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Abstract

Targeted nanotherapeutics have been used in cancer to overcome the limitations of conventional
chemotherapeutics. Liposomes are versatile carriers which can be tuned for targeting specific
type of cancer. Small cell lung cancer (SCLC) represents about 15% of all lung cancers and is
characterized by rapid proliferation, metastasis, recurrence and poor prognosis. It is strongly
associated with tobacco smoking and patients usually present with metastatic disease. It is also
categorized as a neuroendocrine type of cancer. This means that it produces neuropeptides such
as GRP. GRP act as a mitogen and highly express its receptor (GRP-R) which creates autocrine
loop. This loop of GRP/GRP-R drives the SCLC growth which makes the system appealing for
targeting therapy. There are almost no novel treatments have been approved or introduced into
the standard SCLC regimen in the last few decades. Therefore, this study offers an insight into
utilizing GRP/GRP-R growth loop to target SCLC using targeted liposomes that features
antagonistic peptide to enhance safe delivery, accumulation, and internalization into GRP-R

overexpressing SCLC via receptor-mediated approach.

The aim of this project was to synthesize targeted liposomes for SCLC that enhances
accumulation to GRP-R overexpressing cells. This was performed by functionalizing pegylated
liposomes with a GRP-R antagonist peptide. To achieve this aim, we studied GRP-R expression
and functionality in a number of selected SCLC cell lines (H510, H345, H209, H82 and N417).
In addition to that, we manipulated GRP-R expression in selected SCLC cell lines (H510 and
H345) as well as A549 in order to develop an in vitro cell line model to test the capability of the
targeting formulation. an N-terminally cysteine modified GRP-R antagonist (termed cystabn)
was synthesised and shown to inhibit cell growth in vitro. Cystabn was used to prepare a targeted
DSPE-PEG;g00 lipid conjugate that was formulated into liposomes. The liposomes were
colloidally stable with favourable properties in terms of size and surface charge and good
stability under storage conditions. Flow cytometric and microscopic studies showed that
fluorescently labelled cystabn-functionalized liposomes are preferentially internalised by
receptor-mediated approach into GRP-R overexpressing cells more extensively than plain
pegylated liposomes that contained no cystabn targeting motif. In conclusion, the finding of this
work offer promising targeted liposomal delivery system, which can be delivered safely (without
triggering receptor-mediated growth signalling), in a targeted manner, and actively via receptor
mediated approach, into SCLC or any other GRP-R overexpressing cancer using small

antagonistic ligand formulated into the liposomes.
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1.1 Small cell lung cancer (SCLC)

Lung cancer is one of the most common cancer types, proceeded only by prostate and breast
cancer in men and woman, respectively, in the UK [1, 2]. Lung cancer is the leading cause
of death by cancer [3]. There are two types of lung cancer including small cell lung cancer
(SCLC) and non-small cell lung cancer (NSCLC). SCLC has a unique clinical presentation,
histological features, and treatment response. Therefore, SCLC is classified as a separate
type of lung cancer. The other lung cancer types are collectively classified as NSCLC. SCLC
and NSCLC are further subdivided into subtypes as shown in Figure 1.1.

Lung Cancer

|
[ I

Non-SCLC SCLC

Adenocarcinoma Pure SCLC

Squamous Cell

Carcinoma .
Combined

Large Cell SCLC

Carcinoma

Figure 1.1: schematic for lung cancer types and their corresponding
subtypes.

SCLC accounts for about 11% of all diagnosed lung cancer cases in England and Wales and
is considered the most aggressive type of lung cancer [4]. The 5-year survival rate from
SCLC is in the range of 1% to 40% depending on the clinical stage, using the tumour, node
and metastasis (TNM) staging system [5]. Most SCLC patients develop resistance to
chemotherapy regardless of their stage at the time of diagnosis or response to therapy [6].
SCLC has a strong association with tobacco smoking with < 3% of SCLC patients having

no history of tobacco smoking [7].
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The standard first-line therapy for SCLC is cisplatin or carboplatin plus etoposide for both
stages of the disease (limited stage and extensive stage) [8-10]. This standard treatment for
SCLC has not changed for 30 years. There have been limited advances made in the treatment
and understanding of the pathology of SCLC compared to NSCLC. Other than the standard
treatment, there is no targeted or any other types of novel therapy approved for treatment of
SCLC [11, 12]. However, the use of immunotherapy is emerging and increased survival rate
in other types of cancers such as NSCLC and still under evaluation in the treatment of SCLC
[13]. In order to approach SCLC, it is imperative to draw efforts to further our understanding

of the pathology as well as diagnosis and development of effective treatment for SCLC.

1.1.1 Clinical presentation

SCLC presentation is diverse ranging from no symptoms to relatively mild symptoms or
tumour spread to other parts in the body. These relatively mild symptoms include cough and
dyspnoea. However, patients with metastasized SCLC have more serious symptoms. Most

SCLC patients (80%) have metastasized SCLC at the time of diagnosis [14, 15].

SCLC is a neuroendocrine type of cancer, which produces several hormone-like substances
and growth factors. The neuroendocrine nature of SCLC often causes a number of
syndromes collectively called paraneoplastic syndromes such as inadequate antidiuretic
hormone homeostasis [16]. Generally, these syndromes are groups of symptoms, which
manifest themselves at distant locations to that of the causative malignancy in the body.
These symptoms result from substances produced by the tumour itself or as consequence to

the body’s immune response against tumour [14, 16-18].

1.1.2 Histology of SCLC

SCLC is a neuroendocrine lung tumour of small, monomorphic, poorly differentiated
epithelial cells with a small amount of cytoplasm [19]. As high proliferating type of cancer,
SCLC cells form a confluent cell population with granular nuclear chromatin, frequent
mitoses and with undistinguishable nucleoli in addition to scarce cytoplasm. The cells of
origin for SCLC are not yet fully characterised but it is believed that the cancer originates

from pulmonary neuroendocrine cells [20, 21].
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Figure 1.2: Human lung cancer cells by light microscopy. Non-
SCLC represented by A549 cell line and SCLC by H345 cell line.

Most cases of SCLC are diagnosed reliably under the light microscope. For some cases
however, immunohistochemistry is used to aid the diagnosis [19]. Figure 1.2 shows the
SCLC tumour cell line sample under the light microscope. When comparing the sample to
NSCLC cell line, it shows frequent mitoses, undistinguishable nucleoli and scarce
cytoplasm. Anchorage independent growth in vitro is the most noteworthy difference. This
means that the SCLC has the ability to grow in the absence of anchorage to the extracellular

matrix in vitro. This is correlated with tumorigenicity in vivo [22].

An accurate pathological diagnosis of SCLC is crucial for treatment guidance and disease
prognoses. For example, limited stage SCLC is treated mostly with chemotherapy and
radiation. For metastatic disease, treatment with the same chemotherapy protocol without

the radiation [9].

1.1.3 Staging of SCLC

The importance of cancer staging is to identify the magnitude of cancer cell localization in
the body. Therefore, it is one of the most important factors in making successful cancer
treatment decisions and, also it helps physicians predict the likely course of the cancer. A
simple two-stage system for SCLC was introduced by the Veterans Administration Lung
Study Group (VALG) in 1957 [23]. This system divides SCLC into limited stage and
extensive stage. This system helps to determine treatments options for patients. For example,
chemotherapy combined with radiation for limited stage or chemotherapy alone for

extensive stage [9, 24].
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The system modified by International Association for the Study of Lung Cancer (IASLC)
and redefined the limited stage disease [23]. Limited stage disease is generally defined as a
case where the tumour(s) are confined to one half of the thorax, with ipsilateral pleural
effusion and with ipsilateral and contralateral regional lymph node metastasis. Metastasis to
regional lymph nodes includes the hilar node, nodes in the supraclavicular area of the body,
and nodes in the mediastinal area of the body, which can be treated with one tolerable
radiotherapy session. Extensive stage disease is any presentation of the disease not labelled
as limited stage [25]. Most (65%) patients present with extensive stage disease and the
median survival and 5 years survival for this stage are 6—12 months and 2% of the initial
diagnosed patients, respectively. For the limited stage disease, 16-24 months’ median

survival and 14% survive 5 years after the initial diagnosis [14, 19].

There is another well-established staging system in non-small cell lung cancer (NSCLC) as
well as in other solid tumours called tumour-node-metastasis (TNM). TNM staging system
includes the size of the tumour (T), whether or not the cancer cells have metastasised to local
lymph nodes (N) and whether the tumour has metastasised distally (M). More recently, the
international association for the study of lung cancer (IASLC) developed a modified TNM
staging for lung cancer. This modified system included in the 7% edition of cancer staging
manual issued by American Joint Committee on Cancer (AJCC). In the UK, the National
Institute for Health and Care Excellence (NICE) uses this system for SCLC staging. This
system can be used to stage both NSCLC and SCLC. The TNM staging system provide more
detailed classification of SCLC, give more survival insight and more precise nodal staging.
This makes the limited stage SCLC equivalent to T1-4, NO-3, and MO tumours, Based on
the TNM system. It is also equivalent to stage I-III, based on the number staging system [18,
23, 25-29].

1.1.4 Treatment

Combination chemotherapy is the standard treatment for both limited and extensive stages
of SCLC. Etoposide and cisplatin plus chest radiotherapy are used as first choice of therapy
for patients with good performance status and limited-stage disease (broadly corresponding
to T1-4, N0-3, M0). Good performance status is determined by using a scale for assessing

cancer progression and its effects on the daily activities of the patient [30].
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In general, this treatment approach for limited stage has complete initial treatment response
rate of 80% or higher, increased median survival period, and increased 5-year cancer-free
survival before tumour re-establishment. In contrast, patients with extensive stage disease
(broadly T1-4, N0-3, M1a/b) show only 20% response rate and the median survival extends
to 6-12 months with a the 5-year cancer-free survival of 2%. Surgical resection of very early-
stage SCLC (T1-2a, NO, M0) can extend the 5-year survival to 35-40%, if followed by
chemotherapy, chest radiotherapy or both. These statistics highlight the need to improve

treatment using novel strategies for early diagnosis and treatment [9, 14, 19, 31-33].

1.2 Gastrin Releasing Peptide (GRP) and SCLC

As previously mentioned, SCLC is neuroendocrine in nature and produces several hormone-
like substances and growth factors. For instance, SCLC tumours produce GRP, which
stimulates cancer growth. SCLC cell lines have been shown to not only produce GRP but
express its receptor as well. This means that the cancer can stimulate its own growth in an
autocrine fashion. The growth of SCLC cells has been shown to be inhibited by blocking
GRP receptor (GRP-R) or by blocking GRP, indicating the importance of autocrine growth
in SCLC [34-39]. This autocrine growth stimulation exerted by GRP and its receptor in
SCLC can be utilised for cancer growth inhibition or for targeting therapy in vivo. For
example, blocking peptides or antibodies against the receptor or the ligand can slow cancer
growth. In addition to that, the receptor can be targeted by cancer drugs so that drugs can be
actively internalized inside the cells by the receptor (well-known characteristic of G protein

coupled receptors like GRPR) [40, 41].

1.2.1 Gastrin Releasing Peptide and its Receptor

GRP is a mammalian 27-amino acid peptide and belongs to a group of peptides called
bombesin-like peptides (BLPs) [42]. Its amphibian relative, bombesin, was the first member
of the family to be isolated from frog skin [43]. Bombesin is a 14-amino acid peptide and it
bind with high affinity to most receptors in the family both in amphibians and mammals
[44]. Researchers developed antisera against bombesin and used it on porcine stomach and
intestine. This led to the discovery of the mammalian counterpart of bombesin, which was
named GRP after its first known activity of releasing gastrin in the stomach [42]. After that,
neuromedin B (NMB) was discovered in the porcine spinal cord [45]. All three peptides are
related in sequence. GRP and bombesin share a highly conserved 7-amino acids C-terminal

sequence (shown in Figure 1.3), which is essential for high-affinity binding to GRP-R [43].
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Figure 1.3: Amino acid sequences of two peptides- Bombesin(1-14) (top)
and GRP(14-27) (bottom).The 7-amino acid sequence shared between the two

is highlighted with blue rectangle.

1.2.2 Physiological Role of GRP

GRP-R perform numerous functions around the body including in the gastrointestinal and
central nervous systems. These include release of gastrointestinal hormones, suppression of
food intake, improvement of memory and stimulation of proliferation of epithelial tissue in
gastrointestinal tract [46]. There is growing interest in the bombesin receptor family for a
number of reasons. This family of receptors, particularly GRP-R, has been shown to be
overexpressed in a wide spectrum of human cancers, as well as it found to be involved in

tumour growth in various tumours [38].

1.2.3 GRP-R Distribution in Normal Tissue

There are studies which have demonstrated expression of GRP-R in fetal or adult tissues
most commonly by detecting mRNA levels using RT-PCR. Human GRP-R is expressed in
the pancreas [47], stomach [48], prostate [49], uterus [50] and in the CNS [51]. The receptor
protein also detected in human fetal lung epithelium by detection of Bombesin-like peptide
immunoreactivity using antibody. In addition to that, immunoreactivity for GRP detected by
antibody in the human fetal lung which suggest auto- and paracrine growth stimulation.
However, this upregulation of receptor in fetal lung was only during airway development

period [52-54].
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GRP immunoreactivity has been detected in many tissues in humans. These tissues include
CNS [55], fetal lung [56], pregnant uterus [57], urethra [58], pancreas [59], thymus [60] and
prostate [58]. GRP immunoreactivity was also detected in normal human lung but with low
levels compared to fetal or neoplastic tissues [61]. So, according to literature, the
overexpression of the receptor and its ligand occur in the human lung during fetal stage, lung
cancer or localized in adult lung in areas that undergo growth and differentiation, 200 fold

higher than the full term lung [62-64].

1.2.4 GRP-R Distribution in Tumours

GRP-R is reported to be overexpressed in numerous cancers such as lung, colon, and prostate
[38]. SCLC cells express the receptors, GRP-R, NMB-R and the orphan BRS-3, and also
secrete the cognate ligands, GRP and NMB [65]. The appearance of GRP-R in SCLC cells
but not in normal adult lung might be due to the origin of the SCLC cells. This type of cancer
originates from a type of stem cells partially differentiated toward pulmonary

neuroendocrine cells [66].

The expression of GRP-R has been evaluated in a variety of human cancers such as SCLC
by RT-PCR and immunoreactivity experiments. GRP-R has been shown to be expressed in
85% SCLC cell lines (Toi-Scott et al. 1996), and was found to be more than other Bombesin
receptors in the cells - NMB-R expression was 55%, BRS-3 expression was 25% [65]. GRP-
R was also detected by PCR technique in primary SCLC samples (2/5; 29%) in another study
[67]. There is evidence of GRP-R expression in NSCLC in the literature. GRP-R was found
to be expressed in 11/13 NSCLC cell lines [65]. The growth of NSCLC tumour in mice was
suppressed by more than 30% using GRP-R antagonist [68].

GRP was found to be a potent mitogen in cancers such as SCLC [34], breast [69], colon [70]
and prostate [35] cancers. NMB has also been found to stimulate growth in SCLC cells in
vitro [71]. Taken together the expression data for GRP and GRP-R in SCLC offers the
opportunity to target this pathway for SCLC treatment.
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1.2.5 GRP Receptor Signalling and Internalization

The Bombesin receptor family belongs to the guanine nucleotide binding protein (G
protein)—coupled receptor (GPCRs) superfamily. Three mammalian receptors have been
identified as members of bombesin receptor family. These include GRP-R, neuromedin B
receptor and an orphan bombesin receptor subtype 3 (BRS-3). The human GRP-R is a GPCR
comprising 384 amino acids and seven transmembrane regions. The binding of bombesin
and GRP to GRP-R triggers the activation of multiple signal transduction pathways that act
in synergy to conduct the mitogenic signal to the nucleus and promote cell proliferation. For
example, bombesin stimulated Ca*>" mobilization and activation of protein kinase C [72, 73].
After binding of bombesin or GRP to GRP-R, the heterotrimeric G protein Gq is activated.
This leads to the activation of phospholipase C (PLC) which produces two second
messengers, inositol 1,4,5-trisphosphate (IP3) and 1,2, - diacylglycerol (DAG). 1P; mobilises
Ca?" in the endoplasmic reticulum. DAG activates protein kinase C (PKC), which eventually
leads to activation of The Ras/Raf/MAPK pathway which is also activated by PLC. This
pathway transduces signals from the GRP to the cell nucleus where specific genes are
activated for cell growth, division and differentiation. GRP-R activation also stimulate the
small GTPase Rho, which plays important role in cancer survival and migration through the
stimulation of ROCK, and it activates growth signals by the stimulation of MAPK cascades
such as JNK and ERKS which is still not fully studied and detailed mechanism. [74, 75] as

shown in Figure 1.4.
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Figure 1.4: GPCRs signalling pathway with GRP as an example. After GRP
binding, GRPR stimulate the dissociation of GDP bound to the Ga subunit of the
associated G protein and replace it with GTP, which leads to dissociation of Go. from GBy
subunits. Both Ga-GTP subunits and GBy subunit complexes then stimulate several
downstream effectors. Figure redrawn from [74, 75].

It has also been shown that proliferative signal transduction in some GPCRs requires the
internalization of the receptor and recycling [76]. After binding of agonist ligands to the
GPCR, signalling pathways are activated. After dissociation of G protein from GPCR, the
receptor is phosphorylated by GPCR kinase (GRK) family. Phosphorylated receptors then
associate with arrestins. Many arrestin isoforms also bind to endocytic proteins promoting
agonist-dependent internalization of GPCRs. The internalized vesicle is delivered to early
endosomes. After that, receptors are degraded by lysosomes or recycled to the plasma
membrane [76]. GRP-R has been shown to be internalized upon ligand binding by
fluorescence microscopy visualization of the receptor trafficking [40]. The C-terminal 7-
amino acids shared between Bombesin and GRP is the minimal sequence required to cause
internalization [44]. GRP shows extensive homology with bombesin (57 %) in amino acids
sequence. In addition to that bombesin also binds with high affinity (Kp = 1.3 nM) to
detergent-solubilised GRP-R obtained from NCI-H345 SCLC cell line [77]. Corjay et al.
later showed that ligand-receptor binding in this cell line raised intracellular Ca** levels
consistent with the mechanism of a protein kinase C [36]. Based on the fact that GRP-R
signalling cause receptor internalization, targeting formulations can be used to enhance drug

uptake into cancer cells as shown in Figure 1.5.
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Figure 1.5: Internalization mechanism of GPCR. Binding of an agonist to a
GPCR leads to the activation of heterotrimeric G proteins, which in turn stimulate
or inhibit effector proteins. The activation of downstream signalling cascades
ultimately produces biological effects. In the case of persistent stimulation,
GPCRs are phosphorylated by GRKs and recruit B-arrestins, events responsible
for fast signal desensitization. Subsequently, GPCRs are often internalized into
endosomes. Internalized GPCRs are either targeted to lysosomes for degradation
or dephosphorylated and recycled back to the cell surface to sustain a new cycle
of activation. Figure redrawn from [76].

1.3 Cancer Targeting

The main advantage of cancer drug targeting is to enhance drug accumulation in the cancer
tumour while limiting drug exposure and unwanted toxicity to healthy tissues. In general,
there are two ways to target anticancer drugs to the desired site of action, which include
passive and active targeting strategies. Passive targeting is achieved by utilising the
enhanced permeability and retention (EPR) effect (Figure 1.6). This approach exploits the
defective vascularisation of solid tumours which display increased permeability to particles
in the nanometre range with cut-off size of 300 — 700 nm. This leads to enhanced penetration
into the tumour mass and prolonged retention within the tumour due to inefficient
permeation back into the vasculature or lymphatic drainage [78]. However, passive targeting
by EPR effect alone is not enough because for the nanoparticles to utilize this effect, it needs
long circulation time and size larger than the renal clearance threshold. This leads to
increased nanoparticle concentration in tumour site due to increased extravasation from

leaky blood vesicles.
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In addition to that, some rapidly growing cancers such as pancreatic cancer have poor EPR
effect due to rapid growth which rapidly change tumour microenvironment and leads to
collapsed, blocked or tightly packed tumour vasculature. This means EPR effect alone is not
enough to enhance nanoparticle delivery to tumour site and other strategies such as active
targeting, direct delivery to cancer site, and the use of pharmacological and physical co-
treatments needs to be considered [79-82]. Active targeting of cancer tissue can be used to
increase efficiency and specific targeting of cancer cells. This can be achieved by directing
drug delivery platforms toward receptors in the tumour cells that are overexpressed on their
surface. Optimal active targeting requires the presence of a highly specific tumour receptor
that is not expressed or highly under-expressed in non-target (healthy) tissue. Any expression
of target receptor in other tissues could result in off-target effects and significant toxicity. It
is difficult to find the ideal target that shows significantly increased cell surface expression

on cancer tissue.

