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Abstract

The Generation of Flexible Antibody Constructs for the Diagnosis and Targeted
Treatment of Pancreatic Cancer.

Aoife Crawley

This research project exploits the design flexibility of recombinant antibodies (rAbs)
coupled with selective biomarkers to improve diagnosis and treatment approaches of the
most common pancreatic cancer, known as pancreatic ductal adenocarcinoma (PDAC).
PDAC is a malignancy with almost a 100% mortality rate, as a result of resistance to
chemotherapy and very inadequate diagnostic methods. A panel of recombinant scFv
antibody fragments, specific for the selected biomarkers, anterior gradient 2 (AGR?2),
mesothelin (MSLN), and mucin 1 (MUC1) were generated for use to improve the
diagnosis of PDAC. Additionally, a bispecific T-cell engager was created for potential
targeted treatment.

Initially, a murine-derived Capan-1 specific scFv library with a serum antibody titre of
1/200,000 was generated, following immunisation with the pancreatic cancer cell line,
Capan-1, which expressed the biomarkers of interest. Library screening was carried out
using MSLN expressed in HEK293 cells, following transfection with a MSLN-containing
plasmid, and a MSLN-specific scFv was successfully isolated. The resulting scFv were
characterised as a immunohistochemistry-based antibodies for the detection of MSLN in
tumour tissue and found to have a working concentration of 1/500 when analysed by
western and dot blots.

The human naive library, Tomlinson I and J, was employed for the isolation of scFv
specific to MUC1 and AGR2. Functional specific scFv for both antigens were found
through panning with purified MUC1 and AGR?2 proteins.

A CD3e-specific scFv with a limit of detection of 20 pg/mL was isolated from an
available library derived from an appropriately immunised avian host.

A bispecific T-cell engager (BiTE) was constructed using the anti-CD3e scFv and a
previously generated anti-HER2 scFv with the ability to detect down to 10pg/mL of
HER2 in human serum. Two proof-of-concept methods of BiTE construction, employing
PCR and cloning techniques are described. The binding abilities of the BiTE to each
antigen individual and in dual format was evaluated. The generated BiTE successfully
showed the ability to bind to both antigens simultaneously in ELISA format .

XXXI



Chapter 1

Introduction



1.1 Introduction to Antibodies

Antibodies are a class of glycoproteins that are created by the body’s immune system as
defence against invading foreign objects such as bacteria and viruses. They are also
known as immunoglobulins (Ig) and are produced by plasmocytes in order to attack,
eliminate and destroy/neutralize invading pathogens. The general structure of an Ig
consists of four polypeptide chains held together by disulphide bonds that form a “Y™’-
shaped molecule. These four chains are composed of two sets of identical chains, the
heavy chains and the light chains. An antibody can have one of two types of light chains;
kappa (k) or lambda (A) and the heavy chain can be of 5 different classes, I[gA/M/D/E/G,
the most common of which is an IgG (Figure 1.1). Structurally, the light chains of an IgG
are composed of a variable region and a constant region and the heavy chain is composed

of a variable domain and three constant domains (Janeway et al., 1999).

Heavy Chain

/ Light Chain

.............................................

Fab

IeG
Figure 1.1 Diagrammatic representation of a full IgG antibody

An IgG antibody is composed of beta proteins consisting of four polypeptide chains, two
known as the heavy and two termed the light chains that are linked by disulphide bonds.
Each polypeptide chain possesses variable Vu and Vi regions. Within these variable
domains is the CDR regions that confer the specificity of the antibody for a particular
antigen. It is within this site that the antigen-antibody binding event occurs. There are six
hypervariable loops in the variable domains, three within the light and three within the
heavy chain. The conserved framework f-sheets support these hypervariable loops which
when folded are brought together to create the antigen binding site (Sela-Culang et al.,
2013).



1.2 Antibody structure

Antibodies are extremely diverse, achieved through unique genetic mechanisms
(simplified in Figure 1.2) and can bind to almost an infinite number of antigens. The
variable regions house the complimentary-determining regions (CDR) where there is the
greatest variability. They are responsible for the recognition of foreign invaders as they
form regions that are complementary to the structure of the antigen epitopes (Conroy et
al., 2009). The variation in the amino acid sequence within the CDR confers the antigen
specificity. In particular, the CDRH3 shows the greatest variability and so, in combination
with the CDRL3, is the most significant region for determining an antibody’s specificity
and affinity. While somatic recombination shown below, is known to be responsible for
the diversity of the antibodies generated, there are not enough variable regions to account
for the almost unlimited diversity noted of antibodies. Further diversity is achieved by
new nucleotides being added during VDJ recombination. The gene segments are flanked
by motifs known as the recombination signal sequences (RSS) which are either 12 or 23
base pairs. Recombination can only occur between a 12 and a 23 bp motif, known as the
12/23 rule. These motifs are bound and brought together by RAG recombinase (Parkinson
et al., 2015). Furthermore, additional mutations are added by the enzyme activated-
induced cytidine deaminase (AID). Cumulatively, these mechanisms are responsible for
antibodies to generated against a diverse range of antigens. The Fc region, separated from
the Fab region by a flexible ‘hinge’ region, consists of the three constant heavy regions
and is essential for mediating effector functions. These include, the complement system,
antibody-dependent phagocytosis and antibody-dependent cell-mediated cytotoxicity
(ADCC). This region is mostly conserved with only small variations found between

classes.
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Figure 1.2 Simplistic schematic representation of the recombination events that

facilitate antibody diversity.

V(D)J recombination is the process whereby antibodies acquire their diversity. It occurs
during B-cell development and results in a highly diverse repertoire of immunoglobulins.
Both the H-chain and the L-chain are encoded by the variable and joining gene segments,
however, the H-chain is also encoded by the diversity gene segments. During this process,
one variable heavy gene is randomly selected along with one diversity gene and one
constant gene for translocation. Subsequently for the L-chain, a x or A gene group is
selected with one variable and one joining gene for translocation. Initially, the diversity
and joining regions are brought into close contact and the DNA intervening is looped out
and the remaining termini are re-joined. The process is repeated and the variable regions
undergo recombination with the D-J regions with intervening DNA being precisely
removed. These steps determine the specificity of the antibody and the constant domains

control the class/isotype of the antibody (Sadofsky, 2001; Stengel et al., 2017).

Due to the almost unlimited antigen detection capacity of antibodies they are now used
for a wide range of applications, from disease therapeutics and diagnostics, to standard

use in immunoassay detection techniques. Such immunoassays are very sensitive,



specific and robust. The only limitation is the availability of high quality antibodies.
Kohler and Milstein reported the first method of generating monoclonal antibodies in
1975. This hybridoma technology produced monoclonal antibodies of a defined
specificity in large quantities by immortalizing the antibody-producing cells by fusing
them with tumour cells (Kohler and Milstein, 1975). While much success was achieved
with this method, as seen with the first anti-tumour mAb, rituximab, over time the
limitations of monoclonal antibodies were uncovered (Chames et al., 2009; Coulson et
al., 2014). Most importantly, their clinical applications were hindered by their murine
origin, which resulted in a human anti-mouse antibody (HAMA) response (Ahmad et al.,
2012). They also suffered from drawbacks such as, short serum half-life, insufficient
activation of human effector functions and competition with circulating IgG (Laffly et
al., 2005; Chames et al., 2009). In order to improve the specificity and immunogenicity
of antibodies and to achieve design flexibility tailored to specific needs, recombinant

antibodies were produced by genetic engineering techniques.

1.3 Recombinant antibodies (rAb)

The engineering of antibodies facilitates the generation of antibody fragments of a desired
size that have a defined single or dual specificity and affinity towards target molecules.
The extensive design flexibility associated with rAbs allows alterations to all aspects of
the antibody such as, size, affinity and specificity and they can be generated from a variety
of species such as mice, rabbits, and chickens. These antibodies can be generated either
by amplifying the variable domains from the cDNA of an immunised source or by directly
cloning the variable regions from a monoclonal antibody-producing hybridoma cell.
These recombinant antibodies vary in size but the smallest fragment that retains
operational binding ability is a single chain variable fragment (scFv). This is comprised
of the Vi and Vi domains connected by a glycine-serine linker (GlysSer); and is ~30kDa
in size. The linker peptide has a hydrophilic sequence incorporated to eliminate any
intercalation that may occur between the variable regions or during the folding of the
protein (Ahmad et al., 2012; Vu et al., 2017). A wide variety of recombinant antibody

formats exist, however, this research focuses on the scFv format (Figure 1.3).
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Figure 1.3 Diagrammatic representations of various recombinant antibody formats.

(i) F(ab’):is composed of two antigen binding Fab that are linked by disulfide bonds. (ii)
Fragment antigen binding (Fab) is the binding region of an antibody made up of a
constant and variable domain of the heavy and light chains. (iii) A single-chain antibody
(scAb) is an scFv with an additional constant region from the heavy chain. (iv) A single-
chain variable fragment (scFv) is a fusion protein that links the variable heavy and light

chain with a flexible linker

Recombinant antibody technology has allowed for a reduction in antibody size while
retaining the antigen binding site and thus the antibody affinity and specificity for a given
antigen. The smaller size confers numerous advantages clinically, such as superior
tumour penetration, reduced immunogenicity and faster blood clearance. In particular,
the smaller recombinant antibody fragments are applicable for cancer treatments as they
allow an even and rapid penetration to tumours and their microenvironments.
Additionally, their reduced size results in more rapid blood clearance and thus are
applicable for coupling with drugs, that if retained, could be damaging to surrounding
healthy tissue (Ahmad et al, 2012). Conversely, this small molecular mass is
concurrently a disadvantage, in that it results in rapid elimination from the body . Another

substantial application of recombinant antibodies is as diagnostic reagents. Specifically



designed scFv antibodies can be generated against an almost infinite amount of proteins,

and as such renders them incredibly useful in the detection of a large variety of diseases.

1.3.1 Bispecific Antibodies

Bispecific antibody (bsAb) formats may be able to overcome many of the issues
associated with the use of monoclonal antibodies as therapeutic agents due to their ability
to target a variety of entities directly to cancer cells. Notably, in the last 10 years, two
bsAbs were approved for therapeutic use, catumaxomab in 2009 and blinatumomab in
2014. It is predicted that by the year 2024, the market of BsAbs will grow by $5.8 billion
per year (Sedykh et al., 2018). Using bsAbs to direct effector cells to cancer cells was
originally demonstrated in the 1980’s, with clinical studies emerging in the early 90’s.
However, there were difficulties in producing large volumes of homogenous bsAb. There
are three techniques for generating bsAb; (i) chemical conjugation of antibodies with
different specificities, (ii) fusion of hydridomas and (iii) use of molecular approaches to
engineer the required antibody-derived structures. Chemical conjugation relies on
oxidative re-association but this was found to be inefficient. Current methods focus on
the use of the homo- or hetero-bifunctional crosslinking reagents. The fusion of two
hybridoma cell lines produces a hybrid-hybridoma (See Figure 1.4), which secretes
heterogeneous antibodies in addition to the required bispecific antibody (Kontermann,
2012; Byrne et al., 2013). BsAb produced by methods (i) and (ii) had a number of issues

such as batch-to-batch variation and difficulties in large-scale production.

Recombinant techniques, created by advancements in protein engineering, allowed for
the generation of many formats of bsAb that overcame the shortcomings of methods (i)
and (ii). The ability of bsAbs to bind simultaneously to an antigen of interest and a
detection moiety makes them excellent candidates as immunoprobes in diagnostics assays
while their ability to bind simultaneously to an antigen of interest on tumour cells and to
effector cells renders them ideal as therapeutic agents (Nolan and O’Kennedy, 1990).
Certain bsAb formats have the ability to induce cytotoxicity and phagocytosis and deliver
therapeutic molecules such as drugs to tumour cells. Numerous bispecific formats can
now be generated including diabodies and tetrabodies, with the majority of current studies
focusing on the BiTE, homodimeric ‘knob-in-hole’ Abs and trifunctional BsAbs formats
(Byrne et al., 2013; Sedykh et al., 2018). The research described in this thesis focuses on
the bsAb format known as a bispecific T-cell engager (BiTE).
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Figure 1.4 An IgG bispecific antibody.

The antibody has two arms with specificities to two different antigens. In addition to its
ability to bind to two antigens, a bispecific antibody may be bifunctional, with each arm
conferring a different function. For example, as a diagnostic antibody, one arm may be
specific to an antigen on a cancer cell while the other binds to a detection enzyme or
label. Therapeutically, one arm may be specific for a tumour associated antigen (TAA)

while the other is to a T-cell or another effector cell surface marker.

1.3.2 Bispecific T-cell engager (BiTE)

Cytotoxic T-cells are potent killer cells of the immune system. They possess many
desirable qualities sought after for cancer therapeutics as they are abundant, infiltrate
tumours, proliferate once activated and have the capability to kill more than once.
Markers on T-cells are desirable targets for bispecific antibody therapeutics as the
‘normal’ anti-tumour response of T-cells is often insufficient as cancer cells have the
ability to evade T-cell mechanisms (Stieglmaier et al, 2015). BsAbs have been
developed to promote destruction of tumor cells by antigen binding against the CD3
receptor (Sedykh et al., 2018). A bispecific T-cell engager is a tandem scFv (~55-60kDa)
made by fusing an anti-CD3 scFv to an anti-tumour associated antigen (TAA) scFv using
a five-residue peptide linker (GGGGS). The BiTE provides a strategy for targeted killing
of tumor cells by directly linking T-cells to the tumor cells (Papayannidis and Martinelli,
2017). The small size of the BiTE ensures that the T-cell is in close proximity to the target



tumour cell. The linker facilitates the free rotation of the two arms and forms a link
between the T-cell and the TAA. Once the link between the T-cell and tumour cell is
achieved the immunological synapse is formed. This induces the T-cell to release
proteins, such as perforins and granzymes, which enter the tumour cell and ultimately

cause apoptosis. This activation is independent of the presence of MHC I or any co-

stimulation (Yuraszeck et al., 2017) (Figure 1.5).

: ; Cytotoxic
Granules
Granzymes and perforin /

Figure 1.5 The mechanism of action of a BiTE.

The BiTE directs the T-cell to the tumour cell through binding to a TAA on the tumour
cell. This results in activation of the T-cell without co-stimulation and produces a
cytolytic synapse between the two cells. In turn, the cytolytic granules in the activated T-
cell result in the production and release of granzymes and perforin, subsequently causing

cell lysis of the tumour cell and ultimately cell death.

The potential for these antibodies was demonstrated in the early 1990’s, when a tandem
scFv targeting EpCAM and CD3 was developed, as was an anti-CD19xCD3 antibody.
Over the years, remarkable data on the properties of BiTEs have accumulated.
Impressively, only a very low concentration of BiTE is required to induce tumour cell

lysis and research into the effector to target ratio has indicated that BiTEs can kill more



than once (Chames et al., 2009). The first BiTE that was approved by the US FDA was
blinatumomab, which targets CD19, expressed on B-cells, both healthy and neoplastic
(Papayannidis and Martinelli, 2017; Krishnamurthy and Jimeno, 2018). A shortcoming
of blinatumomab is a short half-life of approximately 2 hours, which prevented
uninterrupted drug exposure. This issue was circumvented by continuous intravenous
administration of the drug (Stieglmaier et al., 2015). Other work, carried out by Goyos et
al, (2018), presented work on a B-cell maturation antigen (BCMA) half-life extended
(HLE)- BiTE that indicated a weekly dose was suitable in mouse xenografts and non-
human primates for potent and effective induction of cytotoxicity of target cells.
Consequently this BiTE is under evaluation in humans. The tumor targeting properties of
BiTEs was investigated by labelling the AMG211 BiTE, which binds to CEA and CD3,
with zirconium-89. The study successfully illustrated AMG211 in vivo behaviour for

tumor targeting and localisation in mice with CEA+ xenografts (Waaijer et al., 2018).

To date, a variety of BiTEs have been developed that are currently in various stages of
clinical trials (Table 1.1). Moreover, BiTEs have even been employed for treatment of
other diseases with promising results. For example, a study by Brozy et a/, (2018) recently
used a BiTE construct for targeting HIV. The results indicated the possible therapeutic
and curative potential of a BiTE for HIV treatment as data obtained illustrated inhibition
of HIV by the administered BiTE. BiTEs represent a therapeutic approach that can
produce a level of precision that the standard chemotherapy or radiotherapy is unable to
achieve. As PDAC often responds poorly to chemotherapy, a BiTE is an attractive
alternative approach. A promising study has been performed showing the potential of the
BiTE antibody as a targeted therapy for PDAC. A BiTE that binds to MSLN and CD3
(MG1122) was developed and the in vivo functions of the antibody analysed. This work
showed the BiTE successfully activated T-cells in the presence of tumor cells expressing
MSLN and effectively resulted in the death of these cells when tested using human PDAC
cell lines (Park et al., 2018).

10



Table 1.1: Examples of BiTEs as cancer therapeutics currently in clinical development

Antigen Target Disease Reference
Blinatumomab
(AMG 103/ CD19 B-cell malignancies / Krishnamurthy and
MTI03) Leukemia Jimeno, 2018
AMG 330 CD33 Myeloid Leukemia / Trivedi et al., 2017
Acute non-lymphoblastic Leukemia
AMG 211/ CEA Colorectal cancer / Gastrointestinal 004 or 4 1, 2017
MTI11 adenocarcinoma
BAY2010112, PSMA Prostate neoplasms Trivedi et al., 2017
AMG 212
Solitomab (AMG EpCAM Epithelial-derived neoplasms / Huehls et al.,2015
110/ MT110) Solid tumours
bscEphA2 x CD3 | HER2/EphA2 Multiple solid tumours Huehls et al., 2015
MCSP-BiTE MCSP Melanoma Huehls et al.,, 2015
A300E | ADAM17/PSCA Prostate cancer Huehls et al.,2015
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1.4 Antibody Phage display

A particular challenge in producing recombinant antibodies is the selection process, to
isolate and enrich antigen-specific antibody fragments from a large repertoire of non-
functional and non-specific antibody fragments. Phage display is a technique that was
developed by George Smith (Smith, 1985) and has evolved into the most effective method
for the display and selection of recombinant antibodies (Smith, 1985; Bazan et al., 2012;
Rami et al., 2017). This molecular diversity technique employs non-lytic filamentous
bacteriophage to present ligands on the surface of their phage coat. The technology is
based on the fact that phage phenotype and genotype are linked. As the antibody genes
are fused to the phage genes this results in the expression of the antibody on the phage
surface as a functional protein (Pansri et al., 2009; Hammers and Stanley, 2014). The
overall aim of the approach is to select and isolate phage that display antibodies of high
affinity binding to the antigen of interest and to remove any non-specific binders. Panning
by phage display can isolate significant and rare clones from a large library repertoire
(Ahmad et al., 2012). Phage display is advantageous in that it has the ability to screen
multiple clones easily. It can screen up to 10'? phage to select those with the desired
antigen binding capacity. However, it is not without limitations in that it is a complicated
and time-consuming procedure. Additionally, the phage library may not fully represent
the full repertoire of antibodies due to issues with phage assembly and earlier
complications such as poor RNA recovery and sub-optimal construction of the DNA

library (Hammers et al., 2014).

Simply put, the phage display technique is based on ligation of the PCR products into the
phagemid vector (a plasmid containing a phage-derived origin of replication in addition
to its plasmid of origin replication), repeated rounds of selection against a specific antigen
is performed, followed by phage propagation. Phagemids, such as the pComb3X, contain
the required packaging signal and cloning sites and have high transformation efficiencies,
beneficial for generating large antibody repertoires (Figure 1.6 (i)). These phagemids
consist of DNA encoding an scFv, which is fused to the gene that encodes the phage
proteins plll or pVIII (Figure 1.6 (ii)). The vector also includes necessary features such
as antibiotic resistance, an origin of replication, a promoter region and affinity tags like
poly-histidine for use in subsequent antibody purification. However, the phagemid does

not encode all of the necessary genes for full bacteriophage replication and, therefore,
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helper phage, such as M13K07, is added to supply the missing structural proteins
(Hammers et al., 2014; Rami et al., 2017).
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Figure 1.6 The pComb3XSS phagemid vector and expression of an scFv protein on a
filamentous phage
(i) Map of the pComb3 phagemid vector. The lacZ promoter allows for the expression of
the heavy and the light chains of the antibody. The Shine Dalgarno (SD) is a ribosome-
binding sequence that initiates protein synthesis. The leader sequence ompA directs the
expression of the antibody and fusion gene Il protein coat. The amber codon is present
between the 3’ Sfil restriction site and the 5° end of the gene III which permits soluble
protein expression in non-suppressor strains of bacteria. The Sfil sites allow for
directional cloning of the protein for phage display. The six-histidine tag allows for
purification and the HA tag can be used for detection using an anti-HA antibody. The
terminator trp provides transcription termination (Andris-Widhopf et al., 2000). Full
pComb3XSS vector map can be found in Appendix C. (ii) Representation of the
filamentous phage structure. PIII, PVIII, PVII and PIX are the proteins of the phage
coat. The scFv is displayed on the PIII/PVII (Barbas et al., 2001).
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1.4.1 Panning of antibody phage display libraries

Panning is a cyclic affinity selection technique, performed on antibodies expressed on
filamentous phage, for the selection and isolation of antigen-specific clones. It consists
of multiple rounds of filamentous phage binding to an immobilised antigen, followed by,
washing, elution, re-infection and subsequent re-amplification of the antigen binding
phage. The selection process is outlined in Figure 1.7. Generally 3 to 5 rounds of

selection are required to obtain highly specific binding clones (Hammers et al., 2014).

(VIII) Production of phage particles
(I) Phage Library

(VII) Amplification
of infected bacteria

~an_ (I) Antigen Binding
ing by phage

(VI) Re-infection of
specific phage into
bacteria

<>
(ITI) Wash, removal of

(IV) Elution of specific phage non-specific phage

(V) Analysis by phage ELISA

Figure 1.7 A schematic of the phage display cycle for panning of an antibody library.
There are a variety of steps involved in this process, (I) The construction of the phage
library; (II) Binding of the phage to the target antigen that is immobilised onto an
immunotube/ 96-well plate; (III) Removing unbound phage through washing; (IV)
Recovering of antigen-specific phage; (V) Analysis of antigen-specific phage via ELISA;
(V1) Re-infection of specific-phage into bacteria; (VII) Amplification of antigen-specific
phage by infection of E. coli and; (VIII) Production of enriched phage against the specific
target.



The specific phage are then solubly expressed by infection into a non-suppressor E. coli
strain, such as Top10F, to allow the scFv to be secreted without the phage particle. The
phage pools from each round of panning are tested by ELISA, whereby the phage are
detected by an antibody directed against the major capsid protein. Screening of the
enriched library is then carried out by analysing single colonies to determine each clone’s
specificity in a monoclonal ELISA. This process is employed numerous times through-
out the work described in this thesis to isolate antibodies for applications in the diagnosis

and treatment of pancreatic cancer .

1.5 Introduction to Pancreatic Cancer

The pancreas is an organ that has both endocrine and exocrine functions and is involved
in the digestion and maintenance of blood sugar levels (Figure 1.8). It is well known that
cancers associated with the pancreas are infamously chemoresistant with very short
survival time expectations. Pancreatic cancer is a potentially lethal malignancy with a 5-
year survival rate of less than 9%, of which the most common form is pancreatic ductal
adenocarcinoma (PDAC) (~90% of cases) (Giingor et al., 2014; Xu et al., 2014; Kenner,
2018). It is one of the most aggressive solid malignancies (Wang et al., 2017).
Approximately 15-20% of patients present with resectable cancer and undergo
pancreatectomy as a curative treatment, whilst 53% present with metastatic disease
(Jazieh et al., 2014; Goel et al., 2015; Spadi et al., 2016). Unfortunately, many who have
undergone surgery will suffer from further metastasis (about half within the first year)
accounting for the high mortality rate (Bissolati ez al., 2015). While it has a relatively low
incidence rate, PDAC is the 4™ leading cause of cancer-related deaths in the US, resulting
in almost 40,000 annually, with proportional numbers recorded in most developed
countries (Fong et al., 2012; Siegel et al., 2014; Li et al., 2015; Kikuyama et al., 2018).
Numbers of deaths from pancreatic cancer across Europe and the US for 2020 are
estimated at 146,063 (Klein et al., 2018). This disease is infamous for its poor outcomes
due to delayed diagnosis, absence of highly effective screening methods, disease

aggression and therapeutic resistance (Goel ef al., 2015).
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Figure 1.8 Illustration of the location of the pancreas with an associated tumor

The pancreas is approximately 6 inches long and is located within the abdomen lying
horizontally behind the stomach. The head of the pancreas is connected via the pancreatic
duct to the duodenum, which is a section of the small intestine. The pancreas has both
endocrine and exocrine functions. The endocrine portion is composed of islet of
Langerhans that secretes numerous hormones for regulation of blood sugar (Gittes,
2009). The exocrine portion of the pancreas is approximately 85% percent of the organ
which aids in digestion. Picture taken from : https://www.mayoclinic.org/diseases-

conditions/pancreatic-cancer/symptoms-causes/syc-20355421

The objective of this research was to generate a variety of pancreatic cancer-specific
recombinant antibodies (rAbs) to improve the diagnosis and treatment of pancreatic
cancer. The following sections will describe, in-depth, the issues surrounding the current
methods of pancreatic cancer detection and treatment and how exploiting rAbs could

alleviate these problems.

1.6 PDAC-associated risk factors

PDAC is an age-dependent disease with incidence levels growing due to the increasing
life longevity. However, this disease has numerous environmental and hereditary risk

factors. The most common PDAC-associated risk is smoking which is attributed to almost
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25% of cases. Smokers have a 2.2-fold increased risk of developing PDAC over non-
smokers (Wang et al., 2014; Andersson et al., 2016; Maisonneuve and Lowenfels, 2018).
Additional environmental and lifestyle factors include occupational exposures, heavy
alcohol intake, pancreatitis, poor diet, ABO blood type, increased BMI, infection with
hepatitis B/C and type-2 diabetes (which is also a potential early sign of PDAC onset)
(Fiorino et al., 2013; Wolfgang et al., 2013; Liu et al., 2018). Interestingly, about 5-10%
of pancreatic cancers occur as a result of genetic susceptibility (Maisonneuve et al., 2010;
Stoita ef al., 2011; Saiki et al., 2014). Those with first-degree relatives that have PDAC
or those with known cancer-causing mutations are at a much higher risk of developing

the disease (Lucas et al., 2014; Carrera et al., 2017).

1.7 Biological mechanism of PDAC

While the exact initiation factors for PDAC remain elusive, certain aspects of the
biological mechanisms involved have been identified. The genetic diversity within PDAC
is substantial as research has shown that pancreatic cancer cells have genetic alterations
such as deletions, frameshifts and amplifications. Several genes are universally disrupted
in PDA while some are infrequent or inherited. In common with most malignancies,
PDAC arises from the accumulation of mutations in various oncogenes and tumour
suppressor genes including, but not limited to, KRAS, p16, TP53 and SMAD4 (Wolfgang
et al., 2013; Giingor et al., 2014; Kleeff et al., 2016). As KRAS is found to be mutated in
more than 90% of pancreatic cancers, clinical studies are underway to investigate its
potential as a prognostic and predictive PDAC biomarker. Moreover, 7P53 is the tumor
suppressor that is mutated in 70% of pancreatic cancers and, additionally has shown some
promising prognostic abilities (Cicenas et al., 2017). Sequencing of these genes is
currently used to identify mutations with prognostic features and potential therapeutic

capacity.

Recently, significant efforts have been made by a variety of consortiums such as,
Pancreatic Cancer Case-Control Consortium (PanC4), Pancreatic Cancer Cohort
Consortium (PanScan) and PANcreatic Disease ReseArch (PANDoRA) consortium to
use genome-wide (GWAS) association studies and meta-analysis to try to identify novel
regions of the genome associated with pancreatic cancer susceptibility. Klein ez al. (2018)

carried out the largest pancreatic cancer GWAS to date in a bid to identify common
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susceptibility alleles. The data indicated that NOC2L could be a possible pancreatic

susceptibility gene.

PDAC is associated with precursor lesions that increase in grades within the ductal
epithelium and progress to fully invasive pancreatic cancer (Wang et al., 2015; Yu et al.,
2018). There are numerous pre-malignant lesions that are associated with PDAC
development including pancreatic intraepithelial neoplasia (PanIN), intrapancreatic
mucinous neoplasia (IPMN) and mucinous cystic neoplasia (MCN) (Stoita et al., 2011,
Saiki et al., 2014; Patra et al., 2017). The varying grades or subclasses of these lesions
are dependent upon the degree of disease. For example, the best characterised of the
lesions, PanIN, are classed from PanIN-1 to PanIN-3 (Regel et al., 2012). It could be
beneficial to identify different markers associated with each lesion stage, which would
assist lesion detection and treatment before its progression into fully invasive cancer. Of
particular interest for the PanIN lesions is the marker MUCI that is exclusively
overexpressed in higher grade PanIN lesions (PanIN-2/PanIN-3) and can be linked to
invasive PDAC (Distler et al, 2014). As lesions progress the accumulation of genetic
mutations rise (Li ef al., 2015). Genetically, the inactivation of p/6/CDKN24 is already
detectable in the early PanIN stages while inactivation of 7P53 and SMAD4/DPC4 is
associated with the latter stages (Distler et al., 2014; Hosoda et al., 2017).

1.7.1 Desmoplastic reaction

The lack of blood supply to tumours is an architectural hallmark of PDAC (Li et al.,
2015). PDAC tumours are poorly defined and extend beyond the main tumour location
(Maitra et al., 2008; Xu et al., 2014;). These tumours are surrounded by a fibrous stroma
known as the desmoplastic reaction which arises from gene alterations (Goel et al., 2015;
Aghamaliyev et al, 2016). The desmoplastic reaction creates a tumour stromal
environment that promotes tumour growth and metastasis as well as forming a barrier to
chemotherapy (Hidalgo et al., 2010; Merika et al., 2012; de Sousa Cavalcante et al.,
2014). Desmoplasia occurs when the pancreas is injured and involves increased
proliferation of fibroblasts resulting in the deposition of extracellular matrix components
(EMCs) (Gore et al., 2014; Matsusaki et al., 2017). This results in increased elasticity of
the tumour tissue and increased intestinal fluid pressure, in turn, decreasing the
penetration abilities of therapeutic agents (Habisch et al., 2010; Whatcott et al., 2012).

Interestingly, this stroma accounts for almost 80% of the tumour mass, with malignant
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epithelial cells accounting for the remaining 20% (Lin and Lin, 2017). As such, large-
scale identification and validation of stroma-specific markers may allow for more

effective therapeutic modalities to be determined.

1.8 Current diagnosis and treatment

Pancreatic cancer cases present asymptomatically or with generic symptoms indicative
of less concerning pancreatic diseases with the most common including indigestion,
abdominal pain or discomfort, weight loss, back pain and nausea (Li et al, 2015;
Kikuyama ef al., 2018). Consequently, the disease is often at a late stage when identified
and possibly distant metastasis will already have occurred. Specific symptoms of the
disease tend to manifest only after the tumour has grown and invaded other organs or
obstructed the bile duct (Moniaux ef al., 2004). Current diagnosis relies heavily on scans
such as ultrasonic B, magnetic resonance cholangiopancreatography (MRCP), computed
tomography (CT) or endoscopic ultrasound scan (EUS), in conjunction with a tumour
biopsy and tumour marker analysis. However, these scans suffer a plethora of

disadvantages (Herreros-Villanueva et al., 2013).

The CT scan is the most widely used and available method for imagining of PDAC. Yet
while a CT scan is a first line modality with a 96% sensitivity and accuracy rates of up to
86.8%, it cannot be used as a screening tool as it is extremely costly, and involves
exposing the patients to ionising radiation (Chu ef al., 2017). The EUS scans are less
invasive, however the localisation of the pancreas means it cannot be visualised
particularly well. To circumvent this the EUS is often combined with fine needle
aspiration (FNA) of tumour tissue, however, this also involves a level of invasion and
with it a possibility of complications (Kim & Ahuja, 2015). It also suffers from a limited
ability to detect distant metastasis. While screening for PDAC is not sufficient using the
available diagnostic techniques, it is known that close to 10% of cases occur as a result
of genetic mutations and thus it is advisable that individuals over the age of 50 in high-

risk populations undergo yearly screening by EUS and MRI (Zhang et al.,2018).

