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Abstract

Human Papillomavirus (HPV) and Neisseria gonorrhoeae (Ng) are prominent pathogens
responsible for a significant proportion of the global burden attributed to sexually transmitted
infections. While vaccines targeting HPV have seen success, an effective vaccine against
gonorrhea remains elusive, as antimicrobial resistance continues to be a growing threat. This
study explores the innovative approach of plant-based production for a dual vaccine against

HPV16 and gonorrhea, utilizing Nicotiana benthamiana as the expression host.

The vaccine design involves the incorporation of a gonorrhea peptide, mimicking the 2C7
epitope of the surface molecule LOS on gonorrhea, into the surface DE loop of HPV16 virus-like
particles (VLPs). These chimeric VLPs as well as HPV16 VLPs were expressed and
successfully purified from plants and demonstrated self-assembly into VLPs. The choice of N.
benthamiana as the expression system is informed by its suitability for efficient and cost-

effective recombinant protein production.

Immunological evaluations were conducted in mice to assess the immune response elicited by
the dual vaccine. The mice displayed robust antibody responses against both HPV and
gonorrhea, indicating the insertion of the peptide does not disrupt the binding of antibodies to
HPV16 and highlights the potential of the vaccine candidate to induce a dual protective

immunity.

To assess the protective efficacy of the vaccine candidate, a challenge model was developed
and optimized, involving the use of HPV16 PsVs containing luciferase (FLuc). The challenge
model was refined through a comparison of secreted and non-secreted reporter proteins,
followed by comparison of plant and mammalian expression systems. This showed thatHPV16
PsVs containing non-secreted FLuc produced in mammalian cell culture were optimal for the
challenge. Mice vaccinated with the plant-produced dual vaccine demonstrated protection

against HPV infection upon challenge.

In summary the chimeric and HPV16 VLP vaccine candidates were expressed in an
Agrobacterium-mediated transient system in plants. The immunogenicity of the vaccine
candidates was accessed in a mouse model and a further challenge model. The results
demonstrated the potential of using VLPs in the display of foreign epitopes in the fight against
gonorrhea and HPV. The findings contribute valuable insights into the development of vaccines
against sexually transmitted infections, paving the way for innovative strategies in the field of

VLP display molecules and plant molecular pharming.



Chapter 1: Literature review

1.1 Introduction

Neisseria gonorrhoeae (Ng) is a coccus shaped bacteria which infects exclusively humans,
causing the sexually transmitted disease (STD) gonorrhoea (Liu et al., 2017). Gonorrhoea is the
second most common sexually transmitted bacterial infection globally. The World Health
Organisation (WHO) recorded ~82 million cases of gonorrhoea in 2020 with the African region
accounting for ~21.8 million of these cases (Unemo et al., 2021b). Sub-Saharan Africa displays
the highest yearly incidence of STDs including gonorrhea (WHO, 2014, Kirkcaldy et al., 2019).
The number of sexually transmitted infections (STIs) of gonorrhoea increased 63% between
2014 and 2018 and continues to be a global health issue (Sancta, 2020). Lower income areas
tend to have relatively lower numbers of reported cases due to lack of accessibility to
appropriate testing, incomplete testing and case reporting as well as lack of sexual health
education (Qulu et al., 2023). Therefore, the incidence of gonorrhoea infections is likely to be
underreported. This can result in ineffective treatment and increased morbidity which creates

further healthcare costs and complications.

Transmission of gonococcal infection usually occurs through sexual activity by direct contact of
the mucosal membranes of the urogenital tract, anal canal, oropharynx, or occasionally eye
(conjunctivitis), of an infected person with an uninfected person (Rice et al., 2017). Directionality
greatly impacts on transmission of Ng, as it has been shown that there is 83% transmission
from men to women (Su et al.,, 2022), whereas transmission from women to men is ~20%
(Hooper et al., 1978, Holmes et al., 1970) However, infection rates are higher in women and
>50% of cases are asymptomatic, resulting in continued spread of infection (Tsevat et al., 2017,
Alirol et al., 2017). Thus, there is a desperate need for an effective vaccine, particularly in

developing and underdeveloped countries, to prevent the spread of Ng infection.

1.1.1 Disease symptoms and severity

Common clinical manifestations of prolonged Ng infection include cervicitis, urethritis, and
proctitis. The asymptomatic nature of Ng infection in women leads to delayed treatment, often
resulting in pelvic inflammatory disease (PID). The progression of gonococcal infection can
cause permanent scarring of the fallopian tube, causing subsequent infertility and ectopic

pregnancies (Kirkcaldy et al., 2019, Haese and 2021). Infected women can also transmit



gonorrhoea infections to infants during child-birth causing ophthalmia neonatorum (Unemo et
al., 2019b).

Without treatment gonorrhoea infection can enter the bloodstream and spread to other parts of
the body such as the joints, heart and brain. This results in disseminated gonococcal infection
(DGI) which can cause further complications such as arthritis, endocarditis, and meningitis
(Neto et al., 2021, Dal Conte et al., 2008, Ross, 1996, Vidaurrazaga and Periman, 2020).

1.1.2 Antimicrobial resistance

Ng has utilised its enhanced ability of horizontal gene transfer to evolve mechanisms of
antimicrobial resistance (AMR) to almost all antibiotics and is considered to be multi drug
resistant (Figure 1.1) (St Cyr, 2020, Unemo, 2014). Ng was deemed a “superbug” by the Centre
for Disease Control (CDC) in 2012 (Kirkcaldy et al., 2013, Suay-Garcia and Pérez-Gracia,
2018). Previously-used antimicrobials such as penicillins, macrolides, tetracyclines,
fluoroquinolones, and early-generation cephalosporins, as well as sulfonamides are no longer
sufficient for treatment (Alirol et al., 2017). There is only one type of drug left that can be used
as a monotherapy: extended-spectrum cephalosporins (ESCs) such as cefixime and
ceftriaxone. Of particular concern is that it has been observed that there is decreasing
susceptibility of gonococcal strains to ESCs globally (Unemo and Nicholas, 2012, Osaka et al.,
2008), meaning that gonorrhoea infection may become untreatable. Therefore, the current
recommended treatment of gonococcal infection by the CDC involves the use of 2
antimicrobials (azithromycin and ceftriaxone). However, the use of a dual treatment plan can be

expensive for lower income regions such as in sub-Saharan Africa (Berndtson, 2020).
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Figure 1.1: Emergence of antimicrobial resistance in Ng. Timeline denoting the discovery and
recommendation of antimicrobials and subsequent evolution of drug resistance in Ng. SUL, sulfonamides;
PEN, penicillin; SPT, spectinomycin; TET, tetracycline; CIP, ciprofloxacin; OFX, ofloxacin; CFM, cefixime;
CRO, ceftriaxone; AZM, azithromycin; DOX, doxycycline. Figure used with permission from (Unemo,
2014).

Due to unavailability of diagnostic tests, many countries implement symptomatic treatment of
Ng, and although they have a high incidence there is limited surveillance of AMR strains (Wi et
al.,, 2017). Awareness of gonococcal AMR among policy-makers, clinicians, laboratory
professionals, and patients is insufficient in many cases (World Health Organization, 2015, Wi et
al., 2017) . Suboptimal testing accompanied with over-the-counter access to antimicrobials and
limited access to the most effective antimicrobials give rise the perfect environment for
expedited emergence and spread of AMR Ng (Unemo et al., 2021a, Unemo et al., 2019a). The
WHO implemented the Gonococcal Antimicrobial Surveillance Program (GASP) in 1990 (Wi et
al., 2017), however, after 30 years there are only 5 African nations that contribute to the
program (Unemo et al.,, 2019a) (WHO, 2018). Globalization and increased travel has
exacerbated the problem of antimicrobial resistance (Berndtson, 2020). This spread of disease

across the world makes tracing of resistant strains evermore challenging.



1.2 Pathogenicity of Neisseria gonorrhoeae

Ng is a Gram-negative bacterium which colonises mucus membranes by adhering to epithelial
cells (Quilin and Seifert, 2018). Post-infection responses are primarily against lipo-
oligosaccharide (LOS), opacity-associated (opa) protein, pili, and porin determinants (Figure
1.2a) (Ngampasutadol et al., 2006, Hook et al., 1984, Lammel et al., 1985). These structures
play various roles in the pathogenicity of Ng. The opa proteins are integral outer membrane
proteins and act primarily as adhesins binding to human epithelial cells. This attachment
facilitates the formation of microcolonies which in turn allows for the formation of biofilms
(Sadarangani et al., 2011). Type IV pilus facilitate the movement of the bacteria up the genital
tract and play important roles in both cell adhesion and genetic exchanges of the bacterium.
They are required for effective mucosal membrane colonization (Higashi et al., 2007). Porins
are highly abundant channels on outer membrane of Ng which are essential for the acquisition
of nutrients (Figure 1.2b) (Wetzler et al., 1992, Unemo et al., 2019b).
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Figure 1.2: Overview of N. gonorrhoeae pathogenesis factors. Ng encodes a highly effective
repertoire of pathogenesis and colonization factors. a) Array of surface structures which responsible for
adherence to the surface of host cells, invasion host cells, and evasion of the hosts immune system.
These surface structures include Type IV pili, LOS, porin, and Opa proteins. b) Efflux pumps protect Ng
from antimicrobial peptides and fatty acid stress, and membrane transporters allow Ng to co-opt nutrients
such as iron, and fatty acids from the surrounding environment. ¢) Ng transcriptional regulators which
induce transcriptional pathways to respond and adapt to changing environmental conditions during
infection. d) Protective enzymes (e.g. catalyse) neutralize reactive oxygen species (ROS), that are
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produced both endogenously and by neutrophils. Figure used with permission from (Quillin and Seifert,
2018).

1.2.1 Strategies of immune evasion

The Ng bacteria has developed highly effective mechanisms to evade the host immune system.
The ability for Neisseria to exchange genetic material allows for rapid adaptation (Quillin and
Seifert, 2018). Various transcription factors also play critical roles in responding to
environmental changes (Figure 1.2c). All previously mentioned surface proteins present vast
antigenic variation due to factors such as phase-variable expression, variation of alleles, and
expression of recombined genes (Liu et al., 2017). Recombination of genetic material results in

changes to phenotype and therefore evasion of antibody detection.

The first line of protection is the outer membrane that has protective features that are toxic to
host cells, namely, LOS, peptidoglycan, and outer-membrane vesicles are released from the
surface of the bacteria (Figure 1.2). LOS is sialyated at various sites through the addition of
sialic acid which can mimic the sialyation patterns of the host and therefore evade the
complement system (Figure 1.3). Sialylation of the a chain of LOS enhances factor H deposition
on porin, therefore increasing resistance of sialylated Ng to phagocytosis (Shaughnessy et al.,

2016). Another mechanism by which Ng overcomes complement binding involves reduction
modifiable protein M (RmpM), which has been found to bind to peptidoglycan and cover the

surface of Ng and in doing so does not allow for recognition of surface membrane antigens by

the immune system (Jones et al., 2022) .

LOS triggers the innate immune system causing a pro-inflammatory response defined by the
release of various cytokines (such as IL-6, IL-8, IL-1B, IL-17, and IFN-y) resulting in the
recruitment of neutrophils to the infected area (Ngampasutadol et al., 2006). Gonococci are able
to survive phagocytosis as they possess efflux pumps (Figure 1.2 and 1.3) that will export any
antimicrobial molecules. The bacteria also produce enzymes that enable them to avoid killing by
reactive oxygen species (ROS) which are released by the neutrophils (Figure 1.2d), enabling
them not only to reside but replicate within neutrophils (Smirnov et al., 2023). Because of this,
there is a reduced presentation of Ng antigens to the CD4 T cells. In vitro testing has shown that
Ng supresses both the CD4 T cell response as well as B cell antibody responses (Zhu and
2011, Liu et al., 2014, Sadarangani et al., 2011).
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Figure 1.3: Ng evades and modulates both innate and adaptive immune system responses. a) Ng
binds host Factor H and C4bp, becoming serum resistant as well as sialylates its LOS to present as ‘self’
and hiding itself from complement recognition. Ng also binds to the alternative complement pathway as it
binds C3b through Lipid A on LOS, factor | rapidly converts C3b to the inactive iC3b. b) Ng can survive
inside the phagosome of macrophages where it can regulate cell apoptosis and production of cytokines.
Dendritic cells exposed to Ng are less capable of stimulating T cell proliferation. The interactions of Ng
and neutrophils is complex whereby Ng can escape the phagosome and proliferate with in the
neutrophils. ¢) Due to the ability of Ng to undergo frequent antigenic and phase variation of its surface
structures including Type IV pili, Opa proteins, and LOS, Ng infection does not result in immunological
memory. In addition, Ng is able to modulate the adaptive immune response by influencing cytokine
production which leads to the suppression of T helper cell proliferation. Figure used with permission from
(Quillin and Seifert, 2018).

1.2.2 Typical immune response
Infection with Ng elicits a strong inflammatory innate immune response. However, this immune

response does not result in protective immunity (Liu et al., 2014, Fowler et al., 2010). Therefore,



reinfection with Ng is common (Fowler et al., 2010). Ng is well equipped to evade the immune
system in part due to its resistance to bacteriolytic and opsonophagocytic responses. Ng is able
to inhibit compliment pathways as well as the activation of Th1 and Th2 cells. It stimulates the
activation of the Th17 which results in recruitment of neutrophils to the area (Fox et al., 1999,
Schmidt et al., 2001, Ross et al., 1995). It has been found that RmpM antibodies are not
bactericidal and that these antibodies block the binding of other surface antigen specific
antibodies. These responses result in the lack of Ng to elicit a protective immune response.
However, this does not mean that protection could not be achieved through vaccination (Zhu
and 2011). The development of vaccines will need to focus on generation of Th1 or Th2
responses rather than the natural host response with focus specifically on conserved antigenic
sites that provide broad protection and are not subject to phase variation (Edwards and 2004,
Liu and Russell, 2011).

1.3 Vaccine research

Vaccination remains the most successful, rapid, and cost-effective method for controlling the
spread and preventing infectious diseases (Mohsen et al., 2017, Kushnir et al., 2012). Due to
the current AMR emergence, there has never been a greater need for development of a Ng
vaccine. Recombinant expression of proteins is now a fine-tuned process for the production of
many kinds of proteins. Determination of specific antigenic proteins that elicit protective immune

responses is the first step in the development of a vaccine (Syomin and llyin, 2019).

Previously only 2 Ng vaccines have undergone human trials. The first was a killed whole cell
vaccine developed by Greenberg et al. The vaccine was able to elicit an antibody immune
response in >90% of vaccine recipients. Although the vaccine was composed of whole cells and
therefore contained the LOS, it was well tolerated. Despite this the vaccine showed no evidence
of protection against Ng and no further investigation was done (Greenberg, 1975, Greenberg et
al., 1974). The second vaccine was developed based on previous work done on the Neisseria
meningitidis (Nm) vaccine which involved the Pilus. The isolated and purified Ng Pili were used
in parenteral immunization of recipients. The vaccine evoked a broad antibody response that
was detectable in both the serum and the genital secretions and the vaccine showed protection
against challenge by urethral infection (Brinton et al., 1982). However, in a proof of principle

large-scale trial the vaccine was delivered intradermally, and this resulted in no protection



against Ng. The reason may be due to antigenic variation of strains that are present in a natural

infection as well as the method of administration. (Boslego et al., 1991).

A retrospective epidemiological study showed that vaccination with MeNZB, a Nm outer
membrane vesicle (OMV) vaccine designed to protect against sero-group B Nm disease,
showed 31% effectiveness in reducing Ng infection in groups subsequently infected with Ng
(Semchenko et al., 2019). Nm and Ng share several similarities and Nm protein antigens have
shown to elicit antibodies that cross-react with Ng. The antibodies elicited by immunizing mice
with Bexsero (Nm vaccine) or MeNZB were reported to support bactericidal activity
against Ng (Giuliani et al., 2018). An OMV vaccine approach was also being investigated as a

possible vaccine against Ng (Matthias et al., 2021, Semchenko and Seib, 2022) .

Substantial progress has been made into research of vaccine development. As previously
mentioned, surface antigens have been identified as essential for survival and pathogenicity of
Ng and therefore can be investigated as vaccine candidates (Jerse and Deal, 2013, Edwards et
al., 2016).

Furthermore, mathematical modelling suggests that a vaccine that has only 30% efficacy could
decrease gonorrhoea prevalence by >30% within 15 years, if population coverage is sufficiently

high and immunity is maintained (Unemo and Sikora, 2017)

1.3.1LOS as a vaccine target

1.3.1.1 Structure of LOS

LOS is the most abundant outer membrane molecule and is ubiquitously expressed. LOS is
made up of a lipid backbone and three oligosaccharide tails which are linked by Heptose sugars
Hep | and Hep Il with Hep | attached to chain 1 and Hep Il attached to chains 2 and 3 (Gulati,
2019). The lengths and branching of each of the chains can vary. These regions have the
potential for sialyation which reduces opsonic killing of Ng (Kim et al., 1992, Rest and
Frangipane, 1992, Gill et al., 1996). These modifications can allow the bacteria to adapt to
display sialylation patterns producing up to six different antigenic structures at a time but also
that resemble the host cells (Scurtu et al., 2022), and therefore evade antibody detection
(Figure 1.4).
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Figure 1.4: Schematic diagram of LOS present on the surface of N. gonorrhea. The black boxes
indicate the phase variable genes (IgtA, C, Dand G) that are involved in LOS glycan extensions. The blue
box indicates the epitope to which mAb 2C7 binds. Addition of Neu5Ac only occurs in the presence of
exogenous CMP-Neu5Ac. KDO, keto-deoxyoctulosonic acid; Hep, heptose; Glc, glucose; Gal; galactose;
GIcNAc, N-acetylglucosamine; GalNAc, N-acetylgalactosamine; Neu5Ac, N-acetneuraminic acid.

