Enhancing the Functionality of
RHDV VLP

Farah Al-Barwani

A thesis submitted for the degree of
Doctor of Philosophy
at the University of Otago, Dunedin, New Zealand

September 2014

Abstract
Virus-like particles (VLP), such as the rabbit haemorrhagic disease virus (RHDV) VLP,
can be utilised as vectors for the delivery of heterologous antigens to the immune
system. Model tumour antigens, such as gp33 and ovalbumin have been conjugated to
RHDV VLP, allowing them to be cross-presented by antigen presenting cells (APC),
leading to the induction of powerful immune responses against tumour challenges. The
aim of this research was to enhance the functionality of RHDV VLP as a versatile
vaccine vector for the delivery of tumour associated antigens, by increasing antigen
loading on each VLP, incorporating sequence specific linkers between antigenic
epitopes to enhance processing and targeting receptor mediated internalisation of VLP.
In order to determine the effect of increased antigen loading and incorporation of
sequence specific linkers on the functionality of VLP in tumour immunotherapy, the Nterminus of the RHDV VLP capsid protein VP60 was genetically manipulated to
express the melanoma associated antigen gp10025-33. VLP was modified to express one
copy of gp100 (VLP.gp100-1), two copies (VLP.gp100-2), two copies with a linker
between copies (VLP.gp100-2L) and three copies with linker sequences (VLP.gp1003L). Previously used linker sequences were gathered from the literature, and the linker
most likely to enhance antigen processing was determined using proteasome and
immunoproteasome prediction programs. This linker was determined to be ala-ala-leu.
The synthesis of the different VLP.gp100 was confirmed by SDS-PAGE, electron
microscopy and mass spectrometry. The ability of these constructs to induce gp100
specific immunity was tested by in vitro T cell proliferation assays, as well as an in vivo
cytotoxic assay and a therapeutic tumour trial. Comparison of VLP.gp100-1 to
VLP.gp100-2 and VLP.gp100-2L to VLP.gp100-3L suggested that increasing antigen
loading on VLP could enhance antigen specific immune responses, but that the addition
of too much antigenic material (VLP.gp100-3L) can lead to hindered VLP formation
and reduced vaccine efficacy. Furthermore, comparison of VLP.gp100-2 and
VLP.gp100-2L indicated that the addition of amino acid linker sequences to target
enhanced processing of antigens could further augment immune responses. Overall,
VLP.gp100-2L was found to be significantly better than the other VLP.gp100 at
generating gp100 specific immune responses, and therapeutic vaccination with this VLP
significantly delayed the growth of murine melanoma (B16).
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Internalization of peptides by APC is crucial for the initiation of the adaptive immune
response. Mannosylation has been demonstrated to enhance antigen uptake through
mannose receptors, leading to improved immune responses. Therefore, this work aimed
to target receptor mediated internalisation of VLP. New schemes for the synthesis of a
monomannoside (N-succinimidyl 6-[α-D-mannopyranosyloxy]hexanoate) and a novel
dimannoside

(N-succinimidyl

6-[2-O-(α-D-mannopyranosyl)-α-D-

mannopyranosyloxy]hexanoate) were developed, allowing conjugation of mannose to
VLP at neutral pH while retaining VLP structural integrity. The mannosides were
successfully conjugated to lysine residues in the RHDV VLP capsid protein (VP60),
providing an estimated 270 mannose groups on the surface of each virus particle.
Fluorescently labelled VLP conjugated to the mannoside or dimannoside showed
significantly enhanced binding and internalization by murine dendritic cells,
macrophages and B cells as well as human dendritic cells and macrophages. This uptake
was inhibited by the inclusion of mannan as a specific inhibitor of mannose-specific
uptake, demonstrating that mannosylation of VLP targets mannose receptor based
uptake.
Analysis of the immune response to mannosylated VLP demonstrated no enhanced
activation of dendritic cells. However, partial re-targeting of the intracellular processing
of mannosylated RHDV VLP was observed, confirming that mannosylation of VLP
provides both enhanced uptake and modified processing of associated antigens.
Mannosylation of VLP expressing the model tumour antigen SIINFEKL (VLP.SIIN)
induced a delay in the SIINFEKL-specific T cell proliferation in vitro, but this was not
matched with a reduction in the ability to mannosylated VLP.SIIN to induce cytotoxic
responses in vivo. In the case of VLP expressing the model antigen gp33 (VLP.gp33)
and the more relevant TAA gp100 (VLP.gp100-2L), modification with dimannose and
to a lesser extent monomannose induced enhanced anti-tumour efficacy. Overall, this
demonstrated that the conjugation of mannosides to VLP results in an augmented
targeting and delivery system for antigen delivery, facilitating an increase in the
efficacy of VLP as vaccination vectors for tumour immunotherapy.
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1 Introduction
1.1 Vaccination
Since the initial discovery of vaccination by Edward Jenner in 1769, numerous vaccines
have been developed, leading to the control of a number of major diseases, including
smallpox, diphtheria, tetanus, whooping cough, polio and measles [1]. It is estimated
that approximately 3 million children are saved each year due to vaccinations [1]. For
instance, smallpox is thought to have been responsible for 8-20% of all deaths in
Europe before the introduction of the smallpox vaccine, which lead to the eradication of
the disease in 1979 [2]. However, despite this success, many other diseases and
conditions, such as malaria and tuberculosis, remain without effective vaccines [3].
Vaccines are being developed to treat these infectious diseases, as well as conditions
such as cancers and autoimmune disorders [4]. The main consideration for vaccine
research is the development of potent immune responses while minimising potential
side effects, such as disease establishment or hypersensitivity. Traditional vaccinations
are composed of whole microorganisms and delivered live, inactivated or attenuated.
Such vaccines are highly efficacious at immune stimulation due to their similarity to the
disease-causing pathogen. Furthermore, as they are composed of whole organisms they
provide a range of different immunogenic antigens and other immune stimulatory
factors, leading to the generation of long lasting protective immunity. However, not all
the components of the disease-causing pathogen are necessary for immune stimulation,
and in fact, some may be harmful. Moreover, there is a risk of incomplete inactivation
or reversion of attenuated vaccines to active infectious pathogens [5, 6]. An example of
this is the reversion of the live-attenuated oral polio vaccine, leading to cerebral
infection and paralysis [7]. While serious reactions to these vaccinations are rare, they
have fuelled the rapidly growing anti-vaccination movement, causing a drop in vaccine
administration rates. Despite these issues, researchers have continued to engineer
effective live attenuated vaccines such as the rotavirus vaccine RotaTeq® (SanofiPasteur MSD, Lyon, France). From 2009 to 2011, RotaTeq® was shown to reduce the
number of rotavirus related hospitalisations and emergency department visits in the
USA by more than 80% [8]. This vaccination was added to the New Zealand
vaccination schedule in 2014 [9].
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In order to minimise the risks of whole organism immunisations, vaccine development
now also focuses on the development of subunit vaccines, which contain one or more
defined antigenic components. These components can either be whole proteins,
peptides, polysaccharides, or DNA. As they are composed of only part of the pathogen,
subunit vaccines cannot revert to an active pathogen and cause disease. However, with
the loss of non-essential microbial components, these vaccines tend to have less
pathogen-associated

“danger

signals”

and

thus

require

the

addition

of

immunostimulatory adjuvants to ensure vaccine efficacy. Although some of these
subunits (e.g. viral structural proteins) can naturally aggregate to form stable complex
particulate structures, some are small and quickly degraded or cleared by the body once
delivered [10, 11]. This rapid clearance can reduce the probability of the antigen being
picked up by the immune system and being processed correctly [10]. Therefore, one
way to enhance the stability, persistence and immunogenicity of subunit vaccines is by
using a particulate delivery system, such as virus like particle (VLP) vaccines [10-12].

1.2 VLP vaccines
VLP vaccines are a class of subunit vaccine formed from one or more self-assembling
viral structural proteins (reviewed in [13] and [4]). As they do not contain viral genomic
material and are unable to replicate or establish infection, VLP vaccines have an
excellent safety profile. VLP are highly ordered structures that mimic the structural
conformation of the source virus, and thus are recognised and processed through similar
pathways to native virions (reviewed in [4, 13]).

Hence, VLP are an effective

alternative to live attenuated viruses.
VLP were first identified in 1968 as a natural by-product of hepatitis B virus (HBV)
infection [14]. The generation of a live attenuated vaccine to this virus was made
difficult due to the inability to culture HBV in vitro [15]. Approximately 20 years after
the identification of HBV VLP, the HBV vaccine Engerix (GlaxoSmithKline) became
the first VLP-based vaccine to be licenced for use in humans [16]. Since the
introduction of this vaccination, a number of countries have reported a drop in the
incidence of chronic HBV infections in children from 8-15% to less than 1% [17]. In
subsequent years, VLP from many other viruses have been licenced for use in
prophylactic vaccines, including the hepatitis A virus VLP vaccine Epaxal (Crucell)
[18], the influenza VLP vaccine Inflexal V (Crucell) [19] and the two human papilloma
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virus (HPV) vaccines Gardasil (Merck) and Cervarix (GlaxoSmithKline) [20].
Moreover, many other VLP vaccines are currently under development, including
prophylactic vaccines targeting the prevention of communicable diseases, and
therapeutic vaccines for the treatment of communicable diseases and noncommunicable conditions such as autoimmunity and cancer. Examples of these VLP
vaccines are summarised in Table 1.1. (Adapted from [13] and [4]).

