding 
activity noted in a phase I cohort experience, crizo-
tinib is FDA approved and recommended as first-line 
therapy in ROS1-positive tumors.28

A number of other actionable alterations have 
emerged over the past few years. Two key MET alter-
ations include MET exon 14 skipping mutations, 
occurring in 3% to 4% of NSCLCs, with enrichment 
in sarcomatoid lung cancers and MET amplification. 
Tumors harboring such alterations can respond to 
MET TKIs, such as crizotinib and cabozantinib.29,30 
Overlap between these 2 types of alterations can 
occur; however, there may be a difference in clinical 
features associated. Most exon 14 mutations seem 
to occur in never-smokers; however, MET amplifica-
tion has been more commonly seen in smokers. And 
while ORRs in patients with MET exon 14 skipping 
mutations have been generally very high, responses in 
patients with MET-amplified tumors might be more 
variable and dependent on level of amplification, with 
higher responses noted in tumors with more than 5- to 
6-fold amplification.31

Activating BRAF mutations occur in about 3% of 
patients with lung adenocarcinoma. BRAF V600E 
mutations can respond to BRAF TKIs, such as 
vemurafenib and dabrafenib. The combination of 
dabrafenib with the MEK inhibitor trametinib showed 
an excellent ORR of 63% in a phase II study, and it 
has received FDA approval.32 

Neurotrophic tyrosine receptor kinase (NTRK) 

FIGURE 1. Molecular Genotyping for Advanced NSCLC
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fusions are reported in about 1% to 3% of NSCLCs. 
Larotrectinib is the first pan-TRK inhibitor currently 
in clinical development, with reportedly high ORRs 
across multiple tumor types harboring NTRK alter-
ations including NSCLC, and tissue-agnostic approval 
is anticipated.33 

RET gene fusions make up another NSCLC subset 
with reported response to the currently available 
RET inhibitors. A phase II trial of the RET inhib-
itor cabozantinib showed partial response in 28% of 
the patients.34 An international registry of patients 
with RET-rearranged tumors showed that multikinase 
inhibitors such as cabozantinib, vandetanib, and suni-
tinib had limited activity against these tumors.35

HER2 (ErbB2) mutations or amplifications are seen 
in 1% to 2% of lung adenocarcinomas. At present, the 
role of targeted therapies is under investigation, with 
case series demonstrating activity for chemotherapy/
trastuzumab combinations, but not providing clarity 
as to targeting of ErbB2. 

A recent study reported some benefit for the use 

of T-DM1 for these patients, with higher responsive-
ness with higher amplification.36 HER2 mutations, 
such as recurrent insertions of exon 20 (YVMA) and 
extracellular point mutations (eg, S310F), differ from 
HER2 amplification. Novel EGFR/ErbB2 inhibi-
tors are in development that promise targeting of this 
patient subset.37

Currently, genomic testing for EGFR/ALK/ROS 
is recommended for all patients with advanced, 
nonsquamous NSCLC, regardless of clinical char-
acteristics. The National Comprehensive Cancer 
Network (NCCN) additionally recommends testing 
for BRAF,  ErbB2  (HER2),  MET, and RET.

A recent review from 15 community oncology 
centers showed that EGFR and ALK testing was 
done in 69% and 65%, respectively, of patients with 
advanced NSCLC, and only 12% underwent testing for 
the 5 additional mutations recommended by NCCN. 
Although molecular testing is expensive, tedious, and 
time-consuming, clinical outcomes are much improved 
with targeted therapies for appropriate patients, which 

FIGURE 2. When Resistance Develops, Test Tissue Specimens or Plasma
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may lower the total cost of care. Therefore, they should 
be broadly implemented.38

Testing at the Time of Progression to Offer Effective 
Second-Line Strategies 
Development of resistance to molecularly targeted and 
immunotherapy agents is a major problem. Significant 
advances have been made in understanding the mech-
anisms of resistance, and additional testing on tissue 
specimens or plasma is crucial to choosing the most appro-
priate next-line option when resistance develops (Figure 2).

Acquired resistance to EGFR TKIs is seen within 
6 to 18 months of starting therapy.39 In up to 60% 
of cases, a secondary mutation in the EGFR gene, 
the T790M mutation, is the cause.40 The phase I/II 
AURA-1 and AURA-2 trials studied the efficacy of 
the third-generation EGFR TKI osimertinib in EGFR 
T790M-mutated cases, demonstrating ORRs of 50% 
to 60% and favorable toxicity profiles. The phase III 
AURA-3 study showed superiority of osimertinib over 
chemotherapy in patients with confirmed T790M-
positive, advanced NSCLC after first-line EGFR TKI 
therapy, with significantly improved PFS (10.1 vs 4.4 
months), ORR (71% vs 31%), and better adverse- 
effect profile. Notably, patients with CNS disease had 
improved outcomes, with PFS of 8.5 months with 
osimertinib versus 4.2 months with chemotherapy.41 
These results led to full FDA approval of osimertinib 

in 2017. Results of the FLAURA study42 comparing 
osimertinib with first-generation EGFR TKIs, such 
as gefitinib or erlotinib, in treatment-naïve patients 
with EGFR-mutated, advanced NSCLC, have recently 
been presented. Frontline osimertinib significantly 
prolonged PFS versus the comparator first-genera-
tion agents, and it also demonstrated excellent CNS 
activity and safety. While OS data are still forth-
coming, these results are likely to change the frontline 
treatment landscape, and have already been incorpo-
rated into NCCN guidelines.