Many studies showed that small molecules such as folic acid, epidermal growth factor (EGF)
and transferrin can be used to actively target their specific receptors on cancer cell surface.
Those targeting moieties can bind to their receptor on the cancer cell surface which increase
the drug concentration in the tumour area and improve cellular uptake of drug loaded
nanoparticles and leads to improved therapeutic outcomes. For example, folate-targeted
pegylated liposomes shown to have enhanced accumulation into tumours in vivo compared
to non-targeted nanoparticles [83]. Furthermore, EGF-R ligand conjugated liposomes shown
to have enhanced binding and internalization to EGF-R expressing cells in vitro and in vivo
[84]. Targeted gold multifunctional nanoparticles loaded with doxorubicin functionalized
with transferrin and pH sensitive linker shown to have enhanced anticancer properties in
lung cancer [85]. The targeted delivery of nanomaterials can overcome many difficulties
encountered with free drugs, including poor solubility, rapid clearance, degradation, lack of

selectivity and nonspecific toxicity as well as reducing the drug dosage [86-90].
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Figure 1.6: Schematic representation of the enhanced permeability and
retention (EPR) effect. Passive targeting is achieved by using EPR. Leaky

tumour vascular with impaired lymphatic drainage, increase permeability to
nanopatrticulates. This image adapted from [91].

1.4 GRP-R as a target in SCLC

GRP-R has been identified as a therapeutic target in cancer by many studies. A number of
groups have developed peptide ligands and antibodies targeting GRP and GRP-R. Cuttitta
et al. [34] showed in 1985 that an antibody raised against GRP could block GRP binding to
its receptor and subsequently blocked clonal growth of SCLC cells in vitro and xenograft
growth in vivo. This antibody (named 2A11) was later confirmed by Avis et al. to bind to
the peptide with high affinity and was taken forward into a number of pre-clinical [92] and
later clinical trials, reaching Phase II [93]. However, the Phase II trial showed that there is
clinical antitumor activity only in small number of patients with relapsed tumour. This might
be due to the cancer high tendency to develop drug resistance. It also could be due to
targeting of GRP only which is the ligand of the GRP-R which may leave the cancer to relay
on other growth promoting receptors expressed by the cells to survive. On the other hand,
the receptor can be targeted to deliver chemotherapeutic drugs inside the cells which can be

more effective approach [94-97].

In a complementary approach, other labs have developed antagonistic peptides that bind the
GRP-R, thus blocking ligand binding and autocrine growth stimulation. For example, one
unnatural peptide sequence termed RC-3095 is a potent antagonist to the GRP-R receptor
which decreased by 50-70% the tumour volume of xenografts in nude mice following

subcutaneous administration for 5 weeks [98].

Page | 13



Chapter 1

A third approach to the treatment of GRP-R positive tumours involves the conjugation of a
cytotoxic drug (doxorubicin) to a bombesin-derived peptide antagonist (RC-3094) [99]. This
approach, which has the benefit of smaller molecular weight and lower immunogenicity was

also reported to inhibit growth of H69 SCLC xenografts in vitro and in vivo [100].

There are some synthetic antagonists which bind with high affinity to GRP-R. A study used
two GRP-R antagonistic peptides ([d-Cpal-B-Leu8-des-Met9]litorin and [d-Phe6 , Leul3-
CH2NH-Cpal4]bombesin(6—14)) showed inhibition in growth both in vitro and in vivo
using GRP-R positive SCLC cell lines, SCLC 41M and SCLC 75 [101]. The first GRP-R
antagonist used in the study was developed from litorin (pGlu-Gln-Trp-Ala-Val-Gly-His-
Phe-Met-NH?2), which is an amphibian Bombesin-like peptide. Another study showed that a
number of GRP-R antagonist peptides caused inhibition in the growth of the NCI-H345
SCLC cell line as well as in mice [102]. Llinares et al. synthesised GRP-R antagonist
(JMV594) (H-D-Phe-GIn-Trp-Ala-Val-Gly-His-Sta-NH2) by solution phase peptide
synthesis. The peptide was tested on rat pancreatic acini and Swiss 3T3 cells. The antagonist
recognized the GRP-R receptor on pancreatic acini (binding 34 + 14 nM) and antagonized
GRP stimulated amylase secretion (ICso = 190.0 = 57 nM) and was also able to recognize
the GRP receptor in 3T3 cells (binding Ki 18.9 = 8.1 nM) [103]. In another study, the
selectivity of the IMV94 for GRP-R (ICso =2.2 + 0.1 nM) was demonstrated over the NMB-
R (ICso = >10,000 nM) by using competitive cell binding assay on Balb/c 3T3 cells
transfected with other receptors [104]. Marsouvanidis et al., developed the IMV594 peptide
further by coupling the chelator DOTA (1,4,7,10 tetraazacyclododecane-1,4,7,10-tetraacetic
acid) to the N-terminal end of the peptide by using (BAla)z as linker and labelled it with !'!In.
The "'In-DOTA-(BAla)-JIMV594 showed internalized to some extent in PC-3 prostate cell
line at37 °C. More than 60% of the radiopeptide remained intact for 5 min after entering the
bloodstream of healthy mice. The radiopeptide also showed high tumour uptake and rapid
background clearance via the kidneys [105]. From these findings, it is clear that GRP-R can
be targeted in SCLC using antagonist peptides. In order to treat SCLC effectively, the drug
could be encapsulated into a carrier and the carrier functionalized with the targeting peptide.

This increases the concentration of the drug in the cancer site more than normal tissues.
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1.5 Liposomes as drug delivery platforms

Nanoparticles are colloidal carriers of drugs in the nano-size scale. Liposomes in the nano-
range are nanoparticles that can be used to address some of the challenges associated with
traditional chemotherapy. These challenges include a lack of specificity and high toxicity to
healthy tissue. Their advantage includes their small and reproducible size, control over their
composition, surface functionalization, and stability relative to free drug which can be
utilized to target the tumour microenvironment. Liposomes are a well-established nano-

carrier platform for drugs that is used clinically around the globe.

1.5.1 Definition and background

Alec Bangham discovered closed bilayer structures [106], which were later called liposomes
by Sessa [107]. Bangham discovered that when phospholipids are dispersed in water, they
form a bilayer vesicle that he termed multilamellar smectic mesophases. Since then,
liposomes have gained much interest and contributed to many areas such as pharmaceutics,
cosmetics and food science such as in the treatment of cancer [ 108], anti-ageing creams [109]
and flavour retention agent [110] respectively. At first, liposomes were used as a model
membrane system in the area of biophysical research before moving to the pharmaceutical
industry to be used as drug carriers after Gregoriadis’ demonstration of their drug-carrying

capacity [111].

Liposomes are self-assembled artificial colloidal spherical vesicles composed of one or more
bilayers of amphiphilic molecules called phospholipids (Figure 1.7). Liposomes can
transport hydrophilic or hydrophobic drugs, depending on the nature of the drug. Liposomes
are classified according to their bilayer number into multilamellar vesicles (MLV) and
unilamellar vesicles (ULV). ULV subclassified into large unilamellar vesicles (LUV) and
small unilamellar vesicles (SUV). Liposomes range in size from tens of nanometres to tens
of micrometres. Liposomes are commonly used as drug delivery carriers for a number of
reasons. They are biocompatible, biodegradable and they have the capacity to encapsulate

both hydrophilic and hydrophobic drugs.
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Figure 1.7: Schematic representation of liposomes and their component
phospholipids. Liposome vesicles consist of an aqueous core, in which

hydrophilic molecules can be encapsulated and phospholipid bilayer, in which
lipophilic molecules can be encapsulated. The bilayer consists mainly of
amphiphilic phospholipids. Phospholipids consist of hydrophilic head (phosphate
group) and hydrophobic fatty acid chains joined together by a glycerol molecule.
The phosphate molecule can be modified for instance by choline to form 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), which shown in the left of the
figure. The liposome image was modified from [112].

1.5.2 Liposomes for targeting

Liposomes can be designed to target specific cell types. In cancer drug delivery, there are
two types of targeting, which include passive and active targeting. This can be done by
designing liposomes in a size range of 100 nm to 200 nm, which promote the accumulation
in the target tumour site due to the EPR effect [113]. Smaller liposomes in the size range of
20 nm are cleared by kidney glomerulus and larger liposomes (>200 nm) tend to be
recognised and cleared by the reticuloendothelial system (RES) [114]. For the active
targeting, functionalization of the liposomal surface with antibodies, ligands and other
biomolecules is used encourage selective liposomal interaction with the targeted cells. This
can improve cellular drug accumulation by increasing the local concentration of drug in the

vicinity of the target call and thus increase passive drug uptake into the cell.
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Alternatively, the liposome encapsulated drug can be delivered directly into the cell by
internalisation / endocytosis. Liposomal composition and physical characteristics, such as
size and surface charge, are crucial determinants to the liposome stability and application

[115-117].

1.5.3 Liposome role in enhancing the pharmacology of the drug

Liposomes greatly improve the drug pharmacokinetics, pharmacodynamics and toxicity
profile when compared to the free drug [118]. Non-targeted liposomal anticancer drug
formulations of the appropriate size passively accumulate in tumour tissues by the EPR
effect and this is associated with greater amounts of drug in tumour tissues compared to free
drug. For example, Doxil® (a.k.a. Caelyx®), a pegylated liposomal doxorubicin offers unique

pharmacokinetic profile compared to free drug (Figure 1.8).

100
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Figure 1.8: Plasma pharmacokinetics of free doxorubicin compared to
liposomal doxorubicin (Doxil®).Figure adapted from [119].

The liposomal carrier (Doxil®) slowed the plasma clearance compared to the free drug from
45 L/h to 0.1 L/h in patients after IV dose of 25 mg/m* or 50 mg/m? of both free and
liposomal drug. Doxil® also showed smaller volume of distribution compared to free drug
(4 L versus 254 L respectively). The liposomal drug also enhanced the drug level in the
tumour to >4 folds [119]. Doxil is an example of a “stealth liposome” in which a hydrophilic
PEG polymer shields the liposomal surface in such a way to reduce detection by the immune

system and rapid clearance by the mononuclear phagocyte system (MPS) [120, 121].
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1.5.4 Liposome classification

Liposomes can be classified according to their size and lamellarity into multilamellar
vesicles (MLVs, > 0.1um), large unilamellar vesicles (LUVs, > 0.1lpm) and small
unilamellar vesicles (SUVs, 25-100 nm) [115]. The size and lamellarity of liposomes
depends on their composition and their method of preparation. MLVs are more suitable for
lipophilic drug encapsulation due to their increased lamellarity which provides a larger
volume into which hydrophobic drugs can partition. On the other hand, LUVs and SUVs are
more suitable for parenteral administration due to their homogenous size distribution.
However, the smaller the size of the vesicles the lower the amount of encapsulation of

hydrophilic drugs.

The traditional method of making MLVs is the thin film hydration technique. The lipidic
components are dissolved in organic solvent (e.g. chloroform) followed by the removal of
the organic solvents using a rotary evaporator to produce a thin lipid film. The addition of
an aqueous phase above the phase transition temperature of the lipid mixture with shaking

results in the formation of the MLVs [122].

Extrusion of MLVs through polycarbonate membrane filters was an important
methodological development in SUV/LUV manufacture. This method allows the production
of homogenous vesicles with improved trapping efficiency. Moreover, using a reverse phase
evaporation method or ethanol-based proliposome technology, oligolamellar vesicles (0.1—
1 um) have been produced. The manual extrusion system with relatively low pressure is
usually used for lab scale production. For large scale production, higher pressure systems
were developed. The production of SUVs with diameters less than 50 nm is only possible
using sonication or homogenization. However, for a large scale production of SUVs in the

20 nm to 50 nm size range, microfluidic mixing techniques can be used [115].

Liposome can also be classified according to their compositions to four general classes of
liposome for delivery of drugs. These include conventional liposomes, sterically-stabilized
liposomes, ligand-targeted liposomes and stimuli-responsive liposomes. Traditionally,
liposomes were formulated from phospholipids and cholesterol with neutral, cationic, or
anionic phospholipids as well as cholesterol. Further developments led to the formulations

of the other types of liposomes [117].
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1.5.5 Factors affecting the efficacy of liposomal drug delivery systems

Factors such as lipid composition, size and surface charge are important in determining the
properties of liposomes and their clearance route from the body. Adjustment of the size of
the nanoparticles is crucial to take advantage of the EPR effect. /n vivo, nanoparticles
generally within the size range of 20 nm to 400 nm will diffuse through the gaps in the cancer
vascular endothelium, which is not the case in normal tissue. The porous nature of the cancer
vasculature varies in size depending on the cancer type, site, and the stage of the disease, but
the upper size threshold is generally around 300 to 400 nm. In addition, nanoparticles must
be larger than 10 nm to avoid kidney first pass elimination and smaller than 150 to 200 nm

to avoid clearance by the liver and spleen [116].

Liposome opsonisation and clearance by the reticuloendothelial system (RES) are dependent
on vesicle composition and size. RES is part of the immune system and its main function is
to eliminate foreign materials from the blood. The RES consists of cells such as blood
monocytes and macrophages found mainly in liver, the lung and the spleen. Naked
phospholipid liposomes can be rapidly cleared by RES cells due to coating of liposomal
surface with serum proteins called opsonins. Large liposomes (>200 nm in diameter) are
rapidly opsonised and taken up by the RES. Opsonisation decreases with a reduction in
liposome size. Small liposomes have a relatively larger surface area and will have a lower
density of opsonins on the membrane surface which results in lower uptake by the
macrophages. Liposomes with a size of 70 to 200 nm will have a greater chance to escape
from RES and remain in the circulation longer and then reach the target. Due to extravasation
through the fenestrated capillary walls in the liver, the small liposomes (< 70 nm in diameter)

show shorter circulation time and therefore reduced drug activity [123].

On the other hand, several studies have showed the potential of pulmonary delivery of
chemotherapeutics using liposomes. pulmonary delivery of drugs to lung cancer offers
localized delivery to lung cancer which increase the drug concentration at the tumour site
compared to systemic delivery. a study showed that liposomal Paclitaxel has a slower
clearance and higher concentration in the mice lung when aerosolised into the lung compared
to the IV administration. This effect could be due to the pulmonary deposition of liposome
in the lung which increase the drug concentration in the tumour site. In addition to that, the
pulmonary delivery of anticancer drugs using liposomes also, improve the toxicity profile
and side effects. For example, liposomal cisplatin has been shown to has improved safety,

efficacy and response in lung carcinoma [124-128].
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1.6 Aims and Objectives of This Thesis:

e The thesis aim was to develop a targeted liposomal system that utilises the
overexpression of GRP-R to offer specific, safe, and enhanced accumulation and
internalization of liposomes into SCLC through the use of antagonistic peptide,
which decorate the liposomes, that actively target the GRP-R and internalises via
receptor mediated approach. To identify candidate SCLC cell lines based on the
expression and functionality of the GRP-R

e To develop human lung cancer cell models, with varied levels of GRP-R expression.

e To synthesise cystabn-targeted liposome toward SCLC cells

e To test the GRP-R targeting liposomes in A549 overexpressing GRP-R and compare

it with non-targeting (control) liposomes.
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2.1 Materials and methods

2.1.1 Materials

All materials were of analytical grade and sourced from either Merck or Fisher unless
mentioned otherwise. The lipids were from Avanti Polar Lipids (USA). The lipids used in
this work include DOPC, Cholesterol, DOPE-PEGz000, and DSPE-PEG:¢00.

2.1.2 Cell Culture

All cell cultures were maintained at 37 °C, 5 % COz, and 95 % air in a humidified incubator
and routinely passaged at 70-90% confluency. The incubator with these incubation

conditions will be referred to as the cell incubator hereafter.

A panel of cell lines used in this part of the project, including SCLC lines (H510, H345,
H209, H82 and N417) and the prostate cancer line (PC-3). The SCLC lines were kindly
donated by Prof. Tyson Sharp (Barts Cancer Institute, UK) and the prostate cancer line was
kindly given by Dr. Wafa Al-Jamal (Queen's University Belfast, UK). SCLC cell lines were
grown in RPMI 1640 media supplemented with 10% FBS, 5 mM L-glutamine, 100 units/ml
penicillin, and 100 pg/ml streptomycin (hereafter called complete RPMI medium). PC-3 and
A549 were grown in DMEM medium with 4 mM GlutaMAX™ supplemented with 10%
FBS, 100 units/ml penicillin, and 100 pg/ml streptomycin (hereafter called complete DMEM

medium).

SCLC cells were passaged by centrifugation at 200 xg for 5 min. The supernatant was
removed and the pellet re-suspended in fresh complete media and counted manually using
haemocytometer or automatically using cell counter (TC20, Bio-Rad) before passaging it
onto the required culture surface at 2 x 10° cells/mL. Adherent A549 and PC3 cells were
passaged by washing with PBS (1 x 5 mL) followed by trypsinization (0.05% trypsin + 0.48
mM EDTA) for 5 minutes at 37°C. The cells were centrifuged at 200 xg for 5 min. The
supernatant was removed and the pellet re-suspended in fresh media and counted before

passaging it onto the required culture surface at density of 3 x 10* cells / cm?,
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HEK293T cells were kindly provided by Prof. Tom Wileman (University of East Anglia,
Norwich, UK). The cells were maintained at 70-90% confluence and grown in antibiotic-
free DMEM medium with 4 mM GlutaMAX™ supplemented with 10% FBS (hereafter
called complete DMEM medium). HEK293T cells are a highly transfectable derivative of
human embryonic kidney 293 cells. HEK 293T cells were passaged at a 1:4 ratio in complete
culture media. The media was gently removed and the cells were washed once with
phosphate buffered saline (PBS). 5 mL of pre-warmed complete culture media was added to
the cells and cell scraper was gently used to detached the semi-adherent cells. The cell
suspension was centrifuged at 200 xg for 5 min. The supernatant was removed and the pellet
re-suspended in fresh media. The cells were re-suspended in the complete culture media and

diluted 1:4 before incubation.

2.1.3 Techniques used to study GRP-R expression, functionality and

mitogenicity
2.1.3.1 GRP-R expression by Western Blot

The relevant buffers recipes used in this experiment in this thesis are detailed in Table 2.1.

Details of antibodies used in this thesis are detailed in Table 2.2.

Suspension cells were cultured in 75 cm? cell culture flasks. The cells were harvested at their
70-90% confluency and washed with (x3) PBS at 200 xg at 4 °C for 5 min. Cells were lysed
on ice using 1 mL RIPA buffer per T75-flask followed by homogenization. Adherent cells
were cultured into 75 cm? cell culture flasks. The cells were washed (x3) with PBS in their
flasks at their 70-90% confluency. Cells were lysed on ice using 1 mL RIPA buffer per T75-

flask followed by scraping and homogenization.

Lysates were collected into microtubes on ice and sonicated by pulsed sonication using
Soniprep 150 Plus for 1 minute at 15.7 pm amplitude. The protein concentration was
determined using Pierce® BCA protein assay kit. A total amount of 50 ug of proteins per
lysate was diluted in the sample loading buffer with 41.6 mM dithiothreitol (DTT). The
samples denatured for 5 min at 95 °C and loaded into a 12% SDS-PAGE gel.
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Proteins were electrophoresed at 100 V then electrotransferred to nitrocellulose membrane
at 100 V for 1 h at 4 °C. The blotted membranes were stained with Ponceau S stain to confirm
protein transfer. The membrane blocked with 5% skimmed milk in washing buffer for 1 hour

at RT.

The membrane was washed (x3) with washing buffer for 5 min at RT and stained with
primary antibody in blocking buffer and incubated at 4 °C overnight. The membrane was
washed (x3) with washing buffer for 5 min at RT and stained with horseradish peroxidase
(HRP)-linked secondary antibody in blocking buffer and incubated at RT for 1 hour. The
blot was washed (x3) with washing buffer for 5 min at RT and developed with Pierce™
enhanced chemiluminescence substrate. The blot was imaged with ChemiDoc™ XRS+

system using Image Lab™ software and analysed using Image] software.

Table 2.1: Buffer recipes used in Western Blot.

Buffer Recipe

25 mM Tris-HCl pH 7.6, 150 mM NaCl, 5
RIPA buffer mM EDTA, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS

2% SDS, 10% glycerol and 0.01%

Loading buffer Bromophenol Blue in 62.5 mM Tris-HCl,
pH 7.0
25 mM Tris, 192 mM Glycine, 0.1% SDS
Running buffer
and pH 8.3
25 mM Tris, 192 mM Glycine and 20%
Blotting buffer
Methanol
10 mM Tris (pH 7.5), 100 mM NaCl, 0.1%
Washing buffer
Tween 20 and pH to 7.5
5% skimmed milk powder in washing
Blocking buffer

buffer
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Table 2.2: Antibodies used in Western blot.

Antibodies

Mouse monoclonal anti-human GRP-R
antibody - SC-377316, Santa Cruz

Biotechnology, UK.

Rabbit polyclonal anti-human GRP-R
antibody - 39883 Abcam, UK.

Rabbit polyclonal anti-human GRP
antibody - 202123 Abcam, UK.

Anti-rabbit IgG HRP-linked antibody -
7074 Cell Signalling Technology, UK.

Mouse monoclonal anti-alpha Tubulin
[DM1A] - Loading Control - ab7291
Abcam, UK.

Mouse monoclonal anti-GAPDH -

Loading Control - ab9484 Abcam, UK.

Anti-mouse IgG HRP-linked antibody -
7076 Cell Signalling Technology, UK.

Mouse monoclonal Anti-HA - H9658
Sigma-Aldrich, UK.

Rabbit monoclonal anti-Phospho-p44/42
MAPK (Erk1/2) - 4370S Cell Signalling
Technology, UK.

Rabbit monoclonal anti-p44/42 MAPK
(Erk1/2) - 46955 Cell Signalling
Technology, UK.

