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Abstract Small cell lung cancer (SCLC) has been described as a ‘recalcitrant’ disease char-

acterised by poor survival and with little progress made in developing novel treatments in

the last decades. However, recent drug developments have opened some potential therapeutic

avenues. In this review, the genomic landscape of SCLC is explored, in particular the Notch

pathway and attempts to target the key node DLL3. The likely primary importance of MYC

to SCLC subtype transformation and recent attempts to drug MYC are discussed. Bcl-2 is a

druggable protein, highly expressed in SCLC, and relevant Bcl-2 targeting drugs are reviewed.

None of these drug targets are, however, as advanced their development as the field of immu-

notherapy for SCLC. The key developments in single agent PD-L1 and PD-1 inhibitors and in

combination with chemotherapy have led to the only recent licencing approvals for SCLC in

recent years and will likely pave the way for future rational drug combinations. Drug devel-

opment in SCLC poses its own challenges with rapid clinical deterioration often precluding

trial entry. Effective drug development in a biomarker-driven approach depends on early pa-

tient screening and use of circulating biomarkers. Given recent developments, we may hope to

be at the start of an era of greater progress in the treatment of SCLC.
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1. Small cell lung cancer and standard-of-care treatment

Over the last two decades, developments in the treat-

ment of lung cancer have resulted in decreasing inci-

dence and mortality rates in a number of countries [1].

However, improvement in thoracic surgery, identifica-

tion of genomic and molecular changes, and advance-
ments in biomarker-driven therapies benefit mainly

patients with non-small cell cancer (NSCLC). Small cell

lung cancer (SCLC) represents 15% of all new lung

cancer cases [2]. Europe has one of the highest age-

standardised rates (ASRs) of lung cancer in the world

(ASR 3.54e4.25 per 100,000 depending on region and

around 470,000 new cases diagnosed in one year) [3]. In

the United States, the age-adjusted incidence rate of
SCLC was 5.89 per 100,000 in 2018, translating to

around 35,000 patients with newly diagnosed SCLC in

last year [2]. Mirroring the trend of tobacco cessation,

on average, there is a decrease of incidence rate of 3.1%

per year from 1988 to 2015 [2]. The prognosis of SCLC,

however, remains grave with 5-year survival of less than

10% in some European countries [4e6].

Patients presenting with limited stage disease (T1-2 N0
as per TNM staging) are best managed by surgery
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followed by adjuvant chemotherapy; this constitutes less

than 5 percent of patients [7]. The standard of care for

limited stage (inoperable) SCLC is combination of che-

moradiation, whereas that for extensive stage SCLC (ES-

SCLC) is platinum-based chemotherapy followed by

thoracic and cranial irradiation in sensitive disease [8].

Known as the ‘recalcitrant tumour’, although it is sensi-

tive to platinum-based chemotherapy and radiotherapy,
the disease follows a relapse-refractory course [9]. The

response rates (RRs) to the standard first-line etoposide

and cisplatin or carboplatin is close to 70% [10]. However,

outcomes remain poor with progression-free survival

(PFS) of only 5.5 months [10]. Topotecan is approved by

the US Food and Drug Administration (FDA) in the

second-line setting based on a phase III study showing

superior overall survival (OS) compared with best sup-
portive care [11].

In the past decades, the landscape of the management

of advanced SCLC has changed little. In recent few years,

however, in line with expanding molecular and genomic

techniques and the rapidly evolving field of drug discov-

ery, there has been a resurgence of interest in SCLC. This

review focuses on the molecular features of this disease

and potential therapeutic applications (see Fig. 1).
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2. ASCL1 and the Notch pathway

SCLC, together with large cell neuroendocrine carci-

noma (LCNEC), is classified as high-grade neuroendo-

crine (NE) tumour of lung under the 2015 World Health

Organisation classification system [12]. Pulmonary

neuroendocrine cells (PNECs) are precursors of SCLC.
In mouse models, by replicating oncogenic mutations

and losses of tumour suppressor genes, a subset of these

cells are transformed into SCLC [13,14]. Critical to the

development of SCLC is the transcription factor

achaete-scute homologue-1 (ASCL1). ASCL1 commits

epithelial cells into neuroendocrine fate and is highly

expressed in classic SCLC and LCNEC [15]. ASCL1 is

expressed in 77% of SCLC [16]. ASCL1 has been shown
to be important to maintain stemness, cell cycle pro-

gression and mitosis via specific pathways such as

MAPK, tubulin binding, unfolded protein response and

stem cell differentiation [17]. ASCL1 binds near

MYCL1, nuclear factor I B (NFIB) and SRY-box 2

(SOX2), suggesting direct regulation of these oncogenes

[18e20].

One of the important pathways to regulate ASCL1 is
the Notch signalling pathway. The Notch receptor has

four isoforms: Notch1, 2, 3 and 4 [21], which serve as a

membrane-tethered transcription factor. There are five

Notch ligands: delta-like ligand (DLL)1, DLL3, DLL4,

jagged ligand (JAG)1 and JAG2 [22]. While the Notch

signalling pathway is oncogenic in a number of tumour

types such as T-cell acute lymphoblastic leukaemia and

NSCLC [23], its role in neuroendocrine tumour is sup-
pressive [24]. In SCLC, there are inactivating mutations

in the Notch family genes in 25% of patients [16]. By

reactivating Notch signalling pathways, the

neuroendocrine markers and metastatic capability of

SCLC is reduced with the number of tumours and sur-

vival of transgenic mouse models prolonged [25].

