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Novel therapeutic targets on the horizon for lung cancer
Wan-Ling Tan, Amit Jain, Angela Takano, Evan W Newell, N Gopalakrishna Iyer, Wan-Teck Lim, Eng-Huat Tan, Weiwei Zhai, Axel M Hillmer, 
Wai-Leong Tam, Daniel S W Tan

Lung cancer is a leading cause of cancer-related mortality worldwide, and is classically divided into two major histological 
subtypes: non-small-cell lung cancer (NSCLC) and small-cell lung cancer (SCLC). Although NSCLC and SCLC are 
considered distinct entities with diff erent genomic landscapes, emerging evidence highlights a convergence in 
therapeutically relevant targets for both histologies. In adenocarcinomas with defi ned alterations such as EGFR 
mutations and ALK translocations, targeted therapies are now fi rst-line standard of care. By contrast, many experimental 
and targeted agents remain largely unsuccessful for SCLC. Intense preclinical research and clinical trials are underway 
to exploit unique traits of lung cancer, such as oncogene dependency, DNA damage response, angiogenesis, and cellular 
plasticity arising from presence of cancer stem cell lineages. In addition, the promising clinical activity observed in 
NSCLC in response to immune checkpoint blockade has spurred great interest in the fi eld of immunooncology, with 
the scope to develop a diverse repertoire of synergistic and personalised immunotherapeutics. In this Review, we discuss 
novel therapeutic agents for lung cancer that are in early-stage development, and how prospective clinical trials and 
drug development may be shaped by a deeper understanding of this heterogeneous disease.

Introduction
Regardless of histological subtype, most patients with 
lung cancer present with advanced-stage disease, in 
which systemic treatment interventions are largely 
palliative.1 Even in patients with early-stage resectable or 
locally advanced disease receiving defi nitive chemo-
radiation, up to 90% of patients eventually relapse.2 
Although non-small-cell lung cancer (NSCLC) and 
small-cell lung cancer (SCLC) bear a distinct clinical 
course, the classifi cation has been largely constrained by 
management approaches in a prior era dominated by 
platinum-based chemotherapy, radiotherapy, or best 
supportive care.3 The past decade has seen the 
introduction of second-generation and third-generation 
cytotoxics, as well as the use of anti-angiogenic therapies 
in combination with chemotherapy; together, these have 
marginally improved median overall survival of advanced 
NSCLC to 12 months (fi gure 1).4–6 However, one of the 
most important therapeutic advances has been the 
identifi cation of distinct molecular subsets amenable to 
targeted therapies, as well as the early success of immune 
checkpoint inhibitors.7–10 These approaches show how 
therapeutic vulnerabilities can be identifi ed on an 
individual patient basis, and have resulted in the 
integration of genomic and protein-based biomarker 
testing into clinical management algorithms to facilitate 
selection of optimal treatment.

Collective eff orts by international sequencing 
consortiums, such as The Cancer Genome Atlas (TCGA) 
and International Cancer Genome Consortium, coupled 
with the pervasive use of next-generation sequencing 
technologies within hospitals and laboratories, have made 
it possible to stratify patients into actionable subgroups at 
diagnosis and following treatment failure. The initial 
clinical experience in screening for and targeting specifi c 
somatic alterations in advanced NSCLC has provided a 
unique opportunity to leverage future drug development 
eff orts, overcoming the hurdles imposed by population 
diff erences in biomarker prevalence,11 the varying 

incidence of tractable targets for specifi c phenotypes 
(eg, histological subtypes),12 and detailed characterisation 
of the determinants of acquired resistance.13

Key traits in NSCLC and SCLC have been revealed 
through a greater appreciation of the genetic landscape, 
improved preclinical modelling of disease, and clinical 
insights from the vulnerabilities to targeted therapeutics 
(fi gure 2). The increased collaborative culture between 
clinicians, scientists, industry, and regulatory authorities 
has resulted in a new generation of science-driven 
translational clinical trials, alongside the rapid 
implementation and adoption of new technology 
(eg, point-of-care sequencing), thus accelerating the pace 
of drug development. Consequently, there is a rich 
pipeline of therapeutic candidates that need to be 
effi  ciently evaluated and prioritised in the context of early 
clinical trials. In this Review, we discuss some of the key 
developments and advances in the predominant subtypes 
of lung cancer, as well as how the design of prospective 
clinical trials and drug development can be informed by 
a deeper understanding of the biology of this disease.

What defi nes an ideal target?
The simplest defi nition of an ideal target is one that leads 
to the elimination of cancerous cells with a high 
therapeutic index and wide therapeutic window. 
This ability is dependent on the ratio between the 
dominance of the trait against the normal physiological 
function of the target, as well as the selectivity of a 
pharmacokinetically favourable compound. Drug effi  cacy 
(in vitro and in vivo) often forms the basis for clinical 
testing, with prerequisite demonstration of therapeutic 
eff ect in at least two or more cell line and xenograft 
models.14 However, because not all therapeutic modalities 
can be readily or satisfactorily evaluated in vivo, 
consideration should be given to appraisal of the 
representativeness of the experimental model system. 
For example, preclinical modelling for treatments that use 
immune-mediated mechanisms for cell type-specifi c 
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elimination is particularly challenging because 
non-human host immunity might not be representative of 
human physiology. Nevertheless, studies in mice have 
been instrumental in the development of the mechanistic 
understanding and identifi cation of immunological 
targets such as CTLA-4 and PD-1.15 An integral part of 
this challenge is the development of a stable mouse 
model that can be used for the prediction of person-
alised immunotherapeutic outcomes. Immuno competent 
humanised mouse model systems do not suffi  ciently 
recapitulate all the complex immunological parameters 
needed for the study of normal HLA-restricted 
antigen-specifi c T-cell responses.16 Despite the limitations 
of xenograft models in the evaluation of certain therapeutic 
classes, patient-derived models and co-clinical xenograft 
trials have provided a more robust preclinical basis for 
entry into clinical testing.17

The presence of a selection biomarker specifi c to the 
putative mode of action of any novel therapeutic agent 
has emerged as an important requisite. With an increased 
ability to sequence the cancer genome at a large scale, any 

uncharacterised mutations can now be readily modelled 
with CRISPR technology, thus providing insights into 
their contributions toward disease progression and 
their value as predictive genomic biomarkers or drug 
development targets. Unbiased functional screens using 
an appropriate phenotypic readout are another powerful 
tool to rapidly uncover effi  cacious drugs or facilitate 
biomarker discovery.18

Most predictive biomarkers to date consist of 
single genomic or protein alterations, and have been 
implemented in conjunction with the fi rst wave of 
successful targeted therapies in NSCLC. Importantly, 
emerging targets should have an accompanying plan 
for co-developing a companion diagnostic, and the 
performance of an analytically validated fi t-for-purpose 
assay increasingly constitutes a cornerstone for success 
in early-phase trials. Once established, retrospective 
analyses of a specifi c biomarker should be performed on 
archival samples of diff erent cancer types, providing 
molecular epidemiological data that can inform 
optimal trial design and enrolment strategies. 
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Figure 1: Timeline of key therapeutic advances for advanced-stage disease in predominant histological subgroups of lung cancer
NSCLC=non-small-cell lung cancer. TKI=tyrosine-kinase inhibitor. *US Food and Drug Administration (FDA)-designated breakthrough therapy.
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Because predominant cancer traits can evolve over time, 
fresh tissue biopsies are required in many contemporary 
trials. Therefore, with a diverse repertoire of mechanism-
based interventions, due consideration should be given 
to the identifi cation of specifi c windows of opportunity 
for the evaluation of activity of novel agents, which 
in turn need to be measured through clinical or 
science-based endpoints suited to the mode of action.