Staging of a pancreatic cancer tumour is assessed by the ‘tumour-node-metastasis’

(TNM) classifications in accordance with the most recent American Joint Committee on
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Cancer (AJCC) staging system effective January 2018 (Table 1.2) (Edge et al., 2010;
Tamm et al., 2012).

Table 1.2: The TNM staging details for pancreatic cancer

1B
Tl T2 T3 T1-T3 T4 Any T
Regional
No Regional Lymph Nodes [NO] Lymph Any N
Nodes [N1]
Distant
No Distant Metastasis [MO] Metastasis
(Ml]
R Potential for Resection Borderline Un-

resectable

T3 — Extends outside of the pancreas but not involving any of the large blood vessels (celiac axis &
superior mesenteric artery)
T4 — Tumour has spread to the large blood vessels

NO — Has not metastasized to lymph nodes
- N1 — Has metastasized to lymph nodes
M MO — No distant metastasis present
- M1 — Has metastasized to distant organs
T-Tumour grade, N- Regional lymph nodes, M- Distant metastases, RS- Resectable stages.
(Table created based on information obtained from Tamm et al., 2012 and Edge et al., 2010)

T TO — No evidence of primary tumour
T1 — Tumour contained within the pancreas at a size of <2cm
T2 — Still contained in the pancreas at a size of >2cm

N

If the disease is resectable, curative care can still be given. Unfortunately, recurrence is
common and thus survivors of the disease are in need of constant surveillance. For
invasive disease, treatment options are primarily palliative and are mostly based upon
gemcitabine, with or without other therapeutic combinations. Gemcitabine (2°,2’-
difluorodeoxycytidine) is an analog of deoxycytidine. It works by incorporating itself into
the DNA which inhibits necessary DNA processes and results in cell death (Plunkett et
al., 1995). Gemcitabine, and its cocktails (e.g. gemcitabine plus nab-paclitaxel, which is
most applicable to the older population (Kaltsas et al., 2014)), or FOLFIRINOX are
considered the standard first-line treatments (Michl et al, 2013; Saif, 2013 & 2014,
Buchsbaum et al, 2014). FOLFIRNOX is a combined therapy consisting of, 5-
fluorouracil, leucovorin, irinotecan and oxaliplatin (Attard et al, 2014).While
FOLFIRINOX has shown improvement in overall survival (OS), it is linked to severe

toxicity and so is advised only for patients who have an overall better ‘health status’ (Goel
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et al., 2015; Spadi et al, 2016). These chemotherapies confer limited benefits by
prolonging life and controlling symptoms thus improving the overall quality of life
(Chames et al., 2010). Investigations are under-way to expand the uses of gemcitabine
and to determine potential improvements using treatment adjuvants (Heinemann et al.,

2012).

Currently, there is a wide range of gemcitabine-based and FOLFIRINOX-based treatment
regimens under consideration. Work carried out in 2011 found that a combination of
FOLFIRNOX with leucovorin, fluorouracil and irinotecan showed an increase in overall
survival when compared to gemcitabine alone, however, the toxicity related to
FOLFOIRNOX was a reported issue (Spadi et al., 2016). Consequently, FOLFIRNOX
regimes are a promising alternative for treatment of patients under the age of 75.
GEMCAP, a combination of gemcitabine and capecitabine (a fluoropyrimidine), showed
a promising OS rate improvement from 22.0% (gemcitabine alone) to 24.3%
(combination) (Cunningham et al., 2009). Outside of gemcitabine, other treatment
options have been explored. In Japan, a combination of tegafur, gimeracil and octeracil
was well tolerated by PDAC patients and was approved for first-line treatment (Taieb et
al., 2017). More recently, a study by Yang et al., 2018 developed an antibody fragment-
conjugated gemcitabine and paclitaxel-loaded liposome system that has shown some
potential in improving the therapeutic efficacy in pancreatic cancers. Regardless of these
recent findings, the incidence of high mortality from lack of effective treatment options

remains a pertinent issue.

1.9 Biomarkers

Numerous biomarker-focused studies have been conducted to enhance the diagnosis and
treatment of PDAC, but with minimal success to date. However, there is potential for
diagnostic improvement by exploiting sets of existing and newly discovered biomarkers
in multiplexed formats. The FDA defines a biomarker as “A characteristic that is
objectively measured and evaluated as an indicator of normal biologic processes,
pathogenic processes, or biological response to a therapeutic intervention. A biomarker
can be physiologic, pathologic, or an anatomic characteristic or measurement that is
thought to relate to some aspect of normal or abnormal biologic function or process.

Biomarkers measured in patients prior to treatment may be used to select patients for
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inclusion in a clinical trial. Changes in biomarkers following treatment may predict or
identify safety problems related to a drug candidate or reveal a pharmacological activity
expected to predict an eventual benefit from treatment”. A particularly relevant
application of biomarkers is their ability to be applied for screening high-risk populations.
It is not financially feasible to screen groups incessantly and the requirement for an easy-
to-use point-of-care (POC) device is badly needed to alleviate the demands on health-
care systems. Biomarkers have the capacity to indicate the presence of a particular cancer
and the source of the cancer even after metastasis. For therapeutics, biomarkers can aid
in determining the ideal course of treatment, since within a given type of cancer,
characteristics are not uniform, and all cancer patients may not respond identically to a
given treatment. Their use offers potentially less invasive, less costly and swifter methods
of disease monitoring and surveillance (Malati, 2007). A given tumour marker can be
regularly monitored for any elevations that could indicate disease recurrence.
Additionally, expression levels of certain markers can predict survival (Fitzgerald et al.,

2013).

Biomarkers can be detected in a multitude of bodily fluids, from blood and urine to organ-
specific fluids like pancreatic juice (Selleck et al., 2017). Markers can be broadly
segregated as diagnostic, prognostic and predictive. A diagnostic marker detects the
presence of the disease, its extent and, occasionally, post-resection relapses. Prognostic
markers indicate the history of disease progression and are utilised for identification of
treatment options and surveillance. Predictive markers are used to predict the response of

the disease to treatment (Winter ef al., 2013; Jones et al., 2017).

The ideal biomarker is one that has the ability to screen cancer in a blood test or perhaps,
more ideally, in saliva/urine when there are mild symptoms (Ballehaninna et al., 2012).
It would offer information on the cancer type, size, aggression and sensitivity to different
available treatments and have the ability to generate this data in a cost-effective manner
on a large-scale (Sharma, 2009; Sharma et al., 2017). Dependence on a single biomarker
for all the aforementioned capabilities has unfortunately found to be futile and it is
essential that the concept of using a panel of markers for each cancer and stage be adopted.

Biomarkers can be viewed as a fingerprint of the tumour rather than as a signal of its
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presence. While confirmation by biopsies may always be necessary, tumour markers have

the ability to refine and discriminate between benign and malignant disease.

1.9.1 Biomarkers for PDAC

The most widely used and validated marker for the routine management of PDAC is
CA19-9 (Dufty et al., 2013; Winter et al., 2013; Lee et al., 2018). It was first discovered
in 1979 and in 1981 was found to be produced by pancreatic carcinoma rendering it the
most used biomarker for pancreatic ductal adenocarcinoma (Poruk et al., 2015). It is
beneficial in its analytical ability to monitor and detect post-treatment recurrence.
However, the limitations are numerous, indicating elevated levels in benign disease, and
its restrictions to diagnose small/early tumours (Duffy ef al., 2010; Passerini et al., 2012;
Poruk et al., 2013). Most concerning of all, CA19-9 is a sialylated Lewis (Le®) blood
group antigen, and 6%-22% of the population in the US are Le*®- and thus do not generate
the specific antigen. Consequently, CA19-9 is a false negative for this population,
rendering it useless (Poruk er al., 2015). Studies have all shown poor results when
exploring the utility of CA19-9 as a screening marker in early and asymptomatic cases
(Kim et al., 2004). Its median sensitivity is in the range of 79-81%, with a median
specificity of 70-92%. The specificity is reduced due to the co-existence of jaundice at
presentation and the existence of elevated levels in non-malignancy-associated jaundice
(Huang et al., 2014). It has potential as a post-operative marker due to its ability to detect
disease progression post-resection. For example, should levels fail to normalise after
approximately 3-6 months it could infer poor survival (Hernandez et al., 2009).
Interestingly, Lee et al., (2018) recently showed that combining CA19-9 with CEMIP
resulted in improved pancreatic cancer diagnosis over CA19-9 alone. This indicates that,

despite its limitations, CA19-9 could be useful in a multi-marker setting.

Work is underway to identify novel markers and validate recognised markers (Table 1.3)
in a multitude of bodily fluids from serum to pancreatic tissue/juice, stool and saliva
(Zhang et al., 2010). A meta-analysis-, carried out by Chen et al., (2018), identified that
increased levels of platelets in post-surgical resection patients act as a very promising
prognostic marker, indicating poor overall survival. Other work has explored the use of

miRNA as prognostic markers, Shi et al., (2018) analysed The Cancer Genome Atlas
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(TCGA) RNA-seq data and their findings suggest that a signature of five miRNAs could

potentially be used as a pancreatic cancer prognostic marker.

Within this research, three biomarkers, anterior gradient 2 (AGR2), mesothelin (MSLN)
and mucin 1 (MUC1), were chosen. In combination, these markers may generate diverse
information on tumour protein expression, facilitating personalised therapies and aid in
diagnosis. The following sections will give a brief background on each of these markers
and compare their behaviours in normal tissue to their roles in PDAC cells. The

subsequent chapters contain a more in-depth discussion on each marker.
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Table 1.3: Comprehensive list of PDAC markers

Biomarker

Serum
marker

Reference

Anterior gradient 2 (AGR2)

BClI-2

CA 199

CA S0

CA 72-4

CA 125

CA 242

CA 494
Carcinoembryonic Antigen
(CEA)

Claudin 4 & 18

D-Dimer (DD)

DUPAN2

Epidermal Growth Factor
Receptor (EGFR)
Epithelial Cell Adhesion
Molecule (EpCAM)

Fibrinogen (FIB)

Hippocalcin-like 1 protein
(HPCAL1)
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Dumartin et al., 2017

Dufty et al., 2010

Winter et al., 2013; Loosen et al.,
2017
Riickert et al., 2010

Loosen et al., 2017

Winter et al., 2013; Loosen et al.,
2017

Dufty et al., 2010; Zhang et al.,
2015

Lietal, 2015

Zhang et al., 2015; Loosen et al.,
2017

Chames et al., 2010; Woll et al.,
2014

Lietal, 2015
Herreros-Villanueva et al., 2013
Saif, 2013; Chiramel et al., 2017
Saif, 2013; Wang et al., 2018

Lietal, 2015

Chenetal, 2014



Human Epidermal Growth
Factor Receptor 2 (HER2)
Human CNT3

Human Equilibrative Nucleoside
Transporter — 1 (hENT1)
HuR

Insulin-like Growth Factor 1
receptor (IGF-1R)
Integrin p1

Mesothelin (MSLN)

MicroRNA -21

Minimolecular Pancreatic
Antigen (MPOA)
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1.9.2 MUCIN

The ‘mucins’ are a large family of multifunctional, highly glycosylated, proteins. They
can be either membrane-bound or extracellularly located on epithelial surfaces of
numerous organs (Torres et al., 2012). This family of proteins has a range of roles in
homeostasis and the formation and progression of cancer. Mucins are expressed in >85%
of invasive pancreatic cancer cases and can be used as an early disease biomarker, or for

staging purposes (Felder ef al., 2014).

MUCI1, a membrane-bound glycoprotein, is overexpressed in almost 90% of pancreatic
cancer tumours (Park ez al., 2015). MUCI1 is normally expressed on the apical surface of
most epithelial cells and provides a barrier of protection against pathogens. This barrier
is created by the O-glycosylation which form a mucus-type gel on the cell surface.
Structurally, MUCI consists of an N-terminal domain and a C-terminal domain which
consists of a small extracellular portion and a cytoplasmic tail (Figure 1.9). The C-
terminal is highly conserved and by phosphorylation of the cytoplasmic tail MUCI1
activates various intracellular signalling by interactions with a myriad of proteins. In
cancerous cells, increased phosphorylation of the cytoplasmic tail results in increased
interactions of MUC1 with these proteins which can be aberrantly expressed. The
cytoplasmic tail brings together kinases and various proteins that lead to increased cell
proliferation and reduced apoptosis (Nath ef al,, 2013). The N- and C- terminals are
bound through hydrogen bonds, however, MUCI1 can be cleaved into serum which is
often associated with cancers such as pancreatic cancer (Cascio & Finn 2016). This
increases the internalisation of MUCT and alters the signals in cancer cells. Furthermore,
the glycosylation patters of MUCI are altered with under glycosylated forms are highly
expressed in pancreatic cancer and has been associated with the invasiveness of cancerous

cells.

In PDAC, over-expression of a differentially glycosylated from of MUCI is associated
with disease development and progression. MUC1 overexpression is evident during the
earlier developmental stages of pancreatic cancer (Herreros-Villanueva ef al., 2013). In
terms of biological function, MUCI is thought to play a role in maintaining the lumina of
ductal epithelial cells. In cancer, it is thought to aid in the vascular spread of carcinoma
cells (Levi et al., 2004). It is overexpressed primarily in the high-grade PanIN stages and

thus is a possible aggressive late-stage PDAC marker. The PanIN lesion is related to
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mucin expression and levels of MUCI increase with the progression of PanIN lesions
(Lowery et al., 2011; Rao et al., 2016). Most importantly, overexpression of MUCI in
cancerous cells is linked to chemo resistance (Nath et al., 2013). As MUCI is associated
with pancreatic tumor invasiveness by increasing proliferation and reducing apoptosis, as
well as playing a role in the chemoresistance of pancreatic cancer, this is an attractive

biomarker to target (Hinoda et al., 2003).
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Figure 1.9 Cytokine activation by MUCI in cancer cells

When the cancer cell is stimulated with TNF-alpha, the hypoglycosylated MUCI
accumulates within the cytosol of the cell. MUCI then associates with the activated p65
and translocates to the nucleus. Within the nucleus it associates with the promoter of pro-
inflammatory cytokines, such as interleukin 6 (IL-6) known to be involved cell
proliferation and survival, and controls the transcription of these pro-inflammatory

cytokines. (Taken and amended from Cascio & Finn, 2016)
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1.9.3 Mesothelin (MSLN)

Mesothelin (MSLN) is a cell-surface glycoprotein found in nearly 100% of pancreatic
cancer tissues but is absent from surrounding non-cancerous tissues. As such, MSLN is
not cancer-specific but is a differentiation antigen (Hassan et al, 2005; White et al.,
2018). Importantly, normal MSLN expression is limited to mesothelial cells, which are

expendable making it a highly attractive target as a therapeutic and diagnostic marker

(Hassan et al., 2016).

MSLN is synthesized as a ~71kDa precursor protein that is cleaved to release the
megakaryocyte potentiating factor (MPF) whilst the mature MSLN, now ~41kDa,
remains bound to the cell membrane (Hassan et al., 2016). Whilst its exact biological
function remains unclear, many studies have attempted to identify its possible functions
by silencing MSLN. Silencing resulted in decreased cell proliferation and migration and
inhibited tumour growth in vivo, indicating a role in cancer cell migration, proliferation
and tumour progression (Tang et al., 2013; Zervos et al., 2016). Investigations into
MSLNSs role in pancreatic cancer progression have involved determining the role of
MSLN exerting its effects by STAT3. STAT3 is a transcription factor that when
phosphorylated dimerises and translocates to the nucleus enabling gene transcription.
When constitutively activated it was found to be involved in pancreatic cancer cell
proliferation. Additional analysis has been carried out by blocking MSLN expression
which resulted in inhibited cell progression with decrease in cyclin levels. Cyclin-
dependent kinases are involved in the progression of cells through the cell cycle.
Moreover it was fond that high cyclin E expression can be linked to poor prognosis
(Bharadwai et al., 2008). Numerous analysis has been carried out in a bit to elucidate the
various biological pathways in which MSLN promotes pancreatic cancer progression

(Figure 1.10).

In addition, MSLN has a role in chemo-resistance. Thus, MSLN" tumours may indicate
if chemotherapy is a viable option (Chang et al., 2009). A high expression level of MSLN
is a strong indicator of poor survival rates and MSLN" tumours require highly aggressive
and rapid treatment (Chen ef al., 2013). In the pancreas, the MSLN protein is only found
on cancerous tissue. No other pancreatic disease, such as chronic pancreatitis, results in
the expression of MSLN. Therefore, this marker could be valuable for

immunohistochemistry analyses on pancreatic adenocarcinoma tumours. Additionally, it
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was found that there is a limited amount of MSLN that is shed into the serum, and it can
be detected in patients with pancreatic disease (Johnston et al.,, 2009; Kendrick et al.,
2014). MSLNs overexpression in malignant cells and limited expression in normal cells
makes it a potential target for immunotherapeutics (Johnston ef al., 2009). MSLN can be
used as a signal to identify a tumour for specific types of treatment, or as a target for drugs

through the use of antibody-based approaches.
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Figure 1.10 Associated pathways of MSLN in pancreatic cancer

MSLN is thought to have roles in cancer cell progression, survival and invasion. Evidence
has shown that activation of NK-kappa B is associated with poor survival. It has also
been shown to result in constitutive Akt activation leading to upregulation of anti-
apoptotic proteins such as Bcl-XL. Furthermore, activation of MMP-7 through the p38

MAPK-dependent pathway is related to increased cancer cell mobility (Zhang et al.,
2016).
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1.9.4 Anterior Gradient 2 (AGR?2)

Anterior gradient 2 (AGR2) is a member of the protein disulphide isomerase family of
endoplasmic reticulum-resident proteins (Brychtova et al., 2011). AGR2 is the human
orthologue of XAG-2, the Xenopus Laevis protein. XAG-2 acts in the regulation of
embryonic molecules. The role of AGR2 in humans, while not yet fully clear, is thought
to have conserved roles in development and tissue regeneration. It is strongly expressed
in numerous tissues that contain mucus-secreting cells such as the lung and colon and is

noted to have higher expression in female patients (Riener et al., 2009).

As mentioned, AGR2 is an endoplasmic reticulum-resident protein.The endoplasmic
reticulum has been identified to be heavily involved in tumour growth. It is involved in
controlling the secretion of proteins by a variety of molecular systems such as protein
synthesis and folding. The proteins involved in these molecular mechanisms can
contribute to the development and progression of cancers. One such protein is AGR2,
which has also been shown to play intracellular roles such as regulation of p53 (Chevet
et al., 2013). It is linked to a variety of human cancers such as hormone-dependent,
breast, prostate, hormone-independent, colorectal and pancreatic cancers (Brychtova et
al., 2011). AGR2 is known to be overexpressed in a diverse range of cancers and can be
secreted and detected which makes it a very attractive marker for pancreatic cancer

diagnosis.

AGR?2 is a metastasis-associated protein (when silenced there was a significant reduction
in invasiveness) that is upregulated in various cancers and is often associated with poor
prognosis (Brychtova et al., 2014). While its exact role in pancreatic cancer is poorly
understood, it was determined that the overexpression of AGR2 attenuates p53 which
may indicate that AGR2 acts as a survival factor by inhibiting p53 (Ramachandran ef al.,
2008) (Figure 1.11). The degree of AGR2 expression is proportional to the invasiveness
of pancreatic cancer cells. AGR2 appears to stimulate growth, invasiveness, survival in
vitro, tumour growth and sensitivity to chemotherapy in vivo. Thus, it may be beneficial
in diagnosis and development of therapeutic approaches (Ramachandran et al., 2008)
.AGR2 is potentially a highly exploitable biomarker. While absent from normal tissue, it
is highly expressed in the earliest developmental stages of precancerous pancreatic
lesions (PanIN) (Dumartin et al., 2017). This elevation was seen in the pancreatic juice

of patients with pre-malignant conditions (Chen et al, 2010; Norris et al., 2013).
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Furthermore, a study uncovered a 2- to 10-fold elevation of AGR2 in PanIN3 juice
samples, indicating this marker could potentially be beneficial as a pancreatic juice
biomarker for the early detection of pancreatic cancer (Chen et al., 2010). Moreover,
AGR?2 is involved in drug resistance and thus may be used to evaluate the potential

response to gemcitabine treated tumours (Brychtova et al., 2011).
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Figure 1.11 Anterior gradient 2 biological pathways.

This diagram represents known and potential AGR2 biological pathways. The pathways
that regulate AGR2 expression are in dark green and functions that are AGR2-dependent
are shown in light green with the resulting effects on cancer progression shown in light

green boxes. Taken and adapted from Chevet et al., 2013.

1.9.5 Biomarkers and antibodies

Antibodies play a major role in the clinical diagnosis and treatment of many cancers.
Their ability to detect a diverse range of proteins makes them ideal for biomarker
detection. While the production of antibodies for cancer treatment and diagnosis is well
established, certain cancers have been relatively overlooked in this area. Pancreatic

cancer is a crucial example and few antibodies exist for the biomarkers of this cancer.
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Thus, there is a niche for generating antibodies for both diagnostic and therapeutic
applications. A major component of this project is the development of recombinant scFv
antibodies against the three previously described PDAC biomarkers, namely, mucin 1
(MUC1), mesothelin (MSLN) and anterior gradient 2 (AGR2). Each of these markers can
be used as indicators of different stages and characteristics of pancreatic cancer, thus,
when incorporated into a multiplex format, may aid in the diagnosis and staging of PDAC

and generate valuable information for personalised treatment.

1.10 Thesis outline and project aims
The main aims of this project are two-fold, namely, to tackle both the diagnostic- and
therapeutic-associated issues relating to pancreatic cancer by exploiting the design

flexibility of recombinant antibodies.

This work proposes a multi-pancreatic cancer marker panel that would generate crucial
information about disease, stage, potential progression, and susceptibility to therapeutics.
Chapter three and four detail the work carried out to produce the components for the

proposed diagnostic panel.

Chapter three describes the generation of an anti-Mesothelin scFv using a biased murine
immune library. In order to isolate an anti-MSLN specific scFv, the MSLN antigen was
expressed from transfected HEK293 cells. The successfully isolated MSLN-specific scFv
was subsequently characterized using ELISA and Dot Blotting.

Chapter 4 focuses on isolating the final scFv of the diagnostic panel, using Mucin 1 and
AGR?2 antigens expressed in E. coli systems, from the naive human Tomlinson I & J
library. Two scFvs , specific to each antigen, were successfully isolated and employed in

the generation of validated ELISA assays.

Chapter 5 outlines the production, selection and characterization of an anti-CD3e scFv
from an avian immune library and its subsequent incorporation into a bispecific antibody.
It details a ‘proof of concept’ method for the generation of a bispecific T-cell engager and

dual-functionality testing of the resulting antibody.
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Chapter 2

Materials & Methods
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2.1 Equipment

Apparatus

Chyo-Model JK-180
Mettler Model-PJ300
Orion 3 star-pH meter

Pierce™ G2 Fast Blotter

safety cabinet Gen 3 (E-Series)

Scrilogex MX-S Vortex mixer

Airstream® Class II Type A2 biological

Scrilogex D1008 Mini centrifuge

Supplier
Medical Supply Company Ltd.,
Damastown,
Mulhuddart,
Dublin 15,
Ireland.

Microscope

Nikon Diaphot Inverted Tissue Culture

Nikon Instruments, Inc.,
1300 Whitman Road,
Melville,

New York 11747-3064,
USA.

ImageMaster” VDS

GE Healthcare Life Sciences,
Amersham Place,

Little Chalfont,
Buckinghamshire,

HP7 9NA,

UK.

Mini-PROTEAN® Tetra Cell

Fannin House,

South County Business Park,
Leopardstown,

Dublin 18,

Ireland.

Bio-Rad Gene Pulser Xcell

Bio-Rad PowerPac™ Basic

Alpha Technologies,
The Leinster Technology Centre,
Blessington Industrial Estate,

Blessington,
DNA Gel Apparatus Bio-Rad (Wide-Mini- Co.Wicklow,
Sub® Cell GT) Ireland.
Hermle Z233M-2 Air-cooled version Hermle Labortechnik GmbH,
Microcentrifuge 25 Siemensstrasse,
Wehingen,
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78564,
Germany.

Homogeniser Ultra Turrax

Janke & Kunkel IKA-Werk Ultra-Turrax,
Staufen,

79129,
Germany.
New Brunswick Scientific-Excella® Mason Technologies,
Incubator Shaker Type E24 Greenville Hall,
228 South Circular Road,
Dublin 8,
Eppendorf 5810r Benchtop Centrifuge Ireland.
Biometra Tgrapient Thermal Cycler Biometra GmbH,

Rudolf-Wissell-Str. 30,
D-37079 Gottingen,
Germany.

NanoDrop™ ND-1000 Spectrophotometer

NanoDrop Technologies, Inc.,
3411 Silverside Rd 100BC,
Wilmington,

DE19810-4803,

USA.

IKA®MTS 2/4 Digital Microtitre Plate
Shaker STR6

Ohaus Pioneer 210g x 1mg Balance

Lennox,

John F. Kennedy Drive,
Naas Road,

Dublin 12,

Ireland.

Branson Digital Sonifier®

ABG Scientific Ltd.,
Dublin Industrial Estate,
Glasnevin,

Dublin 9,

Ireland.

Eppendorf ™ Centrifuge with swing-bucket
rotor (A-4-62) and fixed angle rotor (F-45-
30-11)

Eppendorf UK Ltd.,
Endurance House,
Vision Park Histon,
Cambridge CB24 9ZR,
UK.

SSM4 see-saw Rocker

Fisher Scientific Ireland,
Suite 3,
Plaza 212,
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Thermo Forma Series II 3110 water-jacketed
CO; incubator

Blanchardstown Corporate Park 2,
Ballycoolin,

Dublin 15,

Ireland.

VAPOUR-Line*° 50 Autoclave

VWR International Ltd.,
Orion Business Park,
North West Business Park,
Ballycoolin,

Dublin,

Ireland.

Sigma Laborzentrifugen Model 2K15

SIGMA Laborzentrifugen GmbH,
Osterode am Harz,

Lower Saxony 37507,

Germany.

DarkReader® Transilluminator

Clare Chemical Research,
995 Railroad Ave,

Unit E,

Dolores,

CO 81323,

USA.

Tecan Safire? Plate reader

Tecan Group Ltd.,
Seestrasse 103,
CH-8708 Minnedorf,
Switzerland.

Thermostatic Water Bath Model Y6

Grant Instruments (Cambridge) Ltd.,
29 Station Road,

Shepreth,

Royston,

Herts.,

SGS8 6PZ,

UK.

AKTA Pure Instrument

Superdex® 75 10/300 GL column

GE Healthcare Bio-Sciences AB,
Danmarksgatan 41, M5,

75184 Uppsala,

Sweden.
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2.2 Reagents

All reagents were of analytical grade and purchased from Sigma-Aldrich Ireland Ltd.

(Dublin, Ireland), unless otherwise stated.

Reagent Supplier

Acetic acid Fisher Scientific Ireland,
Suite 3 Plaza 212,

Agarose Blanchardstown Corporate Park 2,
Ballycoolin,

Carbenicillin Dublin 15,
Ireland.

Glycerol

Kanamycin

Molecular grade water

Precept tablets

Sodium chloride

PageRuler Plus pre-stained protein ladder

Pierce™ 1-step transfer buffer

Superscript III cDNA synthesis kit Biosciences Ltd.,
3 Charlemont Terrace,

TriZol® Crofton Road,
Dun Laoghaire,

SYBR® Safe Ireland.

M13K07 Helper Phage

Glycogen

SOC media

3M Sodium Acetate

RNAlater™

RNA zap
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Bacteriological Agar
Tryptone Powder

Yeast Extract Powder

Cruinn Diagnostics Ltd.,
Hume Centre,

Parkwest Business Park,
Nangor Road,

Dublin 12,

Ireland.

PCR Primers

Integrated DNA Technologies,
Interleuvenlaan 12A,

B-3001 Leuven,

Belgium.

Restriction digest enzymes
Amylose Resin

Factor Xa protease

New England Biolabs,
Hitchin,
Hertfordshire,

SG4 0TY,

England.

HyperLadder™ 1Kb

HyperLadder™ Plus 1Kb

Bioline USA Inc,

305 Constitution Drive,
Taunton,

MA 02780,

USA.

1,5-Dansyl-Glu-Gly-Arg Chloromethyl
Ketone, Dihydrochloride

Merck Chemicals Ltd.,
Boulevard Industrial Estate,
Padge Road,

Nottingham,

NG9 2JR,

UK.

InstantBlue ™

Ni-NTA His Bind® Resin

MyBio,

Kilkenny Research and Innovation Centre,
St. Kieran’s College Road,

Kilkenny,

Ireland.

Virkon

Lennox Laboratory Supplies Ltd,
John F. Kennedy Drive,

Naas Road,

Dublin 12,

D12 FP79,

Ireland.

SureBlue ™ TMB Microwell peroxidase
substrate

Insight Biotechnology Ltd.,
PO Box 520,
Wembley,
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Middlesex,
HA9 7YN,
UK.

IMDM with 25mM HEPES with L-
Glutamine (500mL)

RPMI-1640 with 25mM HEPES with
UltraGlutamine I (500mL)

DMEM with L-Glutamine

DPBS (1X) without Ca™ or Mg"™ (500ml)

Antarctic Phosphatase enzyme

T4 DNA Ligase

Brennan and Company,
Unit 61, Birch Ave,
Stillorgan Industrial Park,
Stillorgan,

Co. Dublin,

Ireland.

2.2.1 PCR Polymerases

Polymerase

Supplier

Platinum® Tag DNA Polymerase High
Fidelity

Biosciences Ltd.,

3 Charlemont Terrace,
Crofton Road,

Dun Laoghaire,
Ireland.

MyTag™ Red Mix

Medical Supply Company Ltd.,
Damastown,

Mulhuddart,

Dublin 15,

Ireland

DreamTaq"™ DNA Polymerase High Fidelity

Thermo Scientific™ Phusion High-Fidelity
DNA Polymerase

Fisher Scientific Ireland,

Suite 3 Plaza 212,
Blanchardstown Corporate Park 2,
Ballycoolin,

Dublin 15,

Ireland.
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2.3 Cells

2.3.1 Mammalian cell lines

Cells

Supplier

Capan-1 cell line (ATCC® HTB-79")

Jurkat E6.1 Clone (ATCC® TIB-152")

293 [HEK-293] (ATCC® CRL-1573™)

UK.

LGC Standards,
Queens Road,
Teddington,
Middlesex TW11 OLY,

2.3.2 Bacterial cells used in cloning and protein expression

Cells

Genotype

Supplier

XL1-Blue Electroporation-
competent cells E. coli

recAl endAl gyrA96 thi-1
hsdR17 supE44 relAl lac
[F’ proAB lacl"ZAM15
Tn/0(Tet")]

Agilent Technologies,
5301 Stevens Creek Blvd.,
Santa Clara,

CA 95051,

United States.

TOP10 F’ strain E. coli

F’ {lacl?, Tnl0(Tet®)} mcrA
A(mrr-hsdRM-mcrBC)
®80lacZAM15 AlacX74
deoR recAl araD139 A(ara-

Biosciences Ltd.,

3 Charlemont Terrace,
Crofton Road,

Dun Laoghaire,

leu)7697 galU galK rpsL Ireland.
(Str™) endAl nupG
One Shot® BL21(DE3) F ompT hsdSB (rBmB) gal
Chemically-competent E. coli | dcm (DE3)
2.4 Culture media formulations
Media / Media components Formulation
Luria Bertani Broth (LB) medium Tryptone 10 g/L
Yeast Extract 5¢g/L
NaCl 5¢g/L
Super Broth (SB) medium MOPS 10 g/L
Tryptone 30 g/L
Yeast Extract 20 g/L
Terrific Broth (TB) medium Tryptone 12 g/L
Yeast Extract 24 g/LL
Glycerol (0.04% ; v/v) 4 mL/L
KH;PO4 0.017M
KoHPO4 0.072 M
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Solid media was made by the addition of 15 g/L bacteriological agar to the aforementioned

formulations.

