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Abstract

The creation of effective vaccines is a pinnacle achievement of humankind, with
the maintenance and expansion of the current repertoire being crucial in supporting
human health and well-being globally. Nevertheless, identification of the
mechanisms responsible for protection from infection and disease remains difficult,
hindering vaccine candidate progression. These factors illustrate the importance of
developing a wide range of techniques available to identify and investigate potential
antigens. Current tools for assessing antigen-antibody interactions, although hugely
valuable, possess limitations in accessibility and throughput which this research

aimed to address.

To implement an accessible rapid protocol that profiles the antibody response to
linear epitopes after immunisation, we utilised phage display in conjunction with
Nanopore Sequencing. A Group A Streptococcus vaccine candidate, TeeVax3, was
selected as a model to explore the binding antibody population produced from
immunisation and evaluate the immunogenicity of the antigen. Production of a
phage library expressing overlapping TeeVax3 peptides was panned against
TeeVax3 specific polyclonal antibodies from rabbits, revealing an unexpected bias
for the N terminal epitope tag. Further investigation confirmed the immunogenicity
of this region for both linear and conformational antibodies, with an epitope of 10-
residues being identified via evaluation of binding with synthetic peptides.
Although removal of purification tags is inconsistent, particularly in early stages of
vaccine development, these findings illustrate the importance of doing so to ensure
relevant immune responses are observed. Other potential areas of immunogenicity
on the antigen were able to be observed by excluding the N-terminal region
dominating the response, verifying the methods potential for evaluating vaccine
candidates. The protocol presented here outlines a valuable addition to the toolkit
for development of vaccine candidates, which could be easily adapted to a wide

range of antigens and correlating antibody responses.
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Chapter 1

Introduction

1.1 Preface

The development of vaccines has led human society to successfully protect the
global population from substantial impacts of many infectious diseases. This thesis
outlines the design and implementation of a high throughput phage display
technique used to map linear epitope antibody responses as important determinants
of vaccine efficacy. The method is applied to a Group A Streptococcus vaccine
candidate being developed by the University of Auckland. The research has been
accepted for publication as a peer-reviewed Scientific Reports Article, with this

thesis being written independently, following the submission.

Kirsten Browne-Cole, Kyrin R. Hanning, Kevin Beijerling, Meghan Rousseau,
Jacelyn Loh, William Kelton. (in press). A rapid approach for linear epitope vaccine

profiling reveals unexpected epitope tag immunogenicity. Scientific reports.

1.1.1 Author contributions

As a co-first author, I led all the experimental work for this research (including
antigen production, antibody purification, library creation, phage panning,
sequencing and enzyme-linked immunosorbent assays), conducted data analysis,
and contributed to the manuscript drafting and revision process. Co-first author
Kyrin Hanning contributed to the experimental design, completed the
bioinformatics, and was involved in writing the manuscript from draft to
submission. Kevin Beijerling assisted with enzyme-linked immunosorbent assays
and reviewed the draft manuscript. Meghan Rosseau assisted with purification of
the TeeVax3 antigen both before and after epitope tag removal. Dr Jacelyn Loh
contributed to the conceptualisation of the research, while also providing the
TeeVax plasmid and both serum from unimmunised and TeeVax immunised rabbits.
Dr William Kelton conceptualised and supervised the research, assisted with
experiment work, gave recommendations for data interpretation and led the

manuscript creation process from draft through to submission and review. All



contributions to generating experimental data have been further described in the

figure captions.

1.2 Drivers of Vaccine development

Vaccines are one of the most impactful scientific developments made for the benefit
of humankind. They are used to prepare the body for exposure to pathogens, ideally
to prevent infection altogether, or to limit the infectiousness and severity of disease
if it still occurs (Cunningham et al., 2016). This results in a lower disease burden
on society, by minimising deaths, hospitalisations and economic cost. The success
of our current repertoire of vaccines is illustrated by the eradication of smallpox
infection, alongside the World Health organisation’s estimation that immunisation
prevents 2-3 million deaths annually (Gebre et al., 2021). These outcomes illustrate
how vaccines contribute to billions of dollars saved globally each year (C. M. C.

Rodrigues & Plotkin, 2020).

The importance of having a robust and timely vaccination development pipeline
became apparent during the COVID-19 global pandemic, where both the economic
and societal impacts of infection control without a vaccine available had substantial
repercussions. A major public health strategy during this time was to close
nonessential businesses and limit unnecessary contact between individuals. The
economic costs of these closures are estimated to be in the trillions (Kolahchi et al.,
2021) with continued concerns about the societal impacts, particularly in the areas
of child development and education (Abuthele et al., 2024; Mazrekaj & De Witte,
2024). The risk of future global pandemics caused by zoonotic events is increasing
due to habitat destruction, climate change and human development bringing
wildlife in close proximity to human populations (L. Zhang et al., 2022). The
potential to avoid or minimise these scenarios, in addition to the achievements of
the current vaccine collection, makes the arduous process of vaccine development

well worth the investment for the global community.

A particularly challenging pathogen to create a vaccination for is Streptococcus
pyogenes, often referred to as Group A Streptococcus (GAS). While the diseases
caused by this bacterium are currently treatable with antibiotics, they continue to

pose a significant health challenge, particularly for Maori and Pacific populations
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in Aotearoa, New Zealand (Ammar et al., 2024). The focus of this thesis is to assist
in the development of TeeVax, a Group A Streptococcus vaccine, by creating a
phage display method which profiles the linear epitope portion of the immune
response resulting from immunisation. This work aims to establish a rapid method
for evaluating vaccine candidates, offering an accessible tool to enhance the vaccine
development pipeline and, in turn, improve health outcomes for groups

disproportionately affected by Group A Streptococcus.

1.3 Group A Streptococcus

TeeVax is a recombinant protein vaccine designed to target the pilus of GAS, a
Gram-positive bacterium that exclusively infects humans. Historically, GAS was
classified based on serotype-specific antiserum recognizing the T or M proteins on
its cell surface. Currently the primary typing strategy is to sequence the emm gene,
which codes for the highly variable M protein allowing the bacteria to be classified
into one of over 250 serotypes. In the past the T protein, which comprises the main
component of the pilus structure, has also been used to complement the above
strategy. However, the accessibility of full genome sequencing which allows
comprehensive understanding of strain development and identification of potential
vaccine targets is superseding both of these tools as the preferred option (Ajay

Castro & Dorfmueller, 2023; Loh et al., 2021; Smeesters et al., 2024).

GAS causes a wide range of diseases, from the reasonably benign pharyngitis and
impetigo to the more severe rheumatic fever and necrotising fasciitis. There is a
strong link between M type and the manifestation of disease, with superficial
pharyngitis being associated with M types 1, 3, 5, 6, 12, 14, 17, 19, and 24, while
M types 1, 3, 5, 6, 11, 12, 14, 17, 18, 19, 24, 27, 29, 30, 32, and 41 have been
connected to acute rheumatic fever (Walker et al., 2014). However, it is interesting
to note the most prevalent type for each disease frequently changes from year to

year as well as geographically.

Although easily treated in most western nations using antibiotics, GAS remains
responsible for over 500,000 deaths worldwide per year and persists as one of the
World Health Organisation’s diseases of global relevance (Fan et al., 2024). The

burden of GAS infections is disproportionately experienced by middle- and low-

3



income countries, along with the indigenous populations of some more wealthy
nations including Australia and Aotearoa, New Zealand. The source of this
discrepancy is often contributed to socioeconomic factors such as crowded housing
and inadequate access to medical care, although how much these factors influence
the increased strain diversity observed in disadvantaged populations is yet to be

confirmed (Smeesters et al., 2024).

A substantial increase in paediatric cases of GAS and scarlet fever have been
recorded globally since the Covid-19 pandemic. New Zealand’s data mirrored this
trend with cases increasing by 120% after lifting of Covid-19 restrictions. Maori
and Pacific populations continue to be affected at higher rates than other ethnic
groups (Ammar et al., 2024) emphasising the persistent need for an effective Group

A Streptococcus vaccine.

1.3.1 Difficulties in creating a Strep A vaccine

Despite concerted effort from the scientific and medical communities there is still
no licensed vaccine for Group A Streptococcus. One factor contributing to this is
the considerable strain diversity, which appears to be achieved through homologous
recombination and driven by competition between lineages as well as selective
forces from host immune responses (Davies et al., 2019). Another substantial
obstacle is the likelihood of autoimmune events occurring, particularly in M protein
vaccine candidates. This response was initially reported by Massell et al during a
clinical trial in 1969, where three healthy participants developed rheumatic fever
like symptoms after being immunised with a type 3 M protein vaccine (Massell,
1969). Although the study was not well controlled, the concern was supported by
Dale and Beachey with their identification of protein cross reactivity with cardiac
myosin (Dale & Beachey, 1985) causing the US Food and Drug Administration to
place a ban on GAS organisms and their derivatives in vaccines which stood until

2006 (Walkinshaw et al., 2023).

With the lifting of the FDA ban and rejuvenation of research around vaccines for
Group A Streptococcus, the range of potential candidates targeting a variety of
antigens (Figure 1.1) has improved the outlook for an effective solution being

achieved. However, when compared to other infectious diseases with a high global
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impact, the development of GAS vaccines remains relatively neglected. This gap
was further highlighted by the World Health Organisation releasing a research and
development technology roadmap in 2019, confirming GAS as a priority worldwide

(Vekemans et al., 2019).

Cell Wall Conserved Variable ~ M-Type
Defining
, S T
M Protein . _ ¢
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Figure 1.1. Schematic of vaccine candidates in development and their corresponding

antigens from Walkinshaw et al, 2023.

1.4 The development of TeeVax candidate vaccines.

The ongoing challenge of Group A Streptococcus disease in Aotearoa has led to a
local interest in the development of an effective vaccine solution. This focus has
produced the TeeVax series of vaccine candidates. These protein subunit vaccines
target the pilus structure on the surface of Group A Streptococcus. Pili are hairlike
structures around 1 pm in length and are known virulence factors which play a role
in adhesion, colonisation, and avoidance of the host immune system. Targeting the
pilus offers the advantage of having less variability than the historically favoured
M protein target, with 18 of the potential T antigens covering over 95% of
circulating GAS strains. These projections are made up of anywhere between 10

and 100 T antigens polymerised together with adaptor sequences at both ends.



(Figure 1.2). The majority of these antigens are two domain structures with a select

few containing three or even four domains (Loh et al., 2021).

Adaptor protein

T Antigen
10-100
copies

Adaptor protein
GAS cell surface

Figure 1.2. Illustration of pilus structure made up of multiple T antigens
flanked by Adaptors. Figure made wusing Affinity Designer 2
https://affinity.serif.com/en-us/designer/

TeeVax antigen development involved the creation of three fusion proteins named
TeeVaxl, 2 and 3, with each antigen containing 6, 7, and 5 concatenated domains
respectively. The antigen we investigated, TeeVax3, was composed of the middle
domain from four three-domain T antigens and the N-terminal domain from the
only known four-domain T antigen (Figure 1.3). These sections were linked
together with a GSGSG spacer sequence and cloned into an E.coli expression vector

for production.