Identifi cation of genomic targets
Many therapeutically tractable genomic lesions comprise 
of gain-of-function alterations that result in structural 
modifi cations and subsequent pathway activation. 
These alterations include somatic point mutations in 
kinase domains, chromosomal rearrangements, or focal 
amplifi cation of a genomic region. Regardless of the 
mechanism of activation, considerable enthusiasm exists 
for the development of targeted therapies, even for rare 
molecular subsets (table). An alternative approach exploits 
synthetically lethal interactions between a therapeutic 
agent and one or more separate genomic alterations.38 
With this approach, each individual alteration is non-lethal 
in isolation (and could facilitate tumour development—
eg, in loss of a tumour suppressor gene such as BRCA1). 
However, co-occurrence of a second hit, either through a 
genomic event or exposure to a drug, results in cell death.

Comprehensive large-scale profi ling of lung cancers has 
systematically identifi ed substantially altered genes (table).  
Many alterations do not represent tractable targets, and the 
sensitivity for the identifi cation of driver genes is a function 
of the frequency of alterations and number of background 
mutations. Therefore, cancer types with a high mutational 
burden, such as smoking-related lung cancers, require 
thousands of samples to be sequenced before suffi  cient 
sensitivity can be reached for the identifi cation of 
low-frequency driver genes.39 In addition, the increasing 
number of multidimensional datasets has facilitated 
comparisons across diff erent cancer types. In a TCGA 
multiplatform analysis,40 3527 specimens from 12 cancer 
types were reclassifi ed into 11 major tumour histology 
agnostic subtypes. For example, a subset of squamous-cell 
lung carcinoma clustered together with other aerodigestive 
and bladder cancers of epithelial origin,40 providing a 
rationale to defi ne druggable subsets across cancer types.

Targeting of oncogenic drivers: clinical insights
The application of targeted therapies in two of the most 
common genomic drivers in NSCLC—EGFR mutations 
and ALK rearrangements—has been instructive. In both 
molecular subgroups, the proportion of patients who 
achieved a response was as high as 70% in pivotal phase 3 
trials,7,8 setting a benchmark for clinically eff ective 
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Figure 2: Key therapeutically relevant hallmarks of lung cancer
The process of tumorigenesis occurs through acquisition of mutational alterations induced by environmental insults like smoking, pollutants, metabolic changes, 
targeted therapies, and chemotherapy, which exert selective pressures on the cell. Clonal evolution of the tumour is additionally driven by key traits of lung cancer 
(oncogene-induced growth, angiogenesis, stem-cell-like properties, DNA damage response defects). Eventual metastases will result from increasing tumour burden 
with dynamic fl uxes in dominant traits with disease progression.
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targeted therapies. Perhaps the most striking feature is 
the seemingly universal emergence of drug resistance, 
either through a secondary mutation that negatively 
aff ects drug binding, or by invoking alternative bypass 
pathways. For example, in acquired resistance to fi rst-
generation EGFR tyrosine-kinase inhibitors (TKIs), 
sustained EGFR signalling can be achieved through 
clonal expansion of cells harbouring a Thr790Met 
mutation, activating bypass pathways (eg, MET 
amplifi cation), or trans formation into other histological 
types.41 Data for ALK TKI resistance further highlight 
the possibility of diff ering resistance landscapes 
emerging from fi rst-generation and second-generation 
ALK inhibitors. While the Leu1196Met mutation in the 
ALK kinase domain is a common resistance mechanism 

to crizotinib, and can be overcome by second-generation 
ALK inhibitors like alectinib and ceritinib, resistance to 
second-generation agents can still subsequently ensue 
with a Gly1202Arg mutation.42 Thus, the pharmacological 
activity of novel agents and their associated off -target 
eff ects impose varying degrees of selective pressures that 
dictate how a tumour might navigate the drug resistance 
or cancer cell fi tness landscape.

Another important observation is the ability for more 
potent or mechanism-specifi c TKIs to elicit signifi cant 
antitumour responses. For instance, the development of a 
wild-type-sparing Thr790Met mutation-specifi c EGFR 
TKI demonstrated an overall response of 59% on the 
basis of two single-arm studies (AURA extension 
[NCT01802632] and AURA2 [NCT02094261]), resulting in 

Frequency (%) Approved drugs and selected agents in development

Adenocarcinoma19–22 Squamous-cell 
carcinoma23

Small-cell 
carcinoma24

TP53 35·1–61·4% 81% 93·6% AZD 1775 (NCT02593019, NCT02513563)

EGFR 14·3–39·6% 0% 0% Erlotinib, gefi tinib, afatinib (FDA-approved), osimertinib (Thr790Met) (FDA-approved, 
NCT02151981)

KRAS 14·9–32·6% 0% 0% NA

MEK1 (MAP2K1)25 <1% <1% 0% MEK 162/binimetinib (NCT01859026), VS-6063/defactinib (NCT01951690), trametinib 
(NCT02642042, NCT02258607), AZD6244/selumetinib (NCT02583542), cobimetinib 
(NCT02457793)

RB1 3·3–4·3% 7% 80% Palbociclib (NCT01291017)

ALK (fusion)26 3–13% NA NA Crizotinib, ceritinib (FDA-approved), alectinib (NCT01801111), X-396 (NCT01625234), 
brigatinib (NCT02737501), PF-06463922 (NCT01970865)

MYC26 31% Rare 16% MLN8237/alisertib (NCT02038647), OTX105/MK-8628 (NCT02259114), BMS-986158 
(NCT02419417)

FGFR1 (amp)27,28 1% 20% 5·6% BGJ 398 (NCT01004224), TKI258/dovitinib (NCT01676714), nintedanib (NCT01948141), 
BAY1163877 (NCT01976741), GSK3052230 (NCT01868022), AZD4547 (NCT02154490)

RET26 1–2% NA NA Cabozantinib (NCT01639508), vandetanib (NCT01823068), lenvantinib (NCT01877083), 
AP24534/ponatinib (NCT01935336)

MET29

Amplifi cation (de novo) 1–4% 0% 0% XL184/cabozantinib (NCT01639508, NCT02132598)

Amplifi cation (EGFR TKI-resistant) 10–20% 0% 0% INC280/capmatinib (NCT02414139, NCT01911507)

Exon 14 skipping30 3–4% 0% 0% MSC2156119J/tepotinib (NCT01982955), AZD6094/volitinib (NCT02374645, 
NCT02143466), MGCD265 (NCT02544633), crizotinib (NCT00585195)

PTEN 2·2% 8% 10% Buparlisib (NCT01297491)

PIK3CA ·· ·· ·· Buparlisib (NCT01297491)

Mutation 4·4–6·9% 16% 0% BYL719/alpelisib (NCT02276027)

Amplifi cation31–34 2–9% 30–40% 5% GDC-0032/taselisib (NCT01862081), AZD8186 (NCT01884285), IPI-549 (NCT02637531), 
LY3023414 (NCT02443337), AZD2014 (NCT02403895, NCT02664935)

BRAF35 1–2% (1% BRAFV600E) 0% 0% Dabrafenib (NCT01336634), LGX818 (NCT02109653), vemurafenib (NCT02314481)

ROS1 2% 0% 0% Crizotinib (FDA-approved), PF-06463922 (NCT01970865), AP26113 (NCT01449461)

NTRK136,37 0·1–3·3% 0% 0% LOXO-101 (NCT02576431), PLX7486 (NCT01804530), entrectinib (NCT02568267, 
NCT02097810)

HER2 ·· ·· ·· Afatinib (NCT02369484, NCT02597946)

Mutation 2–4% 0% 0% Pyrotinib (NCT02535507)

Amplifi cation26 5–10% 0% 0% AP32788 (NCT02716116)

DDR226 0% 3·8% 0% NA

IGFR126 0% 0% 95% BI 836845 (IGF/IGFR pathway inhibitor) (NCT02191891)

FDA=US Food and Drug Administration.