2.1. DLL3 and rovalpituzumab tesirine

The Notch ligands DLL1, DLL4, JAG1 and JAG2 acti-

vate the Notch receptors [26]. DLL3 is downstream of

ASCL1differentiation pathway andmainly situated in the

Golgi apparatus and thus is unable to activate Notch

signalling [27]. Structurally, it has reduced the number of
epidermal growth factor repeats and spacing of cysteine

residues within the delta/serrate/LAG-2 (DSL) domain,

which are important for Notch binding, compared with

DLL1 and 4 [28]. In addition, it inhibitsNotch pathwayby

redirecting or retaining Notch receptor and DLL1 to late

endosome/lysosomal compartments or the Golgi appa-

ratus, respectively, for destruction, and thus preventing

them from reaching cell surface [29]. Thus, by inhibiting
Notch signalling pathway, which negatively affects

ASCL1, it is postulated thatDLL3may be associated with

neuroendocrine phenotype and plays a functional role in

carcinogenesis in neuroendocrine tumours. SomeDLL3 is
located on the cell surface where it acts as a ‘Trojan horse’

tumour-specific antigen [30]. Whole-transcriptome

sequencing has shown that compared with normal tissue,

DLL3 is significantly overexpressed in SCLC patient-

derived xenografts [31]. About 70% of SCLC patients

have DLL3 detected on the cell surface [32]. The

antibodyedrug conjugate (ADC) rovalpituzumab tesirine

(Rova-TTM) is a DLL3 IgG1 monoclonal antibody con-
jugated to cell-cycle independent pyrrolobenzodiazepine

(PBD) dimer toxin: a DNA toxic cross-linking agent [33].

A promising phase I study demonstrated a 38% objective

RR in the 26 patients who had high DLL3 expression as

defined by expression in 50% of more of tumour cells [34].

Grade 3/4 adverse events include thrombocytopaenia,

serosal effusions and increased lipases [34]. In the phase 2

TRINITY study, in which 67% of 199 patients received
the drug in a third-line setting, the overall response rate

(ORR)was 16%,whereas themedian overall survival (OS)

was 5.6 months. In patients with high DLL3 expression

(DLL3 expressed in �75% tumour cells by immunohis-

tochemistry), the PFS was 4.1 months, whereas the me-

dian OS was 6.7 months [35]. In the phase III MERU

study, Rova-T was given as maintenance therapy in pa-

tients with ES-SCLC who had derived benefit from first-
line platinum-containing regimen in maintenance setting

[36], whereas in the phase III TAHOE study, Rova-T was

compared with the current standard of care (topotecan) in

the first relapse setting, in patients with advanced or

metastatic SCLC having high DLL3 expression [37].

Unfortunately, recruitment to TAHOE has been halted in

December 2018 as preliminary data show shorter OS in

the Rova-T arm than in the topotecan arm [38]. It is un-
clear what to attribute this disappointing outcome to. The

drug has a unique toxicity profile which is probably more

related to PBD rather than DLL3 inhibition, as the ligand

is not expressed in serosal surface, vasculature, platelet or

megakaryocytes [34], so it maybe that the DLL3 target is

worthy of further investigation with a less toxic

ADC payload. There are currently trials of combination

with platinum/etoposide and ipilimumab/nivolumab
recruiting [39,40].
3. NEUROD-1 and MYC

Another key player in the oncogenesis of SCLC is the

transcription factor neurogenic differentiation 1 (Neu-

roD1), a member of the basic helixeloopehelix tran-

scription factors. It is important in promoting neuronal

differentiation [41,42]. NeuroD1 is expressed in 15% of

SCLC [41]. Targets include the oncogene MYC, TrkB

(tyrosine kinase tropomyosinrelated kinase B) and

neural cell adhesion molecule (NCAM) [42].
NeuroD1 does not appear to be essential in the devel-

opment of SCLC in mouse models, unlike ASCL1 [43]. In

contrast to ASCL1, in mice models with knock-out of

NEUROD1, PNECs are still present [44]. Stratification of
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SCLC by gene expression patterns found three subtypes:

ASCLHigh(70%), NEUROD1High(15%) and ASCLLow/

NEUROD1Low(15%) [43]. ASCLHigh andNEUROD1High

subtypes show clear heterogeneity including distinct ge-

netic alterations and epigenetic profiles, morphologies and

different expression of NE markers [45,46]. The more

commonly occurring SCLC developed from Rb/p53

mutant mouse model resembles the ASCL1High subtype
[43] and is termed the ‘classic’ SCLC, while the ‘variant’

SCLC exhibits faster doubling time, frequent MYC

amplification, reduced NE marker and loose aggregated

morphology [45,47,48] and was found to correlate with

NeuroD1 expression [49]. It is postulated that early

tumour cells initially exhibit ‘classic’ SCLC phenotype;

with time, it acquires the NEUROD1High state coinciding

with the variant morphology and NE-low phenotype, and
this process is fuelled by MYC activation [50].

Given the key role, the transcription factor MYC

appears to play in SCLC subtype transformation, and in

its relation to NeuroD1 efforts have been made to

determine the prognostic implications of MYC and the

therapeutic potential of drugging MYC. MYC family

members (MYC, MYCL and MYCN ) are amplified in

approximately 20% of SCLCs and are associated with a
worse prognosis [51]. A retrospective study found that

SCLC harbouring MYC amplification had a signifi-

cantly shorter OS (4.7 weeks) versus patients without

MYC amplification (26.2 weeks) (p Z 0.02, 95% confi-

dence interval [CI] 1.36e10.26 weeks) [52]. Deletion of

MYC in SCLC models result in suppression of tumour

growth [53]. There are inherent difficulties in targeting

MYC as MYC lacks a specific active site and is located
in the nucleus [54]. Various strategies have been used to

target MYC indirectly (see Fig. 2).

3.1. MYC and Aurora kinase inhibitors

Screening of genetic libraries to identify oncogene de-

pendencies has found that MYC-amplified tumours

demonstrated dependency on Aurora B kinase activity

[55]. Aurora kinases are key regulators in mitosis [56].
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Aurora kinase inhibitors in the non-MYCeselected

SCLC has reported. Alisertib, an Aurora A kinase in-

hibitor, has been trialled in phase II study in combi-

nation with paclitaxel against paclitaxel alone in

relapsed SCLC and showed a non-significant trend

towards improved OS against paclitaxel alone (OS
alisertib with paclitaxel 186 days versus paclitaxel with

placebo 165 days; hazard ratio [HR] 0.79; p Z 0.209).

