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Abstract: Although the incidence of small cell lung cancer (SCLC) has declined during the past 30 years, it

remains a frustrating disease to research and treat. Numerous attempts to enhance the ant-tumor effects of

traditional chemotherapy for SCLC have not been successful. For any tumor to become cancerous, various

genetic mutations and biologic alterations must occur in the cell that, when combined, render it a malignant

neoplasm. New and novel therapies based on understanding these mechanisms of transformation are needed.

Herein we provide an in-depth view of some of the genomic alterations in SCLC that have emerged as

potential targets for therapeutic intervention.
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Introduction

Small cell lung cancer (SCLC) is the most aggressive
subtype of lung cancer, characterized by a 5-year survival
rate of <7%. Considering that standard treatments have
not changed in decades, a deeper understanding of cellular
and molecular mechanisms underlying SCLC initiation,
progression, metastasis and acquisition of resistance is
required to improve the available treatment options. In
this review, we focus on the biology of SCLC, including
histopathological, molecular and immuno-related factors
that can give us some new ideas and paths in order to
develop newer more effective treatments.

Cell of origin of SCLC

The lung epithelium contains several distinct stem cell and
progenitor cell populations that maintain the numerous
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types of differentiated lung cell populations (1-4). Mucous,
basal, ciliated, non-ciliated (Clara and serous) and
neuroendocrine cells (NECs) line the conducting airways of
the lung. Alveolar type 1 (AT'1) and type 2 (AT2) epithelial
cells line the alveolar space, secrete surfactants and perform
gas exchange, respectively. A population of presumptive
distal adult lung epithelial stem cells [bronchioalveolar
stem cells (BASCs)] was also recently identified at the
bronchioalveolar duct junction (BAD]) (5) and reported as
being the origin of non-small cell lung cancer (NSCLC).
Previous work shows that NSCLC may originate from
BASC:s (6).

SCLC has a very high mutation load due to the
long-term exposure to carcinogens present in cigarette
smoke (7). SCLC cells have a high mitotic index, display
neuroendocrine markers and are believed to derive from
NECs or neuroendocrine progenitors (NEPs) in the lung.
However, the cell of origin of SCLC has not been formally

www.tler.org Transl Lung Cancer Res 2016;5(1):2-15



Translational lung cancer research, Vol 5, No 1 February 2016

identified. Mouse models replicating the oncogenic
mutations and tumor suppressor losses observed in patients
have pointed to pulmonary NECs, or a multipotential
precursor that gives rise to pulmonary NECs, as the cell
of origin for SCLC (8-10). Human and mouse SCLCs
predominately localize to the midlevel bronchioles and
typically express a range of neuroendocrine markers, such
as calcitonin-gene related peptide (CGRP) and neural
cell adhesion molecule (NCAM1). These SCLCs also
express transcription factors which play important roles in
neuroendocrine differentiation, including achaete-scute
complex homolog-like 1 (ASCL1; murine ortholog Mashl),
NEURODI, SOX2, TTF1, and Myc family members (11).
ASCL1 is a basic-helix-loop-helix transcription factor
pivotal for neuroendocrine differentiation and expressed in
pulmonary NECs and in SCLC (12). ASCL1 may interact
with the central “retinoblastoma protein-tumor protein 53”
(Rb-p53) axis in the carcinogenesis of NE lung cancers (13)
and ASCLI expression correlates with the tumor-initiating
capacity of SCLC tumors (14). ASCL1 contributes to
enhanced proliferation and migration in lung cancer cells
in vitro by targeting cyclin-dependent kinase 5 (CDKS) (15)
and is critical for pulmonary NEC development (12,16-
18). ASCL1 is also important in NEC fate and is highly
expressed in classic SCLC and large cell neuroendocrine
carcinoma (LCNEC) tumors, where it acts to maintain
neuroendocrine features (12). Using next generation
sequencing and establishing features of ‘small cell-ness’,
Meder et al. identified a NOTCH-ASCL1-Rb1-TP53
signaling axis which may drive SCLC in organs other than
the lung (19). The expression of ASCL1 and NEURODI,
another transcription factor, are mutually exclusive in
SCLC cell lines. ASCL1 but not NEUROD1 is required
for neuroendocrine tumor (NET) formation in the Trp53/
Rb1/p130 mouse model (20). Studies have indicated that
extracellular signal-regulated kinases (ERK) 1/2 signaling
is low in all SCLC cell lines and that blocking ERK activity
has no effect on cell growth while activating ERK inhibits
SCLC growth. NEURODI1 can inhibit ERK and stimulates
metastases (21,22). NEURODI1 binds the TrkB promoter
and inhibition of TrkB by chemical means blocks SCLC
proliferation 7z vitro and in vivo (22).