Concentration used

1 ug/ml

1 pug/ml

1 pg/ml

65 ng/ml (1:1000)

1 ug/ml (1:1000)

1 ug/ml (1:1000)

0.153 ug/ml (1:1000)

0.5 ug/ml

0.25 ug/ml (1:2000)

84 ng/ml (1:1000)
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2.1.3.2 GRP-R expression by flow cytometry

Cell lines were harvested and diluted to 5 x 10° cells per mL and centrifuged at 200 xg at
4 °C for 5 min. The cell pellets were washed (x3) with cold PBS and resuspended in cold
blocking buffer (3% BSA and 0.2% sodium azide in PBS) for 10 min on ice as 1 x 10 cells
per mL. The cells were washed (x3) with cold PBS and resuspended gently in cold fixation
buffer (2% PFA in PBS) for 30 min at 4 °C on a tube roller.

The cells suspension of each cell line was washed (x3) with cold PBS then split in half.
Permeabilized cells were resuspended dropwise in cold (-20 °C) 100% methanol and
incubated for 5 min at 4 °C before washing with PBS (x3). The non-permeabilized cells were

treated in the same way with PBS used in lieu of permeabilization buffer.

Samples were washed (PBS x3) and resuspended in the primary antibody solution, then
incubated on ice for 30 minutes. Cells were washed (PBS x3) before incubation with a
secondary antibody solution, on ice for 30 min. All samples were washed (PBS x3) and

resuspended in PBS before acquisition.

Samples acquisitions were performed using a Beckman Coulter, CytoFlex flow cytometer
with CytExpert Software. Cells were analysed based on forward light scatter (FS), side light
scatter (SS) and florescent intensity. Cells were gated for singlets by width against the height
for FS. Typically, fluorescence information for 10,000 singlets-gated events was collected
for each sample. Median fluorescence intensity (MFI) of these events were plotted in a
histogram. Fluorescence profiles or histograms shown were representative of those obtained

from the number of experiments indicated.
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2.1.3.3 GRP-R localization by immunofluorescence imaging

Adherent cells were seeded on uncoated 18 mm coverslips and cultured overnight.
Suspension cells were washed (x3 PBS) and diluted to 1 x 10*cells/mL in PBS. Cells were
spun into L-polylysine coated coverslips using Cytospin cytocentrifuge to form an adhered
cell smear. Cells were washed (x3) with PBS for 5 min at RT and fixed with 4% PFA for 10
min at RT on a plate shaker. The cells washed with PBS (x3) for 5 min at RT and residual
PFA was quenched by 50 mM NH4Cl for 15 min at RT on a plate shaker. Cells were washed
with PBS (x3) for 5 min at RT and permeabilized with 0.2% Triton X-100 for 10 min at RT
on a plate shaker. The cells washed with PBST (x3, PBS + 0.1% Tween 20) for 5 min at RT
and blocked by 10% FBS in PBST for 30 min at RT on a plate shaker. Samples were washed
(PBST x3) for 5 min and resuspended in mouse monoclonal anti-human GRP-R antibody
(SC-377316 Santa Cruz Biotechnology, UK, 4 ng/mL in PBST with 1% FBS) then incubated
in humidified chamber for 1 hour. Cells were washed (PBST x3) for 5 min before incubation
with a secondary donkey anti-mouse with Alexa Fluor 647 (A- 31571 Thermo Fisher
Scientific, UK, 2 pg/mL in PBST with 1% FBS) then incubated in humidified chamber for
1 hour. All samples were washed (PBST x3) and counter stained with nuclear stain (Hoechst
33258, 5 ug/mL in PBST) for 5 min in humidified chamber. The samples were washed (PBS
x3) for 5 min on a plate shaker. The coverslips were dipped once in PBS and once in
deionized water then dried with tissue then air-dried before mounting them on slides using
15 uL Vectashield H-1000. The cells were viewed under a widefield microscope (Zeiss
AxioPlan 2ie) and images taken using Axiovision software. Images were analysed using

Imagel.

2.1.3.4 Intracellular Ca2* release assay

Cells (1 x 10° cells/mL) were loaded with 2 uM Fura-2AM in Hank’s Balanced Salt Solution
(HBSS) loading buffer containing 250 pM sulfinpyrazone for 40-60 minutes at 37 °C
protected from light. Following loading, the buffer was replaced with HBSS and allowed to
warm to 37 °C in a Flexstation 3 microplate reader (Molecular Devices). Fluorescence of
Fura-2 was recorded using dual excitation (340 and 380 nm) and emission 520 nm. Agonist
was automatically injected using the Flexstation compound plate and tips at a specific time
point (30 seconds). PMT settings were medium and 3 reads performed per well. Data is

represented as F340/F380 ratio of the zero treatment-baseline for normalisation.
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2.1.3.5 MTS assay

The proliferation of H345 and H82 cells in the presence or absence of Tyr*-Bn and Cystabn
was studied in Selenium-Insulin-Transferrin (SIT) medium comprising 30 nM sodium
selenite, 5 pg/mL human insulin, 10 ug /mL human transferrin and 2 mM L-glutamine in
RPMI-1640 media. The cells were seeded in 96 well plates overnight at a density of 30,000
cells per well. The cells were then treated with 100 or 500 nM Tyr*-Bn or Cystabn and for 5
days with peptide replenishment at day 3. Cell proliferation was determined using the
CellTiter 96® AQueous One assay (Promega). The reagent incubated in at 37 °C for two
hours before reading the plate absorbance at 490 nm using endpoint mode. The data acquired
using SpectraMax M2 microplate Reader (Molecular Devices, UK) by SoftMax® Pro

Software.

2.1.3.6 Clonogenic assay

A hard agarose lower layer (0.5% sterile low melting point agarose in complete RPMI) was
added as 0.5 ml/well in 12-well plates and left in the cell incubator to harden. For the soft
upper layer, 0.5% sterile low melting point agarose in 2% FBS RPMI containing 2X
concentration of peptide treatments (solution A) was prepared in microfuge tube (0.5
ml/tube) and kept at 42 °C. Cell lines were quickly suspended (5 x 10* cells/ml) in pre-
warmed 2% FBS RPMI and mixed with an equal volume of solution A. This mixture of
0.25% sterile agarose, 2% FBS RPMI, and 1X treatment was laid carefully upon the hard
agarose layer (1 mL/well). The soft layer was incubated at 37°C for 2 hours before adding
100 pl feeding layer which contain 10X concentrated treatments in 2% FBS RPMI. The
feeding layer was replaced every day for the duration of the experiment. After one week, the
wells treated with 100 pl of 5 mg/mL MTT reagent and kept in the cell incubator for one
hour before counting the colonies manually under the light microscopy using x 10

magnification.
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2.1.4 Genetic manipulations of GRP-R expression

In the second experimental chapter, GRP-R expression was manipulated genetically in vitro.
GRP-R expression was knocked down by lentiviral transduction and overexpressed by

plasmid transfection.

For GRP-R knockdown, MISSION® shRNA plasmids (SHCLNG-NM 005314, Sigma)
were bought as glycerol stocks, in E. coli strain (DH5alphaTIR). The plasmid construct
contains the shRNA insert with the pLKO.1-puro vector which has a total length of 7,086
bp. The insert in this study is the human GRP-R shRNA DNA, which targeted specific region
of GRP-R mRNA transcript. The MISSION pLKO.1-puro Control Vector (SHC001, Sigma-
Aldrich) was used as a control. The two viral packaging plasmids were the packing plasmid,
psPAX2 (#12260, Addgene), and the envelope plasmid, pMD2.G (#12259, Addgene). These
plasmids were kindly provided by Dr Penny Powell (UEA, Norwich, UK). Viral particles
stocks were concentrated using Lenti-X™ Concentrator (631232, Takara Bio, UK). Samples
of lentiviral RNA was extracted using NucleoSpin RNA Virus (740956.10 MACHEREY-
NAGEL, Germany) for titration. Lentiviral titres were determined using the Lenti-X™ qRT-
PCR titration kit (631235, Takara Bio, UK).

For overexpression of GRP-R, HA-tagged GRP-R DNA construct was bought
(#GRPROOTNOO, cDNA Resource Centre). The backbone vector is pcDNA3.1+
(Invitrogen). The plasmid was transformed in E. coli strain DH5a competent cells in the lab
then propagated, purified and used for transfection. All plasmid DNA was extracted and
purified using NucleoBond® Xtra kit (740410.10 MACHEREY-NAGEL, Germany)

according to the manufacturer’s instructions.

2.1.4.1 Knockdown of GRP-R

Cell clones with stable knockdown of the GRP-R gene were prepared as shown in Figure
2.1. Before selection of stable cell clones five GRP-R shRNA plasmid vectors (Table 2.3)
were screened for knockdown efficiency. shRNA control is an empty vector confirmed to
not activate the RNAi pathway, as it does not contain an shRNA insert. Briefly, shRNA
plasmids were propagated from bacterial stocks then purified. After that, lentiviral vectors
of those shRNAs were produced. The viral RNA was isolated and titrated before viral
transduction into cells. GRP-R KD was evaluated by qPCR then selection of stable clones

was performed and confirmed by Western blot or flow cytometry.
Page | 29



Chapter 2

shRNA plasmid propagation from bacterial culture

shRNA plasmid DNA purification

Lentiviral production by 293T cells

Viral RNA titration by gqRT-PCR

Concentration of viral stocks

Lentiviral transduction into target cells

gPCR evaluation of knockdown

Selection of stable clones with antibiotic

Western blot evaluation of knockdown

Figure 2.1: Schematic illustration showing the workflow of the generation of
the stable knockdown GRP-R expression from bacterial stock.
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Table 2.3: Sigma MISSION shRNAs used to knockdown of GRP-R gene
(Xp22.2)

Gene/re | Clone ID TRC # Sequence 5 'to 3"

gion

Xp22.2 NM_0053 000000 CCGGTGAGGGACGGTTTTGCTTTATCTCGAGATAAAGCA

(2681 14.1- 9043 AAACCGTCCCTCATTTTT
bp)/ 1576s1cl
3UTR

Xp22.2 NM_0053 000000 CCGGGCTTACAATCTTCCCGTGGAACTCGAGTTCCACGG

(2681 14.1- 9044 GAAGATTGTAAGCTTTTT
bp)/ 1119s1c1
CDS

Xp22.2 NM_0053 000000 CCGGCCACTGTCGATCATCTCTGTTCTCGAGAACAGAGA

(2681 14.1- 9045 TGATCGACAGTGGTTTTT
bp)/ 1062s1cl
CDS

Xp22.2 NM_0053 000000 CCGGGCCACCTTTAGCCTCATCAATCTCGAGATTGATGA

(2681 14.1- 9046 GGCTAAAGGTGGCTTTTT
bp)/ 1503s1cl
CDS

Xp22.2 NM_0053 000000 CCGGCCATTTCATGCACTGCAACATCTCGAGATGTTGCA

(2681 14.1- 9047 GTGCATGAAATGGTTTTT
bp)/ 440s1cl
CDS
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2.1.4.1.1 shRNA plasmid propagation

The shRNA plasmids were propagated by amplification of bacterial stocks. For bacterial
cultures, 1.5 % agar plates were made by combining Lysogeny Broth (LB) (containing 10
g/L Tryptone, 5 g/LL NaCl and 5 g/L yeast extract) with agar at 15 g/L. The LB-Agar media
was sterilised and cooled to 50 °C before supplementing with ampicillin at 100 pg/ml. 10 ml
aliquots were pipetted into 10 cm dishes. An ice splinter from frozen bacterial glycerol stock
was removed by a sterile streaking loop and placed it into a sterile culture tube containing
0.5 ml Terrific Broth (TB) or Lennox Broth (Luria Bertani Broth, Sigma L.3022) without
antibiotics. The tube incubated at 37 °C with shaking for 30 minutes. Using a sterile loop,
50 pL of the incubated culture was streaked onto LB-agar plate containing 100 pg/ml
ampicillin or carbenicillin, followed by incubation at 37 °C overnight. To propagate the
plasmids, the plasmid-containing selected bacterial colonies were inoculated into 5 mL
starter culture of LB medium with 100 pug/ml ampicillin or carbenicillin. The bacteria were
cultured for 8 hours at 37 °C with shaking at 200 RPM. The starter culture was diluted 1 in
1000 in a final volume of 200 ml per plasmid. The cultures were kept overnight at 37 °C
with shaking at 200 RPM. The selection of isolated colonies ensured colony homogeneity
and helped to avoid picking satellite colonies that tend to grow in antibiotic depleted areas

of the plate. 3 to 5 colonies were cultured per plasmid to ensure high yield of plasmid DNA.

2.1.4.1.2 Plasmid purification

The plasmid purification and precipitation kit (Macherey-Nagel, Germany) was used
according to the manufacturer protocol was followed. The bacterial cultures were pelleted
by centrifugation and re-suspended in 500 pL re-suspension buffer (A1), followed by the
addition of 500 pL of SDS/alkaline lysis buffer (A2), and incubation at RT for 4 min. Next,
300 pL A3 buffer was added to neutralise the suspension and aid the binding of plasmid
DNA onto the silica membrane of the spin columns. The contents were mixed by gentle
inversion. Precipitated proteins, genomic DNA and cell debris were pelleted by centrifuging
the tubes at 11000 xg for 7 minutes. The supernatant was then loaded onto the spin column.
The column was washed twice at 11000 g for 1 minute using ethanolic wash buffer A4,
followed by a final drying spin for 3 min. Finally, the DNA was eluted in 50 pl nuclease-
free water at 70 °C. the yield was quantified by the NanoDrop spectrophotometer. The
optimal concentration of plasmid DNA required for transfection of packaging cells is <180
ng/pL. In case of yield lower than the desired yield, plasmid DNA of the highest purity from

different colonies was pooled together and ethanol-precipitated.
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Ethanol precipitation is a well-established method for the concentration and desalting of
nucleic acids. In this method, a solution of 3M sodium acetate (pH 5.2) was added at 1/10th
of the volume of pooled plasmid DNA. Next the volume was completed to 1 ml with ice-
cold ethanol, which precipitated the plasmid DNA. The resulting solution was then stored
overnight at -20°C, or for 4-5 hours at -80°C to precipitate. After precipitation, the DNA was
pelleted by centrifugation at maximum speed (14000 xg) for 15 minutes. The pellet was
washed in cold 70% ethanol and centrifuged again. Ethanol was aspirated without disturbing
the pellet, which was then left to dry in a culture hood. As it dried, the translucent pellet
became whiter. Finally, the pellet was rehydrated in nuclease free water and stored at -20

°C. NanoDrop was used for quantification.

2.1.4.1.3 Lentiviral particle production

For transfection of the target and viral plasmids in the packaging cell, FuGENE®
transfection reagent (Promega, E2691) was used. 24-48 h prior to transfection, HEK293T
cells were cultured in T75 culture flasks and passaged so that the cells were ~ 80% confluent.
On the day of transfection, packaging cell media was replaced with 8 ml of fresh, antibiotic
free, complete culture media. The amount of the target plasmid used for each T75 flask was

3.4 ng (= 45 ng/cm?). DNA mix was prepared in the ratio of 1 ug of each of the viral

plasmids to each 1.5 pg of the target plasmid. The DNA mix was then toped up to 15 uL TE
buffer. The transfection reagent to total DNA ratio used was 2.5:1. 20 uL of transfection
reagent (FUGENE®, Promega, E2691) was mixed with 200 puL of Opti-MEM (Life
Technologies, USA.) reduced serum media in a separate tube. The DNA mix was then added
onto the reagent-meida mix, and gently mixed by pipetting, before being incubated at RT for
15 minutes. The resulting solution was added drop wise onto the flask of packaging cells.
The plates were incubated in normal culture conditions and the media was changed every 24
hours, with 8 mL of fresh culture media. Culture media was collected at 48, 72 and 96 hours.
The collected viral particles stocks were pooled together and Lenti-X™ Concentrator

(631232, Takara Bio, UK) was used to produce a concentrated stock.

2.1.4.1.4 Lentiviral RNA isolation for titration

Viral RNA was isolated using the NucleoSpin® RNA Virus isolation kit (Macherey-Nagel).
The manufacturer protocol was followed. 150 pL was taken from the viral particle stock for
viral RNA extraction. 600 uL of RAV1 was added, vortexed, and incubated at RT for 5

minutes.
Page | 33



Chapter 2

600 pL of absolute ethanol was next added and the tube was vortexed for 30 seconds. 675
pL of this solution was transferred into a spin column and centrifuged at 8,000 xg for 1
minute. The spin step was repeated with the remaining 675 pL. Next, the column was washed
once with 500 uL of RAW buffer and then with 600 uL of RAV3, followed by centrifugation
at 8,000 xg for 1 minute. Waste was discarded after every wash step. To dry the columns, a
final wash step was required, where 200 uL of RAV3 was added to the tube and centrifuged
at 11,000 xg for 5 minutes. Finally, viral RNA was eluted by adding 50 pL of nuclease-free

water (at 70 °C, as hot water aids in RNA elution), and incubating at RT for 1 - 2 minutes

followed by a spin at 11,000 xg for 1 minute.

2.1.4.1.5 Lentiviral RNA titration

The Lenti-X™ qRT-PCR titration kit (631235, Takara Bio, UK) was used. The manufacturer
protocol was followed. The viral RNA samples were treated with DNase 1. This was done
by mixing 12.5 pL of RNA sample with 10X DNase I buffer, 4 pL DNase I (5 units/uL) and
6 uL of nuclease-free water. The 25 pL reaction mix was incubated at 37 °C for 30 minutes
followed by 5 minutes at 70 °C. After that, the treated samples were kept on ice and qRT-
PCR was performed for titre determination. A Serial dilutions of Lenti-X RNA control stock
of known copy number were made. In addition to that, serial dilutions of the DNase-treated
viral RNA samples were made. Next, a master mix was made following the manufacture’s

recommendation, using the Quant- X™ One-Step qRT-PCR SYBR® kit (Clontech). The

appropriate amount of control or unknown dilutions were mixed with the appropriate amount
of the master reaction mix in a 96 multi-well PCR plate as per manufacturer protocol. The
plate was sealed and the qRT-PCR reaction was performed using a Rotor-Gene Q (Qiagen).
The copy number of the viral RNA samples, used in the qRT-PCR, were determined from
the standard curve. After that, the copy number of the original purified viral RNA samples

was back calculated, accounting for any dilution steps.

2.1.4.1.6 Lentivirus transduction

The target cell lines were cultured in antibiotic-free complete culture media and incubated
for 24 h. Culture medium was removed and replaced with medium containing 8 pg/ml
Polybrene to increase the efficiency of infection. Lentiviral particles were added and the

cells incubated at 37 °C overnight.
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Following that, an identical, second transduction was performed and incubated overnight.
The medium was replaced with fresh prewarmed media and incubated overnight. Samples

were collected to evaluate the KD efficiency by qPCR as described below.

2.1.4.1.7 qPCR evaluation of GRP-R KD

Cellular total RNA was isolated using the TRIzol™ Plus RNA Purification Kit (Invitrogen,
A33254) following the manufacturer’s protocol. The cells were lysed and homogenized in
TRIzol™ reagent. For adherent cells, the media was removed and 1 ml of reagent per T75
flask was added directly on the cells monolayer then homogenized quickly by pipetting. For
suspension cells, the cells were resuspended in 0.75 ml of reagent per 0.25 ml of sample and
homogenized by pipetting. The lysate was incubated in Phasemaker™ tube for 5 min at RT
for complete dissociation of the nucleoproteins complex. 0.2 ml chloroform per 1 ml
TRIzol™ was added then agitated vigorously for 15 seconds and incubated for 3 min at RT
before centrifugation for 5 min at 16,000 xg at 4°C. This separates the two phases (organic
and aqueous) and the Phasemaker™ Gel forms a barrier between the upper and lower phases.
To isolate the RNA, the aqueous phase (containing the RNA) was transferred into a new
tube before adding equal volume of 70% ethanol and vortexing. The sample was then
centrifuged at 12,000 x g for 15 seconds using a spin cartridge with collection tube. The
collected liquid was discarded and the cartridge was washed with 500 pL of Wash Buffer II
twice using centrifugation at 12,000 x g for 15 seconds. To elute the RNA, the cartridge was
spun at 12,000 x g for 1 minute to dry it. The RNA was then eluted from the cartridge into
a recovery tube by adding RNase-free water and incubated for 1 min then spun at >12,000
xg for 2 minutes. The quantity and quality of the purified total RNA were determined at 260

nm, 280 nm and 230 nm using Thermo Scientific™ NanoDrop 2000 Spectrophotometer.

The SuperScript™ II Reverse Transcriptase (Invitrogen, 18064022) was used to produce
cDNA for PCR. The manufacturer protocol was followed. The first-strand cDNA was
synthesized from RNA samples using the SuperScript™ II reverse transcriptase. To prepare
the first portion of the RT reaction mix, 2 pg RNA was mixed with oligo-(dT)i2-18
primer (0.5 pg/20 pL reaction), ANTP mix (0.5 mM each/20 pL reaction) and nuclease-free
water (up to 12 pL). Following that, the mix was heated for 5 min at 65 °C followed by a
quick chill on ice then brief centrifugation. After that, the 5X reaction buffer and DTT (50
mM/20 pL reaction) were added to the RT reaction mix. After that, the mixture mixed gently
then incubated at 42 °C for 2 min.
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After that, SuperScript™ II RT (200 units/20 pL reaction) was added and mixed gently. The
RT reaction mix was incubated at 42 °C for 50 min. following that, the reaction was

inactivated by incubating at 70 °C for 15 min.