Grade 3 toxicity was higher with the combination

(drug-related grade 3 AE 67% versus 25%) [59]. A phase

I study on AZD2811, an Aurora kinase B inhibitor, in

patients with advanced solid tumours is recruiting

(NCT02579226), and a phase II trial investigating sin-

gle agent AZD2811 in relapsed SCLC has completed
recruitment with results awaited (NCT03366675).

3.2. MYC and CDK inhibitors

Cyclin-dependent kinases (CDKs) are regulators of

MYC function [60,61]. CDK2 engages in extensive

cross-regulation with MYC [62]. CDK7 and CDK9 are

required for MYC-dependent transcription and growth

by phosphorylating a subunit of the carboxy-terminal

domain of RNA polymerase II [63e65]. CDK in-

hibitors in clinical development thus far tend to be non-
specific [66]. Clinical trials of CDK9 inhibitors,

including flavopiridol and dinaciclib, reveal suboptimal

response and severe adverse effects [66e70]. Seliciclib,

another CDK inhibitor with CDK9 activity tested in

phase I studies, also displayed unacceptable toxicities

and unsatisfactory response [71,72]. With tools to

enhance their selectivity, it may be anticipated that the

treatment efficacy and profound adverse effects of
CDK9 inhibitors could be improved.

3.3. MYC and BET inhibitors

Another strategy to targetMYC transcription is inhibiting

BRD4 (bromodomain-containing 4). BRD4 is a member

of the bromodomain and extra terminal domain (BET)

family [73]. BET proteins are important for recruitment of
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P-TEFb to acetylated histones, with MYC transcription

being heavily dependent on the process [74]. JQ1 is a

potent BET4 inhibitor and an archetypal molecular of its

class. It displaces BRD4 from the super-enhancers within

the MYC oncogene [75] and induces differentiation, cycle

arrest and apoptosis in MYCN amplified neuroblastoma

models [76]. In vitro and in vivo antitumour effect is also

observed in haematological malignancies and pancreatic
cancer with MYC overexpression [77e79]. However, as

the effects of single-agent BET inhibitors are limited,

research on combination therapy with small-molecule in-

hibitors, immune checkpoint inhibitors and other epige-

netic therapies is ongoing [80].
3.4. MYC and PI3K/AKT/MTOR pathway inhibitors

The PI3K/AKT/MTOR pathway is frequently upregu-

lated in cancers [81]. Mammalian target of rapamycin

(mTOR) is a serine/threonine-specific protein kinase

that regulates phosphorylation of p70S6 kinase (p70)

and 4EBP1: proteins responsible for translation and

expression of D-type cyclins and MYC [82]. Targeting

messenger RNA translation by inhibiting the PI3K/
AKT/TOR pathway is, therefore, a means of blocking

MYC gene products. Blocking this pathway decreased

MYC level and was shown to have therapeutic efficacy

in several tumour models [81,83e86]. Studies have

indicated that PI3K/AKT/TOR pathway is widely

expressed and activated in SCLC [87,88]. Sixty-two

percent of SCLC demonstrates high levels of phos-

phorylated Akt [89], whereas whole exome sequencing
and copy number analysis showed genetic alterations in

near 40% in the PI3K/AKT/mTOR pathway [90].

Temsirolimus has been tested in maintenance setting.

The median OS and 1-year PFS were 2.2 months (95%

CI 1.8e2.9 months) and 4.7% (95% CI 0.2e9.2%),

respectively [91]. Everolimus has been tested in the

relapsed setting in 40 patients but yielded only at most

partial response (PR) rate of 3% and stable disease (SD)
rate of 23% at 6 weeks, with median OS at 6.7 months

(95% CI 4.0e8.6 months) and time to progression at 1.3

months (95% CI 1.4e1.4 months) [92]. Although sur-

vival was not greatly impacted in these trials, the

investigation of drugs targeting the PI3K pathway in the

MYC-amplified SCLC setting would be interesting.
4. Targeting Rb

SCLC is deemed a highly mutated cancer through pro-

longed exposure to tobacco smoke and other carcinogens

[93,94]. p53 andRb1 are tumour suppressor genes that are
almost universally inactivated in SCLC [95]. p53 is acti-

vated in response to cellular stress resulting in cell cycle

arrest, senescence and apoptosis [95]. Rb1 arrests cell cycle

in G1 to S phase via E2F inhibition [96]. Loss of function

mutations in p53 and Rb1 are difficult to therapeutically
target. Preclinical data utilising genetic anddrug screening

methods in SCLC cell lines with Rb1 loss identified high

dependency on proteins related to chromosome segrega-

tion in mitosis including Aurora A and B kinase, and cell

lines were sensitive to Aurora kinase inhibition [97,98].

Aurora kinase inhibition has shown activity in MYC-

amplified cell lines as discussed previously; these studies

demonstrate evidence that the mechanism may be inde-
pendent of MYC amplification. Instead, sensitivity to

Aurora kinase inhibition may be due to the role Rb has in

mitotic fidelity rendering cells with Rb1 loss vulnerable to

inhibition of factors such as Aurora kinase that are

involved in faithful transition through mitosis.
5. Targeting BCL-2

BCL-2 is an anti-apoptotic protein found on the inner

mitochondrial membrane [99]. BCL-2 is highly

expressed in approximately 65% of SCLC [100,101].