Table: Frequencies of gene alterations across lung cancer subtypes, and targeted agents 
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the accelerated approval of osimertinib by the US Food 
and Drug Administration (FDA) in November, 2015. 
However, similar to fi rst-generation EGFR TKIs, 
resistance mechanisms specifi c to osimertinib can arise—
eg, a novel Cys797Ser EGFR mutation, which aff ects the 
covalent binding site of third-generation TKIs.43 Whether 
the use of later-generation inhibitors in the fi rst-line 
setting will achieve more durable disease control 
compared with fi rst-generation or second-generation 
EGFR TKIs or induce alternative resistance mechanisms 
remains unclear. A key priority is to defi ne the optimal 
sequence and combinations of available targeted therapies 
to circumvent drug resistance. Several fi rst-line trials 
are examining the role of a second-generation ALK 
inhibitor alectinib against crizotinib (NCT02075840), and 
third-generation Thr790Met inhibitors against erlotinib or 
gefi tinib (NCT02296125).

Descriptions of transformation of adenocarcinoma 
to squamous-cell and small-cell histologies after 
development of TKI resistance provide insights into 
the potential for plasticity of cancer stem cells. The 
morphological diff erences between adenocarcinoma, 
squamous-cell carcinoma, and small-cell carcinoma were 
previously attributed to specifi c cell-of-origins, in 
which NSCLCs are thought to have originated from 
bronchioloalveolar stem cells or alveolar type II cells, 
whereas SCLCs may have originated from neuro-
endocrine cells.44 Recent data have suggested a key role 
for loss of Rb in small-cell transformation,45 highlighting 
how histology can be dictated by genomic events. 
This fi nding is supported by conditional mouse models 
in which inactivation of TP53 and RB1 using adenoviral 
vectors targeting Cre recombinase in diff erent lung 
epithelial cells show preferential formation of SCLC 
from neuroendocrine cells.46 Therefore, under suffi  cient 
selective pressures, the emergence of new genetic or 
epigenetic events can result in late phenotypic changes, 
suggesting the presence of a multipotent stem 
cell-of-origin within the stem cell niches, even in 
established tumours. These fi ndings are consistent with 
the ability of specifi c genetic lesions to infl uence the fate 
of a common cell-of-origin. For instance, KRAS and 
TP53 mutations result in the development of lung 
adenocarcinoma, whereas the disruption of RB1 and 
TP53 promotes SCLC formation.47

Targeting of low-frequency driver alterations in the 
clinic has been illuminating. BRAFV600E (ie, Val600GLu) 
mutations and NTRK and ROS1 rearrangements 
are infrequent alterations (approximately 1% across 
adenocarcinoma [table]) for which the quality of clinical 
responses to target-specifi c TKIs has varied. Equally brisk 
and durable responses have been observed when drugging 
low-frequency drivers (as compared with a common 
driver such as EGFR mutations), highlighting the fact that 
oncogenic potential does not necessarily correlate with the 
population prevalence of an alteration. By contrast, 
genomic alterations that can appear to be genuine drivers 

in preclinical models (eg, PIK3CA mutations) might not 
necessarily translate into actionable targets in the clinic 
due to the genomic context in which they are found. 
PIK3CA mutations are often found as co-occuring driver 
alterations, or occur as a subclonal event.48,49 Thus, the 
context in which alterations are acquired—ie, determined 
by environmental exposure, individual risk factors 
(hereditary genome), cell-of-origin (epigenetic factors), 
and the genetic context of early (clonal) versus late 
(subclonal) alterations—ultimately dictates the therapeutic 
vulnerability of the target and drug response.7,8,50,51 
In support of this notion, no signifi cant clinical activity 
was observed in the BASALT-1 trial (NCT01297491),50 
in which patients with NSCLC selected for PIK3CA 
mutations and PTEN loss were treated with the pan-class I 
PI3K inhibitor buparlisib. This trial, which terminated 
early due to lack of effi  cacy, showed overall response of 
3·2% (two of 63 patients), and 12-week progression-free 
survival of 20·0% for the squamous group and 23·3% for  
the adenocarcinoma group.

Emerging targets in other oncogenic drivers
KRAS mutations are one of the most common mutations 
in NSCLC (adenocarcinomas) and while previously 
thought to be non-druggable, several promising strategies 
are now in development. Targeting of downstream 
pathways with MEK inhibitors (eg, selumetinib and 
trametinib) has yielded encouraging results, with the 
combination of selumetinib with docetaxel achieving 
response rates of 36% (16 of 44 patients) versus 0% with 
docetaxel alone;52 a phase 3 trial of docetaxel with 
selumetinib or placebo in KRAS-mutant NSCLC is 
ongoing (NCT01933932). More recently, novel approaches 
to target GTP-bound RAS have been reported, specifi cally 
in the context of KRAS Gly12Cys mutations. These direct 
and indirect strategies include the exploitation of a novel 
allosteric site in a binding pocket of the mutant cysteine 
residue, and the discovery of allele-specifi c inhibitors that 
block the nucleotide exchange mechanism, trapping 
KRAS in the inactive state.53,54

The clinical experience in targeting oncogenic drivers 
in squamous-cell and small-cell carcinoma is more 
limited. In part, the predominant smoking-related 
aetiology for these histological subtypes and 
consequential high mutational burden restricts the 
identifi cation of recurrent substantially mutated genes. 
Nevertheless, some tractable targets are observed across 
major histological subtypes. For example, activation of 
the MET/HGF pathway has been described in 
adenocarcinoma, squamous-cell carcinoma, and 
large-cell carcinoma, and can be activated through 
diverse mechanisms, including MET amplifi cation and 
exon 14 skipping mutations. MET amplifi cation (defi ned 
as ≥6 copies by FISH) has been reported in 2–4% of 
de-novo untreated NSCLC and in up to 20% of EGFR 
TKI-resistant NSCLC,29,55–58 whereas MET exon 14 
skipping mutations are present in 3–4% of lung 
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adenocarcinoma cases.30 Published data remain limited, 
however, with only small case series revealing meaningful 
clinical responses to MET inhibitors.21,30,59–61

Similar to MET or HGF signalling, diverse mechanisms 
of activating the FGFR pathway have been reported. 
FGFR1 amplifi cation is one of the commonly adopted 
selection biomarkers, and in early-stage squamous-cell 
lung carcinoma has been found to be associated with 
poor survival and smoking.62,63 Prevalence of FGFR1 
amplifi cation in squamous-cell lung carcinoma varies in 
diff erent studies, from 9·7% to 21·1% by single-nucleotide 
polymorphism (SNP) arrays and 22·2% by FISH,27,64 
whereas the prevalence in adenocarcinoma has been 
found to be low at 3%.64,65 Although encouraging clinical 
activity has been observed in ongoing clinical trials of 
highly selective FGFR 1–3 inhibitors, such as BGJ398, 
AZD4547, and PD173074, the development of FGFR 
inhibitors has faced many challenges, including 
inconsistencies in molecular screening strategies for 
FGFR activation (mutations, copy number, translocations, 
gene expression), defi nitions of appropriate amplifi cation 
cutoff s, and management of adverse events related to 
on-target eff ects (eg, hyperphosphataemia, paronychia, 
and haemoptysis). In SCLC, although FGFR1 
amplifi cation has been reported in more than 20% of 
cases,66 molecular prescreening has been complicated by 
a lack of tissue specimens and an insuffi  cient number of 
patients fi t for early-phase trials.

