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Abstract
Lung cancer is a leading cause of cancer-related mortality worldwide and classically divided into two
major histologic subtypes, non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC).
While considered distinct entities with different genomic landscapes, emerging evidence highlight
convergence in therapeutically relevant targets for both cancer subtypes. Targeted therapies in
defined molecular subtypes such as EGFR and ALK are now first line standard of care in
adenocarcinoma. In contrast, many experimental and targeted agents remain largely unsuccessful
for SCLC. Intense preclinical research and clinical trials are underway to exploit the unique traits
thence vulnerabilities of lung cancer such as oncogene dependency, DNA damage response, cellular
plasticity possibly from presence of cancer stem cell lineage, and underlying angiogenesis. In
addition, the promising response of lung cancer to immune checkpoint blockade has spurred great
interest in the field of immuno-oncology with the scope to develop a diverse repertoire of synergistic
and personalized immunotherapeutics. In this review, we discuss the novel therapeutic agents that
are currently in development as well as in early clinical trials for lung cancer, as well as how the
design of prospective clinical trials and drug development may be influenced by deeper
understanding of this heterogeneous disease.
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Introduction
Regardless of histological subtype, the majority of patients with lung cancer present with
advanced stage disease, where systemic treatment interventions are largely palliative.{Siegel:2014kq}
Even in patients with early stage resectable or locally advanced disease receiving definitive chemoradiation, up to 90% of them eventually relapse.{Crino:2010gv} Lung cancer is classically subdivided
into two major histologic subtypes - non-small cell lung cancer (NSCLC) and small-cell lung cancer
(SCLC). While each histologic subtype bears a distinct clinical course, the classification has been
largely constrained by management approaches in an era dominated by platinum-based
chemotherapy, radiotherapy or best supportive care.{HYDE:1965vi} The past decade has seen the
introduction of 2nd and 3rd generation cytotoxics, as well as potential utility of anti-angiogeneic
approaches in combination with chemotherapy (Figure 1){Schiller:2002gi, Scagliotti:2008cs,
Sandler:2006by}. However most significant impact on clinical outcomes has been the identification
of distinct molecular subsets amenable to targeted therapies as well as the early success of immune
checkpoint inhibitors.{Mok:2009fk, Solomon:2014cl, Garon:2015dr, Borghaei:2015cy} These
approaches amply illustrate how therapeutic vulnerabilities can be identified on an individual patient
basis, and have resulted in the integration of genomic and protein-based biomarker testing to
faciliate selection of optimal treatment.
On the background of collective efforts by international sequencing consortia such as The
Cancer Genome Atlas (TCGA) and International Cancer Genome Consortium (ICGC), and the
pervasive use of next generation sequencing technologies within hospitals and laboratories, it is now
possible to stratify patients into “actionable” subgroups at diagnosis and following treatment failure.
The initial clinical experience in screening and targeting specific somatic alterations in advanced
NSCLC has provided useful insights for future drug development. These include population
differences in biomarker prevalence,{Tan:2015hd} predilection of certain targets for specific
histologic subtypes{Shigematsu:2005jj}, and not least the determinants for acquired
resistance.{Chong:2013bn}
Key hallmarks or traits in NSCLC and SCLC have been revealed through the expanding clinical
experience with effective therapeutics, deep understanding of the genetic landscape coupled and
improved preclinical disease modeling. The increased collaborative culture between clinicians,
bench researchers, industry and regulatory authorities, have resulted in a new generation of sciencedriven translational clinical trials and rapid implementation and adoption of new technology e.g.
point-of-care sequencing, accelerating the pace of drug development. Consequently, this has led to
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unprecedented opportunities for rational drug discovery efforts, resulting in a rich pipeline of
therapeutic candidates that need to be critically and efficiently evaluated and prioritised in the
context of early trials.

What defines an ideal target?
The simplest definition of an ideal target is one that leads to cancer cell kill with high
therapeutic index and wide therapeutic window. This is dependent on the normal physiologic
function of the target, as well as the selectivity of a compound. Drug efficacy in vitro and in vivo
often form the bases for entering clinical testing, with a therapeutic effect demonstrable in at least
two or more cell line and xenograft models. Due consideration should be given to appraise the
representativeness of the experimental model system since not all therapeutic modalities can be
readily or satisfactorily evaluated in vivo. For example, treatments that utlise immune-mediated
mechanisms for cell type-specific kill rely on the function of non-human host immunity that may not
recapitulate human physiology. Nevertheless the increasing widespread use of patient derived
models and even co-clinical trials provide a much more robust preclinical basis for entering clinical
trials.
The presence of a selection biomarker specific to the putative mode of action is emerging as an
important requisite. With the increased ability to sequence the cancer genome at larger scale, the
functional impact of uncharacterized mutations can now be readily modelled with CRISPR
technology, thus providing insights into their contributions toward disease progression and value as
predictive genomic biomarkers or drug development targets. Unbiased functional screens using an
approriate phenotypic readout is another powerful tool to rapidly uncover efficacious drugs, or
faciliate biomarker discovery.
Currently, most predictive biomarkers are based on identifying single genomic or protein
alterations, and have been implemented with first wave of successful targeted therapies in NSCLC.
Importantly, emerging targets should have an accompanying plan for co-developing a companion
diagnostic, where the prevalence and performance of an analytically validated fit-for-purpose assay
constitutes a crucial scientific objective in early phase trials. Retrospective analysis on archival
samples in different cancer types provide molecular epidemiologic data that can faciliate trial design
and enrolment strategies. Since predominant cancer traits can evolve over time, fresh tissue
biopsies are required in many contemporary trials. It follows that with a diverse repertoire of
mechanism-based interventions, there are probably specific windows of opportunity for evaluating
novel agents that should be evaluated clinical or science based endpoints suited to the mode of
action.
-4-