1.2.1 Structural conformation of VLP
Due to the similarity of VLP to their source virus, particles can vary in size (20-150 nm)
and shape (icosahedral, spherical or rod-like) depending on the characteristics of the
native virus. Furthermore, the complexity of VLP can range from simple single-layer
particles, to multi-layer proteinaceous particles and enveloped VLP (Figure 1.1) [4].
There are many examples of single-layer VLP, including particles composed from a
single virus capsid protein, such as HBV VLP [16], and particles composed from
multiple proteins, such as rabies virus VLP [21] and human immunodeficiency virus
(HIV) VLP [22]. Multi-protein VLP can also be designed to contain copies of the same
proteins, derived from different virus strains [23]. These mosaic VLP can induce
protection against several strains of the same virus, and potentially enhance the
functionality of a VLP vaccine against a condition with multiple isotypes.
The more complex multi-layer particles include multi-protein non-enveloped VLP, such
as the double or triple layer particles formed following the expression of combinations
of rotavirus viral proteins (VP2, VP4, VP6 and VP7) [24, 25]. Multi-layer particles also
include enveloped VLP that utilise the natural ability of certain viruses to be
encapsidated within a host-derived phospholipid envelope. An example of a multi-layer
enveloped VLP is the influenza virus VLP, which forms upon co-expression of
hemagglutinin, neuraminidase, matrix protein and ion channel protein, and consists of a
protein shell surrounded by a phospholipid envelope [26]. Enveloped viruses, such as
influenza A, can also form single-layer enveloped VLP called virosomes, which are
composed of membrane anchored viral proteins supporting a lipid envelope, without a
viral shell [27].
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Single-layered VLP

A

B

Single-protein

D

C

Multi-protein

Mosaic

Virosomal

Multi-layered VLP

E

F

Multi-protein

Enveloped

Figure 1.1. Summary of VLP structural conformations
VLP structural complexity can range from (A-D) single-layer particles to (E-F) multi-layer
particles. Single layer VLP can be composed of (A) a single viral structural protein, (B)
multiple proteins or (C) a mosaic of proteins derived from several virus strains. Single-layer
VLP also include (D) virosomes, which are composed of viral proteins within a phospholipid
envelope, but lack the viral shell. Multi-layer VLP include (E) particles with multiple
proteinaceous layers and (F) enveloped VLP, which are encapsidated inside a phospholipid
envelope. Note, this is not an exhaustive list of the different VLP forms and combinations
(adapted from [13] and [4]).
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1.2.2 VLP production
Many VLP are formed spontaneously upon the expression of one or more viral
structural proteins. As such, a number of different protein expression systems have been
utilised for VLP production, including bacteria, yeast, insect cell lines, mammalian cell
lines, plants and cell-free systems. Each of the different expression systems has
associated benefits and shortcomings (summarised in Table 1.2 [13]), such as ease of
expression, scalability and production cost. Another major difference in the various
expression systems is post-translational modifications, such as glycosylation and
phosphorylation.

Variations

in

post-translational

modifications

can

lead

to

modifications in the quaternary structural conformation of VLP structural proteins, and
consequently changes in the immune response to VLP. However, despite differences in
post-translational modification, these expression systems have all been utilised in the
production of vaccine-grade VLP, licenced for use in humans. Examples of VLP
produced in the different systems are included in Table 1.1.
After VLP formation, particles must be isolated and purified to remove contaminants
from the expression system. This process begins with cellular lysis, followed by the
removal of cellular debris and VLP concentration and purification. Cell lysis varies for
the different expression systems. Some mammalian and insect cells can release VLP
into the supernatant [42] without requiring cell lysis. Conversely, other systems such as
bacterial and plant systems, require robust lysis through processes such as
ultrasonication, freeze/thawing or enzymatic degradation [43, 44]. Methods such as
differential

centrifugation

and/or

size-exclusion,

ion

exchange

or

affinity

chromatography are then utilized to remove cellular debris and purify particles [42]. As
VLP vary in characteristics such as post-translational modification, size, charge and
their association with different molecules, VLP expression and purification must be
tailored to ensure optimal VLP production.
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Table 1.2 VLP expression systems
Advantages
Bacteria
(e.g. Escherichia
coli)

Yeast
(e.g. Saccharomyces
cerevisiea)

Insect cells
/Baculovirus
(e.g. Spodoptera
frugiperda)

Plant cells
(e.g. Nicotiana sp.)
Mammalian cells
(e.g. Chinese hamster
ovary cells)

Cell free

Limitations

•
•
•
•

Rapid cell growth
Highest yield
Low production cost
Scalable

• No post-translational modification
• Limited applications for mammalian
VLPs
• May form inclusion bodies
• Requires removal of endotoxins

•
•
•
•
•

Rapid cell growth
High yield
Low production cost
Scalable
Already has some regulatory
approval

• Limited post-translational
modification
• May form inclusion bodies

•
•
•
•

Average cell growth
High yield
Scalable
Complex post-translational
modification
• Formation of multi-protein
VLP

• Requires removal of baculovirus
proteins
• May form inclusion bodies

• Rapid production
• Low production cost
• Scalable

• Limited post-translational
modification
• Relatively new system

• Scalable
• Complex post-translational
modification
• Formation of multi-protein
VLP

•
•
•
•
•

Slow growth
Low yield
Demanding culture conditions
High production cost
Potential infectious contamination

• Almost exclusive production • Very high production cost
of target protein
• Limited scalability
• Limited cellular contaminants • Relatively new system, not well
• Enables production of VLPs
characterised
containing non-natural amino
acids or toxic protein
intermediates

This figure has been adapted from Adapted from Donaldson et al. [13] and Rebeaud et al. 2012 [45].
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1.2.3 VLP functionalization
In addition to their use in vaccines against their source virus, VLP can also act as a
vaccination vector, facilitating the delivery of other molecules such as peptides,
proteins, lipoproteins, carbohydrates, fluorophores and nucleic acids. These chimeric
VLP can be generated through different modifications, as detailed below (Figure 1.2).
The incorporation of heterologous antigens onto VLP can lead to the augmentation of
the immune response to the antigen, due to the particulate nature of VLP. As evident by
the results of a number of research groups, showing superior immune responses with
VLP or chimeric VLP compared to free peptide [46-48].

