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Abstract: Small cell lung cancer (SCLC) is a aggressive form of primary lung neoplasm that often presents in elderly
smokers. While stage | SCLC can be managed with surgery, extensive-stage disease is managed with chemotherapy
using etoposide and cisplatin among other agents, and often complemented by radiation therapy to the chest
and cranium. Recent advances in pharmacological research have yielded novel antibody and peptide-conjugated
adjunctive chemotherapy, of which bombesin and bombesin receptors have played an important role due to their
overexpression in SCLC and other lung cancers. Chemotherapy agents conjugated to bombesin or bombesin-like
peptides often demonstrate higher therapeutic efficacy, greater treatment specificity, as well as improved cytotoxic-
ity towards SCLC cells that demonstrate drug resistance. Further modifications to the bombesin-drug conjugate,
such as liposomal preparation, have further enhanced bio-availability and half-life of the compound. Additionally,
bombesin-radioisotope conjugates can be used for early detection of SCLC using positron emission tomography, as
well as subsequent targeted adjuvant radiotherapy to help minimize radiation-induced fibrosis of healthy tissue.
Ultimately, further studies are imperative to capitalize on the various applications of bombesin conjugates in both
the diagnosis and management of SCLC.
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Introduction SCLC has spurred researchers and clinicians
alike to study both more effective therapeutic
agents as well as more targeted drug delivery

methods to enhance chemotherapy efficacy

Lung cancer is the second most common pri-
mary malignancy and accounts for over 10% of

new incident cancer cases worldwide [1]. The
most used classification for subtypes of lung
cancer divides it into non-small-cell lung cancer
(NSCLC) and small cell lung cancer (SCLC).
While NSCLC, which includes adenocarcinoma,
squamous cell carcinoma and large cell carci-
noma, makes up over 80% of total lung cancer
cases, there are several unique characteristics
that make SCLC a particular challenge to treat
[2]. While surgery could be attempted for early-
stage SCLC, most cases are typically diagnosed
as an extensive-stage disease, often due to
insidious signs and symptoms that are often
masked by existing comorbidities of the pati-
ent. Fortunately, the chemo-sensitive nature of

and curb undesirable side effects [3]. As a
result, bombesin (Bn) receptor targeting has
been explored and developed as a novel deliv-
ery system for SCLC chemotherapy and has
showed promise in recent years [4]. In this
review, we introduce the various physical and
biochemical properties of Bn, discuss more tra-
ditional chemotherapy modalities for SCLC, and
finally recap the recent advances in Bn receptor
targeted drug delivery methods.

Bombesin receptor structure and function

Bn is a hydrophilic tetra-decapeptide that has
high permeability in peripheral cells yet unable
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Figure 1. Bn-ligand binds to G-Protein coupled receptor to activate downstream
PKC and PLK pathways. Bn-ligand (in yellow) binding causes activation of the
G-protein coupled receptor (multicolored seven-transmembrane structure) and
the amplification of downstream PKC (in orange) pathway via PLC (in red) and

the calcium-regulated PI3K pathways (in blue).

to cross the blood-brain barrier in significant
quantities [5]. Previous studies suggest that Bn
and Bn receptors are involved with a wide array
of complex physiological pathways and neuro-
endocrine signaling. The receptors for Bn are
G-protein coupled receptors (GPCR), of which 3
subtypes have been studied: BB1, BB2, and
BB3 [6]. These three subtypes of Bn-receptors
share >50% of a common amino acid sequence
[7]. The GPCRs use a classic seven-transmem-
brane-segment motif and involves several
downstream signal transduction pathways,
including phospholipase C (PLC), the release of
inositol triphosphate (IP3) and the triggering of
the subsequent calcium cascade and activa-
tion of protein kinase C (PKC) as a key step in
the phosphorylation of other key signaling
molecules.