Emerging Genomic Targets
The majority of successful targeted therapies have been directed at oncogenic gain-offunction alterations where driver genes are “activated” biochemically or structurally, and amenable
to detection via available laboratory assays. To date, many of the alterations are confined to DNA
aberrations such as somatic point mutations in kinase domains, chromosomal re-arrangements
facilitating fusion proteins, or focal amplication of a genomic region. Regardless of the mechanism of
activation, there has been considerable enthusiasm in developing targeted agents even for rare
molecular subsets (Table 1). An alternative approach exploits synthetic lethal interactions between a
therapeutic agent and one or more separate genomic alterations.{McLornan:2014ip} In this model,
each individual alteration is non-lethal in isolation (and may facilitate tumour development e.g. in
loss of tumour suppressor gene). However, co-occurrence of two or more genomic events, or
exposure to a drug, results in cell death.
To this end, comprehensive large scale profiling of lung cancers have systematically
identified significantly altered genes (Table 1) (Ding et al., 2008; Imielinski et al., 2012; TCGA, 2012,
2014; Wu et al., 2015). Of note, many alterations do not represent tractable targets, and the
sensitivity for the identification of driver genes is a function of the frequency of alterations and
background mutation rates. Therefore, cancer types with high mutation burden such as smokingrelated lung cancers require genome analysis of thousands of samples to reach high sensitivity for
the identification of low frequency driver genes (Lawrence et al., 2014). In addition, the expanding
number of multi-dimensional datasets has facilitated comparisons across different cancer types. In a
recent TCGA multiplatform analysis, 3527 specimens from 12 cancer types were re-classified into 11
major tumor agnostic subtypes. For example, a subset of lung squamous cell carcinoma clustered
together with other aerodigestive and bladder cancers of epithelial origin (Hoadley et al., 2014),
providing a rationale to define druggable subsets across cancer types.

Insights from targeting oncogenic drivers
Oncogenic dependency on a driver alteration is a pre-requisite for successful targeted
therapies, and this has been exemplified in the treatment paradigm for two of the commonest
drivers – EGFR mutant and ALK re-arranged NSCLC. In both subgroups, response rates as high as 70%
are observed, and provide a benchmark for effective targeted therapies. Perhaps the most striking
feature is the seemingly universal emergence of resistance through a range of mechanisms that
depend on selective pressures imposed by pharmacological properties of novel agents and their
associated off-target effects. For example, while L1196M is a common resistance mechanism to
crizotinib and can be overcome by second generation ALK inhibitors like alectinib and ceritinib,
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resistance can still subsequently ensue with a G1202R mutation (Katayama et al., 2012). Likewise, in
acquired EGFR TKI resistance, sustained EGFR signaling can be achieved through clonal expansion of
cells harbouring a T790M mutation, acitvating bypass pathways, or transformation into other
histologic types. Whether the use of later generation inhibitors in the first line setting will provide
more durable disease control or induce alternate resistance mechanisms remains unclear. Several
first line trials currently examine the role of 2nd generation ALK inhibitor alectinib against
crizotinib[NCT02075840], and 3rd generation T790M inhibitors against erlotinib or
gefitinib[NCT02296125].
The more recent descriptions of transformation to squamous and small cell histologies after
development of TKI resistance, highlight the possible influence of cell-of-origin on acquiring a
specific alteration and responsiveness to therapy. The morphological differences between
adenocarcinoma, squamous and small cell were previously attributed to specific cell-of-origins
where NSCLCs are thought to have originated from bronchochioalveolar stem cells (BASCs) or
alveolar type II cells, while SCLCs may have originated from neuroendocrine cells (NECs) (C. F. B. Kim
et al., 2005). Thus the ability for adenocarcinoma to transform into either small cell or squamous cell
lung cancer highlights how histologic fate can be dictated by late genomic events, with loss of Rb
being a common denominator. This finding is supported by conditional mouse models where
inactivation of p53 and Rb1 using adenoviral vectors targeting Cre recombinase in a different lung
epithelial cells, show preferential formation of SCLC from NEC (Sutherland et al., 2011). Therefore,
under sufficient selective pressure, the emergence of new genetic or epigenetic events can result in
late phenotypic changes, arguing for the presence of a multipotent stem cell-of-origin within the
stem cell niches, even in established tumours. These findings are consistent with the ability of
specific genetic lesions to influence a common cell-of-origin. For instance, KRAS and TP53 mutations
result in the transformation to lung adenocarcinoma, and the disruption of RB1 and TP53 promotes
SCLC formation (Asselin-Labat & Filby, 2012).
Targeting low frequency driver alterations in the clinic have been informative. BRAFV600E
mutations, and NTRK and ROS1 re-arrangements are infrequently occuring alterations
(approximately 1% across adenocarcinoma) for which target-specific TKIs have been associated with
a range of response rates (see Table 1). Interestingly, equally brisk and durable responses have been
observed when drugging the low frequency drivers (as compared to a common driver like EGFR
mutations), highlighting the fact that oncogenic potential does not correlate with the population
prevalence of an alteration. In stark contrast, genomic alterations that can appear to be bona fide
drivers in preclinical models e.g. PIK3CA mutations, may not necessarily translate into actionable