It has been identified that the lack of the lactose region of oligo chain 2 results in reduced
efficacy of the Ng. Therefore, it is believed that this region contributes to the virulence of Ng and
for this reason seems to be conserved and found in almost all Ng infections. This specific region
is expressed from the IgtE gene and is called the 2C7 epitope as indicated by the blue box in
Figure 1.4. The 2C7 epitope consists of 2 Galactose b1-4 Glucose each of which are b-linked
to Hep | and Hep 1l (blue shaded box Figure 1.4) and represents the minimal structure N-linked
fatty acids in lipid A which are required for maximal expression of the epitope recognized by
mAb 2C7 ((Yamasaki et al., 1999) (Muhlecker et al., 1999)).

1.3.1.2 2C7 epitope

The 2C7 epitope is widely conserved amongst gonococcal strains. The oligosaccharide does
not elicit a strong adaptive immune response (i.e. memory cells). It results in production of
primarily low affinity IgM antibodies and there is no affinity maturation. Peptide mimics
resembling the 2C7 epitope were discovered via screening of a peptide display library, then
chosen based on their immunogenicity through immunochemical selection. Ngampasutadol et al
successfully identified this mimitope in 2006 which was selected by a monoclonal antibody (Ab)
that confers both bactericidal and opsonophagocytic abilities. The mAb 2C7 antibody is
complement-dependent (Gulati et al., 1996b, Ngampasutadol et al., 2006, Gulati, 2019).
Therefore, using the peptide mimic allows for initiation of a protective immune response and

there has been a significant amount of work done using this peptide mimic.

Previously, Ram et al. synthesized the 2C7 peptide which was configured into a multiantigen

peptide in the form of a tetramer (TMCP2) (Ngampasutadol et al., 2006) and an octamer (Octa-



MAP) (Gulati et al., 2019b) to increase the immunogenicity of the peptide. These vaccine
candidates have been tested in mice and show the elicitation of neutralizing antibodies (nAb)
which accelerated the clearance of Ng infection (Gulati et al., 2019b, Gulati et al., 2013b). Work
done using the mimitope showed the elicitation of a Th1 immune response. Notably, use of the
2C7 peptide vaccine outperforms Bexsero when compared in a mouse model (Petousis-Harris
et al.,, 2017). For these reasons the 2C7 vaccine meets the “triple threat” criteria: broad
representation, serves as a virulence determinant and plays a critical role in the survival of the

organism (Gulati, 2019).

1.3.2VLPs as display molecules

Virus like particles (VLPs) are self-assembling multimeric nanoparticles that are made up of one
or more viral structural proteins that do not contain genetic material (Qian et al., 2020). In
particular, these VLPs range in size from 22 nm to 200 nm which is in the optimal range for
cellular uptake (40 nm). Larger particles tend to have improved interaction with antigen
presenting cells (APCs). Examples include virosomes, particulate adjuvants (microparticles or
liposomes), whole cells vaccines, and VLPs (Kovacsovics-Bankowski et al., 1993). The
surface structure of VLPs tends to be highly repetitive which therefore allows for increased
antibody binding (Bachmann and Jennings, 2010). Due to the targeting of dendritic cells (DCs),
VLPs elicit a strong immune response which includes both innate and humoral responses
(Kushnir et al., 2012). Because of this there is predominantly no need for the addition of an

adjuvant in VLP vaccines as they are self-adjuvating in nature (Grgacic and Anderson, 2006).

For these reasons both VLPs and viral replicon particles (VRPs) show promise as antigen
delivery systems (Zhu and 2011). VLPs can be engineered into chimeric particles which display
antigens originating from foreign pathogens (Grgacic and Anderson, 2006). Vast research has
been done into immunoprophylaxis using VLPs. There are many examples of VLPs used as
display particles to combat infectious disease including current efforts to produce a malaria
vaccine (Chichester et al., 2018), Influenza vaccine (Chung et al., 2015, Valero-Pacheco et al.,
2016), HIV vaccine (Peters et al., 1997) as well as many others (Zhang et al., 2023, Mohsen et
al., 2017). The 2C7 mimitope is a small peptide which is not ideal in size or confirmation for
eliciting an optimal immune response. It could however be displayed on a VLP thereby

enhancing its immunogenicity.
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1.4 HPV

Human papillomavirus (HPV) is the causative agent in the development of 99% of cervical
cancer cases. Cervical cancer is the 4" most common cancer among women globally with ~600
000 cases reported in 2020 (Singh et al., 2023). The geographic regions primarily effected by
higher HPV rates overlap largely with the counties effected by Ng infections. This makes a dual
vaccine which is affordable for developing regions an extremely useful tool in the fight against

the spread of both diseases and would help to reduce the economic burden of both diseases.

1.4.1 HPV VLPs structure

HPVs consist of an 8kb double stranded DNA genome which is encapsidated in L1 (major) and
L2 (minor) capsid proteins (de Villiers et al., 2004) and they are nonenveloped viruses. The
structure and assembly of HPVs has been well studied and characterised (Chen et al., 2000).
The L1 proteins combine to form 72 pentamers which assemble into a T = 7 icosahedral
formation with one L2 protein integrating into each of the pentamers (Conway and Meyers,
2009, Naud et al., 2014). The size of the particles varies from 50 - 60 nm. The L1 capsid
proteins can self-assemble into stable VLPs even in the absence of L2 proteins. The C-terminal
chains of L1 proteins interact hydrophobically to assemble and form capsomeres, which can
then further assemble into the full particle structures. The structure of L1 protein forms several
loops (BC, DE, EF, FG and HI) which are on the surface of the particle and therefore play a
crucial role in production of nAbs (Chen et al., 2000). Therefore, these loops show promise as
regions for display of exogenous peptides which can be used for elicitation of an immune

response.

1.4.2 Current HPV vaccines

There are 6 HPV vaccines currently licensed: 3 bivalent( Cervarix™, Walrinvax, Cecolin, HPV
16/18 VLP); 2 quadrivalent vaccines (Gardasil®, Cervavax, HPV-6/11/ 16/18 VLP vaccine; and
most recently the nonavalent (Gardasil®9 HPV-6/11/16/18/31/33/45/52/58 VLP) vaccine. All of
these vaccines make use of L1 as it elicits the immunological response equivalent to that of the
native HPV. Vaccination results in production of nAb which prevent infection by any subsequent
exposure to the virus. These current vaccines have shown to be highly efficacious and confer
protection against HPV infection (Naud et al., 2014, Huh et al., 2017, Chatterjee, 2014). Due to

the research and development done to produce these vaccines, it is an attractive option to use
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HPV VLPs as display particles. Previous work done using chimeric HPV particles includes the
development of an HIV/HPV chimeric vaccine (Dale et al., 2002, Di Bonito et al., 2009, Peng et
al., 1998), as well as HPV L1/L2 chimeras (Chabeda et al., 2019) to confer broad protection.

The current HPV vaccines are still expensive in low-income countries costing between US$140
and US$580 per dose (Wang et al., 2023). This leads to further economic burden due to high

cancer rates caused by HPV and therefore there is a need to produce a cheaper HPV vaccine.

1.4.3 Concept of a dual vaccine

Another consideration in the development of a dual HPV / Ng vaccine is the demographic that
would primarily be targeted. People between the ages of 15 and 29 are most at risk for
contracting gonorrhea which is similar to the recommended age (11) of vaccination for HPV
vaccine (CDC., 2019). However, sex workers and men who have sex with men are also at
significant risk for contraction of Ng, which may be complicated by social stigma (Unemo and
Nicholas, 2012). There is general consensus that a Ng vaccine may not provide long term
protection but may require regular boosters and therefore it is important that the vaccine is
affordable for use in low income regions (Zhu and 2011). Co-transmission of STls is high and
leads to increased risk of HIV infection (CDC., 2019). Considering the protection acquired from
the HPV vaccine and the acceptance of this vaccine, coupling this with protection against Ng
could prove to be effective in increasing vaccine uptake of an Ng vaccine and reducing the

spread.

1.5 Study Objectives

This study aimed to utilize HPV16 Virus-Like Particles (VLPs) as a structural foundation for
presenting the 2C7 peptide mimic, serving as a potential dual vaccine targeting HPV and Ng.
The initial objective encompassed the recombinant production of chimeric VLPs and HPV16 L1
through Agrobacterium-mediated transient expression in Nicotiana benthamiana. Previous
successful expressions of HPV16 VLPs in plant systems have been documented (Maclean et
al., 2007, Lamprecht et al., 2016) Once successful expression of the VLPs was achieved, the
subsequent objective was to purify these particles, intending to employ them as a promising

candidate vaccine.
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In order to complete a challenge experiment, the second objective was to produce HPV16 PsVs
containing a luciferase reporter gene in both plant and mammalian expression systems. This
allowed for a head-to-head comparison of the HPV16 PsVs produced in plants and mammalian
systems. To effectively conduct the challenge experiment, the third objective entailed the
production of HPV16 Pseudo-Virions (PsVs) containing a luciferase reporter gene in both plant
and mammalian expression systems. This approach facilitated a direct comparison between the
HPV16 PsVs produced in plant and mammalian systems, providing a comprehensive analysis

of their efficiency of infection and further use in a challenge experiment.

The fourth objective involved evaluating the immunogenicity of the prophylactic chimeric
candidate vaccine in mice. This assessment included antibody detection alongside an HPV

challenge experiment to ascertain the immune response generated.
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Chapter 2: Transient plant expression of HPVV16 L1 chimeras

2.1 Introduction

Neisseria gonorrhoeae, is the etiological agent responsible for gonorrhea, which is an STI
causing global concern (Alirol et al., 2017). Despite the availability of antimicrobial treatment,
antimicrobial resistance is increasing globally. Prophylaxis has become a primary goal in the
fight against gonorrhea as there are currently no vaccines available for protection against
gonorrhea infection (Rice et al., 2017). Ng is highly skilled at evasion of the immune system
which makes vaccine development ever more challenging. The Ng 2C7 peptide alone is not
highly immunogenic due to its size. As the conformation of the peptide is important for binding,
therefore use of HPV as display molecules may elicit a strong immune response. The VLP
provides not only a highly repetitive display, but also a structure which keeps the peptide
conformation (Chabeda et al., 2019).

Currently there are 3 commercially available HPV vaccines and they have been proven to be
effective in the prevention of HPV infections (Naud et al., 2014, Huh et al., 2017). However,
completion of the recommended three doses is particularly challenging in low-income countries
as HPV vaccines are expensive and less accessible. Therefore, development of a more
affordable vaccine would be hugely beneficial for the regions most impacted by HPV (Singh et
al., 2023). As with HPV, Ng is also highly prevalent in low-income countries. Both diseases

affect similar social groups with more severe symptoms affecting women (Unemo et al., 2019b).

2.1.1 Plant production systems

Production of vaccines using eukaryotic expression systems is unaffordable for developing
countries. In 2020 a new HPV16/18 vaccine consisting of HPV VLPs was approved for use in
China which is expressed in an Escherichia coli (E. coli) expression system resulting in a
cheaper vaccine (Chu et al., 2023). Following this success, a nine valent vaccine produced in
E.coli is currently under development for increased protection against other high-risk strains of
HPV.

While eukaryotic production of recombinant proteins can be expensive, plant-based production
systems provide a cost-effective alternative. These production systems have been investigated
for expression of various different vaccine candidates including Hepatitis B and C, corona virus

and Zika virus as well as many more (Dobrica et al.,, 2017, Rosales-Mendoza, 2020,
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Mohammadzadeh et al., 2016, Diamos et al., 2020, Su et al., 2023). Making use of plants as the
expression system has several advantages. Firstly, it should be more affordable, the risk of any
contamination with human or animal pathogens is greatly reduced and the waste generated by
this production system is more easily contained. Particularly, transient expression in N.
benthamiana through Agrobacterium-mediated infiltration of plants allows for expression of trans

genes that will not be incorporated into the plant genome (Lamprecht et al., 2016).

Recombinant transient expression of HPV has shown to be successful in plants, and
vaccination of animals with these VLPs induced protective humoral immune responses (Pineo
and 2013, Varsani et al., 2003, Maclean et al., 2007, Kohl et al., 2006). It has been shown that
localization of HPV expression to different cell compartments influences the accumulation of the
protein. Maclean et al showed that using a chloroplast-targeting constructs resulted in highest
L1 accumulation (Maclean et al., 2007). Therefore, this study will make use of previously
described methods in order to produce chimeric HPV VLPs displaying the Ng peptide in N.

benthamiana.

2.1.2HPV VLP structure

The structure of L1 is well described (Figure 2.1) and extensive work has been conducted on
the function of different regions (Xu et al., 2006), specifically the importance of specific regions
in the folding and assembly of the particles. It has been shown that Asp202, Cys175, and
Cys428 are essential in the formation of HPV16 L1 VLPs. The EF and CD loop are essential for
the formation of larger structures, deletion of these results in formation of capsomeres (Varsani

et al., 2003). This is an important consideration when trying to produce chimeric VLPs.
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Figure 2.1. Structure of HPV 16 L1 monomer. The amino acid sequence starts at N terminus N(20) and
ends at the C terminus C(474). Connecting loops are pink; strands are labelled with capital orange
lettering (BC, CD, DE, EF, FG and HI); helices labelled (h1-h5). Adapted from (Chen et al., 2000).

2.1.3 Targeting of LOS using 2C7
The 2C7 epitope is a short peptide, 18 amino acids in length, which mimics the region of the Ng

surface molecule, LOS that is bound by the 2C7 antibody (mimitope) (Ngampasutadol et al.,
2006).

The 2C7 epitope is regulated by a phase variable gene and therefore may not always be
present on the surface of the bacteria. However, deletion of this gene resulted in reduced fitness
in the infection of Ng using a mouse model (Gulati et al., 2013a, Ram et al., 2018). The epitope
has also shown to be important for the inhibition of complement binding and inhibition of
inflammatory responses (Ram et al., 2018). Epidemiological studies in Boston, USA (early 90s)
(Gulati et al., 1996a) and Nanjing, China (2009-2013) (Ram et al., 2018) showed that the
epitope was present in 94% and 95% of clinical isolates respectively. All clinical isolates

expressing this epitope are killed by the mAb 2C7 in serum bactericidal assay (SBA).
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In this chapter we generate various HPV L1/Ng chimaeras by inserting the 2C7 peptide into the
h4 helix and DE loop. Thereafter, we investigate expression of these chimeras in plants and

further purification of the VLPs.

2.2 Materials and methods

2.2.1 Expression plasmid constructs

Previous research carried out in the Biopharming Research Unit (Dr Aleyo Chabeda,
unpublished) investigated the effect of VLP formation when the Ng 2C7 mimitope was either
substituted or inserted into different regions of L1. The following peptide sequence (Cys-Gly-
Pro-lle-Pro-Val-Leu-Asp-Glu-Asn-Gly-Leu-Phe-Ala-Pro-Gly-Pro-Cys) was added specifically to
the DE loop indicated by the blue circle in Figure 2.1 and the h4 helix indicated by the orange
circle in Figure 2.1. These regions were selected based on previous work done involving the
addition of L2 epitopes to the surface of L1 (Chabeda et al., 2019). The expression and the
particle assembly as well as binding of the 2C7 mAb was tested to determine the best chimeric
particles. As conformation of the 2C7 mimitope is essential for antibody binding, cysteines were
added to each end of the peptide chain in order to form a Cys-Cys clamp to display the peptide
as a loop (Figure 2.2). This clamp was then removed in the generation Il particles to assess
whether this may be hindering particle formation. Preliminary testing of various chimeric
particles was done to determine the best conformation. After much investigation it was
established that the generation | chimeras with the gene inserted into the DE loop (DE i)
showed the best expression and the most well-formed particles when compared with the h4
helix (Varsani et al., 2003, Pineo and 2013). Therefore all future experiments were
conducted using generation | DE_i. Time trials were conducted as well as infiltration with

Agrobacterium at various ODggo values for optimization of expression.
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Figure 2.2. Schematic of chimeric constructs. Insertion (_i) or substitution (_s) of 2C7 into HPV-16 L1
at positions within the DE loop or the h4 helix (Figure 2.1) to create generation | and generation Il
constructs. Not drawn to scale.

2.2.2 Agrobacterium-mediated transient expression of HPV L1 and L1-Ng VLPs

The expression of HPV chimera (DE_i) and the HPV16 L1 proteins in N. benthamiana was
previously optimized in the BRU lab by Dr Aleyo Chabeda. The gene sequences were cloned
into the pTRAc-rbcs1-CTP vector which is targeted to the chloroplasts (Maclean et al., 2007).
Glycerol stocks of the Agrobacterium (2mL) were used to inoculate 50 mL of Luria Bertani
media (LB; 1% sodium chloride [NaCl], 0.5% yeast extract and 1% tryptone 10mM 2-
morpholinoethanesulforic acid (+[MES]) supplemented with relevant antibiotics (30 pg/ml
kanamycin, 50 pg/ml carbenicillin and 50 pg/ml rifampicin) and incubated at 27°C for 16
hours with agitation (220rpm). The cultures were subsequently used to inoculate 500 mL of LB
media and grown for a further 18 hours. Cultures were diluted in infiltration buffer (10 mM
MgCl2, 10 mM MES, and 150 uM acetosyringone in water, pH 5.6) to the required ODs for
infiltration (Table 2.1). The strains were incubated at 22°C for 2 hrs to allow for expression of the
vir genes prior to infiltration. The chimera was co-infiltrated with Agrobacterium harbouring the
pBIN-NSs silencing suppressor plasmid found in the tomato spotted wilt virus (TSWV) (Takeda
et al., 2002). Approximately 100 6-week-old N. benthamiana plants were infiltrated per
construct. The plants were submerged in the diluted Agrobacterium suspension and subjected

to a vacuum of -100 kPa, after which the vacuum was released. Infiltrated and non-infiltrated
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plants were grown at 22°C in 8 hours dark, and 16 hours of light cycling. All leaves were

harvested at 5 days post infiltration (dpi) and stored at -80°C until use (Maclean et al., 2007).

Table 2.1. Recombinant Agrobacterium cell densities (ODeoo) used for infiltration.