The BB1 and BB2 subtypes are better-studied
and can received signals from molecules other
than Bn [8]. For example, the BB1 subtype also
functions as a neuromedin B receptor and the
BB2 subtype works to receive signals from gas-
trin-releasing peptide and other similar signal-
ing molecules. In fact, the BB1 and BB2 recep-
tor subtypes’ affinity for various signaling
molecules have been studied extensively [9].
Researchers have concluded that the BB1
receptor subtype receptor shows a strong pref-
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erence for binding litorin,
neuromedin B and ranaten-
sin, while showing a relative
lower affinity for bombesin
and GRP. This is in contrast
to the preferences for the
BB2 receptor subtype, whi-
ch shows a strong affinity
for litorin, ranatensin, bom-
besin and GRP, with a rela-
tive lower affinity for neu-
romedin B. Studies also
examined exchanging cer-
tain amino acid positions
in the BB1 receptor to
increase its affinity towards
bombesin and GRP. It turns
out that amino acid posi-
tion 3 was the single most
important position for de-
ciding receptor affinity to-
wards GRP, but that a par-
ticular arrangement of the
amino acid sequence Cys-
Ala-Cys starting in position 6 through 14 was
also crucial for the beta-sheet confirmation
seen in BB2 receptors [10], which may also
contribute towards its unique ligand-binding
selectivity.

BB1 and BB2 have both been found to be over-
expressed in primary cancers of the lung, pan-
creas, and colon. In particular, BB2 receptors
have been found to be expressed in over 85%
of SCLCs and 75% of NSCLCs [11], making it an
excellent target for chemotherapy delivery. On
the other hand, the physiological role of BB3
has yet to be fully appreciated, but its presence
is also detected in neuroendocrine, lung and
pancreatic cancers [12]. A demonstration of
ligand-binding to a typical BB2 receptor can be
seen in Figure 1.

Diagnosis and prognosis for SCLC

SCLC most commonly presents in elderly males
who have extensive history of smoking. Thus,
the United States Preventative Services Task
Force (USPSTF) recommends screening for
lung cancer using low-dose chest CT annually
for adults between age 50 and 80 and have
had more than a 20-pack-year smoking history
who are currently smokers, or recently quit
within the past 15 years [13]. However, these
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screening guidelines are seldomly adhered to
either due to limited access to primary care or
patient unwillingness to undergo screening if
they are asymptomatic. In fact, the insidious
onset of the clinical signs and symptoms of
lung cancer are a known culprit for delayed
diagnosis and treatment of SCLC and lung can-
cers in general [14]. The most common pre-
senting signs and symptoms of SCLC are cough,
dyspnea, hemoptysis, and chest pain [15], all
of which are non-specific and often overlap with
symptoms of other comorbid conditions such
as chronic obstructive pulmonary disease.
Notably, SCLC can also present with certain
paraneoplastic syndromes that help distinguish
it from NSCLCs [16]. Syndrome of Inappropriate
Antidiuretic Hormone and subsequent hypona-
tremia is the most common, affecting 15% of
SCLC patients [17]. There have also been
reported cases of ectopic secretion of adre-
nocorticotropin hormone or growth-hormone
releasing hormone [18] and new onset Lambert-
Eaton Syndrome [19] associated with SCLC.

Radiographic evaluation is the recommended
next step in initial evaluation for all patients
with suspected SCLC. A standard chest radio-
graph has poor sensitivity for detection of
SCLC, unless the neoplasm has already devel-
oped to extensive stages. Because of this,
chest CT is preferred and the detection of a
lesion greater than 15 mm, with irregular bor-
ders, cavitation and/or septations confers a
greater suspicion for malignancy [20]. Extra
thoracic imaging should also be performed in
the process of determining the TNM stage if
there is strong evidence for malignancy [21].
Additionally, SCLC often exhibits a faster dou-
bling-time and greater replicative aggression
compared to other subtypes of lung cancer
[22]. Thus, a rapidly enlarging lesion over the
course of weeks to months can increases the
suspicion of SCLC compared to NSCLC [23]. To
confirm the diagnosis of SCLC, a lung tissue
biopsy with subsequent microscopic examina-
tion is needed [24]. Furthermore, lymph node
and distant metastasis biopsy should also be
performed if there is evidence of advanced-
stage disease [21]. Typical histopathological
features of SCLC that help distinguish it from
NSCLC are smaller cell sizes with a high nucle-
ar-to-cytoplasmic ratio and a “salt and pepper’-
like chromatin pattern [25].