-6-

targets in the clinic due to the genomic context in which they are found. PIK3CA is often found as a
co-occuring driver alteration, or tend to occur as a subclonal event. Thus the context in which
alterations are acquired – dictated by environmental exposure, individual risk factors (hereditary
genome), cell-of-origin (epigenetic factors), and the genetic context early (clonal) versus late
(subclonal) – ultimately dictates therapeutic vulnerability and drug response.(T. S. Mok et al., 2009;
Solomon et al., 2014; Tan DS, 2015; Vansteenkiste et al., 2015))
The clinical experience in targeting oncogenic drivers in squamous cell and small cell
carcinoma are more limited. The identification of significantly mutated genes can be obfuscated by
the high mutation burden observed in a disease subtype where patients are predominantly smokers.
Targeting the FGFR pathway has shown some promise, with FGFR1 amplification representing one of
the more commonly occurring biomarkers (20% in SqCC, 10% SCLC). Clinical activity has been
observed in ongoing clinical trials of highly selective FGFR 1-3 inhibitors, BGJ398 and AZD4547.
However there have been significant challenges in identifying suitable patients due to
inconsistencies in molecular screening strategies for FGFR activation (mutations, copy number,
translocations, gene expression), setting of appropriate cutoffs, and management of adverse events
related to on-target effects e.g. hyperphosphataemia, paronychia and haemoptysis. In SCLC,
although FGFR1 has been reported in 22% of cases, molecular pre-screening has been complicated
by scanty tissue specimens and identifying patients fit for early phase trials. Approximately 20% of
SCLC harbour MYC family alterations, making it a prevalent oncogenic driver in this subgroup.
Preclincial studies exploring activity of an aurora kinase A and B inhibitor demonstrated SCLC to be
particularly sensitive, with activation of MYC family genes being a key determinant. In a recently
completed phase I trial, alisertib, a highly specific aurora kinase A inhibitor, demonstrated high
response rates of up to 21% in platinum-refractory SCLC – prompting a randomized phase II trial
comparing paclitaxel with or without alisertinib in 2nd line SCLC [NCT02039647].
In addition to ROS1 and ALK, gene fusions involving genes encoding receptor tyrosine
kinases (RTKs) such as NTRK1 and RET may be effective oncogenic targets showing durable clinical
response to entrectinib (RXDX-101), an oral TKI against TRK, ROS-1 and ALK, in a phase 1 study
(Farago et al., 2015). Two phase II basket studies involving TRK inhibitors are now underway, one
with LOXO-101 (a selective oral pan-TRK inhibitor) in patients bearing NTRK fusion-positive solid
tumors including NSCLC (NCT02576431), and another with entrectinib in advanced tumors
harbouring NTRK1/2/3, ROS1, or ALK gene rearrangements (STARTRK-2/NCT02568267). TSR-011 is
another inhibitor of TRKA, TRKB and TRKC and ALK being tested in a Phase I/II trial with advanced
solid tumours and lymphomas (NCT02048488).
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Targeting tumor suppressors
TP53 is the most commonly altered gene across all lung cancer subtypes, but it remains an
elusive target. p53 function can be impaired through overexpression of regulatory proteins, or
inactivating mutations, compromising its the critical role in determining cell fate: DNA repair, cell
cycle arrest, apoptosis and senescence. There have been two broad therapeutic strategies –
activating wild type p53, most commonly through small molecules that bind to MDM2 by mimicking
key residues of p53 (e.g. nutilin), and restoring “normal function” to mutant p53 e.g. PRIMA-1Met
(APR-246). (CCR 2011) The latter is achieved through through covalently modifying cysteine residues
and misfolded p53 protein (specifically in the context of R273H, R175H), affecting DNA binding.
Preclinical studies have demonstrated significant anti-tumor effects through induction of apoptosis
in TP53 mutant murine SCLC models (Zandi et al., 2011), and in the clinical phase I trial, conducted
primarily in hematologic malignancies and prostate cancer, no major adverse events other than
fatigue and giddiness was observed (Lehmann et al., 2012).
Given substantial crosstalk between p53 and DNA repair pathways, synthetic lethal
approaches have also been examined in the context of p53 deficient NSCLC. Stress activated p38
mitogen-activated protein kinase pathway (MK2) is a critical component of the DNA damage
response, and p53 mutant and MK2 deficiency were synthetic lethal in a mouse NSCLC model
treated with cisplatin.(Morandell et al. Cell Report 2013) In a genome-wide short hairpin RNA
screen exploiting reactivation of intact functional p53 using nutilin, genetic or pharmacologic
inhibition of ATM or MET kinase was able to convert the cellular response from cell cycle arrest to
apoptosis.(Sullivan et al. Nat Chem Bio 2012). There are no approved p53 directed therapies to date,
likely a reflection of the complex biology and roles of p53 in celluar homeostasis.