To determine the antibody response to TeeVax antigens, three strategies were
employed: enzyme-linked immunosorbent assay (ELISA) using serum from
immunised rabbits, opsonophagocytic killing assays (OPKA), and a humanised
plasminogen transgenic mouse model. Initially all three approaches were completed
with TeeVaxl to investigate the validity of the approach. ELISA analysis of
TeeVax1 immunised rabbit sera showed IgG responses to the T antigens included
in the TeeVax 1 structure, with some cross reactivity to similar T antigens. OPKA
assays against GAS SF370 identified vaccination with the T1 antigen resulted in
much higher killing rates than both M1 protein and TeeVaxl. Finally, the
humanised plasminogen transgenic mouse model was used to determine vaccine
efficacy. Before the immunised mice were challenged with an invasive disease

GAS strain, ELISA analysis showed a strong antibody response to the antigens used



N-term epitope tag

Figure 1.3. Model of TeeVax3 antigen showing the domains it is comprised of and
the N terminal epitope tag containing repeated Histidine residues and TEV cleavage

site. Structure from Browne-Cole et al.

for immunisation when compared to phosphate buffered saline immunised control
mice. TeeVax]l immunised mice had higher IgG titres for the six T-antigens
comprising the recombinant protein, with no significant difference in response
when comparing TeeVax1 immunisation to full length T1 protein. The survival
rates for mice challenged with GAS were highest in the M1 protein immunised
group, followed by T1 and then TeeVax1 with 33% survival after 10 days. These
results provided sufficient evidence of protection conferred by TeeVax1 to prompt
construction of two more recombinant proteins, TeeVax2 and TeeVax3.
Subsequent experiments involved rabbits being immunised with the vaccine
candidates either individually or as a mixture. TeeVax3 antiserum showed
reactivity to the constituent antigens when exposed to 21 full length recombinant T
antigens during ELISA. However, this did not translate to binding with two domain
T antigens present in TeeVaxl and TeeVax2. Moreover, these results do not
provide detailed information on the exact nature or location of the epitopes that are

being recognised.

Given this lack of molecular-level epitope data, we designed and implemented a
protocol to map the antibody response from immunisation to the recombinant

antigen structure. Our approach sought to provide further information about regions



of immunodominance and identify any biases in binding on the antigen surface.
Such data provides guidance to the continued development of a broadly protective

vaccine against GAS, while also being easily applicable to other vaccine candidates.

1.5 Correlates of vaccine-induced protection

To determine a vaccine candidates’ ability to protect against the specific disease
being targeted, evidence of elicited immune protection is required. Correlates of
protection are immune markers which indicate the vaccine will provide immunity
when exposure to a pathogen occurs. One of the most common markers used by the
current vaccines is to measure the number of neutralising antibodies produced,
which prevent extracellular pathogens from interacting with host cells and
establishing infection. This mechanism is used for the current vaccines for Human
papilloma virus and Small pox (Z. Chen et al., 2022; Plotkin, 2020). However, it is
important to consider other mechanisms, particularly for bacterial pathogens such
as Streptococcus pyogenes, where generating neutralising antibodies does not
appear to be a predominant factor in establishing protection. The T cell produced
interferon response, is one such example of this, which provides protection from
tuberculosis in the Bacillus Calmette—Guérin vaccine. (Z. Chen et al., 2022). Even
with the ability to measure a range of potential correlates of protection for any given
vaccine candidate, challenges can still arise when there is no clear mechanism
which is the most significant. For instance, malaria vaccine candidates trigger a
range of responses from antibody production, natural killer cell responses and
secretion of interferon from T cells, none of which can be identified as the primary

method of protection (Plotkin, 2020).

Another challenge when determining vaccine efficacy is the difficulty of measuring
antibody-antigen interactions in high throughput. Only a small fraction of an
individual’s B cell population will be specific to the antigen in question, requiring
substantial effort to be applied to purify the relevant sample and the potential to lose
antibodies involved in lower affinity or temporary interactions. These barriers, in
combination with the resource intensive nature of many of the high throughput
protocols, could result in the investigation strategies applied being less than optimal.

(De Leon et al., 2024; D. Hu & Irving, 2023).



1.5.1 The antibody response

Antibodies are a core strategy in the adaptive immune systems response to external
threats. These ‘Y’ shaped proteins are produced in a type of B cell called a Plasma
cell, after which they are located free in sera or bound to B cells as receptors. The
primary purpose of these proteins is to either destroy or tag a pathogen for
destruction, which they achieve through a range of mechanisms including
neutralisation, antibody-dependent cellular cytotoxicity, phagocytosis and
complement mediated lysis. As mentioned earlier, neutralising antibodies are
frequently used as the primary indicator of vaccine efficacy due to their ability to
prevent infection through a variety of strategies. Pre-attachment neutralisation
occurs when antibodies bind to pathogens before interaction with host cells has
occurred, this results in immune complexes that effectively trap the pathogen
preventing infection and marking it for destruction. Another neutralisation process
is to block the pathogens’ ability to attach to the host cells. This can be achieved
directly with antibodies binding the surface ligands used to interact with other cells
or indirectly resulting in a structural change or barrier that prevents binding from
occurring. If attachment is achieved there are antibodies with the function of
inhibiting the pathogens ability to fuse with or enter the cells, as well as those that
can act intracellularly to disrupt the invading microbes lifecycle (Forthal, 2014;
Kapingidza, A. B., Kowal, K., & Chruszcz, M, 2020). Phagocytosis and
complement mediated lysis are both integral processes for the protection against
bacterial invasion, with GAS possessing a multitude of adaptations to resist
attack.(Walker et al., 2014) The role of antibodies in these mechanisms is to bind
the microbe and activate the complement cascade. This can initiate a range of
responses including sequestering the pathogen and recruitment of phagocytotic

cells to implement destruction (Forthal, 2014).

Although these pathways all differ in some respects, identification and interaction
with the pathogenic cell is always required. The specific sequence of amino acid
residues recognised by an antibody is called an epitope. If the sequence is made up
of consecutive amino acids the epitope is linear, whereas conformational epitopes
result from protein folding bringing the amino acids into close proximity to form

the sequence recognised by the antibody (Figure 1.4).



Epitope
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Figure 1.4. Figure 1.4. Schematic showing how linear and conformational epitopes
are recognised by antibodies. Figure made using Affinity Designer 2

https://affinity.serif.com/en-us/designer/

For the immune response to be as effective as possible, both linear and
conformational epitopes need to be targeted. The ability to identify the pathogen in
its native form is determined by the binding of conformational epitopes, however,
changes in this structure can easily occur due to the host environment, interactions
between pathogen and host immune system or mutations that occur in the surface
proteins over time. The recognition of both linear and conformational epitopes
increases the likelihood of a potential pathogen being detected by the host and
preventing infection from occurring (Forsstrom et al., 2015; Francino-Urdaniz &

Whitehead, 2021).

1.5.2 B cell generation for linear and conformational epitopes

The mechanisms used to generate antibodies against linear and conformational
epitopes differ due to the requirement to display the antigen processed for linear
epitopes and intact for conformational ones. The antigen presenting cells which
result in antibodies that recognise linear epitopes include dendritic cells, B cells,
and macrophages. These cells internalise the antigen and dismantle it into segments
which are then presented on major histocompatibility complex class II to activate
helper T cells. These helper T cells then interact with B cells to trigger the process
of plasma cell formation and antibody production. On the other hand, generating
antibodies against conformational epitopes requires the antigen to remain complete
and unmodified. Both B cells and follicular dendritic cells are capable of binding

native antigen, with follicular dendritic cells displaying the native antigen bound
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with antibody or complement proteins to ensure continued B cell maturation and
antibody production (Abd El-Aleem et al., 2022; Adler et al., 2017; Rastogi et al.,
2022).

1.6 Methods for high-throughput vaccine epitope profiling

The profiling of both linear and conformational B cell epitopes produced in
response to immunisation can be used to identify immunogenic sites that have
potential to be effective vaccines or to investigate the immune response to increase
the effectiveness of a vaccine candidate. Currently there are a range of techniques
available to investigate the epitope profile of an immune response (Table 1.1).
Historically, favoured methods for mapping epitopes have involved X ray
Crystallography and more recently Cryo-electron microscopy. While the accuracy
of these methods is a substantial advantage, the inability to capture temporary or
weaker interactions and the difficulty in analysing a polyclonal antibody repertoire
highlight the need for an alternative tool. Moreover, the considerable resources
required makes these techniques less desirable to implement for vaccine candidates
in early development stages (Antanasijevic et al., 2022; De Leon et al., 2024;
Hamed et al., 2023; D. Hu & Irving, 2023).

In order to address some of these hurdles, an array of Mass spectrometry-based
approaches have been established. With the benefits of small sample requirements,
less time-consuming preparation and more instrument availability, alongside the
capacity to resolve epitopes at an amino acid level, these methods provide
alternatives for continued progress of the vaccine development pipeline. However,
the challenges of identifying interactions in less stable antigen-antibody complexes
and the requirement to validate the results produced by these protocols still remain

(Jethva & Gross, 2023).

Another approach is to use protein display systems which can be broken into broad
categories based on the type of surface used for display. Peptide microarrays
involve the immobilisation of synthesised peptide segments to a
membrane, plate or slide (Wang et al., 2020). Whereas, cell-based techniques allow
antigenic peptides to be expressed on living cells such as bacteria, yeast or mammal,

as well as the firmly established phage display technique. These systems require
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cloning of the peptide library into expression vectors for display on the surface of
the cell or phage (Mahdavi et al., 2022; Robertson et al., 2020). All peptide display
approaches involve exposure of the immobilised peptides to the antibody pool, with
epitopes that are bound being identified using a range of techniques including
colorimetric secondary antibodies and flow cytometry. The substantial advantage
of these techniques is the ability to create epitope maps in high throughput, with a
flexibility and speed not achievable in structural based methods. The possibility of
identifying more transient interactions is potentially obtainable with peptide display
systems, however length of exposure and washing protocols need to be carefully
considered when trying to achieve this. (D. Hu & Irving, 2023). Moreover, both
cell-based and phage display methods require DNA sequencing to link the bound
peptide with the antigen reference library, which requires careful contemplation of
error rates and creates a barrier of accessibility for some projects (Mohan et al.,

2018).
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Table 1.1. Summary of Epitope mapping techniques.

Xray
crystallography

Cryo-electron

microscopy

Nuclear
Magnetic
resonance
Mass
spectrometry
Peptide

microarray

Bacteriophage
display

Deep
mutational
scanning

Yeast display

1.6.1

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Phage display systems for epitope mapping

Yes

Yes

Yes

Yes

Some

Yes

Some

High

High

High

High

Low

Low

High

Low

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

High

High

High

Mid

Low

Low

Mid

Low

High

High

High

Mid

Low

Low

Mid

Low

De Leon et al
Hu & Irving
Hamad et al
De Leon et al
Hu & Irving
Hamad et al
De Leon et al
Hu & Irving
Hamad et al
Hu & Irving
Hamad et al
De Leon et al
Hu & Irving
Hamad et al
Antanasijevic
et al

De Leon et al
Hu & Irving
Hu & Irving

Hanning et al

Hu & Irving

Bacteriophages are viruses that specifically infect prokaryotic cells and are the most

abundant biological entities on Earth. Like other viruses, they replicate by hijacking

the molecular machinery of their bacterial hosts to produce new phage particles

(Ackermann, 2003). Traditionally, the phage lifestyle has been classified as either

lytic, which results in destruction of the host cell to release phage progeny, or

lysogenic where the bacterial cell remains intact and functional while producing

phage (Mintynen et al., 2021). The lysogenic mechanism is utilised in the phage

display technique applied in this work, with M 13 bacteriophage being engineered

to express peptides on their surface to allow investigation of protein- protein

interactions.
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M13 bacteriophage are a filamentous phage with a long, thin structure that infect a
range of Gram-negative bacteria via the F pilus (Figure 1.5). The genome consists
of an extended single-stranded DNA, containing non-essential regions that can be
readily modified to incorporate exogenous sequences for expression (Deng et al.,
2017). In phage display protocols, the coding sequence for the display peptide is
frequently inserted into the plIl coat protein (Figure 1.5A), which results in
expression on the surface of one end of the phage. However, peptides of eight or
less amino acids can be attached to the pVIII protein resulting in larger quantities

of displayed peptide (Figure 1.5B) (Fadaie et al., 2023).