Extensive genomic analyses have been carried out and
there is a panel of several genes that appear mutated/
abnormal in nearly all SCLCs, such as p53, Rb and Myc
family members. In addition, certain oncogene mutations
such as KRAS are rare or non-existent. Predominant
mutations observed in SCLC include loss-of-function
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mutations in the Ry and p53 genes. Overexpression of
proto-oncogenes by amplification of distinct chromosomal
regions include L-myc or C-myc (23,24). Since mutation
rate patterns can distinguish the cell-of-origin (25) this
result suggests that SCLC and adenocarcinoma have a
different progenitor, a finding that is in line with a recent
study on transgenic SCLC mouse models (10). Berns
and colleagues have described a mouse model of SCLC
based on the fact that tumor cells in more than 90% of
human SCLCs are mutated for both the p53 and Rb
tumor suppressor genes (11,26). In this model, adenoviral
particles expressing the Cre recombinase (Ad-Cre) were
injected into the trachea of p53 and RbI mutant genetically
engineered mouse models (GEMM) to delete both genes
in neuroendocrine (CGRP promoter), Clara (Clara Cell
marker 10; CC10 promoter) but also AT2 (Surfactant
protein C; SPC promoter) cells. Nearly all of these Rb/p53
double mutant mice develop SCLCs, although it takes often
more than nine months before tumors become evident. The
tumors closely resemble human SCLC, express markers of
NECs and even metastasize to the same organs (11). They
also acquire additional mutations that are reminiscent of
human SCLC, such as the amplification of one of the Myc
genes (11,27). However, also switching off Rb and p53 in
non-NECs SPC-positive cells gives rise to SCLC, although
less efficiently. Interestingly, the latter tumors are often
more peripherally located, and preliminary data suggest
they might carry chromosomal aberrations that are not
observed in tumors induced in NECs (8,10). For instance,
amplification of the transcription factor nuclear factor I/
B (NFIB) both in a genetically-engineered mouse SCLC
model and in human SCLC has a synergistic effect with
L-myc, and functional studies indicate that NFIB regulates
cell viability and proliferation during transformation
(28,29). It is also unclear whether the same cell of origin
is responsible for initiating both SCLC and NSCLC. The
observation that a proportion of SCLCs display a mixture
of SCLC- and NSCLC-specific features may argue for
the existence of a “common” cell of origin for these lung
cancers (30).

Histological features of SCLC and differential
diagnosis. Typical and atypical carcinoid-large
cell neuroendocrine cancers

SCLC is located along the spectrum of NET of the
lung, being a high-grade tumor. Also on this spectrum
are LCNEC, a low-grade typical carcinoids (T'C) and
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Table 1 Diagnostic criteria and grading of lung neuroendocrine tumors (38)

Criteria Typical carcinoid Atypical carcinoid Large cell neuroendocrine tumor ~ Small cell lung cancer
Grade Low Intermediate High High
Morphology Well differentiated Well differentiated Poorly differentiated Poorly differentiated
Mitoses per 10 high <2 2-10 >10 (median, 70) >10 (median, 80)
power fields (HPFs)

Necrosis None Present (focal punctate) Present (extensive) Present (extensive)

intermediate-grade atypical carcinoids (AC) (31). While
the aetiology is still not completely understood, carcinoids
appear to arise from a different progenitor cell than SCLC
and LCNEC. The first clue to this difference is a possible
pre-neoplastic lesion “diffuse idioplastic neuroendocrine
cell hyperplasia” (DIPNECH), unique to carcinoids and
their occurrence in the setting of MENT disease (5% of
carcinoids arise in MEN1 disease and less than 5% in the
background of DIPNECH). Twenty to forty percent of
carcinoids display somatic double allelic inactivation of
MENT gene with mutation of one allele and allele loss
(LOH) at the MENI gene (11q.13) location (32). A very
original mutation profile of carcinoids has been identified
with 52% of the mutations affecting chromatin remodelling
genes (MENI, PSIP1, ARID1A), 34% belonging to the
methylation complex and 25% to the SWI/SNF complex,
mutually exclusive to each other (33). In contrast, a close
biologic relationship between LCNEC and SCLC has
been suggested (34), although whether LCNEC should
be therapeutically treated as SCLC or NSCLC remains
controversial (35,36). Still, it seems that LCNEC may
be comprised of distinct molecular subsets including
SCLC-like, characterized by concomitant loss of RB1 and
TP53, and NSCLC-like, characterized by the presence of
NSCLC-type mutations, including KRAS, STK11, KEAPI
or MAP2K1 (37).

The main criteria for distinguishing SCLC from TC,
AC and LCNEC are summarized in Table 1.