Targeting epigenetic mechanisms
Epigenetic mechanisms of gene regulation generally entail covelant modifications of DNA
and histone proteins, such as methylation or acetylation. As a result, the ability for transcriptional
machinery to access specific DNA loci, or recruitment of epigenetic regulators results in different
chromatin states influencing gene expression changes. Mutations in epigenetic regulators occur
frequently – SMARCA4/BRG1 and ARID1A – both members of the SWI-SNF complex are found in 8
and 10% of adenocarcinomas, MLL2 a histone methyltransferase in 19% of SqCC, and CREBBP/CBP
and EP300 histone acetyltransferase co-activators in 18% SCLC. Unlike somatic alterations in driver
genes, one of the attractions in manipulating epigenetic mechanisms is the potential for reversibility,
making them ideal candidates for anti-cancer drugs.
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Histone deacetylases (HDACs) and DNA methyl transferase inhibitors have been the most
advanced compounds 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 – notably an ongoing phase Ib trial of vorinostat in combination with gefitinib,
specifically to overcome primary resistance to BIM deletion polymorphism. Preclinical studies
confirmed a dose-dependent increase in expression of the BH3 domain, resulting in marked
apoptosis and regression in EGFR mutant BIM-deleted NSCLC xenograft models. Overall, one of the
major challenges has been the lack of selectivity of epigenetic targeting agents, and an incomplete
understanding of mechanisms for synergy in majority of combinations. As such, predictive
biomarkers for specific epigenetic inhibitors need to be better defined.
Another class of epigenetic targeting agents are directed against chromatin readers.
Chromatin readers have specialized domains that bind to covalent modification of nucleosomes, and
when mutated, result in inability to decipher the epigenetic landscape. Bromodomain and extraterminal (BET) domain proteins, include BRD2, BRD3, BRD4 and BRDT, and function as transcriptional
co-activators and facilitate target gene transcription. Interestingly, BET bromodomain inhibitors
have been found to modulate epigenetic signaling in a cell context-dependent manner with diverse
downstream consequences. For example, sensitivity of lung adenocarcinoma cell lines to BET
inhibitor JQ1 may be mediated by suppression of the oncogenic transcription factor FOSL1 and not
dependent on MYC (Lockwood, Zejnullahu, Bradner, & Varmus, 2012). In contrast, SCLC
demonstrates higher sensitivity to JQ1 – particularly in MYC amplified models. 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. Several BET inhibitors are currently in early clinical trials, such as OTX015 in advanced solid
tumors including NSCLC (NCT02259114), and BMS-986158 in select advanced solid tumors including
SCLC (NCT02419417).

Therapeutically Relevant Hallmarks of Lung Cancer
Exploiting DNA Damage Repair
There has been substantial interest in the DNA damage response in lung cancer due to the
strong aetiologic link with smoking and response to platinum based chemotherapy. Furthermore,
the differences in time to development of lung cancer in lifelong heavy smokers, and the absence of
smoking-related mutational signatures in some patients despite chronic tobacco exposure, suggest
inter-individual differences in efficiency of DNA repair.{Zhang:2014bu, deBruin:2014ks}. DNA
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damage response is a complex multi-step process involving multiple DNA repair proteins,
coordination of cell cycle checkpoints and effectors of cellular fates.(Roos et al. Nature Reviews
Cancer 2016). This has led to multiple studies examining the relevance of levels of key DNA relevant
proteins such as ERCC1{Olaussen:2006be}, and even prospective randomized controlled trials
stratifying patients based on RRM1 and ERCC1 gene expression levels to 4 different chemotherapy
arms.{Bepler:2013ig}. Unfortunately, these studies have been controversial due to the inadequacy
of biomarker selection strategies to date.{Tan:2010jb} More recently, an unbiased high thoughput
drug screen identified PARP1/2 inhibitors as synthetic lethal partners in an isogeneic ERCC1 deficient
NSCLC line.{PostelVinay:2013hg} In another study that compared reverse phase protein arrays
profiles between SCLC and NSCLC, PARP1 and E2F1 co-activator targets e.g. enhancer of zeste
homolog 2 (EZH2), were significantly higher, corresponding to higher sensitivity to PARP inhibitor
olaparib in vitro, as well as in combination with etoposide-cisplatin.{Byers:2012fc} Multiple trials
are ongoing exploring both monotherapy PARP inhibitors e.g. BMN673, where 2 out of 11 patients
(18%) with refractory SCLC exhibited confirmed RECIST response in the phase I trial. Other PARP
inhibitors such as olaparib are being explored in combination with gefitinib in EGFR mutant NSCLC,
while the addition of veliparib to paclitaxel-carboplatin against chemotherapy alone, has shown
trend towards improved activity, particularly in advanced squamous lung cancers.
A major challenge has been the identification of patients with impaired DDR 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 e.g. mutation burden, mutations in genes involved in DNA repair;
and similarly single gene or protein biomarkers are inadequate. A functional DDR assay would
ideally be required to accurately stratify patients.