Construct ODsoo Strain of Agrobacteria Vector
Chimera 0.75 GV3101::pMP90ORK pTRAkc-rbsc1-cTP
+ +
NSs 0.25 LBA4404
HPV 16 L1 0.5 GV3101::pMP90ORK pTRAkc-rbsc1-cTP
Empty vector 0.5 GV3101::pMP90RK pTRAkc-rbsc1-cTP

2.2.3 Extraction and purification of plant-produced VLPs

One kilogram (kg) of plant biomass was homogenized with T-25 digital Ultra-Turrax® (IKA®
Works Inc) in 2X volumes of extraction buffer (0.1 M Tris, 0.5 M NaCl, 4% PVPP, 0.01 M
ascorbic acid, 0.05 M PMSF, pH 7.8) and incubated at 4 °C with agitation for 1 hour. The extract
was filtered through 4 layers of 22-24 um pore Miracloth™ (Millipore, Sigma) and centrifuged

three times for 15 mins at 15 000 x g, 4°C. The supernatant was loaded onto sucrose gradients

consisting of 1 mL 50% w/v sucrose beneath 5 mL 30% w/v sucrose (Figure 2.3). Sucrose
gradients were prepared in high salt Tris (HSTris) buffer (0.1 M Tris, 0.5 M NaCl, pH 7.8).

Gradients were centrifuged at 32000 x g for 45 mins at 15°C. The 30% sucrose fractions were

collected, pooled and dialysed overnight in HSTris buffer at 4°C. The dialysate was loaded onto

iodixanol step gradients consisting of the following steps: 50% (1mL), 39% (2mL), 33% (5mL)
and 27% (5mL). Gradients were centrifuged at 32000 x g for 3.5 hours at 15°C (Chabeda et al.,

2019). Fractions (1.5 mL each) were collected from the bottom of the gradients. Fractions 2 — 8

(39%-33% iodixanol) were pooled and dialysed as described above.
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Figure 2.3. Schematic of VLP purification process. Stepwise purification methods

2.2.4 Concentration of purified VLPs

The dialysed samples were loaded onto 5 mL 100K Amicon Millipore filters (Figure 2.3). The
samples were centrifuged at 4000 xg at 4°C at 10 min intervals which was repeated until the
sample volume was reduced to ~1.5 mL, and subsequently stored at -80°C in siliconized

microcentrifuge tubes.

2.2.5 SDS-PAGE of purified VLPs

The protein samples were denatured by heating to 95°C with the addition of 1X sample
application buffer (0,001% (w/v) bromothymol blue, 0.5M EDTA, 5% (w/v) SDS, 25% (v/v)
glycerol) for 10 minutes (Maniatis et al., 1982, Sambrook et al., 1989). Proteins were resolved
on 10% SDS-PAGE gels run at 180 V. The Colour Protein Standard, Broad Range (11-2545
kDa, New England Biolabs) was used as molecular weight marker for all SDS-PAGE gels in this
study. Gels were subsequently stained using a silver staining kit (SIGMA) as per the kit's
protocol. The gels were fixed in 100 mL fixing solution (50% ethanol, 10% acetic acid) over night

to ensure better resolution and lower background.

2.2.6 Western- and dot blot analysis of purified VLPs

SDS-PAGE gels were transferred onto nitrocellulose membranes in transfer buffer (25 mM Tris,
190 mM glycine, 20% methanol, pH ~9.2) at 15 V for 90 mins using a Bio-rad semi-dry
transblotter. Non-denatured samples (2 pL) were dotted on the nitrocellulose membrane and

allowed to dry. Membranes were blocked in blocking buffer (1x PBS; 5% long life fat-free milk,
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1% Tween-20) at room temperature for 30 mins with agitation. To probe for HPV16 L1, CamVir
(Abcam, UK) mouse antiserum diluted in blocking buffer (1:5000) was applied to the
membranes and incubated at 4 °C overnight with agitation. For detection of RuBisCO, anti-
RuBisCO raised in rabbits was used. Anti-2C7 antiserum diluted in blocking buffer (1:500
dilution) was used to probe the dot blots. All blots were washed 4 x 5 minutes in blocking buffer
at 37 °C. After washing blots were probed with secondary antibodies goat anti-mouse and goat
anti-rabbit IgG alkaline phosphatase-conjugated secondary antibody (Sigma-Aldrich®) diluted in
blocking buffer (1:10000) and incubated for 1 hour at 37°C with agitation. Finally, the
membranes were washed 4 x 5 minutes with PBST (1x PBS; 1% Tween20) at 37°C with
shaking, before proteins were detected by incubating the membranes with 5-bromo-4-chloro-3-
indoxyl-phosphate (BCIP) and nitroblue tetrazolium (NBT) phosphatase substrate (BCIP/NBT 1-

component) (Whitehead Scientific) for 30 mins.

2.2.7 Structural analysis of VLPs

The VLPs were visualized using transmission electron microscopy (TEM). Aliquots of the
purified vaccine antigens were thawed at 4 °C and resuspended in 1x PBS pH 7.4 at a
concentration of 1:50. Copper carbon-coated grids were made hydrophilic, and glow discharged
at 25mA for 30 s using a Model 900 SmartSet Cold Stage Controller (Electron Microscopy
Sciences). The carbon side of the grids were suspended on a 20 pl drop of sample for 5 mins.
The grids were then washed 3x with filter sterilized water. The samples were then negatively
stained with 2% wi/v uranyl acetate for 1 min and allowed to airdry. The samples were viewed

using a FEI Tecnai 20 electron microscope.
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2.3 Results

2.3.1 Optimization of expression in plants

Time-trials conducted in previous work done in the BRU showed that best HPV VLPs were
obtained 5 days post infiltration. In this study, plants infiltrated with the chimera developed
necrotic symptoms by 5 days post infiltration (Figure 2.4A). In contrast plants infiltrated with
HPV16 were less necrotic (Figure 2.4B). Negative control plants infiltrated with the empty vector

were only mildly necrotic (Figure 2.4C).

Figure 2.4. Images of Agroinfiltrated N. benthamiana 5 days post infiltration. A) N. benthamiana
agroinfiltrated with pTRAC-CTP-DE_i (chimera) at ODeoo 0.75 and NSs at ODsoo 0.25. B) N. benthamiana
agroinfiltrated with pTRAC-ctp-HPV16L1 at ODeoo 0.5. C) N. benthamiana agroinfiltrated with pTRAC-
CTP at ODeoo 0.5.

2.3.2 Detection of L1 in protein samples

Western blots were carried out on the purified and concentrated samples to detect L1, using the
CamVir antibody (Figure 2.5A). The membranes were also probed with anti- RuBisCO to detect
the presence of RuBisCO (Figure 2.5B). Blots probed with CamVir showed distinct bands at the
expected sizes of ~58 kDa for the chimera and ~56 kDa in the HPV16 sample. There were very
faint bands detected in the lane containing the empty vector negative control which may indicate
nonspecific binding of this antibody to various plant proteins. Lanes containing HPV16 L1 and
chimera appeared to be smeared which suggests that the protein was not fully denatured, and
some may have been trapped in the wells. Blots probed with anti- RuBisCO showed the
presence of bands at ~55 kDa in all the samples analyses, indicating the presence of RuBisCO
in all purified samples, particularly in the purified empty vector sample. An additional band at
~70 kDa was detected in all samples which may indicate the association of a small RuBisCO
subunit (~14 kDa) with the larger subunit (Andersson and Backlund, 2008).
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The dot blot of the chimera was clearly stained and resembled the positive controls that were
detected using the 2C7 specific antibody shown by Figure 2.5C. This indicated that the 2C7
epitope was present and was being displayed in the correct conformation. These positive
controls, octameric 2C7 peptide as well as LOS were also detected by the 2C7 antibody. There
was no detection of the 2C7 epitope in the samples containing HPV16 L1 protein and the empty
vector as these represented the negative controls.

A B
HPV16 Empty HPV16 Empty

mw Chimera |1 vector Mw  Chimera |1 vector

75 amed

75
55 r‘ P = S50 e e - —

Cc Negative control Positive control
. HPV16 Empty Octa
Chimera L1 vector 2C7 LOS

Figure 2.5. Detection and Conformation Western blot and Dot Blot of Vaccine candidate (DE_i).
Equal volumes of sample were loaded in each lane. HPV16 L1 was used as a positive control. The empty
vector was used as a negative control. A) The western blot probed with MAbs CamVir1 (1:5000). Bands
representing the chimera and the HPV 16 are indicated by the black arrows. B) The western blot probed
with anti- RuBisCO (1:1000). The bands representing RuBisCO are indicated by the black arrow. MW is
protein marker with the size of the protein in kDa on the relevant bands. Each lane is labelled with the
sample. C) Non-denatured samples were probed with anti 2C7 antibody (1:500) followed by detection
with goat anti-mouse (1:10000). Each sample is labelled. Negative controls: HPV16 L1 and empty vector.
Positive controls: Octa 2C7 peptide and LOS.

2.3.3 Silver stain analysis of purified vaccine candidates

Purified samples were analyzed on silver stained SDS-PAGE gels. Figure 2.6 showed four
distinct band sizes. The lane containing the chimera sample showed 2 distinct bands, the first is
at ~58 kDa which represents the chimera protein. The second band is ~54 kDa which

represents RuBisCO. This RuBisCO band was observed in all the samples and is a comparative
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thickness to the protein of interest. The HPV16 L1 sample shows a band ~56 kDa which
corresponds to the expected size for HPV16 L1. The negative control also shows a band slightly
higher than the band in the chimera sample at ~70 kDa which may indicate a nonspecific plant
protein. Approximately half of the protein contained in the samples is the protein of interest
(Figure 2.5). Quantification of the samples was done using gel densitometry using SYNGENE to
determine the protein concentration of the specific proteins compared to a BSA standard curve.
The yield of expression of HPV16 L1 was 400 ug/kg of biomass and of the chimera was 480
Mg/kg of biomass.

HPV16 Empty
MW  Chimera L1 vector

c —
- .::

Figure 2.6. Analysis of purity of vaccine candidates using silver stained SDS-PAGE gels. The
bands indicated by the arrows are Labels: Blue arrow: Chimeric L1 (~58 kDa) Purple arrow: HPV L1 (~56
kDa), yellow arrow: Host cell protein (~7 0 kDa), and green arrow: RuBisCo (~54 kDa) MW — Molecular
weight marker (kDa), Chimera — Chimeric VLPs, HPV16 L1 — HPV16 L1 VLPs, Empty vector — pTRACTP
plasmid vector.

2.3.4 Structural analysis of purified vaccine antigens

The concentrated purified VLPs were negatively stained and visualised using TEM. These
results show the formation of VLPs in both the chimeric and the HPV16 L1 samples. The
chimeric VLPs are indicated by blue arrows in Figure 2.7A. These particles were of the
appropriate size (~55 nm). The HPV16 L1 particles shown in Figure 2.7B were of the correct
size (~55 nm) and are indicated by the orange arrows. There are also various aggregates and
mishaped particles (red arrows Figure 2.7), and capsomeres present in both of these samples.

There were no particles visible in the sample purified from plants infiltrated with the empty
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expression vector (Figure 2.7C). However, there was significant background, this could be

various plant proteins present in all the samples that indicated impurities in the sample.

Figure 2.7. TEM for structural analysis of purified and concentrated samples. The samples were
negatively stained using uranyl acetate and the particles visualised under TEM. The red arrows indicate
examples of misshaped or aggregated particles A) Chimeric VLP sample. Blue arrows indicate examples
of Chimeric VLPs (~55 nm); B) HPV 16 L1 VLPs. Orange arrows indicate examples of HPV16 L1 VLPs of
the appropriate size (~55 nm); C) Empty vector sample.

2.4 Discussion

The aim of this section was to express and purify chimeric HPV VLPs which could be used as a
vaccine candidate as well as HPV16 L1 VLPs to be used as a positive control. The viral proteins
were successfully expressed in N. benthamiana. The insertion of the 2C7 epitope into the
surface loop of HPV16 did not seem to significantly affect the overall expression or the

formation of particles.

The commercially available vaccines make use of yeast and insect production systems,
respectively. However, these systems have reassembly steps that occur post purification and
are very costly. Overall, the yields achieved for both the chimera and for HPV16 L1 are very low
compared to yields achieved by other expression and purification systems (Fischer et al., 2004,
Chatterjee, 2014). While plant production systems provide all the post translational eukaryotic
mechanisms, they can result in low protein yields which may be due to low expression or to
instability of the recombinant protein (Fischer et al., 2004, Obembe et al., 2011). The initial
expression of the proteins was low, and further losses were incurred in each purification step.

Further optimization is required of the plant production system to increase the yields.
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Production of particles in the chloroplasts means that they are heavily exposed to RuBisCO
throughout translation. Due to the pl values of HPV16 (~7.95) and RuBisCO (~4.4) at neutral
pH, they carry opposite charges of positive and negative respectively, causing these proteins to
bind electrostatically (Udenigwe et al., 2017, Mistry et al., 2008). The association of these
proteins makes them difficult to separate. The samples were analysed in the form of western
blots, silver stained SDS-PAGE gels and dot blots in order to determine purity. These results
showed that RuBisCO was present in all the samples as there were clear and definite RuBisCO
bands that were of similar intensity in both the chimera as well as HPV16 samples. The purity of
the vaccine candidates was ~50% and this level of purity does not compare to that of

commercially produced HPV vaccines (Harden and Munger, 2017).

Attempts were made to increase the purity of vaccine candidates. Extraction buffers with a wide
range of pH values were trialed to disrupt charged-based interaction between the two proteins.
The pH of the extraction buffer was lowered to the pl value of RuBisCO (pl of 4.4 — 4.7) to
disrupt the electrostatic charges (Udenigwe et al., 2017). While the purity of the sample did
slightly improve, there were great losses of the chimera using these extraction buffers. Another
purification strategy that was considered was ammonium sulfate precipitation (Zahin et al.,
2016). The precipitation concentration of ammonium sulfate for the chimera and for RuBisCO
are significantly different. However, once the precipitate was redissolved in buffer the particles
did not reassemble which is the same result achieved by Zahin et al. RuBisCO is highly
abundant, ~25% of the total proteins in a plant are RuBisCO; it is the most abundant protein on
earth and therefore it is difficult to remove (Barbeau and Kinsella, 1988, Andersson and
Backlund, 2008).

When viewed under TEM it can be seen that there was formation of VLPs of the correct size
(Maclean et al.,, 2007). However, it seems that there are also capsomeres and misshapen
nonuniform particles present in samples (Figure 2.7). This may indicate that the samples were
not stable or that self-assembly was not totally efficient. The samples undergo several
centrifugal purification steps with the final step involving the Amicon filters. These methods
expose the particles to a great amount of force which may be disruptive to the particles, causing

them to break apart and refold in a misshapen manner.

The current purification method (density gradients) is not scalable for industrial production of
these proteins (Zahin et al., 2016) and this method is also unable to fully purify the proteins
(Figure 2.6). Therefore, further work should be done to explore different purification methods to

not only improve the yield but to ensure that the results are scalable. This would preserve the

26



particles and increase yields obtained by the plant production system. A yield of 1% of total
soluble protein (TSP) is considered to be the threshold for commercial production (Fischer et al.,
2004).

In future, it may be worth exploring the production of these chimeric VLPs in other systems that
could result in not only higher yields but also in more uniform assembly of the particles such as
callus or another kind of production system i.e. yeast or insect cell culture (Harden and Munger,
2017).

In conclusion, chimeric HPV VLPs were successfully expressed and purified from N.
benthamiana. These particles displayed the Ng 2C7 mimitope in the correct conformation that
can be detected by the mAb 2C7. When viewed under TEM it was evident that VLPs have self-
assembled into particles of the correct size. For this reason, the chimeric and HPV16 VLPs

were used for further immunological studies in an animal model described in Chapter 4.
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Chapter 3: Comparison of reporter genes and expression systems in
the production of HPV16 L1/L2 PsVs.

3.1Introduction

3.1.1 Infection mechanism of HPV

Infection of host keratinocytes by HPV is initiated by contact and attachment of the virus to the
basement membrane after micro trauma. L1 facilitates attachment of the virions to heparan
sulphate proteoglycans (HSPGs) in the extracellular membrane on the cell surface. (Horvath et
al., 2010). Conformational changes in the virion that result from intricate interactions which
occur between the virus and the basement membrane are essential for viral infection (Kines et
al., 2009). These conformational changes result in exposure of L2 epitopes for cleavage by both
furin and proprotein convertase (PC) 5/6 which enables binding of the virion to receptors on the
basal epithelial cells (Kines et al., 2009). HPV internalization involves intricate interactions
between the virus and host cell receptors which is mediated by L1 and L2 (Raff et al., 2013).
While cell surface interactions are predominantly mediated by L1, it has been suggested that L2
may interact with specific cell surface receptors to facilitate endocytosis of the virus (Horvath et
al., 2010, Roden et al., 2001, Kawana et al., 2001). Upon viral entry into host epithelial cells, an
episome surrounds the HPV genome and elicits the host cell machinery for the synthesis of viral
DNA (Moody and Laimins, 2010).

3.1.2 PsV assembly and encapsidation

While the presence of L2 is not required for the formation of PsVs intracellularly, it does
enhance encapsidation of the plasmid DNA within the particle (Zhao et al., 1998, Roden et al.,
2001). L2 has various functions that make it essential for the production of effective HPV PsVs
(Sapp and Bienkowska-Haba, 2009). These functions include the role of endosome escape
(Richards et al., 2006), and delivery of DNA to the nucleus of the host cells (Florin et al., 2006,
Kondo et al., 2009). Thus, L2 is required for efficient self-assembly of functional PsVs.(Buck et
al., 2008).

PsVs have been used not only to investigate the papillomavirus life cycle and mechanism of
viral internalization pathways (Conway and Meyers, 2009, Ma et al., 2011, Carse et al., 2021),
but as a tool for HPV screening by analysing reactivity of human sera (Xu et al., 2006). In

addition, HPV PsVs are extremely useful in the development of prophylactic vaccines in
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determining neutralizing antibody titre levels (Pastrana et al., 2004, Buck et al., 2005) and have

been developed as an in vivo challenge model in vaccination studies.