ORI» pelB

2700 copies of p8
make up the capsid

3
g 1 1
phage display
exogenous
cmR— vff:bor — ""bna [ QOOQ]
=

p6

Single stranded DNA '\ p4

phage ORW plll

Figure 1.5. Phage display components. (A) Phage display vector with labelled
origin of replication (ORI), Chloramphenicol resistance (CmR), and DNA insert
between pelB sequence to ensure transport to the periplasm and p3 protein gene for
insert display. (B) M 13 bacteriophage structure identifying the five capsid proteins
and single stranded DNA genome.

A phage display library is a collection of bacteriophages, each displaying a unique
peptide due to the inclusion of exogenous DNA into the genome. Libraries can be
designed using randomly generated peptides, or by breaking a known protein
sequence into small peptides (Jaroszewicz et al., 2022), as was the strategy used in

this research .

Once a library is created and expressed in phage, bio panning can be completed.
This is the process of collecting and identifying peptides that interact with the
antibody population in question. The phage library is exposed to a target, either
immobilised on a surface or in solution, with unbound phage being washed away

and the bound fraction released from the target by altering pH or cleaving with an
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enzyme. This positive fraction is then used to reinfect bacteria producing more
binding phage, with the process being repeated for three to five rounds depending
on the application. The final step of this technique is to sequence the population of
phage produced, whether this is completed after each panning round or just at the
final stage will depend on the aims of the project. The resultant data identifies which
peptides were the most successful binders to the target in question and provides
valuable information about the protein-protein interactions occurring (Jaroszewicz

et al., 2022; Kong et al., 2020).

1.6.1.1 Linear epitope mapping by phage display

The way phage display can be utilised for investigating the binding affinity and
distribution of linear epitopes has been illustrated by various groups in recent years.
One such example is the work of Xu et al., which used the VirScan platform to
profile over 1 x 10® binding interactions between human antibodies and viral
peptides. This protocol involved synthesising a bacteriophage library which
displayed peptides 56 amino acids in length with a 28-residue overlap. These tiles
were identified from reference sequences of all human viruses and screened against
serum samples from 569 humans worldwide. Once the phage library was screened
with the serum, unbound phages were washed away and the bound fraction
collected and amplified for sequencing with Illumina. Their results identified a few
specific peptides that were recognised by 95% of the sampled population, showing
the conserved nature of epitopes and identifying potential delivery peptides for

vaccine development (Xu et al., 2015).

Another related technique is phage deep mutational scanning, which allows the
influence of single amino acid residues within an epitope to be investigated in high
throughput. Garrett et al utilised this method to explore known epitopes of HIV
antibodies, confirming potential residues implicit in viral escape and identifying
unique epitopes. The primary distinction between this technique and that used in
VirScan experiments is the creation of a phage library which includes modifying
the amino acid at each position to encompass all 20 possibilities while the other
amino acid positions remain unchanged (Garrett et al., 2020). Both examples from
Xu et al and Garrett et al utilised Illumina for their sequencing needs. Although

highly accurate which is particularly important for deep mutational scanning, this
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method does have drawbacks including the possible biases introduced from PCR
amplification to the slow turnaround and accessibility issues. We aimed to address
these problems by utilising Oxford Nanopore technologies for our sequencing

needs.

1.6.1.2 Conformational epitope mapping by phage display

A large proportion of any antibody response will consist of immunoglobulins that
recognise conformational epitopes (Gershoni et al., 2007), however, the ability to
identify these using phage display techniques alone is limited due to the short length
of the peptides expressed resulting in a lack of native structure. Despite this, phage
display can be used to identify areas of immunogenicity for further investigation in
the hope of discovering conformational epitopes present on the native antigen. One
technique available is using computational tools where the data from phage display
experiments can be mapped against the antigen structure. EpiSearch is an example
of such a tool, described by Negi and Braun, which automatically searches and
predicts possible conformational epitopes in high throughput. This method has the
flexibility of using both single or groups of peptide sequences, and is capable of
rapid analysis. Although it appears to identify epitope locations correctly, finding

consensus on sequences remains difficult (Negi & Braun, 2009).

Another strategy involves mutagenesis, as mentioned previously, this technique
allows fine mapping of antibody binding sites by altering amino acid residues to
observe the effects on interaction. Careful consideration needs to be given to
experimental design for this technique, as altering multiple sites at once can make
it difficult to identify crucial residues, and changes in affinity could result not just
from altering the binding site itself, but also amino acids vital in protein folding
structure (Rojas et al., 2014). Even with these tools, resource intensive structural
techniques are generally required to verify conformational epitopes in native
antigens due to the large number of factors involved in antigen folding and

interactions between epitope and paratope (Negi & Braun, 2009).

Considering the above, there remains a substantial need for rapid identification of
regions of immunogenicity on an antigen, which can then be further defined by high

resolution techniques. The work of this thesis aims to provide an easily accessible
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high throughput method to analyse linear epitopes using a synthetic oligo pool and
Nanopore sequencing. These elements allow easy implementation, greater
flexibility and improved resolution when compared to other phage display protocols,
with the data produced identifying areas of immunodominance and providing

guidance to assist conformational epitope discovery.

1.7 Project aims

The importance of continual progress in the vaccine development space is
illustrated by the recent challenges from emerging pathogens and the global SARS-
CoV2 pandemic. Great achievements have occurred in response to these events
including the first widespread administration of mRNA vaccines to the population,
further refinement of Cryo-EM technology, and advancement in machine learning
for prediction tools (Antanasijevic et al., 2022; Szabo et al., 2022; Taft et al., 2022)
Despite this, there remains the requirement to experimentally assess the ability of a
vaccine candidate to offer protection in an easily accessible manner.

This project aims to use a high throughput approach to map the antibody response
from TeeVax immunisation to the antigen structure. Establishing this technique will
provide an attainable option for epitope mapping potential vaccine candidates and

provide valuable information for the future development of TeeVax antigens.

Objective 1:
Establish a method for rapid profiling of linear epitopes in high throughput.

Objective 2:

Characterise the antibody response elicited from TeeVax antigens.
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Chapter 2

Materials and Methods

2.1 Creation of phage display libraries

To establish the protocol for creating phage libraries displaying TeeVax3 peptides,
we first confirmed our ability to display two control peptides successfully. These
steps where then repeated with minor adjustments in order to produce the TeeVax3
library. The methods outlined in this chapter are taken directly from the published

paper with some supplementary information for enhanced understanding.

2.1.1 Control peptide phage display

2.1.1.1 Cloning of control peptide sequences

To confirm suitability of the phage display system, we designed control oligo
nucleotides flanked by 5 and 3’ adapters containing a coding sequence, peptide
transport signal and restriction sites (Appendix Al). These were added to the
control oligonucleotides encoding the PEP1 cyclic peptide and 6-His epitopes
(Appendix A2).

2.1.1.1.1 PCR amplification of peptides

The two control peptides were PCR amplified in separate reactions using HOT
FIREPol® Blend Master Mix (Solis Biodyne), with primers (designed in house and
ordered from Integrated DNA Technologies, Appendix A3) included at 0.2 uM in
the reaction alongside 5 ng of control peptide template. Amplification was achieved

under the conditions outlined in table 2.1.
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Table 2.1. PCR conditions

Step Temperature (°C) Time Number of
rounds
Initital activation 95 15 min 1
Denaturation 95 10 sec 35
Annealing 55 30 sec 35
Elongation 72 6 sec 35
Final extension 72 5 min 1

2.1.1.1.2 Restriction digest of peptides and fragments

One hundred ng of the amplified control peptide sample oligod in rCutSmart™
Buffer (NEB) and ultrapure water were digested with 0.5 uL Sfil restriction enzyme
(NEB) for 2 hrs at 50°C. Digested fragments were cleaned using a QIAquick
nucleotide removal kit (Qiagen) and DNA concentration was quantified using a

Nanodrop™ 2000 (Thermofisher).

2.1.1.1.3 Ligation of vector and peptides

Both peptides were then ligated into the digested pAK200 vector (sourced from
Prof George Georgiou at the University of Texas) at a ratio of 1:5, with a final
vector concentration of 2 nM. The 10 pL reactions were composed of 0.5 ul T4
ligase, 1 uL of 10x T4 DNA ligase reaction buffer (NEB) with approximately 31.7
ng and 30.3 ng of ligated vector for PEP-1 and 6-His respectively. Reactions were
incubated at room temperature for 15 min, followed by 65 °C for 10 min in a T100
Thermal Cycler (Bio-Rad). The ligated vector was then bound to Monarch columns
(NEB) after the addition of five volumes of 5 M Guanidine Hydrochloride
containing 30% isopropanol. The sample was then washed with 10 mM Tris-HCI

pH 7.5, containing 80% ethanol, and eluted with ultra-pure water.

2.1.1.1.4 Transformation into Escherichia coli SS320 cells

One pL of each ligation solution was added to 25 pl of electrocompetent SS320
cells and electroporated at 1.8 mV, with 1 mL of pre warmed Super optimal medium

with catabolite repression (0.5 % (w/v) yeast extract, 2 % (w/v) tryptone, 10 mM
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NaCl, 2.5 mM KCL, 20 mM MgSO4, 20 mM glucose) added immediately after.
These cells were then plated on Luria Bertani (LB) agar in the presence of 20 pg/mL
Chloramphenicol and incubated overnight at 37°C.

2.1.1.2 Colony PCR and sequencing preparation

Eight colonies of the PEP1 cyclic peptide and 6-His epitope were amplified using
the PCR protocol outlined in section 2.1.1.1.1. Primers designed to amplify inserts
in the pAK200 vector by Kyrin Hanning (Appendix A4) were added at a
concentration of 0.3 uM. The resulting reaction mixtures were run on a 3% agarose
gel in Tris-borate-EDTA (TBE) buffer (0.13 M Tris, pH 7.6, 45 mM boric acid, 2.5
mM EDTA) at 130 V for 30 mins. Sanger sequencing of both controls was
completed by the Massey Genome Service (Massey University, New Zealand) with
samples being prepared by growing up two colonies of each control peptide at 37 °C
overnight in LB media accompanied by 20 pg/mL chloramphenicol. DNA was
extracted using a QIAprep® Spin Miniprep Kit (Qiagen) and eluted with ultra-pure
water before being sent away, with resulting data pairwise aligned to expected

sequences in Geneious Prime®.