SYBR® select master mix (Applied Biosystems™, 4472903) was used for performing PCR.
The manufacturer protocol was followed. The PCR reaction mix was prepared by mixing
the cDNA (80 ng/10 pL. PCR reaction) with 2X SYBR® select master mix, forward and
reverse primers mix (200 nM) and nuclease-free water. The reaction mixture was mixed
gently then centrifuged briefly. After that, the mixture transferred to optical PCR plate and
sealed. The PCR reaction was performed on real-time quantitative PCR instrument (7500

Real-Time PCR System, Applied Biosystems™).

2.1.4.1.8 Selection of stable clones

To generate a stable knockdown cell line, the media was replaced with fresh complete
medium that contains puromycin for selection of transduced cells. The transfected cells
selected using 0.5 pg/mL puromycin over two weeks. Cells were subsequently maintained
in 0.2 pg/mL puromycin. The suitable puromycin concentration for each transduced cell line
was determined by performing puromycin kill curve. In addition to that, samples of the
selected transduced cell line were collected to confirm the knockdown efficiency. This was
performed by Western blot or flow cytometry as described in sections 2.1.3.1 and 2.1.3.2

respectively.

2.1.4.2 Overexpression of GRP-R

Cell clones with stable overexpression of GRP-R were prepared as shown in Figure 2.2.
Overexpression of GRP-R in A549 cell line was achieved using the HA-tagged GRP-R DNA
construct (#GRPROOTNOO, cDNA Resource Centre). This construct results in the
overexpression of GRP-R with 3x-Hemagglutinin N-terminal tagged human GRP-R. The
backbone vector was pcDNA3.1+ (Invitrogen). Briefly, the plasmid was transformed in
E.coli strain DH50. competent cells in the lab. After that, the plasmids were propagated from
bacterial stocks then purified. After that, the purified plasmid was transfected into target

cells. GRP-R overexpression confirmed by Western blot.
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Plasmid transformation into bacteria

Propagation of plasmid from bactrial culture

Plasmid DNA purification

Plasmid transfection into target cells

Selection of stable clones with antibiotic

Western blot evaluation of overexpression

Figure 2.2: Schematic illustration showing the workflow of the generation of
the stable overexpression of GRP-R from purified plasmid DNA.
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2.1.4.2.1 Bacterial transformation

DH5a™ cells were thawed on ice and gently mixed. 50 ul of cells for each transformation
were transferred into a cold microcentrifuge tube on ice. 10 ng of DNA was added and mixed
gently then left on ice for 30 min. The cells were subjected to heat shock by placing the tube
in the water bath at 42 °C for 20 seconds. Following that, the tube was placed on ice for 2
min. 950 pl of pre-warmed SOC Medium was added. The tube incubated at 37 °C for 1 hour
at 225 rpm. After that, 50 ul of the bacterial suspension was spread into selective plate. The
plate was incubated overnight at 37 °C. Single colonies of transformed bacteria were

amplified in LB broth and pDNA extracted.

2.1.4.2.2 Plasmid propagation and purification

The propagation of bacterial culture and plasmid purification were performed as described

in2.1.4.1.1 and 2.1.4.1.2 respectively in this chapter.

2.1.4.2.3 Plasmid transfection

The plasmid was transfected into A549 cells using FUuGENE® transfection reagent as
described in section 2.1.4.1.3 of this chapter without introducing viral plasmids. The cells
were left with the transfection mix overnight before selection of stable clones with antibiotic

as described below.

2.1.4.2.4 Selection of stable clones

After overnight plasmid transfection, the culture media was replaced with fresh complete
medium that contains G418 for selection of transfected cells. The transfected cells selected
using 750 pg/mL G418 over three weeks. Cells were subsequently maintained in 100 pg/mL
G418. The suitable G418 concentration for the target transfected cell line was determined
by performing G418 kill curve. After selection, samples of the transfected cell line were
collected to confirm the GRP-R overexpression efficiency. This was performed by Western

blot as described in section 2.1.3.1 of this chapter.
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2.1.5 Techniques used to generate and study GRP-R targeted

formulations

In the third experimental chapter, the targeted liposomes were synthesised and tested in vitro.

2.1.5.1 Synthesis of targeting and control liposomes

To synthesize the targeted liposomes, we started by synthesising the targeting moiety —

Cystabn then conjugated the Cystabn with PEG-Lipid.

2.1.5.1.1 Peptide Synthesis

Cystabn (Cys-D-Phe-GIn-Trp-Ala-Val-Gly-His-Sta-Leu-NH2) was synthesized on the Rink
Amide MBHA resin using Fmoc chemistry. After initial deprotection of the resin with 2 x 5
min 5% piperazine in DMF, each coupling step involved addition to 1 eq. of resin, Fmoc-
protected amino acid, HCTU, HOBt and DIPEA (4:4:4:8 eq.) in 1.5 mL DMF. The mixture
was incubated for 30 min at RT with occasional gentle agitation then washed with DMF
(x3). This process was repeated to increase peptide yield. Successful Fmoc removal and
coupling of amino acids was confirmed with the Kaiser test. After successful coupling and
Fmoc deprotection of the N-terminal amino acid, the resin was washed with DMF (3 x 5
mL, 1 min), then DCM (3 x 5 mL, 5 min) and the resin dried under nitrogen then stored in
vacuo for 3-5 h. Simultaneous side chain deprotection and peptide cleavage from the resin
was achieved using TFA:TIPS:EDT:H>O (94:2:2:2), performed at RT for 4 h. The peptide
was precipitated in diethyl ether overnight at -20 °C. Precipitated peptide was harvested by
centrifugation (3000 xg, 10 min, 4 °C). Peptide precipitate was washed (x3 cold diethyl

ether) then dissolved in 10% aqueous acetic acid and lyophilised to yield a white powder.

2.1.5.1.2 Characterisation of Peptides

HPLC: Samples were analysed using a gradient elution method using Mobile phase A (H20
+ 0.1% TFA) and B solution (acetonitrile + 0.1% TFA) on a Perkin Elmer HPLC system
comprising of binary solvent pump, autosampler, UV/Vis Detector and Peltier Column
Oven. Mobile phases were membrane degassed using Millipore Vacuum filtration using 0.2
um filter. The gradient profile was 0-5 min. 5% B, 5-25 min 5-95% B and 5 min 5% B.
Peptide samples (~1 mg/mL in milliQ water) were eluted on a Phenomenex Luna® C18 (2)
LC Column (5 pm, 100 A, 150 x 4.6 mm, Phenomenex, UK). Samples of 10 pl were injected

and elution monitored at 280 nm.
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MALDI-Tof: Peptide samples (2 mg/mL in 1:1 acetonitrile: milliQ water + 0.1% TFA) were
mixed with an equal volume of a saturated solution of a-cyano hydroxycinnamic acid

(Sigma) and 1 pL spotted twice onto the same well of a clean MALDI sample plate. Samples
were analysed using linear ion detection mode on a SHIMADZU Axima-CFR MALDI-TOF.

2.1.5.1.3 Peptide-PEG-Lipid Conjugate Synthesis

One equivalent of DSPE-PEG2g00-maleimide (6.8 pmol in 4 mL chloroform) was added to
two equivalents of cystabn (13.3 umol in 2 mL methanol) and stirred for 24 h at RT under
nitrogen gas. To conserve the expensive lipid (DSPE-PEG2o00-maleimide) and since this
reaction is a mole-to-mole reaction (which means one mole or lipids is needed to react with
one mole of peptide to produce the conjugate), we decided to use excess (two equivalents)
peptide per each one equivalent lipid used. After confirmation of successful conjugation by
MALDI Tof MS analysis the solvent was evaporated and the reaction mixture re-dissolved
in milliQ water. Unreacted peptide was removed by dialysis against milliQ water at RT for
three days (the water changed every 2 h then left overnight) using 2 kDa MWCO benzoylated
dialysis tubing (SpectroPor, Spectrum Labs, New Brunswick, USA). The purified conjugate
was lyophilised to a dry white powder.

2.1.5.1.4 Characterisation of Conjugates

HPLC: Samples were analysed as described in section 2.1.5.1.2 of this chapter. Conjugate
analysis was performed on a Hypersil™ BDS C8 LC Column (3 um, 1304, 150 x 4.6 m,
Thermo Scientific, UK).

MALDI-Tof: Peptide-PEG2o00-lipid conjugates were dissolved in chloroform at 2 mg/mL
and a 1:1 mixture prepared with saturated methanolic solution of universal MALDI matrix
(Sigma Aldrich, UK). The samples were analysed as described in section 2.1.5.1.2 of this
chapter.

2.1.5.1.5 Liposomal Formulation

Lipids, for the liposomal formulations used in this work, were selected to serve a specific
function and to produce the intended liposomes. One of the primary lipids used in liposomes

is phospholipids due to their amphiphilic nature.
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Dipalmitoylphosphatidylcholine (DOPC) was chosen to form the bulk of the liposomes
because lipids that contain the choline group abundantly found in cell membrane of
mammals, amphiphilic, self-assemble into bilayer (Bilayer preferring lipids) and commonly
used to form liposomes [129-133]. Cholesterol was added into the formulation because it
enhances bilayer stability and reduces aggregation by modulating the bilayer rigidity and
increase membrane elasticity [134-137]. The pegylation of the surface of liposomes was
achieved by incorporating lipid-PEGaz00, which provide longest circulation time in vivo
when used in the range of 5-10 mole % because it forms a dense polymer brush at the surface
which cause the repulsive steric interaction. In addition to the biological stability, pegylation
provides colloidal stability of the system by the steric hindrance effect [138-141]. To add the
active targeting capability into the liposomes, a targeting moiety was incorporated as a DSPE-
PEG2000-cystabn conjugate. In this way, cystabn will be available unhindered and bind to its

receptor on the cancer cell [142-146].

Lipids for each liposomal formulation were dissolved in chloroform and mixed in a round-
bottomed flask (see Table 2.4). The concentration of lipid-PEG-peptide conjugate solutions
in chloroform were determined by UV spectroscopy using the molar extinction coefficient
for the peptide tryptophan residue (5560 AU/mmole/ml). A thin film was produced by slow
evaporation of the solvent under vacuum followed by one hour under high vacuum to remove
solvent traces. The film was hydrated with PBS to a final lipid concentration of 10 mg/mL
then heated to 55 °C and vortexed extensively to produce MLVs. Five cycles of freeze-
thawing (dry ice-acetone followed by heating to 55 °C) were performed to produce reduce
the lamellarity of the vesicles. Finally, lipid suspensions were extruded (21 x) through
polycarbonate membranes of 200 nm, 100 nm and 50 nm pore sizes to produce a narrow size

distribution of LUVs.
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Table 2.4: Formulation components of liposomes reported in this study

Formulation name Components

Control-lipo DOPC: Chol: DOPE-PEG2000

(57:38:5 mol. %)

Target-lipo DOPC: Chol: DOPE-PEG2000: DSPE-PEG2000-Cystabn
(57:38:4:1 mol. %)

FL-Control lipo DOPC: Chol: DOPE-PEG2000: DHPE-Fluorescein
(56:38:5:1 mol. %)

FL-Target-lipo DOPC: Chol: DOPE-PEG2000: DSPE-PEG2000-Cystabn: DHPE-
Fluorescein (56: 38: 4: 1: 1 mol. %)

2.1.5.1.6 Characterization of Liposomal Formulations

Liposomes were characterized for size and zeta potential using Zetasizer Nano ZS. For size
measurements the liposomal suspension was diluted 1:10 with PBS. For zeta potential
measurements, the liposomal suspension was diluted 1:10 with PBS and transferred to a

clean folded capillary cell (Malvern, DTS1070).

For colloidal stability, liposomes were diluted 1:10 with PBS or 10%serum then incubated
at three different temperatures (4 °C, 25 °C and 37 °C) for 24 h and 72 h then characterized

for size as described above.

2.1.5.2 Testing cell association of liposomes using flow cytometry

Cells were washed with warm PBS and blocked for 5 hours in 0.2% BSA in RPMI-1640
medium. The cells were dissociated using Versene and aliquoted at a concentration of 10°
cells per mL in phenol-red free SFM. The samples were incubated at 37 or 4 °C for 5 min
before treating with Control-lipo or Target- Lipo (1 pg/mL total lipids concentration) for 15-
80 min. After incubation at 37 °C, cells were transferred onto ice and washed using 500 pL.

phenol red-free SFM.
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Samples were analysed on a Beckman Coulter CytoFlex flow cytometer using exited using
488 nm laser and the emitted wavelength acquired using 585/42 bandpass filter. After
doublet exclusion, 10* events/sample were acquired in the gated population, and analysed

using CytExpert software (v2.3, Beckman Coulter, USA).

Testing uptake of liposomes using flow cytometry Cells were seeded onto 16 mm coverslips
and incubated for 24 hrs. Cells were washed (x3) with PBS for 5 min at RT and treated with
1 pg/mL (total lipid) of fluorescein-labelled control or target liposomes for 5 min at 37 °C.
Coverslips were washed (x3) with PBS, fixed with 4% PFA (10 min at RT) and residual
PFA quenched by 50 mM NH4Cl (15 min, RT). The cells washed with PBS (x3) for 5 min,
permeabilised with 0.2% Triton X-100 (10 min). Nuclei were stained with Hoechst 33258,
1 pg/ml in PBST) then mounted on glass slides using Prolong Gold mounting medium
(Invitrogen). The cells were viewed under a widefield microscope (Zeiss AxioPlan 2ie) and

images taken using Axiovision software and analysed using Fiji software.

2.1.5.3 Live imaging of liposomes-treated cells by Fluorescence

microscopy

Cells were cultured in coverslips (18 mm) overnight in complete media. Media was changed
to 1 mL/well Opti-MEM for 8 hours before changing media to 200 pL/well phenol-free
media with 0.1% BSA for 1 hour. Treatment was added for the highlighted time before
adding the required highlighted marker for further highlighted time in the relevant figures.
The cells incubated at 37°C with treatments and markers. They were then washed 3 times

before live imaging on coverslip using Zeiss Axiovert widefield microscope.

2.1.5.4 Assessment of colocalization of live cell imaging

EzColocalization plugin in Image] was used for measuring colocalization in cells. This
EzColocalization plugin was designed by Stauffer et al. [1]. Each live image in this study
contains two channels which contains a stack of snaps taken over time (a snap was taken
every 10 seconds for every channel over 3.5 min). To colocalize the signal of the two
channels over time, one channel was selected. A region of interest (ROI) was drawn around
each cell in that channel. The ROIs were then propagated to the other channel and to the rest
of the time-series. After that, the EzColocalization plugin was used to measuring
colocalization by measuring the Pearson correlation coefficient (PCC). After that, one time

point was selected and the average PCC of cells in that slice was plotted.
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2.1.6 Statistical analyses

All data were analysed using Prism software (Version 9.0, GraphPad Software, San Diego,
CA, USA). The two-way ANOVA test was used to compare test groups unless stated
otherwise in the figure legend. Results where P<0.05 were considered statistically significant
and are denoted by *. Results represent the mean == SEM of 3 or more independent

experiments unless stated otherwise in the figure legend.
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3.1 Introduction

SCLC is one of several types of cancer which overexpress the growth factor, GRP and its
receptor, GRP-R. This means that SCLC can stimulate its own growth by utilizing this
autocrine loop. GRP-R and two other receptors (NMBR and BRS-3) were found to be the
mammalian counterparts of a group of related receptors called bombesin family, which is
part of GPCR superfamily [44, 147, 148]. There have been several attempts to target GRP-
R autocrine signalling in cancer treatment. An antibody was developed against GRP called
2A11 [149], which caused significant reduction in cancer growth due to a blockade of
receptor signalling. This means that the tumour, in 1 in 12 of the evaluated patients with
previously treated SCLC, shrunk to the extent that it could not be detected radiographically.
A similar endpoint was achieved using GRP-R antagonist peptides which caused inhibition
of cell proliferation in vitro and in vivo [150-153]. For example, RC-3095 showed a good
toxicity profile and antiproliferation effects in preclinical models [38, 154, 155]. In another
study, the combination of RC-3095 with gemcitabine treatment significantly shrunk the
pancreatic tumour xenograft of CFPAC-1 cell in nude mice, after four weeks of treatment
[155]. In another study, ™ Tc-labeled bombesin-like peptide antagonists showed significant
uptake by SCLC, prostate cancer and others [156]. GRP antagonists, RC-3095 and RC-3940-
II, inhibited tumour growth in SCLC cell line (H-69) [98]. They also inhibited tumour
growth in the prostate in vivo [157]. The statine-based antagonist JMV594 also known as
RM2 (DPhe-GIn-Trp-Ala-Val-Gly-His-Sta-LeuNH>) have strong affinity to GRP-R and
have been used for cancer imaging and therapy [103, 158, 159]. Many authors showed that
IMV594 labelled with different radiolabels can target GRP-R in vivo [103, 160-166]. For
example, the use of combination therapy of Trastuzumab antibody and GRP-R antagonist
JIMV594 in mice with PC-3 prostate cancer xenografts, increased their survival rate [165].
Radiolabelled IMV594 was also shown to inhibit PC-3 cell line proliferation in vitro [166].
This means that, GRP-R over-expression can be exploited to target and enhance delivery of
drugs and diagnostics to SCLC. With the aim of developing a GRP-R targeting liposomal
formulation for SCLC cells it is key to investigate the relative target expression SCLC target

cells and non-target cells.

In this chapter, the expression and functionality of GRP-R was determined in a panel of cell
lines using Western Blot, flow cytometry, immunofluorescence , intracellular Ca*" assay and

cell growth assays.
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3.2 Results

3.2.1 SCLC cell lines characterization

The morphological of H510, H345, H209, H82 and N417 SCLC cell lines were studied using
light microscopy. Microscopic imaging of the cell lines revealed that SCLC cells are
typically small and grow in clusters suspended in the culture media. The size of the cell

clusters varied between cell lines (Figure 3.1).

Figure 3.1: SCLC cell lines morphological micrographs.The micrographs
were taken by light microscopy using 10x magnification for H510 (A), H345 (B),
H209 (C), H82 (D) and N417 (E).
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3.2.2 GRP-R expression

The expression of GRP-R was determined by Western Blot in a panel of five cell lines. H345
lysis in the routine lysis buffer (1% Triton X-100) resulted in low protein yields, typically
0.1 pg/ul total protein assay (Table 3.1). A range of different lysis conditions were screened
to optimise protein yield (Table 3.1). The highest total protein content resulted by using
RIPA buffer and sonication.

To lyse the western blot samples, we used three surfactants with or without sonication to
compare between them in terms of total protein yielded from the lysed cells in the tested
sample. These surfactants include Triton 1% = sonication, high SDS (3% SDS, 60 mM

Sucrose in 65 mM TrisHCI pH7.4) + sonication, and RIPA + sonication.

Table 3.1: Optimization of Lysis Conditions.

The table shows the four different lysis conditions compared in their total protein yield
using H345 lysate as an example. The total protein in the lysate assayed using BCA total
protein assay.

Condition of Lysis Exemplar (H345)-Protein Concentration (ug/ul)
Triton 1% 0.1
Triton 1% + Sonication 2
High SDS + Sonication 0.9
RIPA + Sonication 4.2

Using these lysis conditions, Western blots was performed using three different antibodies
(Figure 3.2). The GeneTex antibody (panel A) did not detect the GRP-R protein in the
highlighted cell lines and showed non-specific binding. The Santa Cruz antibody detected
one or two GRP-R protein bands in a panel of SCLC cell line samples (Figure 3.2). The
mature, glycosylated GRP-R bands appeared in the 100 kDa in H510, H345, H209, H82 and
N417. H510 showed two bands at 75 kDa and 100 kDa respectively. A third blot was
performed using Rabbit polyclonal anti-human GRP-R antibody from Abcam (Figure 3.2).
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The Abcam antibody detected only the un-glycosylated GRP-R at 55 kDa with no bands
detected in the 65-100 kDa range as seen for the other antibodies. The clarity and sensitivity
of the Santa Cruz antibody was judged to be the best of the three tested antibodies for

detecting mature GRP-R. The Abcam antibody was appropriate for detecting only immature
GRP-R.

GRPR ' 3
antibody

A Q *) o 9 \a)
N v D (\) W > X
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Santa Cruz y— e - 100 kDa
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GRPR
Abcam
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Figure 3.2: GRPR expression comparisons using three different antibodies in
a panel of SCLC cell lines. Western blot of 50 ug total protein loading of a whole

cell lysate of 5 cell lines (H510, H345, H209, H82, H82 and N417). The lysates
blotted and probed with antibodies against GRP-R. (A) GeneTex, (B) Santa Cruz
Biotechnology and (C) Abcam.

Using the blot performed with the Santa Cruz antibody and a tubulin loading control (Figure
3.3) the relative intensities of mature GRP-R expression were ranked as H510, H345, H82,
H209 and N417. The samples relative band intensities are 94.8%, 27.7%, 25% and 20%

respectively.
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Rank order of GRP-R expression: H510 > H345 > H82 > H209 > N417

Figure 3.3: GRPR Expression in a Panel of SCLC Cell Lines using Santa Cruz
Antibody.Western blot of 50 ug total protein loading of a whole cell lysate of 5

cell lines (H510, H345, H209, H82, H82 and N417). The lysates blotted and
probed with antibodies against GRP-R and loading control (alpha-tubulin). The
bands were quantified using ImagedJ and normalized to the expression of alpha-
tubulin. N=1 (one biological replicate therefore no error bars is shown ).