Chimeric VLP

A

B

Internal recombination

C

External recombination

D

Chemical conjugation

E

Association

Encapsulation

Figure 1.2 VLP functionalization
VLP can also be modified to express molecules such as heterologous antigens (green) through
(A,B) recombinant insertion of peptide sequences into the VLP capsid gene or (C) chemical
conjugation of molecules to the surface of VLP. Molecules can also associate with VLP through
(D) non-covalent interactions, and (E) this association can also be utilised to allow
encapsidation of molecules within VLP. Adapted from [13] and [4].
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1.2.3.1 Recombinant Insertion
Antigens or target peptides can be engineered within VLP through genetic fusion of the
VLP structural proteins with the peptide of interest. Depending on the location of the
peptide insertion site, they can be presented on the external or internal surface of VLP
(Figure 1.2A,B). The targeted insertion site depends on the required immune response,
as the generation of effective antibody production requires the presentation of antigens
on the surface of the VLP, while the presentation of antigens within the capsid is
sufficient for the induction of cell-mediated immunity [45]. One of the main
disadvantages of this system is that antigen incorporation into VLP is limited to small
peptides, as larger sequences presented internally or externally can cause the disruption
of particle formation. For example, HBV VLP composed of the HBV core antigen
(HBcAg) supports up to approximately 40 amino acids, although the stability of these
chimeric VLP was found to depend on the primary structure of the inserted sequence
[49]. Furthermore, polyomavirus VLP can support the insertion of up to 120 amino
acids into the capsid protein VP1 [35, 50, 51]. However, in some cases these size
restrictions can be overcome, for example the 238 amino acid green fluorescent protein
(GFP) has been successfully inserted into HBcAg VLP surface spikes. This insertion is
thought to be possible because of the quaternary structure of GFP, in which both the Nand C-terminal ends of the protein are in close proximity, allowing the insertion of the
protein while maintaining the correct folding of both GFP and HBcAg [52].
Although recombinant insertion of peptides is generally limited by peptide size, one of
the major advantages is the fact that every VLP subunit will contain the inserted
peptide. This enables the production of identical batches of VLP with defined antigen
concentrations. As such, there are numerous examples of recombinant VLP in clinical
trials, including malaria vaccine RTS,S (GlaxoSmithKline). This vaccine is composed
of VLP formed from the HBV surface antigen (HBsAg) engineered to express the
Plasmodium falciparum circumsporozoite protein (amino acids 210-398) [53] and
provides protection against both clinical and severe malaria in African children [54].
Moreover, in order to avoid pre-existing immunity, non-human VLP have also been
used as a vector for the delivery of human antigens. Examples include VLP derived
from alfalfa mosaic virus that has been used to deliver rabies antigens [21], and a
murine polyomavirus that has been used to deliver group A streptococcus peptide
antigen [55]. Another non-human VLP vector used in a number of clinical trials is the
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Qβ bacteriophage VLP, this VLP has primarily been modified through chemical
conjugation of antigens to the surface of the VLP [45].
1.2.3.2 Chemical Conjugation
Unlike recombinant insertion, which is predominantly limited to peptides, chemical
conjugation can be used to deliver proteins, peptides or other non-peptide molecules to
the immune system (Figure 1.2C). Additionally, due to the locality of these molecules
on the surface of VLP they are more likely to be detected by cell-surface receptors on
immune cells such as B cells and other antigen presenting cells (APC). However,
quantification of conjugated molecules such as peptides can be difficult and ensuring
consistency between batches of conjugated VLP can be challenging.
A number of natural amino acids contain functional groups that provide targets for
conjugation [56]. Primary amines (found on lysine residues and at the N-terminus) and
thiols (found on cysteine residues) are commonly used for conjugation (Figure 1.3A,B)
due to the ease of modification and the stability of the covalent bonds formed upon
conjugation. Other groups used for conjugation, such as carboxylic acids (found on
glutamic acid and aspartic acid residues) and phenols (found on tyrosine residues)
(Figure 1.3C,D), are not commonly utilised, as conjugation can lead to undesired crosslinking of particles [56]. This occurs through the production of intermediates that are
reactive to natural amino acid functional groups, such as amines and phenols [56, 57].
Furthermore, the reaction of phenols involves an oxidation step that can cause unwanted
oxidation of other parts of the VLP structural protein [58]. In addition to the natural
amino acid conjugation targets, a number of unnatural amino acids have been
developed, providing unique conjugation targets (e.g. azides and alkenes) (Figure 1.3E)
[59, 60]. These amino acids can be incorporated into the VLP structure through sitespecific insertion, or the global replacement of a specific amino acid with an unnatural
amino acid [59, 60]. Unnatural amino acids facilitate the use of bioorthogonal
chemistry, which involves the formation of covalent bonds between non-biological
chemical motifs, such as azides and alkenes. Bioorthogonal reactions are highly
selective reactions that do not interact with biological molecules, and thus prevent
unwanted side reactions [61].
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Conjugation of molecules to the surface of VLP can either be performed directly, or
through the use of cross-linkers. Direct conjugation is achieved by incorporating
chemical conjugation motifs, such as amine reactive isothiocyanate and succinimidyl
esters or thiol reactive maleimide, into the molecule to be conjugated to VLP. A diverse
range of amine and thiol reactive molecules, such as carbohydrates, fluorophores,
adjuvants, and peptides are commercially available. Proteins and peptides can also be
conjugated to VLP through the use of cross-linkers. Linkers can be heterobifunctional,
such as sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SulfoSMCC) that contains an amine reactive end and a thiol reactive end. Heterobifunctional
cross-linkers provide a non-specific method of conjugation between proteins, which can
result in aggregation of proteins. Alternatively, more selective linkers that utilise
bioorthogonal reactions can be used. For example, azide or alkyne functional groups
can be conjugated to the surface of VLP and peptides using commercially available
amine or thiol reactive azide and alkyne derivatives. VLP and peptides that have been
functionalised with azides and alkenes can then be conjugated as outlined in Figure
1.3E. Furthermore, cross-linkers can also be designed to be cleavable, allowing the
intracellular release of conjugated material. Thus, conjugated molecules can be
separated from the processing pathway of VLP, potentially enabling more efficient
delivery of molecules such as adjuvants.
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Figure 1.3 Chemical conjugation onto VLP
Molecules can be conjugated to the surface of VLP directly or through cross-linkers by
targeting functional groups on amino acids. Some of the commonly targeted natural functional
groups and examples of their functionalization are outlined (R = molecule to be conjugated to
VLP). Functional groups included are (A) primary amines, (B) thiols, (C) carboxylic acids or
(D) phenols. Molecules can also be conjugated onto the surface of VLP using unnatural amino
acids containing unique functional groups such as (E) alkynes. This figure has been adapted
from Smith et al. 2013 [56].
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1.2.3.3 Other methods of VLP functionalization
For many viruses, the ability to bind or associate with molecules is crucial for their
infective life cycle. There are many types of association including electrostatic,
protein/nucleotide or protein/protein interaction. Due to the similarity of VLP to the
source virus, many VLP can also associate with molecules through non-covalent
interactions (Figure 1.2D,E). An example of this is the electrostatic interaction of the
negatively charged outer surface of cowpea chlorotic mottle virus VLP with positively
charged polymers, leading to the formation of micrometre sized VLP assemblies [62].
The rabbit haemorrhagic disease virus (RHDV) VLP can interact with certain
carbohydrate moieties, and thus was found to bind the galactose containing adjuvant αgalactosylceramide [63].
Some VLP can bind nucleic acids, enabling the encapsidation of molecules such as
oligonucleotides, plasmids and chemical polymers. Examples of VLP utilised for the
delivery of DNA include polyoma VLP which has been shown to encapsulate a GFP
expressing plasmid [64] and JC virus VLP which can encapsulate the pUMVC1-tk
plasmid, leading to selective targeting of grafted human colon carcinoma cells [65].
DNA can be encapsidated within VLP via a number of mechanisms including,
disruption of VLP structure through methods such as osmotic shock [66] and the direct
loading of plasmids into particles during initial VLP formation [65].
Binding sites can also be introduced into the structure of chimeric VLP, facilitating the
binding and encapsidation of different functional molecules. Examples of this include
the encapsidation of fluorophores by cucumber mosaic virus VLP [67], polymerase by
rotavirus VLP [68], enzymes by Qβ VLP [69] and EGFP proteins by cowpea chlorotic
mottle virus VLP [70].
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1.3 Immune response to VLP vaccination
1.3.1 Internalisation by APC
Detection and internalisation of vaccines by APC, such as DC, macrophages and B
cells, is crucial for the generation of effective immunity. APC can internalise antigens
through a variety of pathways, including phagocytosis and macropinocytosis, nonspecific uptake mechanisms that facilitate the internalisation of particulate antigens or
fluid phase, respectively. APC also have endocytic receptors on their cell surface that
enable a more targeted receptor-mediated endocytosis of molecules. These receptors
include Fc receptors, compliment receptors, scavenger receptors and C-type lectins [71].
Particle internalisation by APC is influenced by a number of factors including particle
size and the nature of the particle surface.
APC are found in lymphoid organs and peripheral sites, where they sample their
environment and present processed antigens to effector cells in order to initiate adaptive
immune responses. Upon vaccination, large nanoparticles (>200 nm in diameter)
require transport by APC to lymph nodes to enable presentation of antigen to effector
cells [72]. Alternatively, particles that are 20-200 nm in diameter can directly drain to
the lymph nodes and be internalised by resident APC [72, 73]. Numerous studies have
also indicated that particle size has an effect on the mechanism of particle
internalisation [74-76]. Foged et al. demonstrated that optimal internalisation by human
monocyte-derived DC occurs with particles less than 500 nm in diameter [77].
Although investigators vary in their estimation of the preferred size range of particle
endocytosis, the general consensus indicates that receptor-mediated endocytosis of
particles is optimal for particles smaller than ~200 nm in diameter [74, 75]. Therefore,
as VLP are generally 20-150 nm in diameter [73], particles can either be internalised by
APC at the site of vaccine administration and transported to the lymph nodes, or
directly internalised by lymph node resident APC. Moreover, VLP are within the
proposed optimal size range for receptor-mediated endocytosis.
A number of VLP including RHDV VLP can be internalised by APC such as DC
though phagocytosis and macropinocytosis, with no apparent internalisation through
receptor mediated endocytosis [41]. Moreover, many other VLP are internalised by
receptor-mediated endocytosis, HCV VLP, for example, associate with scavenger
receptors [78] that recognise low density lipoproteins and negatively charged particles
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(e.g. enveloped VLP). Other examples include the association of HIV VLP with
mannose specific receptors [79, 80] and HPV VLP with heparan sulphates [81] and Fc
receptors [82]. As VLP internalisation is key to the efficacy of VLP vaccination, some
VLP have been modified to facilitate enhanced and/or targeted internalisation of VLP
by APC. An example of this is the engineering of HBV VLP to contain a recombinant
superantigen, which binds to major histocompatibility complex (MHC) class II (MHCII) molecules and promotes internalisation [83]. Unlike MHC class I (MHC-I)
molecules, which are found on most cells in the body, MHC-II molecules are found
exclusively on APC and thus the incorporation of superantigen into HBV VLP can
facilitate both enhanced and targeted HBV internalisation by APC.
Therefore, the ability of particles to target receptor-mediated endocytosis is also
controlled by the nature of the particles surface, as particles must contain one or more
ligands that can associate with receptors on the surface of the target cell. Additionally,
an increase in the density of ligands decorating the particle has also been shown to
enhance particle internalisation [84, 85]. The repetitive structure of VLP would provide
a high ligand density, as well as a uniform distribution of ligands, both of which are
beneficial to the receptor-mediated internalisation of antigens by APC.