Targeting Cell Cycle and Checkpoint kinases
Cell cycle proteins are inextricably linked to DDR, and several inhibitors of checkpoint
kinases are currently 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 effects of DNA damage.
Additional factors such as p53 deficiency, Myc overexpression, RAS mutations, and reduced level of
the repair protein ERCC1 may enhance efficacy and lead to sensitisation to these inhibitors
(Syljuasen, Hasvold, Hauge, & Helland, 2015). Ongoing trials with Chk1 inhibitors include phase I
study of single agent LY2606368 in patients with advanced cancers including NSCLC (NCT01115790).
Despite antitumour activity on their own, larger gains may be sought via synergising these with
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conventional chemotherapy and radiotherapy. Preclinical analyses and phase I trial of the Chk1
inhibitor LY2603618 in combination with pemetrexed and cisplatin have reported partial response in
2 patients with NSCLC (out of 14 patients) (Calvo et al., 2014), and now a phase I/II study in
metastatic NSCLC (NCT01139775) is underway.
Other examples of targeting a checkpoint kinase include the combination of the ATR
inhibitor VX-970 with cisplatin, and the Chk1 inhibitor AZD7762 with gemcitabine (Hall et al., 2014).
Several clinical trials are testing the Wee1 inhibitor AZD1775 combined with chemotherapy. Cell
cycle-associated kinases like 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 single agent or in combination with
chemotherapy (e.g. pemetrexed). The impact of using these inhibitors will depend on the cell cycle
state within each cell and may vary within the same tumour or across different tumours, and pose
limitations in predicting tumour-specific efficacy (Camidge, 2010).

Targeting Cancer Stem-like Cells
The inability to “cure” oncogene-driven lung cancer despite significant cytoreduction with
highly effective targeted therapies, and the observed small cell transformation in the resistant state,
lends weight to the hypothesis that there are rare, cancer stem cell-like fractions that exhibit selfrenewing capacity and have the potential to differentiate to diverse cancer cell populations
(Sourisseau et al., 2014). However, there have been significant challenges in establishing the
presence of this dynamic tumour subpopulation, bearing in mind that CSCs are functionally defined.
Stem cell markers such as CD133, CD166, CD44 and ALDH1, and signalling pathways like the
Hedgehog, Notch, and Wnt pathways have been examined mostly in bulk tumour samples. One
important clinical implication of cellular heterogeneity is the resistance of specific subsets of tumor
cells to therapy. Increasing evidence suggest that therapy-resistant cells are enriched for cancer
stem cell-like properties, thus favoring relapse into a more aggressive disease and metastasis (Ailles
& Weissman, 2007; Tam et al., 2013; Tam & Ng, 2014).
In the last several years, efforts have focused on developing strategies to specifically target
CSC pools. This may involve the ablation or induced differentiation of CSCs to halt tumor growth or
promote their sensitivity to frontline therapies. Biotech companies such as Boston Biomedical,
Verastem and OncoMed have devoted drug discovery pipelines that focus on CSC therapeutics;
examples include Napabucasin (BBI608), Defactinib (VS-6063), and Demcizumab (anti-delta-like
ligand (DLL4))(Kaiser, 2015). Several clinical trials studies are ongoing to understand the impact of
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putative CSC-specific agents in altering disease outcome, such as the phase I/II study of Napabucasin
in combination with immune checkpoint inhibitors in adult patients with advanced cancers
(NCT02467361), and another phase II trial testing Defactinib in patients with KRAS-mutant NSCLC
(NCT01951690). Demcizumab, a delta-like ligand-4 (DLL4) antibody, targets a ligand of Notch
receptor, is currently in a phase I/II trial for patients with untreated extensive stage SCLC
(NCT01859741). Development of CSC therapeutics thus represents an area of immense potential.
Signaling pathways associated with CSC-like cell fractions have also emerged as potential
therapeutic targets. (Bertolini et al., 2009; Jiang et al., 2009; Zhang et al., 2012). Although several
driver pathways such as Wnt and Hedgehog have been suggested to promote lung CSC function,
evidence for the role of Notch signaling appears to be the strongest (Hassan et al., 2013; Liu et al.,
2013; X. Zhang et al., 2015). Expression analyses revealed Notch pathway to be activated in ALDH+
or CD133+ CSCs, and pharmacologic treatment with a gamma-secretase inhibitor disrupted CSC
activity and conferred sensitivity to chemotherapy (Liu et al., 2013; Sullivan et al., 2010). RO4929097
is a selective γ-secretase small-molecule inhibitor against Notch signalling with antitumour activity
shown in NSCLC xenograft models, (Luistro et al., 2009), and was tested in advanced NSCLC patients
who recently completed front-line chemotherapy, but this phase II trial was later terminated
(NCT01193868). Another Phase I trial studying Notch-inhibitor BMS-906024 in patients with
advanced solid tumors (NCT01292655) is underway. Nonetheless, whether CSC signaling pathway
signatures derived from bulk tumors inform CSC content, and help in target and drug selection has
not been evaluated. It remains to be seen whether the pharmacologic inhibition of these pathways
do indeed disrupt bona fide CSCs in preclinical models of human lung tumor xenografts, and provide
a durable response.
Combination therapies using classes of drugs which act on distinct traits is one attractive
strategy to improve treatment efficacy. CSC-targeted agents have been combined with
chemotherapy, thus disrupting heterogeneous carcinoma cell types, and such an approach has been
explored in the phase 1b study of the anti-CSC agent demicizumab (a humanized lgG2 anti-DLL4
antibody) in combination with pemetrexed and carboplatin in patients with first-line non-squamous
NSCLC (NCT01189968), and had achieved encouraging early clinical activity with tolerable toxicities
and 3% RECIST CR, 45% PR rate. In light of this, a randomized phase II trial (DENALI) of demcizumab
with carboplatin and pemetrexed in first- line non-squamous NSCLC has been initiated
(NCT02259582). In parallel, the employment of epigenetic drugs, which typically disrupt histone or
DNA modifications, for treating cancers is gaining momentum. The epigenetic landscape of CSCs and
their corresponding bulk, differentiated cancer cells are different, and underlie the global
reprogramming of gene expression patterns (Abdouh et al., 2009; Chang et al., 2011; Trowbridge et
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al., 2012). For instance, the histone demethylase LSD1, an epigenetic regulator, supported the
maintenance of lung CSCs, whereas its inhibition promoted cell differentiation and reduced tumor
growth in SCLC (Mohammad et al., 2015; Stewart & Byers, 2015). These, and other emerging
evidence, underscore a need to evaluate epigenetic regulators as clinically viable molecular targets
in CSCs.