I also measured the GRP expression in the samples using a polyclonal anti-human GRP
antibody (Figure 3.4). In the blot, the GRP representative bands appeared at 16 kDa in H510,
H345, H209, H82 and N417. The H345 showed the highest GRP expression represented by
the highest relative band intensity of 100%. The lowest GRP expression detected in H82
with 20.5% relative band intensity. The samples ranked, according to their relative intensities

of GRP expression, as the following H345, H209, N417, H510 and H82.
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Figure 3.4: GRP Expression in a Panel of SCLC Cell Lines using Abcam
Antibody. Western blot of 50 ug total protein loading of a whole cell lysate of 5

cell lines (H510, H345, H209, H82, H82 and N417). The lysates blotted and
probed with antibodies against GRP and loading control (GAPDH). A
representative blot is shown in which the top part shows GRP representative
bands in the highlighted cell lines and the bottom part shows the loading control
(GAPDH) bands. The bands corresponding to GRP and GAPDH were quantified
by densitometric analyses using ImagedJ. GRP expression were normalized to
GAPDH expression. The red dotted triangle highlights the rank order of GRP
expression based on relative intensities. N=1 (one biological replicate therefore
no error bars is shown ).
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3.2.3 GRP-R expression by flow cytometry

To examine GRP-R expression levels in intact SCLC cells, an indirect immunolabelling was

performed followed by semi-quantitative detection by flow cytometry.

Firstly, the GRP-R antibody labelling conditions were optimised using a dilution range for
the Santa Cruz GRP-R antibody with appropriate secondary antibody in PC-3 cells. A matrix
of different antibody dilutions for both primary and secondary antibodies was used to
identify the optimal conditions for specific cell staining. Figure 3.5, shows a heat map of the
MFI on an antibody dilution matrix. The heat map shows a maximal MFI (213212) was
produced from 1:30 and 1:100 dilutions of primary (1°) and secondary (2°) antibodies,
respectively. The second highest MFI (145908) was produced using of 1° and 2° antibodies,
respectively. Primary and secondary dilutions of 1:50 and 1:200 were taken forward for

future studies in order to preserve antibody stocks.
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Figure 3.5: Titration matrix of GRP-R antibody in PC-3 cell line. The antibody
titration heat map shows the dilution factor (DF) of primary (1°) antibody vs the DF
of the secondary (2°) antibody used to produce the FITC median fluorescence
intensity (MFI). The PC-3 samples were permeabilized and MFI. The red dotted
rectangle highlights the optimal MFI| in the matrix produced using the
corresponding optimal 1°+2° antibodies DFs. The 1° antibody used was anti-
human GRP-R antibody (sc-377316, Santa Cruz Biotechnology). The 2° antibody
used was FITC-mouse IgGk light chain binding protein (sc-516140, Santa Cruz
Biotechnology).
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A panel of SCLC cell lines was analysed for GRPR expression using the optimized flow
cytometry labelling conditions. GRP-R expression is shown in Figure 3.6 as the MFI of
permeabilized and non-permeabilized samples of the highlighted cell lines. Permeabilized
samples’ MFIs represent the samples’ total GRP-R expression and the Non-permeabilized
samples’ MFIs represent the samples’ membrane-bound GRP-R expression. In Figure 3.6,
the rank order of both the total and membrane-bound GRP-R expression in the tested SCLC
cell lines is H510 > H209 > H345 > H82 > N417. Among SCLC cell lines, H510 cell line
showed the highest total and cell surface GRP-R expression. The lowest GRP-R expressing
cell line is N417 in which the total GRP-R expression. However, the one-way ANOVA
statistical analysis revealed no statistical significance among both permeabilized and non-

permeabilized samples or between cell lines.
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Figure 3.6: GRP-R expression in a panel of SCLC cell lines by flow
cytometry. The graph shows the MFIs of non-permeabilized and methanol
permeabilized SCLC cell lines.10000 events acquired per gated sample. Data
shown are mean + SD. N=3. The permeabilized H510 represents only one
biological replicate therefore has no error bar.

Page | 53



Chapter 3

3.2.4 GRP-R localization by immunofluorescent imaging

Widefield immunofluorescent imaging was used to show GRP-R localization in the cell. PC-
3 cells were used as positive control (Figure 3.7). The punctate staining pattern indicates
localization of GRP-R within the cell. In the adherent PC-3 cell line, GRP-R was clearly
distributed throughout the cytoplasm and membrane. In contrast to PC3 cells, SCLC cells
have a small cytoplasm: nuclear ratio which significantly decreases the cell area available
for antibody labelling. As a result, a large proportion of the signal was detected in the central,

nuclear region of the cell.

Figure 3.7: GRP-R expression in SCLC cell lines by immunofluorescence.
The graph shows the localization of the GRP-R in PC-3, H510, H345, H209, H82
and N417 in higher magnification (x63). The cells were fixed the permeabilized
before probing with Santa Cruz anti-GRP-R antibody.
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3.2.5 Intracellular Ca** release assay

To examine for functionality of the GRP-R, intracellular Ca** release assay was used with
the ratiometric calcium indicator fluorescent dye (Fura-2). The GRP-R agonist ligand Tyr*-
bombesin was used over a 5-fold concentration range to construct a dose-response curve
(Figure 3.8). Two SCLC cell lines, H345 and HS82, were selected to test the receptor
functionality. In spite of the modest expression receptor expression in H345 and H82, these
cell lines displayed favourable growth characteristics and were more easily dissociated into

single cells than other models. These made them appropriate for further investigation.

In H345 cells, a clear dose-dependent increase in intracellular calcium release was observed
for H345 but not the H82. Sigmoidal dose-response curve fitting of the H345 data showed
ECso of Tyr*-bombesin is 2.4 nM for the GRP-R. Ionomycin is an ionophore which binds

calcium and was used as a positive control in this experiment.
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Figure 3.8: Calcium response induced by GRP-R Ligand in SCLC cell line.
(A) Exemplar fluorescence trace from H345 cells loaded with Ca?* reporter dye,
Fura-2 AM before injection of GRP-R agonist, Tyr*-Bn (0-40 nM only). Baseline
fluorescence was monitored for 30 s before peptide injection (arrow). (B)
Escalating concentrations of Tyr*-Bn were injected into H345 or H82 cells and the
Fura-2 AM fluorescence emission monitored over 200 s. AUC Fura-2 ratios at 340
nm / 380 nm were plotted against agonist concentration for both cell lines. Data
shown are mean + SD. N=3.

The response of H345 and H82 cell lines to the BB1 receptor agonist, neuromedin B (NMB),
was undertaken for comparison with GRP-R (Figure 3.9). In the H345 cell line, intracellular
Ca”* response showed saturable increases in the fluorescence signal with increased agonist
concentration. However, the dose-response curve was right-shifted compared to the Tyr4-
Bn response in the same cell line. Dose-response curve fitting of the H345 data showed ECso
of 52 nM. The H82 cell line showed no notable increase in the fluorescence signal with

increasing agonist concentration.
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Figure 3.9: Calcium response induced by NMB in SCLC cell line. (A)
Exemplar fluorescence trace from H345 cells loaded with Ca?* reporter dye, Fura-
2 AM before injection of NMB. Baseline fluorescence was monitored for 30 s
before peptide injection (arrow). (B) Escalating concentrations of NMB were
injected into H345 or H82 cells and the Fura-2 AM fluorescence emission
monitored over 200 s. AUC Fura-2 ratios at 340 nm / 380 nm were plotted against
agonist concentration. Data are mean + SD. N=3.
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3.2.6 MTS assay

The MTS assay was performed to assess the mitogenicity or inhibitory effects caused by
exposure to Tyr*-Bombesin (a GRP-R agonist) or Cystabn (a GRP-R antagonist). H345 and
HS82 cell lines were treated with 100 nM or 500 nM of agonist/antagonist for 5 days in SIT
medium (Figure 3.10). The data are represented as percentage of growth compared to the
untreated (control) group. H345 treated with Tyr*-Bn caused significant, concentration-
dependent growth of the treated cells compared to the untreated group. Treatment with 100
nM Tyr*-Bn caused the H345 cells to increase their growth rate by 74% (P < 0.05) after 5
days treatment. The treatment also caused a 173% increase (P < 0.001) in growth rate after

5 days when the concentration increased to 500 nM.

H345 treated with Cystabn showed significant (P < 0.002 to P < 0.001) concentration-
dependent growth inhibition compared to the untreated group. Cystabn inhibited the H345
cells growth rate (P < 0.002) and reduced it to 85% after 5 days treatment with 100 nM
concentration. Treatment with 500 nM caused a 2.4-fold decrease (P < 0.001) in growth to
42% after 5 days. There were no significant (P > 0.05) changes in growth detected in H82

cells after Cystabn treatment.
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Figure 3.10: SCLC cell lines growth modulation by GRP-R agents. H345 and
H82 cells were cultured over 5 days in SIT medium in the presence of escalating
concentrations of Tyr*-Bn (A) or Cystabn (B) before cell growth quantification by
MTS assay. Similarly, (C, D) show MTS growth data for H82 cells in the presence
of Tyr*-Bn (C) or Cystabn (D). The Y axis represents the percentage of cell growth
of treated cells compared to the no treatment (Tx) cells. Errors bars are SD. N=4
¥ < 0.05, 0.002 or 0.001 respectively.
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3.2.7 Clonogenic assay

The colony formation assay was also performed on the SCLC cell lines (H345 and HS82).
The cell lines treated with 10 nM of Tyr*-Bn in 2% FBS RPMI. Figure 3.11 show H345 and
H&2 cell lines treated with 10 nM. After a week, colonies were stained with MTT and
counted manually by light microscopy. The data shows that H345 cells increased its colony
numbers in response to 10 nM of Tyr*-Bn significantly (P < 0.001) compared to H82 cell

line.

. 301 I H345
S 40- H Hs2
(o) k%
: 30+ |
E 20- 1
0
O 10-
oL N
10
[Tyr*-Bn], nM

Figure 3.11: Growth modulation by GRP-R ligand using clonogenic assay.
H345 and H82 cells were treated with 10 nM Tyr4-Bn for 7 days and the number
of cell colonies counted microscopically. Errors bars are SD. N=3.
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3.3 Discussion

In order to work towards a targeted liposomal formulation for SCLC, it is necessary to
identify an appropriate SCLC model for the formulation to be tested on. At this stage of the
project, I sought to characterise SCLC cell models in terms of GRP-R expression. The
prostate cancer cell line (PC-3) were selected as a positive control in experiments due to its

high GRP-R expression compared to lung cancer [38].

Initial experiments involving cell lysis in 1% Triton X100 produced very low protein yields
and prompted the optimisation of the cell lysis protocol for SCLC cells. The low ratio of
cytoplasmic:nuclear volume of SCLC cells is the most likely factor contributing to low
protein yields [167]. The optimized lysis conditions, including lysis in RIPA buffer followed
by sonication, was used for Western blot detection of GRP-R protein expression. Three
antibodies — from GeneTex, Santa Cruz and Abcam- were compared for their utility in
Western analysis. The polyclonal GeneTex antibody was excluded due to poor antigen
recognition in all samples. The mouse monoclonal antibody from Santa Cruz detected
multiple GRP-R protein bands in some SCLC cells. This monoclonal antibody detected
mature, glycosylated GRP-R while the Abcam antibody detected only the immature GRP-R
at ca. 55 kDa. Benya et al. showed that mutant GRP-R, in which all extracellular
glycosylation sites were removed, migrated with an apparent mass of ca. 52 kDa [44, 168].
This indicates that the Abcam antibody was unable to detect mature GRP-R, while the Santa
Cruz detected bands detected between 65-100 kDa represent various glycosylated forms of
GRP-R.

As per the literature, it appears that the selected panel of SCLC cell lines include three GRP-
R overexpressing lines (H510, H345 and H209) and two GRP-R low/non-expressing SCLC
cell lines (H82 and N417). Western blot showed GRP-R is expressed in all SCLC cell lines
with variable expression levels. H510 highly expressed the receptor compared to other tested
lines, which is in line with the literature as highlighted below. The H345 also expressed the
receptor as per the literature. Interestingly, the H82 and N417 cells expressed mature GRP-
R. This contradicts published data regarding GRP-R mRNA expression, bombesin

immunoreactivity and Ca** release assay as shown by others [34, 169-178].
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I also measured the expression of GRP in SCLC lines using a polyclonal anti-GRP antibody
from Abcam. The detected GRP expression pattern in SCLC in general was confirmed in
several studies [34, 46, 172, 176, 178-180]. However, the specific expression of GRP in and
N417 could not be detected by some studies using PCR and Bombesin-like
immunoreactivity [65, 174, 179, 181]. In this study, we detected GRP in all tested SCLC
cell lines including in H82 and N417 using different experimental tool (Western blot).
However, this does not mean that GRP can act as potent mitogen and drive tumour growth
in those two cell lines (H82 and N417). This leads us to investigate the mitogenic

functionality of GRP-R in the selected SCLC cell lines.

To support the Western blot findings produced by the Santa Cruz antibody, flow cytometry
experiments weas performed to confirm the GRP-R expression in the selected cell lines.
After optimizing the permeabilization conditions, antibody titration experiment was
performed using the Santa Cruz antibody to find the optimal primary and secondary
antibodies dilution to improve cell labelling using PC-3 cell line. Analysis of both
permeabilized and non-permeabilized samples permits the comparison of “total GRP-R
expression” from permeabilised samples and “cell surface expression” of GRP-R. In this
study, the receptor surface expression is more relevant rather than the determination of total
receptor expression. This is because the targeted nanoparticle can target the membrane-

bound receptor.

The flow cytometry data confirmed the GRP-R expression detected by Western. However,
the experiment showed no statistically significant differences (P > 0.05) in GRP-R
expression between cell lines. This led me to investigate the receptor localization in the cells
and investigate whether there are any differences in receptor distribution between cell lines.
After optimization of the immunofluorescence imaging experiment using three different
secondary antibodies to reduce the background fluorescence. From the microscope data,
there were no apparent differences between SCLC cell lines in terms of the receptor
distribution around the cell. The data also shows that SCLC cell lines have a small
dissemination of receptor punctuated signal throughout the cell, including the central
nuclear/peri-nuclear region. This could not be resolved in a satisfactory manner without

confocal microscopy at this stage of the project.
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Since all SCLC cell lines expressed GRP-R in variable amounts, I decided to narrow down
the selected cell lines to H345 and H82 to use in the study of receptor functionality. This is
because H345 shown to express GRP-R more than H82 by Western blot and flow cytometry.
Working with two cell lines only instead of four SCLC lines reduce the time and efforts
needed to perform experiments as well as saving resources and use it for more experiments.
Furthermore, in the literature, the studies reporting the effect of bombesin-like peptides as
mitogens to drive SCLC growth is well reported in H345. For example, H345 was reported
to produce GRP and its receptor as well as increase cell proliferation in response to bombesin
agonist and decrease cells growth in response to bombesin antagonist [34, 77, 170, 177, 182-
186]. The H82 cell line was chosen for its lack of autocrine growth induced by GRP or
bombesin. Following that, I moved on to investigate the functionality of the GRP-R receptor
in the selected cell lines by intracellular Ca®" release assay with the ratiometric calcium
indicator fluorescent dye, Fura-2. A sigmoidal dose-response curve was recorded for H345
cells confirming the extracellular activation of the GRP-R, which leads to intracellular
calcium release [187]. H82 cells showed no overall increase in the fluorescence signal with
the increase in the agonist concentration which indicates the absence of functional GRP-R.
This complements the data obtained from Western blot and flow cytometry. So, the H345
not only expresses GRP-R more than H82 but it also responds to GRP-R agonist which
drives its growth, unlike H82. This is in line with Cuttitta et al. report which demonstrated
that bombesin-like peptides can function as autocrine growth factor in SCLC in vitro and in

vivo by using bombesin monoclonal antibody to block GRP stimulated growth [34].

In addition to response to GRP-R agonist stimulation, the response to NMB-R agonist was
also tested. NMB induced a dose-dependent increase in Fura-2 fluorescence in H345 cells,
although the response was weaker in comparison to the response to Tyr*-Bn. The weaker
response of NMB in H345 cell line confirms that the GRP-R is the dominant highly
expressed receptor in the cell. H82 cell line, showed no overall increase in the fluorescence
signal with the increase in the NMB concentration which means it does not express

significant levels of functional NMB-R.

In the literature, using RT-PCR, SCLC cell line H345 shown to express more than half the
levels of GRP-R found in the NSCLC cell line [188]. In another study, intracellular Ca**
mobilization response to 100 nM GRPR agonist (Tyr*-bombesin) reported in several SCLC
cell lines [189]. The agonist stimulated the mobilization of calcium in H510, H209 and H345
but not in H82 and N417.
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After establishing the expression and the signalling functionality of GRP-R, the mitogenicity
of the targeting peptide (Cystabn) was tested using MTS assay. The MTS assay uses the
MTS reagent to measure cells viability of proliferation by measuring the cells metabolic
ability to convert MTS to its formazan dye which can be quantified spectroscopically.
Activation of GRP-R leads to activation of phospholipase C (PLC) which increase cellular
calcium and activation of the PKC pathway through activation of Gq and Ga12/13 type of
G proteins. This also activates ERK/MAPK and PI3K pathways. The stimulation of Ga12/13
leads to activation of Rho family pathway. All of these pathways lead to the survival and
growth of the cell [44, 190-192].

In this study we sought to use GRP-R antagonist peptides on the liposomal carriers. This is
because the use of an agonist ligand on the nanoparticles could stimulate SCLC growth
which is highly undesirable. Cystabn is a GRP-R antagonist which is used in this project to
target GRP-R in SCLC cells. We tested the mitogenic effect of this antagonist and compared
it to the agonist (Tyr*-Bn) using MTS. A panel of SCLC cell lines (H345 and H82) were
treated with 100 nM or 500 nM of the treatments for 5 days in SIT medium. Unlike H82,
Tyr*-Bn stimulated H345 cells growth in a concentration-dependent manner compared to
untreated control. This means that, as expected, the Tyr*-Bn acted as a mitogen and derived
the growth in H345 which indicate that it expresses high levels of functional GRP-R. It also
indicates that H82 expresses low levels of functional GRP-R which does not respond to
mitogen stimulation. In contrast, Cystabn caused concentration-dependent inhibition of
growth in H345 but not H82. This means that Cystabn can effectively inhibit the growth of
functional GRP-R expressing cells which make it a good targeting or therapeutic agent. This
also indicate that the GRP-R expression is an important driver of growth in SCLC cells and

it can be modulated using bombesin-like agents and good therapeutic target.

It was demonstrated that using an antagonistic peptide is preferable to using an agonist. A
very good example reported with the use of radiolabelled somatostatin receptor antagonists
which showed better biodistribution and high tumour uptake compared to agonists [193].
Similarly, the use of Bombesin antagonist (Demobesin 1) showed preferable biodistribution
in vivo in PC-3 xenografts compared to agonists [194]. In addition to that, the use of
agonistic GRP-R targeting ligands could stimulate tumour growth if intracellular delivery is

inefficient [34]. This favours the use of an antagonist peptide for targeting GRP-R.
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We selected a synthetic GRP-R antagonist peptide (d-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-
Leu-NH) which we termed, Cystabn after bear an N terminal L-cysteine residue, to enables
subsequent incorporation to targeted liposomes. The observation of growth inhibition of

H345 cells in response to Cystabn treatment validated our choice of targeting ligand.

To further support the MTS assay data, a clonogenic assay was performed using the agonist
(Tyr4-Bn). A clonogenic assay also known as colony formation assay. It permits the
evaluation of cells survival or proliferation in vitro based on the ability of a single cell to
grow into a colony of cells. It can be used after treatment of cells with cytotoxic agent,
radiation or mitogen. This assay is one of the standard tools used in cancer research to
evaluate the cancer cell’s clonogenicity trait to initiate tumours. It also used to compare
different agents for their ability to stimulate or inhibits the cell’s ability to proliferate. In this
study we used this assay to confirm that GRP-R expression level in cells can affect their
growth after treatment with Tyr4-Bn. Two cell lines were used, H345 which has higher
GRP-R expression levels than H82 cells. The cells treated with 10 nM of Tyr4-Bn. This
concentration is sufficient to stimulate clonogenicity in SCLC. As expected, the agonist
significantly stimulated colony growth in H345, using 10 nM compared to H82 cell line even
after relatively short treatment exposure period (7 days). This further confirms the
importance of GRP-R role in SCLC cancer growth and therefore the inhibition of that
receptor causes the cancer to slow down SCLC growth. Higher concentrations of Tyr4-Bn
were used in the MTS assay compared to the clonogenic assay. This is because of the shorter
treatment period (5 days) as well as the serum-free media (SIT) used in the MTS assay. In
addition to that, MTS is a colorimetric assay for assessing cell metabolic activity which
depends on absorbance for detection of viable cells. This method is generally less sensitive
than fluorescent and luminescent methods. It also depends on several factors for detecting

viable cells such as cells number per well, cellular metabolic activity and cell type.
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3.4 Conclusion

From the experiments conducted I optimised a number of complementary techniques to
study bombesin receptor expression and functionality, thereby developing a toolbox that can
be used to examine the efficiency of receptor targeting. The H345 cell line was selected as
the most appropriate model system to study the targeting of GRP-R in SCLC and will be
further studied in Chapter 4. This means that this model can be used to test the targeting
capability of the targeted liposomes. It can also test the uptake or internalization of any
nanoparticles utilizes the growth loop (GRP/GRP-R) in SCLC which provide an

experimental tool for research.
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4.1 Introduction

Of the hormones known to be secreted by SCLC cells, GRP, is the most widely studied [38].
GRP was found to be a potent mitogen in malignancies such as SCLC, breast, colon and
prostate cancers [46, 195, 196]. GRP receptor is reported to be overexpressed in numerous
cancers such as lung, colon, and prostate [38, 44]. SCLC cells express GRP-R and also
secrete the cognate ligand, GRP. This receptor-ligand form an autocrine growth loop were
the cancer can stimulate its own growth [34, 176, 177]. The role of GRP/-R in cancer survival
and growth is crucial and well supported in the literature [38, 197-199]. The use of GRP-R
antagonists such as BW2258U89 has been shown to inhibit cancer growth in SCLC cell line
H345 and in nude mice [186]. Given the therapeutic potential of GRP-R as a target, we
sought to develop a series of cell line models for testing formulations which target GRP-R
in lung cancer. We hypothesised that the use of a N-terminal cysteine modified GRP-R
antagonistic peptide prevents the growth effect that result from the use of agonistic peptides.
Such effect might compromise the active targeting of the cancer cells by causing GRP-R
activation and stimulation of cancer growth. Using antagonistic peptide for GRP-R may be
preferable in cancer targeting over agonist due to higher tumour uptake and longer tumour
washout [194]. GRP-like peptides with antagonist activity at their receptor have been
developed. Those antagonists shown to have high affinity binding to GRP-R and stimulates
receptor internalisation such as KIGIKG [103, 104, 147].