Auto-Induction Media Broth 928 mL/L
IM MgSQq4, 0.01% 1 mL/L
(v/v)
50 X 5052, 2% (v/v) 20 mL/L
20 X NPS, 5% (v/v) 50 mL/L

2 X Tryptone and Yeast Extract (TY) Tryptone 16 g/L

medium Yeast Extract 10 g/L
NaCl 5g/L

IM MgSO4 MgSO, 24.65 g/100 mL

100X 505 (50% glycerol, 5% glucose)

Glycerol, 50% (v/v)

50 mL/ 100mL

Glucose, 5% (W/v) 5 g/100mL
50X 5052 (0.5% glycerol, 0.05% glucose, Glycerol, 0.5% (v/v) 25 g/100 mL
0.2% a- lactose) Glucose, 0.05% (w/v) 2.5 g/100 mL
a- lactose, 0.2% (W/v) 10 g/100 mL
20X NPS (NH4)2SO4 6.6 g/100 mL
KH2PO4 13.6 g/100 mL
Na,HPO, 14.2 g/100 mL
Complete Growth Media (CGM) for Capan- | IMDM, 80% (v/v) 800 mL/L
1 cells FBS, 20% (v/v) 200 mL/L
CGM for HEK 293 cells DMEM, 90% (v/v) 900 mL/L
FBS, 10% (v/v) 100 mL/L
Penicillin- 10 mL/L
Streptomycin, (10,000
U /mL) (v/v)
CGM for Jurkat cells RMPI 1640, 90% (v/v) 900 mL/L
FBS 10%, (v/v) 100 mL/L
Freezing media for mammalian cell line CGM, 95% (v/v) 4.75 mL
cryopreservation DMSO, 5% (v/v) 250 pL

42




2.4.1 Antibiotics

Antibiotic Formulation
Carbenicillin, 100 mg/mL Carbenicillin salt 500 mg
Molecular grade water 5SmL
Kanamycin, 60 mg/mL Kanamycin 300 mg
Molecular grade water 5SmL
Tetracycline, 5 mg/mL Tetracycline 25 mg
Molecular grade ethanol 5SmL
Chloramphenicol, 25 mg/mL Chloramphenicol 125 mg
Molecular grade ethanol 5SmL
2.5 Buffer Compositions
2.5.1 General Buffers
Buffer Composition
Phosphate Buffered Saline (PBS) NaCl 5.84¢g/L
Na;HPO, 4.72 g/ L
NaH,PO4 2.64 g/ L
Final pH 7.4

Reagents were
dissolved in ultra-
pure H>0. The
required pH was
adjusted by titration
with the appropriate
acid or base.

PBS-Tween 20 (0.05%, v/v) (PBS-T) PBS 1X
Tween 20 0.05% (v/v)
(Milk Marvel / BSA) PBS-T PBS 1X
Milk Marvel / BSA 5% /3% (w/v)

2.5.2 Buffers for sodium dodecyl sulfate-polyacrylamide gel electrophoresis

Buffer Composition

10X Electrophoresis Buffer 50 mM Tris, pH 8.3 30g/L
196 mM Glycine 144 g/ L
0.1% (w/v) SDS 10g/L
dH»0 Upto 1L

4.5% stacking gel (1 gel) 1 M Tris-HCI, pH 6.8 300 pL
30% (w/v) Acrylagel 375 uL
2% (w/v) Bis-Acrylagel 150 pL
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(TEMED)

Deionised H,O 1.625 mL
10% (w/v) SDS 24 uL
10% (w/v) APS 24 uL
Tetramethlylethylenediamine 2 ulL
(TEMED)

12.5% separating gel (1 gel) 1 M Tris-HCI, pH 8.8 1.5 mL
30% (w/v) Acrylagel 2.5 mL
2% (w/v) Bis-Acrylagel 1.0 mL
Deionised H.O 934 uL
10% (w/v) SDS 30 uL
10% (w/v) APS 30 uL
Tetramethlylethylenediamine 6 uL

2.5.3 Protein Purification Buffers for amylose resin

plus:
10 mM Maltose
pH 7.4

Buffer Composition and pH
Column Buffer 20 mM Tris-HCl
200 mM NaCl
1 mM EDTA
pH 7.4
Elution Buffer Column Buffer

2.5.3 Gel Filtration buffers for size exclusion chromatography (SEC)

Buffer

Composition

SEC Buffer

1 X PBS containing protease inhibitor tablets

The buffer was prepared, sterile filtered through 0.2 uM filtered and degassed before use.

2.5.5 Protein Purification Buffers for Ni2-NTA resin

Buffer

Composition and pH

Lysis Buffer

50 mM NaHzPO4
300 mM NaCl

10 mM Imidazole
pH 8.0

Equilibration buffer

50 mM NaHzPO4
100 mM NaCl
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10 mM Imidazole
pH 8.0

Wash Buffer A

1X PBS

150 mM NaCl

30 mM Imidazole
pH 8.0

Wash Buffer B

1X PBS

150 mM NaCl

40 mM Imidazole
pH 8.0

Elution Buffer

1X PBS
300 mM Imidazole
pH 8.0

2.6 Commercially sourced Kits

Kit

Source

Superscript 111" Reverse Transcriptase Kit

Biosciences Ltd.,

3 Charlemont Terrace,
Crofton Road,

Dun Laoghaire,
Ireland.

NucleoSpin® Gel and PCR Clean up Kit

NucleoSpin® Plasmid mini prep Kit

Fisher Scientific Ireland,
Suite 3, Plaza 212,
Blanchardstown Corporate Park 2,

NucleoSpin® Xtra midi plasmid Kit Bally'coohn,
Dublin 15,
Ireland.
ViraPack Transfection Kit Agilent Technologies,

5301 Stevens Creek Blvd.
Santa Clara,

CA 95051,

United States.
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2.7 Commercially sourced antibodies

Antibody

Dilution

Source

Peroxidase-labelled rat anti-HA
(Human Influenza virus
hemagglutinin) antibody

(Cat. No: 12013819001)

Peroxidase-labelled goat anti-
mouse IgG antibody (Cat. No:
A4416)

Peroxidase-labelled mouse
monoclonal anti-polyHistidine
antibody (Cat. No: A7058)

Mouse monoclonal anti-AGR2
antibody
(Cat. No: WH0010551M3)

Peroxidase-labelled rabbit anti-
chicken IgY (IgG) whole molecule
antibody (Cat. No: A9046)

1: 2,000

1: 10,000

1: 2,000

1: 2,000

1: 30,000

Sigma-Aldrich Ireland
Limited,

Vale Road,

Arklow,

Wicklow,

Ireland.

Peroxidase-labelled mouse anti-
maltose binding protein antibody
(Cat. No: ab49923)

Peroxidase-labelled mouse anti-
M13 antibody
(Cat. No: ab50370)

Rabbit monoclonal antibody to
Mesothelin (Human) (Cat. No:
ab134109)

Peroxidase-labelled rabbit
polyclonal antibody to Myc (Cat
No: ab1236)

Mouse anti-MUC1 (Human)
antibody (Cat No: 36690)

Mouse anti-CD3 epsilon (Human)
antibody (Cat No: 134408)

1: 2,000

1: 20

1: 2,000

1: 40,000

1: 5,000

1: 2,000

Abcam,

330 Cambridge Science Park,
Cambridge,

CB4 OFL,

UK.
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2.8 Commercially sourced proteins

Protein

Source

CD3e¢ epsilon (CD3-TCR Complex) protein
(His-Tagged)

Antibodies-online GmbH,
Schloss-Rahe-Str. 15,
52072 Aachen,

Germany.

2.9 Commercially sourced vectors/plasmids

(pPB-N-His)

Vector/Plasmid Source
Mesothelin (MSLN) Protein Vector (Human) | NBS Biologicals Ltd,
(pPB-N-His) 14 Tower Square,
Huntington PE29 7DT,
Mucin 1 (MUCI) Protein Vector (Human) UK.

pAdEasy-Msln-iCre-HA-Flag

A gift from William Pu (Addgene plasmid #
18097)

Addgene,

75 Sidney Street, Suite S50A,

Cambridge,

MA 02139,

USA.

pMAL-Anterior Gradient 2 (AGR2)

A gift from Ronny Drapkin (Addgene
plasmid # 18097)

Addgene,

75 Sidney Street, Suite 550A,
Cambridge,

MA 02139,

USA.

pET-26b(+)

Novagen,
Merck KGaA,
Darmstadt,
Germany.

pComb3XSS phagemid vector

Sourced from the Applied Biochemistry
Group (ABG) laboratory.
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2.10 General Lab Techniques
2.10.1 Agarose Gel Electrophoresis

Agarose gel electrophoresis is an effective method for the separation, identification and
purification of DNA fragments. Various percentage gels (typically between 0.6-1.5%
(w/v)) were prepared by weighing out the required percentage in grams of agarose. The
agarose was then dissolved in 1 X Tris-Acetate-EDTA (TAE) buffer (typically 50-100
mL) by heating in the microwave for approximately 1-2 min. SYBR safe (0.001% (v/v))
was added to the cooling gel and swirled. The SYBR safe stains the DNA and allows it
to be visualised under U.V light. The gel was then poured into the gel cast, the comb
inserted and allowed to set. The gel was placed into the gel apparatus and 1 X TAE was
used as the running buffer. To facilitate the loading of samples that are in colourless
buffers, a tracker dye was added (2 puL dye + 10 puL sample). Gels were run between 85-
100 V for 1 hour. Gels were visualized on a UV transilluminator and photographed using

a UV image analyser.

2.10.2 SDS-PAGE

SDS-PAGE is a common method to electrophoretically separate proteins for analysis.
This procedure utilises the reducing agent B-mercaptoethanol and heat to dissociate the
proteins. The denatured proteins bind to SDS and become negatively charged. The
amount of SDS that binds is proportional to the molecular mass of the polypeptides
(MacPhee, 2010). The gels were composed as listed in Section 2.5.2. The separation gel
(12.5% (w/v)) was poured into glass plates held together using Bio-rad gel holder
cassettes. The stacking gel (4.5% (w/v)) was then added directly on top of the separation
gel. A plastic comb was placed into this gel to create wells for sample loading. Once fully
polymerised, the gels were placed into the electrophoresis chamber. The comb was
removed and the chamber and wells were submerged in 1 X electrophoresis buffer. The
samples were prepared with 4 X SDS sample and heat was applied for 5 min at 95°C to
dissociate the proteins into individual polypeptides. Ten pL of PageRuler Plus protein
ladder was loaded into a well in each gel for identification of the molecular mass of the
proteins. A sample volume of 20 uL was then added to the remaining wells. The gel was
run at 140 V until the samples had reached the bottom of the gel. The separated proteins

were then visualized by the addition of Instant Blue™ to the gel for 1- 2 hours.
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2.10.3 Western Blotting

Western blotting is a technique that transfers a replica of the separated proteins from the
polyacrylamide gel onto a nitrocellulose membrane, followed by qualitative detection of
a specific protein (MacPhee, 2010). Before transferring the gel onto the nitrocellulose
membrane, the gel, filter paper and nitrocellulose membrane were soaked in Thermo
Scientific™ Pierce™ 1-Step Transfer Buffer for 15 min to dissociate the SDS from the
proteins and improve the adsorption of protein to the membrane (MacPhee, 2010). The
proteins were transferred to the membrane using the Pierce™ G2 Fast Blotter at 25V for
7 min. The resulting membrane was then blocked (to block any non-specific binding sites
on the membrane and to promote the renaturation of antigenic sites (MacPhee, 2010))
using 50 mL PBS containing 3% (w/v) BSA O/N at 4°C with gentle agitation. The
membrane was washed 3 times with PBS and PBS-T 0.05% (v/v). Ten mL of the primary
antibody, at the dilution advised by the manufacturer (typically 1/1,000-1/2,000 dilution),
was prepared in PBS-T 0.05% (v/v) containing 1% (w/v) BSA and was added on top of
the membrane for 1 hour at RT with gentle agitation. The membrane was washed
thoroughly as before. If necessary, a secondary antibody was prepared and added
identically to addition of the primary antibody and then washed. TMB peroxidase
substrate was added to the blot. The TMB forms an insoluble blue precipitate when it

comes in contact with the HRP label on the antibody making the protein bands visible.

2.10.4 Quantification of proteins/nucleic acids on the NanoDrop™1000
Spectrophotometer

The NanoDrop™ 1000 spectrophotometer was pre-set to the correct parameters for the
sample to be quantified. When measuring protein, the absorbance is 280nm and when
measuring DNA, the absorbance is 260nm. The NanoDrop™ was initialised by adding 1
uL of H2O to the pedestal. This initialization step generates a reading equivalent to a
blank reading. It includes any external sources of signal that could react with the detector,
and this reading is then removed from all sample, standard and reference readings that
are subsequently taken. The machine was then blanked by the addition of the sample
buffer. One pL of the sample to be quantified was pipetted onto the pedestal and the
measurement was taken in triplicate to ensure accuracy. The pedestal was then blotted

clean for the next measurement.

49



2.10.5 LB Agar plate preparation

The necessary components (See Section 2.4) were weighed out into a 1L bottle and
autoclaved. The agar was cooled to ~50°C. The appropriate concentration of the
necessary antibiotic was added, and the solution was inverted a few times to mix. The
agar was then poured into 10 cm polystyrene petri dishes and the plates were allowed to
cool with the lids on, until solid. The plates were then labelled and sealed using parafilm

and stored at 4°C until needed.

2.10.6 Preparation of bacterial cell stocks

Small-scale cultures (10 mL media supplemented with the relevant antibiotic), containing
a single colony from an agar plate, or a scraping from a glycerol stock, were grown O/N
at 37°C at 220rpm. In 1.5 mL tubes, bacterial stocks were made to a final volume of 1
mL (500 pL of 50% (v/v) glycerol and 500 pL of overnight culture). These bacterial

stocks were stored at -80°C for long-term storage.

2.10.7 Plasmid propagation and purification using NucleoBond® Xtra high-copy
plasmid purification

An overnight 10 mL culture, supplemented with the relevant antibiotic, was inoculated
with a single colony from an agar plate or glycerol stock and then incubated O/N at 37°C,
and 220 rpm. The culture was centrifuged at 11,000g (Hermle Z233M-2 Air-cooled
version Microcentrifuge) for 10 min at 4°C to pellet the cells. The plasmid was then
purified using the NucleoBond® Xtra Midi, as per the manufacturer’s guidelines
(manufacturers protocol can be found in Appendix D). The purified plasmid was eluted

in 30 uL of molecular grade H>O and quantified using the NanoDrop™ at 260nm.

2.10.8 Optimisation of recombinant protein expression

Optimisation of recombinant protein expression was performed depending on the
attributes of the antibody/analyte of interest. Various concentrations of isopropyl f-D-1-
thiogalactopyranoside (IPTG), for induction of protein expression, temperatures and
media types were evaluated. This section describes a generic protocol for expression
studies, with any refinements, deviations or modifications noted in the relevant sections.
An 10 mL culture, containing a single colony from a plate or using a bacterial glycerol
stock, supplemented with the relevant antibiotic, was grown O/N at 37°C at 220rpm. The

following day, subcultures were inoculated and grown at 37°C at 220rpm until an O.Dsoo
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of ~0.6 was reached. The cultures were then induced with varying concentrations of IPTG
and grown at different temperatures (25°C, 30°C and 37°C) O/N at 220rpm. The next day
the samples were removed and centrifuged at 11,000g (Hermle Z233M-2 Air-cooled
version Microcentrifuge) for 30 min. The pellets were resuspended in 200 pL of 1 mg/mL
lysozyme in 1X PBS. The lysozyme breaks down the peptidoglycan in the bacterial cell
wall resulting in bacterial cell lysis. The samples were then alternated from -80°C for 10
min, to 37°C for 10 min, for a minimum of 3 times to ensure complete cell lysis. The
cellular debris was collected by centrifugation of the samples at 11,000g (Hermle Z233M-
2 Air-cooled version Microcentrifuge) for 45 min at 4°C. The supernatant was collected

and prepared for analysis by SDS-PAGE and WB.

2.11 Mammalian cell culture methods

All methods described below were performed aseptically in a laminar flow hood.

2.11.1 Preparation of Complete Growth Media (CGM) for mammalian cell lines

CGM preparation was carried out aseptically in a laminar hood. The media and FBS were
pre-warmed in a 37°C water bath for 30 min. Any cell-line dependent additives, 10-20%
(v/v) FBS and 1 mL of 10,000 I.U./mL Penicillin-10,000 (pg/mL) Streptomycin were
added, at the appropriate concentration, to the media specified for each cell line, as per
Section 2.4. The media mixture was swirled and stored at 4°C until further use. FBS is a
supplement that is a mixture of necessary growth promoting and inhibiting biomolecules
that aid in cell growth, metabolism and stimulate proliferation (Brunner et al., 2010)
whereas, penicillin-streptomycin is added to reduce the chances of microbial

contamination.

2.11.2 Thawing and propagation of mammalian cell stocks

The appropriate CGM was placed in the 37°C bath for 30 min. A cryovial was removed
from the liquid nitrogen (LN3z) carefully, using gloves and protective face-wear. The vial
was thawed quickly with gentle agitation in a water bath with the lid kept above water to
avoid contamination. Once thawed, the 1mL cell solution was removed and suspended in
9mL of pre-warmed CGM. The cells were then spun down at 125g for 5 min (Sigma
Laborzentrifugen Model 2K 15). The supernatant was removed and discarded, and the cell

pellet was resuspended in 10 mL of CGM and placed in a T-25¢m? cell culture flask. The
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flask was incubated in the 37°C/ 5% COx- for the cells to recover and propagate. After ~72

hours the cells were subcultured to maintain optimum propagation conditions.

2.11.3 Subculturing of adherent mammalian cells

The CGM and sterile ‘Ca®* - and Mg?* - free’ (Ca?* and Mg?* promote cell adherence thus
they can hinder the removal of adherent cells from the flaks surface) DPBS were pre-
warmed in the 37°C water bath for 30 min. The media within the flask of cells was
removed and discarded. DBPS was carefully added to avoid dislodgment of the adherent
cells. Using a gentle rocking motion the cells were rinsed and the DPBS was discarded
to remove any dead or loosely bound cells. Warm CGM was added to the flask and a
rubber policeman employed to gently lift adherent cells from the surface of the flask. One
mL of the detached cell suspension was removed for cell counting and determination of
cell viability, as detailed in Section 2.11.4. The cell suspension was centrifuged at 125g
for 5 min (Sigma Laborzentrifugen Model 2K15) and the supernatant was discarded. The
pellet was resuspended in the appropriate volume of CGM and added to a new flask with
fresh CGM. The flask of cells was then placed in the 37°C/ 5% CO> incubator to allow
the cells to propagate.

2.11.3.1 Subculturing of Jurkat E6.1 clone cells

This protocol was performed as outlined in Section 2.11.3

Protocol Deviations:

I.  The Jurkat E6.1 cell line is a T-lymphocyte suspension cell line and did not require

a wash using DBPS or scraping. The Jurkat E6.1 clone cellsyCGM mix was
removed from the flask and then centrifuged at 125 g for 5 min (Sigma
Laborzentrifugen Model 2K 15). The supernatant was discarded and the pellet was
resuspended in fresh pre-warmed CGM and added to a flask of fresh CGM at a

concentration of 1x 10°—1 x 10°cells in a T-75cm flask.

2.11.4 Counting mammalian cells

Cell viability counts were performed using the trypan blue exclusion method. This
method is based on the concept that viable cells will not be stained by the membrane
impermeable trypan blue stain but permeable dead cells will. This leaves the non-viable

cells stained blue under the microscope and the live cells remain unstained (Louis et al.,
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2011). One hundred pL of cell suspension was mixed with 150 uL PBS and 250 pL of
trypan blue (0.4% v/v) and left at RT for 2 min. Ten pL was added to each side of a
disposable C-Chip hemocytometer and examined under the 10 X objective using the
Nikon Diaphot Inverted Tissue Culture Microscope. Viable cells within the central grid
were counted and calculated using the following formula: Cell/mL =N x 5 x 10* (N =

average viable cells counted, 5 = dilution factor, 10*= constant).

2.11.5 Harvesting of mammalian cells for cryopreservation of cell stocks

Cryopreservation is the process by which living cells are cooled to sub-zero temperatures
to effectively stop any enzymatic or chemical activity that could be damaging (Pegg,
2007). Cells were harvested from 90% confluent flasks. The cells were washed using
DPBS, removed from the flask and centrifuged as described in Section 2.11.3. The pellet
was resuspended in freezing media (95% (v/v) CGM and 5% (v/v) DMSO) to create a
cell suspension of ~1-2 x 10° viable cell / mL. The aliquots were placed in a Mr. Frosty
freezing container and filled with ice cold isopropanol, at -80°C for 12 hours. The cell

aliquots were then stored in LN> indefinitely.

2.11.6 Cell authentication and mycoplasma testing for mammalian cells

In order to determine the authenticity of cell lines, short tandem repeat (STR) analysis
was performed by investigating a number of highly polymorphic unlinked loci.
Furthermore, a DNA PCR mycoplasma test that screens for 19 contaminant species was
performed. This cell line authentication and mycoplasma testing was carried out on all
cell lines employed herein, using the DDC Medical DNA collection card kit. In
accordance with the kit instructions, 1 x 10° cells were spotted onto the suppled sample
collection card and allowed to dry. The card was subsequently shipped to DCC where

STR and mycoplasma analysis was carried out and results were later provided via email.

2.12 Expression and purification of a recombinant AGR2 protein

2.12.1 Streaking of pMAL-AGR2 plasmid to obtain single colonies

LB agar plates supplemented with 100 ug/mL carbenicillin were made as outlined in
Section 2.10.5. Using an inoculation loop, the plasmid was streaked onto 4 separate plates

and incubated inverted at 37°C O/N. The colony-covered plates were then stored at 4°C.
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2.12.2 Small-scale expression studies of the fusion protein AGR2-MBP

A 10 mL culture, containing a single colony from a plate or using a bacterial glycerol
stock supplemented with 100 pg/mL of carbenicillin, was grown O/N at 37°C at 220rpm.
The next day, 10 mL auto-induction media with various broth bases, supplemented with
100 pg/mL carbenicillin, were inoculated with the overnight culture. These cultures were
grown O/N at 37°C and 30°C at 220rpm. A one mL sample from each of the cultures was
removed and centrifuged at 11,000 (Hermle Z233M-2 Air-cooled version
Microcentrifuge) for 30 min. The supernatant was discarded and the pellets were retained

and stored at -80°C.

2.12.3 Lysis of E. coli for analysis of protein expression

The protein pellets were thawed at 37°C in a water bath and resuspended in 200 pL of 1
mg/mL lysozyme in 1 X PBS. The samples were alternated from -80°C for 10 min to
37°C for 10 min for a minimum of 3 times. The cellular debris created by lysis was
collected by centrifuging the samples at 11,000g (Hermle Z233M-2 Air-cooled version
Microcentrifuge) for 45 min at 4°C. The supernatant was collected and prepared for SDS-

PAGE and WB.

2.12.4 Large-scale expression of AGR2-MBP fusion protein

A 10 mL culture containing a single colony from a plate or using a bacterial glycerol
stock, supplemented with 100 pg/mL of carbenicillin, was grown O/N at 37°C at 220rpm.
One litre of auto-induction media in TB broth was made, as described in Section 2.4, and
split into 5 x 200mL sterile flasks, supplemented with 100 pg/mL carbenicillin, and
inoculated with 200 puL of the 10 mL overnight culture. The 5 x 200 mL flasks were
grown O/N at 37°C at 220rpm. The entire 1L culture was then centrifuged at 4,000g
(Eppendorf ™ Centrifuge fixed angle rotor (F-45-30-11)) for 20 min and the pellets were

retained and stored at -80°C.

2.12.5 Sonication of E. coli cells prior to purification of selected proteins

The large-scale AGR2-MBP fusion protein expression pellets were resuspended in 10mL
of column buffer and incubated on ice (Section 2.5.3). The sonicator was set to the
following conditions: 25% amplitude, 2 sec on pulse, 2 sec off pulse for 2 min. After
sonication, the samples were centrifuged at 11,000g (Eppendorf ™ Centrifuge fixed angle

rotor (F-45-30-11)) for 30 min at 4°C. The supernatant was collected and filtered using a

54



0.2 uM filter. This ‘filtered lysate’ was applied to the amylose resin column for protein

purification.

2.12.6 Purification of the fusion protein AGR2-MBP by amylose resin

Amylose resin is an affinity resin used in a gravity flow column for the purification of
proteins that are fused to maltose binding protein (MBP) (Neissi et al., 2013). Three mL
of the amylose resin slurry (Brennan & Co.) was added to the column. Once settled, the
resin was equilibrated with 30 mL of ice-cold column buffer. The filtered lysate was
diluted 1:6 with column buffer and applied to the column. A 30 pL sample was retained
and marked as ‘Flow-through 1°. This flow-through was then re-applied to the column
and a second sample was taken and marked as ‘Flow-through 2’. The column was then
washed three times, each with 10 mL of column buffer. With each wash a sample was
taken to identify any protein loss during the wash steps. The bound protein was eluted
with 8 mL of elution buffer (column buffer & 10 mM maltose). This was collected in 8 x
I mL fractions. All the samples taken were analysed on an SDS-PAGE and WB to
determine the AGR2-MBP fusion protein-containing fractions. Protein-containing

fractions were concentrated using a Vivaspin 50,000 MW ‘cut-off” column.

2.12.7 Protease cleavage of MBP from AGR2 protein

Cleavage of AGR2 from MBP was carried out using the protease Factor Xa. It cleaves
after the arginine residue in its preferred site [le-(Glu or Asp)-Gly-Arg. One pg of Factor
Xa was added per 50 pg of fusion protein and incubated O/N at RT. The Factor Xa was
inactivated by the addition of 1,5-Dansyl-Glu-Gly-Arg Chloromethyl Ketone
Dihydrochloride (EMD Millipore) to a final concentration of 2 uM. Following cleavage,

the mixture was buffer exchanged into 1 X PBS, pH 7.4, using a Vivaspin column.

2.12.8 Gel filtration of AGR2 protein on an AKTA pure system

Gel filtration (also referred to as size exclusion chromatography) is a basic
chromatographic technique that separates proteins based on differences in molecular size
and shape as they pass through a gel filtration medium in a packed column, and it is often
used as a final polishing purification step (Kim et al., 2011). A Superdex 75 10/300 GL
column gel filtration column (GE Healthcare) was equilibrated with 1 X PBS, pH 7.4,
(1CV =50 mL). The cleaved AGR2-MBP mixture was applied to the column at a flow

rate of 0.5 mL/min. Fractions were collected after 0.4 CV until 1 CV was reached. Protein
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was monitored online by A28( using the dedicated Unicorn control and evaluation

software (GE Healthcare). Protein peaks were analysed by SDS-PAGE/WB and
quantified using the NanoDrop™. Protein-containing fractions were concentrated to 500

pL.

2.13 Expression and purification of a recombinant MUCT protein

2.13.1 Heat-shock transformation of Mucin 1 (MUC1) Protein Vector (Human)
(pPB-N-His) into One Shot® BL21 (DE3) E. coli chemically competent cells

LB agar plates supplemented with 50 pg/mL of kanamycin were pre-warmed in a 37°C
incubator. A 50 pL aliquot of One Shot® BL21 (DE3) E. coli of chemically competent
cells (Invitrogen) was thawed on ice for 5 min. One pL of plasmid at a concentration of
10 ng/puL was added to the cells. These were mixed by gentle tapping and left on ice for
30 min. The competent cell/plasmid mix was placed in a 42°C water bath for 45 sec and
then incubated on ice for 2 min. The cells were recovered by adding 150 pL of pre-
warmed SOC media and then incubated at 37°C at 240 rpm for 1 hour. This step allows
the bacteria to generate the antibiotic resistance proteins to ensure they can grow on the
agar plates. The recovered cells were spread onto LB plates, containing 50 ug/mL of
kanamycin in various dilutions, to obtain single colonies. The plates were inverted and

incubated at 37°C O/N.

2.13.2 Optimisation of expression of recombinant MUC1 protein

This protocol was performed as outlined in Section 2.10.8.

2.13.3 Large-scale expression of recombinant MUCT1 protein

This protocol was performed as outlined in Section 2.12.4.

2.13.4 Sonication of E. coli cells for purification
This protocol was performed as outlined in Section 2.12.5.
Protocol deviations:

I.  For buffers used for lysis, see Section 2.5.4.
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2.13.5 Purification of recombinant proteins using Ni>-NTA resin

The lysate supernatant was collected and filtered using a 0.2 uM filter to remove residual
cells debris. Three mL of Ni2-NTA resin slurry (Novagen) was added to the column and
allowed to settle. The resin was equilibrated with 10 mL of equilibration buffer. The
lysate was applied to the column and allowed to flow through the resin; a sample of this
was retained and marked as ‘Flow-through 1°. This flow-through was then re-applied to
the column and a second sample was taken and marked as ‘Flow-through 2’. The column
was washed with 10 mL of wash buffer A, followed by 10 mL of wash buffer B to remove
any loosely bound proteins. With each wash, a sample was taken to determine if there
was any protein loss during the wash steps. The bound HIS-tagged protein was then eluted
with 8 mL of elution buffer in 1 mL fractions. The eluted fractions containing the antibody
were then buffer exchanged against filtered PBS (with 0.02% (w/v) NaN3) using a
Vivaspin™ 6 column with the appropriate molecular weight ‘cut-off’. The purified
sample was then analysed on the NanoDrop™ 1000 and stored at -20°C. The efficiency
of the purification was evaluated using SDS-PAGE and Western-blotting as per Sections
2.10.2 and 2.10.3.

2.14 Mammalian Expression of a recombinant MSLN protein

2.14.1 Preparation of adenoviral DNA for transfection by digestion of pAdEasy-
MslIn-iCre-HA-Flag vector

The bacterial stab of DHS5aplha E. coli cells containing the pAdEasy-Msln-iCre-HA-Flag
vector was streaked onto an LB agar plate supplemented with 60 pg/mL kanamycin to
obtain single colonies. A single colony was used to inoculate a 10 mL culture of SB media
supplemented with 60 pg/mL kanamycin and incubated while shaking at 220rpm at 37°C
O/N. The plasmid was purified from the culture (as per Section 2.10.6) and linearized
using the Pacl enzyme acquired from NEB using the NEB CutSmart® buffer.
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Table 2.1: Components for Pacl linearization of adenoviral DNA

Component Concentration/Volume
Purified pAdEasy-Msln-iCre-HA-Flag 1pg
Pacl (10,000 units /mL) 1U
CutSmart® Buffer (10X) 5 uL
Molecular grade H,O Up to 50 uL

The digestions were incubated at 37°C for 1 hour and de-activated at 65°C for 20 min.
The digested vector was analysed on a 0.6% (w/v) agarose gel with non-digested vector

acting as a control.

2.14.2 Mammalian Expression of recombinant MSLN

Transfection of the pAdEasy-Msln-iCre-HA-Flag was achieved using the ViraPack
Transfection Kit (Agilent). This is based on a modified CaPOs4 method of DNA
transfection into HEK293 cells. The CaPO4 forms a precipitate resulting in transfection
by enhancing the adsorption of DNA to cell membranes and thus, DNA uptake by the
mammalian cells. Additionally, the CaPOy precipitate limits the digestion of the DNA by

DNase associated with mammalian cells (Ling ef al., 2017).

Twenty-four hours prior to transfection, HEK293 cells were plated at 1 x 10° cells / well
(in 5 mL CGM) in a 6-well 60-mm tissue culture plate. The cells were incubated at 37°C/
5% CO2 O/N. The following day 5 pg of digested plasmid was added to 450 uL sterile
H>O. The transfection was completed as per the manufacturer’s guidelines for the
ViraPack Transfection Kit. Briefly, the DNA was incubated with a CaClo/ BBS (N-bis-
2-hydroxyethyl)-2-aminoethanesulfonic acid and buffered saline) solution. Concurrently,
the CGM was removed from the HEK293 cells. The cells were then washed twice with
DPBS and 5 mL of DMEM containing 6% (v/v) modified bovine serum (MBS) was
added. The DNA solution was slowly added in a circular dropwise motion and the flask
swirled gently to ensure even distribution of the DNA in the culture plate. The tissue
culture plates were then incubated for 3 hours at 37°C/ 5% CO.. The supernatant was

removed and the cells washed 3 times with DPBS. Fresh CGM was added to the tissue
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culture plates and left at 37°C/ 5% COa. Six -days post-transfection the cells and

supernatant were harvested for MSLN protein purification.