2.1.1.3 Phage production

Control peptide glycerol stocks were grown at 37 °C from OD 0.1 to 0.4 - 0.6 in
LB media supplemented with 20 pg/mL chloramphenicol. M13K07 helper phage
were added at a multiplicity of infection (MOI) of 20x and the culture incubated
without shaking for 1 hour to allow infection. Kanamycin antibiotic was added at a
concentration of 35 pg/mL and peptide expression was induced with 1 mM
Isopropyl B-d-1-thiogalactopyranoside (IPTG). Cultures were then incubated
overnight at 37 °C with shaking at 200 rpm to produce phage. Culture supernatants
were filtered through 0.22 um filters and phage were precipitated by adding 20%
of the total volume of 20% PEG/2.5 M NaCl and incubating on ice for at least 30
min. Phage were centrifuged at 16,000 g, resuspended in 1x PBS and spun again
twice more at 16,000 g changing the tube between spins. Titers were quantified by
spectrophotometry (DeNovix DS11) using the formula virions/mL = (A369 — A420)
x 6 x 10'%/(phage ssDNA base) (Smith & Scott, 1993).
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2.1.1.4 ELISA analysis of control peptide phage

ELISA plates were coated with 50 pL. volumes of Sodium Carbonate buffer pH 9.6
(34 mM NaHCOs3, 16 mM NayCO3) containing 4 ug/mL anti PEP-1 (mAb 2C7)
(produced in house) or 2 pg/mL anti-His (Thermo Fisher Scientific MA1-21315)
overnight at 4 °C. The following day the plates were blocked with 360 pL of
PBSMT (PBS containing 2% skim milk powder and 0.05% Tween20) for 30 min
at room temperature. Control phage expressing PEP-1 or 6-His peptides were
serially diluted in PBSM (PBS containing 2% skim milk powder) and incubated for
30 min at room temperature. The plates were washed 3x with PBST (PBS
containing 0.05% Tween20) and 50 pL of anti-M13 HRP diluted 1:20,000 (Sino
Biological MMOS5T) was added in PBSM. After 30 min of incubation the plates
were washed a further 3 times before the addition of 50 pL 1-Step™ Ultra TMB-
ELISA (ThermoFisher) for less than 10 min. The reaction was quenched with 50
puL 1 M H>SO4 and the plates read at 450 nm on a Spectramax M4. All ELISAs

were repeated in triplicate.

2.1.2 TeeVax3 phage library construction

2.1.2.1 Tiling of TeeVax 3 antigen

The tile library was created computationally by splitting the 941 amino acid
sequence of the TeeVax3 antigen (Appendix AS5) into 308 segments, each 20 amino
acids long. These peptides were offset by three amino acids to ensure complete
coverage of potential binding sites. Bioinformatics software (Geneious Prime®)
was then used to back translate the tiles into nucleotide sequences, followed by the
addition of adaptors identical to those used in section 2.1.1.1 (Appendix A1) to both
5’ and 3’ ends. The resulting 308 tiles of 105 nucleotides each were then ordered as

a single oligo pool (Twist Bioscience).

2.1.2.2 Cloning and production of TeeVax3 phage

The primary difference between the protocol followed to produce the control
peptide phage (section 2.1.1) and the TeeVax3 library was the amplification step.
Oligos were duplexed by a single cycle of PCR using OneTaq® Quick-Load® 2X
Master Mix with Standard Buffer (NEB). A reverse primer (Appendix A3) was
included at 0.2 pM in the reaction alongside 12 ng of oligo template and the
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following conditions were used: denaturation at 94 °C for 1 min, 1 cycle of
elongation at 60 °C for 1 min, followed by final extension for 5 min at 68 °C. The
double-stranded oligo pool was digested with Sfil restriction enzyme and then
cleaned as per the control peptide method, with DNA concentration being
quantified using a DeNovix double-stranded Ultra sensitivity assay. The ligation,
transformation, (section 2.1.1.1) colony PCR (section 2.1.1.2) and phage

production (section 2.1.1.3) steps were all carried out as for the control peptides.

2.2 Nanopore sequencing of TeeVax3 libraries.

2.2.1 Preparation for sequencing

Library plasmid stocks from pre and post phage expression were directly purified

from corresponding E. coli glycerol stocks using QIAprep Spin Miniprep Kit
(Qiagen).

2.2.1.1 Restriction enzyme double digestion

Linear 723 bp DNA fragments representing the tile library coding sequence were
extracted by restriction digest of each library plasmid stock with BamHI-HF and
Xbal (NEB). Reaction mixtures were composed of 1 pg of DNA, 1uL of each
enzyme, 5 pL of 10X rCutSmart Buffer and ultrapure water, which were incubated

overnight at room temperature.

2.2.1.2 Gel extraction and purification

The resulting samples were run on a 2% Agarose gel with TAE buffer at 110 V for
45 mins, before being excised and purified with a QIAquick Gel Extraction Kit
(Qiagen). Each purified library fragment was then prepared according to the SQK-
NBD114.24 Oxford Nanopore Technologies (ONT, UK) ligation sequencing
amplicons protocol and kit (200 fmol input).

2.2.2 Sequencing and data analysis

The resulting pooled sample was loaded onto a R10.4.1 flow cell (ONT).
Sequencing was stopped once the estimated raw read count reached >100x coverage
per tile per sample. Base-calling and demultiplexing of raw read data was
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performed using Dorado (v0.5.3; model dna r10.4.1 e8.2 400bps_sup@4.3.0).
Read data were filtered for quality control using fastp (v0.23.438) and binned into
tile counts via local alignment against the 308 segments using minimap2 (v2.2439)

and samtools (v1.19.240).

2.3 Production of TeeVax3 antigen

2.3.1 TeeVax 3 antigen production

TeeVax3 antigen (provided by J Loh, Auckland University) in a pET-32a vector
was transformed into BL21 (DE3) cells using a heat shock protocol. This glycerol
stock was then stored at -80 °C. To produce the antigen, the glycerol stock was
streaked onto a small agar plate of LB agar with 100 pg/mL Ampicillin and grown
overnight at 37 °C. An overnight culture was grown from a single colony from the
original plate in the same conditions using LB broth. In order to express the
TeeVax3 antigen the 400 puL of overnight culture was inoculated into 400 mL of
LB media with 100 pg/mL Carbenicillin. The culture was then grown to mid-log
phase (optical density at A600nm = 0.4-0.6) at 37 °C and shaking at 110 rpm.
Expression was then induced using 400ul 0.1 mM Isopropyl [-d-1-
thiogalactopyranoside (IPTG) for 18 hrs at 18 °C before centrifugation at 5000 g

for 15 mins.

2.3.2 TeeVax 3 antigen purification

TeeVax3 antigen was isolated and refined using both nickel-nitrilotriacetic acid and
size exclusion chromatography. The resulting sample was then analysed using SDS-

PAGE to ensure accurate size and purity.

2.3.2.1 Nickel-nitrilotriacetic acid chromatography

Cell pellets containing the antigen were thawed on ice before resuspension at a ratio
of three millilitres of lysis buffer (50 mM Tris-Cl pHS, 150 mM NaCl, 20 mM
imidazole) for every milligram of wet pellet, with the addition of a protease
inhibitor cocktail tablet (Roche). The cells were then sonicated using a Qsonica
Q700 with a 417-A microtip for a total time of 3 mins (pulse-on time: 1 s, pulse-off

time: 1s) and the supernatant recovered via centrifugation at 14000 g for 30 mins at
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4°C. The resulting supernatant was sequentially filtered through 1.2 um, 0.45 pm
and 0.2 pum filters before Ni-NTA chromatography using 5 mL HisTrap HP
columns (Cytiva) on a BioRad NGC FPLC allowed the His-tagged antigen to be
captured. The unbound fraction was removed with a wash buffer of 50 mM Tris-Cl
pH 8, 150 mM NaCl, 20 mM imidazole, and the purified TeeVax3 antigen was
eluted using a 50 mM Tris-Cl pH 8, 150 mM NaCl, 1 M imidazole buffer and
concentrated in Amicon Ultra-15 10 kDa centrifugal filters (Merck Millipore).

2.3.2.2 Size exclusion chromatography

The concentrated protein was syringe loaded onto a S75 16/60 column (GE
Healthcare) using 50 mM Tris pH 8, 150 mM NacCl buffer at a rate of 1 mL/1min.
Eluted sample was collected in 2 mL fractions which were then buffer exchanged

into 1x Phosphate Buffered Saline (PBS) at a concentration of 0.6 mg/mL.

2.3.2.3 SDS-PAGE

SDS-PAGE gels (12%) manufactured by BioRad or made in house were used to
analyse purity of the TeeVax antigen. In house gels consisted of a 12% resolving
and 5% stacking layer made using a five gel multi-gel caster (Hoefer). The precise
combination of components is listed in Table 2.1, with the resolving gel solution
being prepared first and added to within three centimetres of the top of the caster.
Isopropanol is then layered over the resolving gel solution and left to polymerise at
room temperature. The Stacking gel solution is then prepared and added to the top
of the caster after careful removal of the isopropanol layer. A 10 well comb is
inserted in each of the five gels before leaving them to polymerise at room
temperature for around 30 mins. Gels were then stored for up to four weeks at 4°C.
Two - six ug of TeeVax antigen in PBS was made up to 15 pL with ultrapure water
before the addition of SuL of SDS-loading dye (250 mM Tris pH 6.8, 20% (w/v)
glycerol, 4% (w/v) SDS, 10% (w/v) beta-2-mercaptoethanol, 0.025% (w/v)
bromophenol blue). Samples were then incubated at 95 °C for five mins before
loading into the gel. 15 pL of antigen samples were loaded alongside 10 pL of
Precision Plus Protein™ (Bio-Rad) and run in 1x Tris-Glycine SDS Running Buffer

at 110 V until the dye line reached the bottom of the gel.
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Table 2.2. SDS-PAGE gel components. Makes 5 gels with APS prepared weekly.

Component 12% Resolving gel 5% Stacking gel

(mL) (mL)

Resolving Buffer 7.5 -

(1.5 M Tris pH 8.5)

Stacking Buffer - 1.6

(1 M Tris pH 6.8)

30% Acrylamide 12 2.125

10% SDS (w/v) 0.3 0.125

10% APS (w/v) 0.15 0.063

TEMED 0.015 0.0063

Milli Q water 10.05 8.5

2.4 TIsolation of TeeVax3 specific polyclonal antibodies

2.4.1 Animal experiments

All animal experiments were approved by The University of Auckland Animal
Ethics Committee (Approval #R1663) and were performed in the Vernon Jansen
Unit at The University of Auckland. All methods and procedures were performed
according to the regulations and standards of the University of Auckland.
Experimental methods are reported in accordance with the ARRIVE guidelines.
TeeVax3 immunised rabbit serum was obtained from a New Zealand white rabbit
immunised subcutaneously with 100 pg of recombinant protein emulsified 1:1 with
incomplete Freund’s adjuvant and boosted at 2 and 4 weeks. Control serum was
obtained in parallel from an unimmunised individual. All animals were deeply
anaesthetized at day 42 with 90 mg/kg of intravenous sodium pentobarbitone, and

antiserum was collected by terminal blood draw.

2.4.2 Custom resin production

The resin was created by coupling TeeVax3 antigen to AminoLink Plus Coupling
Resin (ThermoFisher). Eight mg of TeeVax3 antigen in 0.1 M sodium phosphate,
0.15 M NaCl, pH 7.2 coupling buffer were incubated with 2 mL of resin at 4 °C
overnight with gentle rotation. The following day, 5 mL of pH 7.2 PBS and 100 uL

of Cyanoborohydride Solution were added and the mixture rotated for 4 hrs at room
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temperature. Resin flowthrough was collected for analysed using a Nanodrop™

2000 (Thermofisher, USA) and verified by SDS-PAGE.