MYC family alterations are also an emerging target, 
with a prevalence of up to 20% in SCLC.67 Preclinical 
studies have revealed SCLC to be particularly susceptible 
to inhibition of aurora kinases, with activation of MYC 
family genes being a key determinant.68,69 In a phase 1 
trial,70 alisertib, a highly specifi c aurora kinase A inhibitor, 
demonstrated a response of up to 21% in platinum-
refractory SCLC; this fi nding prompted a randomised 
phase 2 trial comparing paclitaxel with or without 
alisertib in second-line SCLC (NCT02038647).

Targeting of tumour suppressors
TP53 is the most commonly altered gene across all lung 
cancer subtypes, but remains an elusive target. P53 
function can be impaired through overexpression 
of regulatory proteins or inactivating mutations, 
compromising its critical role in determining cell fate 
through DNA repair, cell cycle arrest, apoptosis, and 
senescence. Two broad therapeutic strategies have been 
used: activation of wild-type P53, most commonly 
through small molecules that bind to MDM2 by 
mimicking key residues of P53 (eg, nutilin), and 
restoration of normal function to mutant P53 
(eg, PRIMA-1Met [APR-246]).71 The latter is achieved 
through covalently modifying cysteine residues and 
misfolded P53 proteins (specifi cally in the context of 
Arg273His and Arg175His P53 mutations), thereby 
aff ecting DNA binding. Preclinical studies have 
demonstrated signifi cant antitumour eff ects through 

induction of apoptosis in TP53-mutant murine SCLC 
models,71 and in a clinical phase 1 trial72—which was 
conducted primarily in haematological malignancies and 
prostate cancer—no major adverse events other than 
fatigue and giddiness were observed.

Given substantial crosstalk between P53 and DNA 
repair pathways, combinatorial approaches have also 
been examined in the context of TP53-defi cient NSCLC. 
Stress-activated P38 mitogen-activated protein kinase 
pathway (MK2) is a crucial component of DNA damage 
response, and P53 mutant and MK2 defi ciency were 
synthetically lethal in a mouse NSCLC model treated 
with cisplatin.73 In a genome-wide short hairpin RNA 
screen exploiting reactivation of intact functional P53 
with nutilin, genetic or pharmacological inhibition of 
ATM or MET kinase was able to convert the cellular 
response from cell cycle arrest to apoptosis,74 
underscoring the potential for synthetically lethal 
strategies in P53-mutant lung cancers. No P53-directed 
therapies have been approved, which is probably a 
refl ection of the complex biology and diverse roles of P53 
in cellular homoeostasis.

Targeting of epigenetic mechanisms
Epigenetic mechanisms of gene regulation generally 
entail covalent modifi cations of DNA and histone 
proteins, such as methylation or acetylation. The ability 
for transcriptional machinery to access specifi c DNA loci, 
or the recruitment of epigenetic regulators, results in 
diff erent chromatin states infl uencing gene expression 
changes.38 Mutations in epigenetic regulators occur 
frequently: mutations in SMARCA4/BRG1 and ARID1A, 
both members of the SWI/SNF complex, are found in 
8% and 10% of adenocarcinomas, respectively;26 
mutations in MLL2, a histone methyltransferase, is 
found in 19% of squamous-cell carcinomas; and 
mutations in CREBBP/CBP and EP300 histone 
acetyltransferase co-activators are found in 18% of SCLC 
cases.26 Unlike somatic alterations in driver genes, one of 
the attractions in manipulation of epigenetic mechanisms 
is the potential for reversibility, making them ideal 
candidates for anticancer drugs.

Histone deacetylases and DNA methyltransferase 
inhibitors are the most advanced compounds explored in 
the clinic, although results of single-agent studies 
(regardless of class) and combinations with chemotherapy 
have been disappointing. Combinations with targeted 
therapies are ongoing; of note is a phase 1b trial75 
of vorinostat in combination with gefi tinib, chosen 
specifi cally to overcome primary resistance to BIM 
deletion polymorphism. Preclinical studies confi rmed 
a dose-dependent increase in expression of the 
BH3 domain, resulting in marked apoptosis and 
regression in EGFR-mutant BIM-deleted NSCLC 
xenograft models.76 Overall, one of the major challenges 
has been the lack of selectivity of epigenetic targeting 
agents, and an incomplete understanding of mechanisms 
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for synergy in most combinations. For this reason, 
predictive biomarkers for specifi c epigenetic inhibitors 
need to be better defi ned than they are at present.

Another class of epigenetic targeting agents are 
directed against chromatin readers. Chromatin readers 
have specialised domains that bind to covalent 
modifi cation of nucleosomes and, when mutated, result 
in the inability to decipher the epigenetic landscape.38 
Bromodomain and extra-terminal (BET) domain 
proteins, including BRD2, BRD3, BRD4, and BRDT, 
function as transcriptional co-activators and facilitate 
target gene transcription.77 BET bromodomain inhibitors 
have been found to modulate epigenetic signalling in a 
cell context-dependent manner with diverse downstream 
consequences. For example, sensitivity of lung adeno-
carcinoma cell lines to the BET inhibitor JQ1 may be 
mediated by the suppression of the oncogenic 
transcription factor FOSL1, rather than through the MYC 
pathway.78 By contrast, SCLC demonstrates higher 
sensitivity to JQ1, particularly in MYC-amplifi ed models.79 
Downregulation of MYC-dependent transcription has 
also been observed in KRAS-mutant LKB1 wild-type in 
vitro and in mouse models, highlighting the importance 
of genomic context even in an epigenetic targeting 
agent.80 Several BET inhibitors are currently in 
early-phase clinical trials, such as OTX015 in advanced 
solid tumours including NSCLC (NCT02259114), and 
BMS-986158 in some advanced solid tumours including 
SCLC (NCT02419417).

Therapeutically relevant hallmarks of lung cancer
The inability to cure oncogene-driven lung cancer despite 
substantial cytoreduction with highly eff ective targeted 
therapies underscores the major limitation of targeting 
single genetic lesions. The emerging genomic complexity 
of treatment-naive and treatment-resistant lung cancers 
has further revealed vast potential for tumour adapation, 
as well as the diverse phenotypes that can emerge 
through acquiring multiple somatic alterations.50,81–83 
Furthermore, many genomic alterations commonly 
co-occur, and pose a striking challenge when genomic-
guided therapeutics are to be assigned. Elucidation of 
cancer phenotypes, or hallmarks, is a complementary 
approach to targeting of lung cancer.