In this chapter, we sought to modulate GRP-R expression levels in SCLC models. Firstly,
we selected two SCLC cell lines with the highest GRP-R expression levels before
performing GRP-R knockdown with shRNA technology. We also knocked down and over-
expressed GRP-R in A549, an adherent and fast-growing NSCLC cell line.
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4.2 Results

4.2.1 GRP-R knockdown efficiency by qRT-PCR

The knockdown of GRP-R expression in the H510 and H345 SCLC cell lines was performed
using five shRNA sequences and the lentiviral vectors (LVs). The efficiency of the GRP-R
KD was determined using qRT-PCR and Western Blot.
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Figure 4.1: GRP-R knockdown efficiency confirmation by qRT-PCR in SCLC.
GRP-R mRNA knockdown efficiency detected by RT-qPCR analysis from GRP-R
shRNA-treated H345 cells using lentiviral vectors (LVs) of five sShRNA sequences
at 72 h. The percentages are relative to the WT expression levels + SD. N=1 (one
biological replicate and error bars represents two technical replicates ).
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The GRP-R knockdown efficiency compared to WT expression determined by qRT-PCR
(Figure 4.1) and revealed a significant (P < 0.03) GRP-R knockdown from two lentiviral
shRNA vectors (2 and 5). The extent of KD from lentiviral vector 2 and 5 were 99 and 96%,
respectively. The extent of KD in other samples were lower with 75%, 63% and 75% by
shRNA sequences 1, 3 and 4 respectively. LV2 was selected as the lentiviral construct for
antibiotic-selection to produce a stable GRP-R KD H345 cell line. The puromycin selection
was done by replacing the media with fresh complete medium that contains 0.5 pg/mL of
puromycin for selection of transduced H345. This dose obtained from puromycin kill curve

performed on non-transduced H345 (figure A.2).

A stable GRP-R KD H510 cell line was also generated in the same way as described for
H345. The highest KD% in GRP-R expression (LV4) was chosen for antibiotic-selection.
This was based on the KD efficiency data obtained from qRT-PCR (figure A.1). The cells
were subjected to 0.5 pg/mL puromycin selection after identification of the optimum

puromycin concentration from a kill curve on H510 (figure A.3).

4.2.2 Confirmation of GRP-R KD after puromycin selection of stable
transfectants

Puromycin selection was performed for two weeks in the SCLC cell lines (H510 and H345).
Samples from the puromycin-selected cell lines were collected and the GRP-R KD of

expression was confirmed by Western blot (Figure 4.2 and Figure 4.3) and flow cytometry

(Figure 4.4).
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Figure 4.2: GRP-R knockdown efficiency confirmation by Western blot in
H345. Western blot of 50 ug total protein loading of a whole cell lysate of H345
cell line. (A) shows GRP-R representative bands (top) in the highlighted cell line
and the bottom part shows the loading control (GAPDH) bands. The bands
corresponding to GRP-R and GAPDH were quantified by densitometric analysis
and shown in (B). The intensities of the GRP-R bands from blot (A) were
normalized to the corresponding bands’ intensities of GAPDH and the samples’
relative expression was normalized to WT expression. n=1 (one biological
replicate therefore no error bars is shown ).

As shown in Figure 4.2, Western blot analyses of whole cell lysates from WT, empty-LV
control and the GRP-R KD H345 cells were performed. GRP-R expression compared to the
WT H345 in GRP-R KD sample as well as in LV-ctrl. From Figure 4.2A, the expression of
the KD sample was reduced to 70% compared to LV-ctrl relative expression. The LV-ctrl

expression was reduced to 59% compared to WT relative expression.
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Figure 4.3: GRP-R knockdown efficiency confirmation by Western blot in
H510. Western blot of 50 ug total protein loading of a whole cell lysate of H510
cells. (A) shows GRP-R representative bands (top) in the highlighted cell line and
the bottom part shows the loading control (GAPDH) bands. The bands
corresponding to GRP-R and GAPDH were quantified by densitometric analysis
shown in (B). The intensities of the GRP-R bands were normalized to the
corresponding bands’ intensities of GAPDH and the samples’ relative expression

was normalized to WT. n=1 (one biological replicate therefore no error bars is
shown ).

Figure 4.3, shows Western blot analyses of whole cell lysates from WT, empty-LVs control
and the GRP-R KD H510 cells were performed. The figure reveals a reduced GRP-R relative
expression compared to the WT H510 in GRP-R KD sample as well as in LV-ctrl. From the
blot, the expression of the KD sample was reduced to 33% compared to the LV-ctrl relative

expression. The LV-ctrl expression was reduced to 81% compared to WT relative

expression.
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Figure 4.4: GRP-R knockdown efficiency confirmation by FCM in SCLC. The
graph shows the permeabilized MFIs in the highlighted samples in H510 cell line.
The primary antibody used was Rabbit polyclonal anti-human GRP-R antibody
(Abcam). Event numbers 10000 events, Error bars=SEM and N=3.
To further confirm the KD of GRP-R in H510, flow cytometry was used to compare
expression in WT, LV-ctrl and GRP-R KD samples. Figure 4.4 shows reduction (P < 0.001)
in GRP-R expression of the GRP-R KD sample compared to the LV-ctrl expression. The
GRP-R expression of the GRP-R KD reduced to 23% compared to the LV-ctrl.
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4.2.3 Intracellular calcium response in SCLC after GRP-R KD

To develop a representative GRP-R expression-based cell lines model for targeted
formulation testing, we need to demonstrate a loss of functional GRP-R in the KD cell lines.

To confirm this, I used the calcium indicator dye — Fura-2.
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Figure 4.5: Calcium response induced by GRP-R Ligand in GRP-R KD SCLC
cell line. (A) Example fluorescence trace from H510 cells loaded with Ca?*
reporter dye, Fura-2 AM before injection of GRP-R agonist, Tyr*-Bn (0-40 nM
only). Baseline fluorescence was monitored for 30 s before peptide injection
(arrow). (B) Escalating concentrations of Tyr*-Bn were injected into H510 LV-ctrl
or H510 GRP-R KD cells. (C) Escalating concentrations of Tyr*-Bn were injected
into H345 GRP-R KD cells and the Fura-2 AM fluorescence emission monitored
over 150 s. AUC Fura-2 ratios at 340 nm / 380 nm were plotted against agonist
concentration for both cell lines. Data shown are mean + SD. N=1(one biological
replicate and error bars represent three technical replicates )..
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Intracellular calcium response to GRP-R agonist stimulation by Tyr*-Bn was examined in
the SCLC lines — H510 and H345. Figure 4.5 shows the intracellular calcium response of
H510. Tyr*-Bn stimulated a concentration-dependent response in the empty vector control
H510 with an ECso of 36.1 + 4.5 nM. However, the GRP-R KD H510 (panel B) and GRP-R
(panel C) KD H345 did not produce any significant response (P>0.05) to GRP-R agonist

stimulation.

4.2.4 Signalling pathway activation in the GRP-R KD SCLC

We next used Western blot to examine the signalling downstream of GRP-R in KD and
control SCLC cells by examining the changes in the levels of phosphorylated ERK1/2 (p-
44/42) upon GRP-R KD in SCLC cell lines (H510 and H345).
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Figure 4.6: effect of GRP-R knockdown on ERK1/2 downstream signalling
pathway by Western blot in H345. Western blot of 50 ug total protein loading of
a whole cell lysate of H345 cell line. (A) shows phospho-p44/42 (ERK1/2)
representative bands (top) in the highlighted cell line and the bottom part shows
the total p44/42 bands. The intensities of the P-p44/42 bands were normalized to
the WT relative expression in (B).
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Figure 4.6 shows the phosphorylated p44/42 levels in the wild type H345, empty vector
control H345 and GRP-R KD H345. Compared to the empty vector control, the GRP-R KD
had 65% lower levels of phosphorylated p44/42.
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Figure 4.7: effect of GRP-R knockdown on ERK1/2 downstream signalling
pathway by Western blot in H510. Western blot of 50 ug total protein loading of
a whole cell lysate of H510 cell line. (A) shows phospho-p44/42 (ERK1/2)
representative bands (top) in the highlighted cell line and the bottom part shows
the total p44/42 bands. The intensities of the P-p44/42 bands were normalized to
the WT relative expression in (B).

From Figure 4.7, the phosphorylated p44/42 levels in H510 WT, empty vector control and
GRP-R KD are blotted. Compared to empty vector control, the GRP-R KD produced 29%

the levels of the proteins.

Page | 76



Chapter 4

4.2.5 GRP-R knockdown efficiency by qRT-PCR in A549

The knockdown of GRP-R expression in the A549 was performed using five shRNA
sequences and the lentiviral vectors (LVs) as described before. The efficiency of the GRP-
R KD was determined using qRT-PCR (Figure 4.8).
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Figure 4.8: GRP-R knockdown efficiency confirmation by qRT-PCR in A549.
GRP-R mRNA levels detected by RT-qPCR analysis of A549 cells 72 h after
treatment with lentiviral ShRNA vectors. The percentages are relative to the WT
expression levels £ SD. Duplicate samples from N=1.

From Figure 4.8, the GRP-R knockdown efficiency analysed using qRT-PCR revealed a
significant (P<0.001) KD%, compared to the WT expression, in all A549-transductants
samples. Three samples showed KD of expression of GRP-R more than 90% compared to
WT. These samples include the samples infected with lentiviral vectors LV1 (KD%=99),
LV3 (KD%=96) and LV2 (KD%=92). The rest of the samples had their GRP-R expression
knocked down compared to the WT by 48% and 69% by shRNA sequences 4 and 5
respectively (Table 2.3).
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We have treated all the A549 samples with puromycin antibiotic for selection of the
transduced cells only to produce a stable GRP-R KD A549. The puromycin selection was
done by replacing the media with fresh complete medium that contains 1.5 pg/mL of
puromycin for selection of transduced A549. This dose was obtained from puromycin kill

curve performed on A549 (figure A.4).

4.2.6 GRP-R KD confirmation after puromycin selection by Western blot
in A549
The puromycin selection was performed for two weeks in the A549 cell line. Samples from

each the puromycin-selected A549 group were collected and the GRP-R KD of expression

was confirmed by Western blot as shown in Figure 4.9 below.
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Figure 4.9: GRP-R knockdown efficiency confirmation by Western blot in
A549. Western blot of 50 ug total protein loading of a whole cell lysate of A549
cell line treated with GRPR shRNA. The lysates blotted and probed with
antibodies against GRP-R and loading control (a-Tubulin).

Page | 78



Chapter 4

As shown in Figure 4.9, Western blot analyses of whole cell lysates from empty-LVs control
and the GRP-R KD A549 1-5 samples were performed. The figure reveals a reduced GRP-
R relative expression compared to the LV-Ctrl A549 in all GRP-R KD samples. From the
blot, the expression of the GRP-R KD samples were reduced and represents only 18 % to
55% of LV-ctrl relative expression. The samples were reduced compared to LV-Ctrl to 18%,

22%, 33%, 37% and 55% for LVs 4, 3, 2, 1 and 5 respectively.

4.2.7 GRP-R overexpression in A549

Overexpression of GRP-R in the A549 model was undertaken to complement the
knockdown lines generated above. Overexpression was achieved using a pcDNA3.1+
encoding HA-tagged GRP-R and stable transfectants selected with G418 over two weeks.

Overexpression of GRP-R was confirmed by Western blot as shown in the Figure 4.10

below.
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Figure 4.10: Validation of A549 transfection with HA-GRPR pDNA by
Western blot. Analysis of 50 ug total protein loading of a whole cell lysate of
Ab549 cells transfected with HA-GRPR pDNA. The lysates blotted and probed with
antibodies against HA tag (top) in the highlighted cell line, GRP-R (middle) and a-

tubulin (bottom).

Figure 4.10 Probing with the anti-HA tag antibody detected overexpressed HA-GRPR at 68
kDa in transfected cells only. Probing with a GRP-R antibody showed GRP-R to be

overexpressed in the WT GRPR and HA-GRPR transfectants but not in the KD GRP-R.
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4.2.8 HA-GRP-R expression by immunofluorescent imaging

Widefield immunofluorescent imaging was used to show HA-GRP-R expression in A549-
GRPR (Figure 4.11). The pattern of fluorescence signal indicates expression of HA-GRP-R
in the highlighted cell line. A punctate staining pattern was observed and it appears to be

clearly distributed throughout the cell.

50 pm 50 pm

50 pm

Figure 4.11: HA-GRP-R expression in A549-GRPR cell line by
immunofluorescence.The graph shows the expression of the HA-GRPR in

A549-GRPR in higher magnification (x40). The cells were fixed and HA-GRPR
labelled with anti-HA-antibody (red) and nuclei labelled with Hoechst (blue).
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4.3 Discussion

To validate GRP-R as a target in SCLC we sought to develop a toolbox of cellular models
expressing different levels of the receptor. We knocked down GRP-R in two non-adherent
SCLC and one control adherent NSCLC line using lentiviral vectors. The adherent NSCLC
A549 cell line was also subjected to GRP-R overexpression using a plasmid DNA construct

encoding a N terminally HA tagged GRP-R.

We sought to reduce the expression of GRP-R in SCLC cell lines H510 and H345 to
investigate the targeting capacity of our targeted liposomes and is it reduced compared to
wild type. We chose H510 for KD because it showed high levels of GRP-R expression. in
addition, H345 showed high levels of functional GRP-R expression as reported in the
previous chapter. We sought to reduce GRP-R expression to see if the targeting capacity
would be reduced i.e. the extent of liposome uptake in KD cells would be lower than in WT
and increased in the overexpression cells. We screened shRNA sequences for KD efficiency
by RT-qPCR and chose one sequence. We then tested whether the GRP-R functionality was
reduced in KD cells by measuring intracellular calcium response to the GRP-R agonist Tyr4-
Bn- we saw a lack of response in the KD H510 and KD H345. This means the KD of the
GRP-R in the mentioned SCLC cell lines was effective. We would expect to see changes in
cell growth as reported in the previous chapter with Cystabn. This means we have a model

that we can use to test targeting capacity as shown by others.

GRP (10 nM) was shown to act as mitogen and stimulate neuroblastoma growth significantly
in multiple cell lines using cell count experiment [200]. GRP-R overexpression was shown
to increase growth of human neuroblastoma cells in soft agar whereas GRP-R knockdown
with siRNA and shRNA inhibited colony growth in soft agar [201]. In vivo, GRP-R
knockdown significantly delayed tumour growth and decreased liver metastases in the
neuroblastoma BE(2)-C xenograft mice [201]. Bombesin significantly stimulates growth of
the human neuroblastoma SK-N-SH xenografts in mice using 10 pg/kg and 20 pg/kg

compared to no treatment control [202].

The Western blot analyses confirmed persistent GRP-R KD in the clones compared to empty
vector control. This confirms that the sharp reduction of GRP-R expression in the KD
samples was from the silencing of GRP-R expression rather than from the transfection

process itself. Surprisingly, empty lentiviral control clones demonstrated a reduction in KD
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to 59% and 81% in H345 and H510, respectively in the absence of a targeting shRNA. This
is most commonly attributed to off-target effects. The blot in the mentioned figure also
showed the glycosylated band for GRP-R in each sample. This is because it has been shown
by cross-linking experiments that the GRP-R, in its glycosylated form, has a molecular
weight of 60-90 kDa and the deglycosylated form weighs 43 kDa. This blot also showed two
bands for GAPDH. This is most likely due to the loading of 50 ug total protein onto the
PAGE gel in order to detect the low amounts of GRP-R in SCLC cells with low cytoplasmic
volume. This resulted in the appearance of a second closely separated band which represent

nonspecific binding of primary antibody [77, 168, 203-207].

To further confirm the KD of GRP-R in H510, flow cytometry was used to compare the
expression of GRP-R in the highlighted samples and showed significant (P < 0.001)
reduction of GRP-R expression compared to empty-vector control. The use of the more
sensitive fluorescence-based flow cytometry experiment allowed us to confirm the
significant (P <0.001) reduction of GRP-R expression in H510. This is also complementing
the data produced by Western blot in SCLC. The antibody detects the membrane-bound and
intracellular GRP-R which retains its natural configuration in the flow cytometry whereas it
detects the total denatured protein in Western blot. This means that flow cytometry detects

the protein in its relevant configuration.

We confirmed the functional loss of GRP-R using a Calcium release assay with the Fura-2
indicator dye. Intracellular calcium release in response to GRP-R agonist treatment with
Tyr*-Bn was examined in the SCLC lines. Tyr*-Bn stimulated a concentration-dependent
response in the empty vector control H510 with an ECso of 36.1 + 4.5 nM but not in the KD
GRP-R H510 and KD GRP-R H345. This means that KD of GRP-R in H510 and H345
successfully diminished the measurable intracellular calcium response to GRP-R agonist

stimulation (Tyr*-Bn) due to the reduction in cell surface receptor numbers.

The activation of GRP-R results in activation of the MAPK/ERK pathway. The levels of
phosphorylated ERK1/2 proteins (P-p44/42) GRP-R KD in SCLC cell lines (H510 and
H345) were measured by Western blot. Levels of phosphorylated p44/42 levels in the
highlighted H510 and H345 samples were reduced compared to empty vector control as
expected because the receptor expression was knocked down which means the receptor
activation is reduced. This complements the data reported above and confirms reduced

expression of functional GRP-R.
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One of the challenges faced when working with SCLC suspension cell lines is that it is more
time and labour-intensive than faster growing, adherent cell lines. SCLC models require
extra washing or filtration steps due to their anchorage-independent growth. In addition to
this, SCLC cell lines have a small cytoplasmic volume which could make it challenging to
undertake microscopic evaluation of events such as receptor internalisation and endocytic
trafficking of peptides and liposomal formulations, compared to adherent cells with larger
cytoplasmic volumes [208]. In addition to that, the suspension cell lines tend to be more
sensitive to agitation and tend to naturally form clumps. So, based on all these challenges,

we sought that it is reasonable to add the A549 cell line to this study.

To reduce the expression of GRP-R in A549, the same shRNA sequences were screened for
KD efficiency by RT-qPCR and chose one sequence. We then tested whether the GRP-R
functionality was reduced in KD cells by measuring intracellular calcium response to the
GRP-R agonist Tyr4-Bn. A lack of calcium response in the KD A549 confirmed that the
GRP-R KD in A549 was effective. This means we have a model that we can use to test

targeting capacity.

Further work included the use of a GRP-R overexpression construct in A549 cells. Western
blot using the anti-HA antibody confirmed specific receptor overexpression of the tagged
receptor in transfected cells but not WT or KD controls. This overexpression construct has
been used by other groups to demonstrate both the functionality of agonist and antagonist

peptides, mainly in HEK293 cells [194].

In this study we applied an RNA interference technique to develop cell line experimental
model in SCLC to study therapeutic formulation. Other studies have developed GRP-R
knockout mice [209, 210]. These mice were used to study the physiologic functions of GRP-
R in health and disease [44]. GRP-R knockdown A549 cells were used to investigate a
peptide-conjugated theranostic nanoparticle targeting lung cancer [211]. GRP-R knockdown
PC-3 cells were used to investigate peptide-based targeted polymeric nanoparticles targeting
prostate cancer [212]. GRP-R knockdown PC-3 was used to highlight the role of GRP-R in
cancer growth [213]. GRP-R silencing in human neuroblastomas cell lines was used to reveal

the role of bombesin in angiogenesis and neuroblastoma growth [214].
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4.4 Conclusion

In this chapter, GRP-R knockdown cell line models were developed using two SCLC cell
lines. In addition, GRP-R knockdown and overexpression models were prepared from the
adherent A549 cell line. The original plan for this project would involve this combination of
cell models being used to study the uptake, activity and biodistribution of GRP-R targeted
formulation in vitro and in vivo. Regrettably, the emergence of the COVID-19 pandemic
forced a change of plan. In the following chapter the uptake and trafficking of GRP-R

targeted liposomal formulations in A549 cells was studied only at the in vitro level.
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5.1 Introduction

The expression of bombesin-related peptides and the bombesin receptors by SCLC cell lines and
primary tumours has been widely studied for the past three decades [175, 184, 189, 215]. GRP
and NMB secretion by SCLC is known to cause an autocrine growth loop that drives tumour
growth. Therefore, a number of experimental therapeutics or imaging agents targeted at the GRP-
GRPR interaction, including anti-GRP antibodies and GRP-R peptide antagonists have been
developed. These agents have demonstrated anti-tumour responses in a number of pre-clinical
models of pancreatic cancer [216] and imaging of breast [217], prostatic [218] and glioma [219]
tumours. The use of GRP-R antagonists is motivated by their inability to cause downstream
mitogenic effects by counter-balanced by a greatly reduced rate of receptor internalisation.
Nonetheless, a number of reports have illustrated that GRP/BN-based antagonists display

superior in vivo targeting capacity cf. agonist peptides [194].