2.4.3 Purification of TeeVax specific antibodies

Two mL of conjugated resin was added to a gravity flow column, and sera diluted
five-fold in PBS was passed through the column. The bound fraction was washed
with PBS, eluted with 0.1 M glycine pH 3, and neutralized with 10% the solution
volume of 1 M Tris pH 9.0. Amicon Ultra-15 10 kDa centrifugal filters (Merck
Millipore) were used for buffer exchange into PBS prior to purity analysis by SDS-
PAGE. In parallel, Negative control antibodies from unimmunised rabbits were
purified by Protein G chromatography. Sera from these animals was again diluted
more than five-fold in PBS and passed through a 1 mL Protein G column (Cytiva).
After washing with >10 column volumes of PBS, the bound antibody pool was
eluted with Glycine HCI pH 3.0, neutralized with 1 M Tris pH 9.0 and buffer

exchanged into PBS following the method used for anti-TeeVax3 antibodies.

2.5 Analysis of background binding by ELISA

To perform ELISAs to measure background antibody binding, the plates were
coated with 4 pg/mL of polyclonal antibodies isolated from rabbit serum (section
2.4.3) alongside 2 png/mL anti-His as a positive control. The remaining steps were
as outlined in section 2.1.1.4 with the TeeVax3 phage being applied in place of the
control peptide phage for rabbit serum wells and 6-His control phage for the

positive control.

2.6 Linear epitope profiling of the TeeVax3 antibody response

2.6.1 Phage panning

Phage panning was carried out in ELISA 8 well strips (Corning). The wells were
coated overnight at 4 °C with 100 pL of purified anti-TeeVax3 antibodies at 4
png/mL in 50 mM Na>COs3 buffer at pH 9.5 or incubated with Na,COs3 buffer alone.
The next day, the solutions were removed, and the plates were blocked with 300 pL
PBSMT. After 1 hour of shaking at room temperature, the strips were washed 3x
with PBST. Aliquots of 1 x 10! phage per well were then added for 1 hour to the
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strips coated with buffer alone for non-specific phage binding depletion before
transfer to the wells coated with antigen. The wells were washed again after 1 hour,
although the number of washes was increased by three each round to increase
selection pressure. Phages were eluted with a 10 min incubation using 100 pL of
0.1 M glycine/HCI pH 2.7, transferred to a 2 mL tube previously blocked with PBS
containing 2% skim milk powder, and neutralized with 1 M Tris pH 8.0 at a 1:5
ratio (vol Tris/vol phage). Twenty mL SS320 E. coli cells were grown in 2xYT
media and 2% glucose medium to an OD 0.4-0.6 at 37 °C without shaking, and
incubated with the eluted phages for 30 min at 30°C. The shaking speed was then
increased to 250 rpm for another 30 min. The phage library was recovered by
plating infected cells on three 145 mm round LB agar plates containing 2% glucose

and 20 pg/mL chloramphenicol and overnight growth at 37°C.

2.6.2 Nanopore sequencing of panned TeeVax3 libraries

Sequencing of the panned libraries was carried out as per the protocol outline in
section 2.2 with proportions of tiles being calculated for each library before

comparison.

2.7 Exploration of the high affinity peptide tag.

2.7.1 Confirmation of epitope tag binding

2.7.1.1 Histidine tag removal

To remove the His tag, 1 mg of TeeVax3 antigen was buffer exchanged into 20 mM
Tris pH 7.5 using Amicon Ultra-15 10 kDa spin columns to a concentration of 3.5
mg/mL. 300 pg of antigen was incubated with 10 uLL of TEV Protease (NEB) and
50 pl of reaction buffer in a total volume of 500 puL at 4 °C overnight. Both digested
His tags and undigested antigen were isolated by Nickel-nitrilotriacetic acid
chromatography as outlined above, with the flowthrough fraction collected as

untagged antigen.

2.7.1.2 ELISA analysis of tagged and untagged antigen

ELISA analysis was used to compare antibody binding to TeeVax3 with and
without the His epitope tag. Antigens were coated overnight at 4 °C on ELISA
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plates (Corning 3590) at 4 pg/mL in Coating Buffer (50 mM NaHCOs, pH 9.5),
washed the next day three times with PBST, and blocked with PBSMT. Blocked
plates were washed a further three times with PBST. Serial dilutions of TeeVax3-
specific antibodies isolated from rabbit sera were added to the plate, and a goat anti-
rabbit IgG HRP antibody (Abcam) was used at 1:50,000 for detection of binding.
Control samples confirming His tag removal from the TeeVax3 antigen used a HRP
conjugated anti-polyHistidine antibody [HIS-1, Abcam] diluted 1:20,000 in PBSM.
50 uL 1-Step™ Ultra TMB-ELISA was used for detection of HRP signal in each
well and the reaction quenched after 10-15 min with an equal volume of 1 M H2SO4
before reading at 450 nm. All ELISA steps were undertaken at room temperature

with incubation periods of 1 hour unless otherwise indicated.

2.7.2 Profiling epitope tag via ELISA

Fine epitope mapping was performed by ordering synthetic peptides with N-
terminal biotin residues (Genscript, Appendix C1). ELISA analysis followed the
protocol above except the ELISA plates were coated with biotinylated peptides that
had been precomplexed with neutravidin at a 4:1 molar ratio for 30 min at room
temperature in 50 mM NaHCOs;, pH 9.5. ELISA data was fit by non-linear
regression of a reparametrized 5 parameter logistic model in JupyterLab (Liao &
Liu, 2009). All ELISAs were repeated in triplicate. Pairwise t-tests were used to
compare data points at each antibody concentration and a Bonferroni correction was

applied to account for multiple comparisons.
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Chapter 3

Results

3.1 Construction of tiled TeeVax peptide library for phage display

To create a rapid protocol for investigating the linear epitope profile of the TeeVax3
antibody response, we first had to confirm the suitability of our phage display
system for peptide expression. The two control peptides (Appendix A2) - a cyclic
peptide mimetic of lipooligosaccharide derived from the pathogen N. gonorrhoeae
(PEP-1) (Ngampasutadol et al., 2006) and the ubiquitous 6-His epitope tag, were
selected due to the availability of high-affinity antibodies to target these peptides.

3.1.1 Validation of library design

The initial step in this MSc research was the cloning of control peptides into
pAK200 phage display vectors (Krebber et al., 1997), which were sourced before
this work began from Prof George Georgiou at the University of Texas. Both
peptides were amplified using primers previously created by Kyrin Hanning
(Appendix A3), before digestion with the restriction enzyme Sfil. The phage display
vector was also prepared with Sfil digestion and separated via agarose gel
electrophoresis (Figure 3.1) before purification with gel excision. Digested peptide
and vector were then ligated and transformed into electrocompetent SS320 E. coli
cells prior to plating. Eight colonies of each peptide were selected for PCR
amplification (Appendix A4 for primers) with inserts of the expected sizes, 253 bp
and 244 bp for the PEP-1 and 6-His peptides respectively, being observed (Figure
3.2). Sanger sequencing results from the Massey Genome Service (Massey
University, New Zealand) further confirmed the cloning had been successful

(Appendix A6).
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Figure 3.1. 1% Agarose gel of Sfil digested pAK200 phage display vector.

Ladder used was SiZerTM 1000 plus DNA Marker Solution, which indicates
plasmid backbone at expected size of 4287 bp.
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Figure 3.2. 3% Agarose gel of single colony PCR’s for both the PEP-1 and 6-His
peptides. 100 bp Ladder (NEB) used. Bands correspond to insert size of 253 bp for
PEP-1 and 244 bp for 6-His.

Phage were then produced from these transformed stocks and ELISA analysis was

used to confirm the expression and display of both control peptides by binding with

anti-PEP-1 (mAb 2C7) and anti-His (HIS.H8) monoclonal antibodies (Figure 3.3).
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Figure 3.3. ELISA analysis illustrating the binding of control phage compared to
helper phage, confirming peptides are displayed on phage surface. (A) Phage
expressing PEP1 cyclic peptides bound by 2C7 monoclonal antibodies. (B) 6-His
displaying phage binding anti-His antibodies. The 6-His data was collected by

Kevin Beijerling during revisions of the published manuscript.

3.1.2 TeeVax3 phage library construction

After confirming the expression of short peptides on the phage surface, we
produced a library of peptide tiles from the TeeVax3 sequence. The 940 amino acid
protein (Appendix AS5) was computationally broken into 20 amino acid tiles with
each tile offset by 3 amino acids, except for the 2 amino acid offset in the final tile.
This process resulted in a final library diversity of 308 individual tiles. Each peptide
sequence was then back translated and adaptor sequences identical to the control
peptides were added using Geneious Prime®. The resulting library was ordered as
an oligo pool from Twist Biosciences and amplified by a single round of PCR,
before cloning into pAK200. The initial transformation into E .coli (SS320) in
accordance with the control peptide protocol was performed, and colony PCR was
carried out for 16 colonies from the TeeVax library plate together with a single
colony that appeared on the negative control plate (Figure 3.4). The subsequent
agarose gel showed bands near the expected size of 266 bp for all 16 colonies, with
no band visible for the negative control sample. The presence of the TeeVax3 tiles
was confirmed with sequencing completed by Massey Genome Service (Massey

University, New Zealand) (Appendix A7).
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Figure 3.4. Colony PCR of TeeVax3 library run on 3% agarose gel. The ladder
used was SiZer™ 1000 plus DNA Marker Solution, with the negative control (Neg
con) being a colony from the control plate and empty pAK200 plasmid employed
as a positive control. All 16 colonies from the TeeVax3 library plate produced bands

near the expected 266 bp, with the empty plasmid being near 2254 bp as predicted.

After verifying the successful cloning of the TeeVax3 tile library, the
transformation was repeated on a larger scale using fresh E. coli (SS320) cells. This
transformation resulted in 26,260 colonies being collected across all plates, giving
a coverage of over 85 times the predicted library diversity. Phage were then created

and purified, before being used to reinfect more E. coli (SS320) cells, with the
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resulting population of phage infected bacteria being collected for nanopore

sequencing.

3.1.3 Sequencing of unpanned TeeVax libraries

To first monitor library expression bias caused by the display of peptides on the
phage surface, samples of both the initial bacterial stock (before phage production)
and expressed stock (post phage production) of the TeeVax3 library were extracted
for Nanopore sequencing. To avoid the introduction of inadvertent amplification
errors, we used a double digest of BamHI and Xbal restriction enzymes. The
resulting fragments were then separated on a 2% Agarose gel. The expected bands
of size 727 bp were observed (Figure 3.5), confirming adequate digestion of the
library.

These two samples were then excised and purified in preparation for Nanopore
sequencing using a Ligation sequencing amplicons protocol from Oxford Nanopore
technologies. Sequencing was carried out for both samples simultaneously,
obtaining over 1.4 million reads with a Q score cutoff of 15. I then bioinformatically
binned the reads into the corresponding 308 tiles using Minimap2, with support

from Kyrin Hanning who refined the scripts for publication (Appendix B1).
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Figure 3.5. 2% Agarose gel of digested TeeVax3 library plasmid. Lane 1 contains
NEB 1kb plus ladder and Lanes 2 and 3 the digested plasmid. The tile fragments
for each lane are highlighted and the remaining 3651 bp of the plasmid is visible in
the upper portion of the gel.