The proliferation rate as defined by Ki-67 staining can
also be useful as it is very high in SCLC (usually >50-70%),
but low (usually <5-15%) in carcinoids. However, precise
Ki-67 thresholds for TC vs. AC are not established (39).

Histological sub-classification of SCLC has advanced
significantly since 1962 when Kreyberg proposed the
oat cell and polygonal cell types (40). The 1981 WHO
classification, which defines an “intermediate” subtype of
SCLC, was not successful because clinicians were never sure

whether these subtypes were SCLC or NSCLC. In addition,
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reproducibility was poor among expert pathologists and
it was not clear whether there were any relevant clinical
implications (41). The current sub-classification recognizes
only two subtypes: pure SCLC and combined SCLC (38).
Using light microscopy, tumor cells have round, spindled
nuclei with finely granulated chromatin, inconspicuous
nucleoli, scant cytoplasm, and frequently show nuclear
moulding (38). Mitotic rates are high, with an average of
80 mitoses per 2 mm’, and necrosis is frequent and often
extensive (38,42,43). Basophilic encrustation of vessel walls
by DNA from necrotic tumor cells (nuclear debris also
known as the Azzopardi effect) is often seen in necrotic
areas (44). The pattern of growth, which usually occurs
in diffuse sheets, rosettes, organoid nesting, streams and
ribbons may resemble malignant lymphoma (42).

Although immunohistochemistry (IHC) is useful in the
diagnosis of SCLC, it is only required in problematic cases,
since it is important to obtain a good-quality hematoxylin
and eosin stain. Staining for pancytokeratin helps to
demonstrate whether the tumor is a carcinoma rather than
lymphoid lesion. CK7 and CK20 are not particularly useful
cytokeratins for SCLC diagnosis since only about half stain
with CK7 and <10% with CK20 (45). The most useful
neuroendocrine markers include CD56, chromogranin
and synaptophysin (42). Neuroendocrine marker
staining may either be diffuse and strong for all three
neuroendocrine markers, or focal or weak with only one or
two positive markers. In <10% of cases, all neuroendocrine
markers may be negative but the diagnosis can still be
established based on the morphological context (46).
CD56 stains approximately 90-100% of SCLCs but with
low specificity (47). Almost two-thirds of SCLC will
be negative for chromogranin and synaptophysin (48).
The thyroid transcription factor 1 (T'TF-1) expression is
present in 70-90% of SCLC cases but can also be positive
in 44-80% of extrapulmonary small cell carcinomas and
therefore is not useful in determining the primary site
of SCLCs (49). In cases in which all neuroendocrine
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Figure 1 Potential therapeutic targets in SCLC. SCLC, small cell lung cancer.

markers and TTF-1 are negative, lymphoma, melanoma
and basaloid carcinoma with positive keratin expression
should be excluded, as should negative squamous markers
such as p63 (46). It is worth mentioning here that complete
phenotypic conversion to SCLC is one possible mechanism
of resistance in NSCLC adenocarcinomas progressing
on epidermal growth factor receptor (EGFR) tyrosine
kinase inhibitor (TKI) treatment and occurs in roughly
15% of patients (50,51). These tumors usually retain the
original EGFR mutation, arguing against them being newly
generated primary tumors, but can continue to proliferate
malignantly despite downregulation of EGFR protein,
explaining their resistance to TKIs.

Molecular abnormalities in SCLC—the tumor
suppressor role of the NOTCH pathway

Almost universal and bi-allelic loss of TP53 and RB1 occurs
in SCLC (52,53). Even tumors lacking RB1 mutations
show evidence of chromothripsis leading to overexpression
of cyclin D1 (encoded by the CCNDI gene), revealing an
alternative mechanism of RB1 deregulation (54). PTEN
alterations can be found in 10-18% of SCLC tumors (55),
while deregulation of Myc function has also been seen to