2.14.3 Gel filtration of MSLN protein on an AKTA pure system

This protocol was performed as outlined in Section 2.13.8.

2.15 Generation of a murine anti-Capan-1 scFv library

2.15.1 Immunisation of BALB/c mice using Capan-1 pancreatic cancer cell line

This cell line was selected as the literature confirmed that it positively expressed the three
markers that antibodies were generated against. A group of six female BALB/c mice aged
5-8 weeks, were each initially immunised with 1 x 10% Capan-1 cells in a 1:1 ratio of
sterile PBS and Freund’s complete adjuvant to a final volume of 200 pL/per mouse.
Freund’s complete adjuvant contains heat-killed mycobacteria, which attracts cells such
as macrophages to the injection site enhancing the immune response (Billiau ez al., 2001).
The solution was injected into the peritoneal cavity. Four subsequent boosts (days 14, 28,
42 and 56) were performed using the same volume of cells in a 1:1 ratio with Freund’s
incomplete adjuvant. Freund’s incomplete adjuvant lacks the mycobacteria resulting in
minimal side effects and consequently is used for boosting (Billiau ez al., 2001). A bleed
was taken from the mice facial vein 7 days after each injection and was employed to
determine the antibody titre against Capan-1 cells. Once a high titre response was
reached, the mice were given a final boost into the peritoneal cavity and then sacrificed 7

days later.

2.15.2 Analysis of immune response to Capan-1 cells

Nunc MaxiSorp™ immunoplates were coated with 1 x 10° cells/well in 105 pL CGM and
10 puL of FBS. The plate was incubated O/N at 37°C / 5% CO.. The plate was blocked
with 200 pL /well of PBS containing 3% (w/v) BSA for 1 hour at 37°C / 5% COas. The
plate was washed 3 times with PBS-T (0.05% (v/v)) and PBS. Serial dilutions of each of
the mice anti-serum in PBS-T (0.05% (v/v)) containing 1% (w/v) BSA were added to the
wells (100 pL/well) and incubated at 37°C / 5% CO. for 1 hour. The plate was washed as
before. A 1 in 2,000 dilution of HRP-labelled goat anti-mouse IgG antibody in PBS-T
(0.05% (v/v)) containing 1% (w/v) BSA was added to each well (100 uL/well) and
incubated for 1 hour at 37°C / 5% CO», The plate was then washed as before and TMB
substrate was added (100 uL/well). The plate was incubated at 37°C for 30 min, after
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which the reaction was stopped by the addition of 10% (v/v) HCl (50 pL/well). The

absorbance was read at 450nm on a Tecan Safire2™ platereader.

2.15.3 Extraction and isolation of total RNA from mouse spleens

The following preparatory steps were taken before the RNA extraction was carried out;
Oakridge tubes were decontaminated using Virkon®, washed with ‘Rnase-free’ water,
sprayed with RnaseZap® and left O/N to ensure complete eradication of remaining
Rnases. The homogenizer was incubated in Precept™, washed with ‘Rnase free’ water,
autoclaved and then baked in a 60°C oven O/N. The 75% (v/v) ethanol was prepared
using ‘Rnase-free’ water in ‘Rnase-free’ tubes and stored until needed at -20°C. The

laminar flow hood was de-contaminated with 70% (v/v) IMS and RnaseZap.

The mice were sacrificed by cervical dislocation. Four of the six mouse spleens were
removed, submerged in RNAlater in ‘Rnase-free’ tubes and stored at -80°C. The
remaining two spleens were placed in 10 mL of ice-cold TriZol® reagent (Sigma) and
homogenized. TriZol® is a phenol and guanidine isothiocyanate-based solution that
solubilises biological material and denatures protein. During homogenization TriZol®
retains the integrity of the RNA while disrupting cells and cell components (Rio ef al.,
2010). The homogenized spleen / TriZol® mix was then centrifuged at 1575g (Sigma
Laborzentrifugen Model 2K15) for 10 min at 4°C. The supernatant was removed into a
85 mL Oakridge tube containing 2 mL of ice-cold chloroform. This was mixed well by
shaking and let stand at RT for 15 min. The supernatant containing chloroform was then
centrifuged at 17,500g (Eppendorf ™ Centrifuge fixed angle rotor (F-45-30-11)) for 20
min at 4°C. The addition of chloroform causes phase separation resulting in 3 layers.
Protein is extracted to the lower organic layer, DNA resolves at the interface and RNA
remains in the upper aqueous layer (Rio et al., 2010). The upper aqueous layer was very
carefully removed, taking the utmost care to not disrupt the other layers. The upper
aqueous layer was added to a fresh 85 mL Oakridge tube with SmL of isopropanol for
precipitation of RNA. The sample was mixed and let stand at RT for 10 min. The sample
was then centrifuged at 17,500g (Eppendorf ™ Centrifuge fixed angle rotor (F-45-30-
11)) for 20 min at 4°C. The resulting supernatant was carefully removed and discarded
without disrupting the pellet. The RNA pellet was washed by adding 10 mL of 75 % (v/v)
ethanol and centrifuging at 17,500g (Eppendorf ™ Centrifuge fixed angle rotor (F-45-

30-11)) for 10 min at 4°C. The supernatant was again carefully removed and discarded.
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The pellet was the allowed to air dry in the laminar flow hood for 10 min. Once dry, the
pellet was resuspended in 250 pL of ‘Rnase-free’ molecular grade water (Sigma) and
transferred into a 2 mL ‘Rnase-free’ tube and stored on ice. The RNA was quantified on

the NanoDrop™ and cDNA synthesis was immediately performed.

2.15.4 cDNA synthesis

The RNA obtained from the murine spleens was transcribed to cDNA by reverse
transcription PCR. The cDNA serves as a template for the amplification of the variable
heavy and light chain gene fragments for antibody library building. The cDNA synthesis
reaction was performed using a Superscript III first strand cDNA synthesis kit
(Invitrogen). This kit was used as it includes a polymerase is a version of Moloney Murine
Leukemia Virus Reverse Transcriptase (M-MLV RT) which is superior to other
superscripts due to its reduced Rnase H activity and full enzymatic activity at 50°C. The

reaction components were as follows:

Table 2.2: Mixture 1 components Table 2.3: Mixture 2 components
Mixture 1 Volume Mixture 2 Volume

Total RNA X uL 10x RT Buffer 40 puL
Oligo dT (50uM) 20 pL 25mM MgCl, 80 uL
dNTPs 10mM 20 uL 0.IM DTT 40 uL
MgH>0O Up to 200 pL. RNase Out (40U/uL) 20 pL
Total 200 pL Superscript III RT (200U/uL) 20 uL

Total 200 pLL

Mixture 1 was dispensed into 8§ tubes (25 pL/tube) and incubated at 65°C in the thermal
cycler (Biometra Tgradient PCR machine). The samples were then placed on ice for 1 min.
Mixture 2 was then dispensed into the 8 tubes (25 pL/tube) and incubated at 50°C for 50
min followed by 85°C for 5 min. The tubes were placed on ice for 3 min and 5 pL. of
RNase H was added to each. The RNase H was added last as the presence of RNase H
during the first-strand synthesis digests the template mRNA reducing the sensitivity of
the PCR. The tubes were then incubated at 37°C for 20 min. Once complete, the 8 x 50
uL tubes were combined and stored at -20°C. The cDNA was then quantified using the

NanoDrop™,
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2.15.5 PCR primers for amplification of mouse scFv (pComb3XSS vector)

All primers were synthesized by IDT.

MSCVK-1

MSCVK-2

MSCVK-3

MSCVK-4

MSCVK-5

MSCVK-6

MSCVK-7

MSCVK-8

MSCVK-9

MSCVK-10

VK5’ Sense Primers

57 GGG CCCAGG CGGCCGAGCTCGAYATCCAGCTGA CTCAGC
cC3®

5> GGG CCCAGGCGGCCGAGCTCGAYATTGTTCTCW CCC AGT
cC3®

57 GGG CCC AGG CGG CCG AGC TCG AYA TTG TGM TMA CTC
AGTC 3

57 GGG CCCAGG CGGCCGAGCTCGAYATTGTGY TRA CACAGT
cC3®

57 GGG CCC AGG CGG CCG AGC TCG AYA TTG TRA TGA CMC
AGTC 3

57 GGG CCC AGG CGC CCC AGC TCG AYA TTM AGA TRA MCC
AGTC 3

57 GGG CCC AGG CGG CCG AGC TCG AYA TTC AGA TGA YDC
AGTC 3

57 GGG CCC AGG CGG CCG AGC TCG AYA TYC AGA TGA CAC
AGAC ¥

57 GGG CCCAGG CGGCCGAGCTCGAYATTGTTCTCA WCC AGT
cC3®

57 GGG CCCAGG CGG CCGAGCTCGAYATTG WGCTSA CCC AAT
cC3®
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MSCVK-11

MSCVK-12

MSCVK-13

MSCVK-14

MSCVK-15

MSCVK-16

MSCVK-17

MSCJK12-BL

MSCJK4-BL

MSCJK5-BL

MSCVL-1

5 GGG CCCAGG CGG CCGAGCTCGAYATTS TRATGA CCC ART
cC3®

57 GGG CCCAGGCGGCCGAGCTCGAYRTTK TGA TGA CCC ARA
cC3®

57 GGG CCCAGGCGG CCGAGCTCGAYATTGTGA TGA CBC AGK
cC3®

57 GGG CCC AGG CGG CCG AGC TCG AYA TTG TGA TAA CYC
AGGA ¥

57 GGG CCC AGG CGG CCG AGC TCG AYA TTG TGA TGA CCC
AGWT 3’

57 GGG CCCAGGCGGCCGAGCTCGAYATTGTGATGA CACAAC
cC3®

57 GGG CCCAGG CGG CCGAGCTCGAYATTT TGC TGA CTC AGT

cC3®

VK3’ Reverse Primers

5" GGA AGATCT AGA GGA ACCACCCCCACCACCGCCCGAGCC
ACC GCC ACC AGA GGA TTT KAT TTC CAG YTT GGT CCC 3’

5" GGA AGATCT AGA GGA ACCACCCCCACCACCGCCCGAGCC

ACC GCC ACC AGA GGA TTT TAT TTC CAA CIT TGT CCC

3’

5" GGA AGATCT AGA GGA ACCACCCCCACCACCGCCCGAGCC
ACC GCC ACC AGA GGA TTT CAG CTC CAG CTT GGT CCC ¥’

VA5’ Sense Primer

57 GGG CCCAGG CGG CCGAGCTCGATG CTGTTG TGA CTC AGG
AATC 3
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MSCJL-BL

MSCVH1

MSCVH2

MSCVH3

MSCVH4

MSCVHS5

MSCVHG6

MSCVH7

MSCVHS

MSCVH9

MSCVH10

VA3’ Reverse Primer

5 GGA AGA TCT AGA GGA ACCACC CCCACCACCGCCCGA GCC
CGA GCC ACC GCC ACC AGA GGA GCC TAG GAC AGT CAG TTT
GG 3

VHS5’ Sense Primers

57 GGT GGT TCC TCT AGA TCT TCC CTC GAG GTR MAG CTT CAG
GAGTC ¥

57 GGT GGT TCC TCT AGA TCT TCC CTC GAG GTB CAG CTB CAG
CAGTC 3

57 GGT GGT TCC TCT AGA TCT TCC CTC GAG GTC CAG CTG AAG
SASTC 3

57 GGT GGT TCC TAT AGA TCT TCC CTC GAG GTC CAR CTG CAA
CARTC 3

57 GGT GGT TCC TCT AGA TCT TCC CTC GAG GTY CAG CTB CAG
CARTC 3

57 GGT GGT TCC TCT AGA TCT TCC CTC GAG GTY CAR CTG CAG
CAGTC 3

57 GGT GGT TCC TCT AGA TCC TCC CTC GAG GTC CAC GTG AAG
CAGTC 3

5 GGT GGT TCC TCT AGA TCT TCC CTC GAG GTG AAS STG
GTG GAATC ¥

57 GGT GGT TCC TCT AGA TCT TCC CTC GAG GTG AWG YTG GTG
GAGTC ¥

57 GGT GGT TCC TCT AGA TCT TCC CTC GAG GTG CAG SKG GTG
GAGTC ¥
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MSCVHI11

MSCVHI12

MSCVH13

MSCVH14

MSCVH15

MSCVH16

MSCVH17

MSCVH18

MSCVH19

MSCGlab-B

MSCG3-B

57 GGT GGT TCC TCT AGA TCT TCC CTC GAG GTG CAM CTG GTG
GAGTC ¥

57 GGT GGT TCC TCT AGA TCT TCC CTC GAG GTG AAG CTG ATG
GARTC 3

57 GGT GGT TCC TCT AGA TCT TCC CTC GAG GTG CAR CTT GIT
GAGTC ¥

5 GGT GGT TCC TCT AGA TCT TCC CTC GAG GTR AAG CTIT
CTC GAGTC 3’

5 GGT GGT TCC TCT AGA TCT TCC CTC GAG GTG AAR STIT
GAGGAGTC ¥

57 GGT GGT TCC TCT AGA TCT TCC CTC GAG GTT ACT CTIR
AAA GWGTS 3

57 GGT GGT TCC TCT AGA TCT TCC CTC GAG GTC CAA CTV CAG
CARCC3

57 GGT GGT TCC TCT AGA TCT TCC CTC GAG GTG AAC TTG GAA
GTGTC 3

57 GGT GGT TCC TCT AGA TCT TCC CTC GAG GTG AAG GTC ATC
GAGTC ¥

VH3’ Reverse Primers

57 CCT GGC CGG CCT GGC CACTAG TGA CAG ATG GGG STGTYG
TITTGGC ¥

57 CCT GGC CGG CCT GGC CACTAG TGA CAGATG GGG CTG TTG
TIGT 3
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MSCM-B 57 CCT GGC CGG CCT GGC CACTAG TGA CAT TTG GGA AGG ACT

GACTCTC 3
SOE Sense Primer
RSC-F 5> GAG GAG GAG GAG GAG GAG GCG GGG CCC AGG caaG cca
AGCTC 3’
SOE Reverse Primer
RSC-B 5> GAG GAG GAG GAG GAG GAG CCT GGC CGG CCT GGC CAC
TAGTC 3’

Note: Avian primers employed are outlined in Appendix B.
2.15.6 Amplification of antibody variable domain genes using pComb series
primers

The PCR reaction components and conditions were as follows:

Table 2.4 Components and volumes for variable domain PCR

Component Concentration/Volume
cDNA 0.5 pg
2x MyTaq Reaction Buffer 25 uL
Forward Primer 2 uM
Reverse Primer 2 uM
Molecular grade H,O Up to 50 puL
Total 50 pLL

The amplification of the variable regions was performed in the Biometra Tgradient PCR

machine under the following conditions:
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Table 2.5 PCR thermal cycler conditions

Temperature Time

Step 1: 95 °C 5 min

Step 2: 95 °C 30 sec
60 °C 30 sec } 30 cycles

72 °C 45 sec

Step 3: 72 °C 5 min

Once the variable regions were successfully amplified, the PCR samples were analysed
(10 pL /well) on a 1.5% (w/v) agarose gel with 1kb Hyperladder (Bioline) for DNA size
determination (Section 2.10.1). The reaction was then carried out large-scale (10-20 X)
and the resulting PCR products were pooled and ethanol-precipitated (Section 2.15.7).
The products were then purified from a 1.5% (w/v) agarose gel using the using
NucleoSpin® PCR Clean-Up Kit and the DNA was quantified by measuring the

absorbance on the NanoDrop™ at 260nm.

2.15.7 Ethanol Precipitation of PCR products
The PCR samples were pooled and the following was added:

o 0.1 X 3M Sodium acetate (pH 5.5)

o 2 X 100% (v/v) Ethanol (Ice cold)

o 1 pL Glycogen
The solution was mixed and incubated at -20°C O/N. The DNA was pelleted by
centrifugation at 20,000g (Hermle Z233M-2 Air-cooled version Microcentrifuge) for 30
min at 4°C. The supernatant was removed and discarded and the DNA pellet was washed
with 250 pL of 70% (v/v) isopropanol to remove any excess contaminants such as salts
and chelators. This was achieved by centrifugation at 20,000g (Hermle Z233M-2 Air-
cooled version Microcentrifuge) for 10 min at 4°C. The supernatant was once again
removed and discarded and the pellet was allowed to air-dry. Once dry, the pellet was

resuspended in 30 pL of pre-warmed molecular grade water.
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2.15.8 Purification of the variable region gene fragments using NucleoSpin® PCR
Clean-Up Kit

The ethanol-precipitated variable fragments were analysed on an agarose gel. The
appropriate DNA band was excised from the gel (~400bp for Vi, ~350bp for Vi chains).
The excised gel was weighed and binding buffer (NTI) was added at 200 pL per 100 mg
of gel. The excised gel pieces and buffer were incubated in the water bath at 50°C until
completely melted. The melted gel was loaded into the provided NucleoSpin® Gel and
PCR Clean-up Column and the method was performed according to manufacturer’s

guidelines. The eluted DNA was then quantified using the NanoDrop ™,

2.15.9 Splice by overlap extension PCR
In the SOE-PCR, the purified variable heavy and variable light chain gene fragments are
mixed in equal ratios to generate the overlap product (~800bp) joined by a glycine-serine

linker (G4S)4 incorporated by the primers.

The SOE-PCR components and conditions were as follows:

Table 2.6: SOE-PCR components and volumes

Component Concentration/Volume
2x MyTaq Reaction Buffer 25 uL
Forward Primer 2 uM
Reverse Primer 2 uM
Vu DNA 100 ng
VL. DNA 100 ng
Molecular grade H,O Up to 50 puL
Total 50 pLL

The amplification of the SOE product was performed in the Biometra Tgradient PCR

machine under the following conditions:
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Table 2.7: SOE-PCR thermal cycler conditions

Temperature Time

Step 1: 95 °C 5 min

Step 2: 95 °C 30 sec
60 °C 30 sec } 30 cycles

72 °C 90 sec

Step 3: 72 °C 10 min

2.15.10 Restriction-digest of the purified overlap PCR product and vector DNA

The restriction digest was carried out using Sfil enzyme acquired from NEB using the

NEB CutSmart® Buffer.

Table 2.8: Components and volumes for restriction digest

Component

Concentration/Volume

Digestion of the SOE-PCR product:
Purified SOE-PCR product

Sfil (36U per pug of DNA)

CutSmart® Buffer (10 X)

Molecular grade H,O

Digestion of the vector DNA:
Purified vector DNA (pComb3XSS)
Sfil (6U per ug of DNA)
CutSmart® Buffer (10X)

Molecular grade H,O

10 pg
360 U

20 uL
Up to 200 puL

20 pg
120U

20 uL
Up to 200 puL

The digests were incubated at 50°C for 5 hours and de-activated at 65°C for 20 min. The

pComb3 XSS vector was treated with Antarctic Phosphatase for 15 min at 37°C, and de-

activated at 70°C for 5 min. The Antarctic Phosphatase catalyses the dephosphorylation

of the 5’ and 3’ ends of DNA which prevents re-ligation of the plasmid. The digested

SOE-PCR fragment and digested pComb3XSS vector were ethanol precipitated O/N
(Section 2.15.7) at -20°C. The digested SOE —PCR fragment was analysed on a 1% (w/v)
agarose gel and the pComb3XSS gel on a 0.6% (w/v) gel. The SOE-PCR fragment,
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pComb3 XSS vector and pComb3XSS stuffer fragment were purified from the gel using
NucleoSpin® Gel and PCR Clean-up kit. DNA was quantified using the NanoDrop™ at
260nm.

2.15.11 Ligation of the digested SOE-PCR product with vector DNA

The purified Sfil-digested scFv fragment was cloned into the purified Sfil -digested
pComb3XSS vector using T4 DNA ligase. The T4 ligase catalyses the formation of
phosphodiester bonds between juxtaposed 5° phosphate end and 3 hydroxyl termini in
duplex DNA.

Table 2.9: Components and volumes for ligation reaction

Component Concentration/Volume
Ligation of the SOE-PCR product into the pComb3XSS
vector:
pComb3XSS (digested and purified) 1.4 pg
SOE-PCR product (digested and purified) 700 ng
T4 DNA Ligase buffer (10X) 40 uL
T4 DNA Ligase 10 uL
Molecular grade H,O Up to 400 pL.

The ligations were incubated at 16°C O/N at RT and de-activated at 65°C for 20 min. The
ligated vector with SOE-PCR insert were then ethanol precipitated (see Section 2.15.7.).
The DNA pellet was resuspended in 30 uL of MGH>O and transformed into E. coli XL1-

Blue electrocompetent cells (BioSciences) by electroporation.

2.16 Antibody phage display and library panning

2.16.1 Transformation of E. coli XL1 Blue Electrocompetent cells with ligated
pComb3XSS phagemid vector

The electroporation cuvettes were pre-chilled on ice for 10 min. Concurrently,
electrocompetent E. coli XL1-Blue cells were thawed on ice. The ligation was added to
150 pL of cells. This was gently mixed and transferred into the pre-chilled cuvette and
placed on ice for 1 min. The sample was then electroporated in the Gene Pulser xCell
Electroporation system (Bio-rad) using the set parameters of 25 pF, 1.25 kV and the gene

pulse controller at 200Q2. The cuvette was immediately flushed with 1 mL of pre-warmed
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(37°C) SOC medium and then rinsed twice with 2 mL of SOC medium and transferred
into a 50 mL polypropylene tube. To rescue the cells, the electroporated sample was

incubated for 1 hour at 37°C at 220rpm.

To estimate the titre of the transformed cells, 25 pL of the rescued cells was added to 225
uL of SB media. Serial dilutions down to 10 were made and plated out on LB plates
containing 100 pg/mL carbenicillin and incubated inverted overnight at 37°C. The

number of transformants was calculated as follows:

Estimated library = No. of colonies x culture vol. x total ligation vol.

Plating vol. x ligation vol.

The remaining culture of rescued cells was then spun down for 10 min at 4,000g (Sigma
Laborzentrifugen Model 2K15). The supernatant was discarded and the pellet
resuspended in 600 pL of SB and plated out at 100 pL/plate supplemented with 100
png/mL carbenicillin. These were labelled stock plates and left to incubate inverted

overnight at 37°C.

2.16.2 Rescue and precipitation of scFv-displaying phage

The following day, the stock plates were scraped into 5 mL of SB / plate using a rubber
policeman and combined in a sterile 50 mL universal tube. The stock culture was spun
down for 10 min at 4,000g (Sigma Laborzentrifugen Model 2K15) and the pellet
resuspended in 1 mL of SB. Five-hundred pL of the resuspended pellet was added to 250
mL of SB in a baffled conical flask supplemented with 100 pg/mL carbenicillin. The
remaining 500 pL of resuspended pellet was mixed with 500 uL of 50 % (v/v) glycerol
and stored at -80°C as a glycerol stock of the “‘unpanned’ library. The culture was grown
at 37°C at 220rpm until an O.Dgoo of 0.4-0.6 was reached. The optimal cell density is in
the mid-log phase of growth, O.Dsoo is used because the cellular components of bacteria
absorb greater light at wavelengths lower than 600 nm. Two-hundred pL of helper phage
M13K07 was added and the culture was incubated stationary at 37°C for 30 min. The
culture was then incubated at 37°C at 220rpm for 1 hour. Kanamycin was added at a final

concentration of 60 pg/mL and the culture was incubated at 30°C O/N at 250rpm.
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An immunotube was coated with 500 pL of the appropriate antigen and concentration
(the concentration of antigen was reduced in each round of panning, see Table 2.10),
covered in parafilm and stored stationary and upright at 4°C. An overnight culture of
XL1-Blue E. coli cells was also prepared. The next day, the overnight E. coli culture was
used to inoculate SB media supplemented with 30 pg/mL of tetracycline and left growing

at 37°C at 250rpm until an O.Dggo of 0.4-0.6 was reached.

The overnight phage culture was centrifuged at 11,000g (Eppendorf ™ Centrifuge with
fixed angle rotor (F-45-30-11)) for 30 min at 4°C. The supernatant was transferred into
fresh, sterile, Oakridge tubes and polyethylene glycol (PEG) and NaCl was added at
concentrations of 4% (w/v) and 3% (w/v), respectively, and dissolved by gentle shaking.
The Oakridge tubes were incubated on ice for 1 hour at 4°C. This resulted in the
precipitation of the phage particles. The precipitated phage cultures were centrifuged at
11,000g (Eppendorf ™ Centrifuge with fixed angle rotor (F-45-30-11)) for 20 min at 4°C.
The supernatant was removed and discarded and the pellet was allowed to air-dry for 10
min. The phage pellet was resuspended in 1 mL of 1% (w/v) BSA in PBS and stored at
4°C. This phage pellet suspension was labelled ‘input’.

2.16.3 Enrichment of phage library via biopanning against immobilised antigens

The antigen solution was poured off the coated immunotube and 3% (w/v) BSA/PBS
solution was added to the tube filling it to the top to ensure sufficient blocking of
immunosorbent sites. The immunotube was then covered with parafilm and left blocking
on the bench at RT for 2 hours. The blocking solution was poured out of the immunotube
and it was washed once with PBS. Five-hundred pL of the rescued ‘input’ phage was
added to the tube, which was covered with parafilm and incubated a RT on a roller for 2
hours. The remaining phage were labelled and stored at 4°C. Any non-specific phage
were removed by washing the tube 5 times with PBS-T (0.05% (v/v)) and PBS (this wash
step became increasingly more stringent in each round; see Table 2.10). Antigen-specific
phage were eluted by the addition of with 500 pL of 10 mg/mL (w/v) trypsin in PBS. The
tube was incubated for 10 min at RT on a roller and the eluted phage (labelled ‘output’)

removed by vigorous pipetting to ensure removal of all bound phage.
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Table 2.10: Panning strategy
The required stringency was accomplished by increasing the washes with PBS and PBS-
T (0.05% (v/v)) while decreasing the antigen concentration.

Panning round Antigen Conc. Wash frequency
Round 1 50 pg/mL 5 X PBS, 5 X PBS-T (0.05% (v/v))
Round 2 25 pg/mL 10 X PBS, 10 X PBS-T (0.05% (v/v))
Round 3 12.5 pg/mL 15 X PBS, 15 X PBS-T (0.05% (v/v))
Round 4 5 pg/mL 15 X PBS, 15 X PBS-T (0.05% (v/v))

2.16.4 Re-infection of E. coli XL1-Blue cells with eluted phage and library titre
estimation

The XL-1 Blue E. coli culture grown to an O.Dsoo of 0.4-0.6 was used to create serial
dilutions of the ‘input’ and ‘output’ phage pools down to 10 and 1076 respectively. Three
hundred pL of the remaining ‘output’ phage pool was re-infected into the remaining 4mL
XL-1 Blue E. coli culture. The dilutions and ‘output’ infected culture were incubated
stationary at 37°C for 30 min. The serial dilutions were plated at 100 uL/ plate on LB
plates containing 100 pg/mL carbenicillin plates and incubated inverted overnight at

37°C.

The ‘output’- infected XL-1 Blue E. coli culture was spun down for 10 min at 4,000 g
(Sigma Laborzentrifugen Model 2K15). The supernatant was discarded and the pellet
resuspended in 400 pL of SB and was plated out 100 puL/ plate supplemented with 100
ug/mL carbenicillin. These were labelled ‘stock plates’ and left to incubate inverted O/N
at 37°C. The following day the stock plates were scraped using a rubber policeman and
spun down for 10 min at 4,000 g (Sigma Laborzentrifugen Model 2K 15). The pellet was
resuspended in 1 mL of SB media. Five-hundred pL was used in the next round of panning
and the remaining 500 puL was added to 500 pL of glycerol and stored at -80°C. After the
final round of panning, the output was re-infected into the non-suppressor strain of £. coli

ToplOF’ for soluble scFv expression.

2.16.5 Polyclonal ELISA

To evaluate the success of the panning experiment, phage pools from each round were
tested by ELISA. A Nunc MaxiSorp™ 96-well plate was coated with 100 uL/well of 1
pg/mL of antigen diluted in PBS and incubated at 4°C O/N. The plate was washed 3 times
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with PBS/ PBS-T (0.05% (v/v)) and blocked with 200 pL/well PBS containing 3% (w/v)
BSA for 1 hour at 37°C. Rescued phage inputs from each round of panning were diluted
1:3 in PBS-T (0.05% (v/v)) containing 1% (w/v) BSA and added to the plate in triplicate
(100 pL/well). This was incubated for 1 hour at 37°C and washed as before. HRP-labelled
anti-M13 rat secondary antibody in PBS-T (0.05% (v/v)) with 1% (w/v) BSA, ata 1 in
1,000 dilution, was added to each well (100 pL) and incubated for 1 hour at 37°C. The
plate was washed as before. One hundred pL/well of TMB substrate was added to the
plate and was developed for 30 min with gentle agitation. The reaction was stopped using
10% (v/v) HCl (50 pL/well) and the absorbance was read at 450nm on the Tecan

Safire2™ platereader.

2.16.6 Colony Pick-PCR

To ensure the vector was harbouring the scFv product, single colonies were randomly
selected from the final round of panning and incorporated into a colony-pick PCR. The
PCR conditions were the same as those in 7able 2.7. The colonies were picked from plates
using sterile pipette tips. The amplified scFv fragments were analysed by gel

electrophoresis on a 1.5% (w/v) agarose gel.

Table 2.11: Volumes of components in colony-pick PCR

Component Concentration/Volume
2x MyTaq Reaction Buffer 25 uL
Forward Primer 2 uM
Reverse Primer 2 uM
Single colony 1 colony
Molecular grade H,O Up to 50 puL
Total 50 pLL

2.16.6.1 Fingerprint analysis of clones by restriction mapping

After the amplified scFv genes from the colony pick PCR were resolved on a 1.5% (w/v)
agarose gel, the genes were digested with Alu/ and BstN/ to generate a DNA fingerprint
for each clone. The digestions were setup as described in 7able 2.12. The digestions were
performed for 2 hours at 37°C for Alu/ followed by 2 hours at 60°C for BstN/ and

deactivated at 65°C for 20 min. They were resolved on a 3% (w/v) agarose gel.
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Table 2.12: Components and volumes for Alul and BstN/ digestion

Component Concentration/Volume
SOE PCR Product 5 uL
Buffer 2 (10X) 2.5uL
Aluw/ 50U
BstN/ 50U
Molecular grade H,O with 1% (w/v) BSA Up to 25uL
Total 25 pLL

2.16.7 Monoclonal ELISA for the detection of specific scFv clones

Colonies were selected and placed individually in wells in a 96-well plate containing 150
uL of SB (supplemented with 100 pg/mL carbenicillin) and grown O/N at 220rpm at
37°C. This plate was then sub-cultured into a fresh 96- well plate containing 200 pL. SB
supplemented with 100 pg/mL carbenicillin, 1 X 505 and ImM MgSO4. Glycerol stocks
were made of the original plate by the addition glycerol to a final concentration of 25%
(v/v) and stored at -80°C for long-term storage. The sub-cultured plate was incubated at
37°C at 200rpm until an O.Dgoo of ~0.6 was reached. Expression of the scFv was induced
by the addition of IPTG to a final concentration of 1mM. The plate was then incubated
O/N at 30°C at 200rpm. The following day, the plate was centrifuged at 3,220g
(Eppendorf ™ centrifuge with fixed angle rotor (F-45-30-11)) for 20 min at 4°C. The
supernatants were removed and discarded and the pellets were resuspended in 100 pL of
1% (w/v) lysozyme in PBS and placed at -80°C for 20 min. The sample plate was thawed
for 20 min at 37°C. This free-thaw procedure was repeated 3 times. The plate was then
centrifuged at 3,220g (Eppendorf ™ Centrifuge with fixed angle rotor (F-45-30-11)) for
20 min at 4°C.