Nanomedicines to improve cancer therapy has been widely studied and has resulted in a number
of approved therapies such as Doxil® in the 1990s and the recent approval of Onivyde® [220].
In the lung cancer field, cisplatin formulated as a pegylated liposomal formulation (Lipoplatin®)
has delivered comparable anti-tumour response against non-small cell lung cancer (NSCLC)
tumours with reduced side effects when delivered in combination with paclitaxel compared to
when cisplatin and paclitaxel solutions are used in combination [221]. In preclinical studies,
improved therapeutic responses have been achieved by adopting an active targeting approach.
Typically, this involves the incorporation of a surface bound moiety that selectively binds to a
cognate receptor/protein on the tumour cell surface, leading to accumulation of nanocarriers in
the tumour. A diversity of targeting ligands has been explored, including antibodies, proteins,
peptides and aptamers. Targeted nanoparticles such as HER2-targeted MM-302 [222],
transferrin receptor-targeted CALAA-01 [223], and PSMA-targeted BIND-014 [224] have
reached clinical trials but detailed information about the clinical advantage of using targeted

platforms is still lacking which means more area research is needed in this area .

In this chapter, I generated liposomes decorated with Cystabn and non-targeting (control)
liposomes to compare the uptake of the two formulations in lung cancer cells. The original
hypothesis involved in-vivo testing liposome uptake in SCLC cells after GRP-R knockdown and
those overexpressing GRP-R. Due to the COVID-19 pandemic, studies were limited to those
using the NSCLC A549 cell line that overexpresses GRP-R in vitro only.
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5.2 Results
5.2.1 Characterisation of Peptides, Conjugate and Liposomes

The Cystabn was synthesised using Fmoc solid-phase peptide synthesis. The product was
characterised using HPLC (Table 5.1) and MALDI-Tof (Table 5.2). The Cystabn-PEG-lipid
conjugate was synthesised as described in 2.1.5.1.1 and characterized using HPLC and
MALDI-Tof as shown in Figure 5.1. The formulations were prepared using the thin-film
technique and characterised using DLS (Table 5.3).

Table 5.1: HPLC data summary for Cystabn
Peak Rt (min) Peak Purity (%)

HPLC 14.8 70

Table 5.2: MALDI ToF MS data summary for Cystabn
[M] (Da) [M+Na]+ (Da)

MALDI ToF MS 12154 1238.3
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Figure 5.1: Synthesis of targeted and control liposomes. (A,B) MALDI-TOF
mass spectra of crude DSPE-PEG:2o000-cystabn conjugate (A) and purified, post-
dialysis, DSPE-PEG:2o00-cystabn conjugate (B). DLS size distribution curves are
shown for control and target liposomes in (C).
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The conjugate was analysed with MALDI ToF MS to confirm the molecular mass (Figure
5.1A&B). The exact mass of the DSPE-PEG2000 maleimide was calculated as 4137.41 Da
but is unreliable due to the polydisperse nature of the PEG linker. The mass spectrum
includes the most abundant ion at 4188 Da. The expected mass difference between ion peaks
is 44 Da, which represents ethylene glycol monomers (CoH4O = 44.05). Figure 5.1B
includes, for example, a mass difference from 4277.57 Da to 4321.49 Da, which is equal to
one monomer. Two monomer mass differences of ~ 88 Da (4100.68 Da to 4188.41 Da)

equivalent to two ethylene glycol monomers were also recorded.

The liposome formulations produced reproducible monodispersed small, unilamellar
vesicles - SUVs. The mean diameters for liposomal formulations were 101 + 2.1 nm, 101 +
2.3 nm and 91 £+ 0.7 nm for control, targeted-1 mole% and targeted-3 mole% liposomes,
respectively. The polydispersity index was < 0.1 for all formulations, indicating the
preparation of monodispersed population. The zeta potential of formulations were slightly
negative i.e. -1.64 £ 2.13 mV, -1.86 = 1.64 mV and -1.97 + 0.4 mV for control, targeted-1
mole% and targeted-3 mole% liposomes, respectively. Representative size and zeta potential
measurements are summarized in Table 5.3. The vales of zeta potential are closer to zero
because the formulations contain the zwitterionic phospholipid (DOPC). This means that the
formulation is colloidally stable which further tested and shown over time in Figure 5.2

below.

Table 5.3: Colloidal properties of Control and Target-lipo formulations

Control-lipo Target-lipo— 1 mole % Target-lipo — 3 mole %
Z-Ave (d.nm) 101+2.1 100+ 2.3 91+0.7
PDI 0.058 £ 0.007 0.068 £ 0.019 0.08 £ 0.02
Zeta Potential -1.64+2.13 -1.86+1.64 -1.97+04
(mV)

9 Data shown are mean + SD, n=3 independent experiments.

Figure 5.1C shows the intensity weighted size distribution with good reproducibility for
liposomal formulations (control, targeted-1 mole% and targeted-3 mole% liposomes

respectively).
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Freshly prepared control and targeted liposomes showed consistent (p>0.05) size, zeta
potential and polydispersity measurements. A Z-average diameter of 101 nm and a zeta
potential of -1.6 mV with a narrow polydispersity index of 0.06 indicating a refined
unilamellar formulation for the control formulation. Similarly, the targeted-1 mole%
formulation showed size, zeta potential and polydispersity measurement of 100 nm, -1.9 mV
and 0.07, respectively. The targeted-3 mole% formulation showed size, zeta potential and

polydispersity measurement of 91 nm, -2 mV and 0.08, respectively.

5.2.2 Liposome colloidal stability study

Compared to the respective freshly prepared formulations, there is no significant change
(p>0.05) in the size and polydispersity for all liposomal formulations upon storage in PBS
for the whole storage period at the three different temperatures i.e. 4 °C, 25 °C and 37 °C
(Figure 5.2A-C). The largest change recorded for the control formulation from 0.058 + 0.007
to 0.098 £ 0.07 PDI after incubation at 25 °C for 72 h. In general, the PDI for the targeted-
Imole% formulation increased more than that of control and targeted-3mole% liposomes.
For example, the PDI rose from 3-fold from 0.068 + 0.019 to 0.176 + 0.08 after 72 h
incubation at 25 °C. This indicate that the targeted-3mole% liposomes seems to be more
stable over time than the targeted-1mole% liposomes, which indicate that the increased

percentage of the targeting ligand enhanced colloidal stability of liposomes.

As expected, storage of liposomes in 10% FBS compromised liposomal stability more than
storage in PBS (Figure 5.2D-F). There was non-significant change in the parameters of the
control and targeted formulations (p>0.05) immediately after addition of 10% FBS. For the
freshly prepared control formulation, the size slightly decreased from 93.93 + 1.78 to 89.79
+ 1.52 nm with increase in PDI from 0.083 + 0.002 to 0.160 + 0.012 immediately after
addition of 10% FBS. For the freshly prepared targeted-1mole% formulation, the size
increased slightly from 105.5 + 3.4 to 113.4 = 20.5 nm with slight decrease in PDI from
0.055 £ 0.019 to 0.241 + 0.148 immediately after addition of 10% FBS. For the freshly
prepared targeted-3mole% formulation, the size slightly decreased from 91.3 £ 0.65 to 84.77
+ 1.36 nm with slight increase in PDI from 0.08 + 0.02 to 0.288 + 0.01 immediately after
addition of 10% FBS.
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Figure 5.2: Colloidal stability of liposomes. Control and target liposomes were
exposed to PBS (A,B&C) or 10% FBS in PBS (D,E&F) at three temperatures for
24 /72 h then analysed by DLS. Data shown are mean + SD, n=3.

5.2.3 Cell Uptake of GRP-R-targeted Liposomes by Flow Cytometer

The targeting capacity of cystabn-decorated liposomes was examined by quantification of
cell-uptake. This was judged by flow cytometry analysis of adherent A549-GRP-R cells
exposed to fluorescently tagged GRP-R-targeted liposomes (FL-target-Lipo) or
fluorescently tagged control-liposomes (FL-control-Lipo) formulations. We maintained the
total mole % of PEG lipid at 5% and varied the amount of the peptide targeting motif.
Preliminary studies using FL-Target-Lipo including 1 mole % targeting lipid showed
marginal increases in relative cellular accumulation (Figure 5.3). Flouorescent uptake was

quantified by doping the liposomal formulation with 1 mole% DHPE fluorescein.
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Figure 5.3: Uptake of the targeted liposomal formulation using 1mole%
peptide-peg-lipid. A549-GRP-R cells were exposed to 1 ug/mL (of control or

target liposomes for 5-60 min before washing and analysis of liposomal DHPE-
fluorescein intensity by flow cytometry. Median fluorescence intensity (MFI) was
determined by correcting for the background MFI from cells exposed to no
formulations. Errors £+ SE. N=2.

To overcome this, the density of targeting peptide-peg-lipid was increased to 3 mole %. To
examine for active internalisation and intracellular accumulation of liposomes at the
endocytosis permissive temperature of 37 °C, we subtracted the median fluorescence
intensity (MFI) attributable to cell-surface adsorption of liposomes at 4 °C, to yield a “ 4 °C

- normalised cell MFI” at each time point and for each formulation.

Firstly, we determined the cellular uptake of 10 pg/mL of plain formulation (PF) and targeted
formulation (TF) over 0-30 min. Figure 5.4 shows the increase in MFI overtime but no

difference between formulations.
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Figure 5.4: Uptake of the targeted liposomal formulation over time. A549-
GRP-R cells were exposed to 1 ug/mL of control (PF) or target (TF) liposomes for
0-30 min before washing and analysis of liposomal DHPE-fluorescein intensity by
flow cytometry. Median fluorescence intensity (MFI) was determined by correcting
for the background MFI from cells exposed for matched time periods on ice. Data
shown are mean + SEM, n=3

The lack of differential accumulation of control and targeted formulations over 30 min
prompted the testing of different formulation concentrations over longer timepoints. To
examine for the effect of concentration over the cellular accumulation of liposomes (Figure
5.5), we did not subtract the MFTI attributable to cell-surface adsorption of liposomes at 4 °C.
This allows us to note any increase in the control formulation between concentrations which
can indicate the tendency of the formulation to adsorbed around the cell. However, no

significant difference in MFI between concentrations was noticed.

Figure 5.5, shows increase of MFI over time over the different concentrations. It also shows
that MFI increase with the increase in concentration. The increase of the targeted formulation
was from 1- to 2-fold over different time points with using 1 pg/mL or 10 pg/mL with no
significant difference between time points. For example, the increase in the 2 h MFI is 2.5-
fold increase over the 1 h MFI using 1 pg/mL TF. The MFI of the 4 h TF increased 3-fold
over the 1 h TF using ether the 1 pg/mL or 10 pg/mL. Since the different concentration
showed similar fold increase over time, the 1 pg/mL concentration was chosen for further

testing over longer timepoints.
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Figure 5.5: Uptake of the targeted liposomal formulation using different
concentrations. A549-GRP-R cells were exposed to 1 ug/mL (A), 10 ug/mL (B)

& 100 ug/mL (C) of control (PF) or target (TF) liposomes for 1-4 hrs. before
washing and analysis of liposomal DHPE-fluorescein intensity by flow cytometry.
Median fluorescence intensity (MFI) was determined by correcting for the
background MFI from cells exposed to no formulations. n=1 (one biological
replicate therefore no error bars is shown ).
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Figure 5.6 shows the targeted formulation showed marginal increase over the control
liposomes over from 1 min to 30 min compared to the 4 °C samples. The levels of cell
associated florescence were largely consistent for the first 30 min for both control and
targeted formulations. However, at 60 min and beyond the targeted formulation increased
sharply more than the control. The highest increase in targeted formulation uptake recorded
over 2 h and 3 h when the fluorescence was more than 3 to 4-fold higher in the targeted
group. This indicates that the targeted liposomes internalized into the cells more extensively
than the control liposomes which means the ligand decoration of the liposomes enhanced

their cell uptake.
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Figure 5.6: Uptake of the targeted liposomal formulation over expanded time
period.A549-GRP-R cells were exposed to 1 ug/mL of control (PF) or target (TF)

liposomes for 1-4 h. before washing and analysis of liposomal DHPE-fluorescein
intensity by flow cytometry. Median fluorescence intensity (MFI) was determined
by correcting for the background MFI from cells exposed for matched time periods
on ice. n=1 (one biological replicate therefore no error bars is shown ).
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These preliminary findings led to a more detailed examination of the kinetics of liposome
uptake. Figure 5.7A showed that there is no significant difference between MFTI of the FL-
formulations at 4 °C over time. Figure 5.7B showed that the targeted formulation have an
increases MFI (p<0.05) compared to the control formulation at 37 °C over time. At 15 min,
fluorescence was no greater in cells treated with TF compared to PF. However, at 60 min

and beyond cell fluorescence was greater (p<<0.05) in cells treated with TF.
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Figure 5.7: Quantification of GRP-R targeting with Cystabn decorated
liposomes. A549-GRP-R cells were exposed to 1 ug/mL of control (PF) or target

(TF) liposomes for 15-180 min at 4 °C (A) and 37 °C (B) before washing and
analysis of liposomal DHPE-fluorescein intensity by flow cytometry. Median
fluorescence intensity (MFI) was determined by correcting for the background
MFI from cells exposed to no treatment (Tx). Data shown are mean + SEM, n=3
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5.2.4 Cell Uptake of GRP-R-targeted Liposomes by Fluorescence

Microscopy

We next confirmed the flow cytometric results using fluorescence microscopy. Following 5
min exposure to either target (Figure 5.8 top) or control-liposomes (Figure 5.8 bottom),
A549-GRP-R cells displayed greater cellular fluorescence signals in the FL-target-Lipo
group. Cells exposed to FL-Control-Lipo displayed a diffuse cell membrane-like staining
with few green puncta. Whereas the target-lipo exposed cells displayed many more
fluorescent puncta as well as a widespread increase in cellular fluorescence. A549-GRP-R
cells displayed fluorescent puncta (red) corresponding to the HA tag of GRP-R expression

in the cells in both samples treated with control or targeted formulations.

Figure 5.8: GRP-R targeting with Cystabn increases cell accumulation of
liposomes.A549-GRP-R cells were exposed to 1 ug/mL of target (top) or control

(bottom) liposomes for 5 min, washed, fixed and HA-GRPR labelled with HA-
antibody and nuclei labelled with Hoechst.
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5.2.5 Insight into the Mechanism of Intracellular Uptake of GRP-R-

targeted Liposomes by Live Cell Fluorescence Imaging

We first assessed the colocalization of the targeting peptide (Cystabn) with transferrin (TFn)
as well as lysosomal marker (LysoGreen). We compared that with the colocalization of a

standard bombesin agonist (Tyr4-Bn) with the same markers.

Figure 5.9 shows punctate staining is noticeable for cells treated with Tyr4-Bn and Cystabn
as well as cells treated with Ttfn and LysoGreen. This means that endocytosis is activated
and some of the peptides went into lysosomal compartments. Figure 5.9A&B shows that
there is a partial colocalization of Tyr4-Bn or Cystabn with TFn after 10 min incubation with
peptide and 5 min incubation with Tfn. This is visible by the appearance of some yellow
fluorescent puncta in the merged micrograph of the TFn panels. This visual observation was
confirmed by the Pearson correlation coefficient (PCC) in graph Figure 5.9E. The PCC of
Tyr4-Bn or Cystabn colocalization with TFn is 0.55 +0.02 and 0.37 £ 0.01 respectively. The
Tyr4-Bn PCC is more significant (p<<0.001) that the PCC of Cystabn with TFn.

Figure 5.9C&D shows that there is a near complete colocalization of Tyr4-Bn or Cystabn
with LysoGreen. This is visually apparent from the appearance of many yellow fluorescent
puncta in the merged micrograph of the LysoGreen panels. This visual observation was
confirmed by the Pearson correlation coefficient (PCC) in Figure 5.9F. The PCC of Tyr4-
Bn or Cystabn colocalization with LysoGreen is 0.83 = 0.01 and 0.88 + 0.03 respectively.
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Figure 5.9: Peptides colocalization with transferrin (TFn) and Lysotracker
Green. A549 GRP-R cells were exposed to 3 uM of Tyr4-Bn (A) or Cystabn (B)

for 5 min before adding 0.313 uM TFn for 5 min. The cells in C & D were exposed
to 1 uM Lysotracker Green for 20 min before adding 3 uM of Tyr4-Bn (C) or
Cystabn (D) for 10 min. Graph (E) shows the PCC of colocalization of the
highlighted peptides with TFn. Graph (F) shows the PCC of colocalization of the
highlighted peptides with Lysotracker Green. Data shown are mean + SEM, n=5
whole images
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To confirm the findings from peptide colocalization, we tested the colocalization of the
target liposomes with TFn as well as LysoGreen. Figure 5.10A shows that there is a marginal
colocalization of control liposomes with TFn. Figure 5.10B shows that there is a partial
colocalization of target liposomes with TFn. This is visually visible by the appearance of
some yellow fluorescent puncta in the merged micrograph of the TFn panels. This visual
observation was confirmed by the Pearson correlation coefficient (PCC) in Figure 5.10E.
The PCC of control or target liposomes colocalization with TFn is 0.36 + 0.002 and 0.07 +
0.005 respectively. The target liposmes PCC is much more significant (p<0.001) that the
PCC of control liposomes with TFn.

Figure 5.10C&D shows that there is an almost complete colocalization of control or target
liposomes with LysoGreen. This is visually visible by the appearance of many yellow
fluorescent puncta in the merged micrograph of the LysoGreen panels. This visual
observation was confirmed by the Pearson correlation coefficient (PCC) in graph Figure
5.10F. The PCC of control or target liposomes colocalization with LysoGreen is 0.67 £+ 0.02
and 0.89 = 0.01 respectively. The targeted liposomes PCC is much greater (p<0.001) than
that of control liposomes with LysoGreen. This indicates that the targeted liposomes is

internalized mainly by receptor-mediated approach.
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Figure 5.10: Lysosomes colocalization with transferrin (TFn) and
LysoGreen. A549 GRP-R cells were exposed to 5 uM of Control Lipo (A) or

Targeted Lipo (B) for 5 min before adding 0.313 uM TFn for 5 min. The cells in C
& D were exposed to 1 uM LysoGreen for 20 min before adding 5 uM of Control
Lipo (C) or Targeted Lipo (D) for 10 min. Graph (E) shows the PCC of
colocalization of the highlighted Liposomes with TFn. Graph (F) shows the PCC
of colocalization of the highlighted Liposomes with LysoGreen. Data shown are
mean + SEM, n=5 whole images
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5.3 Discussion

In this project I aimed to test whether Cystabn can be used in lung cancer for enhanced
cytotoxic drug delivery. However, due to time constrains studies were limited to A549-
GRPR and the testing of fluorescently labelled liposomes rather than drug loaded liposomes.
We used this antagonist peptide to reinforce the concept that the use of GRP-R antagonist
peptides was strongly preferable to the use of agonist peptides which have the potential to
fuel tumour growth. Based upon preferable in vitro and in vivo properties reported by others
we based our work on the statine-based antagonist peptide (JMV594), d-Phe-GIn-Trp-Ala-
Val-Gly-His-Sta-Leu-NHo.

The IMV594 (also known as RM2) peptide structure was modified to bear an N terminal L-
cysteine residue, which enables subsequent attachment to a functionalised lipid carrier. The
peptide, which is termed Cystabn in this project, was prepared by Fmoc solid phase peptide
synthesis and characterised by HPLC and mass spectrometry. The conjugation of the
Cystabn peptide to DSPE-PEG-maleimide was successfully performed to yield a peptide-
PEG-lipid conjugate with a mass around 4.5kDa. MALDI-TOF MS was performed as the
definitive analytical technique of choice for proving successful peptide-PEG-lipid
conjugation. Mass spectra with good resolution were achieved by mixing sample with the
matrix in a layer on layer approach. Successful conjugation was concluded when the most
abundant mass peak of DSPE-PEG2000-Cystabn (calculated mass: 4137.41 Da, assuming
perfect monodispersity of the PEG2000 group) was observed at 4188 Da and was separated
from surrounding peaks by 44 Da, which represents the mass of a single ethylene glycol unit.
regions of the mass spectrum. For example, a mass difference from 4277.57 Da to 4321.49

Da, which is equal to one monomer.

Liposomal formulations were developed to incorporate DSPE-PEG2000-Cystabn or control
DSPE-PEG2000. Liposomes without targeting cystabn peptide (Control-Lipo) contained 5
mol. % DOPE-PEG2000, whereas targeted formulations (Target-Lipo) were loaded with 1
mol. % or 3 mol. % of targeting DSPE-PEG2000-Cystabn conjugate with the total mass of
PEG-lipid made up to 5% with DOPE-PEG2000.