929

The prognosis of SCLC is largely dependent on
the staging of disease, similar to that of other
neoplasms. Among patients with limited dis-
ease, the median survival ranges from 15-20
months, while those with extensive disease
and distant metastasis have median survival of
8-13 months [26]. The five-year survival rate is
around 10% for the former group and 1% for the
latter group [27]. Given the insidious onset,
challenging diagnosis, high aggressiveness,
and poor prognosis of SCLC, there remains a
pressing need in the search for more effective
chemotherapy and more sophisticated drug
delivery methods.

Traditional management for SCLC

The traditional management of SCLC is two-
fold, largely dependent on the staging of the
neoplasm. Additionally, a list of commonly used
chemotherapy agents and a graphical repre-
sentation of their mechanisms of action will be
provided in Figure 2.

First, for patients with stage | SCLC with no
lymph node involvement and distant metasta-
sis, surgery is recommended, which includes
resection of the tumor, lung lobectomy and
additional mediastinal lymph node dissection
[28]. Post-surgery chemotherapy would consist
of four rounds of cisplatin-based treatment. For
certain patients that were identified to have
lymph node involvement at the time of surgery,
an additional course of post-surgical radiation
therapy would be recommended [29].

For patients with Stage Il or Ill SCLC, chemo-
therapy becomes the mainstay of treatment
with etoposide and cisplatin (EP) as the most
studied and preferred agents of choice [29].
The efficacy of EP has been compared to other
alternative regimens, such as cyclophospha-
mide, doxorubicin and vincristine (CAV) or cyclo-
phosphamide, epirubicin and vincristine (CEV).
EP therapy was demonstrated to have a higher
response rate (77% vs. 51% of CAV), longer
overall survival (14.5 months vs. 9.7 months of
CEV), and lower rates of reported myelotoxicity
and cross-reaction with adjuvant radiotherapy
[30]. Newer antibody-based adjuvant regi-
ments are also being studied. Notably, bevaci-
zumab, an antiangiogenic monoclonal antibody
has been investigated for its concurrent used
with chemoradiotherapy but showed high rates
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A Topoisomerase II Inhibitors

Inactivation of Topoisomerase I1 results in DNA supercoiling and cell death.

Topoisomerase Il

For patients with extensive-
stage SCLC, current recom-
mendations call for a com-
bination of platinum-eto-
poside with immune modu-
lating antibodies such as
the aforementioned atezoli-
zumab and durvalimumab
[33]. Studies evaluating
platinum-etoposide thera-
py vs. CAV or CEV regimens
found that the former was
at least as effective as the

Etoposide latter options, while result-
: s ing in less toxicity. There
B Platinum Based Alkylating Agents have also been studies

DNA crosslinks prevent transcription and repair, resulting in cell death.
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PD-L1 inhibitors reactivate T cells to boost immune response against cancer cells.
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Figure 2. The mechanisms of action of topoisomerase Il inhibitors, platinum-
based alkylating agents, and PD-L1 inhibitors. Panel (A) depicts topoisomerase
Il'inhibitors exacerbating DNA supercoiling, this leading to cell death. Panel (B)
shows platinum-based alkylating agents forming DNA crosslinks (in red) to pre-
vent transcription, thus resulting in cell death. Panel (C) depicts PD-L1 inhibi-
tors blocking cancer cells’ ability to evade T-cell mediated immune surveillance,

resulting in cell death.

of tracheoesophageal fistulae, forcing the trial
to end prematurely [31]. Other programmed
cell death ligand 1 (PD-L1) inhibitors such as
atezolizumab and durvalumab, are currently
under investigation for their combined use with
traditional EP therapy in this patient group,
although their efficacy has already been dem-
onstrated in those with extensive disease [32].
These Anti-PD-L1 antibodies are designed to
reduce the ability of cancer cells to evade
immune surveillance and thus evade apoptosis
[30].