3.1.3 Reporter genes

In the past, radioactive assays were predominately used as reporters of gene expression
(Broniarczyk et al., 2019). However, fluorescent and luminescent reporter genes offer a less
time-consuming option that do not require the use of radio chemicals and are now widely used.
There are several considerations when deciding on luminescent or fluorescent reporter genes,
these include: stability of reporter gene, co-factor availability, wavelength, intensity of signal,
and whether the signal is secreted or not. All of these factors should be taken into account when

selecting a reporter gene for a specific application (Neefjes et al., 2021).

3.1.4 Fluorescent reporter gene assays

Protein products of fluorescent reporter genes produce a bright visible light, and can be
visualised using fluorescent microscopy. Advantages of employing fluorescent proteins is the
lack of substrates or reagents required (Hakkila et al., 2002) as well as the ability to detect the
signal in un-lysed cells (Billinton and Knight, 2001). Common applications of fluorescent reporter
genes include, visual imaging, spatio-temporal imaging and in vivo experimentation (Bianchi et
al., 2015).

3.1.5 Luciferase reporter genes assays

Luciferases are enzymes that bind to luciferin substrates and oxidise them resulting in the
release of photons of light (Greer and Szalay, 2002, Gates and Deluca, 1975). Due to the
nature of the reaction, co-factors such as ATP and metal ions are required in the facilitation of
the reaction (Neefjes et al., 2021). Luciferases are expressed intracellularly and can be

measured in cell lysates or in vivo, and some are also secreted from the cells.

Firefly luciferase (FLuc) is the most commonly used luciferase which makes use of D-luciferin
as a substrate and requires ATP, Mg?* and O as cofactors of the reaction (Gould and
Subramani, 1988). The specific cofactors required for the reaction are derived from metabolic
pathways of the cell and therefore the signal produced is dependent on the metabolic state of
the cell and availability of energy (Hakkila et al., 2002). To overcome this energy dependency,

ATP-independent luciferases can be used including Gaussia luciferase (GLuc) and Nano
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luciferase (NLuc) (England et al., 2016). FLuc is retained within the cells and is therefore very

useful for locational imaging.

Once expressed within cells, GLuc is secreted enabling the use of media culture for analysis.
Secretion of the reporter is particularly useful for real-time monitoring, and high throughput
experimentation (Hiramatsu et al., 2005). However, composition of complex bodily fluids may

have an effect on the effectivity of the luciferase assay.

3.1.6 Expression systems for the production of HPV PsVs

Production of PsVs in mammalian cell culture is widely used and is currently considered the
gold standard (Buck et al., 2005, Adams et al., 2023). When compared to the previously used
Semliki Forest virus-derived vector method, particle production efficiency was increased 10
million-fold (Buck et al., 2005). While this method produces excellent quality particles, it can be
expensive due to the high cost of reagents and cell culture. Production of recombinant proteins
in plants (N. benthamiana) provides a cheaper more scalable alternative with a lower risk of
contamination with mammalian pathogens and endotoxins (Rybicki, 2010, Faye et al., 2005).
Plants also carry the ability to perform post-translational modifications that are similar to
humans, and important for the infectivity of HPV16 (Margolin et al., 2018, Broniarczyk et al.,
2019).

Production of functional HPV16 PsVs in N. benthamiana using Agrobacterium-mediated
expression has been reported (Lamprecht et al., 2016, Adams et al., 2023). These PsVs
functioned similarly to the HEK293TT produced HPV PsVs however they were not tested in an
animal model. Following similar strategies to the ones laid out by Lamprecht and co-workers,
this study aimed to not only produce PsVs containing the luciferase gene but to directly
compare the plant produced PsVs to the mammalian derived PsVs, and to further test the
infectivity of plant produced HPV PsVs. At the same time FLuc was compared to a secreted
Gluc luciferase to determine which luciferase provided the highest and most reliable readings
for the HPV16 challenge model.
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3.2 Methods
3.2.1 Mammalian cell production of HPV PsVs (mPsVs)

3.2.2 Cell maintenance

All cell lines were grown and maintained at 37°C in a 5% CO2 humidified air incubation. Both
HEK-293TT transfection cell line and HeLa cell line were grown and maintained in Dulbecco
modified Eagle medium (DMEM, Life Technologies) supplemented with 10% heat-inactivated
foetal calf serum (FCS) (Gibco), 100 U/mL penicillin (Pen) and 100 ug/mL streptomycin (Strep).

3.2.3 Transfection of HEK293TT cells for production of mPsVs

HEK293TT cells were plated out in DMEM (+10% FCS and Pen/Strep) and grown on a 10 X
T175 flasks to 70% confluency. The expression vectors used were: pXULL containing the L1/L2
and reporter gene expression plasmids pGL3 containing FLuc gene (Promega) and pCMV
vector containing the GLuc gene (New England Biolabs, Ipswich, MA, USA). The cells were
transfected using the calcium phosphate method (Jordan et al., 1998). The reaction mixture (5
Mg pXULL plasmid DNA, 12 ug reporter plasmid DNA in TE buffer and 25 yL CaCl, (2.5 M)) was
added to HBS (isotonic saline buffered with HEPES) to a final volume of 200yl in an Eppendorf

tube and incubated for 30 mins at room temperature before addition to the cells.

After 48 h the supernatants containing floating cells were collected. The cells were pelleted by
centrifuging at 3000 xg for 5 mins. Adherent cells were lifted by trypsinization, then pelleted by
centrifugation as above and washed in 5 mL PBS. The cells were centrifuged again, and the
pellet resuspended in 1 mL PBS (pH 7.4). The cell suspension was transferred to a round-
bottom siliconized tube. The cells were pelleted by centrifuging at 3000 xg for 3 mins and the
supernatant was removed. The pellet was resuspended in an equal amount of cell lysis buffer
(1x PBS, 9.5mM MgClz; 0.35% Brij 2 yl Benzonase and 2 pl Exonuclease V, pH 7.4).

3.2.4 Maturation of PsVs

Maturation of putative PsVs results in more uniform and stable particles. The lysed cell
suspension was incubated at 37°C with gentle shaking for 24 h. The lysate was chilled on ice for
5 mins followed by the addition 0.17 volumes of PBS containing 5 M NaCl. The high salt

concentration aids in stabilization of the PsVs (Buck et al.,, 2005). The suspensions were
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incubated on ice for 10 mins and then freeze/thawed at -80°C to RT (Room Temperature) three

times. Matured lysates containing PsVs were stored at -80°C until purification.

3.2.5 Purification and concentration of PsVs

Cell debris was removed from the lysates by centrifuging at 8000 xg for 10 mins at 4°C after
which the supernatants were collected. PsVs were purified using ultracentrifugation on 2-step
discontinuous CsClI gradients consisting of: 4 mL light CsCl (0.27 g/mL) underlayed with 4 mL of
heavy CsClI (0.39 g/mL) dissolved in HSB. The gradients were centrifuged for 16 h at 20 000 xg
at 4°C. The opaque band containing PsVs at the heavy/light interface was collected by insertion
of a needle into the tube. The bottom section of the tube was also collected by insertion of a

needle and collection of ~500 L.

To facilitate removal of CsCI and to concentrate the PsVs. samples were loaded onto Amicon
Ultra-4 filter devices (100 kDa MWCO) and centrifuged at 3000 xg for 10 mins. HBS (2 mL) was
added to the filter devices and the samples centrifuged again to enable complete removal of
CsCl. The samples were concentrated to a final volume ~100 pL. Concentrated PsVs were
stored in low-binding siliconised tubes at -80°C. PsV concentration was determined relative to a
BSA standard curve using a Bradford assay as per Chapter 2.2.3 according to the

manufacturer’s instructions.

3.2.6 Plant-based production of HPV PsVs (pPsVs)

3.2.7 Infiltration and Expression of PsVs
Plants were co-infiltrated with the construct listed in Table 3.1 as described in Chapter 2.2.2.
The cell densities (ODsoo) used for each construct are shown in Table 3.1. Infiltrated plants were

harvested at 4 dpi.

Table 3.1: The various plasmid constructs and the ODs at which they were infiltrated.

Construct Plasmid vector ODseoo
HPV16 L1 pTRAkc-rbsc1-cTP 0.25
HPV16 L2 pTRAkc-rbsc1-cTP 0.05
FLuc pRIC3 0.5
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3.2.8 Puirification

After harvesting the leaves purification of the pPsVs was carried out in the same manner as the
method described in Chapter 2.2.3 and 2.2.4. Pooled iodixanol fractions containing PsVs were
loaded onto Amicon Ultra-4 filter devices (100 kDa MWCO) to facilitate removal of iodixanol and
to concentrate the PsVs. The samples were centrifuged at 3000 xg for 10 mins. HBS (2 mL)
was added to the filter devices and the samples centrifuged again to enable complete removal

of iodixanol. The samples were concentrated to a final volume of ~ 2 mL.

3.2.9 Western blotting and silver staining

In order to ensure the presence of L1 and L2 protein in the purified mPsVs and pPsVs samples,
they were prepared and analysed on western blots and silver stained SDS-PAGE as described
in Chapter 2.2.6.

3.2.10 TEM visualisation of PsVs
In order to confirm the formation of whole PsVs, the purified mPsV and pPsV samples were
diluted 1:20 with HSB, and were negatively stained with 2% uranyl acetate and subsequently

viewed as described in Chapter 2.2.7.

3.2.11 Rolling circle amplification of encapsidated DNA

Rolling circle amplification (RCA) of purified PsVs was performed as per the illustra™ Templiphi
100 Amplification Kit (GE Healthcare) instructions. PsVs were initially digested using 1 pl of
proteinase K for 3 h at 55°C. The proteinase K was subsequently inactivated by heating
samples to 95°C for 10 mins. One uL of sample was added to 5 pyL of sample buffer. The
samples were again denatured for 3 mins at 95°C and cooled to 4°C. A master mix was
prepared containing 5 uL reaction buffer and 0.2 uL enzyme mix per reaction and 5 uL of the
master mix was added to each sample. Amplification was carried out for 18 h at 30°C, after
which the samples were heated to 65°C for 10 mins to stop the reaction. RCA reactions were
subsequently linearised with Hindlll restriction enzyme for 1 h at 37°C. The digested samples

were analysed on 1% agarose gels stained with ethidium bromide.
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3.2.12 Quantification of encapsidated DNA by qPCR.
3.2.12.1 Sample preparation

Two different sample preparation methods were used in order to determine the amount of total
DNA that has been encapsidated. Both methods use the same amount of L1 protein (20 pL).
The first method simply involves the samples being heated to 95°C for 10 mins in order to
denature the particles. The second method involves the use of the QIAamp® Viral RNA/DNA
extraction kit (Qiagen). The DNA was extracted as per kit instructions and the DNA was stored
at -20°C before it was sent for gPCR by Ingaba Biotech (South Africa).

3.2.12.2 Quantification of plasmid DNA by gPCR
Primers were designed to amplify the FLuc reporter gene in the pGL3 control vector and are

shown in Table 3.2.

Table 3.2: Forward and reverse primers for amplification of the FLuc reporter gene in gPCR.

Direction Sequence
Forward ACCAGGGATTTCAGTCGATGTAC
Reverse TGCAATTGTCTTGTCCCTATCGA

A standard curve ranging from 1 ng to 1 fg of the pGL3 control plasmid was generated. qPCR
was carried out in 96 well plates with Luna Universal gPCR Master Mix (New England Biolabs,
Ipswich, MA, USA) using a dye-based qPCR assay. Each reaction contained 1 ul of DNA
template, 0.25 ym forward and reverse primers and 1X Luna Universal gqPCR Master mix. The
reactions were carried out in a CFX96 Real-Time PCR System (Bio-Rad) following a standard
two-step PCR program as suggested by the Luna Universal gPCR Master Mix manual. Three
technical replicates were run for each DNA sample. Amplification of different input templates

were evaluated based on quantification cycle (Cq) value.

3.2.13 In vitro infectivity testing of particles
The infectivity of the particles was tested in vitro. HeLa cells were seeded in a 48 well plate at a

density of 1x10° cells per well and grown overnight. In order to neutralise the PsVs, they were
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incubated in the presence of Gardasil antibody for 30 mins at room temperature. HPV16 PsVs
neutralised or not were added to the cells at a final viral density of approximately 0.5 pg/cell for
48 h at 37°C. Media was collected or aspirated from the cells, after which they were lysed with
cell lysis buffer and mechanically broken up by scraping of the cells. Thirty microliters of the
media or lysates were transferred to a 96 well plate and the luciferase activity was measured
using the Gaussia Luciferase Assay Kit (Sigma-Alrich) or Pierce™ Firefly Luciferase Glow
Assay Kit (Thermo Fisher Scientific) respectively according to the manufacturer’s instructions.
Plates were read with the GloMax® Microplate Reader (Promega) at 470 nm. Raw luciferase
data were normalised against the uninfected cells-only wells. The experiments were performed

in triplicate.

3.2.14 Animal Experiments

Approval for this study was obtained from the Animal Research Ethics Committee at the Faculty
of Health Sciences at the University of Cape Town (UCT, AEC 021-023). Female BALB/c mice
were bred at the UCT Animal Research Unit. The animals were housed and cared for in the
Biosafety Level Il (BSL-2) Animal Research Unit. The experiments conducted using the In Vivo
Imaging System (IVIS®) machine (PerkinElmer) were carried out by Alisha Chetty and Claire

Butters.

Six-week-old mice were randomly divided into 3 groups consisting of two experimental groups
with 5 mice each and a control group with 3 mice. Mice were acclimatized for 1 week prior to
initiation of the experiments. Four days prior to HPV PsV infection, mice were treated with 2
mg/20 g Depo-Provera (Pfizer) suspended in 200 yL PBS by sub-cutaneous injection to ensure
equilibration of hormonal levels and to prolong dioestrus which facilitates infection of sexually
transmitted diseases. Genital epithelial cells were chemically disrupted 6 h prior to HPV PsV
infection, for this procedure mice were lightly anaesthetized via intra-peritoneal injection of 125
uL ketamine (1.5 mg/20 g) and xylazine (0.2 mg/20 g) and intravaginally received 25 pL of 4%
Nonoxynol-9 (N-9) (abcam) in a formulation of 3% carboxymethylcellulose (CMC) (Roberts et
al., 2007). For infection with HPV PsV, mice were lightly anaesthetized as described above and
intravaginally inoculated with 5 ug of mammalian-produced HPV16 PsVs encapsidating either
FLuc or GLuc reporter genes or 5 ug of plant produced PsVs (containing the FLuc reporter

gene) in a total volume of 20 pL in the presence of 3% CMC.
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Vaginal lavages were performed at 24 h, 48 h, and 72 h post infection with the Gluc-expressing
virions by rinsing the genital tract with 2x50 pL sterile PBS. Cells and debris were removed by
centrifugation at 3000 xg for 5 mins and the remaining supernatants were analysed for secreted
Gaussia luciferase expression as a measure for infection using the Gaussia Luciferase Assay
Kit (Sigma-Alrich) and the Glomax® microplate reader. Mice infected with PsVs encapsidating
firefly luciferase (both mammalian and plant produced) were injected intravaginally with 50 uL
firefly luciferase reagent and then immediately imaged using the 1VIS® machine. The mice were

euthanised 72 h post infection using halothane inhalation.

3.3 Results: Comparison of FLuc and GLuc reporter genes expression
The comparison of the different luciferase reporter genes was carried out to evaluate which
reporter gene provides the highest and most reliable luciferase readings for the HPV16

challenge model.

3.3.1 Confirmation of HPV L1 and L2 protein expression

After purification and concentration of the mPsVs containing either the FLuc or GLuc reporter
genes, the samples were analysed using silver stained SDS-PAGE gels. Expression of L1 was
confirmed by the presence of bands of ~56 kDa and expression of L2 was confirmed by the
presence of bands of ~84 kDa in both the GLuc and FLuc samples (Figure 3.1). The bands
representing L2 were less intense when compared to the bands representing L1 which is to be
expected as one L2 is incorporated with five L1 proteins and therefore is at a lower
concentration in the samples. The sample containing the GLuc reporter gene appears to be
more concentrated than the sample containing the FLuc reporter gene as these bands are more

intense.

MW GLuc FLuc
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Figure 3.1: Detection of L1 and L2 in purified PsVs on silver stained SDS-PAGE gels. SDS-
PAGE of the purified and concentrated PsV samples. The bands indicated by the arrows are HPV
L1 (bottom) and HPV L2 (top) Labels: MW — Molecular weight marker (kDa), GLuc — Mammalian
expressed HPV16 PsVs containing GLuc reporter gene, FLuc — Mammalian expressed HPV16
PsVs containing FLuc reporter gene.

3.3.2 In vitro infectivity of PsVs

After confirming the presence of L1 and L2 in the purified PsVs, their infectivity was tested in
vitro using HelLa cells. All the PsVs tested successfully infected HelLa cells as evidenced by
expression and detection of the reporter genes (Figure 3.2, orange bar). The cell lysates of
samples cells infected with PsVs encapsidating FLuc showing a higher level of infectivity when
compared to the cell supernatants from cells infected with PsVs encapsidating GLuc reporter
gene (Figure 3.2) when compared to blank samples. PsVs encapsidating GLuc or FLuc were
successfully neutralised in the presence of a Gardasil HPV 16 monoclonal antibody, as shown
by the reduction of reporter gene expression in Figure 3.2 (grey bars). The infectivity of the FLuc
particles and the GLuc particles was reduced ~13.1 fold and 2.3 fold respectively. These

results indicate that neutralising epitopes were properly displayed on the surface of the PsVs.
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Figure 3.2: In vitro infectivity and neutralization assay of mammalian-produced PsVs
encapsidating GLuc or FLuc reporter plasmids. The luciferase readings were taken from the
cell supernatants from the GLuc reporter gene infected cells. The luciferase readings were
measured from the cell lysates infected with the FLuc reported genes. The relative light units
were measured after 48h post infection on the y-axis taken from the GloMax® Microplate
Reader. The luciferase readings have been normalised to the blank.
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3.3.3 In vivo infectivity of PsVs
Female BALB/c mice were infected with particles containing the 2 different luciferase reporter
genes. These mice were randomly assigned to the groups. Each experimental group contained

5 mice and the control group contained 3 mice.