All 308 tiles were observed in both the initial library and the phage expressed library
(Figure 3.6a), with the pre library individual tile frequencies ranging from 0.07%
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to 0.57% indicating a reasonably even distribution within the sample (Figure 3.6b).
The expressed library tile frequencies had a wider range of 0.036% to 1.82%,
however, when mapped against location in the antigen (Figure 3.6¢) there did not

appear to be any regions of concentrated bias present.
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Figure 3.6. Nanopore sequencing evaluation of TeeVax3 library before panning.
(a) Normalised read count distribution for initial library (green) and post phage
expression (orange) with kernel density estimations shown by the solid lines. (b)
Indicates tile abundance of the initial library according to location in the antigen

with (c) illustrating this for the phage expressed library.

3.2 Production of TeeVax3 antigen and isolation of vaccine

specific antibodies

Investigating the antibody response to immunisation with the TeeVax3 vaccine
candidate required adequate samples of TeeVax specific polyclonal antibodies.
These were purified from immunised rabbit serum using a custom resin bound with

TeeVax3 antigen, which was expressed and purified in advance.

3.2.1 TeeVax3 expression and purification

Cell pellets from expression cultures of TeeVax3 antigen were resuspended,
sonicated and centrifuged, before the resulting supernatant was collected for
purification by immobilized metal affinity chromatography. The successful

isolation of the antigen was confirmed by the single 3000 mAu peak observed on
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the chromatogram (Figure 3.7), with corresponding fractions being collected for

further purification by size exclusion chromatography.
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Figure 3.7. Chromatogram of Ni-NTA purification using 5 mL HisTrap HP
columns (Cytiva) on a BioRad NGC FPLC. A clear increase in absorbance at 280

nm is observed as protein was eluted from the column.

The isolated sample was then analysed on a 12% SDS-PAGE gel where 3.6 pg of
the 105 kDa TeeVax3 antigen was visible as a distinct band (Figure 3.8). We also
observed some faint banding below the primary band; however, these were not

investigated in greater depth given the apparent high purity of the preparation.
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Figure 3.8. SDS-PAGE gel of purified TeeVax3 antigen at expected size of 105
kDa. Precision Plus Protein™ Unstained Standards (Bio-Rad) ladder used with

units in kDa.
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3.2.2 Pulldown of TeeVax3 specific polyclonal antibodies

3.2.2.1 Creation of TeeVax specific chromatographic resin

The purified TeeVax3 antigen sample was then utilised to create the custom resin
for TeeVax3 specific polyclonal antibody collection (Figure 3.9). Eight mg of
antigen was conjugated to AminoLink Plus Coupling Resin™, with samples of the

loading solution and resin flowthrough being collected to determine the conjugation

efficiency.
Aldehyde Add TeeVax3 antigen
activateded and Custom TeeVax3
agarose beads Cyanoborohydride Cchromatographic resin
( ) ( TeeVax3) (" )
e Antigen
* ) 4 )
®
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Figure 3.9. Schematic of how custom TeeVax resin was produced by binding
TeeVax 3 antigen to AminoLink Plus Coupling Resin (ThermoFisher). Aldehyde-
activated agarose beads were exposed to TeeVax3 antigen in the presence of

Cyanoborohydride solution to bind the antigen to the resin by reductive amination.

The coupling efficiency of the resin production was calculated to be 97.6 %, found
by comparing the concentrations of the TeeVax3 loading solution and the resin
flowthrough as measured by the absorbance at 280 nm. The conjugation efficiency
was independently confirmed with SDS-PAGE analysis showing no visible
TeeVax3 protein in any of the flowthrough samples loaded (Figure 3.10).
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Figure 3.10. SDS-PAGE gel of TeeVax3 antigen (2.67pug/ulL) and resin
flowthrough samples. The ladder in lanes one and four is Precision Plus Protein™
Standards (Bio-Rad), lanes two, three and four contain 1 pL, 2 pL and 3 pL of
TeeVax3 antigen, while lanes five, six and seven contain column flowthrough at

the same volumes illustrating the vast majority of antigen is bound to the resin.

3.2.2.2 Purification of TeeVax3 binding antibodies

Serum from rabbits immunised with TeeVax3 was loaded onto the resin to purify
antibodies recognising both linear and conformational epitopes on the TeeVax3
antigen. Approximately 1.3 mg of polyclonal antibodies were obtained for every
mL of rabbit sera. SDS-PAGE was used to verify the purity of the sample (Figure
3.11). While multiple bands were observed within the heavy and light chain
fractions, this is expected given the polyclonal nature of the isolated antibodies,
which comprise multiple isotypes with variable glycan states and diverse

complementarity-determining regions.
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Figure 3.11. 12% SDS-PAGE gel of isolated TeeVax3 specific polyclonal
antibodies from immunised rabbit sera. An assortment of heavy chain (HC) and

light chain (LC) sizes are visible as labelled.

3.3 Analysis of background binding of antibody repertoires with

TeeVax3 libraries.

To determine the background binding of the antibody pool to the TeeVax3 phage
library, ELISA analysis was undertaken by Kevin Beijerling. This compared the
TeeVax3 immunised antibody repertoire to that of unimmunised rabbits (Figure
3.12). As a negative control, antibodies from the sera of unimmunised rabbits were
purified using a protein G pulldown, which specifically isolates IgG isotypes. The
unimmunised antibody pool showed a 1.3-fold increase in binding to TeeVax phage
compared to the PBSM background negative control, indicating low but detectable
levels of non-specific binding. In contrast, the TeeVax3 specific antibody pool
exhibited the highest binding signal to the TeeVax3 phage library, with a 4.7-fold
increase compared to the unimmunised samples. The positive control, anti-His
antibodies (His.H8), was included to confirm detection of the 6-His control phage

by the anti-helper phage secondary antibody.
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Figure 3.12. Background binding of polyclonal antibodies to the TeeVax3 phage
library via ELISA. Plates were coated with anti-TeeVax3 antibodies, antibodies
purified from unimmunised sera with protein G chromatography, and a positive
control of anti-His antibodies binding control His-phage. PBSM was used to
calculate background signal, and all points are a single well (n=4). Statistical
significance was calculated using a pairwise t-tests with a Bonferroni correction
applied for multiple comparisons (*** p <0.001, ** p <0.01, * p <0.05). This data
was collected by Kevin Beijerling during revisions for publication with data

analysis completed by Dr William Kelton.

3.4 Linear epitope profiling of the TeeVax3 antibody response

Once the TeeVax3 phage library was created and the TeeVax specific antibodies

isolated, investigation of the epitope interactions could begin.

3.4.1 Phage panning to isolate and enrich binding epitopes

Phage panning involves exposure of a phage library to a population of antibodies
to allow collection and amplification of the binding phage with the corresponding
displayed peptide. In this protocol, the polyclonal TeeVax3 antibody repertoire was
bound to a plate which the TeeVax3 phage library were then exposed to. Unbound

phages were washed away, leaving behind those that interacted with the antibodies.
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The positive phage fraction was then eluted by lowering the pH and collected
(Figure 3.13).
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Figure 3.13. [llustration of the phage panning process. TeeVax3 specific polyclonal
antibodies are bound to the plate, the TeeVax3 peptide library phages are then
exposed to the antibodies with unbound phage being washed away. Bound phages

are then eluted and collected for amplification and subsequent panning.

The panning process was completed in three sequential rounds with the number of
wash steps increasing by three each round to ensure high-affinity binders were
being selected. The collected binding fractions from each stage were used to infect
cultures of E.coli (SS320) and produce more phage to be purified for the next
panning step. A sample of the purified phage was also collected at each round for
Nanopore sequencing. In addition, colonies were selected from the final round of
panning to be grown for Sanger sequencing at Massey University. Of the nine
colonies sent for sequencing, all were aligned to tile one indicating that three rounds

of panning had been sufficient for enrichment.

3.4.2 Quality control of Nanopore sequencing reads.

The DNA samples from round one, two, and three of panning were extracted and
prepared for sequencing as outlined for the pre-library (Round 0) and expressed
library (Round 0 reinfected) (section 2.2). Sequencing was completed and base
calling was performed by Kyrin Hanning using Dorado-0.5.3. The resulting density
plots illustrate the average g-score for each library at different read lengths (Figure
3.14a), with the dark blue colour indicating the values possessed by the majority of
reads. These plots convey the high quality of the data collected as the densest areas
correspond to the expected tile length of 723 bp with Q scores of greater than 15.
The histograms in Figure 3.14b depict the distribution of read lengths, supporting
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the findings from Figure 3.14a. In addition to exhibiting the total read count for
each library, with over 64,000 high quality reads selected for further analysis-
providing more than 200-fold coverage of the TeeVax3 library diversity.
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Figure 3.14. Quality control data from Nanopore sequencing. (a) Density plots of
average Q score for all reads compared to read length for libraries at each stage of
the method. Red boxes indicate reads selected for further analysis. (b) Histograms
of the number of reads at each length for libraries pre panning and following each
panning round. Data analysis was supported by Kyrin Hanning who refined the

scripts used for publication.

3.4.3 Clonal enrichment of TeeVax3 tiles during panning.

Selected reads, that met the quality control criteria for read length and Q score, were
then binned via local alignment into the 308 tiles. The substantial increase in tile 1
and tile 2 in the first round of panning (Figure 3.15), confirmed the enrichment
indicated by the earlier Sanger sequencing (section 3.4.1). These two tiles, which
included the Histidine tag and TEV cleavage site sequences from the TeeVax3
purification tag, represented 81.1% and 9.5% of the round 2 panning population,

with no change being observed in round 3.
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Figure 3.15. Enrichment of peptide tiles during the panning process. Each dot
represents a single tile mapped against location in the TeeVax3 antigen. Enrichment
values were calculated by comparing the proportion of each tile present in
successive panning steps. I completed the initial data analysis which was further

refined by Kyrin Hanning for publication.

To determine if this result was due to expression bias, the proportion of tile 1 and
tile 2 in the pre library and expression library were compared. Tile 1 was found to
increase 1.9-fold, from 0.347% to 0.645%, with tile 2 decreasing 0.44-fold from
0.404% to 0.176%. Although tile 1 did show a slight expression advantage, the fact
that tile 2 did not, and the substantial 10-fold enrichment seen for both tiles in round
1, would suggest the affinity for the Histidine tag and TEV cleavage site to be a real

phenomenon.

To explore regions of immunogenicity beyond the epitope tag, tiles 1-3 were
excluded from further analysis. The remaining tiles with enrichment in the 95
percentile for round 1 panning were mapped onto an AlphaFold model of the
TeeVax3 antigen. This identified regions of increased binding in the T4N, T6M and
T25M domains in addition to the linking region between T6M and T2M domains
(Figure 3.16), while T2M and T23M domains appear to have fewer immunogenic

regions.
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Figure 3.16. Model of TeeVax3 antigen with 95th percentile enriched tiles from
the first round of panning, excluding tiles 1-3. Sequences represented by two or
more tiles are coloured magenta. TeeVax3 model made in AlphaFold2, with the

model and data analysis completed by Dr William Kelton.