be important (24). Although NOTCH pathway activation
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acts as an oncogenic stimulus in some tumor types (56),
NOTCH activation in NET suppresses tumor growth (57).
Whole-genome sequencing of 110 human SCLC specimens
identified, as one of the hallmarks of SCLC, inactivating
mutations of NOTCH family genes in about 25% of
human SCLC tumors, suggesting these genes are tumor
suppressors in SCLC. This notion was further supported
by the observation that activation of NOTCH signaling
leads to significantly fewer tumors and prolonged survival
in SCLC transgenic mouse models (54). A characteristic of
primary SCLC is high-level expression of ASCL1. During
lung cancer development, NOTCH1 and HES1 are highly
expressed in non-NE airway epithelial cells, whereas ASCL1
expression is restricted to clusters of pulmonary NECs.
NOTCH seems to control pulmonary-epithelial-cell fate
by activating HES genes, which suppress the NEC fate
by repressing ASCL1 (12,58). HES1 negatively regulates
ASCL1 by binding to and thereby repressing its promoter.
Interestingly, NOTCH1-IC (intracellular domain) and
NOTCH2-IC can cause cell-cycle arrest in a number of
SCLC-derived cell lines with neuroendocrine differentiation
by upregulating CDK inhibitors p21 (Wafl) and p27
(Kip1) and negatively regulating ASCL1 (59,60) (Figure I).
The mammalian NOTCH family ligands delta-like 1
(DLL1), DLL4, JAGI1, and JAG2 each activate NOTCH
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receptor signaling in trans (61). In contrast, the related
ligand DLL3 predominantly localizes to the Golgi apparatus
and is unable to activate NOTCH signaling (62,63). In
normal development, DLL3 inhibits NOTCH pathway
activation by interacting with NOTCH and DLL1 and
redirecting or retaining them to late endosomal/lysosomal
compartments or the Golgi respectively, thereby preventing
their localization to the cell surface (62,64). DLL3 is
one of several NOTCH ligands that appear to be direct
downstream targets of ASCL1 (20,65) (Figure I). Therefore
DLL3 might be associated with the neuroendocrine
phenotype and contributes to neuroendocrine tumorigenesis.
Indeed, Saunders et #/. demonstrated that DLL3 is
associated with the neuroendocrine cancer phenotype (66).
In vivo efficacy of a DLL3-targeted antibody-drug conjugate
(ADC), SC16LD6.5, comprised of a humanized anti-DLL3
monoclonal antibody conjugated to a DNA-damaging
pyrrolobenzodiazepine (PBD) dimer toxin, correlated with
DLL3 expression. Responses were observed in patient-
derived xenograft (PDX) models from both limited and
extensive-stage disease and were independent of their
sensitivity to standard-of-care chemotherapy regimens (66).
Interestingly, this year at the European Society for Medical
Oncology (ESMO) meeting, Pietanza er al. reported
the results of a phase I trial of rovalpituzumab tesirine
(Rova-T, or S16L.D6.5), in 79 patients with SCLC who had
progressed after first or second line therapy. High expression
of DLL3 occurred in approximately two-thirds of SCLC
patients and was related to long lasting stable disease or
partial response to Rova-T (67).

Epigenetic and proteomic changes in SCLC—the
role of the DNA repair

A primary mechanism of epigenetic regulation of gene
expression is DNA methylation. Hypermethylation of CpG
islands associated with regulatory elements controlling
gene expression can drive secondary recruitment of histone
modifications, together leading to stable gene silencing.
SCLC is characterized by extreme plasticity and cloning
capacity consistent with a high level of stemness (68).
Using methylome and transcriptome analysis,
distinct subtypes of SCLC can be defined that cannot be
distinguished by standard histological approaches (69).
Indeed, epigenetically distinct subgroups were observed
among histologically and genetically similar SCLC cases
that may represent clinically important populations. These
subgroups have widely differing transcriptional profiles
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and can be delineated by differential expression of the
neurogenic basic helix-loop-helix transcription factors
ASCL1 and NEURODI, suggesting that primary SCLC
can be found along the same spectrum of differentiation as
in cell lines and PDX (70).

Enhancer of zeste homolog 2 (EZH2) showed
increased overexpression in comparison to normal lung
tissue, correlated with a higher methylation of the EZH?2
promoter (70). Activation of the oncogene EZH? is a major
consequence of RB/E2F pathway deregulation and EZH2
expression has a significant effect on SCLC viability. EZH?2
promotes the cell cycle and inhibits apoptosis in SCLC,
favoring the oncogenic processes of the RB/E2F pathway
(52,71). By profiling DNA methylation in SCLC, PDXs
and cell lines at single-nucleotide resolution, it has been
found that DNA methylation patterns of primary samples
are distinct from those of cell lines, whereas PDX maintains
a pattern closely consistent with primary samples (70).
Clustering of DNA methylation and gene expression of
primary SCLC revealed distinct disease subtypes among
histologically indistinguishable primary patient samples
with similar genetic alterations. Pharmacologic inhibition
of EZH2 in a SCLC PDX markedly inhibited tumor
growth (70). Recent developments in drug discovery (72,73)
and pre-clinical data suggest that EZH2 is sensitive to
targeted therapy.