Other causes of resistance to EGFR TKIs include 
activation of bypass signaling pathways.43,44 MET 
amplification has been reported in about 5% of tumors 
at the time of resistance, and dual EGFR and MET 
inhibition, which is under investigation, can induce 
apoptosis in these cases in vitro.43,44 Phenotypic 
changes, namely epithelial-to-mesenchymal transition 
and small cell transformation, are other known mech-
anisms of resistance.45,46 

Gainor et al studied the mechanisms of resistance 
in ALK-positive tumors following disease progres-
sion on first- or second-generation ALK inhibitors,47 
and found ALK kinase domain mutations in 20% 
of crizotinib-resistant, 54% of ceritinib-resistant, 
53% of alectinib-resistant, and 71% of brigatinib-re-
sistant samples. Distinct mutations were found for 
each of the 3 second-generation ALK inhibitors. The 

FIGURE 3. Promising Uses of Circulating Tumor DNA61
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G1202R solvent front mutation, which causes resis-
tance to first- and second-generation ALK inhibitors, 
was found in 21% ceritinib-, 29% alectinib-, and 43% 
brigatinib-resistant samples. The novel ALK inhibitor 
lorlatinib can overcome this mutation. Compound 
mutations were identified in 12.5% of patients resistant 
to second-generation ALK inhibitors. Lorlatinib was the 
only agent effective on compound mutations. Epithelial-
to-mesenchymal transition was observed in 42% (5 of 
12) of cases. Such results suggest that understanding the 
secondary events causing resistance to ALK inhibitors 
is crucial in optimizing selection of the next line of treat-
ment, which reinforces the need for repeat biopsies.48

There is a high rate of primary resistance to immune 
checkpoint inhibitors, and furthermore, most patients 
develop acquired resistance to PD-1/PD-L1 blockade. 
Primary resistance can occur due to lack of PD-L1 expres-
sion on TCs, insufficient tumor-infiltrating lymphocytes, 
exhausted CD8+ T cells, and low TMB.5,47 Acquired 
resistance is common, but the mechanisms are not well 
understood. In melanoma, several mechanisms of resis-
tance have been described including upregulation of 
alternative immune checkpoints notably T-cell immu-
noglobulin mucin-3, genetic aberrations that result in 
immune escape including loss-of-function mutations in 
the genes encoding interferon receptor associated Janus 
kinase-1 or Janus kinase-2 resulting in lack of response 
to interferon gamma, and mutations in the antigen-pre-
senting protein beta-2-microglobulin leading to loss of 
surface expression of major histocompatibility complex 
I and T-cell escape.49,50 It is yet to be seen whether similar 
events occur in NSCLC. Recently, it has been shown 
that tumors with STK11 deficiency have high TMB 
but low PD-L1 expression and they may not respond to 
checkpoint inhibitors; this defines a potential primary 
resistance mechanism.51

The Use of ctDNA as a Powerful New Tool to Assist  
in Treatment Selection 
Molecular classification of NSCLC has allowed for the 
use of effective targeted therapies for defined subsets of 
patients. However, the need for repeated biopsies for 
molecular analyses is challenging. The use of ctDNA 
analysis has emerged as a powerful tool that can detect 
actionable mutations for diagnosis and treatment moni-
toring.52,53 Using a validated capture-based assay, ctDNA 
has been detected in the plasma of 84% of patients 
with advanced NSCLC.54 Advantages of plasma-based 
ctDNA testing, besides the noninvasive nature, include 
the short turnaround time and better representation 
of tumor heterogeneity. Drawbacks are lack of ctDNA 
shedding in some tumors55 and lower sensitivity to 

detect copy number alterations and rearrangements.56 
The most common methods for ctDNA detection 
include digital-polymerase chain reaction (dPCR) and 
next-generation sequencing. dPCR assays are highly 
sensitive and specific but can only capture a small 
number of mutations. Next-generation sequencing 
has the potential to detect multiple mutations from a 
single sample.56,57

CtDNA testing was first validated in EGFR T790M 
testing. Sensitivity of 81.25% and 100% specificity of 
T790M detection by dPCR assays was reported in a 
study.58 In another study, the sensitivity of T790M 
detection by ctDNA was reported at 70%, and the 
ORR and median PFS with osimertinib were similar 
in patients with T790M-positive disease in plasma 
versus tumor.59 It is clear that the positive predictive 
value of detecting EGFR mutations in ctDNA is high 
enough to justify initiation of third-generation TKI 
therapy, but the negative predictive value is less robust 
and does not rule out the presence of an EGFR muta-
tion, and needs to be confirmed with tissue sampling. 
Similar sets of studies also validated use of ctDNA for 
frontline EGFR mutation testing, which can be very 
useful in cases with limited biopsy samples. Emerging 
data suggest significant utility of ctDNA in detecting 
ALK resistance mutations as well.60 Multigene platforms 
are available and similarly useful for detection of alter-
ations affecting other genes in both primary diagnosis 
and acquired resistance settings. Other highly promising 
areas of use for ctDNA testing are in detecting minimal 
residual disease in localized lung cancer following defin-
itive therapy, to assist in risk stratification, in adjuvant 
treatment decisions, and to guide treatment re-initiation 
at early time points (Figure 3).61

Conclusions
Upfront molecular and immune biomarker testing 
is paramount for optimal patient selection with the 
broadening availability of highly effective immuno-
therapeutic and targeted agents for biomarker-selected 
patient subsets. Repeated testing is needed to assess 
mechanisms of acquired resistance and proper 
sequencing of effective agents. ctDNA testing may 
increase our ability to further improve patient 
outcomes and patient experience.
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