Exploitation of DNA damage repair
DNA damage response is of interest in lung cancer 
because of the strong aetiological link with smoking and 
response to platinum-based chemotherapy. Furthermore, 
the diff erences in time to the development of lung cancer 
in lifelong heavy smokers, and the absence of 
smoking-related mutational signatures in some patients 
despite chronic tobacco exposure, suggest individual 
diff erences in effi  ciency of DNA repair.83,84 DNA damage 
response is a complex multistep process involving 
multiple DNA repair proteins, coordination of cell 
cycle checkpoints, and eff ectors of cellular fates.85 

This complexity has led to multiple studies examining 
the clinical relevance of key DNA repair proteins such 
as ERCC1,86 and even randomised controlled trials 
stratifying patients on the basis of RRM1 and ERCC1 
gene expression levels to four diff erent chemotherapy 
arms.87 Unfortunately, the interpretation of the results 
from these studies has been challenging because of the 
absence of rigorous biomarker data for patient selection, 
as well as inadequacies in the clinical trials that included 
suboptimal comparative controls and non-targeted 
chemotherapy regimens.88,89 To this end, unbiased 
high-throughput drug screens have recently identifi ed 
PARP-1/2 inhibitors as synthetically lethal partners in an 
isogeneic ERCC1-defi cient NSCLC line.90 In another 
study that compared reverse-phase protein array profi les 
between SCLC and NSCLC, PARP1 and E2F1 co-activator 
targets (eg, EZH2) were signifi cantly increased, corres-
ponding to an increased sensitivity to the PARP inhibitor 
olaparib in vitro, as well as in combination with etoposide 
and cisplatin.91 Multiple trials are ongoing exploring both 
monotherapy and PARP inhibitors, such as   talazoparib; 
in a phase 1 trial,92 Response Evaluation Criteria In Solid 
Tumors (RECIST) confi rmed responses in two (18%) of 
11 patients with refractory SCLC. Other PARP inhibitors, 
such as olaparib, are being explored in combination with 
gefi tinib in EGFR-mutant NSCLC,93 and the addition 
of veliparib to paclitaxel and carboplatin against 
chemotherapy alone has suggested improved activity, 
although non-signifi cantly, particularly in advanced 
squamous lung cancers.94

A major challenge has been the identifi cation of 
patients with impaired DNA damage response who are 
therapeutically vulnerable to inhibitors of the DNA repair 
pathway through synthetic lethality. Genomic sequencing 
studies can only provide circumstantial evidence to infer 
the quality of an individual’s DNA damage response 
(eg, mutational burden or mutations in genes involved in 
DNA repair); similarly, single gene or protein biomarkers 
provide an incomplete picture. A functional DNA 
damage response assay would ideally be required to 
accurately stratify patients.

Targeting of the cell cycle and checkpoint kinases
Cell cycle checkpoint inhibitors, such as CDK4/6 
inhibitors, have been explored in lung cancer. In a 
phase 2 trial95 of palbociclib (PD0332991) in previously 
treated patients with advanced NSCLC and inactivated 
CDKN2A, stable disease was achieved in eight (50%) of 
16 evaluable patients. In a phase 1 study96 comprising of 
patients with NSCLC, another CDK4/6 inhibitor, 
abemaciclib (LY2835219), showed a partial response in 
one (2%) of 49 patients and overall disease control in 
25 (51%) patients. In addition, there was a trend towards 
improved activity in KRAS-mutant cases (disease control 
in 14 [54%] of 26 patients) compared with KRAS-wild-type 
cases (disease control in seven [37%] of 19 patients).96 
Palbociclib is currently being evaluated in a phase 1/2 
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trial in combination with the MEK inhibitor, PD0325901, 
in KRAS-mutant patients with NSCLC (NCT02022982), 
as well as in the biomarker-targeted LUNG-MAP 
study incorporating a basket-trial design for recurrent 
squamous-cell lung carcinoma (NCT02154490).

Cell cycle proteins are inextricably linked to DNA 
damage response, and several inhibitors of checkpoint 
kinases are being tested in preclinical and clinical trials. 
Chk1, Wee1, and ATR are key regulators of the G2 
checkpoint in the cell cycle, and also regulate CDK 
activity during S-phase; inhibition results in G2 
checkpoint abrogation and contributes to cytotoxic eff ects 
of DNA damage. Additional factors such as P53 
defi ciency, MYC overexpression, RAS mutations, and 
reduced level of the repair protein ERCC1 might enhance 
effi  cacy and lead to sensitisation to these inhibitors.97 
Ongoing trials with Chk1 inhibitors include a phase 1 
study of single agent LY2606368 in patients with 
advanced cancers including NSCLC (NCT01115790). 
Despite Chk1 inhibitors displaying antitumour activity 
on their own, larger gains could be sought by synergising 
them with conventional chemotherapy and radiotherapy. 
Preclinical analyses and a phase 1 trial of the 
Chk1 inhibitor LY2603618 in combination with 
pemetrexed and cisplatin have reported a partial response 
in two (14%) of 14 patients with NSCLC,98 and a phase 1/2 
study in patients with metastatic NSCLC (NCT01139775) 
is underway.

Other examples of targeting of a checkpoint kinase 
include the combination of the ATR inhibitor VX-970 
with cisplatin and the Chk1 inhibitor AZD7762 with 
gemcitabine.99 Several clinical trials are testing the Wee1 
inhibitor AZD1775 combined with chemotherapy in the 
setting of NSCLC (NCT02087241), as well as SCLC with 
MYC amplifi cation or CDKNA alterations in P53 mutant 
context (NCT02688907). Cell cycle-associated kinases 
such as the polo-like kinases (PLK1-3) and aurora kinases 
(A, B, and C) are also promising targets for lung cancer 
therapy. PLK-1 is regarded as the dominant kinase in the 
family, and overexpression of PLK-1 has been noted in 
many malignancies, including NSCLC. BI2536 and 
BI6727 are two PLK-1 inhibitors that are being studied as 
a single agent or in combination with chemotherapy 
(eg, pemetrexed). However, the impact of using these 
inhibitors will depend on the cell cycle state within each 
cell and varies both across and within individual 
tumours, restricting the predictive potential of biomarker 
analysis on bulk tissue from single biopsies.100

Targeting of cancer stem-like cells
The observed small-cell transformation in the 
drug-resistant state lends weight to the hypothesis that 
rare, cancer stem cell-like fractions exhibit self-renewing 
capacity and have the potential to diff erentiate into 
diverse cancer cell populations.101 However, the 
establishment of the presence of this dynamic tumour 
subpopulation has been challenging, bearing in mind 

that cancer stem cells are functionally defi ned. Stem cell 
markers such as CD133, CD166, CD44, and ALDH1 and 
signalling pathways such as Hedgehog, Notch, and Wnt 
pathways have been examined mostly in bulk tumour 
samples. One important clinical implication of cellular 
heterogeneity is the diverse resistance mechanisms 
displayed by specifi c subsets of tumour cells to therapy. 
Mounting evidence suggests that therapy-resistant cells 
are enriched for cancer stem cell-like properties, thus 
favouring relapse into a more aggressive disease and 
metastasis.102–104

One approach has involved the development of 
strategies to specifi cally target cancer stem cell pools. 
This targeting might involve the ablation or induced 
diff erentiation of cancer stem cells to halt tumour growth 
or promote their sensitivity to front-line therapies. 
Biotech companies such as Boston Biomedical 
(Cambridge, MA, USA), Verastem (Needham, MA, USA), 
and OncoMed (Redwood City, CA, USA) have devoted 
drug discovery pipelines that focus on cancer stem cell 
therapeutics: examples include napabucasin (BBI608), 
defactinib (VS-6063), and demcizumab (a δ-like ligand 
[DLL4] antibody).105 Several clinical trials are ongoing to 
understand the impact of putative cancer stem cell-specifi c 
agents in altering disease outcome, such as the phase 1/2 
study of napabucasin in combination with immune 
checkpoint inhibitors in adult patients with advanced 
cancers (NCT02467361), and another phase 2 trial testing 
defactinib in patients with KRAS-mutant NSCLC 
(NCT01951690). Demcizumab, which targets a ligand of 
the Notch receptor, is currently in a phase 1/2 trial for 
patients with untreated extensive-stage SCLC 
(NCT01859741). In a recent phase 1 clinical trial of 
rovalpituzumab—a drug conjugate comprising a DLL3 
antibody, a stable linker, and an active cytotoxic payload—a 
subgroup of DLL3-positive patients with relapsed SCLC 
showed a partial response in ten (34%) of 29 patients, and 
stable disease in nine patients (31%).106 With DLL3 
expression observed in up to 70% of SCLCs,107 this 
promising approach is under assessment in a phase 2 
setting. Therefore, development of cancer stem cell 
therapeutics represents an area of promising potential.