Proteomic analysis on SCLC tumors has shown that
Poly ADP ribose polymerase 1 (PARP1) inhibition has
activity in pre-clinical models and in a subset of SCLC
patients (74) and proteomic markers of DNA repair and
phosphatidylinositol 3-kinase (PI3K) pathway activation are
predictive of response to PARP inhibition in SCLC (75).
Significant differences in signaling pathways have been
reported between SCLC and NSCLC, with PARP1 and
EZH?2 the most overexpressed proteins in SCLC (76,77).
PARP inhibition downregulates key components of the
homologous recombination pathway, such as RAD51 and
BRCAL. Due to the loss of RB, E2F expression leads to
activation of several E2F targets in SCLC cells, such as
EZH?2, thymidylate synthase (TS), and several components
of DNA repair pathways, including 53BP1 (76,78). Single
agent activity of the PARP inhibitor ABT-888 (veliparib)
and synergy with platinum and etoposide was demonstrated
in cell lines and animal models (79). This work led to a
successfully completed phase I trial combining veliparib
with cisplatin and etoposide (ECOG-ACRIN E2518) (80);
a randomized phase II trial is currently ongoing. The
newer PARP inhibitor talazoparib kills SCLC cells more
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efficiently than the older PARP inhibitor olaparib (75) and
high levels of PARP and other proteins involved in DNA
damage repair, such as FANCD?2 and pCHK2, are strongly
associated with the sensitivity of SCLC cells to talazoparib.
High expression of a “DNA repair protein score” is also
associated with greater response to talazoparib, while higher
expression of a “PI3K score” denotes grater resistance to

the drug (81).

New SCLC subsets and targets

Although SCLC is characterized by a high mutation rate,
usually it harbors loss of function mutations or deletions
in tumor suppressor genes and is not susceptible to
selective targeted inhibition (54). Emerging data on SCLC
biology has led to the discovery of novel biomarkers which
are potentially helpful to define molecularly selected
subpopulations of patients more likely to benefit from a
molecularly targeted approach.

The bedgebog signaling pathway

Hedgehog signaling plays a crucial cell-intrinsic role in the
development and maintenance of SCLC, and Hedgehog
pathway inhibition can be a therapeutic strategy to slow
disease progression of disease and delay cancer recurrence (82).
Constitutive activation of the hedgehog signaling molecule
smoothened (Smo) promotes the clonogenicity of human
SCLC in vitro and the initiation and progression of mouse
SCLC in vivoe. Reciprocally, deletion of Smo in RB1 and
Trp53-mutant lung epithelial cells strongly suppresses SCLC
initiation and progression in mice (82). Pharmacological
blockade of Hedgehog signaling was found to inhibit the
growth of mouse and human SCLC, most notably following
chemotherapy (Figure 1).

Fibroblast growth factor veceptor (FGFR) signaling pathway

The FGFR family represents a promising target for
development of targeted therapies in SCLC. Twenty-three
fibroblast growth factors (FGF) and four FGFRs (FGFR1-
FGFR4) have been identified (83) and results of several
studies have demonstrated the co-expression of FGF2 and
FGF9 ligands in association with FGFR1 in human lung
cancers (84). The FGFRI gene can be amplified in 5-6% of
SCLC patients (85). Tumor tissue from 63 SCLC patients
treated with surgery was sequenced, and amplification of
FGFR1 was observed in 6% of the cases (52). High levels
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of serum FGF2 have been associated with poor prognosis
in SCLC, possibly due to a FGF2-mediated cytoprotective
effect, whereby the expression of antiapoptotic proteins is
upregulated, promoting resistance to current anticancer
treatment (86) (Figure ). FGFR1, FGF2 and FGF9 protein
and messenger RNA (mRNA) expression, as well as FGFR1
gene amplification were analyzed in primary tumors from
90 SCLC patients. FGFR1 protein expression was identified
in 7% of cases and was significantly correlated with FGFR1
mRNA levels, FGFRI gene amplification and FGF2 and
FGF9 protein expression (87). Therefore, combined
analysis of FGFR1 and ligand expression may allow
selection of SCLC patients for FGFRI inhibitor therapy.
The efficacy of the FGFR inhibitor ponatinib is currently
being studied in a biomarker driven trial (NCT01935336).
Another phase II trial to assess the efficacy and safety of
lucitanib, an inhibitor of FGFR1-3, vascular endothelial
growth factor receptor (VEGFR)1-3, and PDGFRo/B, in
patients with advanced lung cancer is currently recruiting
(NCT02109016).