3.3.4 Infectivity of GLuc PsVs in a mouse model

To investigate infectivity of PsVs encapsidating GLuc, mice were infected with mPsVs
containing this gene. One group of 5 mice was infected with PsVs containing the GLuc reporter
gene. As GLuc is a secreted reporter protein, mice were vaginally lavaged every 24 h for 3 days
to ensure that readings were taken at the time of most optimal expression. Figure 3.3 shows
that 24 h post-infection no GLuc expression had occurred as the GLuc showed no difference
between uninfected control mice and PsV- infected mice. Forty-eight hours post-infection, 4 of
the 5 mice in the experimental group showed infection, with large variance between the
readings. The most uniform infection was measured 72 h after infection, where 4 out of 5 mice
showed successful luciferase expression. Luciferase expression readings were significantly
higher in the PsV-infected mice compared to the control group. Across all 3 days none of the
mice from the control group showed any infection and therefore no variation was noted in the
fluorescent readings.
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Figure 3.3: GLuc readings 24 h, 48 h and 72 h post infection. Dot plot of the individual mice
plotted for each time point the readings given are in relative light units recorded by the IVIS. The
experimental group (GLuc) is represented by the orange points and the control group is
represented by the blue points. The black bar represents the average for each group. The error
bars indicate the standard deviation for the group.

3.3.5 Infectivity of FLuc PsVs in a mouse model

To assess the infectivity of the PsVs encapsidating FLuc, mice were infected with the mPsVs
encapsidating this gene. Due to the FLuc being retained within the cells of the vaginal canal the
infection levels were determined by imaging the mice with the IVIS® machine. The mice were
imaged every 24 h for 3 days to monitor the mice for optimal infection. The readings taken from
the IVIS® machine are reported as average radiance (p/sec/cm?/sr) which normalises for the
area over which the fluorescent is measured. The initial readings taken after 24 h showed a
signal in only one mouse Figure3.4(A). Forty-eight hours after infection it was observed that 3
out of 5 mice displayed expression of luciferase shown by the signal in Figure 3.4(B). The most
uniform infection was measured after 72 h, where all 5 of the mice were infected, which is
evident from the image in Figure 3.4(B). There was the least amount of variation between the
mice after 72 h (Figure 3.4 (A)). Luciferase expression readings were significantly higher in the
PsV-infected mice compared to the control group. Throughout the duration of the experiment

none of the mice from the control group showed any infection.
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Figure 3.4: HPV16 PsVs encapsidating firefly luciferase reporter gene show infectivity. A) Dot
plot of the average radiance recorded as relative light units of the individual mice plotted for each
time point that readings were taken. B) Images of mice while in the IVIS® machine. The mice
were placed in the same position for every reading.
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The infectivity of the PsVs containing the FLuc gene was more uniform. All the mice showed

gene expression at 96 h. The GLuc expression showed more variation in the signals.
3.4 Plant-produced PsVs vs Mammalian-produced PsVs

3.4.1 Expression of pPsV coat proteins

In order to detect whether L1 and L2 were present in the purified pPsVs samples, they were
analysed on western blots by probing with anti-L1 or anti-L2 antibodies. Both the L1 and the L2
proteins were expressed and detected in the purified samples, indicated by bands at sizes ~56
kDa (purple arrow) and ~84 kDa (yellow arrow) respectively (Figure 3.5). The lane probed with
L2 showed bands of different sizes which might be present due to non-specific binding of this
antibody. The sample showed presence of RuBisCO which indicates that the sample was not
pure (green arrow). Production of the pPsVs also resulted in co-purification of host cell proteins
which produces higher background. This indicated that this sample was of lower purity when

compared with the mPsVs.
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Figure 3.5: Detection of pPsV coat proteins L1 and L2 by western Blot. All lanes contain pPsV
sample. Purple arrow: HPV L1 (~56 kDa), yellow arrow: HPV L2 (~84 kDa), and green arrow:
RuBisCo (~54 kDa) Labels: MW — Molecular weight marker (kDa), L1 — probed with MAbs
CamVir1 (1:5000), L2 — Probed with anti-L2 (1:2000) (from the lab ask inga), RuBisCO - probed
with anti- RuBisCO (1:1000).

To determine if the expressed proteins self-assembled into particles, samples were analysed
with TEM (Figure 3.6). Both the mPsV and pPsV samples appeared to contain secondary HPV
structures, such as capsomere aggregates, small VLPs (~25 - 40 nm) or full-sized PsVs (~55 -
60 nm). TEM analysis showed that mammalian expressed HPV16 L1 and L2 assembled into
uniform mPsVs that were approximately ~55 nm in diameter. In comparison, the plant
expressed HPV16 L1 and L2 did not produce a homogenous pPsVs sample. The sample was a

mixed heterogenous population of amorphous particles and protein aggregates.
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Mammalian-produced PsVs Plant-produced PsVs

Figure 3.6: TEM analysis of purified and concentrated PsVs. The samples were negatively stained
using uranyl acetate. A) Mammalian expressed mPsVs. B) Plant produced pPsVs. The blue
arrows indicate full PsVs (~55 - 60 nm); red arrows indicate smaller VLPs (~20 - 40 nm); green
arrows indicate capsomere aggregates or misshapen particles. Scale bar = 100nm. The VLPs
were viewed using Zeiss 912 Omega Cryo EFTEM.

3.4.2 Quantification of reporter gene encapsidation

To determine whether the reporter gene plasmid was successfully encapsidated, PsVs were
disassembled by digestion and boiling and subjected to RCA. After RCA and plasmid
linearization with RE, encapsidation was confirmed by the presence of ~5100 bp amplified
fragments observed in the lanes containing both pPsVs and mPsVs (Figure 3.7 (A)). The band
observed after RCA of the mammalian-produced PsVs was more intense than the bands
observed for the plant-produced PsVs, potentially indicating a higher concentration of DNA
present in the mammalian-produced PsVs sample. A band of the expected size (2686 bp) was

observed for the positive control, with no bands detected in the negative control lane.

After the presence of the reporter plasmids within the purified PsVs was confirmed, the amount
of FLuc reporter gene present in each of the samples was assessed by qPCR. To standardise
analysis of PsVs in qPCR assays, equal amounts of L1 protein was processed which enabled
comparison of the amount of DNA associated with the PsVs between the mammalian- and
plant-produced PsVs. The qPCR assays were carried out on DNA extracted from the particles,
as well as DNA from heat denatured particles. When comparing the DNA that was extracted
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from the particles with the unextracted DNA there was a significant difference for the mPsVs.
The plant produced PsVs showed a 3.7-fold increase in the absolute copies found in the
unextracted sample. Comparison of the extracted samples showed that the amount of plasmid
in the mammalian sample was not significantly different from that of the plant. However,
comparison of the unextracted samples shows that there was a significantly higher plasmid

copy number for the plant sample.
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Figure 3.7: Detection and quatification of plasmids with RCA and qPCR. (A) Lanes M - DNA
marker with size in kb indicated on the left, mPsVs - sample with mPsVs containing GLuc reporter
gene, pPsVs - sample with pPsVs containing GLuc reporter gene (+) — positive control pUC 19
vector, (-) — negative control with no DNA added. (B) The graph represents the absolute copies of
FLuc reporter gene plasmid in samples of equal L1 concentration. The blue bars indicate
extracted sample, the yellow bars indicate the unextracted samples. The error bars give the
standard deviation. The experiments were done in triplicate.

3.4.3 Infectivity of PsVs in vitro

To assess and compare the infectivity of the differently produced PsVs, Hela cells were
infected with both the mPsVs and the pPsVs. The results indicated that there was more
effective infectivity of the mPsVs, when compared to the pPsVs (Figure 3.8). While cells were
infected with the same amount of L1, the concentration of the pPsVs was lower and therefore, a
significantly larger volume of pPsV sample was required to be added. The addition, high
volumes of sample appeared to have a negative effect on the cells. In an attempt improve the
infectivity, the pPsVs were incubated in the presence of furin, however no change was observed

in the infectivity of the particles (data not shown).
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Figure 3.8: Infectivity of the PsVs incubated with HeLa cells after 48 h. FLuc reporter gene
activity as a measure for infection was assessed in the Hela cell lysates 48 h after addition of the
virions to the cells. Log of the relative light units is plotted for both the mPsVs and the pPsVs. The
error bars indicate the standard deviation.

3.4.4 Infectivity of pPsVs compared to mPsVs in vivo

Mammalian and plant-produced PsVs underwent comparative infectivity testing using the in vivo
mouse model mentioned before. Infection was evaluated by measuring Fluc gene expression,
indicative of HPV PsVs infection, through fluorescence readings obtained using the IVIS®
system. The readings taken from the IVIS® machine are reported as average radiance
(p/sec/cm?/sr) which normalises for the area over which the fluorescence is measured. The
results showed a notably higher infection level in mice exposed to mPsVs compared to pPsVs,
evident in the considerably greater fluorescence readings at 48 h and 72 h post-infection in
mPsVs-exposed mice when contrasted with the control group. There was little variation within
the group infected with mPsVs as all 5 of the mice showed fluorescent signals after 72 h
affirming their expression of the reporter gene (Figure 3.9). The pPsVs showed fluorescent
signals in 4 out of the 5 mice after 72 h (Figure 3.9 (B)). However, the average of these
responses was ~100 fold lower than the average radiance observed by the mPsVs (Figure 3.9
A). The control group exhibited no infection and there was minimal variation in average radiance

readings.
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Figure 3.9: Infectivity of the mPsVs and pPsVs in an animal model. (A) The graph shows the log
of the average radiance (p/sec/cm?/sr) for each individual mouse for each time point. The yellow
points represent the mPsV infected mice; the green points represent the pPsV infected mice and
the grey points represent the control mice The average of each group is indicated by the black
bar. The error bars indicate the standard deviation. (B) IVIS® images of the mice 72 hours after
infection with the colour intensity indicated on the scale bar.
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3.5 Discussion

HPV PsVs are comprised of capsid proteins L1 and L2 that self-assemble to form a virus-like
particle that can encapsidate plasmid DNA containing a reporter gene (Xu et al., 2006). This
study compared FLuc and GLuc in a mammalian expression system to determine which
luciferase would provide the most reliable challenge results in a mouse model. The optimal
luciferase was then used to directly compare expression of HPV16 PsVs in plant and

mammalian expression systems.

3.5.1 Comparison of luciferase reporter genes

The comparison of GLuc and FLuc in this in vivo study highlighted some key differences and
considerations when deciding on reporter genes used for encapsidation. Both PsVs were
produced using the same expression vector for the PsV coat proteins and showed good
expression. PsVs containing either reporter gene constructs showed successful infection in the
in vitro assay as well as in the in vivo mouse model. Encapsidation of plasmids in HPV PsVs is
not dependent on the DNA sequence encoded, but rather on the genomic size (Roden et al.,
1996). Thus, it is expected that although the reporter genes are contained within different

plasmids, it should not affect their encapsidiation within PsVs (Xu et al., 2006).

The in vitro infection of HeLa cells showed that the PsVs encapsidating FLuc produced a higher
signal relative to the blank when compared to the GLuc PsVs. However, due to the differences
in the reagents, enzymes and samples use these results cannot be directly compared.
Neutralization assays were carried out to determine if these PsVs would be able to be
neutralized by antibodies. Results from these assays showed that both FLuc and GLuc PsVs
were successfully neutralised in the presence of HPV16 neutralising antibodies (Nab) and
therefore could be used as infection challenge post vaccination. The PsVs encapsidating the
FLuc reporter showed a greater reduction in the signal when incubated with Nab indicating that

these were more effectively neutralised by the HPV16 Nab (Figure 3.2).

While the FLuc and GLuc cannot be directly compared due to the fluorescent readings being
recorded with different units from the in vivo experiment, the results show that there was less
variation in the group infected with the PsVs containing the FLuc gene (Figure 3.3 and 3.4). A
consideration of the GLuc reporter is that expression and secretion of the protein occurs
continually (Hiramatsu et al., 2005), while readings are only taken every 24 h. Vaginal lavages

carried out to collect secreted luciferase introduce another variation factor due to the viscosity of
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the vaginal fluid and difficulties in ensuring uniformity in the samples collected. In contrast, mice
expressing the FLuc reporter gene retain the luciferase within the cells and can be imaged using
IVIS® at any time point without the need for collecting vaginal washes (Gould and Subramani,
1988), and allows for visualization of the infected areas (Figure 3.3). Mice infected with either
kind of PsVs showed that 4 out of the 5 mice were infected, which shows the natural variably of
in vivo animal studies. Upon analysis of these results, it was evident that FLuc showed less
variation and a more intense fluorescent signal therefore it was decided that FLuc would be the

most optimal reporter gene to use in challenge experiments in the present study.

3.5.2 Comparison of expression systems

This chapter directly compared the formation, encapsidation and infectivity of pPsVs with the
gold standard mPsVs using the same reporter gene. PsVs encapsidating the FLuc reporter
gene were successfully expressed in N. benthamiana (Adams et al., 2023). In recent years,
plant-based expression systems have become an area of great interest for recombinant protein
production, the advantages of using plant production systems include the low production costs,
the lower risk of contamination with mammalian pathogens, and capability of post translational
modifications (Rybicki, 2010).

Similar difficulties with yield and purity were experienced with the production of the HPV VLPs in
Chapter 2, as with production of HPV16 VLPs, when producing the HPV16 PsVs in plants
(Adams et al., 2023). While HPV16 PsVs were successfully produced in plants, the yield and
the purity of the particles obtained with this production system are not feasible for large scale
production. The purity of the pPsVs sample was not as high as the mPsVs and there were
significant amounts of host cell proteins post purification, as observed by TEM analysis (Figure
3.6). One of the main challenges was removal of the abundantly present photosynthetic enzyme
RuBisCO (Figure 3.5) which is co-purified along with the HPV16 PsVs due to the electrostatic
forces that exist between them (Andersson and Backlund, 2008, Chen et al., 2000) making the
purification and the removal of this protein exceedingly difficult without lowering the yield of the
PsVs.

The infiltration ODeoo values for L1:L2 is at 5:1 which was based on structure of HPV16 which
has one L2 for every L1 pentamer (Conway and Meyers, 2009, Varsani et al., 2003). However,
the mammalian expression system has the L1 and L2 genes on the same expression vector and

therefore these are present at a ratio of 1:1 in each cell to ensure co-expression. An expression
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vector such as pEAQexpress may be a consideration for the plant expression system, where
L1 and L2 are able to be expressed on the same T-DNA, as it ensures that both L1 and L2 will
be expressed within the same cell (Sainsbury et al., 2009). To account for the different amounts
of L1 and L2 required for VLP assembly, promotors of differing strength can be used for

expression of each gene to ensure that L1 is expressed at a higher level than L2.

3.5.3 Particle assembly

When assessing the formation of PsVs under TEM, it was evident that the mPsVs were more
uniform in shape and size, and appeared to be of higher quality particles which more closely
resembling the native virions (Buck et al., 2005), when compared to the pPsVs. The pPsVs
particles appeared to be of a much larger range of sizes (20 nm - 60 nm) and shapes, with more
aggregates present and less fully formed intact particles when compared with the mPsVs.
These results are consistent with that of other plant-derived VLPs. (Adams et al., 2023). These
non-uniform particles indicated suboptimal particle assembly and a lower encapsidation
efficiency of the reporter plasmid DNA in the pPsVs. Moreover, the mPsVs appeared to be more
stable than the pPsVs due to the more uniformly formed particles and the increased thermal
stability (Figure 3.6 and 3.7) (Zhao et al., 2012, Kim et al., 2016). This is supported by the
higher amount of FLuc plasmid amplified from the extracted mPsVs sample (Figure 3.7(B))
when compared to the unextracted samples. These results indicated that the PsVs were highly
stable, as heating of the particles to 95°C was not effective in denaturing the particles, or the
particles may have partially reformed on cooling and therefore not all the DNA was available for
amplification (Zhao et al., 2012). Extraction of the DNA from the pPsVs resulted in a 3.7 fold
increase in absolute copy number, which may indicate that DNA was associated with L1 and L2

rather than being encapsidated within the PsVs.

3.5.4 Infectivity of the particles in vitro

The infectivity of PsVs made in plants and mammalian cells was compared by infection of HelLa
cells in an in vitro system. The in vitro infection investigation of the PsVs showed that the pPsVs
were not able to infect these cells as no signal was detected with the luciferase assay (Figure
3.9). The initial step of infection in cultured cells is binding to the extra cellular matrix (ECM)
however, this is not equivalent to binding to the basement membrane in vivo. Binding of PsVs of

the ECM does not result in interaction with HSPG and therefore there is less efficient cleavage
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of L2 (Culp et al., 2006). This means that there will be a lower infection rate of cultured cells as
this model relies on interactions at the cell surface (Day et al., 2010). Another critical
consideration is the differences in protein concentration of the pPsVs and the mPsVs. Due to
the co-purification of host cell proteins the pPsVs could not be effectively concentrated to a low
enough volume using the Amicon filters that would result in a similar concentration to the
mPsVs and therefore, significantly higher volumes were added to the cells in order to add the
same amount of protein as the mPsVs. This large volume of sample therefore diluted the growth
media of the cells and created suboptimal growing conditions for the cells which may have
affected expression levels of the reporter gene. It has also been shown by other groups that
particle heterogeneity resulted in variability of infectivity assays (Horvath et al., 2010). Further
testing should be done on the particles to assess for any surface changes or structural
differences within the cells that may be inhibiting the particles from infecting in the in vitro

cultured cell assays.