Navitoclax (ABT-263) is a potent inhibitor of BCL-2,

BCL-XL and BCL-w. In a phase II trial in recurrent

SCLC, the observed RR was low (1/39 patients) and
significant thrombocytopaenia occurred [102]. To miti-

gate this toxicity, navitoxlax was re-engineered and

venetoclax (ABT-199) developed. Venetoclax specif-

ically binds to BCL-2 but not to BCL-XL or BCL-w and

induces apoptosis in BCL-2edependent tumours

without causing thrombocytopaenia [103]. Single-agent

venetoclax is currently approved for use in patients with

chronic lymphocytic leukaemia with 17p deletion. Using
a high-throughput drug screen, venetoclax was tested

across approximately 800 various solid tumour cancer

cell lines and a large subset of SCLC was found to be

hypersensitive to BCL-2 inhibition and response corre-

lated to BCL-2 expression [104]. It is noted that the

clinical data from navitolax has been disappointing,

despite promising preclinical data [105,106]; however,

the leading hypothesis to explain this failure is due to
BCL-2 not being sufficiently inhibited because of dose-

limiting thrombocytopaenia. This would suggest a

rationale for biomarker-directed clinical trials of ven-

etoclax in SCLC with high BCL-2 expression levels, and

a phase I trial on venetoclax with a BET inhibitor

ABBV-075 is currently recruiting (NCT02391480). A

novel Bcl-2/Bcl-xL inhibitor APG-1252 has been tested

in a phase I study including 6 relapse SCLC patients
[107]. No haematological toxicity has been reported, and

dose escalation is ongoing.
6. Targeting the DNA damage response

DNA damage response (DDR) pathways are highly
complex systems that repair DNA damage within cells.

Small cell lung cancer often exhibits high gene expres-

sion of DDR pathway nodes such as checkpoint kinase

1 (CHK1), ataxia-telangiectasia mutated protein kinase
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(ATM), ataxia telangiectasia and Rad3 related protein

(ATR) and poly (ADP-ribose) polymerase (PARP)

[108e113] (see Fig. 3). It could be postulated that DDR

drugs may have single-agent activity in small cell lung

cancer and potential synergistic activity with DNA

damaging chemotherapy such as platinum agents (which

form the backbone of standard SCLC treatment).

6.1. Lurbinectedin

Lurbinectedin is a novel anticancer drug that triggers the

degradation of RNA polymerase II. There follows stall-

ing of the replication fork and accumulation of DNA

breaks [114]. There is also evidence of modulation of the

tumour microenvironment [115]. Lurbinectedin was
tested in phase II as a single agent in relapsed SCLC [116].

In the 61 patients, ORRwas 39.3% (95%CI 27.1e52.7%),

median PFS was 4.1 months (95% CI 2.6e5.7 months)

and OS was 11.8 months (95% CI 9.6e15.9 months).
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Myelosuppression was common, with 44% of patients

experiencing grade 3/4 neutropenia [117]. A phase Ib trial

of lurbinectedin in relapsed SCLC in combination with

doxorubicin and in combination with paclitaxel has been

presented [118]. The doxorubicin dose of 50 mg/m2 was

subsequently expanded at a 20% dose reduction because

of myelosuppression. ORR was 67% (14 patients) in the

doxorubicin 50 mg/m2 combination arm, 37% (10 pa-
tients) in the doxorubicin 50 mg/m2 combination arm,

71% (5 patients) in the paclitaxel combination arm. The

authors report PFS of 3.2e5.8 months in those with

platinum-sensitive disease; the rate in non-platinum

sensitive disease was not reported. Interestingly, the

ORR was only 25% in the lurbinectedin arm, supporting

ongoing development of combinations with chemo-

therapy, although this is challenging with the high rates of
myelosuppression seen. The authors report that dose re-

ductions and granulocyte-colony stimulating factor (G-

CSF) made the myelosuppression manageable.
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Lurbinectedin has received orphan drug designation

from the European Medicines Agency (EMA) [119] and

FDA [120], and a phase III trial of lurbinectedin in

combination with doxorubicin against physicians’ choice

in relapsed SCLC is underway [121].

6.2. PARP inhibition

PARP is a family of nuclear protein enzymes which play

an important role in single-strand DNA break repair
[122,123]. PARP is highly expressed in SCLC. In a study

on SCLC cell lines, PARP protein expression was scored

based on a composite score of percentage of cells staining

positive and staining intensity. The mean score was 262

for SCLC (n Z 12), compared with 237 for LCNEC

(n Z 20), 230 for atypical carcinoid (n Z 9), 197 for

typical carcinoid (n Z 55), 120 for squamous NSCLC

(n Z 24) and 104 for adenocarcinoma NSCLC (n Z 24)
[110]. At the mRNA level, PARP1 had the greatest dif-

ferential level between SCLC and NSCLC (p < 0.0001)

[110]. As a single agent in maintenance setting in a

randomised, placebo-controlled phase II study, the

PARP inhibitor olaparib failed to prolong PFS and OS

when compared with the placebo, with a high level of

drug discontinuation in the treatment arm at 35% [124].

Talazoparib, a highly potent PARP inhibitor, was tested
in a first-in-man phase I trial. In an expanded cohort

including 23 SCLC who had platinum-sensitive relapse,

talazoparib was able to induce PR and SD in 27% of

patients, with PFS reported to be 11.1 weeks [125].

Velaparib has been tested in combination with cisplatin

and etoposide against placebo in phase II which showed

a modest signal of efficacy (PFS 6.1 versus 5.5 months;

p Z 0.01; OS 10.3 versus 8.9 months; p Z 0.17) [126].
Velaparib has been shown to be active in combination

with temozolomide in preclinical study [127]. This

observation was put forward to a phase II study in a

relapse-refractory population [128]. Despite temozolo-

mide/velaparib combination demonstrating an improved

RR (39 versus 19%, p Z 0.016), it did not translate into

better PFS and OS, and severe haematological toxicities

were more frequent in the combination arm. Despite this
disappointing result, the group with detectable SCFN11

(a putative DNA/RNA helicase) by immunohistochem-

istry at diagnosis demonstrated a trend towards better

OS in the temozolomide/velaparib group [128]. A phase

I/II study of olaparib and temozolomide is ongoing in

relapse/refractory setting [129]. Combining PARP in-

hibitor with other molecularly targeted therapy is also

mechanistically feasible; a study has demonstrated pro-
teins most elevated after PARP inhibition in vitro belong

to the PI3K/mTOR pathway [130].