1.3.2 Processing of VLP
Once internalised, VLP and their associated antigens must be processed by APC in
order to activate an adaptive immune response. Processing involves the breakdown of
VLP and its associated antigens into short immune epitopes that bind to MHC
molecules and are presented on the cell surface. The recognition of these MHC-epitope
complexes by T cells is fundamental to the activation of antigen specific adaptive
immunity. VLP have the capacity to stimulate both the cell-mediated and humoral arms
of the adaptive immune system, which have been shown to work together
synergistically to resolve disease and generate effective immunological memory.
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1.3.2.1 MHC-II presentation and humoral immunity
As VLP are internalised by APC as extracellular structures, they can be processed
through the normal exogenous antigen-presenting pathway. This involves the
internalisation of antigen into endocytic vesicles (phagosome or endosome) that fuse
with lysosomes to form phagolysosomes, in which VLP and associated antigens are
degraded into immune epitopes by proteases that are activated by the acidification of
lysosomes [86]. MHC-II/invariant chain complexes are located within lysosomal
membranes. Enzymes within the lysosomal compartments cleave the invariant chain to
a smaller peptide called CLIP, which binds the MHC-II peptide-binding groove. The
chaperone protein HLA-DM then facilitates the removal of CLIP and the binding of
processed antigenic peptides to the peptide-binding groove [87, 88]. The
phagolysosome membrane fuses with the cell membrane leading to the presentation of
MHC-II-antigen complexes on the cell surface (Figure 1.4A). MHC-II-epitope
complexes are recognized by T cell receptors (TCR) on CD4+ T cells, providing the first
signal for T cell proliferation and differentiation. CD4+ T cells also require a costimulatory signal for their activation, through the binding of CD28 molecules on T
cells to CD80/86 on APC. Activated CD4+ T cells proliferate into multiple subsets
including T helper (TH) 1, TH2, TH17 and Treg cells, which go on to perform a number of
different functions. TH1 cells play an important role in the activation of cell-mediated
immunity, TH17 cells are involved in the recruitment of neutrophils and macrophages to
the site of infection through the release of mediators such as IL-17. Tregs on the other
hand produce immunosuppressive cytokines such as IL-10 and TGF-β and are cells that
are essential for the maintenance of peripheral tolerance, dampening immune responses
and preventing autoimmune conditions.
TH2 cells are necessary for the stimulation of B cells and the activation of humoral
immunity. Another essential component of humoral immunity is the recognition of
native (unprocessed) antigen by B cell receptors. This leads to B cell activation as well
as the internalisation and processing of the antigen by B cells and the presentation of
immune epitopes in MHC-II molecules on the cell surface. Antigen-specific activated
TCR on TH2 cells recognise these MHC-II-epitope complexes. Activation of these T
cells also requires co-stimulatory signals from other interactions such as the binding of
CD40 molecules on the surface of B cells to CD40 ligand molecules on the surface of
on TH2 cells. Activated TH2 cells release co-stimulatory cytokines such as IL-4, IL-5
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and IL-6 that assist B cell proliferation, differentiation into plasma cells,
immunoglobulin isotype switching, and the development of memory B cells [89].
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Figure 1.4 Simplified diagram of the major antigen processing pathways
(A) Exogenous processing pathway. Extracellular antigens are internalised by APC and
following fusion of the endocytic vesicles with lysosomes, antigens are processed into immune
epitopes and presented on MHC-II molecules. (B) Endogenous processing pathway.
Intracellular antigens are processed in the cytosol by proteasomes, transported to the ER where
they bind to MHC-I molecules and following further processing in the Golgi are presented on
the cell surface. Adapted from Donaldson et al. [13].
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Essential to the activation of B cells and the generation of effective humoural immunity
is the binding of native antigen to B cell receptors. A number of factors have been
shown to influence the B cell response, including antigenic epitope density and
organisation [90]. B cells have stronger responses to antigens with highly organised
structures displaying a high density of immunogenic epitopes [90]. Therefore, the
highly ordered, repetitive structure of VLP allow them to trigger cross-linking of B cell
receptors and induce B cell activation and antibody production [91]. The capacity of
VLP to trigger robust antibody production is utilised in VLP vaccines that target
prophylactic protection against the parent virus, such as for HBV [16], HPV [20] and
influenza A [33]. Furthermore, the delivery of antigen on the surface of VLP can cause
B cells to identify them as complex repetitive structures, conferring the
immunostimulatory properties of the viral capsid to the associated antigen. Therefore,
the delivery of antigens on VLP can induce potent antibody responses [92, 93], and the
breaking of tolerance against self-antigens [90, 94-96].
Antibodies function primarily against extracellular pathogens and circulating factors
(e.g. toxins). They can bind to pathogens or factors and perform three major functions;
neutralisation, opsonisation and/or complement activation [89]. Binding of antibodies to
circulating factors can prevent these factors from binding to their target receptors and as
such neutralise their function. Furthermore, antibodies can neutralise pathogen function
by binding to surface ligands and preventing adherence and binding of the pathogen to
host cells. The binding of antibodies to molecules or cells can lead to opsonisation and
phagocytosis by effector cells that express the Fc portion of the antibodies, such as
natural killer cells and macrophages. Antibody binding can also lead to cell lysis by
targeting complement-mediated cytotoxicity, in which complement proteins bind to the
pathogen and induce phagocytosis by binding to complement receptors on the surface of
phagocytes. As well as playing a role in the defence against extracellular pathogens and
factors, antibodies also play a role in the protection against cellular conditions such as
cancers and viral infections, especially during secondary infections [97]. In the case of
cancers, tumour antigen-specific antibodies can bind to cancer cells [98], leading to
antibody-dependent cell-mediated cytotoxicity (ADCC) of antibody coated target cells.
ADCC has been shown to be an effector function of many antibody-based cancer
therapies [99-101]. Furthermore, in viral infections antibodies function by either
binding to viral particles, preventing the establishment of viral infection, or by coating
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virally infected cells in pathogen-specific antibodies, leading to ADCC [99-101]. Huber
et al. have demonstrated that after prophylactic vaccination with influenza A VLP, mice
lacking functional Fc receptors are more susceptible to influenza A infection, despite
normal virus-specific antibody production [102]. This suggests that effective ADCC is
essential for robust immunisation against influenza A. Other studies have also shown
the production of antibodies with ADCC activity following VLP vaccination. Examples
include vaccination with influenza virosomes expressing the HIV-1 glycoprotein 41
[103] and HBcAg expressing the tumour-associated antigen claudin-18 isoform 2 [96].
1.3.2.2 Cross-presentation onto MHC-I and cell-mediated immunity
The natural processing pathway of intracellular antigens, such as viral and tumour
antigens, involves proteasomal degradation in the cytoplasm of host cells and
transportation by the transporter associated with antigen processing (TAP) into the
endoplasmic reticulum (ER), where they bind to MHC-I molecules found within the ER
as an MHC-I/β2-microglobulin complex. This binding requires the peptide-loading
complex, which consists of TAP, the chaperones calreticulin, tapasin and the thioloxidoreductase, ERp57 [104]. MHC-I-epitope complexes are further processed in the
Golgi and transported to the cell membrane where they are expressed on the exterior of
the cell (Figure 1.4B). MHC-I-epitope complexes are recognised by TCR and the coreceptor CD3 on CD8+ T cells, this provides the first signal required for T cell
proliferation and differentiation into cytotoxic effector T cells. Another interaction that
is essential for the efficient activation of CD8+ T cells is co-stimulation through the
binding of CD28 on T cells with CD80 or CD86 molecules present on APC. The
expression of both CD80 and CD86 are low on unstimulated APC, but can be enhanced
upon the activation of APC by ‘danger signals’ (section 1.3.3). Effective CD8+ T cell
activation also requires signals from key cytokines such as interleukin-2 (IL-2), tumour
necrosis factor (TNF-α) and interferon-γ (IFN-γ), which can be provided by TH1 cells.
The activated CD8+ T cells then proliferate and differentiate to effector and memory
cytotoxic T cells (CTL). This cell-mediated immune response is important for the
clearance of intracellular pathogens such as viruses or abnormal cells, such as cancerous
cells. Cytotoxic T cells are efficient effector cells that can induce apoptosis of target
cells through two major pathways, the Ca2+-dependant perforin/granzyme-mediated
pathway and the Ca2+-independent Fas/Fas ligand-mediated pathway [89], both of
which are initiated by the binding of TCR to MHC-I-epitope complexes. Lytic granules,
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containing cytotoxic effector molecules such as perforin, granzymes and the
proteoglycan serglycin, are transported to target cells. Perforin facilitates the delivery of
cytotoxic effector molecules into the cytoplasm of target cells, while granzymes are a
class of serine proteases that degrade specific intracellular target molecules. Together
these molecules can induce programmed cell death of target cells. In the case of the
Fas/Fas ligand-mediated apoptosis pathway, Fas ligand molecules on the surface of
CTL bind to Fas molecules on target cells, leading to caspase-dependant apoptosis. This
method of cell lysis is not restricted to CTL and is essential to the control of cell
proliferation and the maintenance lymphocyte homeostasis.
Cross-presentation
Although VLP vaccines are recognised as exogenous antigens, some VLP can also be
cross-presented by certain APC onto MHC-I molecules. Cross-presentation is important
for the defence against intracellular infections and cellular abnormalities, as it allows
APC to internalise affected cells and present antigenic epitopes to CD8+ T cells on
MHC-I molecules. This process allows VLP and associated antigens to be administered
extracellularly while still inducing a CTL response against antigens, which is especially
beneficial for VLP vaccines that target tumours or intracellular infections.
Cross-presentation has been proposed to occur through a number of different
mechanisms, including pathways such as the endosome-to-cytosol, ER endosome fusion
and the receptor-recycling pathways (Figure 1.5) [105, 106]. In the endosome-tocytosol pathway of cross-presentation, internalised proteins are translocated to the
cytoplasm, degraded by proteasomes and undergo normal cellular TAP-dependant
endogenous processing, leading to antigen presentation on MHC-I molecules on the cell
surface, as described for endogenous antigens [107, 108]. Conversely, the ER endosome
fusion pathway of cross-presentation has been suggested to involve TAP-independent
fusion of protein containing endosomes with the ER, without requiring processing in the
cytoplasm. It has also been shown that cross-presentation does not always directly
involve the ER; some propose that recycling-endosomes are sites for peptide loading
onto MHC-I [41]. This pathway is referred to as receptor-recycling (or vacuolar), and
involves the fusion of protein containing endosomes with lysosomes, where antigens are
processed and loaded onto MHC-I molecules using the cellular endosomal-recycling
pathway. Cross-presentation is still not fully understood, and numerous variations of
these cross-presentation pathways have been suggested. It appears that the mechanism
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of cross-presentation depends on numerous factors including the particular antigen
being studied and the APC being observed, as well as the size of the internalised antigen
and the mechanism of uptake.
The DC is thought to be the most efficient class of APC at cross-presentation, however,
macrophages and B cells have also been shown to cross-present VLP [109-111]. Each
of these cells has multiple subsets that vary in their ability to cross-present antigen. For
instance, murine DC subsets include plasmacytoid DC and conventional DC.
Conventional DC include lymphoid resident DC, such as CD4+ DC, CD8α+ DC and
CD8α−CD4− DC, and migratory DC, such as Langerhan cells, CD103+ dermal DC and
CD11b+ dermal DC [112]. DC subsets are remarkably heterogeneous and differ in a
number of factors including their expression of cell surface markers and their ability to
cross-present antigen and generate effective CTL based immune responses [112, 113].
The most potent cross-presenting DC subset in mice are CD8α+ DC [106, 112-116],
though cross-presentation has also been reported for CD8α- DC [117]. Moreover,
migratory CD103+ DC have also been shown to be efficient at cross-presentation [106,
118]. It has recently been shown that human DC also show heterogeneity in their ability
to cross-present antigen, although most DC display the ability to cross-present antigens,
conventional skin BDCA3High DC demonstrate enhanced cross-presentation compared to
other DC subtypes [119, 120]. A number of factors have been attributed to the enhanced
ability of murine CD8α+ DC to cross-present antigen. These factors include a reduced
rate of proteolysis in the endocytic pathway of CD8α+ DC, leading to the preservation
of epitopes from destruction, which has been linked to enhanced cross-presentation
[121]. CD8α+ DC have the ability to produce reactive oxygen species that can inhibit
acidification of lysosomes, leading to reduced proteolysis [122]. Lin et al. have
demonstrated that CD8α+ DC also display an enhanced ability to transfer exogenous
proteins into the cytosol [123], which could effect the endosome-to-cytosol pathway of
cross-presentation [121]. Furthermore, the location and activation state of DC are also
thought to play a role in the ability of DC to cross-present DC [124].
Other factors that influence cross-presentation of antigens are the size of the internalised
molecule and the pathway of internalisation. Mant et al. indicated that particles with a
diameter less than 800 µm were cross-presented through the endosome-to-cytosol
pathway, while larger particles were internalised through the receptor-recycling
pathway of cross-presentation [125]. A number of studies have shown that cross21