Targeting Tumour Metabolism
In recent years, a vast majority of leading studies have elucidated the metabolic alterations
of neoplastic cells that differ from normal tissues, and these findings are largely centered upon the
reactivation of the Warburg effect and/or addiction to serine, glutamine and glycine by cancer cells
(Chaneton et al., 2012; Son et al., 2013). These landmark findings form important starting points for
understanding broad metabolic variations between highly divergent cell types. Nonetheless, some
studies have begun to highlight differences in metabolic alterations between heterogeneous cell
types. Crucial to such targeting is the ability to identify a therapeutic window where the metabolic
properties of cancer cells are sabotaged.
The metabolic enzyme GLDC has been found to be increased specifically in lung CSCs and responsible
for their proliferation (Zhang et al., 2012). GLDC catalyzes the conversion of glycine to methyltetrahydrofolate, one of the key steps in the serine-glycine pathway that feeds into the one-carbon
metabolism cycle. Interestingly, apart from GLDC, enzymes of the serine-glycine pathway that
include SHMT2 and PHGDH were also elevated in specific subpopulation of cells within other cancer
types, and sparking interest in the development of targeted inhibitors against these metabolic
enzymes (D. Kim et al., 2015; Possemato et al., 2011). Drugs targeting GLDC, PHGDH (anti-serine
biosynthesis) and SHMT2 (anti-glycine biosynthesis) are in preclinical studies (DeBerardinis, 2011).