An alternative approach is targeting of signalling 
pathways associated with cancer stem cell-like cell 
fractions.108–110 Although several driver pathways, such as 
Wnt and Hedgehog, have been suggested to promote 
lung cancer stem cell function, evidence for the role of 
Notch signalling appears to be the strongest.111–113 
Expression analyses have revealed the Notch pathway to 
be activated in ALDH-positive or CD133-positive cancer 
stem cells, and pharmacological treatment with a 
γ-secretase inhibitor has been found to disrupt cancer 
stem cell activity and confers sensitivity to chemo-
therapy.111,114 RO4929097 is a selective γ-secretase 
small-molecule inhibitor against Notch signalling with 
antitumour activity shown in NSCLC xenograft models,115 
and was evaluated in patients with advanced NSCLC who 
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had completed front-line chemotherapy; this phase 2 trial 
(NCT01193868) was later terminated due to the limited 
effi  cacy observed across diff erent cancer types, and 
cessation of drug production. Another phase 1 trial 
studying the Notch inhibitor BMS-906024 in patients 
with advanced solid tumours (NCT01292655) is underway. 
Nonetheless, the role of cancer stem cell-signalling 
pathway signatures derived from bulk tumours in 
informing cancer stem cell content and helping in 
tailoring novel therapeutics has not been evaluated. 
Whether the pharmacological inhibition of these 
pathways disrupts bona-fi de cancer stem cells in vivo, and 
whether this translates to a durable clinical response, 
remains uncertain.

Combinational therapies using classes of drugs that 
act on distinct traits provide an attractive strategy to 
improve treatment effi  cacy. Cancer stem cell-targeted 
agents have been combined with chemotherapy, thus 
disrupting heterogeneous carcinoma cell types; such an 
approach has been explored in a phase 1b study of the 
anti-cancer stem cell agent demcizumab in combination 
with pemetrexed and carboplatin in patients with 
fi rst-line non-squamous NSCLC (NCT01189968). Results 
showed encouraging early clinical activity with tolerable 
toxicities and complete responses in one (3%) of 
40 patients and partial responses in 19 (47%) patients, 
according to RECIST criteria. In light of this, a 
randomised phase 2 trial (DENALI) of demcizumab with 
carboplatin and pemetrexed in fi rst-line non-squamous 
NSCLC has been initiated (NCT02259582). In parallel, 
the use of epigenetic drugs—which typically disrupt 
histone or DNA modifi cations—to treat cancers is 
gaining momentum. The epigenetic landscape of cancer 
stem cells is distinct from the corresponding bulk, 
diff erentiated cancer cells, and these diff erences result 
in the global reprogramming of gene expression 
patterns.116–118 For instance, the histone demethylase 
LSD1, an epigenetic regulator, can support the 
maintenance of lung cancer stem cells; its inhibition 
promotes cell diff erentiation, reducing tumour growth 
in SCLC.119,120 These results, and other emerging 
evidence, underscore the need to evaluate epigenetic 
regulators as clinically viable molecular targets in cancer 
stem cells.

Targeting of tumour metabolism
To date, the majority of studies have been directed at 
elucidation of the metabolic alterations of neoplastic cells 
and how they diff er from normal tissues. These fi ndings 
are largely centred upon the reactivation of the Warburg 
eff ect, or cancer cell addiction to serine, glutamine, and 
glycine.121,122 These seminal observations form important 
starting points for understanding of broad metabolic 
variations between highly divergent cell types. Nonetheless, 
some studies have begun to highlight diff erences in 
metabolic alterations between heterogeneous cell types. 
The ability to identify a therapeutic window during which 

the metabolic properties of cancer cells might be exploited 
is crucial to such targeting.

The metabolic enzyme GLDC is increased specifi cally 
in lung cancer stem cells and is responsible for their 
proliferation.110 GLDC catalyses the conversion of glycine 
to methyl-tetrahydrofolate, which is one of the key steps 
in the serine-glycine pathway that feeds into the 
one-carbon metabolism cycle. Other enzymes of the 
serine-glycine pathway, which include SHMT2 and 
PHGDH, are also elevated in a specifi c subpopulation of 
cells within other cancer types, sparking interest in 
the development of targeted inhibitors against these 
metabolic enzymes.123,124 Drugs targeting GLDC, PHGDH 
(anti-serine biosynthesis), and SHMT2 (anti-glycine 
biosynthesis) are in preclinical studies.125

Harnessing the immune system
The ability to induce tumour responses across 
adenocarcinoma, squamous-cell carcinoma, and SCLC 
with single-agent immune checkpoint inhibitors (PD-1 or 
PD-L1 antibodies) provides incontrovertible evidence for 
the ability of the immune system to eradicate cancer 
cells.126 The key promise of cancer immunotherapy has 
been the unprecedented appearance of durable responses 
in patients with advanced incurable NSCLC. Although this 
outcome already occurs in a minority of patients, 
combinatorial approaches are expected to achieve durable 
responses in the remaining patients. Immunotherapeutic 
strategies can be divided into two broad categories: 
host-targeting strategies and tumour-directed strategies 
(fi gure 3).

Targeting of checkpoint inhibition, and beyond
Two PD-1 antibodies—nivolumab and pembrolizumab—
were approved for use in the second-line setting for 
NSCLC in 2015,10,127,128 and are currently under assessment 
in the fi rst-line setting (NCT02041533, NCT02477826, 
NCT02142738, NCT02220894). Further combinations 
across checkpoint inhibitors are beginning to show 
promise. Ipilimumab and tremelimumab are CTLA-4-
targeting antibodies undergoing clinical development in 
lung cancer in combination with PD-1 and PD-L1 
antibodies; following impressive phase 1b results,129 a 
nivolumab–ipilimumab combination, and   a durvalumab–
tremelimumab comb ination are being tested in phase 3 
trials versus standard-of-care chemotherapy as fi rst-line 
treatment for both PD-L1-positive and PD-L1-negative 
patients with NSCLC (CheckMate 227, NCT02477826; 
MYSTIC, NCT02453282; NEPTUNE, NCT02542293).

Antibodies that target other checkpoints are also being 
tested in clinical trials for solid cancers, although not 
specifi c to lung cancer. Two anti-LAG-3, BMS-986016 
and LAG525, are being tested in phase 1 clinical trials 
alone and in combination with anti-PD-1 drugs 
(nivolumab [NCT01968109] and PDR001 [NCT02460224], 
respectively). MBG453, an anti-TIM3 antibody, is being 
studied as a single agent and in combination with 
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PDR001 (NCT02608268). These antibodies are thought 
to target T-cell-specifi c immune checkpoints. An anti-
KIR antibody that targets an NK-cell checkpoint is being 
tested with nivolumab in advanced solid tumours 
(NCT01714739).