6.3. CHK inhibition

CHK1 forms a complex signalling network with ATR,

and this CHK1-ATR axis facilitates S and G2
checkpoint arrest [131,132]. In ATM-deficient deficient

tumours, which makes up of 8% of SCLC, double-

strand repair relies on ATR/CHK axis [108]. VX-970 is a

first-in-class ATR inhibitor. In a phase I study, VX-970

was well tolerated with no dose-limiting toxicities. A

colorectal cancer patient with ATM loss was on single-

agent VX-970 for 20 months, so demonstrating the

potent synthetic lethality possible [133]. VX-970 is able
to sensitise cells to chemotherapeutic agents, causing

replication fork stalling in preclinical studies [134,135].

This forms the basis of combining future generations of

ATR inhibitor with these chemotherapy as well as other

DDR inhibitors such as PARP. AZD6738, another

ATR inhibitor, is also in development [136].
6.4. WEE1 inhibition

Wee-like protein kinase 1 (WEE1) is a crucial tyrosine

kinase to halt cell from progressing from G2 to M phase

of a cell cycle upon DNA damage [137]. WEE1 mRNA

and WEE1 protein are significantly overexpressed in

SCLC [112]. The WEE1 inhibitor AZD1775 is being

studied as a single agent [138] (NCT02593019) and in
combination with chemotherapy (NCT02937818) and

olaparib (NCT02511795) [138].
7. Targeting the epigenome

The concept of epigenetics has been refined and is

generally accepted as ‘the study of changes in gene

function that are mitotically and/or meiotically heritable

and that do not entail a change in DNA sequence’. [139]

Epigenetic changes include posttranslational modifica-

tions involving amino acids of histones, histones vari-

ants and methylation and acetylation modifications of
DNA bases [140].

EZH2 (zeste homologue 2) is the functional enzy-

matic component of a histone methyltransferase called

polycomb repressive complex 2 (PRC2), which is the

major enzyme that methylates lysine-27 of H3-K27

(histone H3) [141]. In many cancers, including SCLC,

EZH2 is upregulated and overexpressed, with high

EZH2 levels correlating with advanced stage of disease
and poor prognosis [110,141]. EZH2 is likely a tran-

scriptional repressor silencing tumour suppressor genes

[141]. With recent progress in deciphering the high-res-

olution structure of EZH2 and its interaction with

PRC2 [142], small molecule inhibitors targeting this

histone methyltransferase are expected.

The histone modifying enzyme, lysine demethylase

1 (LSD1) is overexpressed in many human cancers
including lung, breast, prostate and haematological

malignancies [143]. LSD1 contributes to maintenance of

genome-wide DNA methylation by demethylating and

inhibiting turnover of the DNAmethyltransferase [144].

It was found that a subset of SCLC lines and primary



Table 1
Selected non-immunotherapy trials in small-cell lung cancer.

Target class Target Drug Phase Results/recruitment status Reference

Notch

pathway

DLL3 Rovalpituzumab tesirine II In DLL3-high patients, mPFS 4.1 months,

mOS 6.7 months

[35]

Rovalpituzumab tesirine

(maintenance after first-line

chemotherapy in DLL3-high

patients)

III Recruiting NCT03033511

https://clinicaltrials.gov/ct2/show/NCT03033511

Rovalpituzumab tesirine (in

relapsed disease versus topotecan in

DLL3-high patients)

III Active, not recruiting NCT03061812

https://clinicaltrials.gov/ct2/show/NCT03061812

Rovalpituzumab tesirine in

combination with nivolumab or

nivolumab þ ipilimumab

I/II Completed recruitment [182]

NCT03026166

https://clinicaltrials.gov/ct2/show/NCT03026166

Rovalpituzumab tesirine in

combination with first-line

chemotherapy in DLL3-high

patients

I Terminated (strategic considerations) [39]

NCT02819999

https://clinicaltrials.gov/ct2/show/NCT02819999

Auroras Aurora A Alisertib in combination with

paclitaxel (versus paclitaxel alone)

II (randomised) mPFS 101 days combination versus 66 days

alisertib alone (HR 0.77; 95% CI 0.557e1.067;

p Z 0.113)

mOS 186 days combination versus 165 days

alisertib alone (HR 0.93; 95% CI 0.652e1.341;
p Z 0.714)

[59]

Aurora B AZD2811 I (in multiple

solid tumours)

Recruiting [183]

NCT02579226

https://clinicaltrials.gov/ct2/show/NCT02579226

Aurora B AZD2811 II Terminated (early detection of the purpose of the

study)

NCT03366675

https://clinicaltrials.gov/ct2/show/NCT03366675

DNA damage

response

(DDR)

PARP Olaparib maintenance (versus

placebo)

III mOS 8.9 (90% CI 7.0e11.9), 9.9 (90% CI 7.6

e12.9) and 9.0 (90% CI 6.6e11.8) months in the

placebo, olaparib bd and tds arms, respectively.

There was no significant difference in OS between

olaparib and placebo for either the bd (Cox

adjusted HR 0.97; 90% CI 0.69e1.37; stratified

logrank pZ0.73) or the tds arm (1.05; 90% CI

0.76e1.46; pZ0.73).