A Nunc MaxiSorp™ 96-well plate was coated with 100 uL/well of 1 pg/mL of antigen
and incubated O/N at 4°C. The plate was washed 3 times with PBS/PBS-T (0.05% (v/v))
and blocked with 200 uL/well PBS containing 3% (w/v) BSA for 1 hour at 37°C. The
plate was washed as before. The lysate was added to the plate at 100 puL/well and was
incubated for 1 hour at 37°C. The plate was washed as before. PBS-T (0.05% (v/v)) with
1% (w/v) BSA containing, a 1 in 1,000 dilution of HRP-labeled anti-HA rat antibody
(when detecting an scFv in the pComb3XSS vector), or a 1 in 10,000 dilution of HRP-
labeled anti-cMyc antibody (when detecting in the pIT2 vector), was added to the wells
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at 100 pL/well and was incubated for 1 hour at 37°C. The plate was washed as before.
One hundred pL/well of TMB substrate was added and developed for 30 min with gentle
agitation. The reaction was then stopped by the addition of 50 uL/well 10% (v/v) HCI

and the absorbance was read at 450nm on the Tecan Safire2™ platereader.

2.16.8 Competitive ELISA for the detection of free antigen

Expressed scFv that positively bound to the immobilised antigen of interest were then
subjected to competitive analysis to ensure antigen specificity, by incubation with free
antigen. Competition occurs between free antigen and surface immobilised antigen for
binding to the scFv. A Nunc MaxiSorp™ 96-well plate was coated with 100 pL/well of
1 pg/mL of antigen and incubated O/N at 4°C. The plate was washed 3 times with
PBS/PBS-T (0.05% (v/v)) and blocked with 200 uL./well PBS containing 3% (w/v) BSA
for 1 hour at 37°C. The plate was washed as before. Various antigen concentrations were
incubated with an equal volume of lysate .The lysate-antigen mixture was then added to
the ELISA plate for 1 hour 37°C. The plate was washed as before. PBS-T (0.05% (v/v))
with 1% (w/v) BSA containing, a 1 in 1,000 dilution of HRP-labeled anti-HA rat antibody
(when detecting an scFv in the pComb3XSS vector), or a 1 in 10,000 dilution of HRP-
labeled anti-cMyc antibody (when detecting in the pIT2 vector), was added to the wells
at 100 uL/well and was incubated for 1 hour at 37°C. The plate was washed as before and
TMB substrate was added (100 uL/well) and incubated for 30 min at 37°C. The reaction
was then stopped by the addition of 50 pL/well 10% (v/v) HCI and the absorbance was

read at 450nm on the Tecan Safire2™ platereader.

2.16.9 Sequence analysis of specific clones
Plasmid preparations of the selected clones were carried out as per Section 2.10.7. Double
stranded DNA Sanger sequencing was carried out by Source Bioscience, Tramore,

Ireland using the following primers:
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Table 2.13: Primers used for Sanger sequencing of scFv in pComb3XSS and pIT2

vectors

Primer Sequence
pComb3XSS sequencing primers

Ompseq (Forward primer) | 5° AAG ACA GCT ATC GCG ATT GCA G 3°

gBack (Reverse primer) 5" GCC CCCTTA GCG TTT GCC ATC 3°

PIT2 sequencing primers

LMB3 (Forward primer) | 5° CGA CCC GCC ACC GCC GCT G 3"

pHEN (Reverse primer) 5" CTATGC GGC CCCATTCA 3

The resulting DNA sequence was translated using the ExXPASy online translate tool

(http://www.expasy.ch/tools/dna.html). The amino acid sequence was then aligned using

MultiAlin program to compare the various sequences

(http://www.multalin.toulouse.inra.fr/multalin/). The aligned sequences were then

analysed using the Kabat rules to identify the heavy and light chain CDRs of the antibody.

2.16.10 Antibody expression and purification

ScFv expression conditions were optimised as described in Section 2.10.8. The optimum
conditions were then employed for large-scale scFv expression. Ten mL of SB media
supplemented with 1% (v/v) glucose and 100 pg/mL carbenicillin was inoculated with
the relevant scFv glycerol stock and grown O/N at 37°C at 250rpm. The following day
this overnight culture was subcultured into 1 L of SB media containing 1 X 505 and 100
pg/mL carbenicillin. The culture was grown at 37°C at 250rpm until an O.Degoo of ~0.6
was reached and induced with the optimum concentration of IPTG and incubated O/N at
the determined temperature with shaking at 220rpm. The following day, the culture was
centrifuged at 4,000g (Eppendorf ™ Centrifuge fixed angle rotor (F-45-30-11)) for 30
min at 4°C and the supernatant discarded. The cell pellet was then thoroughly
resuspended in 20 mL of lysis buffer and sonicated as per Section 2.12.5. The cell debris
was removed by centrifuging at 11,000g (Hermle Z233M-2 Air-cooled version

Microcentrifuge) for 10 min. The supernatant was filtered using a 0.2uM filter.
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2.16.11 Purification of scFv antibody fragments by immobilised metal affinity
chromatography (IMAC)

This protocol was performed as outlined in Section 2.13.5.

2.17 Characterisation of purified scFv antibody

2.17.1 ELISA titre of purified scFv antibody

A Nunc MaxiSorp™ 96-well plate was coated with 100 pL/well of 1 pg/mL antigen and
incubated O/N at 4°C. The plate was blocked with 200 pL/well PBS containing 3% (w/v)
BSA for 1 hour at 37°C. The plate was washed as before. The purified antibody was
serially diluted down to 1 in 1,000,000 in PBS with 1% (w/v) BSA) and added to the plate
at 100 pL/well and detected as described in Section 2.16.7.

2.17.2 Checkerboard ELISA for the determination of optimal concentration of
immobilised antigen and dilution of antibody

A Nunc MaxiSorp™ 96-well plate was coated with varying antigen concentrations (10
pug/mL — 1pg/ mL). Each concentration of antigen was added to a separate row on the
ELISA plate. The plate was and blocked with 200 pL/well PBS containing 3% (w/v) BSA
for 1 hour at 37°C. One hundred pL samples of purified antibody, serially diluted 1:5 in
PBS (0.05% (v/v)) with 1% (w/v) BSA were added to each well and detected as described
in Section 2.16.7.

2.17.3 Inter/Intra-day variability studies

Intra-day studies were carried out in order to determine the precision and variability
within the assay. This was achieved by direct comparison of three replicate samples
within the same assay. Nunc MaxiSorp™ 96-well plates were coated with the appropriate
concentration of antigen, determined by the checkerboard ELISA, and blocked with 3%
(w/v) BSA. Standards of decreasing concentrations of free antigen were prepared in PBS.
Fifty uL of each standard was added to an equal volume of antigen-specific scFv at the
optimal concentration in PBS containing 1% (w/v) BSA. The antigen-antibody mix was
added in triplicate to the plates and incubated for 1 hour at 37°C. The plates were then
washed 3 times with PBS and 3 times PBS-T (0.05% (v/v)). Bound antibody was detected
following the addition of the appropriate HRP-labelled secondary antibody in PBS-T
(0.05% (v/v)) with 1% (w/v) BSA. The plate was incubated and washed as before. TMB
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substrate (100 pL/well) was then added and incubated at 37°C for 30 min. The reaction
was then stopped by the addition of 10% (v/v) HCl and the absorbance read at 450nm on
the Tecan Safire2™ platereader. The inter-assay study was performed using the same
conditions on three separate days. This study was used to assess the reproducibility of the

assay and overall assay precision and accuracy.

2.17.3.1 Inter/Intra-day variability studies in human serum

In order to mimic the activity of the antibody within physiological conditions, inter and
intra studies were performed as per Section 2.17.3. However, within these studies, the
antigen standards and antibody dilution were performed in normal human serum (Merck

Millipore).

2.17.4 Precision assay and determination of analytical limits

An inhibition ELISA was performed to determine the concentration of free antigen that
could be accurately distinguished from blank samples with 95% confidence. This was
achieved by incubating 20 blank replicas (in normal human serum), 20 replicas of the
lowest concentration of antigen and 20 replicas of a higher concentration of free antigen,
with the appropriate dilution of antigen-specific scFv. The mixture was added to a coated
plate. Here, the free and immobilised antigen compete for binding with the antigen-
specific scFv. Binding of the scFv was detected by addition of the appropriate HRP-
labelled secondary antibody in 1% (w/v) BSA in PBS-T. After 1 hour of incubation at
37°C the plate was washed as before and TMB substrate (100 pL/well) was added.
Following incubation for 30 min at 37°C, the reaction was stopped by the addition of 10%
(v/v) HCI and the absorbance read at 450nm. The assay was used to determine the
concentration of free antigen that can be detected with 95% confidence, inferring that the
scFv has the ability to accurately identify at least 19/20 positive samples when assayed
with 20 positive and 20 negative samples. It is the lowest concentration of analyte where

a response can be reliably distinguished from the background.

2.17.5 Dot Blot Analysis
The dot blot is a derivative technique of the traditional western blot. It represents a
simplified version in that, the protein detected is not denatured prior to analysis nor is it

separated by gel electrophoresis. Instead, the protein is applied by pipetting directly onto
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the nitrocellulose membrane as a dot. This technique was employed to determine the basic
working concentration of the anti-MSLN scFv antibody against the MSLN protein in its
native state. The MSLN protein (2.5 pL at a concentration of 5 pg/mL) was directly
applied to the membrane in dot format and allowed to dry. The dot blots were then
blocked in 3% (w/v) BSA in PBS for 1 hour at RT with gentle agitation. The blots were
washed 3 times with PBS and PBS-T 0.05% (v/v). Varying dilutions (1 in 10, 1 in 50, 1
in 100, 1 in 500) of the anti-MLSN scFv clone were prepared in 1% (w/v) BSA in PBS-
T 0.05% (v/v)) and used to probe the dot blots for 1 hour at RT. The blots were washed
3 times with PBS and 3 times PBS-T (0.05% (v/v)), and the secondary antibody prepared
in 1% (w/v) BSA in PBS-T) at a 1 in 2,000 dilution. The secondary antibody was left on
the blots for 1 hour at RT. Once the blot was washed, TMB peroxidase substrate was
added, and antibody binding visualised by the depth of the colour change observed.

2.18 Generation of bispecific T-cell engager

As previously mentioned, the bsAb BiTE format consists of one scFv arm that binds to
CD3e on the surface of a T-cell and a second scFv arm specific for a given tumour-
associated antigen (TAA). The concept here employs PCR and cloning techniques to
insert the two scFv into the pET-26b(+) for expression of a BiTE. Each scFv is amplified
using specifically designed primers that incorporate specific restriction sites. These sites

allow for directional cloning of both scFv into the pET-26b(+) vector.

The anti-CD3e¢ scFv was created in the research described in this thesis. Initially, the anti-
TAA arm of the BiTE was to be one of the scFv generated for the diagnostic panel as
these markers show some therapeutic potential. However, none of these antibodies were
generated and characterized at the time work on the BiTE initiated. Additionally, issues
were encountered during initial attempts to isolate a murine anti-CD3e scFv that led to
employment of an avian library for anti-CD3e scFv isolation. Due to primer design, it
was necessary for this strategy that both scFv be generated within the same host animal,
consequently, an avian anti-HER2 scFv generated and partially characterized in a
previous project was selected as the anti-TAA arm (Figure 2.1). Therefore the work on
this anti-HER2 scFv is only described from inter-/intra-day assays and precision testing

to the generation of the BiTE through PCR and cloning techniques.
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Figure 2.1 Basic illustration showing the origin of each scFv arm of the BiTE
construct.

(1) The anti-CD3e arm of the BiTE was created within this project. Initial work attempted
to isolate an anti-CD3e specific scFv from a biased murine library but with no success
as the immune library generated was too limited to isolated highly specific antibodies
(fully elaborated in Chapter 5). (2) A previously generated avian library was used and a
CD3e-specific scFv isolated. (3) The second arm is composed of an anti-HER?2 scFv. The
work from immunisation of the avian host to initial characterization of this antibody was
carried out in a previous project and was included in this work as a part of the ‘proof-of-
concept’ method for BiTE generation. (4) PCR and cloning techniques were employed
for the generation of an anti- CD3e x HER2 BiTE.

2.18.1 Large-scale expression and purification of anti-CD3¢ scFv
Large-scale expression was carried out as described in Section 2.16.10. and purified as

per Section 2.13.5.
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2.18.2 Cross reactivity studies of the anti- HER2 and anti-CD3¢ scFv

The CD3e and HER2 scFv were assessed for cross reactivity against HER2 and CD3e
antigens, respectively. Calibration curves were prepared in assay buffer, as per Section
2.17.3, using each of the antigens in a concentration range from 10 pg/mL to 1 pg/mL.
The ICsp values were then compared to the ICso values when the scFv were assessed with

their cognate antigen to determine the degree of cross reactivity.

2.18.3 Amplification of the anti-HER2 and anti-CD3¢ scFv genes using specifically
designed primers

In order to insert the scFv into the pET-26b (+) vector, various digestions sites, found in
the pET-26b (+) multiple cloning sites, were added to allow the directional cloning of the

two scFv into the vector. For this, specific primers were designed, see Table 2.14.

Table 2.14: Primers used for incorporating required digestion sites for directional

cloning into pET-26b (1) vector.

Primer Sequence
scFv -1 (HER2)

ScFv 1 - Forward 5" AT CCG AAT TCG AGC GGC GCG CCG GTG GCC CAG
GCG GCC CTG ACT CAG 3’
<cFv 1 - Back 5" CAT GGC GCA TAC CCG TAC GAC GTT CCG GAC GAC

TAC GCT TCT AAG CTT GCG G 3’

scFv -2 (CD3¢)

ScFv 2 - Forward 5" AT CCG AAT TCG GTA GTG GCC CAG GCG GCC CTG
ACT CAG 3’

ScFv 2- Back 5" TCC TCC ACT AGT GGC CAG GCC GGC CAG GGT TCG
GGC GCG CCG GTG 3°

scFv 2- Back- Longer | 5 TCC TCC TCC TCC GGC GGC ACT AGT GGC CAG GCC

linker GGC CAG GGT TCG GGC GCG CCG GTG 32
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The plasmids containing both antibodies were isolated as per Section 2.10.7. The plasmid
DNA was incorporated into two separate PCR containing the appropriate primer set. The

PCR components and conditions were as follows:

Table 2.15 Components and volumes for addition of restriction enzyme sites

Component Concentration/Volume
Plasmid DNA 100 ng
2x MyTaq Reaction Buffer 25 uL
Forward Primer 2 uM
Reverse Primer 2 uM
Molecular grade H,O Up to 50 puL
Total 50 pLL

The amplification of the two scFv was performed in the Biometra Tgradient PCR machine

under the following conditions:

Table 2.16 PCR thermal cycler conditions

Temperature Time

Step 1: 95 °C 5 min

Step 2: 95 °C 30 sec
60 °C 30 sec } 30 cycles

72 °C 90 sec

Step 3: 72 °C 10 min

The PCR samples were analysed (10 puL /well) on a 1.5% (w/v) agarose gel with 1kb
Hyperladder (Bioline). The products were purified from a 1.5% (w/v) agarose gel using
the NucleoSpin® PCR Clean-Up Kit and the DNA was quantified by measuring the

absorbance on the NanoDrop™ at 260nm.

2.18.4 Incorporation of the anti-HER2 scFv into the pET-26b (+) vector

The HER2 PCR product now contains restriction-digestion sites, Ascl for the directional

cloning of the second scFv, and EcoRI and Hindlll for cloning into the vector. The HER2
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product and pET-26b (+) vector restriction digest were carried out using the EcoRI and

Hindll enzymes acquired from NEB using the NEB CutSmart® Buffer.

Table 2.17: Components and volumes for restriction digest

Component

Concentration/Volume

Purified HER2 PCR product / pET-26b (+) vector
EcoRI

Hindlll — HF”

CutSmart® Buffer (10X)

Molecular grade H,O

1 pg

1U

1U

5uL
Up to 50 pL

The digests were incubated at 37°C for 5 hours and de-activated at 80°C for 20 min. The
pET-26b (+) vector was then treated with Antarctic Phosphatase for 15 min at 37°C, and
de-activated at 70°C for 5 min. The digested HER2—PCR fragment was analysed on a 1%
(w/v) agarose gel and the pET-26b (+) vector on a 0.6% (w/v) gel to ensure digestion had
occurred. The HER2-PCR fragment and pET-26b (+) vector were purified from PCR
using NucleoSpin® Gel and PCR Clean-up kit. DNA was quantified using the

NanoDrop™ at 260nm.

2.18.4.1. Ligation of the digested HER2 SOE product with vector DNA

The purified digested scFv fragment was cloned into the purified digested vector using

T4 DNA ligase.

Table 2.18: Components and volumes for ligation reaction

Component

Concentration/Volume

pET-26b (+) vector (digested and purified)
HER?2 scFv product (digested and purified)
T4 DNA Ligase buffer (10X)

T4 DNA Ligase

Molecular grade H,O

500 ng
250 ng
20 pL
5uL
Up to 200 pL.

The ligations were incubated at 16°C O/N at RT and de-activated at 65°C for 20 min. The
ligated product was then ethanol precipitated (see Section 2.15.7.). The DNA pellet was
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resuspended in 30 pL. of MGH»O. The ligated product was then analysed on a 0.6% (w/v)

agarose gel to ensure ligation efficiency and quantified using the NanoDrop™ at 260nm.

2.18.5 Incorporation of the anti-CD3¢ scFv into the pET-26b (+) vector containing
the anti-HER2 scFv

The CD3e PCR product now contains two restriction-digestion sites, Ascl and EcoRI. The
CD3¢ PCR product and pET-26b (+) vector containing HER2 scFv were digested using
the Ascl and EcoRI enzymes acquired from NEB using the NEB CutSmart® Buffer.

Table 2.19: Components and volumes for restriction digest

Component Concentration/Volume

Purified CD3e PCR product / pET-26b (+) vector

containing HER?2 scFv 1 pg
EcoRI 1U
Ascl 1U
CutSmart® Buffer (10X) 5 uL
Molecular grade H.O Up to 50 pL

The digests were incubated as described in Section 2.18.4. Once digestion was confirmed

on agarose gels, the products were ligated as described in Section 2.18.4.1.

2.18.6 Transformation of the pET-26b (+) vector containing the BiTE gene into
BL21 (DE3) cells

The pET-26b (+) vector containing the HER2 and CD3e scFv was ethanol precipitated as
described in Section 2.15.7. Following this, the product was transformed into BL21 (DE3)
cells (described in Section 2.13.1). The transformation was then plated onto LB agar

plates, supplemented with 60 pg/mL kanamycin, to obtain single colonies.

2.18.7 Determination of successful construction of a BiTE antibody

Single colonies were selected from the LB agar plate of transformed colonies. Each
colony was first resuspended in 10 pL dH>O. Five pLL was removed and integrated into a
colony-pick PCR, with some of the remaining 5 pL used to inoculate a 10 mL LB
overnight culture supplemented with 60 png/mL Kanamycin. The colony-pick PCR was

carried out as described in Section 2.16.6. The PCR was performed using the same
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components outlined in Table 2.6 with the inclusion of the scFv-2 forward primer and
scFv-1 back primer from Table 2.13. PCR conditions were those outlined in Table 2.7.
The results were analysed on a 1.5% (v/v) agarose gel to determine the presence of a

~1600bp product.

The following day the 10 mL cultures were used to inoculate 10 mL LB cultures
supplemented with, 60 pg/mL kanamycin, 1 X 505 and ImM MgSQO4. The cultures were
induced using a final concentration of SmM as described in Section 2.13.3 and lysed
according to Section 2.13.4. The lysate was then analysed on WB and SDS-PAGE
(Sections 2.10.2/3).

2.18.8 Expression and purification of BiTE antibody
The BiTE antibody was expressed and purified as per Section 2.16.10.

2.18.9 Indirect ELISA to ensure BiTE binding retention to CD3¢ and HER2

The binding capabilities of each arm of the BiTE to its cognate antigen was tested in
indirect ELISA format. Half of a Nunc MaxiSorp™ 96-well plate was coated with 100
uL/well of 1 pg/mL of HER2 diluted in PBS and the other half coated with 100 pL/well
of 8 pg/mL of CD3e¢ and incubated at 4°C O/N. The plate was washed 3 times with PBS/
PBS-T (0.05% (v/v)) and blocked with 200 pL/well PBS containing 3% (w/v) BSA for 1
hour at 37°C. Serial dilutions (1:2) of the purified BiTE were made in PBS-T (0.05%
(v/v)) containing 1% (w/v) BSA and added 100 pL/well to each half of the plate in
duplicate. The plate was incubated for 1 hour at 37°C and washed as before. HRP-labelled
rabbit anti-chicken secondary antibody in PBS-T (0.05% (v/v)) with 1% (w/v) BSA at a
1 in 1,000 dilution was added to each well (100 pL) and incubated for 1 hour at 37°C.
The plate was washed as before. One hundred pL/well of TMB substrate was added to
the plate and was developed for 10 min with gentle agitation. The reaction was stopped
using 10% (v/v) HCI (50 uL/well) and the absorbance was read at 450nm on the Tecan

Safire2™ platereader.

2.18.10 Investigation into dual binding capabilities of BiTE

A Nunc MaxiSorp™ 96-well plate was coated with 100 uL/well of 1 pg/mL of HER2
diluted in PBS and incubated at 4°C O/N. The plate was washed 3 times with PBS/ PBS-
T (0.05% (v/v)) and blocked with 200 uL./well PBS containing 3% (w/v) BSA for 1 hour
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at 37°C. A 1:2 dilution of purified antibody was made in PBS-T (0.05% (v/v)) containing
1% (w/v) BSA and added 100 pL added per well. This was performed in triplicate. The
plate was incubated for 1 hour at 37°C and washed as before. Eight pg/mL of free CD3e
antigen diluted in PBS was added to the plate, incubated for 1 hour at 37°C and washed
as before. A 1 in 2,000 dilution of mouse anti-CD3 epsilon antibody in PBS-T (0.05%
(v/v)) with 1% (w/v) BSA was added to each well (100 puL) incubated for 1 hour at 37°C
and washed as before. A HRP-labelled anti-mouse secondary antibody in PBS-T (0.05%
(v/v)) with 1% (w/v) BSA at a 1 in 1,000 dilution was added to each well (100 pL) and
incubated for 1 hour at 37°C. The plate was washed as before. One hundred puL/well of
TMB substrate was added to the plate and was developed for 10 min with gentle agitation.
The reaction was stopped using 10% (v/v) HCI1 (50 pL/well) and the absorbance was read

at 450nm on the Tecan Safire2™ platereader.

2.18.11 ELISA titre of purified BiTE antibody

A Nunc MaxiSorp™ 96-well plate was coated with 100 uL/well of 1 pg/mL of antigen
and incubated O/N at 4°C. The plate was washed 3 times with PBS/PBS-T (0.05% (v/v))
and blocked with 200 uL/well PBS containing 3% (w/v) BSA for 1 hour at 37°C. The
plate was washed as before. The purified bispecific antibody was titred in doubling
dilutions in PBS-T (0.05% (v/v)) with 1% (w/v) BSA) and added to the plate at 100
uL/well and detected as described in Section 2.18.10.

2.19 Licencing

The work within this thesis regarding animals was ethically approved and carried out in
accordance with the Department of Health and Children licence number B100/2705.

Aoife Crawley has completed the LAST-Ireland program

2.20 Statistical analysis

Any statistical analysis performed herein is calculated as described below.

2.20.1 Limit of blank (LOB) and limit of detection (LOD)
The limit of detection (LOD) is defined by Armbruster et al (1994), as the smallest
concentration of analyte that produces a signal likely to be reliably distinguished from the

limit of the blank (LOB). The limit of blank (LOB) is the highest value observed in a
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series of results from a sample that contains no analyte. The LOD and LOB were

calculated using the equations below.

LOB = mean blank — 1.645 (SD blank)
LOD = LOB - 1.654 (SD low concentration analyte)

2.20.2 Four-parameter logistic model and ICso value

Antibody sensitivity within this work was evaluated by competitive ELISA in PBS and
normal human serum for calculation of half maximal inhibitory concentration (ICso)
value. This value represents the concentration of free protein that produced 50%

inhibition in response. This was calculated as outlined below.

50% maximal response = max response — (0.5 x (max response — min response))

Using the BiaEvaluation™ software sigmoidal curves were plotted in log-scale using a
four parameter logistic function. The equation to obtain a four-parameter sigmoidal

curves is outlined below.

y=A4+B-A
1+ (x/c)P

v = normalised response; x = concentration of free protein;, A = max normalised
response;, B= min normalised response; C = point of inflection; D = slope of linear part

of the curve.

2.20.3 Coefficient of variance (CV)

The coefficient of variance (CV) is used to determine the variability of an assay and is
used preferentially over standard deviation (SD). As standard deviation
increase/decreases proportional to the mean the CV represents a standardization of the
SD which allows for comparison of variability within the working range of the assay
(Reed et al., 2002). The CV was calculated by dividing the standard deviation by the

means values multiplied by 100.

% CV=(S.D/Mean) x 100

88



Chapter 3

Generation of both a Capan-1-biased murine immune library and MSLN-

specific scFv using a mammalian-expressed antigen
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Chapter outline

As previously outlined in Chapter 1, this project aims to tackle both diagnostic and
therapeutic issues surrounding PDAC. This chapter, in combination with Chapter 4,
describes the generation of a diagnostic panel encompassing three antibodies for the
improved diagnosis of PDAC. Specifically, this chapter focuses on the generation of an

anti-MSLN scFv with the generation of the other two scFv addressed in Chapter 4.

BALB/c mice were subjected to a typical immunisation schedule with the PDAC cell line,
Capan-1. Capan-1 was selected as the immunogen as it expresses the three markers
required for the chosen multi-marker panel while simultaneously limiting the number of
animals required. It was envisioned that the Capan-1-biased library would concurrently
be used for the selection of specific scFv described in both this chapter and Chapter 4.
Following numerous immunogen boosts, the mice sera were analysed for antigen-specific
antibodies by titration against Capan-1 cells. The library was subsequently biopanned
against a MSLN antigen to enrich and select for MSLN-specific scFv. The MSLN antigen
used in the selection process was recombinantly expressed. Initial attempts to express this
antigen in E. coli expression systems were unsuccessful. The antigen was subsequently
expressed in HEK293 cells with impressive protein yields obtained. Following
biopanning, a monoclonal ELISA was performed to identify single clones. The clones
were expressed, purified and tested in ELISA formats. The resulting scFv were found to
have limited abilities to bind to MSLN in serum, however, both clones identified
successfully bound to MSLN in conformational and linear forms suggesting the scFv hold

potential as primary antibodies in tissue applications such as IHC.
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Figure 3.1 Illustrated workflow for Chapter 3

An anti- MSLN scFv antibody was isolated from a murine immune anti-Capan-1 library
by panning and phage display using a recombinant MSLN protein expressed in
mammalian cells. The scFv was characterized for future application as a tissue

diagnostic marker for pancreatic cancer.
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3.1 Introduction

The high mortality rate of PDAC is a result of both insufficient curative treatment options
and the major issue of late-stage diagnosis. While asymptomatic in early stages, the
disease often presents with generic symptoms associated with other pancreatic syndromes
(Brenner, 2018). The lack of cancer-specific symptoms means that the majority of cases
are missed until late-stage PDAC when distant metastasis has occurred. Current methods
of diagnosis include various scans such as EUS, CT and MRI in conjunction with a blood
test to detect the biomarker CA19-9. These scans suffer from a several drawbacks,
ranging from high cost to poor visualisation (Herreros-Villanueva et al., 2013). The
biomarker CA19-9 is the gold standard FDA-approved marker for PDAC diagnosis.
However it has low specificity and is non-cancer specific, as it is elevated in other
pancreatic diseases such as pancreatitis (Winter et al., 2013). Hence it is imperative that
other markers be explored for PDAC diagnosis. Biomarkers offer a wealth of information
on malignant processes occurring within body. Their presence, absence, increase or
decrease can be a sign of cancer presence, progression, regression or susceptibility to
certain treatments. Recently, efforts have focused on identifying new markers of
pancreatic cancer to enhance the poor diagnostic methods available. From this, MSLN
was flagged as a differentiation marker (specific to a type of tissue) that has the ability to
distinguish between benign and malignant pancreatic tissue (Zhang et al., 2018). A meta-
analysis performed indicated that while this marker may not possess the ability to screen
PDAC, it does have potential diagnostic value. This work supports the theory that one
biomarker will not be sufficient for PDAC diagnosis, and the utilisation of combinations

of markers may provide the optimal approach (Zhu et al., 2014).

The exploitation of the potential of a multi-marker based diagnostic strategy gave rise to
the hypothesis of the research described herein. In 2010, a study carried out by Edgell
and colleagues (2010), assessed a multi-marker panel for diagnosis of ovarian cancer,
consisting of five ovarian cancer-related biomarkers, CA125, C-reactive protein (CRP),
interleukins 6 (IL-6) and 8 (IL-8) and serum amyloid A (SAA). The use of this panel
showed significant increase in cumulative diagnostic abilities over the use of CA125
alone. Another study, centred around a multi marker panel for the detection of
endometrial cancer, discovered a five-biomarker panel composed of prolactin, GH,

Eotaxin, E-selectin and TSH, possessed the ability to distinguish endometrial cancer from
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ovarian and breast cancer. This ability indicates the panel may be applicable as a blood-
based early detection method for endometrial cancer (Yurkovetsky et al., 2007). A
circulating tumour cell (CTC) marker panel was investigated in 2014 by Barbazan and
colleagues, that proved to have prognostic and predicative value for metastatic colorectal
cancer patients. In 2015, a study utilised four zinc fingers as capture antigens for the
detection of autoantibodies in colorectal cancer providing a multiplexed autoantibody
assays for detection of colorectal cancer (O’Reilly et al., 2015). Multi-marker research
has also been undertaken for pancreatic cancer. A study by Park and colleagues (2017)
performed a large-scale multi-centre validation of a multi-marker panel. To construct this
panel, they performed measurements on the levels of differentially expressed proteins in
healthy groups and those with pancreatic diseases, both benign and malignant. They
proposed a three marker panel of LRG1, TTR, and CA19-9 which resulted in significantly
improved performance when compared to CA19-9 alone. Another study explored a three
marker panel, to discriminate PDAC from healthy and benign controls, that showed
significant improvement over use of CA19-9 alone as an early detection strategy (Brand
etal.,, 2011). Research has also found that CA19-9 combined with CA125 and CEA can
help to predict the outcome of PDAC patients post-surgery and chemotherapy (Chang
and Kundranda, 2017).

This work aims to generate a panel of scFv antibodies against selected PDAC-associated
markers that, when combined, would provide information on cancer stage and
personalised diagnostics for determination of specific and effective treatment options.
The hypothesized approach embraces the idea of multi-marker diagnosis rather than
relying on a single marker. It is designed to exploit the cumulative abilities of antibodies

to bind to the cognate antigen in serum and on tissue. This is illustrated in Figure 3.2.
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Figure 3.2 Simplified illustration of the potential uses of the envisioned multi-scFv
diagnostic panel.

(i) Multi-marker scFv panel for applications such as IHC. Specific scFv generated
against the selected tissue markers found (or upregulated) in pancreatic cancer are
coupled to different labels. These scFv can be applied to tumour tissues obtained by a
biopsy. Any antigen within the tissue will be detected by the relevant scFv. (ii) This
illustration depicts the potential diagnosis of pancreatic cancer using two of the
recombinant scFv antibodies generated against serum antigens found in pancreatic
cancer. Each antigen provides information crucial to the treatment and prognosis of the

disease.
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The selection of the panel of markers was based on the realisation that the evasive nature
of PDAC requires the capacity to detect relevant markers in tissue and serum since tissue
biopsy may be a requirement for diagnosis. All of the chosen markers are found to be
either upregulated or exclusively expressed in PDAC tissue and provide different data on
the tumour characteristics. Detection of the marker AGR2 can indicate invasiveness of
the disease and provide information for selection of treatment options. Upregulation of
the MUC1 marker can indicate the initiation of PDAC, with expression levels providing
a means for PDAC staging. MSLN is present only on cancerous tissue Its expression can
indicate migration and proliferation of cancer cells and also indicates possible treatment
options. A high expression level of MSLN is a strong indicator of poor survival rates and,
thus, MSLN" tumours would require highly aggressive and rapid treatment (Chen et al.,
2013).