Rearranged during transfection (RET) pathway

RET is a transmembrane tyrosine kinase receptor located in
the pericentromeric region of the chromosome 10q11.2 and
involved in the physiologic development of kidney, nervous
and neuroendocrine systems (88). Binding with soluble
ligands belonging to glial cell line-derived neurotrophic factor
(GDNF) family induces dimerization and autophosphorilation
of the intracellular tyrosine residues of RET receptor,
mediating pathway activation (89). An activating somatic
mutation of RET (M918T) has been identified in the brain
metastatic lesion of a patient with SCLC. In SCLC cell
lines, the presence of the M918T mutation determines the
downstream activation of Myc and ERK regardless of the
presence of a GDNF ligand (90). Moreover, SCLC cell
lines harboring RET M918T show a high proliferation rate
compared to RET wild type cell lines, suggesting that RET
may act as an oncogene during SCLC development. Unlike
medullary thyroid carcinomas with MEN2B syndrome that
harbor RET M918T in the 95% of cases, the presence of this
alteration seems to be a rare occurrence in SCLC.

PI3K, AKT, and mammalian target of rapamycin (mTOR)
pathway—tbe role of intrinsic apoptosis

The PI3K/AKT/mTOR pathway is a prototypic survival

pathway constitutively activated in many types of cancer
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(Figure I). Drug resistance in SCLC may be attributable to
the persistence of a subpopulation of cancer stem-like cells
(CSC) that exhibit multiple drug resistance (91). VS-5584
is a potent and selective dual inhibitor of mTORC1/2 and
class I PI3-kinases currently in early phase clinical trials that
has been proposed for targeting CSCs (92).

In a Japanese population, genetic alterations in the
PI3K/AKT/mTOR pathway have been detected in 36%
of SCLC tumors (93). In H466 (with PTEN loss) and
H1048 (with PIK3CA mutation) cell lines, high expression
of phosphorylated AKT and S6K was observed. Moreover,
silencing PIK3CA in H1048 cells through small interfering
RNA (siRNA) or using drugs (BEZ235, BKM120, INK128,
MK2206) targeting the PI3KCA/AKT/mTOR pathway
significantly reduced cell proliferation, suggesting the
strong dependence of these cells from the dysregulated
PIBKCA/AKT/mTOR pathway (93). To date, only limited
evidence of activity is available with single mTOR inhibitors
in SCLC. Nevertheless, a phase I study with BEZ235, a
dual PI3K and mTORCI/2 inhibitor, is currently ongoing
(NCT01195376). In addition, there is evidence that the
combination of BH3 mimetics with mTOR inhibitors can
be a potent combination therapy for SCLC. Although
the anti-apoptotic protein Bel-2 is overexpressed in many
cancers, including 40-60% of SCLCs and the BH3 mimetic
navitoclax (ABT-236) promotes apoptosis in SCLC cell
lines (94-96), early phase clinical trials failed to demonstrate
any significant clinical benefit (97,98). Faber ez 4/. found
that although SCLC cell lines have higher expression levels
of Bel2-interacting mediator of cell death (BIM), which
can “prime” tumors for apoptosis and contribute to the
sensitivity to ABT-263, the lack of sensitivity of SCLC
to ABT-263 in the clinic may be due to high levels of the
prosurvival Bel-2 family member myeloid cell leukemia
1 (MCL-1) in these cancers (99) (Figure I). SCLC can be
sensitized to ABT-263 via TORC1/2 inhibition, leading to
reduction of MCL-1 protein levels and thereby permitting
BIM-mediated apoptosis (99). The BIM to MCL-1 ratio
predicted sensitivity to ABT-263 not only in SCLC, but
also across a large panel of cancer cells encompassing a
wide range of malignancies (99). This suggests that dual
inhibition of these pathways might be a rational therapeutic
approach in SCLC.

Transcriptional addictions of SCLC

CDK?7 is involved in transcription initiation by
phosphorylating the Ser5 residue of the RNA polymerase

© Translational lung cancer research. All rights reserved.

Karachaliou et al. SCLC biology

II C-terminal domain at gene promoters. Using high
throughput cellular screening of a chemical library,
Christensen ez al. observed that SCLC cell lines and in vivo
models are highly sensitive to THZ1, a covalent irreversible
inhibitor of CDK?7 (100) (Figure I). Expression of super-
enhancer-associated transcription factor genes (genes
associated with unusually large transcriptional regulatory
domains known as super-enhancers), including Myc
family proto-oncogenes, neuroendocrine lineage-specific
factors, or sex determining region Y-box 2 (SOX2) are
highly sensitive to THZI treatment (100). Hence, further
pharmacological studies of small molecules targeting the
general transcription apparatus should be performed to
advance the field of SCLC-tailored therapeutics.