3.5.5 Infectivity of PsVs in vivo

The PsVs made in plants and mammalian cells was assessed for their infectivity in an in vivo
mouse model. mPsVs showed infectivity in the mouse model that was ~100 fold higher than that
of the pPsVs (Figure 3.16 (A)). Variation between mice of all the groups tested was lowest 72 h
after infection which corresponded to the results obtained when mice were infected with PsVs
encapsidating FLuc or GLuc (Figure 3.10 and 3.11). This challenge study showed successful
infection of all experimental mice with both the mPsV group as well as the pPsV group. While
the infectivity of the pPsVs was low when compared to the mPsVs, it was evident from the IVIS®
images in Figure 3.10 (B) that infection of these mice was successful when compared with the
negative control groups. Due to the lower concentration of the pPsVs used to infect the mice, a
lower ratio of the sample to CMC was used for infection, this may have resulted in reduced
viscosity of the mixture and might have allowed for the infection medium containing PsVs to leak
out (Roberts et al., 2007). This reduces the amount of time the PsVs are in contact with the
vaginal canal and therefore lowers the chance of the PsVs binding to the BM, leading to lower
infectivity (Ma et al., 2011). Improvements to the purity and concentration of the samples could

have resulted in higher infection levels of the pPsVs.

In summary, both the mPsVs and pPsVs were successfully produced and tested both in vitro
and in an in vivo mouse model. The PsVs produced from the two different expression systems

were compared and it was determined that production in the mammalian system was more
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effective as higher yields and purity were obtained when using this system. The purified mPsVs
were more uniform in shape, and displayed more effective DNA encapsidation, which resulted in
the mPsVs showing greater infectivity in the mouse model and in vitro.To the best of our

knowledge, this is the first study that shows that plant produced HPV PsVs are infective in vivo.
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Chapter 4: Immunogenicity of plant-produced vaccine candidates

4.1Introduction

The burden of STIs poses a significant challenge to public health particularly in low to middle
income countries. Africa, in particular, grapples with this burden, exacerbated by socio-
economic challenges such as insufficient education, pervasive social stigma, and limited
resources, which include the high costs associated with testing and treatments. (Badawi et al.,
2019, Gerbase and Mertens, 1998). Among the most prevalent STls globally are HPV and
gonorrhea (CDC., 2019). While the current HPV vaccine has demonstrated remarkable efficacy
in preventing infection and cervical cancer, its adoption in the African context remains hindered
by financial constraints and limited accessibility (Kutz et al., 2023). Ng has been declared as a
superbug and is rapidly gaining resistance to all antimicrobial treatments heightening the
urgency for the development of a vaccine against Ng (Fifer et al., 2016, Wi et al., 2017). The
proposition of a dual vaccine capable of conferring protection against both HPV and gonorrhea
holds immense promise, not only for disease reduction but also from a pragmatic standpoint,

streamlining vaccinations and targeting similar age groups and social demographics.

4.1.2 In vivo mouse model

The use of animal models is well established to investigate the immunogenicity of vaccine
candidates (Day et al.,, 2010, Raterman and Jerse, 2019). This technique is widely used in
assessment of prophylactic vaccines (Doorbar, 2016). The mouse model is frequently used to
assess the ability of antibodies elicited by vaccines to block HPV infection. However, Ng is
species specific and therefore a challenge with Ng is not possible in the standard mouse model
(Ngampasutadol et al., 2008). Animal models can be used for detection of antibody responses
which can confer protection against infection (Gulati et al., 2019a), specifically, the elicitation of
IgG antibodies. IgA antibodies predominate at the mucosal lining of the Gl (gastrointestinal)
tract, while IgG occurs at higher levels in the female genital tract (Johansson and Lycke, 2003).
IgG is transferred bidirectionally across epithelial cells by the Fc receptor which is expressed in
epithelial cells of both the human and mouse. More recently, protocols have been developed to
humanize mice by supplementing them with human factors or transgenically altering the mice to
be able to better understand infection and immune protective mechanisms (Raterman and
Jerse, 2019).
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4.1.3 LOS as a vaccine target

Lipooligosaccharide (LOS) is the most abundant molecule on the surface of Ng and is
responsible for virulence factors exhibited by the pathogen. It has been well studied and
identified as a promising vaccine target (Gulati et al., 2019a, Haese and 2021). LOS can
undergo sialyation and there are various different sites at which this can occur which gives rise
to different epitopes that maybe all be present at different times (Ram, 2018). The gene
responsible for the formation of the 2C7 epitope is phase variable and therefore is not
constitutively expressed; however, it is still widely expressed among clinical isotopes (Gulati et
al., 1996b, Gulati, 2019). Due to LOS being membrane bound, free LOS displays a flexibility
and instability in its structure that is not optimal for antibody binding. Therefore, the use of a
peptide mimic can overcome this and provide a stable conformation allowing for the elicitation of

a more effective immune response (Gulati, 2019).

4.1.4 Vaccine adjuvants

Adjuvants exert their influence by modulating and enhancing both the innate and adaptive arms
of the immune system. There are various vaccine adjuvants that can elicit specific immune
responses depending on the desired protective immunity against a particular pathogen (Firdaus
et al., 2022). The successful combination of antigens and adjuvants is crucial in formulating

effective vaccines.

Aluminium-based (Alum) adjuvants primarily form a depot at the injection site, allowing for the
slow release of antigens prolonging the antigen exposure, thereby enhancing antigen uptake by
antigen-presenting cells (APCs). Alum adjuvants act to enhance the production of both IgG1
and IgE antibodies through the promotion Th2 cell responses (Zhao et al., 2023). Alum
adjuvants are known to be safe, reliable, and inexpensive. For these reasons they are widely
used for the prevention and treatment of various diseases including HPV (Shi et al., 2019). The
current HPV vaccines make use of an aluminium-based adjuvant which is combined with a
TLR4 agonist ASO4, amplifying antigen presentation and immune cell activation (Firdaus et al.,
2022).

Previous immunogenicity experiments carried out with the 2C7 peptide utilised Glucopyranosyl
Lipid Adjuvant in a Stable Emulsion (GLA-SE) as an adjuvant. GLA-SE is a Th1-biased TLR4
agonist, which has been shown to boost the effectiveness of vaccines targeting LOS (Gulati et
al., 2019b, Coler et al., 2010).
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4.1.5 Immune interactions

The goal of vaccine design is to elicit multifaceted immune reactions, comprising both humoral
and T-cell responses, in order to confer effective and durable protection against pathogenic
invaders (Pulendran and Ahmed, 2011). A humoral response is mainly characterized by the
activation of B cells, culminating in the production of antigen-specific antibodies, typically of the
IgG isotype (Plotkin, 2010). These antibodies are characterized by high affinity for specific
antigens and longevity, thus constituting a primary immune defence mechanism (Pulendran and
Ahmed, 2011). Th1 and Th2 responses have been shown to be important for conferring
protection against Ng. Th1 are proinflammatory responses which a play a role in amplifying the
cellular arm of immunity, and aid in activation of B cells and signal downstream responses
which result in enhanced pathogen clearance (Swain et al., 2012). In contrast, Th2 responses,
contribute to antibody class-switching, resulting in the production of diverse antibody isotypes
(Mosmann and Coffman, 1989). It is vital to evoke a mixed adaptive immune response to

establish enduring immunity against both HPV and Neisseria gonorrhoeae.

It has been shown that the HPV vaccine its able to elicit a response that is strong enough to
fully protect against infection (Naud et al., 2014, Chatterjee, 2014). The size of the VLPs as well
as their repetitive structure are optimal for interaction with APCs (Bachmann and Jennings,
2010). The currently used HPV vaccines have shown good efficacy in the prevention of viral

infection and the subsequent onset of cervical cancer.

The candidate vaccine employs the strategy of presenting the 2C7 peptide to the immune
system by using the highly immunogenic HPV16 L1 VLPs. The size and the self-assembly of
highly repetitive structures of these particles makes them ideal display particles (Day et al.,
2010). It is hoped that by exposing the Ng peptide to the immune system in the presence of the
response elicited by the HPV VLPs will induce a more protective response than that of a native

infection.

Thus far this study has described the production of HPV and HPV-Ng vaccine candidates as
well as the optimization of an HPV challenge model using PsVs. In this chapter, immunogenicity
of the plant-produced HPV16 L1 and HPV16-Ng chimeric VLPs as a candidate vaccine
produced in Chapter 2 was evaluated in a murine model. The immunogenicity of the plant-
produced vaccine candidates were analysed with respect to their ability to elicit both anti-L1 and

anti-LOS antibodies, as well as their ability to prevent in vivo infection with HPV PsVs.
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4.2 Materials and Methods

4.2.1 Vaccination of mice

This study was approved by the Animal Research Ethics Committee at the Faculty of Health
Sciences at the University of Cape Town (UCT, AEC 021-023). Female BALB/c mice were bred
at the UCT Animal Research Unit. The animals were housed and cared for in the Biosafety
Level Il (BSL-2) Animal Research Unit. The experiments conducted using the IVIS® were carried
out by Alisha Chetty and Claire Butters. Welfare monitoring of the animals as well as any
procedures was carried out by a registered, experienced animal technologist at the University of

Cape Town Animal Research Unit.

Six-week-old female BALB/c mice were used to test the immunogenicity of the plant-produced
vaccine candidates. The vaccine doses were produced as described in Chapter 2.2.3 Mice were
randomly divided into 4 groups of 5 mice each (Table 4.1) and were acclimatised for one week

prior to the start of the experiment.

Table
Mg Alum Number of doses 4.1:
protein concentration Vaccin
Chimera + Alum 5 1:1 1 ation
Chimera 5 - 3 groups
HPV16 L1 5 - 3 and
Empty Vector (negative control) | 5 - 3 dosage
S

Mice were vaccinated according to the schedule shown in Figure 4.1. Pre-bleeds were taken
before administration of the first vaccine doses. Three vaccine doses were administered at
intervals of 3 weeks, except for the group receiving adjuvant which only received the primary

dose. The vaccine administered with adjuvant was mixed at a 1:1 ratio of Alum (Afrigen) to
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sample prior to vaccination. Each dose contained 5 ug of antigen diluted in PBS (endotoxin free
pH 7.5) to a total volume of 100 puL which was injected intra-muscularly (IM) 50 pL per hind leg
as this was the preferred route of administration, based on optimization experiments that
evaluated immunogenicity, bactericidal activity and efficacy in mice (Gulati et al., 2019b). Two
weeks after the final vaccination blood was collected from the mice, serum was isolated from
the blood and stored at 4°C (short term) or -20°C (long term).

Pre Final
Bleed Dose 1 Dose 2 Dose 3 Bleed Challenge Bjeed
4 Vo4 & 6 # e
L1 I I |1 |
1 week 3 weeks 3 weeks 2 weeks 1week 1 week

Figure 4.1: Schematic diagram of vaccination timeline. The duration of the experiment is 11 weeks.
Red drops indicate mouse bleeds, vaccine doses are indicated by the injections and the challenge with
HPV PsVs is indicated by the pathogen.

4.2.2 In vivo challenge with HPV PsVs

Mice were challenged with mammalian cell-produced PsVs three weeks after the final vaccine
dose (Figure 4.1) to test if the plant-produced vaccine candidates were able to protect mice from
HPV infection. The challenge experiment was carried out as described in Chapter 3.2.11 where
mice were inoculated intravaginally with 5 ug of mPsVs encapsidating FLuc. Infection of the
mice with the PsVs was measured 2-, 3- and 4-days post challenge with the 1VIS® imaging
system as per manufacturer instructions. Living Image V4.1 (Perkin Elmer) was used to analyse

a fixed-sized area of interest, to obtain total flux (photons/seconds).

4.2.3 Evaluation of the humoral immune response elicited by the plant-produced
vaccine candidates

4.2.4 Western- and dot blot analysis of mouse sera

In order to detect antibodies present in the mice sera, HPV L1 or LOS was analysed by western

blot and dot blot respectively. Western- and dot blots were carried out as described in Chapter

2, Section 2.2.11. Mammalian produced HPV16 L1 was loaded onto the western blot and LOS
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was used for dot blot analysis. Pooled mice sera for each group was used as the primary
antibody at a dilution of 1:200 alkaline phosphatase-conjugated anti-mouse IgG antibody
(Sigma-Aldrich®) diluted at 1:5000 was used as a secondary antibody. The positive controls
used were probed with CamVir (Abcam UK) (1:5000) (for HPV16) and Anti-2C7 (1:500) (for the
LOS) as primary antibodies. All secondary antibodies used were goat anti-mouse (Sigma-
Aldrich®). Pre-bleeds were used as negative control serum, with an additional empty vector

control for plant-made vaccine candidates.

4.2.5 Pre-absorption of mice sera

For detection of anti-HPV16 L1 antibodies purified plant-produced HPV16 L1 (see Chapter 2)
was used as antigen. Prior studies have indicated that cellular proteins from the host
(specifically co-purified plant proteins) can induce the production of antibodies against these
proteins (Chabeda et al., 2019, Pineo et al.,, 2013). As discussed in Chapter 2, the vaccine
candidates displayed the presence of a significant amount of host cell proteins. Substantiating
this, initial ELISAs conducted on test final bleeds for antibodes revealed notable background
detection of plant proteins in the serum from the empty vector control. Moreover, the
identification of plant-derived L1 in the final bleeds from VLPs produced in plants, as well as the

empty vector, led to the identification of intense non-specific bands in western blots.

In order to mitigate the cross-reactivity between the host cell proteins and antibodies present in
the sera, the final bleed samples from mice were pre-absorbed employing the "Lunchbox"
Immunoabsorbent Technique (Rybicki 1990, 2000:
http://www.mcb.uct.ac.za/mcb/resources/molbio_techniques/lunchbox) (Rybicki et al., 1990).
This method was utilized to potentially eliminate or reduce the presence of antibodies against
plant host cell proteins within the sera of the mice as these antibodies will bind to the plant
proteins. Crude plant extract was prepared by homogenising 6g of plant leaves in 2x volumes
of HSPBS (pH 7.4) followed by filtration through 4 layers of 22-24um pore Miracloth™ (Millipore
Sigma) to remove plant debris. Nitrocellulose membrane was submerged in the crude plant
extract and incubated at 37°C for 1 h with agitation. The membrane was washed 4x with
blocking buffer (5% long life fat-free milk, 1x Tris-Cl [pH7.5]) before incubation in 1:200 diluted

mice serum overnight at 4°C.
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4.2.6 ELISA detection of antibodies in mouse sera

Indirect ELISAs were carried out to assess antibody titres elicited by the plant-produced vaccine
candidates, buffer conditions and coating antigens are listed in Table 4.2 below. Ninety-six well
plates were coated with the appropriate amount of antigen (Table 4.2) in coating buffer and
incubated overnight at 4°C with gentle shaking. The plates were blocked with 300 pL of the
appropriate blocking buffer for 2 h with gentle shaking at RTP. Plates were washed four times
with 200 pL per well of the appropriate wash buffer and subsequently probed with sera diluted in
wash buffer for 1 hour at 37°C. After incubation plates were washed three times with wash
buffer and probed with goat anti-mouse alkaline phosphatase conjugated (Sigma-Aldrich®)
secondary antibody diluted 1:10000 in wash buffer for 1 h at 37°C with gentle agitation. The
plates were washed four times with wash buffer and finally, 200 yL SIGMAFAST™ p-nitrophenyl
phosphatase substrate (Sigma Aldrich) was added to each well and incubated in the dark for
times specified in Table 4.2. The absorbance was read at 405 nm using a Bio-Tek Powerwave
XS spectrophotometer. All experiments were repeated three times, an average of the three

experiments for each vaccine group is reported here.

Table 4.2: ELISA methods for detection of humoral immune response to HPV16 L1, 2C7 peptide and
LOS

Antigen HPV16 L1 Octa 2C7 LOS
Coating antigen

100 ng/well 100 ng/well 80 ug/well
amount
ELISA plates Pierce® Streptavidin
(ThermoFisher Nunc Maxisorp High Binding Capacity Nunc Polysorp
Scientific) Coated

Coating buffer

1x Tris-Cl (TBS), pH

7.5, 5% NFDM

1xPBSpH 7.50.1%
BSA, 0.05% Tween 20

1x PBS pH 7.5,
0.05% Tween 20

1x TBS, 0.05%

1x PBS pH 7.5 0.1%

Wash buffer 1IXPBS pH 7.5
Tween 20 pH 8.5 BSA, 0.05% Tween 20
1x TBS, 0.05% 1xPBSpH 7.50.1%

Final wash buffer 1x PBS pH 7.5
Tween 20 pH 9 BSA, 0.05% Tween 20

Detection time 30 minutes 20 minutes 25 minutes
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4.2.7 Statistical analysis
Statistical significance of quantitative ELISA data and IVIS® readings were evaluated using a
two-tailed non-paired t-test to compare the experimental and control groups. The significance

threshold (p value) was set at a value of 5% (p=0.05).

4.3 Results

4.3.1 Detection of humoral immune responses elicited by the plant-produced vaccine
candidates

4.3.1.1 Western- and dot blot detection of HPV16 L1 and LOS:

To determine if an antibody response was elicited against the plant-produced candidate
vaccines, the respective antigens were probed with pooled sera collected from vaccinated mice.
The sera contained antibodies to both HPV and Ng as shown in Figure 4.2. Western blots
(Figure 4.2 A) showed presence of anti-L1 antibodies by the detection of bands at ~56 kDa in
the groups vaccinated with chimera both in the absence and presence of adjuvant as well as in
the group of mice vaccinated with HPV16, which served as the positive control group. The
intensity of the bands was comparable between the chimera groups and the positive HPV16
control. Faint bands were detected in the pre-bleeds and negative controls. These bands may
potentially constitute host cell proteins, such as RuBisCO that are detected due to cross
reactivity of other antibodies present in the mice sera. The chimeric vaccine candidate elicited
an antibody response against LOS as shown by detection of LOS on dot blots in Figure 4.2 B.
As expected, both the HPV16 and negative control vaccine groups did not show antibody
detection for LOS.
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Figure 4.2: Western- and dot blot analysis of sera. (A) Each lane contains HPV16 L1, blots were cut
into strips each one containing one lane and each strip was probed with pooled mice sera of all bleeds
collected from each experimental group. Lanes: + - positive control probed with CamVir (Abcam, UK),
MW — Molecular weight marker (kDa), PB — Pre-bleed sera, B1 — the initial bleed before the challenge, FB
— Final bleed. (B) Dot blot detection of anti-LOS antibodies in mouse sera of vaccinated groups. The
positive control was probed with mAb 2C7 diluted 1:500.