In addition to immune checkpoint inhibitors, agonistic 
targeting of co-stimulatory molecules has also been 
explored. Co-stimulatory receptors relevant to T cells 
include CD28, CD27, 4-1BB, GITR, and OX40.130 Several 
agonistic antibodies targeting these receptors are currently 
in development, and include the anti-GITR antibodies 
TRX518 and MEDI1873—both currently in phase 1 
(NCT01239134, NCT02583165)—and the anti-OX40 
antibody MEDI6383—currently in phase 1 
(NCT02221960)—given alone or in combination with 
durvalumab, an anti-PD-1 antibody.

Therapeutic cancer vaccines are designed to elicit an 
immune response against shared or tumour-specifi c 
antigens, several of which have moved into late-stage 
trials. For example, GV1001, which targets the 
human telomerase reverse transcriptase subunit of 
telomerase—which is highly expressed in nearly all 
cancers but restricted in normal tissues—is being tested 
in a phase 3 study (NCT01579188) for patients with 
inoperable stage III NSCLC. Tergenpumatucel-L is a 
therapeutic vaccine consisting of human lung cancer 
cells genetically modifi ed to include a mouse gene to 
which the immune system responds strongly, and is 
being tested in a phase 2/3 trial (NCT01774578) for 
patients with stage III or IV NSCLC. TG4010, which 

targets the MUC1 antigen, is being tested in a phase 2/3 
study (NCT01383148) for patients with stage IV NSCLC. 
The phase 2b component of the trial met its primary 
endpoint, with signifi cant improvement observed in PFS 
(hazard ratio 0·74, 95% CI 0·55–0·98, p=0·019), and the 
study entering the phase 3 component.131 DRibble 
(DPV-001), a vaccine made from nine cancer antigens plus 
Toll-like receptor (TLR) adjuvants, is being tested in a 
phase 2 trial for patients with stage III NSCLC 
(NCT01909752). After successfully completing an earlier 
RNActive (CureVac GmbH; Tubingen, Germany) 
technology-based fi rst-generation mRNA-based vaccine 
(CV9201) directed towards fi ve tumour-associated antigens 
(MAGE-C1, MAGE-C2, NY-ESO-1, surviving, and 5T4), 
CureVac out-licensed a second-generation mRNA vaccine 
encoding for six overexpressed antigens to Boehringer 
Ingelheim in September, 2014.132 This vaccine is being 
studied in the setting of patients with stage IV NSCLC, in 
combination with local radiation, or after partial response 
or stable disease in patients with chemotherapy-treated 
squamous-cell subtype, or patients with EGFR TKI-treated 
non-squamous subtypes that harbour activating EGFR 
mutations (NCT01915524).

Enhancement of tumour-directed immune responses
Cancer cell death can be immunogenic or 
non-immunogenic. Immunogenic cell death results in 
release of proinfl ammatory factors and recruitment of 
immune cells. Endoplasmic reticulum stress and 
autophagy result in calreticulin exposure in the outer 
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leafl et of pre-apoptotic cancer cells that additionally 
secrete ATP, which release nuclear protein HMGB1 as 
membranes become permeabilised during necrosis. 
Calreticulin, ATP, and HMGB1 bind to CD91, P2RX7, 
and TLR4, respectively, facilitating the recruitment of 
dendritic cells in the tumour bed, the engulfment of 
tumour antigens by dendritic cells, and optimal antigen 
presentation to T cells.133 Radiation is commonly used in 
lung cancer and is known to cause calreticulin exposure, 
ATP release, and HMGB1 release. The concept of 
immunogenic cell death could underpin the rationale 
for strategies that combine standard treatments of 
chemotherapy, small-molecule inhibitors, and radiation 
therapy with immunotherapy. Studies to characterise the 
capacity of these treatments to cause immunogenic cell 
death specifi cally in lung cancer are needed for rational 
combinations of standard available cancer treatments to 
be harnessed synergistically with immunotherapeutic 
strategies.134

Several cell therapies are in development. A phase 2 
trial of T cells genetically engineered to recognise NY-
ESO-1, given alongside dendritic cells pulsed with NY-
ESO-1 antigen as a vaccine, is being tested in patients 
with advanced or refractory malignancies, including 
lung cancer (NCT01697527). A phase 2 trial of tumour-
infi ltrating lymphocytes in patients with NSCLC 
following chemotherapy is open for enrolment 
(NCT02133196). Early-phase clinical trial testing is 
underway in cancers including those of lung, with 
various T cells engineered to target NY-ESO-1 
(NCT01967823) as well as in combination with 
ipilimumab (NCT02070406), VEGFR2 (NCT01218867), 
MAGE-A3 (NCT02111850), mesothelin (NCT01583686, 
NCT02414269), and WT1-expressing NSCLC and 
mesothelioma (NCT02408016). Cytokine-induced killer 
cells represent a heterogeneous population of immune 
cells that have been expanded from peripheral blood 
mononuclear cells using cytokines. These cells have 
shown in-vitro killing in a variety of cancers.135 γδ T cells 
potentially have both antigen-presenting capability as 
well as tumour cytolytic capacity, and could be a unique 
immune cell to harness for anticancer therapy.136 
Natural killer cells play a part in immune surveillance 
and have cytotoxic activity against cancer, and might 
also represent another population of immune cells that 
can harnessed for anticancer therapy.137 Agents that 
specifi cally target immunosuppressive factors in the 
tumour micro environment, including but not limited 
to, regulatory T cells, myeloid-derived suppressor cells, 
and immuno uppressive cytokines, need to be explored 
in lung cancer.

The role of chimeric monoclonal antibodies has 
garnered renewed interest, including cetuximab, which 
can directly inhibit on-target EGFR signalling, as well as 
potentially elicit off -target antibody-dependent cell 
cytotoxicity and complement activation. Studies to harness 
complement activation therapeutically might improve the 

usefulness of existing therapeutic antibodies and also 
allow us to harness the utility of intrinsic autoantibodies 
against cancer. Numerous monocolonal antibodies are in 
clinical development, including bavituximab (SUNRISE, 
  NCT01999673), patritumab (NCT02134015), rilotumumab 
(NCT02154490,   NCT01233687), and IMMU-132, an 
antibody-drug conjugate of humanised monoclonal 
antibodies binding to Trop 2, conjugated to SN-38 
(  NCT01631552).

Can tumour adaptation be targeted?
The development of a drug-resistant state after 
treatment with EGFR TKIs through emergent genomic 
alterations such as Thr790Met underscores the eff ect of 
clonal evolution. Existing theories on the rise of the 
resistance mechanisms can often be divided into 
two schools of thought: pre-adaptive (pre-existent) or 
post-adaptive (directed adaption as a response to 
directed selection).138 Similar to the setting in 
bacteriology, many of the genetic mutations 
(eg, antibiotic resistance) are pre-existing rather than 
being a response to selection pressure (pioneered by the 
work from Luria and Delbrück).138,139 This situation is 
probably also true for tumour populations. When the 
number of cells is larger than is the inverse of the 
mutational rate, every position of the genome is mutated 
at least once,140,141 suggesting that mutations might 
already be prevalent across a tumour, but below the 
detection threshold of current sequencing technology 
and sampling methods.