presentation can be enhanced by targeting antigen to early endosomal compartments,
through the targeted internalisation of antigens by receptors such as CD206 [126], the
neck region of DC-specific ICAM-3-grabbing non-integrin (DC-SIGN) [127] and
DNGR-1 [128]. This can be explained by a reduced acidification and low proteolytic
activity of the early endosomes, leading to a slower rate of protein degradation and
enhanced cross-presentation [129].
A number of VLP are cross-presented by APC including RHDV VLP, which are
processed through the receptor-recycling pathway for cross-presentation [41]. Another
example is Qβ VLP, which are cross-presented in both a TAP-dependant and
independent manner in DC and a TAP independent manner in macrophages [110].
Moreover, other cross-presenting VLP include HIV VLP [79], HCV VLP [78], papaya
mosaic virus VLP [130] and HPV VLP [131]. VLP vaccines can stimulate
polyfunctional T cells to produce the immunostimulatory cytokines IFN-γ, TNF-α and
IL-2 [38], establishing a robust CTL response and producing long-lived CD8+ memory
T cells.
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Figure 1.5 Cross-presentation Pathways in APC
APC cross-present epitopes derived from exogenous antigen onto MHC-I through multiple
pathways. (A) Endosome-to-cytosol pathway, in which antigens are taken up by DC and
translocated to the cytosol where they are degraded by proteasomes. The degraded antigenic
peptides undergo normal cellular endogenous processing are loaded onto MHC-I and presented
on the cell surface. (B) ER-Endosome fusion pathway, where antigens are taken up into the
phagosome, which then fuses with the ER and antigen is presented on MHC-I. (C) Receptor
recycling pathway, which involves the processing and presentation of antigens within the
normal cellular endosomal-recycling pathway. Adapted from Donaldson et al. [13].
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1.3.3 Enhancing VLP immunogenicity with adjuvants
1.3.3.1 Pattern recognition receptors (PRR)
Another key component to the establishment of an effective adaptive immune response
is the activation of innate immunity. The innate immune system is the body’s first line
of defence against pathogens, and involves the non-specific recognition of highly
conserved pathogen-associated molecular patterns (PAMP) by pattern recognition
receptors (PRR). Recognition of PAMP leads to the activation of APC, such as DC.
Upon activation, DC upregulate cell surface markers that are involved in T cell
activation (such as MHC-I, MHC-II, CD80, CD86 and CD40) and secrete large
amounts of cytokines and chemokines that mediate inflammatory responses (such as
TNF-α, IL-1b, IL-6, IL-8 and IL-10) [132, 133]. This activation process is one of the
factors that make DC a crucial player in the initiation of adaptive immunity [134].
The main classes of PRR include; toll-like receptors (TLR), nucleotide-binding
oligomerization domain-like receptors, retinoic acid inducible gene-1-like receptors and
C-type lectins [135-137]. Bacteria and viruses are known to have numerous invariant
molecular structures that activate APC. Bacterial PAMP have been extensively studied
and include structures such as CpG DNA [138] and lipopolysaccharide (LPS) [139].
Viral PAMP include surface glycoproteins and viral DNA and RNA. In certain cases
the recognition of viral PAMP can lead to viral entry into cells and/or the establishment
of a cellular environment conducive to viral replication [135, 136]. However, in most
instances the recognition of PAMP leads to the stimulation of the first line of defence
against pathogenic threats, subsequently leading to the activation of the immune system.
1.3.3.2 Adjuvants
Adjuvants are immunostimulatory compounds that are commonly included in vaccine
formulations to enhance and skew the immune system towards the most desirable
response. They function by creating depots of antigen, engaging PRR and activating the
innate immune system [140]. This is especially important in protein-based vaccines that
are not “self-adjuvanting”, as vaccination without the activation of APC does not induce
effective immunity [141]. Furthermore, a lack of proper “licencing” of APC through
PRR activation can lead to the induction of immune tolerance [142]. Commonly used
adjuvants include aluminium salts (e.g. aluminium phosphate and aluminium
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hydroxide) for stimulation of a humoral response, or imiquimod and unmethylated Type
A CpG oligonucleotides for stimulation of a cell-mediated response.
Some VLP, such as HPV16 VLP [143], HIV VLP [144], Ebola and Marburg virus VLP
[145] have been reported as being self-adjuvanting. This can be explained by a number
of studies that have shown that certain viral structural proteins are recognised by PRR.
For example, TLR-2 recognises HCV core lipopeptides [146] and the capsid of human
rhinovirus [147], leading to the activation of the innate immune system. Furthermore,
according to Pertel et al. the retroviral restriction factor TRIM5 acts as a PRR specific
for the hexametric capsid structure of retroviruses such as HIV-1, leading to initiation of
innate immune signalling [148]. As VLP are composed of viral structural proteins and
mimic the structural conformation of the source virus, the ability of VLP to activate
innate immunity could be due to direct recognition of the VLP components or VLP
structure by PRR. Additionally, many VLP have the ability to interact with and
encapsulate molecules such as nucleotides [64-66], therefore although VLP do not
contain the viral genome, they can encapsulate DNA or RNA from the expression
system, which could lead to immune activation [45]. In some cases APC activation can
be stimulated by the presence of other components from the expression system, such as
yeast membrane components in yeast-derived HIV VLP preparations [80]. Although
there are a number of VLP that have been demonstrated to be self-adjuvanting, many
other VLP vaccines, including influenza VLP [149] and HBV VLP [141] do not
sufficiently activate APC and thus are enhanced by the addition of an adjuvant. Other
examples of VLP that are delivered in conjunction with an adjuvant are listed in
Table 1.1.

1.4 VLP Vaccines for Cancer Immunotherapy
1.4.1 Cancer
During the past two centuries remarkable progress has been achieved in the control of
communicable diseases, in large part due to improvements in water quality, sanitation,
food safety and nutrition, as well as the development of vaccines and antibiotics [150].
However, as the incidence of infectious disease has decreased, and the average human
lifespan has increased, the incidence of cancer has also risen [151]. Cancer is a term
used to indicate a number of different conditions, characterised by rapid cell growth of
abnormal cells, resulting in tumour formation [152]. This condition affects a large
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portion of the world’s population, with 14.1 million new cases reported in 2012 [153].
Moreover, cancer is currently one of the leading causes of death worldwide, with 8.2
million deaths due to cancer in 2012 alone [153]. In eukaryotic cells, DNA constantly
undergoes synthesis, damage and repair. Normally, mutations are corrected without
error, however in the case of tumour cells this balance is skewed, leading to the
accumulation and amplification of DNA mutations. While these mutations can occur
due to genetic defects or factors such as errors in DNA replication, common external
risk factors for cancer include tobacco and alcohol consumption, inadequate diet and
inactivity, exposure to ultraviolet light and infectious disease [154]. Not all mutations
cause cancer, and in fact evidence indicates that more than one mutation is required for
carcinogenesis [155]. Typically, cancer is associated with mutations in proto-oncogenes
and tumour suppressor genes, genes that encode proteins involved in the control of cell
proliferation, apoptosis and differentiation. Proto-oncogenes are positive regulators of
cell growth; in cancerous cells these genes may acquire a gain-of-function mutation,
and are called oncogenes. Examples of proto-oncogenes include the gene that encodes
the vascular endothelial growth factor (VEGF) receptor [156], as well as the ras gene,
which encodes intracellular signal transduction molecules [157]. Tumour suppressor
genes are genes that slow down cell division, repair DNA or stimulate apoptosis; in
cancer cells these genes often exhibit a loss-of-function mutation [157]. Examples of
tumour suppressor genes include the P53 gene, TP53 [158], and the retinoblastoma
gene, rb1 [158, 159].

1.4.2 Role of the immune system in cancer
The immune system is highly influential in controlling tumour establishment and
growth [160]. The immunoediting hypothesis describes the three main stages in the
battle between the immune system and tumour formation, these are: elimination,
equilibrium and escape [161, 162]. Cancerous cells are frequently recognised and
eliminated by the immune system in a process known as elimination. Equilibrium
involves a balance between the tumour cells and immune system, in which the tumour
fails to continue growing and the immune system is unable to remove the existing
tumour bulk. The pressures of the immune system on the tumour during the elimination
and equilibrium phases can induce selective growth of a resistant subpopulation of
tumour cells, leading to the outgrowth of the immunoedited tumour beyond the control
of the immune system. This process is termed escape [161, 162].
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The ability of the immune system to control tumour growth is often hampered by the
development

of

an

immunosuppressive

tumour

microenvironment.

This

microenvironment is often enriched with suppressive cytokines such as IL-10,
transforming growth factor β (TGF-β) and VEGF, which impair DC function and recruit
regulatory T cells [163-165].

1.4.3 Cancer treatments
The primary treatments for cancer include surgical excision of tumours and radiation
therapy or chemotherapy. Chemotherapies target essential metabolic pathways within
the rapidly replicating cancer cells [166], while radiation therapy induces DNA damage
[167]. As both chemotherapy and radiation therapy non-specifically target rapidly
dividing cells they have side effects including hair loss and nausea. Additionally, these
therapies can suppress bone marrow production of red blood cells, white blood cells and
platelets, leading to complications such as anaemia, lowered resistance to infections and
inefficient blood clotting. Furthermore, while these therapies have been proven to be
effective, they are not “cures” and in some cases residual tumour cells remain after
treatment, leading to reversion of disease. Therefore, to target the removal of residual
cancerous cells and prevent tumour reversion, the development of new therapies
capable of complimenting established treatments is essential.
1.4.3.1 Cancer Immunotherapy
Immunotherapy is a promising alternative treatment for cancer, which boasts the
generation of systemic and prolonged immunity. Many of these treatments involve the
manipulation of the immune system to overcome the suppressive tumour
microenvironment and induce the activation and proliferation of effector T cells.
Immunotherapy may prevent tumour re-establishment and facilitate the clearance of
metastases throughout the body. A number of tumour immunotherapies specifically
target the generation of immune responses against tumour-associated antigens (TAA)
expressed on cancerous cells. Although each cancer is unique, in cancers such as
melanoma and breast cancer, a number of target TAA have been identified and
characterised [168]. These antigens can be aberrant or overexpressed in cancer cells, or
in some cases they can be tissue-specific differentiation antigens, such as melanocyte
differentiation antigens (e.g. gp100 and Melan-A/Mart-1), which are used in some
melanoma targeted therapies [168]. There are a number of different types of