MSLN expression was first identified by Argani and colleagues (2001) as present in
pancreatic adenocarcinoma but absent in normal pancreatic cells. By employing serial
analysis of gene expression (SAGE), in situ hybridization, RT-PCR and IHC, they
showed that in 60 pancreatic cancer tumour, all 60 overexpressed MSLN consistently. It
is a glycophosphatidylinositol (GPI)-linked differentiation antigen that is expressed in a
variety of epithelial cancers. The gene encodes for a ~69kDa precursor protein that is
cleaved to produce an N-terminal soluble fragment (MPF) and a C-terminal membrane
bound fragment (MSLN). Work has been carried out to investigate whether circulating
MSLN could be detected in the sera of pancreatic disease patients and if its levels are
elevated in those with pancreatic cancer compared to healthy controls. The findings
showed that soluble MSLN levels were increased in those with pancreatic disease,
confirming MSLN as a potential biomarker of pancreatic disease, be it benign or
malignant (McJohnston et al., 2009). The exact role of MSLN, even in healthy tissues,
remains elusive, as mice with MSLN gene inactivation present with no obvious
abnormalities (Koyama et al., 2017). Recent studies have shed some light on the unknown
molecular mechanisms of MSLN in pancreatic cancer. A study postulated that the
oncogenic transcription co-factor YAP1 is involved in the activation of MSLN expression
via regulatory CanScript activity. While knocking down the YAP1 expression reduced
MSLN expression, overexpression of YAPI did not turn on MSLN expression,
suggesting that it is involved in MSLN expression but is not responsible for it (Ren et al.,

2011). Overexpression of MSLN is also thought to possibly be triggered by epigenetic
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events as it is found to be hypomethylated in pancreatic adenocarcinoma, while it is
methylated in normal pancreatic tissue (Marin-Muller et al., 2012). Other studies have
shown that MSLN is associated with increased S-phase cell population and upregulation
of growth and survival pathways by growth factors. It results in pancreatic cancer cells
becoming resistant to tumour necrosis factor (TNF) - a — induced apoptosis by NF-«B

activation (Li et al., 2008).

It is critical for high-affinity antibodies to be selected that are specific for their target
biomarkers for successful PDAC diagnosis. In this chapter the development of MSLN-
specific murine scFv is reported. Mice are widely used for generating immune libraries
as PCR primers are readily available and methods of library construction have been
extensively studied (Barbas ef al., 2001). The human and mouse antibody repertoires are
generated by similar processes, however, the diversity and location of antibody gene loci

is far less understood in mice than in humans (Collins et al, 2015) .

Due to the high associated costs, MSLN was expressed ‘in-house’ for the selection of
specific scFv. A plasmid containing the MSLN gene was purchased from NBS
Biologicals Ltd. (Figure 3.3) and transformed into BL21 (DE3) cells for E. coli-based
expression of the relevant genes. BL21 (DE3) cells are made for high expression of
recombinant proteins (Rosano et al., 2014). They carry the lambda DE3 lysogen, ideal
for use with plasmids that are bacteriophage T7 promoter-based expression systems. The
E. coli expression system did not give successful MSLN expression, most likely due to
complex post translational modifications that this prokaryotic system cannot perform. It
was decided that an attempt to express the protein in a mammalian expression system

could potentially have more success.
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Figure 3.3 Map of MSLN Protein Vector (Human) (pPB-N-His)
This map illustrates the recombinant MSLN gene, with the N-terminal polyhistidine tag

and the kanamycin antibiotic resistance gene. Full map available in Appendix C.

For this, the pAdEasy-MSLN-iCre-HA-Flag vector was purchased from Addgene.
Recombinant adenoviruses are widely-use gene delivery and expression systems that are
capable of infecting a plethora of cell types. The virus is rendered incapable of self-
replication as a consequence of deletions in the adenoviral genes. For example, the
pAdEasy-1 plasmid has deleted E1 and E3 genes so that it is unable to replicate or produce
infectious viral particles. The E1 gene is essential for production of viral particles and is
provided in trans by HEK293 cells. The most common method of generating recombinant
adenoviruses requires cloning the gene of interest into a shuttle vector and transferring
the gene into the adenovirus genome by homologous recombination. An improvement in
recent years exploits the homologous machinery in E. coli. and the recombinant
adenovirus is produced by double recombination occurring between co-transformed
adenoviral backbone plasmid vector-the pAdEasy vector, and the shuttle vector
containing the gene of interest (Figure 3.4). This system allows for transient expression
of the desired protein with the correct post-translation modifications. Successful
expression of MSLN was achieved allowing for selection and characterization of MSLN-

specific scFv described in this chapter.

97



Kan Left arm g
" ,—&a Mi'-“ . Right arm
\
Shuttle o
Vector l

Right arm

pAdEasy
Vector

Left arm
Pmel |

1

1

1

Linearize with Pme | :

4
1
i Transfect into HEK293 cells
Regions of

Homologous

Recombination

Encapsidation Adenoviral DNA

Recombinant signal Promoter l
Ad Plasmid b
LTR PI--D-l:-quR
Pac | T P I?A P
! 1 3 ac 0 i
i Digest with Pac | g o
---------------------- > MSLN

Figure 3.4 Workflow of transfection of pAdEasy MSLN vector into HEK293 cells for

expression of a recombinant MSLN protein.

The pAdEasy backbone vector was supplied already co-transformed with the shuttle

vector housing the MSLN gene and the kanamycin resistance gene. The plasmid is plated

out on LB agar plates containing kanamycin to select for transformants. Single colonies

are selected, grown and purified to obtain the recombinant plasmid DNA. The plasmid

DNA is linearized with the Pacl restriction enzyme and then transformed into HEK293

for expression of the MSLN protein. Full map of the pAdEasy-1 vector can be found in

Appendix C.
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3.2 Results

3.2.1 Generation of a murine anti-Capan-1 library

3.2.1.1 Propagation of Capan-1 cell line

This approach allowed for minimal animal usage in compliance with the “Three Rs”
tenet, Replacement, Reduction and Refinement. This tenet states that animals should only
be used if an attempt to find a non-animal alternative has failed. When they are needed
the most humane methods are used on the smallest number of animals that would provide

valid data (Fenwick et al., 2009).

3.2.1.2 Immunisation of BALB/c mice with Capan-1 cell line

Six BALB /c mice were immunised subcutaneously with equal parts of a suspension
composed of Capan-1 cells and Freund’s complete adjuvant in PBS. Each mouse received
1 x 109 viable cells in sterile 1 X PBS. An initial immunisation was carried out followed
by 5 subsequent boosts mixed with Freund’s incomplete adjuvant. All boosts contained
the same number of viable cells as the initial immunisation. Each boost was administered
14 days apart. After four boosts, an antibody serum titre determination was performed by

ELISA against Capan-1 cells.

3.2.1.3 Murine serum antibody titre determination

An ELISA was performed on a Nunc MaxiSorp™ 96-well plate coated with 1 x 10°/ well
Capan-1 cells and probed using varying dilutions of mice serum (1/100 — 1/400,000). A
sufficiently high immune response of ~1/200,000 was observed against the cell line after
the 37 boost (Figure 3.5). Following administration of the 4 boost, two mice died. The
spleens of these two mice were harvested, placed in RNAlater™ and stored indefinitely
at -80°C. A bleed was taken from the two mice post-mortem and an antibody serum titre
was carried out to determine if RNA extraction of these spleens would be valuable
(Figure 3.6). Both produced an antibody titre greater than 1:100,000 indicating the
murine immune systems had actively responded to the Capan-1 cells. The remaining four
mice were culled to harvest the B-cells from the spleens for recombinant antibody

generation.
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Figure 3.5 Titration of serum antibodies, obtained from mice immunised with Capan-
1 cells after 4 boosts, determined by ELISA

The serum was collected from the immunised mice from the facial vein. The response
analysis for each of the 4 live mice was analysed on two plates and the results plotted on
the graph. A pre-bleed was taken from the mice prior to immunisation. This was used as
a control to compare the immune response after exposure. The bound antibodies were
detected using a HRP-labelled goat anti-mouse IgG antibody. There was a significant

response to Capan-1 cells in the sera from all four mice.
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Figure 3.6 Titration of murine serum antibodies by ELISA using sera obtained from
the two deceased mice.

The serum was collected immediately post mortem. The antibody titre responses were
performed on one ELISA plate and plotted on the graph. A pre-bleed was taken from the
mice prior to immunisation. This was used as a control to compare the immune response
after exposure. The bound antibodies were detected using a HRP-labelled goat anti-
mouse IgG antibody. There was a significant immune response to Capan-1 in the sera

collected from the deceased mice.

3.2.1.4 Isolation of RNA from spleen B-cells and ¢cDNA synthesis

The spleens were removed from the mice and homogenised in TriZol. Total RNA was
carefully extracted from the homogenized spleen samples and then quantified using the
Nanodrop™ ND-1000. First-strand ¢cDNA synthesis was performed by reverse
transcription. This cDNA template was then used to amplify the variable light (A and k

chains) and heavy chain genes.
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3.2.1.5 Primer optimisation for the murine variable heavy and light chain genes

A standard PCR protocol using My7ag™ Red Mix DNA polymerase was used for the
optimisation of the variable heavy (Vu) and light (Vi) chain genes. Each domain has a
wide variety of forward primers and a small number of reverse primers that required
optimisation. The reverse primers were mixed and then employed in a single reaction
with a different forward primer (Figure 3.7). The optimisation of the forward primers for
the amplification of the Vi and Vi chain genes was successful with the majority resulting
in sufficient amplification. These primers were mixed in the volumes stated by Barbas et

al. (2001) and subsequently employed for large-scale amplification of the Vand Vu chain

genes.
Varying forward primers (V)
()
500bp —>
Varying forward primers (Vy;)
(ii)
500bp —n

Figure 3.7 Optimisation of primer combinations

(i) Optimisation of primer combinations to amplify murine V. from synthesised cDNA
derived from the Capan-1-immunised mice. Each lane represents one forward primer (I-
17). Amplification was performed using MyTag™ Red Mix 2X and the manufacturer’s
recommended PCR conditions (i) Optimisation of primer combinations to amplify
murine Vi Each lane represents one forward primer (1-12) The same conditions as those
used for the amplification of V, were followed. L = 1kb Ladder (Bioline HyperLadder™
Plus).
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3.2.1.6 PCR optimisation for the murine Vu, Vk and VA generation and Splice by
overlap extension (SOE) —PCR of the Vi and Vi, chains

A standard protocol was used for the large-scale amplification of the variable chain genes
from the reverse-transcribed cDNA. All regions amplified successfully with no further
optimisation required (Figure 3.8). The variable fragments were gel-purified and then
linked by splice-by-overlap extension PCR (SOE-PCR). In the SOE-PCR, the variable
light and heavy fragments are linked by a glycine-serine linker (G4S)4 providing the scFv
with the necessary flexibility. The thermocycler conditions differ in this PCR to
accommodate for the longer product (800bp). The extension time and final extension is
doubled to favour the overlap of the variable chains. The initial attempt at the SOE-PCR
was performed under the standard conditions for My7ag™ Red Mix 2X polymerase, as
outlined in Section 2.15.9, using equal concentrations of the purified variable domains
(100ng each) as the DNA template. This yielded a streaky product with several non-
specific products and little amplification at 800bp (Figure 3.8 (iv)). This streaky product
is most likely caused by an inappropriate annealing temperature resulting in the primers

binding non-specifically to the template.

The amplification of the SOE product required investigation for establishing the optimal
reaction conditions. The annealing temperature can greatly influence the specificity of
primer binding. This temperature is determined by calculating the melting temperature
(Tm) of the primers, however, this is an approximation and can be affected by the other
components of a PCR, for example the buffer. As such, performing the SOE-PCR at a
range of temperatures above and below the calculated T should indicate the optimum
annealing temperature to amplify the product. The annealing temperature was optimised
by carrying out an SOE-PCR at a range of annealing temperatures from 58°C to 62°C and
also performing a ‘touch-down’ SOE-PCR which incrementally reduced the annealing
temperature of 62°C by 0.2°C per cycle. The products of these optimisations were
resolved on a 1.5% (w/v) agarose gel as show in Figure 3.9. The touch-down PCR did
not increase the specificity of the reaction as is evident by the presence of numerous faint
bands. The results of the temperature gradient investigation were similar to that observed
for the touch-down PCR. However, there is stronger specific amplification at the desired
800bp band. Regardless, this was not sufficient amplification of the 800bp product as

non-specific products amplified preferentially.
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Figure 3.8 Amplification of the variable regions

(i) VA; (ii) Vk; (iii) Vu from synthesised cDNA. Amplification was performed using
MyTag™ Red Mix 2X using the manufacturer’s recommended PCR conditions. L = 1kb
Ladder (Bioline HyperLadder™). N = Control lane. This is a sample containing all the
components of the PCR without the cDNA template. (iv) Splice by Overlap Extension-
PCR of the amplified Vi and Vi fragments. This initial amplification was carried out
using the conditions followed when amplifying the variable fragments. The only
alteration was the use of a longer final extension time of 10 min instead of the 5 min used
for the shorter variable fragments. Non-specific amplification is observed as well as a
streaky product and limited amplification. L = 1kb Ladder (Bioline HyperLadder™); N
= Control lane without DNA template; SOE = SOE-PCR amplification.
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Figure 3.9 Optimisation of the scFv product amplification by temperature variations

(i) Touch-down SOE-PCR was performed with the initial annealing temperature of 62°C
reduced by 0.2°C per cycle.(ii) SOE-PCR using different annealing temperatures from
58°C to 62°C.Standard SOE-PCR conditions using MyTaqg™ Red Mix 2X polymerase
were used. L = 1kb Ladder (Bioline HyperLadder™),; N = Control sample without DNA

template.

Various 7aq polymerases can influence the specificity and fidelity of DNA amplification.
Due to the consistent presence of non-specific amplification products a different 7ag
polymerase, Phusion DNA polymerase, was tested. This is a high-fidelity polymerase
with proof reading capabilities as a result of its 3’-5’ exonuclease activity. This
polymerase is often recommended when amplifying difficult amplicons. It is essential to
optimise the concentration of MgCl> when using Phusion DNA polymerase. Excessive
amounts of MgCl» can significantly hinder the denaturation of DNA causing non-specific
binding. Despite the presence of an additional band at ~600bp, the MgCl, optimisation
using Phusion DNA polymerase yielded a specific 800bp band. The high-fidelity buffer
supplemented with 3mM MgCl, was selected for further optimisation as it resulted in the

amplification with the least amount of non-specific product (Figure 3.10 (i)).

To improve preferential amplification of the 800bp product, various PCR additives were
investigated. Betaine and DMSO are PCR enhancers that can help to increase the yield
of the desired product while reducing the production of non-specific products. Betaine

(recommended for use at IM concentration) and DMSO (recommended concentration of

105



3-10% (v/v)) both aid in DNA strand separation (Jensen et al., 2010). A DMSO gradient
using 5% and 10% (v/v) and investigation of Betaine alone and in combination with
DMSO was performed using the standard amplification conditions with a 58°C annealing
temperature (Figure 3.10 (ii)). The SOE-PCR sample containing the 5% (v/v) DMSO
yielded the most specific desired product with minimal streaking and significantly
reduced amplification of the 600bp product. Thus, the desired product was amplified by
the addition of 5% (v/v) DMSO using Phusion DNA polymerase High Fidelity buffer
supplemented with 3mM MgCl, (Figure 3.10 (iii)).

(i) Hi Fi buffer GC rich buffer
Hi Fi GC

L C (& ImM 1.5SmM 2mM 3mM ImM 1.5mM 2mM 3mM

800bp —>

DMSO 10mM
- DMSO DMSO Betaine +
(i) C L 5% 10% M BetaineIM (i) L ¢ 8Ok

800bp
800bp

Figure 3.10 Optimisation of Phusion DNA polymerase and PCR additives for
amplification of a specific SOE product

(i) Optimisation of MgCl; concentration for the SOE product using Phusion DNA
polymerase. (ii) Optimisation of the SOE-PCR product using a DMSO gradient (5-10%
(v/v) and betaine (IM). (iii) Large-scale SOE amplification using optimum PCR
conditions. Determined optimum conditions were used. L = 1kb Ladder (Bioline
HyperLadder™); N = Control sample without DNA template; NOA = No additives in the
PCR sample.
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3.2.1.7 Library construction

After large-scale amplification, the SOE product was gel-purified and ethanol-
precipitated. The sample was quantified and digested using the Sfil restriction enzyme.
Simultaneously, the pComb3XSS vector was streaked on LB agar plates and a single
colony was picked, grown and purified using a plasmid prep kit. The vector was then
digested with the Sfil enzyme which produced three products, undigested pComb3XSS,
digested pComb3XSS and the removed stuffer fragment (Figure 3.11). The digested
vector was then treated with Antarctic Phosphatase to ensure no self-ligation of the vector
occurred by removal of the phosphorylated ends. The digested vector and overlap product

were resolved and purified from a 0.6% (w/v) and 1% (w/v) agarose gel, respectively.

(1) Sfil - digested SOE product

800bp —»

(ii)
Sfil- digested pComb3XSS phagemid vector
4000bp —> 8
3000bp —>
2000bp —»
1500bp —>

Figure 3.11 Digestion of the SOE product and pComb3XSS phagemid vector using Sfil
enzyme

(i) Analysis of the Sfil- digested overlap product. (ii) Analysis of Sfil- digested
pComb3 XSS phage display vector. L = 1kb Ladder (Bioline HyperLadder™)
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The gel-purified Sfil-digested products were concentrated by ethanol-precipitation and
quantified on the NanoDrop™ 1000. The purified overlap product was then successfully
ligated into the pComb3XSS vector using T4 DNA ligase (Figure 3.12).

pComb3XSS pComb3XSS
- +
SOE stuffer

5000bp —s
4000bp —3

3000bp —

Figure 3.12 Analysis of the ligation reaction products of the Sfil-digested murine-
derived SOE product, the stuffer fragment and the pComb3XSS phage display vector.
L = 1kb Ladder (Bioline HyperLadder™); The two bands in lane I and 2 represent
pComb3XSS at ~ 3300bp and the ligated product of pComb3XSS and SOE at ~4100bp.
The two bands present in lane 3 and 4 represent pComb3XSS at ~ 3300bp and the ligated
product of pComb3XSS and the stuffer fragment at ~5100bp.

3.2.1.8 Transformation of library efficiency and analysis of clone variability

The transformed murine Capan-1 scFv library size was ~10° cfu/mL. A colony-pick PCR
was carried out on the transformed library to investigate the transformation efficiency and
determine the percentage of colonies containing the 800bp insert. For this 10 colonies
were randomly selected. It can be observed in Figure 3.13 that all of the colonies

contained the scFv insert suggesting 100% insert retention.

Genetic fingerprinting analysis was then performed on the selected colonies which allows
for a rapid basic assessment of the diversity within the antibody library by fragment length
polymorphism (RFLP). Digestion with the two restriction enzymes BstN/ and Alu/
(Figure 3.14) randomly cut the scFv gene and generate a genetic fingerprint from
variations in the recognition site patterns as a result of the DNA sequence diversity within

the library (Aavula et al., 2011).
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C L Transformation colonies

800bp

Figure 3.13 Colony-pick analysis on transformed murine Capan-1 library

Analysis of a colony-pick PCR performed on 10 randomly selected colonies to determine
the transformation efficiency of the Capan-1 library into XLI-Blue electrocompetent E.
coli cells. C= PCR performed without the addition of a single colony. L = 1kb Ladder
(Bioline HyperLadder™).

(i) L Colonies digested with Alu/ enzyme L
200bp

Alu/

(ii) L Colonies digested with BstN/ enzyme L
200bp

BstN/

BstN/ 5. CCWGG...3

v

5,...AGCT 3
= 3..GGWCC...5 Al 3...TCGA
W=AorT - -

Figure 3.14 Genetic fingerprint analysis of 11 clones from transformation plates
Purified inserts were restriction fingerprinted with (i) Alul and (ii) BstNI to investigate
the diversity in the DNA sequences of the transformed library. L = 1kb Ladder (Bioline
HyperLadder™)
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This concluded the work carried out on the generation of the communal biased-murine
Capan-1 scFv library which was later employed in this chapter for isolation of MSLN-

specific scFv and subsequently used again in Chapter 4.

3.2.2 Generation of a recombinant MSLN protein in an E. coli

expression system

3.2.2.1 Optimisation of expression of MSLN protein using IPTG induction

The pPB-MSLN-N-His plasmid was transformed using a basic heat-shock protocol into
BL21 (DE3) chemically competent cells. The transformation stock was spread onto LB
agar plates supplemented with kanamycin and incubated O/N at 37°C. The following day
a single colony was used to inoculate a 10 mL culture supplemented with kanamycin, for
optimisation of recombinant MSLN protein expression conditions. In order to carry out a
full optimization of the expression of the recombinant MSLN, IPTG concentration, time
points post-induction, and growth temperatures of 30°C and 37°C were investigated. The
overnight 10 mL culture was used to inoculate a variety of small-scale LB cultures. The
growth was monitored until an ODsoo of ~0.6 was obtained and each of the individual
cultures was induced using the appropriate concentration of IPTG. One culture from each
IPTG concentration was then incubated at 30°C and the other at 37°C. A 1 mL sample
was then removed from each culture at 2 hr, 3 hr, 4 hr and O/N post-induction. The 1 mL
culture samples were centrifuged for 15 min at 12,000g and the pellet resuspended in 200
uL of 1 mg/mL lysozyme and subsequently subjected to 3 freeze-thaw cycles. The lysate
samples were then analysed by SDS-PAGE and WB for expression of recombinant
MSLN (Figure 3.15). From these figures, it is apparent that there is no positive
expression of MSLN at any time point regardless of IPTG concentration or incubation

temperature.
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2hr

Figure 3.15 Optimisation of MSLN expression using IPTG induction.

(i) SDS-PAGE and WB of cultures induced with ImM and SmM IPTG at 37°C. (ii) SDS-
PAGE and WB of cultures induced with ImM and 5SmM IPTG at 30°C. (iii) SDS-PAGE
and WB of cultures induced with 10mM IPTG at 30°C and 37°C. WB was probed with
anti-HIS-HRP-labelled antibody. L= PageRuler™ Plus Prestained Protein Ladder (See
Appendix E).
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3.2.2.2 Optimisation of MSLN expression using TB media at lower expression
temperatures

Expression of recombinant proteins at lower temperatures can increase solubility of the
protein, limit possible protein degradation and reduce protein aggregation. The lower
temperatures reduce the speed of cell processes such as transcription and translation
resulting in reduced protein aggregation. Another factor to consider when attempting
expression of complex or difficult proteins is the media choice. Terrific broth (TB) is a
rich media of choice for high protein yields in E. coli. Its enriched composition provides
superior physiological conditions. It contains more tryptone and yeast extract than LB
and also contains potassium phosphate and glycerol. The tryptone and yeast extract
provide, amino acids and vitamins and trace elements which aid in increased cell yields.
The potassium phosphate maintains the pH of medium and the glycerol provides a source
of carbon and carbohydrates. To combat the lack of protein expression, lower

temperatures using TB media were investigated.

Fourteen colonies were randomly selected from transformation spread plates. Each of
the fourteen colonies was grown overnight in TB media. The following day each of the
14 overnight cultures was used to inoculate two small-scale cultures of TB media
supplemented with kanamycin. All cultures were induced using SmM IPTG. Half were
incubated at 20°C and the remaining at 25°C O/N. The next day a 1 mL sample was
removed and centrifuged at 12,000g (Eppendorf™ centrifuge fixed angle rotor (F-45-30-
11)) for 15 min. The cells were lysed by addition of 1 mg/mL lysozyme and subjected to
freeze-thaw cycles as per Section 2.13.1.5.1. The lysed samples were centrifuged at
11,000g for 20 min. The supernatant was removed, mixed with 4 X loading dye and boiled
for 5 min at 95°C. The samples were analysed by SDS-PAGE and WB (Figure 3.16).
Faint bands can be observed at the expected size of ~69kDa in two wells, one colony at
each temperature. While faint, the present bands suggests the presence of the recombinant

MSLN gene in the plasmid.
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Figure 3.16 Optimisation of MSLN using TB broth as lower temperatures of 20°C and
25°C

(i) SDS-PAGE and WB analysis of colonies expressed at 25°C . (ii) SDS-PAGE and WB
analysis of colonies expressed at 20°C. WB analysis probed with a HRP-labelled anti-
HIS antibody. L = PageRuler™ Plus Prestained Protein Ladder

3.2.2.3 Optimisation of expression of MSLN protein using auto-induction media

The level of expression observed using IPTG induction was not sufficient for large-scale
expression and purification. The effect of auto-induction media with a TB broth base on
the recombinant protein expression at a variety of temperatures was then evaluated. The
two MSLN-expressing colonies identified in Figure 3.17 were used to inoculate two 10
mL cultures containing TB supplemented with kanamycin and grown O/N at 37°C. The
following day each O/N culture was sub-cultured into four separate 10 mL cultures
containing auto-induction media with a TB broth base. The cultures were grown O/N at
the appropriate temperature. The following day 1 mL lysate samples were obtained, as
described in the previous section, and analysed on SDS-PAGE and WB for recombinant

MSLN expression.
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It can be observed in Figure 3.17 that limited MSLN expression has occurred. A single
band is present in the lane representing the positive-MSLN expressing colony from
Figure 3.16 (ii) in auto-induction media grown at 37°C. This extremely limited
expression is negligible and entirely insufficient for large-scale expression and
purification. MSLN is a glycoprotein and could require eukaryotic expression for correct
post-translational modifications. Work was subsequently carried out to express a

recombinant MSLN protein in the transfection cell line, HEK293.

(i) 30°C 37°C 30°C 37°C

70kDa 3,
55kDa

(iii) 25°C 20°C 25°C 20°C

Figure 3.17 Optimisation of MSLN expression using auto-induction media with TB
and broth bases at temperatures 30°C and 37°C

(i) 30°C and 37°C SDS-PAGE gel and WB. (ii) 20°C and 25°C SDS-PAGE gel and WB
WB was probed with a anti-HIS-HRP-labelled antibody. L = PageRuler™ Plus
Prestained Protein Ladder. C1 = MSLN-expressing colony identified in Figure 3.16(i);
C2 = MSLN-expressing colony identified in Figure 3.16(ii).
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3.2.3 Expression of a recombinant MSLN protein in mammalian

HEK?293 cells
3.2.3.1 Propagation of HEK293 cells

The human embryonic kidney (HEK) 293 cell line is a widely used transient expression
system because of its amenability to transfection and capacity to carry out post-

translational modifications and folding which produces a functional protein (Thomas and

Smart., 2005) (See Sections 2.11.1-2.11.6).

3.2.3.2 Isolation and linearization of vector DNA

Traditionally, two methods are used to generate recombinant adenoviruses, the first is
ligation of the gene of interest into the adenoviral genome and the second involves cloning
the gene of interest into a shuttle vector and transferring the gene to the genome by
homologous recombination in a mammalian cell line. This does not require further
tedious steps to isolate recombinant adenovirus. The pAdEasy system, as previously
described, uses the homologous recombination machinery in E. coli whereby a
recombinant adenovirus is produced by double-recombination between the pAdEasy
vector and the shuttle vector. The pAdEasy-Msln-iCre-HA-Flag vector was sourced from
Addgene. In its shipped form, the vector had already undergone double-recombination
with the shuttle vector and contained the MSLN gene of interest. The cells containing the
recombinant plasmid were grown up in SB media supplemented with kanamycin and the
recombinant pAdEasy vector DNA was purified as per Section 2.10.7. The purified
recombinant pAdEasy vector DNA was digested with Pacl restriction enzyme to expose
its inverted terminal repeats (ITR) which contain the necessary elements for replication
and packaging. The digested vector was analysed on a 0.6 % (w/v) agarose gel next to a
non-digested sample for comparison (Figure 3.18). Digestion of the vector with the Pacl
enzyme yielded two products, one larger product of ~30kb and a smaller fragment of
~4 .5kb. The undigested sample contains a smeared band near the well and a lower band
of just under ~30kb. The ladder used for size estimation only measures up to 10kb,
however it can be clearly seen that there is a smaller band at ~4.5-5kb in the digested
products and larger smeared bands in the undigested samples that conclusively show
successful digestion by the Pacl enzyme. The digested vector was precipitated using

ethanol and quantified on the NanoDrop™ 1000.
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Pacl-digested pAdEasy-MslIn-iCre-HA-Flag vector

L Undigested

10,000 bp —»
5000 bp —>

Figure 3.18 Digestion of recombinant Ad plasmid DNA with Pacl
pAdEasy-Msin-iCre-HA-Flag vector linearized with Pacl restriction enzyme analysed on

a 0.6 % (w/v) agarose gel with uncut vector as a control. L = 1kb Ladder Bioline

HyperLadder™ (See Appendix E).

3.2.3.3 Transfection of the digested pAdEasy-MsIn-iCre-HA-Flag into the
HEK?293 cell line

The pAdEasy systems uses human adenovirus and human host cell lines. Consequently,
the human MSLN protein is expressed in abundance with the correct post-translational
modification and folding. The ViraPack transfection Kit, which is based on a modified
version of the CaPO4 method of transfection, was employed for transfection of the
recombinant pAd vector into proliferated HEK293 cells. The CaPOs4 method of
transfection works by forming a precipitate that results in DNA uptake by the cells by
enhancing the adsorption of DNA to the cell membrane. The kit is an altered version of
this protocol and employs a specifically modified bovine serum (MBS) in place of fetal

bovine serum (FBS) during the incubation of the cells with the CaPO4-DNA precipitate.

Exponentially growing HEK293 cells were inoculated at 5 x 10° cells /well in 5 mL CGM
in a 6-well plate O/N. Five pug of linearized recombinant pAd vector was prepared as per
the manufacturer’s guidelines. The cells were washed twice with DPBS and 5 mL culture
media containing 6 % (v/v) MBS was added to each well. While optimisation of MBS
can be necessary, it is advised to begin at 6 % as this is optimal for the majority of cell
lines. Once the cells and DNA were appropriately prepared, 500 uL. of DNA suspension
was added to each well and incubated at 37°C/5% CO- for three hours. At this point a

notable precipitate was present in the transfected wells. The cells were once again washed
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with DPBS to remove the precipitate and 5 mL of fresh CGM containing FBS was added
to the plate. The cells were then incubated at 37°C/ 5% CO> and allowed to proliferate.

3.2.3.4 Harvesting of transfected cells and purification of MSLN protein

To identify successful transfection, recombinant MSLN expression 4 days post-
transfection was analysed. Using a rubber policeman, one well of transfected cells were
removed from the adherent surface. The cell suspension was centrifuged at 1,200g
(Eppendorf™ centrifuge fixed angle rotor (F-45-30-11)) for 5 min. Then 5 mL of medium
was removed, concentrated and buffered exchanged into 1 X PBS containing protease
inhibitors (1 tablet per 10 mL) using a viva-spin column. The cell pellet was resuspended
in 1 mL 1 X PBS and subjected to lysing by sonication (25% amplitude, 2 sec on pulse,
2 sec off pulse for 2 min). The lysed sample was centrifuged at 4,000g (Eppendorf™
centrifuge fixed angle rotor (F-45-30-11)) and the lysate removed for analysis of protein
expression. Both fractions were analysed on SDS-PAGE and WB (Figure 3.19). On
observation of the SDS-PAGE the media supernatant contains a specific band at the
expected size of ~61kDa with a corresponding thick band present in the WB analysis
probed with a rabbit anti-MSLN antibody followed by a HRP-labelled anti-rabbit
secondary antibody. There is a strong band present in the pellet at ~55kDa which is
significantly lower than the expected size of MSLN with a faint band at ~61kDa,
indicating presence of MSLN in the supernatant which is to be expected. As such, both

fractions were pooled for further purification of the desired protein.