930

\'::,

comparing the efficacy of
cisplatin vs. carboplatin but
found no significant differ-
ence in response rates or
overall survival. Other ad-
junctive therapies for this
patient group include tri-
laciclib, which is a cyclin-
dependent kinase inhibi-
tor that is used to reduce
effects of myelosuppres-
sion [34]. Additionally, both
thoracic and prophylactic
cranial radiation therapy is
recommended for patients
with a good response to
chemotherapy. Continued
imaging surveillance shou-
Id be carried out in these
patients using CT or MRI
initially at 3-to-4-month
intervals for the first two
years, then at 6-month in-
tervals thereafter [35]. Ne-
wer adjunctive therapies
such as poly(ADP-ribose)
polymerase inhibitors are
also being explored for their combination with
traditional chemotherapy in this patient group
to help increase response rates and overall sur-
vival [32].

Use of Bombesin in targeted chemotherapy

SCLC has been studied to secrete numerous
types of regulatory molecules, including Bn,
GRP, and GRP-like peptides [36]. Many SCLC
lines thus also express receptors for Bn and
GRP. When additional concentrations of Bn and
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Figure 3. Bn-drug conjugate “scorpion” enhances targeted delivery of chemo-
therapy in SCLC. 2 Bn molecules (in yellow) are conjugated to paclitaxel (PTX, in
pink) via polyethylene glycol (PEG, in yellow) in a “scorpion”-like configuration,
which allows for better targeted chemotherapy delivery to SCLC cells expressing

Bn-receptors.

GRP were added to SCLC lines in vitro, research-
ers found that tumor cells were stimulated up
to 150-fold at a Bn supplement concentration
of just 50 nM [37]. What was particularly inter-
esting about this finding was that while GRP,
being a physiologically active analog of Bn, also
demonstrated the ability to stimulate growth
SCLC, des-Leu(13)-Met(14)-Bn, which is a phys-
iologically inactive analog of Bn failed to dem-
onstrate this stimulatory effect [38]. The com-
bination of these observations suggest that the
Bn receptors expressed by SCLC cells may be
also receiving simultaneous autocrine signaling
that help them discern the specific identity of

931

Bn-receptor

the incoming signaling mol-
ecule, which is a topic wor-
thy of exploring in future
studies [39].

Due to the overexpression
of Bn receptors in over 85%
of SCLC, researchers have
investigated targeted ther-
apy towards the Bn recep-
tor for improving delivery of
chemotherapeutic agents,
enhancing their efficacy
and response rates, all the
while mitigating unwanted
side effects. Various ani-
mal models have been
established to study this
topic [40, 41].

For example, paclitaxel was
crosslinked with Bn using
polyethylene glycol (PEG) in
a scorpion-like formation
[4], with two “claws” made
of peptides and paclitaxel
as a “tail”. This conjugate
demonstrated greater cy-
totoxicity in GRP/BB2 re-
ceptor-positive cancer cells
when compared to unmo-
dified paclitaxel [42]. A
demonstration of this uni-
que Bn-PEG-paclitaxel con-
jugate can be seen in Fi-
gure 3. Doxorubicin is ano-
ther agent that was cross-
linked to a Bn ligand by an
N-terminal glutamic acid
[43, 44]. This combination
was tested in mice and
inhibited the growth of various human cancer
cell lines without downregulating the Bn recep-
tors, which allows the potential for repeat
regimens.

The high affinity of Bn receptors, especially
BB2, towards Bn-like ligands such as GRP
allows for even more options in designing con-
jugate targeted chemotherapy for SCLC [45].
Kiaris et al. discovered that AN-215, a cytotoxic
analog of bombesin could inhibit SCLC grow-
th when conjugated to 2-pyrrolinodoxorubicin
[46]. Cuttitta et al. found that by designing an
antibody that targets the C-terminal region of
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Figure 4. Liposomal preparation of bn-ligand for doxorubicin delivery enhances
cytotoxic killing of SCLC. External conjugated Bn-ligand (in purple) allows for
specific targeting of liposome (in blue and yellow) to SCLC, which releases con-
centrated Doxorubicin (DOX, in red) for enhanced therapeutic effect.