Characterisation of tumour heterogeneity through 
multisector sequencing often reveals a branched 
pattern of tumour evolution. Spatially sampled tumour 
populations are related by a common trunk 
(shared mutations across sectors) and subsequently 
diff erentiated with respect to each other by branch 
mutations (mutations found exclusive to a subset of 
sectors). Theoretically, targeting of truncal mutations 
can lead to eff ective therapies.48,142 However, application 
of systems-based approaches such as ecological theory 
and game theory to the acquisition of drug resistance 
predicts that targeting of subclonal mutations can also 
provide important avenues for cancer treatment.143–145 
The TRACERx study,146 together with the DARWIN 
trial (NCT02314481), is aiming to relate the clonal 
(or subclonal) dominance of targetable mutations to 
progression-free survival intervals in the setting of 
resectable and subsequently recurrent NSCLC. Although 
additional insights into the evolution of clonal 
heterogeneity can be gained through this approach, 
further eff orts in the rationalisation of combinations to 
subvert drug resistance are ongoing. These eff orts could 
either be directed at co-exisiting alterations, or by the 
inhibition of potential factors that promote heterogeneity 
(eg, APOBEC family of enzymes or chemokines such as 
interleukin 11), thereby forestalling clonal diversity and 
expansion.147,148
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Drug development approaches and future 
perspectives
With the wide range of new therapeutic targets on the 
horizon for lung cancer, the foremost challenge remains 
how to expedite novel agents and combinations through 
the drug development pipeline, while balancing the 
competing priorities of patient safety and benefi t, 
effi  ciency of study conduct, and scientifi c rigour in 
measuring treatment effi  cacy. Drug approvals are 
traditionally based on improvement of overall survival 
against standard-of-care therapies in the setting of phase 3 
clinical trials—a relatively crude metric for evaluation of 
the usefulness of novel agents. Biomarker-directed 
clinical trials in defi ned molecular subsets (eg, EGFR and 
ALK) illustrate this shortcoming, in which the ethical 
obligation for crossover designs expose the problem of 
adoption of conventional overall survival endpoints.149 
The advent of immune-related response criteria is a 
further example of the limitations of RECIST response 
criteria and progression-free survival.150 Furthermore, the 
burgeoning pipeline of compounds targeting a diverse 
range of cancer traits underscores the futility in persisting 
with existing drug development approaches.

New approval pathways such as the FDA breakthrough 
designation and the inception of trials with contemporary 
umbrella designs such as BATTLE-2 (NCT01248247), 
Lung-MAP in squamous-cell carcinoma (NCT02154490), 
and the UK National Lung Matrix trial (NCT02664935) 
require signfi cant commitment from academia, industry, 
and regulatory partners. Many of these biomarker-driven 
clinical trials require acquisition of fresh biopsy samples 
with the intention of providing a contemporaneous 
snapshot of one region of a tumour to study a panel of 
biomarkers for treatment allocation. By virtue of scale, 
these impressive eff orts highlight the value of academic 
cooperative groups driving biomarker-driven trans-
lational clinical trials with multiple pharmaceutical 
partners, overcoming the challenge of trial feasibility in 

rare patient subsets. However, such single-marker drug 
studies still entail RECIST-defi ned endpoints and are 
conducted in advanced pre-treated NSCLC, and do not 
fully account for the fact that some novel agents might 
have a mechanism-based therapeutic niche.

In the event that there are insuffi  cient data to support a 
selection biomarker, trials should incorporate an a priori 
plan for an adaptive design. In such early biomarker 
discovery trials, enrolment of a broad range of cancers 
where there is a good rationale for evaluating the target 
will be important, alongside development of an enrichment 
strategy based on a clinical phenotype for effi  cient 
enrolment of patient cohorts. Paired biopsy samples might 
provide information on pharmacodynamic eff ects such as 
the pathway (eg, target modulation) and cellular changes 
(eg, apoptosis) after drug exposure—as well as determine 
the mechanisms of resistance—to identify fi t-for-purpose 
biomarkers.151 Genomic and transcriptomic interrogation 
of responders could yield candidate biomarkers and should 
occur in near real-time, permiting adjustments in the 
target population with emerging experience.

This principle similarly applies in the enhancement of 
precision of a selection biomarker. Genomics studies 
alone can yield multiple candidate alterations that are 
potentially tractable targets. In such a scenario, additional 
multidimensional profi ling of downstream trans criptomic 
or proteomic profi les could help determine dominant 
pathways.89 Such analyses should be complemented by 
expedient in-vitro and in-vivo functional evaluation in 
either a patient-specifi c model or a patient-derived tumour 
xenograft repository to examine rational drug com-
binations. Although this approach is feasible with certain 
drug classes (eg, targeted therapeutics against signal 
transduction pathways), other combinations, such as 
immunotherapy-targeted regimens, will continue to pose 
challenges in terms of optimisation of effi  cacy and safety. 
Indeed, the high response rates often observed in targeted 
therapies in pathway-addicted tumours and the potential 
for long-term disease control with immune checkpoint 
inhibitors make a compelling case for combination 
of these agents. However, whether the therapeutic 
implications of current biomarkers (eg, PD-L1 expression) 
are similar in the context of diff erent oncogenic drivers is 
less clear, in part attributed to the diff erences in 
demographics and relationship to smoking. Furthermore, 
the eff ect of targeted therapies on the immune response 
warrants further investigation, with recent data 
highlighting how trametinib (a MEK inhibitor) can 
enhance effi  cacy when optimally combined in a 
concurrent or phased sequential manner with immune 
checkpoint inhibitors.152

Dynamic changes in mutational frequencies through 
longitudinal or spatial sampling (eg, tissue or plasma, or 
both) over time can also aid the depiction of intratumoral 
heterogeneity. Thus, circulating-free DNA from plasma 
might have the benefi t of depicting aggregate molecular 
portraits in a sequential manner, although major 
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limitations include the inability to resolve genomic context 
as well as low signal-to-noise ratio in discovering clinically 
relevant alterations.153 Further clinical and technical 
validation is required to establish the appropriate sensitivity 
thresholds for circulating-free DNA as a predictive 
biomarker.154 Furthermore, beyond genomic alterations, 
predominant phenotypic traits should be inferred for 
individual cancers through transcriptomic or functional 
studies in patient-derived models. Finally, a past medical 
and social history such as smoking status and response to 
prior therapies can provide the clinical context for 
hypothesis-driven drug development eff orts (fi gure 4).

Conclusion
Depiction of the life history and important traits of 
individual cancers will become increasingly feasible—
including aetiology, ancestry, genomic composition 
(driver and passenger events), chromatin states, and 
transcriptional or metabolic profi les—all of which might 
be taken into account when stratifying patients to relevant 
therapies. The ability to precisely defi ne patient subsets to 
apply highly specifi c and individualised treatment options 
underscores the defi ciencies of randomised studies due to 
inherent inadequacies of any control cohort. Novel 
methods for the evaluation of treatment effi  cacies are 
needed, and continued dialogue with regulatory authorities 
is crucial to accelerate patient access to innovative cancer 
medicines. Although identifi cation of druggable genomic 
alterations appears to be reaching a plateau, a vast genetic 
and epigenetic landscape remains in the non-coding 
genome, chromatin regulation, and microenvironment 
that could yield novel therapeutic targets and predictive 
biomarkers for existing therapies. We envisage that the 
expanding armamentarium of current and next-generation 
therapeutics, coupled with ability to characterise genomic 
alterations, key traits, and evolutionary trajectories, will 
enable more nuanced cocktail-based inter ventions tailored 
to individual tumours.
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