The expressed MSLN was released from the remaining transfected cells and media
supernatant by sonication (25% amplitude, 2 sec on pulse, 2 sec off pulse for 2 min) and
concentrated to a yield of 10 mg/mL in 1 X PBS. The MSLN-containing fraction was
subjected to size exclusion chromatography (SEC) on the AKTA pure system to isolate
the MSLN protein (Section 2.12.8). Numerous peak fractions were eluted and analysed
by SDS-PAGE. Figure 3.19 shows the SDS-PAGE analysis of the eluted fractions of the
contaminant bands with the MSLN-containing fraction. It can be observed that the SEC
protocol was successful as the MSLN-containing fraction has very minimal residual
contaminate bands. To confirm the protein eluted was MSLN, the fraction was analysed
on an SDS-PAGE gel and by western blot. The western blot was probed with an anti-
MSLN antibody followed by a HRP-labelled detection antibody (Figure 3.20). This pure

recombinant protein was quantified at ~5mg/mL on the NanoDrop™ 1000.
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Figure 3.19 SDS PAGE and WB analysis of MSLN expression in HEK293 cells
SDS-PAGE and WB analyses of MSLN found in the cell pellet and the media supernatant
of the transfected HEK293 cells. The WB was probed with a rabbit anti-MSLN antibody
followed by a HRP-labelled anti-rabbit secondary antibody. L = PageRuler™ Plus
Prestained Protein Ladder

Q) SEC cluted fractions

70kDa
55kDa

(i) Eluted Eluted (iii)

L  Fraction L  Fraction
TMB Substrate

70kDa

55kDa
HRP-labelled anti-

rabbit antibody 5

Rabbit anti-
MSLN antibody

Nitrocellulose blot _\}

Figure 3.20 SDS-PAGE analysis of size exclusion chromatography purification of a

 ——

recombinant MSLN protein

(i) SDS-PAGE analysis of eluted fractions from size exclusion chromatography of MSLN
protein from contaminant bands. (i) SDS-PAGE and western blot analysis for
confirmation of purified MSLN protein. (iii) Simplistic illustration representing the
detection format of the western blot analysis. The blot was probed with a rabbit anti-
MSLN antibody followed by detection using a HRP-labelled anti-rabbit antibody. L =

PageRuler™ Plus Prestained Protein Ladder
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3.2.4 Antibody Library screening

3.2.4.1 Enrichment of an anti-Capan-1 phage library via biopanning

After the transformation efficiency was determined in Section 3.2.1.8, the expressed
recombinant MSLN protein was employed to selectively amplify specific clones from the
immune library by phage display panning. Four rounds of affinity selection via panning
were performed on MSLN-coated immunotube™ with each selection round becoming
exponentially more stringent by lowering the concentration of coated MSLN and

increasing the number of wash steps. (Table 3.1).

Table 3.1 Panning conditions employed for each round of selection of the murine anti-

Capan-1 scFv library against MSLN.

Panning round | MSLN coating conc. Number of washes
1 50 pg/ mL 3 X PBS, 3 X PBS-T (0.05% (v/v))
2 25 pg/ mL 5 X PBS, 5 X PBS-T (0.05% (v/v))
3 12.5 pg/ mL 10 X PBS, 10 X PBS-T (0.05% (v/v))
4 5 g/ mL 15 X PBS, 15 X PBS-T (0.05% (v/v))

The precipitated input phage from each round of panning (1-4) was incorporated into a
polyclonal phage ELISA to test for enrichment against the MSLN protein. Successful
enrichment was demonstrated by an increase in ELISA absorbance signal after incubating
the phage with the MSLN protein and detecting any bound phage with a HRP-labelled
anti-M13 secondary antibody (GE Healthcare) (Figure 3.21). There is a noticeable
reduction in absorbance after the initial round. This may be a result of non-stringent
conditions in the first round, resulting in substantial non-specific binding and while this
absorbance is desirable may not be representative of scFv with the desired affinity and
specificity. The absorbance increases with rounds 3 and 4 indicating enrichment of anti-
MSLN clones. Consequently, clones from these rounds were selected for soluble

expression.
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Figure 3.21 Polyclonal phage ELISA

Polyclonal phage ELISA screening for anti-MSLN scFv displayed on phage following
completion of panning. Phage pools from each round were tested and a negative control
was incorporated. The negative control had no phage added. The scFv-displaying phage
were detected using a HRP-labelled anti-M13 secondary antibody and the absorbance

was read at 450 nm using a Tecan Safire™ plate reader.

3.2.4.2 Soluble expression and monoclonal analysis of single clones by ELISA

Phage pools from the third and final rounds were infected into a ‘non-suppressor’ strain
of E. coli, Top10F’, to express soluble antibody fragments, without the pIII protein. While
in XL1-Blue E. coli, a suppressor transfer RNA (tRNA) binds to the TAG ‘amber’ codons
resulting in the production of a scFv-plll fusion protein (Barbas et al., 2001). The
ToplOF’ strain does not contain this suppressor tRNA mutation and recognises the stop
codon located between the plll protein gene and the scFv fragment. This allows for the
soluble expression of the scFv without the pllI protein. Single clone analysis of 192 single

colonies was performed by monoclonal ELISA (Figure 3.22).
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Figure 3.22 Soluble monoclonal ELISA screening for anti-MSLN scFv from 192
randomly selected clones from:
(i) Round 3; (ii) Round 4. Periplasmic lysates were applied to the MSLN-coated plate
and any specific scFv were detected using a HRP-labelled anti-HA antibody. The red

dashed line represents the “cut-off” value (twice the background optical density).
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From the 192 clones, 7 were positive for MSLN-binding when analysed in a direct lysate
titre ELISA. Unfortunately, none of the clones selected showed the required specificity
for MSLN. The false-positives combined with the high background observed could be
indicative of poor washing steps. Consequently a further 96 clones were selected from
the final biopanning round and analysed in a monoclonal ELISA as before, with the
addition of 2 wash steps with PBS and PBS-T (0.05% v/v) (Figure 3.23). Out of 96
clones, five were positive for MSLN binding. A decreased background with a higher cut-
off value provided more confidence in the specificity of the MSLN-binding clones

identified.
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Figure 3.23 Soluble monoclonal ELISA screening for anti-MSLN scFv from 96
randomly selected clones from the final round.

Periplasmic lysates were applied to the MSLN -coated plate and any specifically-bound
scFv were detected using a HRP-labelled anti-HA antibody. The red dashed line

represents the “cut-off” value (3 times the background optical density).

122



3.2.4.3 Analysis of five clones by indirect ELISA analysis of lysate

The five clones were taken forward for a lysate titration against MSLN to confirm
specificity for the antigen. Doubling dilutions (neat - 1/64) were performed of the scFv-
enriched lysate and added to the MSLN-coated ELISA plate (Figure 3.24). The results
indicated that two clones successfully bound to the MSLN protein and were selected for

expression studies and characterization.
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Figure 3.24 Lysate Titration of MSLN-binding scFv by indirect ELISA

The lysate was applied to a MSLN-coated ELISA plate. The bound scFv were detected
using a HRP-labelled anti-HIS antibody. Detection was carried out using a HRP-labelled
anti-HIS antibody as the purified MSLN recombinant protein is expressed harbouring a
HA tag. Control — ELISA was performed without the addition of scFv lysate.
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3.2.4.4 Optimisation of scFv expression and purification

Soluble antibody expression conditions were optimised as outlined in Section 2.10.8. The
scFv levels within the lysates were analysed by indirect ELISA. It can be observed in
Figure 3.25 that the optimal expression conditions for clone A1 and H1 are 10 mM IPTG
at 37°C and 5 mM IPTG at 25°C, respectively. These conditions were then used to express

the scFv clones on a large-scale.
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Figure 3.25 Analysis of optimal IPTG concentration and expression temperature for
anti-MSLN clones Al and H2

Expression of the scFv was induced with different IPTG concentrations (ImM — 10mM)
and temperatures (25°C, 30°C and 37°C). The lysate was tested in an indirect ELISA

ke

0

format and bound antibody was detected using a HRP-labelled anti-HIS antibody.
Control — ELISA was performed without the addition of lysate.

Large-scale expressions of the murine anti-MSLN clones Al and H1 were performed in
IL cultures. The scFv protein was extracted from the periplasm by sonication (25%
amplitude, 2 sec on pulse, 2 sec off pulse for 2 min) and the cell pellet debris collected
by centrifugation at 4,000g (Eppendorf™ centrifuge fixed angle rotor (F-45-30-11)) for
20 min. Before addition to the nickel resin, the lysate was filtered through a 0.2 uM filter

which removes any additional debris that could cause clogging within the resin and result
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in poor purification. The filtered lysate was then added to the resin and was incubated on
a roller for an hour to promote binding. Two wash steps were performed with increasing
imidazole concentration to remove any non-specifically-bound proteins. The bound scFv
protein was eluted by the addition of a high concentration of imidazole which competes
with the histidine moieties for binding to the nickel resin and displaces the bound
histidine-tagged protein from the resin. The eluted fractions were concentrated and
analysed by SDS-PAGE and WB (Figure 3.26). Concentrated protein was quantified
using the Nanodrop™ with resulting yields diluted to 0.5 mg/mL for homogeneity.
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Figure 3.26 SDS PAGE and Western blot analysis of scFv Al and HI purification
using IMAC

(i) Al; (ii)) HI. SDS-PAGE and WB analysis of the fractions obtained during IMAC
purification. The WB was probed with a peroxidase-labelled anti-HA antibody. Both SDS
and WB show the primary band at ~25kDa representing the purified scFv. The WB
representing the purification of clone Al shows an additional band just under the 55kDa
marker which could be a dimerization of the scFv. L = PageRuler™ Plus Prestained
Protein Ladder. FT1 = Flow through 1; FT2 = Flow through 2; W1 = Wash 1; W2 =
Wash 2 E = Elution.
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3.2.4.5 Sequence analysis of the MSLN-specific recombinant antibodies

Plasmid preparations of E. coli ToplOF’ containing the pComb3XSS vector bearing the
scFv clones Al and H1 were sent to Source Bio-Sciences for sequencing. The resulting
DNA sequences were translated using ExPASy translation tool into their amino acid
sequence. The amino acid sequences were aligned using MultAlin software and the CDR
regions identified using the Kabat scheme (7able 3.2). The CDR sequences between the
two clones show significant variation, with limited homologous sequences, providing
evidence of diversity between these clones. Both clones were taken forward for further

characterization.

Table 3.2 Murine anti-MSLN scFv amino acid sequences.
The sequences were translated into amino acid sequences using ExPasy translate tool

and aligned using the MultAlin alignment program.

CDR-L1 CDR-L2 CDR-L3
Al RSSTGAVTASNYAN TSNRAPG ALWYSTHWV
HI ---VLQSDAKGKLD VSGLANG TNNFPSIFV
CDR-H1 CDR-H2 CDR-H3
Al GYAMV SSSISGQSGAVRA HQNYGNSLDY
HI YFS-V SSSTAHTRTTERNSV PAYGYDNS-QY

3.2.4.6 Analysis of anti-MSLN clones, A1 and H1 by indirect and competitive ELISA
Following purification of the two clones, their performance in competitive immunoassay
was determined. Initially, the purified clones were titred against MSLN to select a suitable
scFv concentration for competitive analysis (Figure 3.27). The suitable dilution
determined was found to be 1/4 for H1 and 1/8 for Al clone. This was calculated by
taking the lysate dilution that results in an absorbance value closest to 1. To determine
which clone had the greatest sensitivity to MSLN and the lowest capability, a competitive
ELISA was performed. The diluted purified scFv were incubated with various

concentrations of free MSLN antigen, from 0 ng/mL to 1,000 ng/mL and the assay
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performed in triplicate. The Al scFv clone exhibited some specificity for MSLN in
solution while the H1 clone curve suggests this clone binds only to immobilised protein

(Figure 3.28).
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Figure 3.27 Titration of purified MSLN-specific scFv, A1 and HI1 against bound
MSLN.

The IMAC-purified scFv clones were applied to a MSLN-coated ELISA plate. The bound
scFv were detected using a HRP-labelled anti-HIS antibody. Control — ELISA was
performed without the addition of purified scFv.

It was intended that the MSLN-binding scFv be incorporated into the multi-marker panel
as a tissue and serum marker. However, the poor abilities of the purified scFv to bind to
MSLN in solution altered the future application of this scFv as solely tissue-based as
work to improve the Al solution binding abilities would involve extensive and time
consuming additional work. As such, further work focused on determining the scFv’s

applicability in applications as a tissue-based marker.
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Figure 3.28 Competitive analysis of purified anti-MSLN scFv (i) Al and (ii) HI

Each clone was incubated with decreasing concentrations of MSLN. One ug of the MSLN
protein was coated on the surface of a Nunc MaxiSorp™ ELISA plate. The purified scFv
(dilution extrapolated from indirect ELISA graph in Figure 3.27) was incubated with free
MSLN and added to the plate where competition occurs between the immobilized and free
antigen. Bound antibody was detected using a HRP-labelled anti-HIS antibody. The
results are shown as A/A0, where the absorbance values of the evaluated samples (A),

are normalised by expressing them as a function of the blank standard(A0)
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3.2.4.7 Analysis of anti-MSLN scFv, A1 and H1 epitope recognition capabilities

It is a desirable quality of a diagnostic antibody to have the ability to recognise its target
protein in both linear and conformational epitopes. A linear epitope is a continuous stretch
of amino acids sufficient for binding, while a conformational epitope is composed of
amino acids that are brought together by the folding of the protein. Conformational
epitopes are often preferred for flow cytometry and therapeutic applications while linear
are preferred for applications that required denatured samples such as western blots. Both
are employed for immunohistochemistry depending on the antigen retrieval method used
(Forsstrom et al., 2015). The MSLN-binding scFv should have the ability bind to both
epitope confirmations for future use as a diagnostic antibody. To investigate the MSLN-
binding clones recognition abilities for both epitope forms, WB and dot blot analysis were
performed. The WB requires the denaturation of the protein, consequently testing the
binding of the clones to the epitope in linear form. Conversely, the dot blot protocol does
not require denaturation of the protein and therefore tests the ability of the antibodies to

detect the conformational epitope.

For WB analysis of both scFv, 2 pg of MSLN was prepared in 4 X loading dye, denatured
at 95°C for 5 mins and loaded 10 puL/well. The protein was resolved by electrophoresis
and transferred onto a nitrocellulose membrane. The blots were all blocked in 3% BSA
(w/v) in PBS for 1 hour. The various dilutions of H1 and Al anti-MSLN clones were
prepared in 1% BSA (w/v) in PBS and incubated with the blots at RT for 1 hour. The
dilutions, 1/50, 1/100, 1/200, 1/500 and 1/1,000, were selected as the purified antibody
was quantified as 0.5 mg/mL, comparatively, commercially available primary anti-
MSLN antibodies are primarily used at a 1/ 2,000 — 1/5,000 dilution at a concentration of
I mg/mL. The blots were extensively washed to remove any non-specific binding. Bound
scFv was detected by a HRP-labelled anti-HIS antibody followed by addition of TMB
substrate. A negative control was performed by probing a blot with a 1/5,000 dilution of
a previously characterized anti-HER2 scFv and detected as before. A positive control was
performed by the addition of a rabbit anti-MSLN antibody for 1 hour and detected by a
HRP-labelled anti-rabbit antibody and TMB substrate. The results of this analysis
indicated successful binding of both clones down to a 1/500 dilution, however, this is
very minimal. Therefore, as shown in Figure 3.29 it can be concluded that both clones
detect optimally down to approximately 1/ 500 dilution when the protein is presented in

a denatured form.
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Figure 3.29 Analysis of anti-MSLN scFv HI and Al as primary antibodies in WB

(i) Control tests; (i) 1/50; (iii)1/100; (iv)1/200; (v) 1/500; (vi) 1/1,000 dilution of anti-
MSLN scFv.Varying dilutions of the two anti-MSLN scFv clones were used as primary
antibodies to probe a western blot. The blot was prepared by transferring resolved MSLN
protein from an SDS-PAGE gel. The clones were allowed to probe for 1 hour and bound
scFv was detected by the addition of HRP-labelled anti-HIS antibody. A rabbit anti-
MSLN antibody with a HRP-labelled anti-rabbit antibody acted as the positive control.
The negative control was performed by the addition of an anti-HER2 scFv. L =

PageRuler™ Plus Prestained Protein Ladder.
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As described in Section 2.17.5, the dot blot is a simplistic derivative of the Western blot
but differs as the protein sample is not electrophoretically separated or denatured but is
spotted in dots directly onto the nitrocellulose membrane. Dot blot analysis was
performed here to determine the scFv ability to detect the conformational epitope of
MSLN. Here 2 ng/mL of MSLN was dotted directly onto nitrocellulose paper and allowed
to dry. The blots were blocked as before. Various dilutions of the scFv were prepared in
1% BSA (w/v) in PBS and were incubated with the blots for 1 hour at RT. Bound scFv
were detected as before. Identical controls as used for the WB analysis were performed.
This analysis showed that the 1/5,000 dilutions of the clones had the ability to detect the
protein in its native form. However the optimum dilution for visual detection for both
clones is a 1/200 dilution (Figure 2.30). Combined, this analysis suggests both anti-

MSLN clones possess the ability to detect linear and conformational epitopes.
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(i)  Control Samples (iii)  1/100 Dilution of anti-MSLN scFv (V) 1/500 Dilution of anti-MSLN scFv

Positive Control Negative Control Al H1 HI

(ii)  1/50 Dilution of anti-MSLN scFy (iv)  1/200 Dilution of anti-MSLN scFv (vi)  1/1000 Dilution of anti-MSLN scFy

H1 Al
Figure 3.30 Dot blot analysis of anti-MSLN scFv HI and A1

(i) Control samples, (ii) 1/50; (iii)1/100; (iv) 1/200; (v) 1/500; (vi) 1/1,000 dilution of anti-MSLN scFv . Two ug/mL of MSLN was added to a
nitrocellulose membrane and allowed to dry. The blot was blocked with 3% BSA (w/v) in PBS for 1 hour at RT. Varying dilutions of the anti-MSLN
antibodies were prepared in 1% BSA (w/v) in PBS. Bound scFv was detected by the addition of a HRP-labelled anti-HIS antibody. A rabbit anti-
MSLN antibody with a HRP-labelled anti-rabbit antibody acted as the positive control. The negative control was performed by the addition of an
anti-HER?2 scFv.

132



3.3 Discussion and Conclusion

As previously described in-depth, current methods of PDAC diagnosis involves a
plethora of scans in conjunction with the marker CA19-9, first described in 1979 and
remains the only FDA-approved biomarker for PDAC diagnosis. However, the average
stage of diagnosis for pancreatic cancer is stage 4 where distant metastasises have
occurred and overall survival is bleak (Krska et al., 2015). Much work has taken place
researching methods to improve diagnosis with many researchers and clinicians recently
turning to antibodies and novel PDAC markers to achieve this. In 1988, a study was
performed to test the levels of five serum tumour-associated antigens and their diagnostic
abilities in combination and alone on patients presenting with pancreatic disease. This
work found that the panel, when used in such a combination, may be able to identify
patients harbouring pancreatic cancer (Benini et al., 1988). Then in 1994, Kawa et al.
compared the PDAC diagnostic abilities of CA19-9 to CA242 and found the latter was
superior to CA19-9. Later, Ghazale and colleagues (2007) investigated elevated serum
IgG4 levels as a means to distinguish autoimmune pancreatitis and pancreatic cancer.
More recently, an anti-MUCI antibody was successfully employed to detect PDAC in
mice at early stages of PanIN lesions (Wu et al., 2018). Antibodies are widely used for
diagnostic applications. However, the work to use antibodies for PDAC diagnosis
primarily focuses on employing monoclonal antibodies for detecting changes in marker
levels. Recombinant antibodies overcome issues associated with monoclonal and
polyclonal antibodies as diagnostic agents (O’Kennedy et al., 2017). The scFv antibody,
comprised of the variable heavy and light chains, is a particularly useful recombinant
antibody format for a diagnostic entity as it lacks the Fc region reducing potential assay
interference resulting from Fc-mediated interactions (Hearty and O’Kennedy, 2011). For
optimum diagnostic performance antibodies are tested on specificity and affinity which

can be optimised when isolated from combinatorial antibodies libraries (Lerner, 2016).

This chapter describes the work undertaken to generate an anti-MSLN scFv designed for
incorporation into an hypothesized multi-marker diagnostic panel. The MSLN marker
can provide invaluable information on pancreatic cancer progression and sensitivity to
chemotherapy (Li et al., 2008). Two anti-MSLN scFv were successfully isolated from a
pancreatic-cancer biased murine scFv library. The isolated scFv were characterized and

their abilities to detect MSLN in serum and in tissue investigated. Both scFv clones were
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subjected to indirect and competitive ELISA analysis. The A1l anti-MSLN scFv showed
limited specificity for the MSLN protein in solution. However, the anti-MSLN scFv H1
exhibited the ability to only bind to the MSLN when immobilised and not in solution.
This is possibly attributed to the favourable orientation of bound protein. When bound to
an ELISA plate or presented in a blot format the antigen is presented at a high local
concentration of available epitopes. This availability allows more opportunity for scFv-
antigen binding to occur. As specificity is dependent on a plethora of factors such as
immunoassay format and not only the binding properties of the antibody-antigen
complex, further work including cross reactivity studies could reveal potential off-target
binding of the H1 clone (Tate and Ward, 2004). This issue altered the future applications
of these scFv. Initially, it had been proposed that the MSLN scFv could be applicable for
serum and tissue detection. The scFv inability to detect free MSLN renders them
unsuitable as serum marker detectors. Consequently, further characterization was dictated
by specific requirements of the scFv to detect MSLN in tissue. Consequently, it was
decided to determine the capabilities of the scFv to bind to both linear and conformational
epitopes on MSLN. This was investigated using WB and dot blots. Various dilutions of
the two purified clones were added to the blots to detect the MSLN protein. The results
obtained indicated that the purified scFv were capable of detecting the target protein in

its denatured and native form at a ~1/200 - 1/500 dilutions.

The current literature shows that MSLN antibodies are often generated for therapeutic
applications such as drug delivery but infrequently as diagnostic agents (Ho et al., 2011).
However, monoclonal primary antibodies against MSLN are available for detection such
as 5BS and 2131 both employed for detection of MSLN in immunohistochemistry
(Inaguma et al., 2017). For direct comparison, anti-MSLN antibodies currently on the
market were investigated to determine if the scFv generated herein were superior for
MSLN detection. Currently, widely used primary monoclonal anti-MSLN antibodies
employed for western blot analysis include, MN-1 with a working concentration of
1:1,000 at a concentration of 1 mg/mL, EPR2685(2) used at a dilution of 1:1,000-10,000
when at a concentration of 0.6 mg/mL and EPR19025-42 (0.5 mg/mL) also used at a
concentration of 1:1,000. In comparison, the working concentrations of both scFv clones
for western blot analysis were found to be 1:500 of 0.5 mg/mL. While similar to that
suggested for the anti-MSLN antibody EPR19025-42 it is significantly different from

other available antibodies requiring a higher dilution and concentration to achieve similar
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results. Therefore the scFv within this work are not preferential or beneficial over current

anti-MSLN primary antibodies.

However, further work could improve these scFv, in particular the A1 scFv clone which
showed specificity to MSLN in solution. Often upon isolation of scFv, it is often still
may be necessary to improve or alter antibody functionality, affinity, and specificity to
optimise for its role. Due to time constraints, improvements were not attempted in this
research. In the future, techniques such as affinity maturation, error prone PCR, which
introduces random nucleotide errors throughout a gene by use of a low fidelity Taq
polymerase, and site-directed mutagenesis where specific mutations of one or more of the
amino acids are created, could be applied to the anti-MSLN clone A1 (McCullum et al.,
2010; Lin et al., 2011). Additionally, chain shuffling, a method which involves the re-
cloning of the gene for one of the variable domains into a repertoire of genes for the other
chain could be beneficial as it has been shown to improve antibody sensitivity (Fitzgerald
et al., 2011). This results in a new library constructed of one domain parent gene and one
random domain gene. The approach mimics somatic hypermutation rendering it more
efficient in producing functional antibodies. Other methods to enhance sensitivity or
specificity of an antibody include, CDR walking mutagenesis and alanine scanning (Hu
et al., 2015). The anti-MSLN A1 scFv could benefit from altering the functionality to
improve specificity to MSLN thus rendering it more applicable for detection of MSLN in

serum and tissue.

In conclusion, this chapter describes the generation of a communal murine immune
library against the pancreatic cancer cell line Capan-1 cell line for the isolation of all scFv
on the proposed multi-marker panel. From this library, two antibody fragments were
obtained that successfully bind to the expressed recombinant MSLN protein. Upon
characterisation of these scFv it was discovered that the anti-MSLN scFv H1 does not
bind to the MSLN antigen in solution despite binding bound protein. Conversely, the anti-
MSLN scFv Al showed some minor binding capabilities for free and bound protein
indicating potential to be applied in the future to the diagnosis of pancreatic cancer by

detection of MSLN in serum and tissue.
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Chapter 4

The isolation and characterisation of anti-AGR2 and anti-MUC1 antibody

fragments from a synthetic human library
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Chapter outline

The work described in this chapter outlines the generation of specific scFv to , Mucin 1
(MUC1) and Anterior Gradient 2 (AGR?2), that make up the diagnostic panel described
in Chapter 3. Initially, the murine anti-Capan-1 scFv library was employed for the
isolation of scFv specific to MUCI and AGR2. However, when screened, it was
determined that no specific antibodies were present in this library. To avoid immunisation
of additional animals and to adhere to the ‘three Rs’ sustainability hierarchy, the naive
synthetic human Tomlinson I and J libraries were used to screen for specific scFv.
Selection of anti-AGR2 and anti-MUCI1 scFv was successful, and the antibody fragments
were extensively characterized. An overview of the approach is shown in (Figure 4.1).
In order to mimic the scFv performance characteristics in sifu, these antibodies were

analysed for determination of any matrix effect in normal human serum.
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Figure 4.1 Illustration of workflow for Chapter 4

This diagram illustrates the work carried out within this chapter. Using the expressed

and purified AGR2 and MUCI proteins, attempts to isolate specific scFv from the

communal anti-Capan-1 library were unsuccessful. Consequently, the naive human

synthetic Tomlinson I and J libraries were employed for biopanning from which specific

scFv against AGR2 and MUCI were obtained and characterised.
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4.1 Introduction

There are four types of antibody libraries, immune, naive, semisynthetic and synthetic.
Immune libraries are created in an animal host that is immunised with a target protein to
elicit a ‘biased” immune response. They are widely used in research and within the
pharmaceutical industry for isolation of protein-specific antibodies (Dantas-Barbosa et
al., 2012). A naive human library is constructed from unimmunized human rearranged,
synthetic or shuffled V genes. Semi-synthetic libraries are composed of an antibody
framework with a genetically randomized CDR, whereas synthetic libraries are composed
of a specific framework with diversity accomplished by the insertion of random codons
at specific sites within the CDRs (Weber et al., 2014; Nilvebrant and Sidhu, 2018).
Synthetic libraries are often labelled “naive” as they are unbiased and antigen
independent. These libraries are constructed artificially by in vitro assembly making
higher levels of diversity achievable. The disadvantage of these libraries is the lack of
immune-repertoire bias when selecting for a target-specific antibody. In order to
successfully select antibodies with optimum specificity and affinity, library size and
diversity are crucial variables. Larger library size and diversity (extensive paratopes to a
multitude of epitopes) greatly improves the chances of finding specific antibodies (Puri
et al., 2013; Schwimmer et al., 2013). Synthetic libraries offer improved diversity with
repertoires of up to 10! clones reported (Schwimmer et al., 2013; Burkovitz and Ofran,
2016). The variability outside of the CDR region is very limited, whereas, variability
within the CDR is achieved by combining random nucleotides. The disadvantage with
this approach is the introduction of a small number of unnatural sequences, but
advantageously results in increased stability, solubility and expression levels due to the
fewer framework variations (Bai et al, 2015). Often synthetic antibodies rely
predominantly or wholly on CDRH3 for antigen binding and recognition which reduces

the complexity of the interaction with the cognate antigen (Burkovitz and Ofran, 2016).

The naive, synthetic human libraries, Tomlinson I and J (distributed by the MRC HGMP
Resource Centre) were utilised within this chapter for the selection of anti-AGR2 and
anti-MUCI1 scFv. This was performed, as attempts to isolate specific-antibody fragments
from a biased-murine library were unsuccessful. The Tomlinson I and J libraries are
human single-fold scFv synthetic libraries with library sizes of 1.47 x 108 with a 96%
insert and 1.37 x10® with 88% insert, respectively (Eteshola, 2011). The libraries are
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constructed using one framework for Vi and VL domains with diversity found in the
antigen binding sites. The framework structure employed is the most common in the
human antibody repertoire, Vu (V3-23/DP-47 and JH4b) and Vk (O12/02/DPK9 and
Jxl) (Kaku et al., 2012). Both libraries are constructed in the pIT2 phagemid vector.
Diversified side chains are found in the following 18 residues, H50, H52, H52a, H53,
H55, H56, H58, H95, H96, H97, H98, L50, L53, L91, L92, L.93, L94 and L96 (Figure
4.2). These libraries have been designed to include a short CDR3 region that retains the
ability to form an antigen binding site. It was postulated that the shorter CDR3 could
provide space to allow further interaction of the CDR1 and CDR2 with the antigen which
can increase affinity (Rosner et al., 2001). The libraries have been pre-screened for
binding with Protein A and L resulting in the identification of a high percentage of

functional specific clones (Ossysek et al., 2015).

For the purposes of isolation, characterisation and immunoassay development for the
Tomlinson library-derived scFv, the target proteins were required. MUCI1- and AGR2-
containing plasmids were sourced for expression of the recombinant proteins in E. coli
expression systems. The pPB-MUCI-N-His plasmid was purchased from NBS
Biologicals Ltd. and transformed into BL21 (DE3) E. coli cells for protein expression
(Figure 4.3). The HIS-tag allowed the recombinant MUCI protein to be purified via
IMAC and a further polishing purification step using SEC was carried out. This
recombinant MUC1 protein was used for isolation and characterization of an anti-MUCI

scFv.
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Figure 4.2 Map of the pIT2 phagemid vector

Map of pIT2 phagemid vector containing a scFv insert. The vector includes, a ribosome
binding site (RBS), pelB leader peptide sequence, Vi and Vi genes, a (Gly4Ser)s linker,
ampicillin resistance gene, c-myc tag and an amber stop codon to allow for soluble
expression of the scFv gene without the PIII fusion protein. Full map of pIT2 vector can
be found in Appendix C.

HIS ng \‘ ' . Ce"e ,7,_/;

MUCI1 (pPB-N-His)
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N
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Figure 4.3 Map of MUCI Protein Vector (Human) (pPB-N-His)

This map of the vector pPB-MUC [-N-His illustrates the recombinant MUC1 protein gene
with the N-terminal polyhistidine-tag for identification and protein purification, and the
kanamycin antibiotic resistance gene. Full map of pPB-N-His vector can be found in

Appendix C.
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Figure 4.4 Map of pMAL-AGR2-c2x vector
This map illustrates the basic components of the pMAL-AGR2-c2x vector including the
recombinant AGR2 gene, MBP fusion partner and the ampicillin antibiotic resistance

gene. Full map of pMAL-c2x vector can be found in Appendix C.