Bn-like peptides such as GRP, the growth of
Bn-receptor positive SCLC was inhibited both
in-vitro and in-vivo [45]. This finding was further
echoed by Zhou et al. in their investigation,
which concluded that combined traditional EP
chemotherapy and immunotherapy via mono-
clonal antibody against Bn-receptor improved
cytotoxicity against SCLC when compared to
traditional chemotherapy alone [47].

Using a murine model, Woll et al. demonstrated
that substance P analogues, which are antago-
nists capable of blocking bombesin binding to
its receptor, are also able to inhibit the growth
of SCLC tumor cells [48]. This helps further
demonstrate that Bn and Bn-analogues’ roles
as important autocrine growth signals for SCLC
cells. Yang et al. then demonstrated that 2A11,
which is an anti-bombesin monoclonal anti-
body, demonstrated inhibitory effect on SCLC
growth in @ murine model [49]. Mahmoud et al.
showed that three different analogues of Bn
with peptide bond reductions were able to
interrupt the growth of SCLC cells by interject-
ing in the autocrine growth pathway at varying
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concentrations [50]. Cas-
tellone et al. also recently
showed that there may be
extensive interaction bet-
ween Bn signaling casca-
de and Sonic Hedgehog
pathways, potentially sug-
gesting a different angle
of approach to designing
pharmaceutical interven-
tions that disrupt the acti-
vation of the former [51].
Draoui et al. found that
downstream of Bn binding
in SCLC cells, there was a
stimulatory effect on c-fos
and c-jun mRNA levels [52].
Based on this finding, novel
therapies specifically tar-
geting the modulation of
nuclear gene expression
can be designed and ex-
perimented upon. Kulhari
[53], Wang [54], and Patil
et al. [55] ran independent
investigations on exploring
the efficacy of conjugating
Bn and Bn-like peptides
to doxetaxel and doxorubi-
cin respectively in SCLC,
breast, and prostate cancers and found suc-
cess with both improving cytotoxic efficacy of
chemotherapy and reducing the overall toxic
side effect profile. Notably, the well-known car-
diotoxicity associated with doxorubicin use was
markedly reduced by the use of Bn-drug conju-
gates [54], which can have significant implica-
tions for SCLC patients with comorbid cardiac
dysfunction or comorbidities.

In addition to the direct conjugation of chemo-
therapeutic agents to Bn receptor ligands,
researchers have also looked into modifying
the Bn ligands themselves to further enhance
the affinity of ligand-receptor interaction and
consequently the efficacy of the chemotherapy
[56]. Accardo et al. designed a liposome-based
modification for a Bn peptide ligand that
allowed for higher-load delivery of doxorubicin
to cancer cells [57], a demonstration of which
can be found in Figure 4. This liposomal-based
modification also allowed for a longer half-life
compared to standard chemotherapy delivery
methods. Most interestingly, in an in-vivo ani-
mal model, the Bn-conjugated doxorubicin with
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liposomal modification was shown to be effec-
tive towards cancer cells that were resistant to
standard doxorubicin therapy [54]. Akbar et al.
also found that a liposomal preparation of a
GRP receptor antagonist improved drug accu-
mulation, especially in multi-drug resistant
cancer cells [58]. Thus, it can be posited that
Bn-drug conjugates can be studied as a meth-
od to overcome challenges that arise with ini-
tially chemo-refractory SCLC cases.