[124]

PARP Olaparib in combination

temozolomide

I/II ORR 41.4% (95% CI 23.5e59.3%), mPFS 87

days (95% CI 48e159 days)

mOS 220 days (95% CI 140e308)
mDOR 103 days

[129]

PARP Veliparib in combination with

cisplatin and etoposide [CE]

(versus CE with placebo)

II (randomised) mPFS CE/velaparib 6.1 and 5.5 months CE/

placebo (unstratified HR 0.75 [one-sided

p Z 0.06])

mOS CE/velaparib 10.3 and 8.9 months CE/

placebo (unstratified HR 0.83 [one-sided

[126]

(continued on next page)
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Table 1 (continued )

Target class Target Drug Phase Results/recruitment status Reference

p Z 0.17])

PARP Veliparib in

combination with

temozolomide (versus

temozolomide with placebo)

II (randomised) 4-month PFS rate 36% temozolomide/veliparib

and 27% temozolomide/placebo (p Z 0.19).

mOS 8.2 months temozolomide/veliparib (95%

CI 6.4e12.2) and 7.0 months temozolamide/

placebo (95% CI 5.3e9.5) (p Z 0.50)

[128]

ATR and

PARP

AZD6738 in combination with

olaparib

II Recruiting NCT02937818

https://clinicaltrials.gov/ct2/show/NCT02937818

ATR VX-970 in combination with

topotecan

I/II Recruiting NCT02487095

https://clinicaltrials.gov/ct2/show/NCT02487095

CHK1 SRA-737 in combination with

gemcitabine plus cisplatin

(versus in combination with

low-dose gemcitabine)

I/II (in multiple

solid tumours)

Active, not recruiting NCT02797977

https://clinicaltrials.gov/ct2/show/NCT02797977

WEE1 AZD1775 II Active, not recruiting NCT02593019

https://clinicaltrials.gov/ct2/show/NCT02593019

WEE1 AZD1775 in combination with

carboplatin

II Recruiting NCT02937818

https://clinicaltrials.gov/ct2/show/NCT02937818

WEE1 AZD1775 in combination with

olaparib

Ib (in multiple

solid tumours)

Active, not recruiting NCT02511795

https://clinicaltrials.gov/ct2/show/NCT02511795

RNA

polymerase II

Lurbinectedin II 19 patients (38%) had PR. 20 patients (40%) had

disease stabilisation, 6 of them for > 4 months.

mDOR 5.3 months (CI 95% 2.8e8.8) and mPFS

4.2 months (CI 95% 2.8e6.3)

[116]

Lurbinectedin in combination with

doxorubicin

I ORR 67% (95% CI 43e85%)

mPFS 4.7 months (95% CI 3.5 months-not

reached)

[184]

Lurbinectedin in combination with

doxorubicin (expanded cohort

from the above trial, with dose

reduced)

Ib ORR 37%

mPFS 3.4 months (95% CI 1.5e6.2 months)

mOS 7.9 months (95% CI 4.9e11.5 months)

[185]

Lurbinectedin in combination with

paclitaxel

I ORR 71%

mPFS 4.8 months

[118]

Lurbinectedin in combination with

doxorubicin versus

cyclophosphamide plus

doxorubicin plus vincristine(CAV)

or topotecan

III Active, not recruiting [186]

Bcl-2 Bcl-2 APG-1252 I Well tolerated and one partial response seen [107]

Bcl-2 Navitoclax (ABT-263) II PR in one (2.6%) patient and stable disease in 9

(23%) patients.

mPFS 1.5 months

mOS 3.2 months.

Grade 3/4 thrombocytopaenia in 41%

[187]
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samples showing growth inhibition by an LSD inhibitor,

GSK2879552, exhibited DNA hypomethylation in a

signature probe set, thus providing a useful predictive

biomarker for use in SCLC [145]. A phase I trial of this

LDS1 inhibitor in relapsed/refractory SCLC was initi-

ated but was recently terminated as the risk benefit in

relapsed refractory SCLC does not favour continuation

of the study (NCT02034123).
A summary of selected non-immunotherapy trials on

SCLC is shown in Table 1.
8. Targeting the immune system

Immunotherapy has revolutionised the treatment of

many advanced cancers. Several studies in SCLC have

failed to meet their primary end-point. Maintenance

pembrolizumab, a PD-1 inhibitor, after first-line

chemotherapy was investigated in a phase II trial with a

discouraging PFS of 1.4 months and OS of 9.6 months

[146]. Maintenance ipilimumab and nivolumab after
first-line chemotherapy was investigated in a phase III

study [147]; however, it has recently been announced

that it has not met its primary end-point of OS [148].

There has been a recent announcement [149] that

CheckMate 331, a phase III study comparing nivolu-

mab versus topotecan in relapsed disease failed to meet

its primary OS end-point [150]. This is disappointing

especially as it might have been predicted that SCLC
would respond well to immunotherapy. Cancers with a

high number of mutations may be susceptible to im-

mune targeting as mutations generate neoantigens that

are potential immune targets [151]. SCLC has a rela-

tively high mutational burden [152]. This is in keeping

with the genomic landscape of heavy smoking exposure

and high levels of DNA repair deficits. Tumour muta-

tional burden (TMB) has been investigated as an
emerging predictive biomarker to response to immu-

notherapy in NSCLC [153] where it has been shown

that nivolumab, a PD-1 inhibitor, combined with ipi-

limumab, a cytotoxic T-lymphocyte-associated protein

4 (CTLA-4) inhibitor, was more effective than chemo-

therapy in patients with TMB >10 mutations/megabase

(MB) (PFS 7.2 versus 5.5 months; HR Z 0.58;

p Z 0.001), whereas in patients with TMB <10 muta-
tions/MB, there was no significant difference between

the groups (PFS 3.2 versus 5.5 months; HR Z 1.07; CI

0.84e1.35). Indeed, stratifying SCLC by TMB results

has proved a more fruitful approach than unselected

cohorts. In a phase II study (CheckMate 032) in

relapsed SCLC, patients receiving either nivolumab or

nivolumab with ipilimumab were grouped into ‘low’,

‘medium’ or ‘high’ TMB groups. TMB low was defined
as <143 mutations/MB, TMB medium as 143e247

mutations/MB and TMB high as � 248 mutations/MB.