Harnessing the immune system
The ability to elicit tumour shrinkage across adenocarcinoma, squamous and small cell lung
cancer with single agent immune checkpoint inhibitors (PD1/PDL1 antibodies), provides
incontrovertible evidence for the ability of the immune system to eradicate cancer cells. The key
promise of cancer immunotherapy has been the unprecedented appearance of durable responses
amongst patients with previously deemed incurable cancers. While this occurs in a minority of
patients, it is anticipated that combinatorial approaches will be required, for longer durable
responses in the remaining majority. Immunotherapeutic strategies can be divided into two broad
categories: host targeting strategies and tumor directed therapeutic strategies (Figure 3)
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Targeting Checkpoint Inhibition and beyond
Two PD1 antibodies – Nivolumab (Opdivo®) and Pembrolizumab (Keytruda®) – have been
approved for use in the second line setting for NSCLC in 2015, and are currently being evaluated in
the first line setting. Other combinations across checkpoint inhibitors are beginning to show
promise. Ipilimumab (Yervoy®) and Tremelimumab, (AstraZeneca/MedImmune), are CTLA-4targeting antibody undergoing clinical development in lung cancer in combination with PD-1 and PDL1 antibodies and following impressive phase Ib results,(Antonia et al. Lancet Oncology 2016)
nivolumab-ipilimumab and durvalumab-tremelimumab are being tested in phase III trials versus
standard-of-care chemotherapy as first-line treatment for both PD-L1-positive and PD-L1-negative
NSCLC (CheckMate 227, NCT02477826, MYSTIC, NCT02453282, NEPTUNE, NCT02542293).
Antibodies that target other checkpoints are also being tested in clinical trials for solid
cancers though not specific to lung cancer. Two Anti-LAG-3, BMS-986016 (BMS) and LAG525
(Novartis) are being tested in Phase I clinical trials alone and in combination with Anti-PD-1 drugs,
Nivolumab (BMS) (NCT01968109) and PDR001 (Novartis) (NCT02460224) respectively. MBG453
(Novartis) an Anti-TIM3 antibody is being studied as a single agent and in combination with PDR001
(NCT02608268). These checkpoints target T cell specific immune checkpoints.
Therapeutic cancer vaccines are designed to elicit an immune response against shared or
tumor-specific antigens, several of which have moved into late stage trials. For example, GV1001,
which targets the hTERT (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 III
study (NCT01579188) for patients with inoperable stage III NSCLC. Tergenpumatucel-L (HyperAcute®)
for patients with stage III or IV NSCLC, currently being tested in a phase II/III trial (NCT01774578).
Tergenpumatucel-L is a therapeutic vaccine consisting of human lung cancer cells genetically
modified to include a mouse gene to which the immune system responds strongly. TG4010, which
targets the MUC1 antigen, is being tested in a phase II/III study (NCT01383148) for patients with
stage IV NSCLC. DRibbles (DPV-001), a vaccine made from nine cancer antigens plus TLR adjuvants, is
being tested in a phase II trial for patients with stage III NSCLC (NCT01909752)
Enhancing tumor directed immune responses
Cancer cell death can be immunogenic or non-immunogenic. Immunogenic cell death (ICD)
involves changes in the composition of the cell surface as well as release of soluble mediators that
occurs in a defined temporal sequence. Endoplasmic reticulum stress and autophagy result in
calretuculin (CRT) exposure in the outer leaflet of pre-apoptotic cancer cells. Additionally, these preapoptotic cells secrete ATP, and release nuclear protein HMGB1 as membranes become
permeabilized during necrosis. CRT, ATP and HMGB1 bind to CD91, P2RX7 and TLR4 respectively,
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facilitating the recruitment of dendritic cells in the tumor bed, and engulfment of tumor antigens by
dendritic cells and optimal antigen presentation to T cells (Kroemer, Galluzzi, Kepp, & Zitvogel, 2013).
Radiation is commonly used in NPC and is known to cause ICD accompanied by CRT exposure, ATP
release and HMGB1 release. The concept of immunogenic cell death may well underpin the rationale
for strategies that combine standard treatments of chemotherapy, small molecule inhibitors,
radiation therapy with immunotherapy. Studies to characterize the capacity of these treatments to
cause immunogenic cell death specifically in lung cancer are needed in order for rational
combinations of standard available cancer treatments to be harnessed synergistically with
immunotherapeutic strategies.
Several cell therapies are currently being developed. A phase II trial of T cells genetically
engineered to recognize NY-ESO-1, given along with 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 II trial of tumor-infiltrating lymphocytes (TIL) in people with NSCLC
following chemotherapy is open (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 (CIK) cells represent a heterogeneous
population of immune cells that have been expanded from peripheral blood mononuclear cells using
cytokines. These have shown in vitro killing in a variety of cancers (Sangiolo, 2011). Gamma delta T
cells potentially have both antigen presenting capability as well as tumor cytolytic capacity and may
represent a unique immune cell to harness for anti-cancer therapy (Silva-Santos, Serre, & Norell,
2015). Natural killer cells play a role in immune surveillance and have cytotoxic activity against
cancer, and may also represent another population of immune cells that can harnessed for anticancer therapy (Morvan & Lanier, 2015). Agents that specifically target immune-suppressive factors
in the tumor microenvironment including but not limited to regulatory T cells, myeloid derived
suppressor cells, and immune suppressive cytokines need to be explored in lung cancer.
Combinations of an Anti-KIR antibody that targets an NK cell checkpoint is being tested with
nivolumab in advanced solid tumors (NCT01714739).
There has also been renewed interest in the role of chimeric MAb such as cetuximab, that
can not only directly inhibit “on-target” EGFR signaling, but also potentially elicit “off-target”
antibody dependent cell cytotoxicity. Complement activation should not only improve the utility of
existing therapeutic antibodies but to also harness the utility of intrinsic autoantibodies against
cancer. Numerous other candidates are in late development are Bavituximab (SUNRISE;
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NCT01999673), Patritumab (NCT02134015), Rilotumumab (NCT02154490), and in a phase I/II study
along with erlotinib (Tarceva) for patients with recurrent or progressive NSCLC that has been treated
with prior chemotherapy (NCT01233687) and IMMU-132, an antibody-drug conjugate (ADC) of
humanized Mab binding to Trop 2, conjugated to SN-38, an active metabolite of irinotecan, is being
tested in a phase I/II study for patients with epithelial cancers, including NSCLC and SCLC
(NCT01631552).