Page | 102



Chapter 5

This peptide-PEG-lipid conjugate was subsequently used to prepare small and monodisperse
vesicles as judged by DLS analysis. The characterization of the liposomes showed a
monodisperse liposome suspension with the polydispersity index is < 0.1 for all formulations
with slightly negative zeta potential. The value of zeta potential is closer to zero because the

formulations contain the zwitterionic phospholipid (DOPC).

The pegylation is important because it provides biological and colloidal stability to the
formulation. This is achieved by the steric hindrance effect caused by pegylation. In this project,
the pegylation achieved by inclusion of 5 mole % DOPC-PEG2000. This is because of the self-
assembly characteristic of phospholipids to form liposomes. This means that the hydrophilic part
of the phospholipids (phospholipid head) will orient to the outside the bilayer where it is in
contact with water. The hydrophobic tail of phospholipids will orient to the bilayer core where
it is in contact with the other phospholipid tail of the other part of the bilayer. In other words,
the energetically preferable conformation for this lipid mixture is spherical bilayer shape [107]
The pegylation of the surface of liposomes in the range of 5-10 mole % using PEG2000-lipid
found to provide the longest circulation time in vivo [225, 226]. At this range, a dense

polymer brush formed at the surface and yielding the repulsive steric interaction.

The standard thin-film technique of producing the liposomes in this project was used and
produced liposomes in the 100 nm size range for both formulations. This is desired because
the optimal size of < 200 nm provide highest tumour retention by utilizing Enhanced
Permeability and Retention (EPR) of the tumour in anticancer applications. Most currently
approved anticancer nanomedicines have sizes range from 100-200 nm. However, size range
of <20 nm will cause removal of nanoparticles by renal clearance and fenestrated capillaries.
In addition to that, as the size increase >150 nm, the accumulation in the spleen, liver and
bone marrow enhanced [227]. The mean size of the liposomes were about 100 nm. to actively
increase the accumulation of formulation in the tumour, targeting moiety were incorporated
as 3 mole % DSPE-PEG2o00-maleimid. By using this approach, cystabn will be available
unhindered to identify and bind to its receptor on the cancer cell [228, 229].

The colloidal stability of the liposomes was studied and the liposomes (control, Imole% and
3mole% targeted formulations) were shown to be stable in PBS over 3 days at the highlighted
temperatures. As expected, the exposure of liposomes to 10% serum reduced the stability of

the liposomes.
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Endocytosis has been reported as the mode of cell entry for targeted liposomes [230]. The
targeting capacity of cystabn-decorated liposomes was examined by flow cytometry analysis
of adherent A549-GRP-R cells exposed to fluorescently tagged target-lipo (FL-target-Lipo)
or tagged Control-lipo (FL-Control-Lipo) formulations. A549-GRPR cells were used
because of the extent of target overexpression and the adherent nature of the line that permits
easy manipulation. Preliminary studies using FL-Target-Lipo including 1 mole % targeting
lipid showed marginal increases in relative cellular accumulation. To overcome this, the
density of targeting lipid was increased to 3 mole %. To examine for active internalisation
and intracellular accumulation of liposomes at the endocytosis permissive temperature of 37
°C, we subtracted the median fluorescence intensity (MFI) attributable to cell-surface
adsorption of liposomes at 4 °C, to yield a “ 4 °C - normalised cell MFI” at each time point
and for each formulation. This is because many proteins and enzymes are sensitive to
temperature and hence endocytosis is active process, it can be affected by lowered

temperatures.

Experiments investigated the optimal incubation time and formulation concentration for
uptake studies using flow cytometry. Since we did not notice a preferential accumulation of
targeted formulation over 30 min, we extended the incubation time to 1-3 hours. In terms of
formulation concentration, we chose to conserve formulation by maintaining a low lipid

concentration of 1 pg/mL.

The uptake of the targeted formulation after 30 min is increased in comparison to the control
formulation. This is consistent with other studies, for example, Raz et al. reported a rapid
increase of radio-labelled liposomes in macrophage cells in the first hour of incubation [231].
In another study, targeted liposomes binding in A549 after 2 hours incubation was
significantly higher than nontargeted liposomes [232]. From the literature, it appears that
most targeted liposomes are incubated for 1-2 hours to test cellular uptake. This might be
due to the diffusion properties of liposomes which means it take relatively long time [233-

235].
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We demonstrated that after 60 min the targeted formulation internalizes significantly more
than the control formulation by flow cytometry. It is important to note that the formulations
can bind non-specifically to cell surface proteins which can then hide the true targeting
capability of the targeted liposomes. Therefore, the used 4 °C - normalised cell MFI as
control to show with more confidence that the signal associated with cells is ether from

specific receptor binding or internalization.

Drug delivery inside the cells is critical because most drugs work on intracellular targets.
There are generally three possible mechanisms of liposome cargo delivery into target cells.
Firstly, extracellular release of drugs which create concentration gradient and passive uptake.
one of the challenges in the utilization of this mechanism is to ensure selective extracellular
drug release. Secondly, passive fusion of liposomes into the cell membrane and intracellular
drug release. Thirdly, liposomes can be internalised by receptor-mediated endocytosis
followed by intracellular trafficking and drug release. Internalization of liposomes is
dependent on many factors, such as liposome size, type of cell and type of target receptor

[236-241].

The targeting ligand ability to induce GRP-R internalization was not vital in its choice for
targeting GRP-R. the accumulation of the targeted formulation is expected to increase by the
increase of the cell membrane bound liposome without the activation of signalling pathways.
To examine the efficiency of liposomal internalization and lysosomal trafficking, we used a
GRP-R overexpression A549. This model grows faster than SCLC cells and its adherent

which allow easier manipulation.

We next confirmed the flow cytometric results using fluorescence microscopy. Following 5
min exposure to either control or target-liposomes, A549-GRP-R cells displayed greater
cellular fluorescence signals in the FL-target-Lipo group. Cells exposed to FL-Control-Lipo
displayed a diffuse cell membrane-like staining with few green fluorescent puncta. Whereas,
the target-lipo exposed cells displayed many more fluorescent puncta as well as a widespread
increase in cellular fluorescence. Our observations here indicate that GRP-R targeting with
Cystabn peptide increases cell uptake of liposomes, most likely through receptor-mediated
uptake. This offers more efficient and superior way of liposomal cargo delivery into the

cells.
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Taken together the flow cytometry and microscopy data demonstrate that, using a
fluorescently labelled model liposomal carrier, the relative increase in cell uptake afforded
by cystabn functionalisation is modest but significant. To put our data into context,
approximately two-fold enhanced delivery of an oligonucleotide-bombesin (6-14) conjugate
was observed by Ming et al. [242]. Using a similar approach to ours, Accardo et al. studied
liposomal delivery of doxorubicin into PC-3 pancreatic cells using a modified bombesin
targeting peptide [243]. The authors showed a reduction in mouse PC-3 xenograft size
compared to non-targeted doxorubicin liposomes and saline control, consistent with tumour
accumulation of the delivery system. In summary, an increase in SCLC cellular
accumulation of a liposomal drug cargo would be beneficial for therapy, especially
considering the chemotherapeutic resistance profile that is often displayed by clinical SCLC

[244].

The colocalization of the Cystabn peptide with Alexa-488 labelled transferrin, a marker for
clathrin-coated vesicle endocytosis, was examined in live cells. After treatment for 10 min,
there was partial co-localization of the cystabn with transferrin. We then compared that with
the colocalization of a standard bombesin agonist (Tyr4-Bn) with the same marker. The data
shows that there is a partial colocalization of Tyr4-Bn or Cystabn with TFn. This indicates
that the highlighted peptides initially enter cells into early endosomes that is shared by

transferrin.

To further pursue the subcellular fate of the highlighted peptides we examined its
colocalization with lysosomal marker (LysoGreen). There is an almost complete
colocalization of Tyr4-Bn or Cystabn with LysoGreen and a high Pearson correlation
coefficient (PCC). The results show that Cystabn and Tyr4-Bn rapidly internalized into
endosomes and lysosomes. The colocalization with lysosomes at this short incubation time
(30 min) was not expected. However, there is a study which show that Tyr4-Bn rapidly
degraded intracellularly by lysosome-dependent mechanism [245]. Another study also
shows that GRP of the bombesin family gets degraded rapidly by non-lysosomal
mechanisms such as by an ectopeptidase extracellularly. This was shown by measuring
radiolabelled GRP in the media by HPLC and correlate the result with binding study at 37
°C and 4 °C [246].
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The findings optioned from peptides colocalization was confirmed using the liposomal
formulations. The colocalization of the targeted liposomes with Alexa-488 labeled
transferrin was examined in live cells. After treatment for 10 min, there was partial co-
localization of the targeted liposomes with transferrin and its significantly increased over
that of the control liposomes with the same marker. This confirms the finding from the
peptide data. It also confirms that target formulation uptake via receptor mediated

mechanism.

To further pursue the subcellular fate of the targeted liposomes, we examined there
colocalization with lysosomal marker (LysoGreen). There is an almost complete
colocalization of both formulations with LysoGreen with the targeted liposomes showed

significant increase of this colocalization over the control liposomes.

Future studies on cystabn targeted liposomal carriers will examine the uptake and trafficking
of these nanocarriers, particularly with regards to their efficiency of carrying
chemotherapeutic agents into the cell. Poor intracellular accumulation of nanocarriers can
be improved through targeted and triggered drug release, for example through the
incorporation of temperature-sensitive [247] or light-sensitive lipids [248]. These
approaches have shown promise in enhancing the cellular/tumoural accumulation of

chemotherapeutic agents in various models [116, 249].

In spite of the enhanced cellular delivery shown here, the application of GRP-R targeting
nano-sized delivery systems to different cancers should be considered carefully due to
variability in GRP-R expression across malignant diseases. Published reports, using
techniques such as RT-PCR and immunostaining, have shown that between 63-100% of
prostate tumours are GRP-R positive, while SCLC tumours are more heterogeneous, with
29-85% of tumours expressing GRP-R [46]. This demonstrates that GRP-R expression is not
a universal marker of SCLC or any other tumour and that future development of GRP-R

targeted therapeutics would require patient stratification according to expression status.
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5.4 Conclusion

In this chapter it was demonstrated that the functionalisation of liposomes with a GRP-R
antagonist peptide is sufficient to promote the accumulation of liposomes within GRP-R
expressing cells such as SCLC. Targeted-liposomal formulation offer increased
internalization into GRP-R expressing cells. This increased internalisation of GRP-R
targeted liposomes in treatment-resistant tumours such as SCLC could offer improved
therapeutic outcomes. The target formulation internalises into the cell via receptor mediated

approach rapidly and gets sorted into lysosomal vehicle for degradation.
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6.1 General Discussion

SCLC is a deadly cancer that has neuroendocrine properties with different properties than
other types of cancers and therefore different therapeutic management. This type of cancer
initially responds to treatment with high recurrence rate and resistance to further treatment.

In addition to that, it has high mortality rate [6, 24, 250, 251].

This treatment for SCLC has not changed for 30 years. There have been limited advances
made in the treatment and understanding of the pathology of SCLC compared to NSCLC.
Currently, there is no targeted therapy approved for treatment of SCLC [6, 252, 253]. In
order to approach SCLC, it is imperative to draw efforts on to further our understanding of
the pathology as well as diagnosis and development of effective treatment for SCLC. The
targeted therapeutic approach can be used in SCLC to target conventional chemotherapeutic
treatments to cancer cells to increase the potency and lowers the side effects of therapies.
significant efforts are being drown to the understanding of SCLC pathology which
contributed to the development of targeted therapeutics for SCLC treatment, some of which

reached clinical trials [254].

One of the approaches used to deliver targeted therapies to cancer cells is by targeting
receptors expressed on the cell membrane by the target cancer type. SCLC is shown to
express GRP-R and its ligand which act as autocrine loop and drive the cancer growth [34].
It has been reported that GRP-R expression correlates with tumour growth and behavior in
several cancer types such as neuroblastoma and SCLC [65, 180, 201, 255]. This mechanism
has been exploited by development of several targeted therapeutics or imaging agents. For
example, anti-GRP antibodies and GRP-R peptide antagonists [219] have been developed

which showed antitumour responses in several cancer types in vitro [216-218].

Generally, in targeted nanomedicine delivery, small ligands such as peptides are preferred
over larger macromolecules like antibodies. This is because small molecules have better
pharmacokinetic profile, costs, compliance to therapy, easier to manufacture and to store
than macromolecules [256]. Furthermore, it has been shown that using antagonist peptide
for targeting therapy in cancer is preferable than using agonist. This is because antagonists

do not stimulate the downstream effects, such as growth or angiogenesis, of their receptors.

Page | 110



Chapter 6

However, it also shows reduced rate of receptor internalization. Despite that, several studies
showed that antagonists, such as agonist GRP-R, displayed preferable in vivo targeting

capacity compared to agonists [257].

One of the targeted therapeutic approaches used successfully in cancer therapy is
nanoparticles formulations such as Doxil® and Onivyde® [220]. The pegylated liposomal
cisplatin formulation, Lipoplatin®, was shown to display preferable therapeutic choice in
combination with paclitaxel over non-liposomal cisplatin with paclitaxel in lung cancer
[221]. Furthermore, the use of active targeting approach using targeting motifs in cancer
attracted attentions and worth exploration. This is usually achieved by targeting specific
receptors on cancer cells with ligand engrafted on nanoparticles surface. However, no
actively targeted liposomal formulation reached the clinic [222, 258, 259]. This means that
there is need for more research to be done in this area. Novel actively targeted formulation
for SCLC therapy using specific ligand to GRP-R which is overexpressed in SCLC is

developed in this work.

In this thesis, we aimed to target the GRP-R/GRP autocrine growth loop in SCLC. To do
that we chose an antagonistic peptide to utilize the enhanced targeting capacity of antagonist
in targeting SCLC. The antagonist (Cystabn) in this study is derived from JMV594
antagonistic peptide from the work of Mansi et al. who showed that the radiolabelled
antagonist peptide has preferable tumour accumulation over agonist peptide [260, 261]. We
engrafted Cystabn on the surface of liposomal formulation to utilize the active targeting in
the treatment of SCLC. We assumed that the extracellular accumulation of the targeted
liposomal formulation can be increased by specific high affinity binding of the antagonistic
targeting motif to GRP-R expressed on SCLC cell membrane. Therefore, increase the

accumulation of formulation in the target cell without stimulated signalling of cell growth.

In chapter 3 of this thesis, we aimed to establish a SCLC cell lines model for it to be used
to test the targeting formulation. We started by selecting a panel of SCLC cell lines that were
selected based on the supporting evidence from the literature for their GRP-R expression.
As per the literature, it appears that the selected panel of SCLC cell lines include three GRP-
R overexpressing lines (H510, H345 and H209) and two GRP-R non-expressing SCLC cell
lines (H82 and N417) [34, 172, 175, 176, 178, 179].
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However, we showed that all the SCLC cell lines showed variable levels of GRP-R
expression by Western blot, flow cytometry and immunofluorescence imaging. We then
chose two SCLC cell lines — one with relatively higher GRP-R expression (H345) and the
other one with relatively lower GRP-R expression (H82). Functionality of this receptor in
the mentioned two cell lines was shown to be functional and responsive to the standard
agonist (Tyr4-Bn) in H345 but not H82. Furthermore, the mentioned agonist was shown to
be able to drive cell growth by MTS and clonogenic assays. After quantification of GRP-R
expression in SCLC cell lines and optimizing a number of techniques to study bombesin

expression and functionality, H345 was selected for further studies.

In chapter 4 of this thesis, we sought to develop a toolbox of cellular models expressing
different levels of the receptor to validate GRP-R as a target in SCLC. We knocked down
GRP-R in two non-adherent SCLC and one control adherent NSCLC line using lentiviral
vectors. The adherent NSCLC A549 cell line was also subjected to GRP-R overexpression
using a plasmid DNA construct encoding a N terminally HA tagged GRP-R.

We sought to reduce the expression of GRP-R in SCLC cell lines H510 and H345 to
investigate the targeting capacity of our targeted liposomes and is it reduced compared to
wild type. We chose H345 for KD because it showed high levels of GRP-R expression and
receptor functionality as reported in the previous chapter. H510 cell line also showed high
GRP-R expression in the previous chapter therefore we expect it to have the same response
to GRP-R agonist and antagonist showed with H345. In addition to that, H510 reported to

have a functional GRP-R by intracellular calcium assay [262].

We screened shRNA sequences for KD efficiency by RT-qPCR and chose one sequence.
We then tested whether the GRP-R functionality was reduced in KD cells by measuring
intracellular calcium response to the GRP-R agonist Tyr4-Bn- we saw a lack of response in
the KD H510 and KD H345. This means the KD of the GRP-R in the mentioned SCLC cell
lines was effective. We would expect to see changes in cell growth as reported in the
previous chapter with Cystabn. This means we have a model that we can use to test targeting

capacity as shown by others [201].
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GRP-R knockdown cell line model were developed using two SCLC cell lines. In addition,
GRP-R knockdown and overexpression models were prepared from the adherent A549 cell
line. The original plan for this project would involve this combination of cell models being
used to study the uptake, activity and biodistribution of GRP-R targeted formulation in vitro
and in vivo. Regrettably, the emergence of the COVID-19 pandemic forced a change of plan.
In the following chapter the uptake and trafficking of GRP-R targeted liposomal

formulations in A549 cells was studied only at the in vitro level.

In chapter 5 of this thesis, we formulated actively targeted liposomal formulation engrafted
with Cystabn — the GRP-R antagonist — to test its targeted capacity in A549 overexpressing
cells. Cystabn was synthesised and shown to inhibit cell growth in vitro. Cystabn was used
to prepare a targeted DSPE-PEG2000 lipid conjugate that was formulated into liposomes.
Flow cytometric and microscopic studies showed that fluorescently labelled cystabn-
decorated liposomes accumulated more extensively in GRP-R over-expressing cells than

matched liposomes that contained no cystabn targeting motif.

The functionalisation of liposomes with a GRP-R antagonist peptide is sufficient to promote
the accumulation of liposomes within GRP-R expressing cells such as SCLC. Targeted-
liposomal formulation offer increased internalization into GRP-R expressing cells. This
increased internalisation of GRP-R targeted liposomes in treatment-resistant tumours such
as SCLC could offer improved therapeutic outcomes. The target formulation internalises
into the cell via receptor mediated approach rapidly and gets sorted into lysosomal vehicle

for degradation.
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6.2 General Conclusion

The results shown in this thesis provided an insight into developing in vitro model for testing
the targeting capacity of liposomal targeted formulation through manipulation of the targeted
receptor expression. we developed the targeting liposomes and demonstrated its targeting
ability of GRP-R. The targeting liposomes is colloidally stable and appears to be
preferentially internalised by GRP-R expressing lung cells. The work presented here
provides a toolbox for development of in vitro model and targeting cancer. Furthermore, the
formulation can be adapted to be used in other types of cancer by modification of targeting

moiety.

6.3 Future Work

A major focus for the future studies of this project would be to investigate the uptake and
trafficking of drug loaded GRP-R targeted liposomal carriers functionalized with Cystabn.
In addition to that, intracellular accumulation of targeted formulation could be improved via
the use of stimuli-responsive characteristics, for example through the incorporation of
temperature-sensitive [247] or light-sensitive [248] lipids which showed promising results a
number of models [116, 249]. Furthermore, the targeting capacity of the Cystabn-
functionalized liposomes in vivo as well as uptake and biodistribution will be of main focus

in future works.
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Appendix

A.1 GRP-R knockdown efficiency by qRT-PCR

A stable GRP-R KD H510 cell line was also generated in the same way as described for
H345 in section 4.2.1 and the KD efficiency data obtained from qRT-PCR is shown in figure
Al
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Figure A.1: GRP-R knockdown efficiency confirmation by qRT-PCR in SCLC.
GRP-R mRNA knockdown efficiency detected by RT-qPCR analysis from GRP-R
shRNA-treated H510 cells using lentiviral vectors (LVs) of five shRNA sequences
at 72 h. The percentages are relative to the WT expression levels + SD. N=1 (one
biological replicate and error bars represents two technical replicates ).

A.2 Puromycin kill curve

The optimal puromycin concentration needed to eliminate non-transduced cells was
determined using a kill curve experiment where the cells are subjected to increasing amounts
of puromycin to determine the minimum antibiotic concentration needed to kill 50% of the
cells over the course of 4 days. To make sure all non- transduced cells were eliminated, the

cells were treated with the chosen concentration of puromycin for at least two weeks.
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Figure A.2: Puromycin kill curve in H345. H345 cells were cultured over 4 days
in the presence of escalating concentrations of puromycin before cell growth
quantification by MTS assay. The Y axis represents the percentage of cell growth
of treated cells compared to the no treatment cells. Errors bars are SD of three
technical replicates. N=1.
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Figure A.3: Puromycin kill curve in H510. H510 cells were cultured over 4 days
in the presence of escalating concentrations of puromycin before cell growth
quantification by MTS assay. The Y axis represents the percentage of cell growth
of treated cells compared to the no treatment cells. Errors bars are SD of three
technical replicates. N=1.
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Figure A.4: Puromycin Kill curve in A549. A549 cells were cultured over 4 days
in the presence of escalating concentrations of puromycin before cell growth
quantification by MTS assay. The Y axis represents the percentage of cell growth
of treated cells compared to the no treatment cells. Errors bars are SD of three
technical replicates. N=1.
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