3.4.4 Exploration of a high-affinity peptide within the epitope tag

Given the unexpected immunogenicity of the epitope tag, we wanted to confirm
that this result was significant when both linear and conformational epitopes were
considered. This was accomplished by evaluating the TeeVax3 antibody repertoire
response to removal of the histidine tag from the TeeVax3 antigen. Furthermore,
profiling the specific amino acid residues involved in the response was explored via

the binding of a series of short synthetic peptides created from tile 1 and 2 sequences.
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3.4.4.1 Histidine epitope tag removal

TeeVax3 antigen was incubated with TEV protease (NEB) overnight to cleave the
epitope tag. The sample was then loaded onto a HisTrap HP column (Cytiva) to
capture the removed tag and any undigested sample, with the flowthrough collected
as untagged antigen. SDS-PAGE confirmed the presence of TeeVax3 antigen in the

flowthrough sample (Figure 3.17), which showed a visible band at the expected size.
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Figure 3.17. SDS-PAGE gel of TeeVax3 antigen before and after removal of the

Histidine tag with TEV protease. Bands show the presence of protein at expected
the size of 105 kDa.

To verify the successful removal of the histidine tag, we carried out a series of single
well ELISAs (Figure 3.18). Histidine tagged TeeVax3 antigen exhibited
substantially higher signal when exposed to anti-histidine antibodies, in comparison

to His tag removed antigen, confirming successful cleavage of the epitope tag.
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Figure 3.18. Confirmation of Histidine tag removal by single well ELISA. Data are
presented as the mean + SD (n = 3) and a pairwise t-test was performed to calculate
the p-value (p =0.008). The dashed line represents background binding. I optimised
the protocol and collected initial data. The data presented here was collected and

analysed by Dr William Kelton for publication.

3.4.4.2 Confirmation of epitope tag binding preference in isolated TeeVax3
specific antibodies.

A series of ELISAs were performed to determine what proportion of the TeeVax3

specific antibody population was interacting with the Histidine tag (Figure 3.19).

Removal of the tag resulted in a 6.3-fold decrease in signal, illustrating that a large

fraction of the purified TeeVax3 antibodies were in fact linear binders of the epitope

tag even with the inclusion of antibodies recognising conformational epitopes.
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Figure 3.19. ELISA plot of the TeeVax3 polyclonal antibody response to TeeVax3
antigen with and without the histidine tag. Data points are graphed individually

(n=3). Data analysed for publication by Dr William Kelton.
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3.4.4.3 Comprehensive profile of epitope tag immunogenicity.

To determine which regions within the epitope tag were presenting with the highest
immunogenicity, five synthetic peptides were designed from the sequences of tile
1 and 2. The longest 17 amino acid chain encompassed the whole overlapping
region of the two tiles and the shortest 7 amino acid segment was composed of the

histidine tag with an additional tyrosine residue (Figure 3.20).
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Figure 3.20. Series of biotinylated synthetic peptides generated from the

overlapping sequence of tile 1 and 2.

These peptides were bound to plates with neutravidin and exposed to TeeVax3
specific antibodies to assess their binding ability (Figure 3.21). The longest 17
amino acid residue peptide displayed the strongest signal with the shortest 7-mer
exhibiting considerably less. The three middle length peptides, 14-mer, 13-mer and
10-mer, all displayed similar results that fell in between the two extremities. This
evidence strongly implies the sequence of immunogenicity includes both the

histidine tag and the TEV linker regions.
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Figure 3.21. ELISA analysis of TeeVax3 polyclonal antibodies binding the peptide
series. I optimised this method and prepared the plates and solutions, with Dr

William Kelton collecting and analysing the data for publication.
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Chapter 4

Discussion

Techniques that allow rapid, high throughput exploration of the antibody response
to antigens, whether from vaccine candidates or pathogens, are crucial for the
efficiency of the vaccine development pipeline. This thesis endeavoured to
implement a protocol to rapidly map the linear epitope binding antibodies produced
in response to immunisation with the Streptococcus A vaccine candidate TeeVax3.
An oligo pool of overlapping tiles created from the TeeVax3 sequence was cloned
into phage display vectors to create a phage library, which was subsequently panned
against TeeVax specific polyclonal antibodies. The interactions were rapidly
analysed with Nanopore sequencing to observe tile enrichment. Upon analyses of
the enrichment data from three rounds of panning, there was a clear bias towards
the first two tiles in the antigen sequence, which correspond to the histidine tag and
TEV cleavage sequence on the N terminus. To determine the proportion of the
TeeVax3 specific antibody population that was causing this effect, we compared
the binding ability of the TeeVax3 antigen with and without the epitope tag. These
results confirmed the dominance of linear epitopes recognising the N terminal tag
in the TeeVax3 antibody response and led us to investigate which amino acid
residues were contributing to this effect. A series of five biotinylated peptides were
designed, and all were observed to bind with the TeeVax3-specific antibody pool
with a 10 amino acid sequence encompassing the 6-His tag and TEV linker

sequence identified as the most immunogenic segment.

Previous linear epitope mapping studies have used high accuracy sequencing
techniques, such as Illumina (Mohan et al., 2018; Qi et al., 2021; Xu et al., 2015),
which can be restrictive in terms of accessibility and consequently result in a slow
turnaround. [llumina also requires PCR amplification of samples before sequencing
which has the potential to introduce errors and bias to the resulting data. To
circumvent this issue, we employed Nanopore sequencing, which allowed for the
in-house analysis of unamplified samples. The tile library coding sequences were
extracted from the plasmid DNA of each library specimen by restriction enzyme

digest. This ensured that all DNA sequences originated directly from the library
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sample, eliminating any amplification bias or misassembled sequences from

incomplete extension and re-annealing.

The length of tiles used in phage display experiments is influenced by the objectives
of the work, with short peptides (less than 10 amino acids) permitting deep profiling
to pinpoint regions of interest and longer peptides (over 15 amino acids) providing
the ability to investigate more complex interactions due to structures being more
physiologically relevant (Fadaie et al., 2023; Jaroszewicz et al., 2022). The decision
to design the TeeVax3 library tiles 20 amino acids in length was driven by the aim
to characterise the antibody response to immunisation with the TeeVax3 antigen.
Despite tiles of this length limiting the diversity of a library, the prospect of
structures mimicking native epitopes results in data collected being of greater
biological relevance. In addition to length, tile overlap can be manipulated to alter
the resolution and increase the coverage of results in phage display investigations.
Here, we used an offset of three amino acid residues, with each tile overlapping the
previous by 17 amino acids. This could have been extended to a one or two residue
offset, however the additional clarity generated from this adjustment would have

been of little value given our aim.

It is well established that Nanopore sequencing can have higher rates of error when
compared to other next generation approaches (J. Chen & Xu, 2023; Delahaye &
Nicolas, 2021). Tile design is one way to mitigate this limitation, which influenced
our decision to use tiles 20 amino acids in length with a three-residue offset.
Although real time sequencing of long reads is one of the substantial advantages of
Nanopore, it is unclear how significant the impact of read length is on accuracy
(Frascarelli et al., 2023; T. Hu et al., 2021; T. Zhang et al., 2024). Given this
uncertainty, we decided to focus on the offset aspect of our tile design to avoid error
rates affecting the correct identification of tiles. Sequencing errors tend to be
randomly distributed throughout a read, and with a 17 residue overlap between tiles
the probability of reads accumulating enough mutations to prevent correct
recognition is low. This reasoning was verified by the correct matching of tiles
observed in this work. However, it is important to recognise that our library of 308
tiles is limited in comparison to others in the literature (Kong et al., 2020; Zantow

et al., 2016). Large libraries where sequences have a greater likelihood to include
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repeated regions or stretches of homopolymer are more susceptible to base calling
errors resulting in identical tile sequences at differing parts of an antigen. This can
be problematic as there is no way to determine which part of the antigen the two
identical sequences are derived from, generating inaccurate binning of tiles and

potentially misidentifying epitopes.

The expected affinity of binders and the possibility of background signal needs to
be considered when developing a phage panning protocol (Smith & Petrenko, 1997).
Here, we increased the number of washing steps per round of panning in order to
isolate the epitopes with the strongest affinity and decrease background binding.
This may have led to the loss of those more transient interactions and the failure to
identify the corresponding epitopes. An alternative strategy to identify non-specific
binding would be to include a control trial which investigates the interactions of the
antibody pool from unimmunised sera, or an IgG control antibody with the
TeeVax3 phage library. Furthermore, carrying out a depletion step during the
antibody purification process would be beneficial considering the slightly elevated
signal from the ELISA analysis of unimmunised sera with the TeeVax3 library.
This would involve exposing TeeVax3 specific polyclonal antibodies to helper
phage and collecting the unbound fraction, subsequently removing any antibody
clones that are interacting with other phage components as opposed to the displayed

peptide.

In addition to the above approaches, the number of panning rounds can be adjusted
depending on the selection stringency required for the experiment. Our results
showed rapid enrichment in the first round of panning, with little change in
subsequent rounds. This differs from other studies which often employ three rounds
before sequencing the bound fraction (Zantow et al., 2016; Zhou et al., 2014).
Whether this effect is influenced by the small size of our library is to be considered,
as other protocols contain libraries of up to 10'* peptides (Kong et al., 2020; Zantow
et al., 2016). Moreover, it is essential to confirm that the dominating peptides are
not due to an expression bias, where the ease of production and display is the cause
of an increase in frequency not the peptide’s ability to bind with the antibody

population. This factor was alleviated in our work by analysing the tile frequencies
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in the library before and after expression, alongside the validation of binding
affinity using a synthetic peptide series. Given these considerations we would
advise two rounds of panning to be sufficient when using Nanopore sequencing, as
additional rounds may be unwarranted due to peptides with strong binding affinity

dominating the library.

The rapid enrichment we observed after the first round of panning was caused by
the strong affinity tiles covering the N terminal epitope tag. This outcome was
surprising given the general sentiment that Histidine tags are not immunogenic
(Lopez-Laguna et al., 2022; Zhao et al., 2013), despite some instances of them
affecting an antigen’s ability to generate an immune response (Lin et al., 2022;
Singh et al., 2020). We verified the outcome by evaluating the antibody binding
ability of the TeeVax3 antigen with and without the Histidine tag, and on further
investigation of the sequence causing this result, we identified a 10-residue segment
which included the 6-His tag and TEV cleavage site. This indicates the importance
of removing Histidine tags, and any other superfluous residues, which presently
occurs inconsistently in early stages of vaccine development (Otsyula et al., 2013;
M. X. Rodrigues et al., 2020). Exclusion of these high affinity tiles did uncover
some regions of immunogenicity on the TeeVax3 antigen, which supports previous
work (Raynes et al., 2023) and indicates further investigation of T-antigens as

vaccine candidates to be worthwhile.