Can Tumor Adaptation be targeted?
Despite many of the therapeutic advances described above, only a minority of patients achieve
durable long term disease control. Existing thoughts on the rise of the resistance mechanisms can
often be divided into two schools: namely pre-adaptive (pre-existent), or post-adaptive (directed
adaption as a response to directed selection)13. Similar to the setting in bacteriology, many of the
genetic mutations (e.g. antibiotic resistance) are pre-existing rather than being a response to
selection (pioneered by the work from Luria and Delbruck) 13,14. This is likely also true for tumor
populations. When the number of cells is larger than the inverse of the mutation rate, every
position of the genome is mutated at least once15,16, suggesting that mutations may already be
prevalent across a tumor, but below the detection threshold with current sequencing technology
and sampling methods.
With the advances in genomics, characterizing tumor heterogeneity through multi-sectoring
sequencing often reveals a branched pattern of tumor evolution. Spatially sampled tumor
populations are related by a common trunk (shared mutations across sectors) and subsequently
differentiated with respect to each other by branch mutations (mutations private a subset of
sectors). Theoretically, targeting truncal mutations can lead to effective therapies5,6. However, the
ecological and game theory predicts that targeting subclonal mutations can also provide important
avenues for cancer treatment7-9. The TRACERx (TRAcking non-small cell lung Cancer Evolution
through therapy [Rx])10 together with the DARWIN (Deciphering Anti-tumour Response With
INtratumour Heterogeneity) trial (https://clinicaltrials.gov/ct2/show/NCT02314481) is aiming to
relate the clonal dominance (clonal/subclonal) of targetable mutations to progression-free survival
(PFS) intervals in the advanced disease setting. Although additional insights to the evolution of
clonal heterogeneity can be gained through this approach, further efforts in rationalizing
combinations are ongoing. These may either be directed at co-exisiting drivers, or indeed inhibiting
potential factors that promote heterogeneity, e.g. APOBEC family of enzymes or chemokines such as
IL-11 may forestall clonal expansion.{Marusyk:2014et, Swanton:2015is}
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Drug development approaches and future perspectives
With the panoply of new therapeutic targets on the horizon, a foremost challenge remains:
How to expedite novel agents and combinations through the drug development pipeline, while
balancing the competing priorities of patient safety and benefit, efficiency of study conduct, and
scientific rigor in measuring treatment efficacy. Drug approvals are traditionally based on
improvement of overall survival against “standard-of-care” therapies in the setting of phase III
clinical trials – a relatively crude metric for evaluating the utility of novel agents. Biomarker directed
clinical trials in defined molecular subsets e.g. EGFR and ALK illustrate this, where the ethical
obligation for crossover designs expose the shortcomings of adopting conventional overall survival
endpoints. The advent of immune-related response criteria are a further example of the limitations
of RECIST response criteria and progression free survival. 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 FDA breakthrough designation and the inception of trials
with contemporary umbrella designs such as BATTLE-2 [NCT01248247], Lung-MAP in SqCC
[NCT02154490], and the UK National Lung Matrix trial [NCT02664935] require signficant
commitment from academia, industry and regulatory partners. Many of these biomarker-driven
clinical trials now require acquisition of fresh biopsies with the intention of providing a
contempraneous snapshot of one region of a tumor, in order to study a panel of biomarkers for
treatment allocation. By virtue of scale, these impressive efforts highlight the value of academic
cooperative groups driving biomarker-driven translational clinical trials with multple pharmaceutical
partners, overcoming the challenge of trial feasibility in rare patient subsets. However, such single
marker-drug studies still entail RECIST defined 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 where there are insufficient data to support a selection biomarker, trials should
incorporate an a priori plan for an adaptive design. In such early biomarker discovery trials, it
remains important to enrol a broad range of cancers where there is a good rationale for evaluating
the target, or develop an enrichment strategy based on a clinical phenotype for efficient enrolment
of patient cohorts. Paired biopsies may provide information on pharmacodynamic effects such as
the pathway (e.g. target modulation) and cellular changes (e.g. apoptosis) after drug exposure and
as well as determine the mechanisms of resistance, in order to identify fit-for-purpose biomarkers.
(Tan et al Cancer Journal 2009) Genomic and transcriptomic interrogation of responders may yield

- 17 -

candidate biomarkers and should occur in near real-time, permiting adjustments in the target
population with emerging experience.
This principle similarly applies in enhancing precision of a selection biomarker. Genomics
studies alone can yield multiple candidate alterations that are potentially tractable targets. In such a
scenario, additional multi-dimensional profiling examining downstream transcrptomic or proteomic
profiles may help determinant dominant pathways. Dynamic changes in mutational frequencies
through longitudinal or spatial sampling (e.g. tissue and/ or plasma) over time, can also aid the
depiction of intratumoral heterogeneity. Relevant traits should be inferred for individual cancers
through transcriptomic or functional studies in patient derived models. Finally relevant clinical
information such smoking history and response to prior therapies, can provide the clinical context
for hypothesis-driven drug development efforts.

Conclusion
It is envisaged that it will be increasingly feasible to depict the life history and important
traits of individual cancers – including aetiology, ancestry, genomic composition (driver and
passenger events), chromatin states and transcriptional/ metabolic profiles – all of which might be
taken into account when stratifying patients to relevant therapies. The ability to precisely define
patient subsets to apply highly specific and individualized treatment options underscores the
deficiencies of randomized studies, due to inherent inadequacies of any “control” cohort. Novel
methods of evaluating treatment efficiacies are needed and continued dialogue with regulatory
authorities crucial to accelerate patient access to innovative cancer medicines. Although
identification of druggable genomic alterations appears to be reaching a plateau, there remains a
vast genetic and epigenetic landscape in the non-coding genome, chromatin regulation,
microenvironment that may yield novel therapeutic targets and predictive biomarkers for existing
therapies. Further, it is anticipated that a multi-pronged approach afforded by combinations of
current and next generation therapeutics, will provide more nuanced “cocktail-based” interventions
tailored to genomic alterations, key traits and the evolutionary trajectories of individual tumours.
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Search strategy and selection criteria:
We searched PubMed for articles with the following terms “targeted drug”, “phase 1”, “drug
development”, “emerging targets”, “novel therapeutics”, “early clinical trials” and “preclinical trials”.
Searches were restricted to papers published in English, and was done between October to December
2015. An additional search was also done on abstracts on early clinical trials at major medical
oncology conferences, including American Association for Cancer Research (AACR), American Society
of Clinical Oncology (ASCO), European Society for Medical Oncology (ESMO), Molecular Target
Meeting and World Conference on Lung Cancer (WCLC).
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