27

immunotherapy that have shown promise, including cytokine therapies, monoclonal
antibody therapies, adoptive T cell transfer, cancer vaccination and others.
Cytokines are essential regulators of both the innate and adaptive arms of the immune
system. Immunostimulatory cytokines and other related signalling molecules can
enhance proliferation, differentiation, effector functions, and survival of immune cells.
As such these molecules are being studied extensively for use in tumour
immunotherapy [169]. Currently there are a number of cytokines licensed for clinical
use: IFN-α, IFN-β, IFN-γ, IL-2, IL-11, granulocyte-macrophage colony-stimulatingfactor and TNF-α, with many more in development [169]. While these therapies have
proven to be efficacious in a clinical setting, they do not specifically target tumour sites
and therefore cytokine absorption by peripheral sites can lead to side effects such as
systemic inflammation, flu-like symptoms, severe allergic reactions, neutropenia and
organ damage. In order to enhance the ability to deliver the cytokines to the tumour site
and limit side effects, a number of groups are looking at using tumour-specific
monoclonal antibodies to target tumour sites [169].
Monoclonal antibodies are another class of extensively studied tumour immunotherapy.
They are used in a number of settings, including antibodies that induce the
neutralisation of immune signals that inhibit T cell function (e.g. antibodies against
cytotoxic T lymphocyte antigen 4 (CTLA-4) and programmed death 1 (PD-1)) [170,
171]. Antibodies are also used to target markers on the surface of tumour cells to induce
ADCC and complement mediated cytotoxicity, such as the clinically licensed breast
cancer therapy, anti-HER-2 [172, 173]. A number of groups are looking at combining
monoclonal antibody therapy with alternate therapies, such as chemotherapies, radiation
and cytokine therapies, to allow targeting of therapies to the tumour site, potentially
limiting systemic side effects of these therapies [172].
Other therapies include the adoptive transfer of tumour-specific T cells following ex
vivo selection and expansion; this adoptive transfer of T cells allows the circumvention
of self-reactive T cell suppression [174-176]. A number of human trials have shown that
adoptive T cell therapy is a promising tumour immunotherapy, with one trial indicating
that 40% of melanoma patients show complete, durable melanoma regression [177].
However, there are issues that need to be addressed before this therapy can become
licenced. These issues include the cost of vaccine production, the need for a specialised
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cell production facility and the time needed for vaccine generation, as current methods
need 4-6 weeks to grow cells before the therapy can be started [178].
Another class of cancer immunotherapy involves active vaccination to induce the in
vivo generation of anti-cancer immunity, specifically targeting the generation of
immune responses against TAA expressed on cancerous cells. The initiation of TAA
specific immunity can be achieved through a number of different vaccination strategies,
including peptide or protein based vaccines. Although peptide based vaccines have been
shown to stimulate the activation of TAA specific CD8+ T cell immunity in individuals
with metastatic disease [179-181], many trials have shown limited clinical success [182,
183]. Alternate vaccination strategies include the use of DC therapy, which involves the
ex vivo pulsing of DC with TAA and the delivery of these pulsed cells to patients. An
example of DC immunotherapy is Sipuleucel-T (Provenge®), which has been licenced
for use in prostate cancer patients [184]. In one study, although DC vaccine treatment
substantially increased the frequency of tumour-specific T cells, this wasn’t matched by
an objective clinical response [185]. Factors that contribute to the limited efficacy of
DC vaccines include inadequate manipulation of DC in vitro, and exhaustion and
dysfunction of DC after infusion into the patients [186]. Moreover, as particulate
antigens are generally more immunogenic than soluble antigens, a number of groups are
looking at the use of particulate carriers, such as VLP vectors, for the delivery of TAA
[27] [38] [187] [96] [32] [117, 188, 189].

1.4.4 VLP vaccines in tumour immunotherapy
Examples of VLP based cancer vaccines include the two licensed HPV VLP vaccines
Gardasil and Cervarix. Although these vaccines do not directly target cancer cells, they
indirectly prevent cervical cancer by targeting high-risk HPV, the primary causative
agents of cervical cancer [20]. Furthermore, other more direct VLP-based tumour
immunotherapies involve the use of VLP as a vector for the delivery of TAA, or
specific MHC restricted TAA epitopes. A number of these TAA expressing VLP
vaccines have shown promising preclinical and clinical results. A phase I clinical trial
of the influenza virosomal VLP vaccine containing B-cell epitopes from the breast
cancer TAA Her-2/neu, showed increased Her-2/neu-specific antibody production, as
well as a reduction of T regulatory cells [27]. Moreover, a Qβ VLP expressing the
melanoma antigen Melan-A/Mart-1, induces the production of Melan-A/Mart-1-specific
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T cells and effector memory T cells in stage III or IV malignant melanoma patients
[38].
Many other promising VLP-based tumour immunotherapies are currently in preclinical
studies, including simian-human immunodeficiency virus VLP containing the
pancreatic tumour antigen mesothelin, which has been shown to induce activation of
CD8+ T cells and a reduction in the number of regulatory T cells [187]. Furthermore,
HBcAg VLP expressing the TAA claudin-18 isoform 2 (CLDN18.2) are able to induce
CLDN18.2-specific antibody production [96]. Another promising VLP vaccine is the
bursal disease virus VLP expressing a long C-terminal fragment of HPV-16 E7 protein.
When delivered therapeutically, this vaccine can induce complete tumour clearance
[32]. RHDV VLP is another promising candidate for VLP-based tumour
immunotherapy, and has been shown to induce a CD8+ T cell response causing delayed
tumour growth and increased survival in murine subcutaneous tumour models [117,
188, 189].

1.5 RHDV VLP
The VLP utilised in this research is produced from RHDV, the causative agent of a
highly contagious disease in rabbits that causes haemorrhages and liver necrosis [190].
RHDV is a member of the Caliciviridae family and the genus Lagovirus, a group of
non-enveloped single-stranded RNA viruses. The viral capsid is comprised of 180
copies of the 60 KDa major capsid protein (VP60), which assemble into 90 dimers and
form a 40 nm, T=3 icosahedral structure [191]. VP60 can self-assemble into VLP that
are morphologically and antigenically indistinguishable from the native virions [190,
191] (Figure 1.6). RHDV VP60 is divided into several domains, the N-terminal domain
that extends within the capsid (amino acids 1-65), the shell domain (S) that forms the
icosahedral backbone (amino acids 66-229), a short hinge domain (amino acids 230237) and the protruding domain (P) (amino acids 231-579) that terminates in the surface
exposed C-terminus [192-195].
RHDV VLP can been produced in a number of expression systems, including bacteria
[196], yeast [197, 198], plants [199, 200] and in insect cells using recombinant
baculovirus [188, 190], The system used in this research is the baculovirus expression
system, which has been previously established as an effective method of RHDV VLP
production [191, 201, 202]. To produce recombinant VP60 expressing baculovirus, the
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VP60 gene is inserted into the baculovirus (Autographa californica multicapsid
nucleopolyhedrovirus) genome by homologous recombination. Upon the infection of
insect cells (Spodoptera frugiperda) with recombinant baculovirus, VP60 monomers are
expressed and spontaneously assemble into VLP.

A

RHDV

C

D

RHDV VLP

B

Figure 1.6. RHDV VLP are structurally similar to RHDV virus particles
(A,B) Transmission electron micrographs and (C,D) 3D modelling from cryo-electron
microscopy and crystallography of (A,C) RHDV virus and (B,D) RHDV VLP. The structure of
the VLP is identical to that of the native virus. Both are approximately 40 nm in size, with
prominent protrusions due to the P2 domain of the VP60 protein. Adapted from Donaldson et
al. [13]. (A,C) were sourced from Wang et al. 2013 [192] and (D) was generously supplied by
Thomas J. Smith [203].
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1.5.1 RHDV based tumour immunotherapy
In addition to their use in vaccination against RHDV virus in rabbits [190, 191, 204],
RHDV VLP are effective vectors for the delivery of TAA to the immune system. The
use of VLP derived from a non-human source provides a number of benefits, including
avoiding pre-existing immunity, which in some cases has been shown to be detrimental
to anti-tumour CD8+ responses [82]. Additionally the use of these VLP limits issues that
could arise due to the generation of carrier specific immunity, such as false positive
results in future population-screening programs. A number of MHC-I restricted model
TAA have been chemically conjugated to the surface of RHDV VLP or engineered onto
the N-terminus of VP60, including the H-2Kb restricted ovalbumin epitope SIINFEKL
[188, 205] and the lymphocytic choriomeningitis virus (LCMV) gp33 epitope
SAVYNFATM [63, 117]. While these TAA do not naturally occur in tumours, they are
commonly used to test tumour immunotherapies, due to the availability of transgenic
mice with T cell receptors specific for SIINFEKL (OT-I mice) [206] and
SAVYNFATM (Line 318 mice) [207]. Furthermore, they are both commonly used as
defined markers on modified tumour lines.
RHDV VLP and its associated antigens are internalised by murine and human APC
primarily through phagocytosis and macropinocytosis [41]. The VLP are then crosspresented by DC though the receptor-recycling pathway, leading to the presentation of
antigenic epitopes on MHC-I molecules and the activation of CD8+ T cells capable of
combating tumour growth [41, 117, 188]. Initial in vitro experiments using RHDV VLP
conjugated to the model tumour protein ovalbumin, demonstrated that ovalbumin was
better able to induce the activation of OTI T cells when conjugated to RHDV VLP [48].
Moreover, mice vaccinated with RHDV VLP expressing ovalbumin or gp33 antigens
demonstrate significantly enhanced survival after the onset of model-antigen expressing
tumours compared to mice vaccinated with PBS and unmodified VLP [63, 117, 188].
As RHDV VLP does not appear to substantially activate DC (unpublished data),
adjuvants such as CpG and α-galactosylceramide have been successfully incorporated
into RHDV VLP vaccines leading to enhanced immune responses [63, 117].
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1.6 Objectives of this study
The aim of this project is to enhance the ability of RHDV VLP to deliver TAA to the
immune system, leading to effective anti-tumour immunity. Specifically, this research
focuses on targeting increased antigen delivery to and processing within APC, in order
to induce improved antigen presentation on MHC-I molecules and augmented antitumour activity. One potential method to increase antigen delivery to APC is by
incorporating more antigen within each VLP, therefore providing more antigen per VLP
internalised. Upon internalisation these TAA must be processed correctly and crosspresented onto MHC-I molecules, therefore the addition of linker sequences between
TAA to target enhanced processing of each antigen is another method by which VLP
functionality could be enhanced. An additional method of augmenting antigen delivery
to APC is by enhancing internalisation of antigen-expressing VLP. RHDV VLP are
internalised by APC, primarily DC, by phagocytosis and macropinocytosis, not
receptor-mediated internalisation [41]. Therefore, targeting receptor mediated
internalisation of VLP could increase the pathways by which VLP can be internalised
and enhance VLP delivery to APC. Moreover, modification of the pathway of antigen
internalisation can potentially change the pathway of cross-presentation [126-128].
Thus, targeting an alternate pathway of VLP internalisation could provide an alternate
method of VLP processing, which could potentially increase the efficacy of antigen
processing by APC and consequently antigen presentation on MHC-I.
Therefore, the hypotheses tested in this thesis are:
1. Increasing the number of TAA delivered within one VLP and including
optimised linker sequences to target proper cleavage of individual antigens will
lead to enhanced antigen presentation and anti-tumour immunity.
2. Modifying the surface of RHDV VLP to target receptor-mediated internalisation
will augment VLP internalisation and provide an alternate pathway of crosspresentation, enhancing antigen presentation and anti-tumour immunity.