ORR to nivolumab was 4.8% in TMB low, 6.3% in

TMB medium and 21.3% in TMB high. The

https://clinicaltrials.gov/ct2/show/NCT03366103
https://clinicaltrials.gov/ct2/show/NCT02391480
https://clinicaltrials.gov/ct2/show/NCT03080311
https://clinicaltrials.gov/ct2/show/NCT02034123
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combination ipilimumab/nivolumab ORR was 22.2%

in TMB low, 16.0% in TMB medium and 46.2% in

TMB [154]. In the same study, PD-L1 expression was

investigated as a predictive biomarker of response. PD-

L1 expression did not predict response and was not

associated with tumour mutational burden [155]. Based

on the results of CheckMate 032, nivolumab has been

granted accelerated approval by the FDA as third-line
treatment [156].

There is rationale for combining immunotherapy and

chemotherapy based on the concept of chemotherapy-

induced tumour damage releasing tumour-specific anti-

gens, thus increasing activation of T-cells [157,158]. A

phase III trial, IMpower 133 [159] assessed atezolizu-

mab, a PD-L1 inhibitor, in combination with first-line

chemotherapy plus maintainence atezolizumab versus

standard chemotherapy. This demonstrated a significant

benefit in PFS and OS (PFS 5.3 versus 4.3 months; HR

0.77; p Z 0.02, OS 12.3 versus 10.3 months; HR 0.7;

p Z 0.007). Although the OS difference is modest at 2

months, this represents a significant proportion of the

expected survival, given that 38.2% of the patients in the

standard arm lived until 1 year compared with 51.7% in

the atezolizumab group. An exploratory analysis of
TMB concluded TMB was not predictive of benefit (HR

for progression/death in <10 mutations/MB 0.70, 95%

CI 0.45e1.07; >10 mutations/MB 0.68, 95% CI

0.47e0.97; >16 mutations/MB 0.63, 95% CI 0.35e1.15).

Atezolizumab has been granted FDA approval in the

first-line setting in combination with chemotherapy. In

contrast, a first-line phase III trial [160] of ipilimumab in

combination with standard chemotherapy and
continued as a maintenance therapy versus standard

chemotherapy alone failed to show a benefit in adding

immunotherapy (PFS 4.6 versus 4.4 months; OS 11

versus 10.9 months). It has been speculated that the

difference between the trials could be due to the differ-

ential action of CTLA-4 versus PD-1 blockade. CTLA-4

regulates peripheral T cell activation, whereas PD-1

suppresses T cell activation in the tumour microenvi-
ronment, and potentially this tumour microenvironment

effect is necessary to antitumour activity. It is also

possible that chemotherapy reduces the early T cell

activation associated with CTLA-4 blockade but pre-

serves the intratumoural response related to PD-L1 in-

hibition. A phase I study combining the antiePD-L1

antibody durvalumab with the antieCTLA-4 antibody

tremelimumab in relapse SCLC is ongoing [161]. Pre-
liminary data have shown that the combination is

tolerable with favourable activity seen (ORR 13.3% with

2 complete response, 2 PR; 95% CI 3.8e30.7%; PFS 8

months, 95% CI 1.0e1.9 months; OS 7.9 months, 95%

CI 3.2e15.8 months).

There are a vast number of early phase trials inves-

tigating the combination of immunotherapy and tar-

geted drugs. There are some potential combinations that
hold potential for investigation in SCLC. For example,
MYC plays a global role in immune modulation. Mul-

tiple groups have demonstrated that MYC inactivation

downregulates immune checkpoint CD47 and PD-L1

gene expression, enhancing anti-tumour response

[162e166]. Others have shown widespread cytokine

changes and T-cell migration into the tumour microen-

vironment with associated tumour responses with MYC

targeting [167e169]. Others have shown MYC regulates
via MHC [170,171]. A summary of immunotherapy

trials is shown in Table 2.
9. Drug development challenges

The challenges encountered in the research of SCLC are

manifold. First, the rapidity in disease presentation and

the declining performance status of the patient often

precludes trial entry. Patients are, almost universally, ex-

smokers or current smokers with high levels of

comorbidity.

Second, molecular characterisation is challenging.
This is partially due to the deteriorating condition of

patients that precludes pretrial screening, and also, as the

vast majority of patients are treated with chemotherapy

and radiation, there may be a lack of resected specimens.

Analysis of circulating biomarkers promises a non-

invasive, rapid turnaround molecular prescreening tool.

Circulating tumour cells (CTCs) are present in 85% of

SCLC patients [171]. CTC pretreatment level and level
change after one cycle of chemotherapy are independent

prognostic factors [172] and are tumourigenic when

injected into immunocompromised mice, forming CTC-

derived explants [173]. Analysis of a wide panel of genes

frequently altered in SCLC showed similar changes in

CTCs [174]. Enumeration of CTCs has been applied to

clinical studies as a biomarker to predict response or

resistance [175,176]. Further studies to appreciate the
heterogeneity of CTCs by exploring the genomic, tran-

scriptome, and epigenetic variation, at diagnosis, during

treatment resistance, and in metastatic setting are

required. Cell-free DNA (cfDNA) is tumour-derived

fragmented DNA in the blood [177]. In a study, 140

plasma samples of cfDNA from 27 patients with SCLC

were available for analysis, and disease-associated mu-

tations were detected in 85% of samples [178]. This
detection rate is similar to that of CTCs [171,179]. The

same study showed that allelic frequencies and copy

number alterations in the cfDNA tracked closely to

treatment response and identified disease recurrence

before radiological progression. A study aimed to use a

CTC gene panel to predict chemotherapy sensitivity using

a panel of frequently amplified or deleted genes in SCLC

(e.g. TP53, Rb1, PTEN, SOX2) [174]. The authors failed
to build amodel to predict chemosensitivity; however, the

analysis included extended whole genome-wide copy

number aberration profiles which did predict chemo-

sensitivity. These unique biomarkers set the stage for
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future studies in SCLC as prognostic and predictive

markers, to monitor treatment response and to decipher

mechanism of resistance. However, caution should be

used as the CTCs may be phenotypically different from
Table 2
Selected immunotherapy trials in small-cell lung cancer.