The production of binding antibodies in response to an antigen is one of the primary
measurements in determining a vaccine candidate’s ability to protect from infection
and disease (Pulendran & Ahmed, 2011; Rueckert & Guzmaén, 2012). In this thesis,
one of the objectives was to identify where on the TeeVax3 antigen surface the
antibodies produced from immunisation were binding. Although this identifies
regions that are immunogenic, it does not reveal the mechanisms that lead to the
desired goal of protection. While some of the important functions of binding
antibodies include neutralisation and tagging for destruction, it could be argued that
the T cell responses are just as influential, if not more so, in the development of a
successful immune response and resulting protection from disease (King et al.,

2024).
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Despite our success at implementing a high throughput method for the rapid epitope
profiling of TeeVax3, this technique remains limited to evaluating the response of
antibodies recognising linear epitopes. The ability to expand phage display
techniques to incorporate detection of conformational epitopes is attempted in some
studies by displaying peptides of up to 90 amino acids in length (Mohan et al., 2018).
However, the applicability of the identified epitopes to the native scenario may be
underwhelming when posttranslational modifications and other physiological
conditions are considered. Nevertheless, the ability to rapidly map the linear epitope
response to antigens remains a valuable tool to establish any bias in the immune
response, illustrated by our discovery of epitope tag immunogenicity in this
example. This method provides an accessible rapid high throughput option to assist

vaccine candidate progress through the development pipeline.
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Chapter 5

Conclusions and Future Directions

The continual demand for effective vaccines in the future will require a
development pipeline that includes a range of assessable protocols (Cunningham et
al., 2016; Gebre et al., 2021; C. M. C. Rodrigues & Plotkin, 2020; Rueckert &
Guzman, 2012). The current repertoire of techniques is lacking in tools that provide
both rapid and assessable high throughput evaluation of antigen-antibody
interactions (De Leon et al., 2024; Gershoni et al.,, 2007). The successful
implementation of the method described in this thesis, which rapidly profiles linear
epitopes in the antibody response to TeeVax3 immunisation, provides a highly
efficient approach that can assist in the identification of epitopes and inform future

antigen design.

The challenges involved in identifying the correlates of protection for any
individual vaccine candidate remain a substantial barrier to the development of new
effective vaccines (Cunningham et al., 2016; Plotkin, 2020). Measurement of
binding antibodies continues to be one of the primary methods for evaluating this
characteristic (Pulendran & Ahmed, 2011), therefore techniques that provide the
ability to collect this information remain in high demand. Currently, methods can
be broadly categorised into two groups, the high resolution and resource intensive
structural tools, such as X-ray crystallography and Cryo-electron microscopy, or
the high-throughput lower resolution methods such as peptide microarray and cell
display systems (De Leon et al., 2024; Hamed et al., 2023; D. Hu & Irving, 2023).
The protocol outlined in this thesis falls into the latter group, with the additional
advantage of improved resolution due to considered tile design. Furthermore, the
use of Oxford Nanopore sequencing greatly improves the accessibility and speed at

which the antibody response to a protein antigen can be evaluated.

The use of phage display for profiling linear epitopes is well established with many
reports of large libraries being successfully utilised to investigate protein-protein
interactions (Kong et al., 2020; Mohan et al., 2018). Although the size of the library

used in this work was limited due to the antigen sequence length and tile design,
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application of the protocol with larger libraries should not pose significant difficulty.
Both the display of tiled candidate vaccine antigens and proteins from native
pathogens ought to result in valuable data for subsequent vaccine development.
Further expansion into the monitoring of population immunity and longevity of
vaccine efficacy could be achieved by establishing phage display libraries for the
antigens of interest and panning them against the antibody repertoire of recovered

or vaccinated individuals.

Continued assessment of the T antigens suitability as a vaccine candidate remains
a notable focus in the aim to create a Group A Streptococcus vaccine. Extending
the work covered in this thesis by applying the technique to the remaining TeeVax
candidates, TeeVax1 and TeeVax2, would be the next logical step to confirm the
viability of these recombinant proteins as potential vaccine candidates. Ideally, the
epitope tag bias observed would be addressed by ensuring the tag is cleaved before
animal studies, however, removing the tag sequence from the phage library design
may still allow for valuable insight into immunogenic regions on the antigen
surfaces. Moreover, utilisation of the native T antigen library created by Raynes et
al. could provide an insight into the interactions between the antibody response

initiated by TeeVax immunisation and the native Strep A pathogen.

Antibodies recognising conformational epitopes comprise the majority of the
antibody population produced in an immune response. Despite this, the
investigation of conformational epitopes remains relatively difficult given the tools
currently available (Gershoni et al., 2007; Rojas et al., 2014), and the rapid epitope
profiling method we have implemented is limited in addressing this obstacle.
However, utilising our data with computational tools, such as EpiSearch, it is
feasible that prediction of areas on the antigen surface where conformational
epitopes exist ought to be possible. As both methods are rapid and high throughput
the ability to acquire this information promptly is a substantial advantage when

investigating potential vaccine candidates.

Overall, this work has developed a functional tool to rapidly assess the binding
antibody response to a protein antigen, while calling attention to the potential

ramifications of not removing purification tags during early development of vaccine

54



candidates. The technique presented here can be applied to numerous antigen-
antibody investigations, including antigen identification and evaluation of vaccine

candidates, making it a valuable addition to the vaccine development tool kit.
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Appendices

Appendix A: Creation of phage libraries

Al: Adaptor sequences

5’ adaptor CGAGGGCCCAGCCGGCCATGGCCGAGGGT
3’ adaptor TCGGCCTCGGGGGCCA

A2: Control Peptide sequences

PEP1 TGCGGTCCGATCCCAGTGCTGGATGAAAACGGCCTGTTTGCTCCGG
cyclic GTCCGTGC

peptide

6-His CATCACCATCACCATCACGACTACAAAGACGATGACGACAAG
epitopes

A3: PCR primers for peptide amplification

Reverse

amplifying peptides for
phage display

primer for | TGGCCCCCGAGGCC

Forward
amplifying peptides for
phage display

primer for | CGAGGGCCCAGCCGG

A4: Primers for colony PCR

pAK200-plll, reverse TGCCATCTTTTCATAATCAAAATCACC

forward

M13pUCF

(Lac  promoter), | AGCGGATAACAATTTCACACAGG
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AS5: Amino acid sequence of the TeeVax3 antigen. The underlined

sequence is the N-terminal epitope tag

TeeVax3 MSYYHHHHHHDYDIPTTENLYFQGAMGSPSITKKVTGTIDDVNKKTTSLGSVLSYSLTFEL
PSYTKEAVNKTVYVSDNMSEGLTFNFNSLTVEWKGKMANITEDGSVMVENTKIGIAKEVN
INGFNLSFIYDSLESISPNISYKAVVNNKAIVGEEGNPNKAEFFY SNNPTKGNTYDNLDKKPD
KGNGITSKEDSKIVYTYRSGSGSGKNTTVNEPKVDKDVTKLGKDDDTYQIGDKITWFLKST
VPSNIKTLDKFGFTDTLNKGLSFIGDKTQTVTKVQFGTTVLSPDTDYTVEILDSKLTVSLTS
AGIEKVSGLVASKQLITEAEKLYKAEDNTDEAAFLSVEVNAKLNADAVMGSRIENDVELD
'YGHESDIYKSKVPTNEVPEVHTRSGSGSGPKPGKDVKELGLNHSSYNIGERFSWFLKGTVP
KNMLDYEKYSFTDTLDSQLDFISVKSVKYGSQILEKNNDYTLSEPTAQNRTLKVELTEAGI
KKVAGLYPDRQEVLDTEIEAIKENTDQKPFLEVEFETNINSTVILGKPVTNEVKIEFDNKPD
KIAKPVTTPPSDNPEVHTRSGSGSGPTISKSITKSTKDGDKDTASVGEKVDYKLTVQLPSYS
KDAINKTVFITDKLSQGLTFLPKSLKIIWNGQTLTKVNEEFKAGDKVIAQLKVENNGFNLN
FNYDNLDNHAPEVNYSALLNENAVVGKGGNDNNVDYYYSNNPNKGETHKTTEKPKEGE
GTGITKKTDKKTVYTYRSGSGSGESSHKTDVVIHKIKMTSLKGWPKEKNPDGTYTGLGDK
INYNGEKIDTITSYFGEGAEELDGVSFTYWSVDKEKYKKLTKNPOQNYDTVPKMKAFLQGTE
KNKALENSSETIDGKTTGHTADKGGVKVKDLADGYYWFVENSGSNIANGETLSSSAAVPF
GLELPVYKADGSTITELHVYPKNTTTKRS*

A6: Alignment of control peptides Sanger sequencing to expected

sequence.

PEP-1 control peptide sequence alignment.

1.070 1.085 1,090 1.100 1110 1.120 1.130 1140 1.150 1.160 1.170 1.180 1,
CCAGC TT ¢ )

Consensus 222222222222 C CCATGGCC C TCCGETCCCAMTGCTGGATGAAAA CCTGTTTGCTCC TCCGTGCTC CcTC CCoR22222722222272
2
0.
13 8 13 23 33 43 53 63 73 83 99
. sfil(1,090) _ Sfil(1,171)*
LT1D1 - LIT98: UIT...
f —_——
Ce LIT102 IGSGGGIQGGG-KIGG-GHGGG-GlGG_G_ﬁGls-GcmGimi'EIGG-G-G_GGG-IGIG-GGQG GGGEEA
2C7 peptide [ | —

REV pAK200-2.KH009.ab1 G CAGCCGGCCATGGCCGAGGGTTGCGGTCCGEMCCCMGTECTGGATC
REY pAK200-1.KH009.ab1 FCAGCCGGCCATGGCCGAGGGTTGCGGTCCGWTYCCARTGCTGGAT
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6XHis control peptide sequence alignment.

1.090 1.100 1.110 1120 1130 1144 1.150 1.160 1170
Consensus ??2GGCCCAGCCGGCCATGGCCHEMMGAGGGTHATCACCATCACCATCACGACTACAAAGACGATGACGACAAGTCGGCCTCGGGG? ? 2 222
£
Coverage I
B 0.

24 33 43 53 57 63

73 87
Sfil (1,169)*

e LIT103 MG!GG-GG-’L“:GIGGG—__G-G-C-G_G-GEG!GGG_
g™ 3 oM. Hiscontrolpeptide . ...~

REV pAK200-4.KH009.ab1 GGCCCAGCCGGCCATGGCCGEIGAGGGTYATCACCATCACCATCACGACTACAAAGACGATGACGACAAGTCGGCCTCGGGG

REY pAK200-3.KH009.ab1 GGCCCAGCCGGCCATGGCCG-GAGGGTWATSRCCATCACCATCACGACTACAA*ACGATGACGACAAGTCGGCCTCGGGG

6 16
Sfil (1,097)

AT7: Alignment of TeeVax3 tile Sanger sequencing to expected sequence.

50 292 350 400 450 500 550 600 650 695
Consensus L IO R S T W R L DI T DT N PRIy LT
Identity .

P+ 1. pAK200 - TeeVax3 ex... LT TN
G S Tie > gl
j—] [}

=
w
=

De 2. KBC_tile_col_08.M13...

P+ 3. KBC_tile_col_09.M13...

B+ 5. KBC tile_col_14.M13...

e iiEEeERR |
. jiuemeess0s_____________________________________|
[+ 4. KBC_tile_col_03.M13... - tminnsge____|
s =-=see________________________________________|
[+ 6. KBC_tile_col_10.M13... F__

Appendix B: Bioinformatics and data analysis
B1: Processed data and scripts

https://github.com/Immunolab/2025-peptide_tiling
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Appendix C: High affinity peptide tag exploration

C1: Synthetic biotinylated peptide sequences

Name Sequence

17-mer YHHHHHHDYDIPTTENL
14-mer YHHHHHHDYDIPTT
13-mer HHHHHHDYDIPT

10-mer HHHHHHDYD

7-mer YHHHHHH
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