33

2 Materials and methods
This thesis combines methodologies from chemistry, biochemistry and immunology, as
such each component is presented as appropriate for the discipline.

2.1 Mannoside synthesis
A monomannoside and novel dimannoside were engineered and conjugated to RHDV
VLP in order to target mannose specific receptor mediated internalisation. This section
details the general experimental procedures and the experimental protocol used in the
synthesis of the target mannosides (7 and 12) and key intermediate compounds (3-6 and
8-11).

2.1.1 General experimental procedures
2.1.1.1 Polarimetry
Specific rotation ([α]DT) values were recorded on a Jasco DIP-1000 digital polarimeter
using a 100 mm cell with a 3.5 mm aperture, and the rotation measured at 589 nm
(sodium D line) at ambient temperature T (°C). Samples were prepared at the
concentration (g per 100 mL), in the solvent indicated.
2.1.1.2 Nuclear Magnetic Resonance (NMR) spectroscopy
1

H NMR spectra were recorded at 500 MHz on a 500 MHz AR Premium Shielded

Spectrophotometer. All spectra were recorded at 25 °C in 5 mm NMR tubes. Chemical
shifts are reported relative to the residual solvent peaks noted in Table 2.1 according to
the δ scale. Chemical shifts have been rounded to the nearest 0.01 ppm, and coupling
constants have been rounded to the nearest 0.1 Hz. Resonances were assigned as
follows: chemical shift (number of protons, multiplicity, coupling constant(s), assigned
proton(s)). Multiplicity abbreviations are reported by the conventions: s (singlet), bs
(broad singlet), d (doublet), dd (doublet of doublets), ddd (doublet of doublets of
doublets), dt (doublet of triplets), t (triplet), td (triplet of doublets), q (quartet), quin
(quintet), m (multiplet).
13

C NMR spectra were recorded at 126 MHz on a Varian 500-MR NMR system under

the same conditions as for the 1H NMR spectra. Chemical shifts, rounded to the nearest
0.01 ppm, are reported relative to the solvent signals noted in Table 2.1 according to the
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δ scale. For coupled carbon spectra, the coupling constants have been rounded to the
nearest 0.1 Hz.
2-Dimensional correlation spectra (gCOSY, HSQC, and gHMBC) were used to assign
peaks in both the 1H- and 13C- NMR spectra.
Spectra of target compounds 7 and 12 as well as major intermediates (3-6 and 8-11) are
included in Appendix 11.
Table 2.1 Deuterated solvent reference peaks
1

13

H NMR
Residual solvent peak

C NMR
Solvent signal

CDCl3

7.26

77.16

Acetone-d6

2.05

29.84, 206.26

Methanol- d6

3.31

49.00

Solvent

2.1.1.3 Infrared Spectroscopy
Infrared spectra were recorded on a Bruker Optics Alpha FT-IR spectrophotometer
(with a diamond Attenuated Total Reflectance (ART) top plate). No sample preparation
was required
2.1.1.4 Mass Spectroscopy
High-resolution Mass spectrometry (HRMS) spectra were recorded on a Bruker
microTOFQ mass spectrometer using an electrospray ionisation (ESI) source in the
positive mode.
2.1.1.5 Chromatography
Thin layer chromatography (TLC) was performed on aluminium-backed silica gel 60
(0.20 mm) plates (Merck, Darmstadt, Germany). Compounds were detected under a UV
lamp and/or with a 5% w/v dodecaphosphomolybdic acid in ethanol stain with
subsequent heating. Column chromatography was performed using silica gel 60 (230400 mesh).
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2.1.1.6 Solvents and reagents
Dry dichloromethane, tetrahydrofuran (THF) and toluene were dried using the PURE
SOLV MD-6 solvent purification systems and stored over 4 Å molecular sieves. All
other solvents were used as supplied.
2.1.1.7 Numbering of compounds
The 6C chain was numbered as indicated in Figure 2.1. The mannosyl derivatives were
numbered using the standard convention for pyranose sugars, with the derivative
directly attached to the 6C linker appended with a prime (‘) and the subsequent sugar
appended with a double prime (“).

6''

OR'
5'' O

4''
3''

1"

2''
6'

4'

5'
3'

O
2'

O
1'

O

O
6

5

3
4

2

1

OR

Figure 2.1 Numbering of compounds

2.1.1.8 Novel compounds
The syntheses of novel compounds are indicated by the italicising of the compound
name.

2.1.2 Experimental protocol
2-O-Acetyl-3,4,6-tri-O-benzyl-α-D-mannopyranosyl trichloroacetimidate (1) [208]
Trichloroacetonitrile (2.2 mL, 22.0 mmol) and a catalytic amount of sodium hydride
were added to a solution of 2-O-acetyl-3,4,6-tri-O-benzyl-D-mannopyranose (1.084 g,
2.201 mmol) in dry dichloromethane (10 mL) under nitrogen at 0 °C. After stirring for
60 min, the solvent was evaporated under reduced pressure to give the title compound 1,
(1.40 g, quantitative yield). This material was used without further purification. 1H
NMR (400 MHz, CDCl3) δ 2.19 (3H, s, -O(C=O)CH3), 3.72 (1H, d, J 11.4 Hz, H-6),
3.84 (1H, dd, J 12.4 and 4.1 Hz, H-6), 3.96-4.1 (1H, m, H-5), 4.03-4.04 (1H, d, J 6.36
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Hz, H-4), 4.49-4.88 (6H, m, PhCH2), 5.30 (1H, s, H-3), 5.49 (1H, s, H-2), 6.30 (1H, s,
H-1), 7.15-7.36 (15H, m, 3×Ph), 8.36 (1H, s, =NH).
Methyl 6-hydroxyhexanonate (2) [209] A 2% sulfuric acid solution in methanol (50
mL) was added to a solution of ε-caprolactone (5.15 g, 45.1 mmol) in methanol (50
mL). The mixture was heated under reflux for 10 min, then neutralised with sodium
carbonate (solid). Excess sodium carbonate was filtered, and the solvent removed under
reduced pressure. The mixture was then dissolved in ethyl acetate and washed with
water. The organic layer was dried over anhydrous magnesium sulfate, and the solvent
removed under reduced pressure. The crude product was purified by Kugelrohr
distillation (2 mBar, 150 ˚C), to give the title compound 2 (4.02 g, 27.5 mmol, 61%). 1H
NMR (500 MHz, CDCl3) δ 1.37-1.41 (2H, m, H-4), 1.54-1.60 (2H, m, H-5), 1.65 (2H,
dt, J 15.2 and 7.5 Hz, H-3), 2.32 (2H, t, J 7.5, H-2), 3.63 (2H, t, J 6.5 Hz, H-6), 3.65
(3H, s, Me); νmax(cm-1) = 3413 (broad O-H), 1735 (C=O); HRMS-ESI [M+Na]+
calculated for C7H14O3Na: 169.0835. Found: 169.0808.
Methyl

6-[2-O-acetyl-3,4,6-tri-O-benzyl-α-D-mannopyranosyloxy]hexanoate

(3)

Trimethylsilyl triflate (80 µL, 0.442 mmol) was added to a stirring solution of 1 (1.293
g, 2.030 mmol) and 2 (0.386 g, 2.640 mmol) in dry toluene (10 mL) at 0 ˚C, under an
inert atmosphere. After an hour, 0.3 mL of triethylamine was added and the solvent
removed under reduced pressure. The residue was purified by column chromatography
(petroleum ether/ethyl acetate 7:1 to 5:1 silica) to give the title compound 3 (1.030 g,
1.659 mmol, 82%) as a clear oil. Rf = 0.44 (3:1 petroleum ether /ethyl acetate); [α]D30 =
+24.6 (c 0.9, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.32-1.38 (2H, m, H-4), 1.54-1.59
(3H, m, H-5), 1.63 (2H, quin, J 7.7 Hz, H-3), 2.15 (3H, s, Ac CH3), 2.31 (2H, t, J 7.5
Hz, H-2), 3.40 (1H, dt, J 6.5 and 9.6 Hz, H-6), 3.65 (3H, s, Me CH3 ), 3.67-3.71 (2H, m,
H-6, H-6’), 3.76-3.81 (2H, m, H-5’, H-6’), 3.88 (1H, t, J 9.4 Hz, H-4’), 3.97 (1H, dd, J
3.3 and 9.3 Hz, H-3’), 4.47 (1H, d, J 10.7 Hz, PhCH2), 4.52 (1H, d, J 12.4 Hz, PhCH2),
4.54 (1H, d, J 10.9 Hz, PhCH2), 4.68 (1H, d, J 13.2 Hz, PhCH2), 4.71 (1H, d, J 10.6 Hz,
PhCH2), 4.82 (1H, d, J 1.4 Hz, H-1’), 4.85 (1H, d, J 10.7 Hz, PhCH2), 5.35 (1H, dd, J
1.8 and 3.2 Hz, H-2’), 7.15-7.36 (13H, m, Ph);
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C NMR (125 MHz, CDCl3) δ 21.30

(Ac CH3), 24.85 (C-3), 25.87 (C-4), 29.21 (C-5), 34.09 (C-2), 51.63 (Me CH3), 67.82
(C-6), 69.02 (C-2’), 69.05 (C-6’), 71.53 (C-5’), 71.95 (Ph), 73.59 (Ph), 74.52 (C-4’),
75.37 (Ph), 78.41 (C-3’), 97.91 (1JCH 169.8 Hz, C-1’), 127.72 (Ph), 127.79 (Ph), 127.87
(Ph), 127.92 (Ph), 128.09 (Ph), 128.21 (Ph), 128.45 (Ph), 128.47 (Ph), 128.53 (Ph),
37