The role of immunotherapy in SCLC

The recent successes obtained with immunotherapy in
several types of tumors have renewed hopes for treatment
of SCLC, despite the limited evidences of activity to
date in this setting (101-103). The onset of neurologic
paraneoplastic syndromes in a subset of patients with SCLC
is related to the T-cell response to onconeural antigens
expressed by the tumor (104). For example, patients with the
Hu paraneoplastic syndrome typically harbor SCLCs that
are limited to single nodules and have improved response to
therapy and prolonged survival (105,106). Also, presence of
activated effector T-cells in SCLC has been associated with
cytolytic responses. In this regard, Koyama and colleagues
analyzed the T-cell population in extensive or limited
SCLC patients and healthy volunteers. Effector T-cells
were found to be higher in those patients with limited
stage disease and long-term survival, and lower in patients
with recurrent disease. Therefore, for immunotherapy to
enhance an effective anti-tumor immune response, effector
T-cells must be increased and the T-regulatory population
abrogated (107).

Targeting cytotoxic T-lymphocyte antigen 4
(CTLA-4) and PD-1 in SCLC

Targeting the T-cell immune checkpoints programmed cell
death 1 (PD-1) and CTLA-4 has recently emerged as an
effective therapeutic strategy in several tumor types. Scultheis
and colleagues evaluated the PD-1 and PD-1 ligand (PD-
L1) expression in 94 small cell neuroendocrine carcinomas
(61 pulmonary) using IHC and RNA expression. They found

that carcinoma cells were negative in all cases, and that PD-
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L1 is expressed in tumor-infiltrating macrophages and its
expression is related to the presence of tumor-infiltrating
lymphocytes (108). The pivotal study of Snyder et 4l.,
performing whole-exome sequencing of tumor samples
from melanoma patients treated with anti-CTLA-4 specific
antibodies ipilimumab and pembrolizumab, suggested that
high somatic mutation load correlates with response to
therapy (109). SCLC has an exceptionally high number of
somatic mutations, approximately 30% in protein changing
genes, predominantly G to T transversions, related to the
carcinogenic effects of tobacco smoke on DNA. The second
malignancy with a high mutational burden is melanoma,
induced by another potent carcinogen in the form of ultraviolet
light (53). Differential activity of immune checkpoint
inhibitors according to the smoking status has been widely
described in NSCLC and linked to increased mutational
burden in smoking-related cancer. In a retrospective analysis
of NSCLC patients treated with nivolumab, a monoclonal
antibody targeting PD-1, the response rate was significantly
higher in former/current smokers compared with minimal/
never smokers (<5 pack-years) (27% vs. 0%; P=0.034) (110).
Similarly, in patients with progressive NSCLC treated with
pembrolizumab, current or former smokers had a response
rate of 22.5%, as compared with 10.3% among never-
smokers (111). Rizvi et al. reported that patients with high
nonsynonymous mutation burden experienced improved
objective response rate (63 % uvs. 0%), progression-free survival
(PES) (14.5 vs. 3.7 months) and durable clinical benefit (73%
vs. 13%) from pembrolizumab, compared with those with
low mutation burden. Efficacy was also related to molecular
smoking signature, higher neoantigen burden and DNA repair
pathway mutations (112). The reliable association between
response to immune checkpoint inhibitors in NSCLC,
mutation burden and smoking history is strongly applicable
to SCLC, which nearly entirely related to smoking and
characterized by an elevated mutation burden.

Immune checkpoints inhibitors have been evaluated in
SCLC to enhance the anti-cancer effects of T-cells against
tumor. In a phase II clinical trial evaluating ipilimumab
in combination with standard chemotherapy in extensive
stage SCLC patients, phased administration of ipilimumab
resulted in improved immune-related PFS (6.4 vs. 5.3 months;
P=0.03), immune-related best overall response rate (71%
vs. 53%) and overall survival (OS) (12.9 vs. 9.9 months;
P=0.13), compared to paclitaxel and carboplatin alone (113).
A phase III trial comparing efficacy of platinum/etoposide
with or without ipilimumab in first line treatment of SCLC
patients, with OS as the primary endpoint, is still ongoing

© Translational lung cancer research. All rights reserved.

(NCTO01450761). Furthermore, blocking PD-L1 signaling by
infiltrating macrophages seems to be sufficient to generate a
positive response from T-cells and improve survival in SCLC
patients (114). Several clinical trials investigating PD-1 or
PD-L1 inhibitors in SCLC patients are currently ongoing
(e.g., NCT01928394, NCT01693562, NCT02261220,
NCT02402920, and NCT02359019).