Until recently, most researchers explored the
chemotherapy application potentials of the
more well-known BB1 and BB2 receptor sub-
types. However, recent investigations have also
been launched to ascertain the role that the
more “mysterious” BB3 subtype may play in
SCLC [59]. Moreno et al. found remarkable
levels of BB3 mRNA expression across 13 dif-
ferent human lung cancer cells lines [60]. In
54% of cell lines, BB3 mRNA expression even
exceeded that of BB1 and BB2. They also
showed that BB3 agonists stimulated the
growth of BB3 receptor positive lung cancer
cells lines, specifically through the transactiva-
tion of epidermal growth factor receptors. The
overexpression of BB1, BB2 and BB3 receptors
in SCLC allow for great potential in future conju-
gate chemotherapy development. The variety
of Bn-like peptide ligands, such as GRP and
neuromedin, also allow researchers plenty of
options to choose in developing an appropriate
“vehicle” for chemotherapy that enhances ther-
apeutic accumulation, improves cytotoxic Kill-
ing of cancer cells and minimizes toxicity to
healthy neighboring cells. With further studies
of Bn ligands and receptors, it may also become
easier to overcome difficulties of treating
SCLC lines that are traditionally refractory to
chemotherapy.

In addition to conjugation to chemotherapy
agents, Bn has also been explored for its appli-
cation in in-vivo cancer imaging and targeted
radiotherapy by way of coupling to various
radioisotopes, such as 99-techteium, iodine
and gadolinium [61]. Using positron emission
tomography (PET), clinicians would be able to
visualize Bn-radioisotope conjugates that local-
ize to tumor cells at very early stages of dis-
ease- well before any radiographical evidence
would present on chest CT screening. Given
that one of the greatest obstacles for improving
prognosis of SCLC is delayed detection, the
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improved sensitivity that Bn-radioisotope en-
hanced PET would provide could prove to be
invaluable for early intervention and thus pro-
longed survival for many patients. Upon estab-
lishment of a diagnosis and a demonstrated
response to chemotherapy, patients may also
have the option to receive targeted radiothera-
py in the same manner [62]. Targeted radio-
therapy can have the potential to mitigate side
effects such as aforementioned tracheoesoph-
ageal fistula or tissue fibrosis.

Future directions

The promising initial results of Bn-drug conju-
gates in SCLC as demonstrated in phase |
thru lll studies warrant further investigation on
a larger-scale. More research efforts should
be devoted towards studying the respective
expression patterns of BB1, BB2 and BB3 in
various SCLC lines and how to tailor individual-
ized conjugate chemotherapy based on individ-
ual expression patterns [63]. Resources should
be invested in exploring novel ways to modify
Bn-ligands to achieve higher affinity and reduce
unwanted effects, such as liposomal prepara-
tion or additional conjugation to hydrophobic or
amphipathic molecules [64]. Further investiga-
tions should be launched to determine whether
the three Bn receptor subtypes can be targeted
simultaneously in a hybrid conjugate method.
For example, would chemotherapeutic agents
conjugated to both BB1 and BB3 antagonists
mixed in a drug cocktail be more efficacious
than the drug conjugated to BB1 antagonists
alone? This “mix and match” strategy would
potentially enhance treatment efficacy and
response rates while overcoming rising rates of
drug-resistant SCLC [65]. The ongoing Covid-19
has seen a significant increase in biotechnolo-
gy investments [66], which will hopefully help
bolster oncology research simultaneously using
both animal and human models [40]. Lastly, it
is also worthy to pursuit the application of
Bn-radioisotope conjugation for the dual-pur-
pose of early detection and better adjunctive
treatment for SCLC [67].

Conclusion

Traditional chemotherapy remains a mainstay
for most cases of SCLC. However, Bn-conjuga-
ted drug therapy has shown great promise
in multiple studies and can help potentially
enhance chemotherapy efficacy, increase treat-
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ment specificity, reduce unwanted side effects,
and ultimately help prolong overall patient sur-
vival. Bn and Bn-ligands, such as GRP and
Neuromedin, as well as BB1, BB2, and BB3
receptors can be further modified and cross-
linked to achieve greater therapeutic effect.
Bn-drug conjugates may prove to be particular-
ly effective at overcoming rising drug resis-
tance seen in certain SCLC lines. Furthermore,
Bn-radioisotope conjugates may allow for great-
er sensitivity and early detection of SCLC, which
can lead to timely intervention. Further investi-
gation of Bn conjugates and their application in
the diagnosis and management of SCLC is
warranted.
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