4.3.1.2 Quantification of humoral response against candidate vaccine antigens

To determine antibody titres elicited against both HPV and Ng, indirect ELISAs were carried out
on pooled mice sera using either HPV16 L1, cyclic-2C7 peptide and LOS as coating antigen.
These titres represent the maximum dilution factor that results in an absorbance greater than
pre-bleed sera. The pre-bleed sera served as a negative control and no antibodies specific for
HPV L1, 2C7, or LOS was detected in any of the groups which agrees with the results observed

in the western- and bot blots (Figure 4.2).

59



4.3.2 Detection of Anti-HPV16 L1 antibodies

Indirect ELISAs were carried out to determine antibody titres elicited against HPV16 L1 in the
pooled mice sera (Figure 4.3). Sera were titrated using a 4-fold serial dilution ranging from
1:200-1:204800. The anti-HPV16 titres were expressed as the reciprocal of the maximum serum
dilution containing higher absorbance readings than that of the corresponding pre-bleed serum
at 1:200. Rabbit-raised anti-Gardasil® antibody (1:5000) served as a positive control and was

used to validate the experiments.

Sera collected from mice vaccinated with chimeric and HPV16 L1 VLPs displayed antibody
levels that were statistically different from the pre-bleed sera (p < 0.00001). In addition, the titres
achieved for all the VLP-vaccinated groups were statistically significant when compared to the
negative control group vaccinated with crude plant extract. The plant-produced HPV16 and
chimeric VLPs (with adjuvant) elicited anti-L1 titres of 1:204800, and the chimera without
adjuvant elicited anti-L1 titres of 1:51200 (Figure 4.3 B).

The presence of adjuvant increased the antibody titre levels even though these mice only
received one vaccine dose, suggesting that the adjuvant increases the immunogenicity of the
vaccine candidate. These levels were comparable to the HPV16 L1 vaccinated mice which

served as a positive control.

A B
4 =
5 e 3.5 - . )
< 3.5 5 56 —e—Chimera + Adj
£ 3 PB £ ' —e—Chimera
§ 58 " g .,:, 2.5 - HPV only
S 2 S "
2.0 A —=—Negative
® 2 ®
8 8 1.5 -
c 1.5 c
s 1 8 104 .
§ 0.5 § 051 % }“ N—
< .o ! | - 5 < 0.0 : . . —
) ! ' j O N O O N O
Chimera Chimera HPV 16 Negative '19 .ﬁbQ .,;19 q?:Q ,{19 @Q
+ Adj N N & N \.f) \{19

Sera Dilution Factor

Figure 4.3: Indirect ELISA of pooled mouse sera using plant-produced HPV16 L1 as coating
antigen. (A) Vaccine pre-bleeds (PB) sera and final bleeds (FB) sera absorbances at 405 nm at dilutions
of 1:200. (B) Titration curve of the mouse sera for the vaccine and control groups. The markers represent
the average of the 3 repeats. Error bars represent 95% confidence interval.

60



4.3.3 Anti-2C7 antibodies detected in mouse sera

Detection of antibodies elicited against the 2C7 peptide was carried out using biotinylated
peptide coated onto streptavidin plates. Anti-2C7 titres were expressed as the reciprocal of the
maximum serum dilution containing higher absorbance readings than that of the corresponding
pre-bleed serum at 1:200. Sera were titrated using a 4-fold serial dilution ranging from 1:500-
1:128000 (Figure 4.4 B).

There was no response elicited against 2C7 by vaccination with the HPV16 and the plant-only
negative controls. The chimeric vaccine candidate elicited antibody titre of 1:32000 both in the
presence and absence of Alum (Figure 4.4 B), these titres were significantly different when
compared to the negative control group. Vaccination with the chimeric vaccine candidate in the
absence of adjuvant resulted in a slightly higher antibody response at 10 weeks, which may be
due to the difference in doses received, as the adjuvant group only received one dose of the
vaccine compared to the other vaccine groups. Sera collected from mice vaccinated with the
chimeric vaccine candidate displayed antibody levels that were statistically different from the

pre-bleed sera both in the presence (p < 0.0004) and absence (p < 0.00005) of adjuvant.
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Figure 4.4: Indirect ELISA of pooled mouse sera using biotinylated 2C7 peptide as coating
antigen. (A) Vaccine pre-bleed and final bleed absorbances in arbitrary units (AU) at dilutions of 1:1000.
(B) Titration curve of the mouse sera for the vaccine and control groups. The bars represent the means of
the triplicate readings. Error bars represent the 95% confidence interval.
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4.3.4 Detection of Anti-LOS antibodies in mouse sera

Indirect ELISAs where plates were coated with LOS extracted from Ng were carried out to
ensure that the 2C7 antibodies detected are specific and will bind to LOS. The anti-LOS titres
were expressed as the reciprocal of the maximum serum dilution containing higher absorbance
readings than that of the corresponding pre-bleed serum at 1:500. The initial readings were
taken at sera diluted to 1:100 and then titrated using a 2-fold serial dilution ranging from 1:500-
1:8000.

The negative controls, HPV16 and the empty vector control showed no response against LOS
(Figure 4.5 A). The chimera elicited antibody titres of 1:8000 both in the presence and absence
of adjuvant (Figure 4.5 B). As with the anti-2C7 titre levels vaccination without Alum elicited a
slightly higher response, potentially the result of the discrepancy in the number of doses as
group vaccinated with the chimera and adjuvant only received a single dose. The sera collected
from the mice vaccinated with the chimera displayed antibody levels that were statistically
different from the pre-bleed sera both in the presence (p = 0.0024) and absence (p = 0.000084)

of adjuvant.
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Figure 4.5: Indirect ELISA of pooled mouse sera using LOS as coating antigen. (A) Vaccine pre-
bleed and final bleed absorbances in arbitrary units (AU) at dilutions of 1:200. (B) Titration curve of the
mouse sera for the vaccine and control groups. The bars represent the means of the triplicate readings.
Error bars represent the 95% confidence interval.

4.3.5 Protection of mice against HPV challenge
To test if the chimeric and HPV16 L1 vaccines were able to provide protection against HPV

infection, the vaccinated mice were challenged with mammalian cell-produced HPV16 PsVs
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encapsidating FLuc as produced in Chapter 3. Challenge results are represented in Figure 4.6,
these results show that all the vaccine candidates were able to provide protection in all of the
mice vaccinated with the chimera and adjuvant, and in the group vaccinated with the chimera
alone as well as in the group vaccinated with HPV16. The HPV16 group serves as a positive
control and showed no infection as indicated by the lack of fluorescence detected. Therefore,
the vaccine candidates were able to fully neutralise the HPV PsVs which imitate an infection.
The negative control group vaccinated with the plant extract showed infection in 3 out of the 5
mice with the most uniform readings recorded 72 hours after infection as reported in Chapter 3
(Figure 4.6 B). The infection of 3 out of 5 mice may have been due to biological variation. The
lack of infection in 2 of the mice results in a lower average reading which produces p values
which indicate that there is no significance between the experimental groups and the negative

control group.
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Figure 4.6: Protection of vaccinated mice against HPV challenge. (A) Images taken in the IVIS®
machine 2-, 3- and 4-days post infection. The images have been normalised and the scale bar on the
right indicates the radiance (p/sec/cm?/sr). (B) Image taken in the IVIS® machine 72 hours post infection
of the negative control group (C) The average radiance (p/s/cm?/sr) for each mouse at each time point.
The readings were taken 48, 72 and 96 hours post infection. The average for each group is indicated by
the black line and the bars represent the standard deviation.
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4.4 Discussion

VLPs have demonstrated potent immunogenicity attributed to the repetitive presentation of
epitopes on their surfaces, their interaction with APCs and the resulting stimulation of B cells.
HPV VLPs, are comprised of 360 copies of L1, and are used as the foundation for current
prophylactic vaccines, which result in the production of high-titre nAbs (Zhang et al., 2023, Chen
et al., 2000). (Qian et al., 2020)The structure of HPV VLPs can be used to produce chimeric
particles which display foreign epitopes. Due to HPV16 being the most common cause of
cervical cancer, HPV16 L1 VLPs were used as the backbone to display the Ng 2C7 peptide
mimic in the DE loop of L1 to develop a potential dual vaccine candidate. The challenge faced
when accessing the dual vaccine candidate in this study is that the immune responses required
for protection against viruses (i.e. HPV) and bacteria, specifically Ng, are not the same.
Protection against HPV infection is dependent on the presence of neutralising antibodies (IgG1
and 1gG3 subclasses), while correlates of protection against Ng in humans is not fully
understood and the mechanisms are undefined (Pasmans et al., 2022). The -current
mechanisms of interest are the binding of antibodies which will activate complement and lead to
bactericidal activity. The binding of complement may also lead to opsonophagocytic killing or
recruitment of T helper cells responses (Gulati et al., 2019b, Shaughnessy et al., 2022). Th1
responses have also been suggested to be important for efficacy of Ng OMV vaccine designed

for intravaginal delivery (Liu et al., 2017).

In this chapter we aimed to assess the immunogenicity of plant produced HPV16 VLPs and
HPV/Ng chimeric VLPs as vaccine candidates. The antibody responses were compared directly
to the responses elicited by HPV16 L1 as a positive control to determine how the insertion of the
2C7 peptide effects the elicitation of anti HPV16 response. The mice were immunised with 5 ug
of candidate vaccine in the presence and absence of Alum as an adjuvant. The mice were also
vaccinated with purified plant extract to ensure responses observed were specific to the
recombinantly expressed proteins. The group receiving the adjuvanted chimeric VLPs received

one vaccine dose, while the other groups received 3 does over the span of 6 weeks.

The humoral immune response is characterized by the production of specific antibodies by B
cells and plasma cells in response to foreign antigens. These antibodies play a pivotal role in
neutralizing pathogens, providing protection against infection, and contributing to immunological
memory (Plotkin, 2010, Pulendran and Ahmed, 2011). The humoral immune response for both
vaccine candidates were evaluated on immunoblots and indirect ELISAs by detecting HPV16 L1

and Ng-specific antibodies in sera collected from mice.
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The level of HPV16 L1 antibodies detected was similar between the chimeric VLPs and the
positive control with each group exhibiting equivalent titres of 1:204800 (Figure 4.3). The titres
achieved are high when compared to the levels achieved by plant-produced HPV L1 in previous
studies, which ranged from 12800-40960 (Pineo and 2013, Maclean et al., 2007, Fernandez-
San Millan et al., 2008). The study by Pineo et al reported lower end point titre levels from mice
that were vaccinated with 10 ug per dose and received 4 doses (Pineo and 2013). Considering
that mice were vaccinated in this study with 5 ug VLPs per dose and only received 3 doses, the
vaccine candidate shows strong immunogenicity. It is clear that the insertion of the peptide into
the surface of the VLPs did not reduce immunogenicity of the VLPs with respect to HPV-
antibody binding as antibody titres elicited by the chimeric vaccine candidate are comparable to

that of the response of HPV16 vaccinated group.

The antibody titre levels achieved by the VLP-based vaccine candidates (both the chimeric
VLPs and the HPV16 VLPs) were significantly different from the negative control group. A
higher antibody titre indicates a greater concentration of antibodies, which often correlates with
a greater immune response. However, there was relatively high background present in the
negative control group (Figure 4.3) which indicates the presence of antibodies against plant host
proteins that were co-purified with the VLPs. These co-purified proteins when exposed to the
immune system will elicit an immune response leading to the generation of antibodies specific
for these off-target proteins. When examining the results of Chapter 2 and the purity of the
vaccine samples this is not unexpected as can be seen by the silver-stained gels (Figure 2.6),
where other proteins could be detected in the vaccine samples. These results are consistent
with previous studies that also showed marked co-extraction of plant proteins with HPV VLPs
purified from plants (Chabeda et al., 2019).

Adjuvants are added to vaccines to enhance immunogenicity and Alum is an aluminium based
adjuvant which is commonly used in commercial vaccines (Shi et al., 2019). While VLPs have
shown to be self-adjuvating, Alum is added to the currently-used HPV vaccine and therefore
was a suitable adjuvant for this study (Mohsen et al., 2017, WHO, 2022). It is difficult to
compare the vaccines in this study in the presence and absence of the adjuvant because of the
discrepancy in the number of doses that were given. The addition of the adjuvant to the chimeric
vaccine candidate did not seem to drastically increase the level of antibody detected (Figure
4.3). However, the group which received the adjuvant received only one dose still showed a
strong immune response 10 weeks later without any booster doses. This vaccine candidate was

also able to protect against HPV challenge. These results show that even at one dose only the
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vaccine with the adjuvant was able to protect against HPV infection. It would be interesting to
compare the same vaccine without the adjuvant at a one dose application to determine if it

could also protect against HPV infection.

The primary objective of vaccination lies in its efficacy in preventing infections (Pinto et al.,
2018) Notably, the current HPV vaccines have proven efficacious in this regard (Naud et al.,
2014, WHO, 2022). The HPV16 L1 and chimeric VLPs demonstrated the capacity to elicit an
immunogenic response in mice, conferring immunity against PsV-induced infections in the
challenge experiment. The lack of fluorescent readings indicated that the infectious PsVs were
fully neutralised by nAbs and therefore there was no infection of the vaccinated mice. The
combination of the humoral response and the protection by challenge shows great promise for

the vaccine candidate against HPV infection.

When conducting the challenge experiment the mice are imaged in the IVIS® to detect the
fluorescence of the luciferase and therefore infection. The lack of signal indicates no infection.
One of the challenges faced using this method is that the mouse faeces gives off a fluorescent
reading which can be misinterpreted as infection. This was the case in several mice in Figure
4.6 in the chimera groups with and without adjuvant. This was taken into account when

selecting the areas which are used for detection of the fluorescence readings (Figure 4.6 A).

Ng exhibits a remarkable capacity to evade host immune responses through a repertoire of
sophisticated mechanisms that have been finely honed by evolutionary pressures. These
mechanisms enable the bacterium to establish and maintain colonization within various mucosal
surfaces, impeding effective immune clearance and contributing to its persistent pathogenicity
(Scurtu et al., 2022, Liu and Russell, 2011). Ng’'s adaptability has also allowed it to become a
superbug which is resistant to almost all available antibiotics (Alirol et al., 2017). A natural
infection with Ng does not elicit an immune response that can provide protection against future
infection (Fowler et al., 2010, Liu et al., 2014). Eliciting an immune response that targets the
generation of Th1 or Th2 responses will provide greater levels of protection (Liu and Russell,
2011, Edwards et al., 2016).

LOS is the most abundant molecule on the surface of Ng (Gulati, 2019) has been chosen as a
vaccine target, more specifically the 2C7 epitope of LOS. Previous studies involved the use of
an octameric and tetrameric multi-antigenic peptide to display the 2C7 peptide in a linear
conformation (Gulati et al., 2019b). Vaccination with the peptide in this conformation resulted in

the elicitation of antibodies in the mouse model that were able to bind to LOS and displayed
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killing ability against Ng. Previously mice vaccinated with the 2C7 peptide resulting in the
elicitation of antibodies which were shown to bind to LOS have exhibited bactericidal activity
against Ng (Gulati et al., 1996, Gulati et al., 2013, Gulati et al., 2019b). The chimeric vaccine
candidate tested in this study displayed the peptide on a much larger and more rigid structure.
The chimeric VLPs were able to induce a humoral response against the LOS (Figure 4.5) which
was further confirmed by the detection of antibodies specific for the 2C7 peptide (Figure 4.4).
These antibody levels were significantly different from the pre-bleed sera as well as the negative
control groups (HPV16 L1 and plant extract). While the antibody titres against LOS appear to be
lower than the titres against the 2C7 peptide, this may be due to differences in sialylation of the

LOS which results in the presence of differing structures and binding sites (Gulati, 2019).

As with the HPV response, the effect of the addition of adjuvant to the vaccine candidate is
difficult to assess due to the differences in doses received. However, it is noted that the
responses seen against LOS Ng were also higher in the absence of adjuvant, however this may
be due to this group receiving 3 doses and the results of this were not significantly different
when accessing the end point titre levels. Overall the levels of antibodies elicited against LOS
were comparable to previous experiments and remained so over the duration of the experiment.
Considering the importance of antibody binding, the results of the vaccination showed promise
in that 2C7 antibodies that were detected are specific to LOS. This study makes use of
Alhydrogel® adjuvant 2% (Invitrogen) which is an aluminium hydroxide wet gel suspension. This
adjuvant induces an innate immune response through the activation of pattern recognition
receptors (PPRs) as well as a Th2 response. Previous studies done with the peptide have made
use of GLASE in order to enhance the Th1 response (Gulati et al., 2019b) and may be a

consideration in future experiments.

In conclusion the plant-produced chimeric and HPV16 VLPs were able to elicit immunogenic
responses in the mice against both LOS and HPV16 L1. The anti 2C7 response showed that the
antibodies were able to bind to both the 2C7 peptide as well as LOS. The vaccinated mice were
protected against the challenge infection with HPV16 as they did not show any fluorescent
luciferase readings and therefore the PsVs were fully neutralised in vivo. Further testing of the
mouse sera such as serum bactericidal assays could be used to determine the killing ability of
the antibodies detected and then pursue further vaccination experiments and undergo a Ng

challenge model in the humanised mice (Raterman and Jerse, 2019).
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Chapter 5: Final discussion

STDs constitute a global public health challenge, exerting a significant burden on communities
worldwide. In the context of Africa, the prevalence of STDs compounds existing health and
economic disparities (CDC., 2019). Among the noteworthy STDs is Ng, which has been
classified as a superbug due to its alarming antibiotic resistance. The bacterium's ability to
evolve rapidly and evade immune responses not only complicates treatment but also
contributes antibiotic resistance which has resulted in its superbug status (Unemo et al.,
2019b). Infections often begin asymptomatically, facilitating silent transmission. If left untreated,
Ng can progress to symptomatic stages marked by painful urination, genital discharge, and, in
women, pelvic inflammatory disease (PID) which can lead to infertility as well as DGI (Su et al.,
2022).