To express the recombinant AGR2 protein, the plasmid pMAL-AGR2 was purchased
from Addgene (Figure 4.4). Within the pMAL vector, the AGR2 gene is inserted
downstream of the malE gene of E. coli which encodes for the Maltose Binding Protein
(MBP). Therefore, the AGR2 protein was expressed as a fusion with MBP. This fusion
partnership aids in the solubility of AGR2 and allows for one-step purification of the
fusion protein by exploiting MBP’s affinity for amylose. However, to use the
recombinant AGR2 as a target for antibody selection, it is necessary that MBP be cleaved
from the AGR2 prior to use (Krisna et al., 2015). This is performed using the protease
Factor Xa. The pMAL vector contains a sequence coding for the recognition site of the
Factor Xa protease allowing the MBP to be cleaved from the protein of interest after
purification (Nagai & Thegersen, 1984) (Figure 4.5). Once cleaved, the AGR2 protein
was isolated by SEC and the purified protein was employed in panning for identification

of AGR2-binding antibody fragments.
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Figure 4.5 Diagrammatic representation of affinity chromatographic purification of
the fusion protein AGR2-MBP by amylose resin and cleavage by Factor Xa

Lysate containing the AGR2-MBP fusion protein was applied to the amylose resin which
bound to the MBP on the fusion protein. By the addition of 10 mM maltose, the fusion
MBP-AGR? protein was competitively eluted from the column. Using Factor Xa, the MBP
expression partner was removed from the desired AGR2 protein and a further

purification step using SEC was applied to isolate the recombinant AGR2 protein.

As previously discussed in Chapter 3, each marker selected for incorporation into the
diagnostic scFv panel provides invaluable information regarding tumour characteristics
and further therapeutic routes. MUCI overexpression is evident during the earlier
developmental stages of PDAC (Herreros-Villanueva ef al., 2013). It is thought to play a
role in maintaining the lumina of ductal epithelial cells, while in cancer its role is thought
to aid in the vascular spread of carcinoma cells (Levi et al., 2004). MUCI consists of a
N-terminal extracellular domain and a C-terminal intracellular domain. The MUCI1 C-
terminal acts as an adaptor protein, which influences signal transduction pathways,
resulting in deregulation of apoptosis and cell proliferation (Nath ef al., 2013). Knock-
down of MUCI expression decreases growth and metastatic potential of pancreatic cancer
cells providing evidence that mucins are essential in PDAC progression (Rachagani et

al., 2012). MUCI is considered a very valuable marker for the diagnosis of PDAC. It is
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overexpressed in 90% of pancreatic cancers and its expression is indicative of reduced
survival (Balmaia et al., 2018; Doiron and DeFronzo, 2018). A study carried out by Park
and colleagues (2015) tested the hypothesis that a MUCI1 antibody conjugated to a
fluorophore could be used to visualize pancreatic cancer. This theory was shown to be
successful and could potentially improve PDAC diagnosis. Another study analysed the
detection capabilities of an anti-MUC]1 antibody conjugated to a fluorophore in PDAC
mouse models. The results showed that the antibody targets early PanIN lesions prior to
development of adenocarcinoma (Wu et al., 2018). The results of this study highlight the
promising potential of MUCI as an early PDAC diagnostic marker.

AGR2, a 19kDa protein, is a member of the disulphide isomerase family of endoplasmic
reticulum-resident proteins (Brychtova et al., 2011). It encodes for a thioredoxin located
in the endoplasmic reticulum and is thought to be involved in the folding and assembly
of proteins (Wodziak et al, 2016). It is a pro-oncogenic, metastasis-associated protein,
known to contribute to cell survival and tumour cell growth. It is up-regulated in various
cancers, including pancreatic cancer. While unclear, it is thought to have conserved roles
in cancer development and tissue regeneration, proliferation and migration (Xue et al.,
2018). AGR2 also confers a level of chemo-resistance (Liu et al., 2018). A study
previously performed, induced AGR2 expression in all sporadic and familial PanIN
PDAC, CTCs and metastases. Analytical methods such as flow cytometry and
immunofluorescent staining indicated that AGR2 localised to the endoplasmic reticulum
and the outside of the tumour cells. It was noted that AGR2 induction resulted in the
regulation of endoplasmic reticulum chaperones and lysosomal proteases. AGR2
expression levels were proportional to the level of PDAC invasiveness and high
expression levels indicate poor overall survival (Dumartin et al, 2011). AGR2 is a
potentially exploitable biomarker as it is highly expressed in the earliest developmental
stages of precancerous pancreatic lesions PanIN lesions (Dumartin et al., 2017; Ferrerira
et al., 2017). This characteristic renders AGR2 useful as a diagnostic marker, with the
potential ability to identify early stages of lesions prior to metastatic development.
Additionally, in later stages, the degree of AGR2 expression is proportional to the
invasiveness of pancreatic cancer cells (Tian et al., 2017). Due to the diagnostic and
prognostic abilities of the markers, AGR2 and MUCI, they were selected for

incorporation into the multi-marker diagnostic panel.
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4.2 Results

4.2.1 Generation of a recombinant MUCI1 protein

4.2.1.1 Optimisation of expression of MUC1 protein using auto-induction media
The pPB-N-His vector, containing the recombinant human MUCI1 gene, was purchased
from NBS Biologicals Ltd. The vector was transformed into BL21 (DE3) cells using a
basic heat-shock protocol outlined in Section 2.13.1. The transformation was plated onto
LB agar plates containing 60 pg/mL kanamycin. Random single colonies were selected
for optimisation of recombinant MUCI1 expression. A 10 mL culture, containing a single
colony, was grown overnight and sub-cultured into auto-induction media the following

day.

Auto-induction media takes advantage of the bacteria’s use of carbon and energy sources.
Glucose present in the growth media prevents the uptake of lactose, which is also present
in the media. Once the glucose is depleted, lactose is taken up in small amounts and
converted to the natural lac inducer allolactose, resulting in the induction of expression
of the recombinant protein (Fox and Blommel, 2009). Small-scale expression studies
such as optimisation of temperature (30°C and 37°C) and auto-induction broth base
optimisation (TB and LB) were carried out. These optimisations yielded dense protein
bands on an SDS-PAGE at the expected MUCI size of 29.4kDa, under the conditions of
37°C with both LB and TB auto-induction media (Figure 4.6). Further expression studies
were not required and the recombinant MUCI1 protein was expressed large-scale (1L)

using TB-based auto-induction media at a temperature of 37°C.

145



30°C 37°C 30°C 37°C

70kDa —> S
55kDa—>

Tk

35kDa —>

25kDa —>»

Figure 4.6 Optimisation of MUCI1 expression using auto-induction media with
various broth bases at temperatures 30°C and 37°C

The western-blot was probed with a HRP-labelled anti-His antibody. L = PageRuler™
Plus Prestained Protein Ladder, LB = Luria Broth; TB= Terrific Broth.

4.2.1.2 Purification of the expressed recombinant MUCI1 protein

A 10 mL culture was grown overnight and subsequently used to inoculate 5 x 200 mL
TB-auto-induction media cultures. These cultures were grown O/N in a shaker incubator
at 37°C. The 1L culture was spun down at 4,000g (Eppendorf™ centrifuge fixed angle
rotor (F-45-30-11)) for 20 min. The pellet was resuspended in lysis buffer (50mM
NaH>POy4, 300mM NaCl, 10mM imidazole, pH 8) and sonicated as per Section 2.13.1.7.1.
The sample was then re-centrifuged at 11,000g (Eppendorf™ centrifuge fixed angle rotor
(F-45-30-11)) for 30 min the supernatant was collected and filtered through a 0.2pum filter.
The IMAC column was equilibrated (50 mM NaH>POs4, 100 mM NaCl, pH 8) and kept
at 4°C for the duration of the purification to reduce protease activity. The lysate was
applied to the column and allowed to flow through twice followed by two wash steps of
increasing imidazole concentration (1 X PBS, 150 mM NaCl, 20 mM/30 mM imidazole,
pH 8) to remove any non-specific proteins bound to the column. The recombinant MUCI1
protein was then eluted from the column in 4 x 2mL fractions upon the addition of elution

buffer (1 X PBS, 150 mM NaCl, 300 mM imidazole, pH 8).
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The purification was analysed by SDS-PAGE and WB. It can be seen in Figure 4.7, that
the purification of the recombinant MUCI1 protein was successful with dense bands
present at the expected size of MUCI (29.4kDa) in the filtered lysate, both ‘flow-through’
samples and in the initial wash step. The second wash step shows the removal of
contaminant bands without any loss of the MUCI protein. A double band or duplet band
can be seen in the eluted fractions of the MUCI protein. Minor protein degradation during
the purification process, more specifically at elution, is the most likely cause (Fu et al.,
2010). Additionally, there is a band present on the WB double the expected size of MUCI,
possibly a dimer of the protein (Platonova et al., 2014).

The eluted fractions 2-4 were pooled, concentrated and buffer exchanged against 1 X PBS
using a 10kDa molecular weight cut-off Vivaspin 6 column. The concentration of eluted
MUCI protein was determined using the NanoDrop™ 1000 and the yield obtained was
0.93mg/mL. As the eluted fractions contained a significant amount of contaminant bands,
a further polishing purification step was required. This was carried out on the AKTA Pure
system by size exclusion chromatography (SEC). This is a necessity, as the presence of
significant contaminant bands present pose the risk of isolating non-specific scFv
antibodies during phage display and biopanning. The protein was eluted from the column
by peak fractionation, meaning only fractions containing protein were collected and
analysed. The peak that contained the eluted MUCI protein was analysed on SDS and

WB and showed significant reduction in the presence of any contaminant bands.
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Figure 4.7 Purification of a MUCI recombinant protein

(i) Analysis of MUC purification using IMAC on SDS-PAGE gel and Western blot. Blot
was probed with an anti-MUCI antibody followed by a HRP-labelled anti-mouse IgG
antibody. L = PageRuler™ Plus Prestained Protein Ladder, FL = Filtered Lysate; FT1
= Flow-through 1; FT2 = Flow-through 2; W1 = Wash 1; W2 = Wash 2; E1 = Elution
1; E2 = Elution 2; E3 = Elution 3; E4 = Elution 4 (ii) Analysis of SEC purified MUCI
on the AKTA pure system. Blot was probed with an anti-MUCI antibody followed by a
HRP-labelled anti-mouse IgG antibody. L = PageRuler™ Plus Prestained Protein
Ladder; E= Elution from SEC column.
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4.2.2 Screening of a Capan-1 murine immune library against MUC1

4.2.2.1 Antibody library screening against a recombinant MUCI1 protein

The anti-Capan-1 immune library was initially screened for identification of MUCI-
binding antibody fragments. This was performed as per Section 2.16 and the conditions

undertaken are laid out in Table 4.1.

Table 4.1 Panning conditions employed for each round of selection of the murine anti-

Capan-1 scFv library against the MUCI protein.

Panning round | MUCI coating conc. Number of washes
1 50 pg/ mL 3 X PBS, 3 X PBS-T (0.05% (v/v))
2 25 pg/ mL 5 X PBS, 5 X PBS-T (0.05% (v/v))
3 12.5 pg/ mL 10 X PBS, 10 X PBS-T (0.05% (v/v))
4 5 pg/ mL 15 X PBS, 15 X PBS-T (0.05% (v/v))

The precipitated input phage from each round of panning (1-4) was incorporated into a
polyclonal phage ELISA to test for enrichment against the MUCI protein. Successful
enrichment was demonstrated by an increase in absorbance signal after incubating phage
with the MUCI1 protein and detecting bound phage with a HRP-labelled anti-M13
secondary antibody (GE Healthcare) (Figure 4.8). There is a notable reduction in
absorbance after round 2, which may indicate that the panning conditions became too
stringent, hindering the enrichment of all the clones in the library and resulting in loss of
diversity. Despite the reduction in signal, colonies were brought forward from rounds 2

and 3 for further analysis.
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Figure 4.8 Polyclonal phage ELISA screening for anti-MUC! scFv displayed on
enriched phage pools

Phage pools from each round were diluted 1/3 in 1% (w/v) BSA in PBS-T and 100 uL per
well was applied on a MUCI-coated ELISA plate. The scFv-displaying phage were
detected using a HRP-labelled anti-M13 secondary antibody and, following the addition

of TMB, the absorbance was read at 450nm using a Tecan Safire™ plate reader.

4.2.2.2 Soluble expression and monoclonal analysis of single clones by ELISA

Soluble expression of the antibody fragments was achieved by transforming phage from
rounds 2 and 3 into the non-suppressor strain of E. coli Topl10F’. While in XL.1-Blue E.
coli, a suppressor transfer RNA (tRNA) binds to the TAG ‘amber’ codons resulting in the
production of a scFv-plIlI fusion protein (Barbas et al., 2001). The ToplOF’ strain does
not contain this suppressor tRNA mutation and recognises the stop codon located between
the plIll protein gene and the scFv fragment. This allows for the soluble expression of the
scFv without the plIlI protein. Single colonies (192) from rounds 2 and 3 were analysed

for MUC 1 -specific binding by monoclonal ELISA (Section 2.16.7) (Figure 4.9).
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Figure 4.9 Soluble monoclonal ELISA screening for anti-MUCI1 scFv from 192
randomly selected clones from (i) Round 2; (ii) Round 3. Periplasmic lysates of the
clones were applied to the MUC1-coated plates and any specific scFv were detected using
a HRP-labelled anti-HA antibody. The red dashed line represents the “cut-off” value ( x
3 the background optical density).

151



Three positive clones, with optical density readings above the set ‘cut-off” point, were
selected. These were analysed by indirect ELISA, but showed no specificity for the
MUCI protein. Due to the combined low absorbance observed in the monoclonal ELISA
and the lack of specificity of the positive clones for the MUCI protein, it was concluded
that the library did not contain MUCI-specific antibody fragments. This could be
attributed to issues encountered during the construction of the immune scFv library (data
shown in Chapter 3). Numerous optimisations steps were required for generating the
overlap product through PCR. As it was not highly efficient it is possible sequence
frameshifts occurred resulting in a library of poor quality (Koohapitagtam et al., 2010).
Furthermore, the immune library was created and analysed using a cell line meaning the
immune bias towards MUC1 may not have been sufficient for selection of highly specific
anti-MUC1 scFv. An alternative route to obtain scFv that bind to MUC1 was taken by

employing the synthetic human Tomlinson libraries, addressed later within this chapter.

4.2.3 Generation of a recombinant AGR2 protein

4.2.3.1 Optimisation of expression of AGR2-MBP from the pMAL-AGR2 plasmid

The pMAL-AGR2 plasmid was supplied as a bacterial stab in BL21 (DE3) cells (See
Section 2.9). The plasmid-containing bacteria were streaked onto LB agar plates
supplemented with 100 pg/mL carbenicillin. An overnight culture, containing a single
colony from the streak plates was grown and sub-cultured the following day for
expression studies of the AGR2-MBP fusion protein. The expression of recombinant
proteins using E. coli is widely used, with many protocols using IPTG as an induction
method. This involves numerous optimization steps including IPTG concentration and
optimum expression time post-induction. Auto-induction media removes the need to
monitor or optimize induction times and concentrations. Initially, small-scale expression
using auto-induction media was carried out using LB and TB bases at three different

temperatures 25°C, 30°C and 37°C.

One mL was removed from each culture, lysed by the addition of 1 mg/mL lysozyme and
subjected to 3 free-thaw cycles. The samples were centrifuged at 12,000g (Eppendorf™
centrifuge fixed angle rotor (F-45-30-11)) for 15 min and the supernatant removed,
mixed with 4 X loading dye and boiled to denature the protein. The samples were then

analysed by SDS-PAGE and WB. The WB was probed with an anti-MBP-HRP-labelled
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antibody. The predicted sizes of MBP and AGR2 are 42.5kDa and 19kDa, respectively,
with a combined weight of 61.5kDa. In the SDS, bands were observed at ~61 kDa. The
largest protein bands were observed when using TB-based auto-induction media at 37°C,
indicating that the optimum expression of the AGR2-MBP protein was achieved under
these conditions. Additionally, a second lower band was observed at ~42kDa, consistent
with the size of MBP (Figure 4.10). AGR2-MBP was expressed large-scale (1L culture)
and purified by affinity chromatography.

25°C 30°C 37°C 25°C 30°C 37°C

L TB LB TB LB TB LB L T LB TB LB TB LB

70kDa—>
55kDa™> N —
35kDa —p .

.

Figure 4.10 Optimisation of AGR2-MBP expression from the pMal-AGR2 plasmid
using auto-induction media with various broth bases at a variety of temperatures.

(i) SDS-PAGE gel analysis, (i) Western blot probed with an anti-MBP-HRP-labelled
antibody. L = PageRuler™ Plus Prestained Protein Ladder; TB = Terrific Broth; LB =

Luria Broth.

4.2.3.2 Purification of the AGR2-MBP fusion protein using amylose resin

MBP, as a fusion protein, not only acts a solubility enhancer but as a tag that allows
purification using amylose resin. This resin exploits the affinity of MBP for a-(1-4)
maltodextrin (Duong-Ly and Gabelli, 2015). The 1L culture was centrifuged at 4,000g
(Eppendorf™ centrifuge fixed angle rotor (F-45-30-11)) for 20 min and the supernatant
discarded. The pellet was then resuspended in ice-cold column buffer (20 mM Tri-HCI,
200 mM NaCl, 1 mM EDTA) and sonicated (25% amplitude, 2 sec on pulse, 2 sec off
pulse for 2 min). The lysed sample was centrifuged (11,000g (Eppendorf™ centrifuge
fixed angle rotor (F-45-30-11)) for 30 min) and the supernatant was collected, filtered
through a 0.2 uM filter and diluted 1:6 with ice-cold column buffer. The lysate was passed
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through the column twice, followed by two wash steps to remove any non-specifically
bound proteins. The AGR2-MBP fusion protein was then eluted in four fractions by the

addition of 10 mM maltose in column buffer.

The purification was analysed on SDS-PAGE and WB. The WB was probed using a HRP-
labelled anti-MBP antibody. It can be observed in Figure 4.11, that the purification of
AGR2-MBP was successful. The eluted fractions show bands at the expected size of
61.5kDa with very minor impurities present. The eluted protein was then buffer
exchanged into 1 X PBS and concentrated to 1 mL volume, in a 30kDa MW cut-off
Vivaspin column. The concentrated protein yield of 7.46 mg/mL was determined using

the NanoDrop ™ 1000.
(i)

L FTl FT2 W1 W2 El E2 E3 E4 L FTl FT2 WI W2 El E2 E3 E4
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Figure 4.11 Purification of AGR2-MBP fusion protein using amylose resin

(i) SDS-PAGE and Western blot analysis of the purification of the fusion protein AGR2-
MBP. (ii) The western blot was probed with an anti-MBP HRP-labelled antibody and a
simplistic schematic of the detection format is shown below the blot. L = PageRuler™
Plus Prestained Protein Ladder; FT1 = Flow-through 1; FT2 = Flow-through 2; W1 =
Wash 1; W2 = Wash 2; EI = Elution 1; E2 = Elution 2; E3 = Elution 3; E4 = Elution 4.
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4.2.3.3 Cleavage of AGR2 from MBP

Factor Xa protease was used to cleave MBP from AGR2. The cleavage is carried out at
ratio of 1 pg Factor Xa to 50 pg of fusion protein and incubated O/N at RT. The following
day the reaction was stopped by the addition of 2 uM dansyl-Glu-Gly-Arg Chloromethyl
Ketone (Merck Millipore) which irreversibly inactivates Factor Xa. The cleaved sample

and a non-cleaved control sample were prepared and analysed on SDS-PAGE and WB.

For confirmation, two WB analyses were performed. The first was probed with an anti-
MBP-HRP labelled antibody. It can be observed in Figure 4.12 (i) that in the non-cleaved
sample there are two bands, one at ~61kDa (AGR2-MBP) and another at ~42kDa (MBP).
Comparatively, in the cleaved sample, the 42kDa band has become significantly thicker
indicating an increase in uncoupled MBP. Coupled with the presence of a lower band at
~19kDa in the SDS-PAGE gel which is the expected size of AGR2 alone, it can be
assumed that the cleavage was successful. For confirmation, a second blot was carried
out and probed with a mouse monoclonal anti-AGR2 antibody, followed by an anti-
mouse-HRP-labelled antibody for detection (Figure 4.12 (ii)). In the non-cleaved sample
there is one band at the expected size (~61kDa) of the fusion AGR2-MBP protein. In the
cleaved sample there are two bands present, one at ~61kDa, representing the remainder
of the non-cleaved fusion protein, and the other at 19kDa, the expected size of AGR2.
The combined results showed the successful cleavage of AGR2 from MBP fusion partner

(Figure 4.12).
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Figure 4.12 Cleavage of MBP from AGR2

(i) SDS-PAGE gel and WB analysis of AGR2-MBP cleaved by Factor Xa. WB was probed
using a HRP-labelled anti-MBP antibody. (ii) SDS-PAGE gel and WB analysis of AGR2-
MBP cleaved by Factor Xa. WB was probed with an anti-AGR2 antibody and
subsequently a HRP-labelled anti-mouse antibody. L = PageRuler™ Plus Prestained
Protein Ladder.

4.2.3.4 Purification of AGR2 protein after cleavage from MBP tag

For removal of Factor Xa, MBP and any residual fusion protein, the AKTA pure system
was employed to separate the proteins using SEC. A Superdex 75 10/300 GL column was
equilibrated in 1 X PBS pH 7.4 and 500 pL of purified protein (7.45 mg/mL) was applied
to the column at a flow rate of 0.5 mL/min. The protein was eluted in two column volumes
at the same flow rate. Any protein peaks detected during elution were dispensed into
individual fractions. The putative AGR2-containing fraction was analysed via SDS-

PAGE gel and WB and was found to contain minimal contaminant bands (Figure 4.13).
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Figure 4.13 Purification of AGR?2 by size exclusion chromatography

(i) Eluted fraction containing AGR2 was analysed on SDS-PAGE and western blot. (ii)
Western blot analysis was probed with an anti-AGR2 antibody and a secondary HRP-
labelled anti-mouse antibody. L = PageRuler™ Plus Prestained Protein Ladder.

4.2.4 Screening of a Capan-1 murine immune library against AGR2

4.2.4.1 Antibody library screening against a recombinant AGR2 protein

The purified AGR2 protein was used for affinity selection, to isolate any AGR2-specific
scFv from the murine Capan-1 library. Four rounds of panning were carried out using the
conditions set out in Table 4.2, below. In regards to the panning process for selection of
anti-AGR2 scFv, an additional step was added to ensure that enrichment of anti-MBP
scFv did not occur. While the SEC protocol successfully isolated the cleaved AGR2
protein, the presence of any residual fusion-protein or cleaved MBP could result in the
isolation of anti-MBP scFv. Consequently, a depletion step using immobilised MBP was
added to this protocol. The precipitated phage was initially incubated in an immunotube
with MBP, coated at the same concentration as the target antigen. The phage pool was
allowed to bind for 1 hour, rolling at RT. Any MBP-specific phage would bind to the
immunotube, the remaining phage in solution were subsequently removed gently to
ensure any bound phage were not dislodged. The MBP-depleted phage pool was then

incubated in the AGR2-coated immunotube and the protocol resumed as per Section 2.16.
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Table 4.2 Panning conditions employed for each round of selection of the murine anti-

Capan-1 scFv library against a recombinant AGR2 protein

Panning round | AGR2 coating conc. Number of washes
1 50 pg/ mL 3 X PBS, 3 X PBS-T (0.05% (v/v))
2 25 pg/ mL 5 X PBS, 5 X PBS-T (0.05% (v/v))
3 12.5 pg/ mL 10 X PBS, 10 X PBS-T (0.05% (v/v))
4 5 pg/ mL 15 X PBS, 15 X PBS-T (0.05% (v/v))

Due to the issues encountered with false-positive clones during soluble expression of the
MUCI1-specific clones, a colony-pick PCR was performed on clones from the final round
output, prior to polyclonal phage pool analysis. This was to determine the enrichment of
colonies containing the full scFv product. The result showed only 6.25% insert retention
when 16 colonies were tested (Figure 4.14). On completion of the affinity selection,
retention of phage containing the scFv insert provides confidence in the efficiency of the
technique (Kushwaha et al., 2014). Contamination of scFv-free phage which results in a
failure to enrich scFv containing phage is a huge hindrance of phage display. It occurs as
a result of incomplete restriction and/or ligation of the scFv into the phagemid vector and
low efficacy during the generation of recombinant phage by the addition of helper phage.
The smaller size of the insert-free vector advantageously outgrows insert-containing
phage (Tur et al., 2001). As such, the phage pools were not taken forward for analysis in
a polyclonal phage ELISA.

Random single colonies selected from final round of panning

800bp —>

—
b—t
R—
—
@
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Figure 4.14 Colony-pick PCR analysis of final round output clones

Analysis of randomly selected colonies from the final round output titre plates of phage
display panning of the murine-derived Capan-1 scFv library. C = Control lane, PCR
reaction without a colony,; L = 1kb Ladder (Bioline HyperLadder).
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4.2.5 Antibody screening of the Tomlinson I and J library for AGR2- and MUCI1 -

specific scFv

Due to the inability to isolate anti-MUCT1 or anti-AGR2 specific scFv from the murine

library, it was decided to screen the synthetic, human, naive Tomlinson I & J libraries for

potential antibodies, by biopanning. The conditions undertaken for both panning

protocols are outlined in the table below.

Table 4.3 Panning conditions employed for each round of selection of the human

Tomlinson library.

Panning round

Antigen coating conc.

Number of washes

1 50 pg/ mL 5 X PBS, 5 X PBS-T (0.05% (v/v))
2 20 pg/ mL 10 X PBS, 10 X PBS-T (0.05% (V/v))
3 5 ng/mL 15 X PBS, 15 X PBS-T (0.05% (V/v))

Randomly selected colonies from the final output of both the MUC1 and AGR2 panning

protocols were subjected to a colony-pick PCR and visualised on a 1.5% (w/v) agarose

gel. Both panning regimes retained the 800bp scFv product with the colony picks showing

100% insert retention (Figure 4.15). Input phage pools from each panning round were

taken forward for incorporation into a polyclonal phage ELISA (Figure 4.16).
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Colonies picked from final round of AGR2 panning
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(ii)

Colonies picked from final round of MUCI panning

Figure 4.15 Analysis of randomly selected colonies from the output titre plates from
the final round of Tomlinson library panning

(i) Colonies selected from final round of AGR2 panning process. (ii) Colonies picked
from final round of the MUC panning process and amplified by PCR using scFv specific
primers. C = Control lane, PCR reaction without a colony; L = 1kb Ladder (Bioline
HyperLadder).

Successful enrichment against the AGR2 and MUCI proteins was confirmed by an
increase in absorbance signal after incubating precipitated phage pools with the target
protein and detecting the bound phage with a HRP-labelled anti-M13 secondary antibody
(GE Healthcare). This absorbance increase indicates the presence of antigen-specific
scFv-displaying phage in the library (Figure 4.16). Phage pools from the final rounds of

biopanning were taken forward for further analysis.
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Figure 4.16 Polyclonal phage ELISA

(i) Polyclonal phage screening for anti-AGR2 scFv displayed on phage following
completion of panning. (ii) Polyclonal phage ELISA screening for anti-MUCI scFv
displayed on phage following completion of panning. Phage pools from each round were
diluted 1/3 in 1% (w/v) BSA in PBS-T and were added to antigen-coated ELISA plates (1
ug/ mL). The scFv-displaying-phage were detected using a HRP-labelled anti-M13
secondary antibody and the absorbance was read at 450 nm using a Tecan Safire™ plate

reader.
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4.2.5.1 Soluble expression and monoclonal analysis of single clones by ELISA

The selected phage pools were infected into Top10F’ for soluble expression of the scFv.
Ninety-six single colonies were selected from each infected phage pool and were solubly
expressed. The periplasmic lysate was applied to the monoclonal ELISA to identify
antigen-specific scFv. The results shown in the following figures indicate the presence of
scFv clones positive for AGR2 and MUC1-binding which were taken forward for further
study (Figure 4.17 and 4.18).
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Figure 4.17 Monoclonal ELISA to select for specific scFv against AGR2

Soluble monoclonal ELISA screening for anti-AGR2 scFv from 96 randomly selected
clones from the final round of panning Periplasmic lysates were applied to the AGR2-
coated plate (1 ug/mL) and any specific scFv were detected using a HRP-labelled anti-c-
myc antibody. The red dashed line represents the “cut-off” value (x 3 the background
optical density).
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Figure 4.18 Monoclonal ELISA to select for specific scFv against MUC1
Soluble monoclonal ELISA screening for anti-MUCI scFv from 96 randomly selected
clones from panning round 3. Periplasmic lysates were applied to the MUCI-coated plate
(1 ug/mL) and any specific scFv were detected using a HRP-labelled anti-c-myc antibody.
The red dashed line represents the “cut-off” value (x 3 the background optical density).

4.2.5.2 Analysis of positive clones by indirect ELISA

Positive clones, selected by observed absorbance above the determined “cut-oft” value,
from each library were taken forward for characterisation studies. Cultures of 10 mL SB,
supplemented with carbenicillin, were inoculated with the selected clones and grown O/N
at 37°C. The following day, these were sub-cultured into fresh media, induced with 1
mM IPTG and grown O/N at 30°C. One mL samples of the cultures were taken and
pelleted by centrifugation at 4,000g (Eppendorf™ centrifuge fixed angle rotor (F-45-30-
11)) for 20 min. The bacterial cell pellets were lysed by resuspension in 1 mg/mL
lysozyme, followed by freeze-thaw cycles outlined in Section 2.16.7. The clarified lysate
was analysed by ELISA through the addition of the scFv-enriched lysate, in doubling
dilutions, to the antigen-coated plate (1 pg/mL target protein) (Figure 4.19).
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Figure 4.19 Titration of scFv lysate by ELISA against purified recombinant protein

(i) Titration of MUCI binding scFv clones against expressed MUC1 recombinant protein.

(ii) Titration of AGR?2 binding scFv clones against AGR2 recombinant protein. The lysate
was applied to an antigen-coated ELISA plate. The bound scFv were detected using a

HRP-labelled anti-c-myc antibody. Control — ELISA performed without the addition of
scFv lysate.
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The anti-AGR2 clones, B11 and BS5 indicated expression of functional scFv that titre
against the recombinant AGR2 protein. Additionally, the A5 clone that positively binds
to MUCI expresses a functional scFv that titres against MUC1.The remaining scFv were

not taken forward for further analysis due to poor expression/specific binding levels

exhibited.

4.2.5.2.1 Initial competitive analysis of clones

To analyse all clones capacity to bind to the appropriate antigen in solution, preliminary
competitive assays were performed by incubating the scFv-enriched lysate with free
antigen and adding the mixture to a pre-coated microplate. The anti-AGR2 and anti-
MUCI scFv abilities to bind to the appropriate antigen in solution relative to the
immobilised antigen coated onto the surface were determined by analysing the scFv
without addition free antigen. Each assay was performed in triplicate and the standard
deviations were calculated and are indicated by error bars. All three clones exhibited

specificity for the cognate antigens in solution (Figure 4.20).

4.2.5.3 Optimisation of scFv expression and subsequent purification using IMAC

Optimisation of expression was carried out as outlined in Section 2.10.8. Temperature
variation was investigated as a reduction in the protein production rate can provide
recombinant proteins with the necessary time to fold correctly. Lowering the temperature
is the most common method to reduce protein production. This decreases aggregation
found frequently at higher temperatures. It has also been found that conformational
quality and functionality of recombinant proteins is increased at lower temperatures
(Rosano and Ceccarelli, 2014). The use of IPTG can significantly increase protein yields,
as varying the concentration results in regulation of protein expression. With many
proteins, slow induction is a requirement for good conformation and functionality. This
is achieved by using lower IPTG concentrations, while with other proteins a high yield is
necessary, which would require increased concentrations of IPTG (Sadeghi ef al., 2011).
While a high yield is desired, it is also important that the protein be correctly folded,

therefore, IPTG concentrations over various temperatures was investigated.
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Figure 4.20 Competitive ELISA analysis of anti-MUCI and anti-AGR2 clones

(i) Competitive analysis of AGR2-specific Bl clone and B5 clone was performed. Two
ug/mL AGR2 was coated on the surface of a Nunc MaxiSorp™ ELISA plate. (ii)
Competitive analysis of MUC [-specific A5 was performed. Two ug/mL MUCI was coated
on the surface of a Nunc MaxiSorp™ ELISA plate. The scFv-enriched lysate was
incubated with free antigen and added to the plate where competition occurs between the
immobilized and free antigen. Bound antibody was detected using a HRP-labelled anti-
c-myc antibody. The results are shown as A/A0, where the absorbance values of the

evaluated samples (A), are normalised by expressing them as a function of the blank

standard (40).
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Figure 4.21 Optimisation of expression of the scFv clones

(i) 