Vaccine therapies for SCLC

Considering the biological impact of immunity in SCLC,
cancer vaccines may theoretically represent a promising
approach. Key to obtaining effective vaccines is the
identification of the presence of a reliable tumor-associated
antigen expressed in a significant proportion of cancer
patients and upon which survival of tumor cells depends.
Unfortunately, a clinical trial testing the immunologic and
clinical effects of a cancer vaccine consisting of dendritic
cells (DC) transduced with the full-length wild-type p53
gene in patients with extensive stage SCLC failed to
demonstrate a relevant benefit (102). Another potential
target for cancer vaccine is represented by gangliosides
which are complex glycolipid constituents of the cellular
plasma membrane involved in numerous biologic
functions (cell-cell recognition, cell matrix attachment and
differentiation), predominantly found in the nervous system
but also identified on the surface of SCLC cells (115). GD3
is a glycosphingolipid antigen highly expressed in SCLC
and rarely in normal tissue (116). A combinatory vaccine
composed of BEC2 (a monoclonal antibody which mimics
GD3) and Bacillus Calmette-Guerin (BCG) was studied
extensively in SCLC (117). Although BEC2/BCG showed
promising results in an early clinical trial in SCLC (103),
a large randomized phase III trial failed to demonstrate
statistically significant differences in median OS in 515
patients with limited SCLC (16.4 months with BSC wvs.
14.3 months with BEC2/BCG; HR =1.12; 95% CI: 0.91-
1.371) (118). Fucosyl-GM1 (Fuc-GM1) represents another
promising target expressed in the majority of SCLC
tumors. Despite limited demonstrated activity (119), a high-
affinity antibody against this antigen is currently under
investigation in a phase I/1I clinical trial (BMS-986012,
NCT02247349).

Chimeric antigen receptor (CAR) approaches for
SCLC therapy

The immune status in SCLC has been demonstrated to
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have prognostic relevance (107,114,120). However, so
far immunological approaches have not been clinically
meaningful. If the presence of an immunosuppressive
microenvironment limits the endogenous T-cell elicitation,
an ex-vivo T-cell culture expansion may be considered.
The process involves extraction of T cells from patients,
transfection with a gene for CARs that recognizes cancer-
specific antigens, and reinfusion of the transfected cells into
the patient. Therefore, the modified T-cells can recognize
and kill tumor cells that would otherwise escape immune
detection. The advantages of the CAR T=-cells lie in the fact
that they are HLA-independent, do not require stimulation
by the host immune system and may be engineered in order
to target selectively specific SCLC antigens (121,122).

The potential targets of CAR T-cells in SCLC can be
derived from autoantibodies found in patients. NCAM/
CD56 in particular represents an attractive target with
high expression on the surface of SCLC cells, as well as in
neuronal tissue (123). Preliminary preclinical iz vitro and
in vivo data suggest potent anti-tumor effects of CD56
CAR T-cells in SCLC. Expression of CD56 on other
cells, including neural tissue and natural killer (NK) cells,
might limit targeting this antigen, but the strategy could be
developed with other SCLC-specific cell surface biomarkers
as combinatory therapy. Among promising markers, cell-
surface CD47 interacts with its receptor on macrophages,
SIRPalpha, to inhibit phagocytosis of normal healthy cells.
Nevertheless, CD47 is also constitutively upregulated on
mouse and human myeloid leukemia in order to evade
macrophage killing (124). Increased CD47 expression is an
independent factor of poor prognosis in adult patients with
acute myeloid leukemia (125). CD47 levels are high on the
surface of SCLC cells and preclinical data from human cell
lines and xenografts suggest that blocking CD47 strongly
promotes phagocytosis of SCLC cells by macrophages
and inhibits tumor growth. Taken together these findings
underlie the fact that the blockade of CD47 function may
lead to tumor cell phagocytosis and elimination, validating
CD47 as a potential target for cancer therapies (126).

Conclusions

SCLC often exhibits a dramatic response to platinum-based
chemotherapy, only to later recur and become resistant to
subsequent treatments. Despite these disappointing results,
major progress has been made in the last decade in term of
understanding of SCLC biology and advances in culturing
SCLC tumors in vitro have greatly facilitated its study. The

© Translational lung cancer research. All rights reserved.
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information derived from these biological studies represents
the most promising avenue for new treatment strategies in
SCLC. Even the issue of tumor tissue scarcity will be soon
overcome with the use of circulating tumor cells (CTC)
which are prevalent in SCLC and represent a readily
accessible ‘liquid biopsy’. Coupling preclinical therapeutic
studies using CTC-derived explants (CDX) with analysis
of genetic progression is a potentially powerful approach to
identify mediators of chemotherapy resistance and to target
these pathways with rationally designed drugs. On the other
hand, there are many issues related to the development
and application of immunotherapy for SCLC, including
high disease burden and lack of specific targets for vaccine-
based treatments. Therefore, the optimal timing and
schedule of immunotherapy in relation to other therapies
(chemotherapy in particular) represent an important tool to
improve disease control and enhance the development of an
immune response against tumor.
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