Meanwhile, HPV, with a global impact on women's health, is a leading cause of cervical cancer
and is of particular concern in sub-Saharan Africa (WHO, 2018, Qulu et al., 2023). The success
of the HPV vaccine in preventing cervical cancer highlights the potential of vaccination
strategies (Kutz et al., 2023). Demographically, both diseases disproportionately affect
marginalized populations. Ng prevalence is elevated among young adults, men who have sex
with men, and individuals with limited access to healthcare (Unemo et al., 2019b). In the case of
HPV, the burden falls disproportionately on women in low-resource settings, where routine
screening and vaccination are often challenging to implement. Thus, the imperative for
comprehensive interventions is underscored, addressing both the infectious dynamics of Ng and
the oncogenic potential of persistent HPV infections, especially in vulnerable populations (Singh
et al., 2023).

5.1 Production and Purification of VLPs

Plant production systems offer a cost effective alternative method for the recombinant
production of proteins (Rosales-Mendoza, 2020). The utilization of plants mitigates the risk of
contamination with animal pathogens and the waste generated by this production system is
more easily contained. Transient expression in N. benthamiana through Agrobacterium-
mediated infiltration of plants allows for expression of trans genes that will not be incorporated
into the plant genome (Lamprecht et al., 2016). These methodologies are currently a focal point
of scientific interest and have demonstrated successful application in generating a diverse array
of recombinant proteins (Rybicki, 2010, Obembe et al., 2011, Su et al., 2023).
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Nevertheless, challenges arise when applying this approach to the production of HPV VLPs
resulting in low yields and complexities associated with protein purification (Chabeda et al.,
2019, Lamprecht et al., 2016). In previous studies, expression of the protein was targeted to the
chloroplasts to improve yield and stability of the particles (Maclean et al., 2007), however the
yields achieved by this study were still insufficient to be deemed as industrially scalable (Fischer
et al., 2004). In the present study, a notable limitation was observed, which is the co-purification
of RuBisCO with L1 VLPs. RuBisCO, possessing an opposite electrostatic charge to HPV,
allows for interaction between the molecules, rendering purification challenging with substantial

losses in HPV or chimeric VLPs (Udenigwe et al., 2017).

While ammonium sulphate precipitation fails to yield intact particles (Fernandez-San Millan et
al., 2008), exploring alternative purification methods, such as two-phase separation or
ultrafiltration techniques, presents viable avenues for improvement of purity (Fouladvand et al.,
2020, Sun et al., 2016). These approaches offer the potential to enhance particle homogeneity

and overall yield.

Furthermore, considering a shift to a distinct production system, such as Escherichia coli (E.
coli) or a yeast expression system which is the current system implemented in Gardasil vaccine
production (Pinto et al., 2018). This alternative system not only holds the potential to augment
protein yield but also offers the prospect of achieving greater particle homogeneity at a cost-
effective scale (Chu et al., 2023). This approach aligns with the ongoing pursuit of optimizing
production methods to meet the dual objectives of improved efficiency and cost-effectiveness in

virus-like particle synthesis.

5.2 Development of HPV PsV Challenge model

Similar challenges were encountered during the production of HPV16 PsVs in plant systems.
There were challenges involving the purity of the samples as well as the yields which was
described in Chapter 3. While plant-produced PsVs have previously been produced and
examined in vitro, (Adams et al., 2023, Mddolo et al., 2017) the present study showcases the
first in vivo challenge experiment, demonstrating infection in a mouse model. However, plant-
made PsVs were outperformed by the gold standard mammalian made PsVs which resulted in
stronger reporter gene expression and therefore more effective infection in the mouse model
(Buck et al., 2005, Mddolo et al., 2017).

Further optimization of plant production systems and purification are required. Suggestions

include relocation of the L1 and L2 genes onto the same vector to ensure expression of both
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proteins within the same cells, utilization of different promotors could allow for differences in
expression levels allowing for higher expression levels of L1 (Yeager et al., 2000). As previously
mentioned for the plant-produced VLPs, further optimization of the PsVs could also improve
encapsidation, uniformity and stability of the PsVs. These aspects of the plant produced PsVs
will need to be improved and this would contribute to more effective infection (Adams et al.,
2023). The choice of reporter gene used for PsVs is also an important consideration, a
comparison of the Gaussia vs Firefly luciferase demonstrated that the FLuc was more effective
in infection than the Gaussia in this particular model (Neefjes et al., 2021). However, since the
same reagents are not used for detection of each reporter, the in vitro infection were normalised
to the blank.

5.3 Immunogenicity of Vaccine candidates

Within the domain of vaccinology, the primary aim is to induce a robust adaptive immune
response, strategically harnessing both humoral and T-cell responses to engender potent and
enduring defence against pathogenic incursions. The humoral response is chiefly characterized
by the activation of B cells, culminating in the production of antigen-specific antibodies, typically
of the IgG isotype (Pulendran and Ahmed, 2011). These antibodies, characterized by high
affinity and longevity, are instrumental in neutralizing extracellular pathogens and their
associated toxins, thus constituting a primary defence mechanism. The effective stimulation of
the humoral response is a fundamental objective in vaccine design, ensuring the generation of a
reservoir of specific antibodies to establish durable immune memory (Plotkin, 2010). The
candidate vaccine was able to elicit a humoral immune response in mice against both HPV and
Ng as evidenced by the detection of antigen specific antibodies. The humoral response against
HPV was not only comparable to the HPV16 L1 positive control but was able to provide
protection against challenge with HPV PsVs where no infection was observed in the vaccinated

mice.

Protective immunity against Ng in humans is not fully understood and the mechanisms are
undefined. One of the current mechanisms of interest is the binding of antibodies which will
activate complement and lead to bactericidal activity. The binding of complement may also lead
to opsonophagocytic killing or recruitment of T helper cells responses (Gulati et al., 2019b,
Shaughnessy et al., 2022). Considering the importance of antibody binding, the results of the
vaccination showed promise in that 2C7 antibodies were detected which are specific to LOS.
Previously 2C7 antibodies have shown to have bactericidal activity against Ng (Gulati et al.,
1996b, Gulati et al., 2013b, Gulati et al., 2019b).
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5.4 Conclusions and Future work

Following on from these results, the testing of the vaccines would need to be repeated as there
is variation of living systems. Serum bactericidal assays should be carried out in order to
determine whether the antibodies elicited against Ng will result in killing of the bacteria (Gulati et
al., 2019a). This is crucial in determining the effectiveness of the vaccine against Ng. A
humanised mouse model could be used to determine whether the immune response elicited by

the vaccine speeds up disease clearance (Raterman and Jerse, 2019).

HPV has shown to be highly immunogenic and has a large repetitive structure and therefore
serves as an ideal display molecule (Pinto et al., 2018). However, producing uniform stable
particles involves downstream disassembly and reassembly processes which are expensive. As
an alternative the base HPV16 VLPs could be replaced with another type of HPV that forms
more uniform particles and is easier to purify such as HPV35 or BPV (Mddolo et al., 2017).
Another consideration would be to utilize alternative display methods which make use of VLP
tagging such as spy-tag spy-catcher technology (Hatlem et al., 2019), streptavidin biotin
coupling (Fredsgaard et al., 2021). These enable the use of a myriad of different particles to
display the 2C7 peptide enabling the production of a vaccine cocktail (Jerse and Deal, 2013).
The display may benefit from a cyclic peptide as the confirmation would be ‘looser’ than
insertion into a particle itself. Production of the display particle would be simplified which would
lower the cost of production. Loss of dual vaccine activity however could use this method to

display several different antigenic peptides more easily on the surface of the VLPs.

In conclusion while there is further optimization of production and purification required, the dual
vaccine candidate shows promise in the elicitation of a protective immune response against

both target diseases.
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Appendix

Appendix

Table 6.1: Amino acid sequences of the generation | constructs of the insertion (_i) or substitution (_s) of

2C7 peptide sequence into HPV-16 L1 at positions within the DE loop indicated by the blue boxes or the

h4 helix indicated by the orange boxes.

Generation | constructs

DE_|

MSLWLPSEAT VYLPPVPVSK VVSTDEYVAR TNIYYHAGTS RLLAVGHPYF PIKKPNNNKI LVPKVSGLQY RVFRIHLPDP NKFGFPDTSF YNPDTQRLVW
ACVGVEVGRG QPLGVGISGH PLLNKLDDTE N[CGPIPVLDE NGLFAPGPC| ASAYAANAG VDNRECISMD YKQTQLCLIG CKPPIGEHWG KGSPCTNVAV
NPGDCPPLEL INTVIQDGDM VDTGFGAMDF TTLQANKSEV PLDICTSICK YPDYIKMVSE PYGDSLFFYL RREQMFVRHL FNRAGAVGEN VPDDLYIKGS
GSTANLASSN YFPTPSGSMV TSDAQIFNKP YWLQRAQGHN NGICWGNQLF VTVVDTTRST NMSLCAAIST SETTYKNTNF KEYLRHGEEY DLQFIFQLCK
ITLTADVMTY IHSMNSTILE DWNFGLQPPP GGTLEDTYRF VTSQAIACQK HTPPAPKEDP LKKYTFWEVN LKEKFSADLD QFPLGRKFLL QAGLKAKPKF
TLGKRKATPT TSSTSTTAKR KKRKL

DE s

MSLWLPSEAT VYLPPVPVSK VVSTDEYVAR TNIYYHAGTS RLLAVGHPYF PIKKPNNNKI LVPKVSGLQY RVFRIHLPDP NKFGFPDTSF YNPDTQRLVW
ACVGVEVGRG QPLGVGISGH PLLNKLDDTE N[CGPIPVLDEN GLFAPGPCMD YKQTQLCLIG CKPPIGEHWG KGSPCTNVAV NPGDCPPLEL INTVIQDGDM
VDTGFGAMDF TTLQANKSEV PLDICTSICK YPDYIKMVSE PYGDSLFFYL RREQMFVRHL FNRAGAVGEN VPDDLYIKGS GSTANLASSN YFPTPSGSMV
TSDAQIFNKP YWLQRAQGHN NGICWGNQLF VTVVDTTRST NMSLCAAIST SETTYKNTNF KEYLRHGEEY DLQFIFQLCK ITLTADVMTY IHSMNSTILE
DWNFGLQPPP GGTLEDTYRF VTSQAIACQK HTPPAPKEDP LKKYTFWEVN LKEKFSADLD QFPLGRKFLL QAGLKAKPKF TLGKRKATPT TSSTSTTAKR
KKRKL

hd_|

MSLWLPSEAT VYLPPVPVSK VVSTDEYVAR TNIYYHAGTS RLLAVGHPYF PIKKPNNNKI LVPKVSGLQY RVFRIHLPDP NKFGFPDTSF YNPDTQRLVW
ACVGVEVGRG QPLGVGISGH PLLNKLDDTE NASAYAANAG VDNRECISMD YKQTQLCLIG CKPPIGEHWG KGSPCTNVAV NPGDCPPLEL INTVIQDGDM
VDTGFGAMDF TTLQANKSEV PLDICTSICK YPDYIKMVSE PYGDSLFFYL RREQMFVRHL FNRAGAVGEN VPDDLYIKGS GSTANLASSN YFPTPSGSMV
TSDAQIFNKP YWLQRAQGHN NGICWGNQLF VTVVDTTRST NMSLCAAIST SETTYKNTNF KEYLRHGEEY DLQFIFQLCK ITLTADVMTY IHSMNSTILE
DWNFGLQPPP GGTLICGPIPV LDENGLFAPG PCEDTYRFV TSQAIACQK HTPPAPKEDP LKKYTFWEVN LKEKFSADLD QFPLGRKFLL QAGLKAKPKF
TLGKRKATPT TSSTSTTAKR  KKRKL

h4 s

MSLWLPSEAT VYLPPVPVSK VVSTDEYVAR TNIYYHAGTS RLLAVGHPYF PIKKPNNNKI LVPKVSGLQY RVFRIHLPDP NKFGFPDTSF YNPDTQRLVW
ACVGVEVGRG QPLGVGISGH PLLNKLDDTE NASAYAANAG VDNRECISMD YKQTQLCLIG CKPPIGEHWG KGSPCTNVAV NPGDCPPLEL INTVIQDGDM
VDTGFGAMDF TTLQANKSEV PLDICTSICK YPDYIKMVSE PYGDSLFFYL RREQMFVRHL FNRAGAVGEN VPDDLYIKGS GSTANLASSN YFPTPSGSMV
TSDAQIFNKP YWLQRAQGHN NGICWGNQLF VTVVDTTRST NMSLCAAIST SETTYKNTNF KEYLRHGEEY DLQFIFQLCK ITLTADVMTY IHSMNSTILE
DWNFGLQPPP GGTLEGPIPV LDENGLFAPG PCTPPAPKEDP LKKYTFWEVN NLKEKFVTSQA IACQKHTPPA PKEDPSADLD QFPLGRKFLL QAGLKAKPKF
TLGKRKATPT TSSTSTTAKR  KKRKL
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Table 6.2: Amino acid sequences of the generation | constructs of the insertion (_i) or substitution (_s) of

2C7 peptide sequence without the Cys clamp into HPV-16 L1 at positions within the DE loop indicated by

the blue boxes or the h4 helix indicated by the orange boxes.

Generation Il constructs

DE_|

MSLWLPSEAT VYLPPVPVSK VVSTDEYVAR TNIYYHAGTS RLLAVGHPYF PIKKPNNNKI LVPKVSGLQY RVFRIHLPDP NKFGFPDTSF YNPDTQRLVW
ACVGVEVGRG QPLGVGISGH PLLNKLDDTE NIPVLDENGLE APASAYAANAG VDNRECISMD YKQTQLCLIG CKPPIGEHWG KGSPCTNVAV NPGDCPPLEL
INTVIQDGDM VDTGFGAMDF TTLQANKSEV PLDICTSICK YPDYIKMVSE PYGDSLFFYL RREQMFVRHL FNRAGAVGEN VPDDLYIKGS GSTANLASSN
YFPTPSGSMV TSDAQIFNKP YWLQRAQGHN NGICWGNQLF VTVVDTTRST NMSLCAAIST SETTYKNTNF KEYLRHGEEY DLQFIFQLCK ITLTADVMTY
IHSMNSTILE DWNFGLQPPP GGTLEDTYRF VTSQAIACQK HTPPAPKEDP LKKYTFWEVN LKEKFSADLD QFPLGRKFLL QAGLKAKPKF TLGKRKATPT
TSSTSTTAKR  KKRKL

DE_s

MSLWLPSEAT VYLPPVPVSK VVSTDEYVAR TNIYYHAGTS RLLAVGHPYF PIKKPNNNKI LVPKVSGLQY RVFRIHLPDP NKFGFPDTSF YNPDTQRLVW
ACVGVEVGRG QPLGVGISGH PLLNKLDDTE NIPVLDENGL FAFRECISMD YKQTQLCLIG CKPPIGEHWG KGSPCTNVAV NPGDCPPLEL INTVIQDGDM
VDTGFGAMDF TTLQANKSEV PLDICTSICK YPDYIKMVSE PYGDSLFFYL RREQMFVRHL FNRAGAVGEN VPDDLYIKGS GSTANLASSN YFPTPSGSMV
TSDAQIFNKP YWLQRAQGHN NGICWGNQLF VTVVDTTRST NMSLCAAIST SETTYKNTNF KEYLRHGEEY DLQFIFQLCK ITLTADVMTY IHSMNSTILE
DWNFGLQPPP  GGTLEDTYRF VTSQAIACQK HTPPAPKEDP LKKYTFWEVN LKEKFSADLD QFPLGRKFLL QAGLKAKPKF TLGKRKATPT TSSTSTTAKR

KKRKL

hd_|

MSLWLPSEAT VYLPPVPVSK VVSTDEYVAR TNIYYHAGTS RLLAVGHPYF PIKKPNNNKI LVPKVSGLQY RVFRIHLPDP NKFGFPDTSF YNPDTQRLVW
ACVGVEVGRG QPLGVGISGH PLLNKLDDTE NASAYAANAG VDNRECISMD YKQTQLCLIG CKPPIGEHWG KGSPCTNVAV NPGDCPPLEL INTVIQDGDM
VDTGFGAMDF TTLQANKSEV PLDICTSICK YPDYIKMVSE PYGDSLFFYL RREQMFVRHL FNRAGAVGEN VPDDLYIKGS GSTANLASSN YFPTPSGSMV
TSDAQIFNKP YWLQRAQGHN NGICWGNQLF VTVVDTTRST NMSLCAAIST SETTYKNTNF KEYLRHGEEY DLQFIFQLCK ITLTADVMTY IHSMNSTILE
DWNFGLQPPP GGTIIPVLDE NGLFAPEDTYRF VTSQAIACQK HTPPAPKEDP LKKYTFWEVN LKEKFSADLD QFPLGRKFLL QAGLKAKPKF TLGKRKATPT
TSSTSTTAKR  KKRKL

h4 s

MSLWLPSEAT VYLPPVPVSK VVSTDEYVAR TNIYYHAGTS RLLAVGHPYF PIKKPNNNKI LVPKVSGLQY RVFRIHLPDP NKFGFPDTSF YNPDTQRLVW
ACVGVEVGRG QPLGVGISGH PLLNKLDDTE NASAYAANAG VDNRECISMD YKQTQLCLIG CKPPIGEHWG KGSPCTNVAV NPGDCPPLEL INTVIQDGDM
VDTGFGAMDF TTLQANKSEV PLDICTSICK YPDYIKMVSE PYGDSLFFYL RREQMFVRHL FNRAGAVGEN VPDDLYIKGS GSTANLASSN YFPTPSGSMV
TSDAQIFNKP YWLQRAQGHN NGICWGNQLF VTVVDTTRST NMSLCAAIST SETTYKNTNF KEYLRHGEEY DLQFIFQLCK ITLTADVMTY IHSMNSTILE
DWNFGLQPPP GGTL[PVLDE NGLFAPACQK ~ HTPPAPKEDP LKKYTFWEVN LKEKFSADLD QFPLGRKFLL QAGLKAKPKF TLGKRKATPT TSSTSTTAKR
KKRKL
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