Drug Line of treatment

Maintenance pembrolizumab After first-line chemotherapy

Pembrolizumab Relapsed

Pembrolizumab in combination

with paclitaxel

Relapsed

Maintenance

ipilimumab þ nivolumab or

nivolumab (versus

surveillance)

After first-line chemotherapy

Nivolumab (versus topotecan) Relapsed

Nivolumab alone versus

nivolumab plus ipilimumab

Relapsed

Atezolizumab þ chemotherapy

þ atezolizumab

maintenance (versus

etoposide þ platinum)

First line

Ipilimumab þ etoposide

þ platinum þ
maintenance ipilimumab

(versus etoposide þ
platinum)

First line

Durvalumab þ tremelimumab Relapsed

CI, confidence interval; HR, hazard ratio; ORR, overall response rate; PFS, p
the cells taken from solid tumour biopsy as demonstrated

in a study that showed significantly high sensitivity to

chemotherapy in CTC compared with cell lines from the

same patients derived from tumour biopsy [180].
Phase Results/recruiting Reference

II PFS 1.4 months (95% CI 1.3

e2.8)

OS 9.6 months (95% CI 7.0

e12)

1-year OS 37%

[146]

II PFS 2 months

OS 9.1 months

ORR 18.7% (95% CI 11.8

e27.4) overall; ORR 35.7%

(15/42; 95% CI 21.6e52.0)
in PD-L1 positive

ORR 6.0% (3/50; 95% CI

1.3e16.5) in PD-L1

negative

[187]

II ORR 23.1%

PFS 5.0 months (95% CI 2.7

e6.7)

OS 9.2 m (95% CI 6.6e15.1)

[188]

III No data published but

failed to meet end-point for

OS announced November

2018

[147]

[148]

III No data published but

failed to meet end-point for

OS announced Oct 18.

[150]

[149]

I/II open label ORR nivolumab 10%, 6-

month PFS rate 17.2%, 12-

month OS rate 28.3%, 18-

month OS rate 20%; ORR

nivolumab 1 mg/

kg þ ipilimumab 3 mg/kg

23%

nivolumab 3 mg/

kg þ ipilimumab 1 mg/kg

19%

[189,190]

I/III Immunotherapy versus

control PFS 5.2 months

versus 4.3 months (HR 0.77;

95% CI 0.62e0.96;

p Z 0.02)

OS 12.3 months versus 10.3

months (HR 0.70; 95% CI

0.54e0.91; p Z 0.007)

1-year survival 51.7% versus

38.2%

[159]

III Immunotherapy versus

chemotherapy alone PFS

4.6 months versus 4.4

months (HR 0.85; 95% CI

0.75e0.97)

OS 11.0 months versus 10.9

months (HR 0.94; 95% CI

0.81 to 1.09; p Z 0.38)

[160]

I PFS 1.8 months

OS 7.9 months

ORR 13.3% with DOR 18.9

months

[161]

rogression-free survival; OS, overall survival; DOR, duration of response
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Third, human SCLC often responds to platinum-

based chemotherapy dramatically, only to relapse later

and become resistant to treatment. Preclinical models

have largely failed to reciprocate this pattern of response

[181]. Focus to improve these models including use of

CTC-derived explants could potentially identify media-

tors of chemotherapy resistance, target these pathways

by rationally designed drugs and guide therapeutic
decision.
10. Conclusion

In the last decades, SCLC has remained a lethal disease.

A recurring issue is disappointment in clinical trials

despite identification of a putative target and promising

results in preclinical models. This is discernible in the

recent development of rovalpituzumab. However,

different from previous failure to identify a crucial

target, the shorter survival of rovalpituzumab might be

related to its adverse effects associated with the toxin
included in the ADC. Targeting DLL3 may yet still have

a future with alternative drugs or ADC payloads.

Immunotherapy has given hope in the treatment of

SCLC. However, while atezolizumab (in combination

with chemotherapy) and nivolumab are recently

approved in first- and third-line settings, respectively,

maintenance treatment with pembrolizumab pro-

duced less than expected results. Incorporating TMB
is a strategy that has proved to be successful. This

underscores the importance of positioning an immu-

notherapy in the treatment algorithm, as well as se-

lection of predictive biomarkers. There are some

challenges in introducing TMB into standard clinical

practice, due to the need to obtain biopsy samples

with high DNA quantity, standardisation of

sequencing panels and establishing the level of what
constitutes ‘high TMB’. Results from recent trials

demonstrates that combining immunotherapy with

chemotherapy not only has a solid rationale but also

can yield effective results.

Other therapeutic combination strategies include

DDR drugs in combination with chemotherapy and

immunotherapy. Insights from synthetic lethality in ge-

netic mutation and cross-talks between molecular
pathways also make combining different molecular

targeted therapies, such as PARP and inhibitors of the

PI3k/AKT, of interest.

Promising biomarkers candidates in SCLC are

manifold but complex. MYC is an intriguing target

which requires further work. For example, although

MYC sensitises SCLC to Aurora kinase inhibition,

sensitivity to drug may also be mediated by Rb loss.
The optimal development of targeted therapy in

SCLC requires early identification of biomarkers.

Biomarker screening at disease presentation in prepa-

ration for entry to trials in the post first-line
maintenance or second-line setting should be consid-

ered. Repeated tumour or liquid biopsy at the time of

disease progression may help to better understand

resistance mechanisms. Finally, enrolling patients with

SCLC into molecularly driven ‘basket trials’ may

accelerate drug development. With concerted effort and

accelerating pace in research, we can hope that new,

personalised interventions can be delivered to patients
with SCLC and witness meaningful changes in the

outcome in SCLC patients in the future.
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