138.14 (Ph), 138.39 (Ph), 138.50 (Ph), 170.69 (Ac C=O), 174.19 (C-1); νmax(cm-1) =
3063 (arom. C-H), 3030 (arom. C-H), 2927 (C-H), 2865 (C-H), 1737 (C=O); HRMSESI [M+Na]+ calculated for C36H44O9Na: 643.2878. Found: 643.2869.
Methyl 6-[3,4,6-tri-O-benzyl-α-D-mannopyranosyloxy]hexanoate (4)[210] Aqueous
sodium methoxide in methanol (0.236 M, 20 mL) was added to a solution of 3 (0.586 g,
0.944 mmol) in dichloromethane (20 mL) and stirred for an hour. The mixture was then
dissolved in ethyl acetate and washed with water. The organic layer was dried over
anhydrous magnesium sulfate, and the solvent removed under reduced pressure. The
crude product was purified by column chromatography (petroleum ether/ethyl acetate
2:1 silica) to give the title compound 4 (0.382 g, 0.660 mmol, 70%) as a clear oil. Rf =
0.75 (3:1 dichloromethane/ethyl acetate); [α]D24 = +39.1 (c 1.46, CHCl3) [lit.[210]
[α]D25 = +36 (c 0.8, CHCl3)]; 1H NMR (500 MHz, CDCl3) δ 1.33-1.38 (2H, m, H-4),
1.54-1.60 (2H, m, H-5), 1.63 (2H, quin , J 7.6 Hz, H-3), 2.30 (2H, t, J 7.5 Hz, H-2),
3.41 (1H, dt, J 6.5 and 9.7 Hz, H-6), 3.65 (3H, s, Me CH3 ), 3.66-3.77 (4H, m, H-6, H5’, H-6’), 3.83 (1H, t, J 7.5 Hz, H-4’), 3.88 (1H, dd, J 3.1 and 9.0 Hz, H-3’). 4.02 (1H,
dd, J 1.8 and 3.1 Hz, H-2’), 4.50 (1H, d, J 10.8 Hz, PhCH2), 4.54 (1H, d, J 12.2 Hz,
PhCH2), 4.65 (1H, d, J 12.2 Hz, PhCH2), 4.68 (1H, d, J 11.4 Hz, PhCH2), 4.72 (1H, d, J
11.4 Hz, PhCH2), 4.82 (1H, d, J 10.8 Hz, PhCH2), 4.88 (1H, d, J 1.7 Hz, H-1’), 7.167.38 (15H, m, Ph); 13C NMR (125 MHz, CDCl3) δ 24.85 (C-3), 25.89 (C-4), 29.22 (C5), 34.11 (C-2), 51.63 (CH3), 67.60 (C-6), 68.59 (C-2’), 69.11 (C-6’), 71.20 (C-5’),
72.13 (Ph), 73.60 (Ph), 74.49 (C-4’), 75.32 (Ph), 80.45 (C-3’), 99.32 (C-1’), 127.69
(Ph), 127.83 (Ph), 127.96 (Ph), 127.98 (Ph), 128.04 (Ph), 128.13 (Ph), 128.45 (Ph),
128.50 (Ph), 128.66 (Ph), 138.11 (Ph), 138.41 (Ph), 138.42 (Ph), 174.19 (C-1); νmax(cm1

) = 3451 (broad O-H), 3063 (arom. C-H), 3029 (arom. C-H), 2914 (C-H), 2864 (C-H),

1735 (C=O); HRMS-ESI [M+Na]+ calculated for C34H42O8Na: 601.2772. Found:
601.2790.
6-[3,4,6-Tri-O-benzyl-α-D-mannopyranosyloxy]hexanoic acid (5) Sodium hydroxide
(1 M, 3.31 mL) was added to a solution of 4 (0.320 g, 0.553 mmol) in THF (10 mL) and
stirred for 24 h at 60 ˚C. The solution was neutralised with Amyberlyst 15 (H+) ion
exchange resin, then filtered and the solvent removed in vacuo. The residue was
purified by column chromatography (petroleum ether/ethyl acetate 3:1 silica) to give the
title compound 5 (0.281 g, 0.498 mmol, 90%) as a clear oil. Rf = 0.53 (3:1
dichloromethane/ethyl acetate); [α]D30 = +38.9 (c 1.0, CHCl3); 1H NMR (500 MHz,
38

CDCl3) δ 1.38 (2H, quin, J 7.7 Hz, H-4), 1.55-1.59 (2H, m, H-5), 1.64 (2H, quin, J 7.5
Hz, H-3), 2.33 (2H, t, J 7.4 Hz, H-2), 3.41 (1H, dt, J 6.4 and 9.6 Hz, H-6), 3.66-3.78
(4H, m, H-6, H-5’, H-6’), 3.84 (1H, t, J 9.2 Hz, H-4’), 3.88 (1H, dd, J 3.1 and 9.0 Hz,
H-3’), 4.02 (1H, d, J 1.6 Hz, H-2’), 4.50 (1H, d, J 10.8 Hz, PhCH2), 4.54 (1H, d, J 12.2
Hz, PhCH2), 4.65 (1H, d, J 12.2 Hz, PhCH2), 4.68 (1H, d, J 11.5 Hz, PhCH2), 4.72 (1H,
d, J 11.4 Hz, PhCH2), 4.82 (1H, d, J 10.8 Hz, PhCH2), 4.88 (1H, s, H-1’), 7.16-7.38
(14H, m, Ph);
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C NMR (125 MHz, CDCl3) δ 24.53 (C-3), 25.75 (C-4), 29.12 (C-5),

33.95 (C-2), 67.51 (C-6), 68.54 (C-2’), 69.06 (C-6’), 71.18 (C-5’), 72.10 (Ph), 73.56
(Ph), 74.47 (C-4’), 75.30 (Ph), 80.39 (C-3’), 99.31 (C-1’), 127.68 (Ph), 127.82 (Ph),
127.97 (Ph), 127.98 (Ph), 128.02 (Ph), 128.11 (Ph), 128.43 (Ph), 128.48 (Ph), 128.62
(Ph), 138.06 (Ph), 138.33 (Ph), 138.36 (Ph), 179.18 (C-1); νmax(cm-1) = 3443 (broad OH), 3063 (arom. C-H), 3030 (arom. C-H), 2920 (C-H), 2865 (C-H), 1706 (C=O);
HRMS-ESI [M+Na]+ calculated for C33H40O8Na: 587.2615. Found: 587.2577.
N-Succinimidyl

6-[3,4,6-tri-O-benzyl-α-D-mannopyranosyloxy]hexanoate

(6)

N,N-Dicyclohexylcarbodiimide (0.067 g, 0.324 mmol) and N-hydroxysuccinimide
(0.037 g, 0.324 mmol) were added to 5 ( 0.055 g, 0.097 mmol) in THF (3 mL), and
stirred overnight. The solvent was removed in vacuo and crude product was purified by
column chromatography (dichloromethane/ethyl acetate 4:1 silica) to give the title
compound 6 (0.064 g, quantitative yield) as a clear oil containing a trace of N,Ndicyclohexylurea (DCU). A small sample was further purified by column
chromatography (dichloromethane to dichloromethane/ethyl acetate 9:1 to 4:1 silica) to
give the title compound 6 as a clear oil. Rf = 0.61 (4:1 dichloromethane/ethyl acetate);
[α]D32 = +32.4 (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.46 (2H, quin, J 7.7 Hz,
H-4), 1.57-1.63 (2H, m, H-5), 1.73-1.79 (2H, m, H-3), 2.60 (2H, t, J 7.4 Hz, H-2), 2.76
(4H, s, NHS 2×CH2), 3.43 (1H, dt, J 6.3 and 9.8 Hz, H-6), 3.68-3.78 (4H, m, H-6, H-5’,
H-6’), 3.84 (1H, t, J 9.1 Hz, H-4’), 3.89 (1H, dd, J 3.1 and 9.0 Hz, H-3’), 4.04 (1H, dt, J
7.7 and 15.1 Hz, H-2’), 4.50 (1H, d, J 10.8 Hz, PhCH2), 4.54 (1H, d, J 12.1 Hz, PhCH2),
4.65 (1H, d, J 12.1 Hz, PhCH2), 4.69 (1H, d, J 11.5 Hz, PhCH2), 4.72 (1H, d, J 11.5 Hz,
PhCH2), 4.81 (1H, d, J 10.8 Hz, PhCH2), 4.88 (1H, s, H-1’), 7.16-7.38 (15H, m, Ph);
13

C NMR (125 MHz, CDCl3) δ 24.52 (C-3), 25.56 (C-4), 25.68 (NHS CH2), 29.02 (C-

5), 31.04 (C-2), 67.40 (C-6), 68.57 (C-2’), 69.10 (C-6’), 71.20 (C-5’), 72.08 (Ph), 73.58
(Ph), 74.49 (C-4’), 75.27 (Ph), 80.39 (C-3’), 99.38 (C-1’), 127.68 (Ph), 127.80 (Ph),
127.96 (Ph), 127.99 (Ph), 128.00 (Ph), 128.10 (Ph), 128.44 (Ph), 128.48 (Ph), 128.64
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(Ph), 138.18 (Ph), 138.40 (Ph), 138.47 (Ph), 168.62 (C-1), 169.26 (NHS C=O); νmax(cm1

) = 3503 (broad O-H), 3063 (arom. C-H), 3030 (arom. C-H), 2920 (C-H), 2866 (C-H),

1812 (imide C=O), 1783 (imide C=O), 1735 (C=O); HRMS-ESI [M+Na]+ calculated
for C37H43NO10Na: 684.2779. Found: 684.2756.
N-Succinimidyl 6-[α-D-mannopyranosyloxy]hexanoate (7) [211] 20% Pd(OH)2/C
catalyst (0.085 g) was added to a solution of 6 (containing DCU contamination) (0.064
g) in ethyl acetate (7 mL). The reaction was stirred overnight under hydrogen, filtered
through celite, and the crude product purified by column chromatography
(CHCl3/MeOH 5:1 silica) to give the title compound 7 (0.029 mg, 0.074 mmol, 77%) as
a white powder. Rf = 0.40 (5:1 CHCl3/MeOH); [α]D23 = +47.3 (c 1.0, acetone); 1H
NMR (500 MHz, acetone-d6) δ 1.51-1.55 (2H, m, H-4), 1.61-1.67 (2H, m, H-5), 1.721.79 (2H, m, H-3), 2.65 (2H, t, J 7.3 Hz, H-2), 2.87 (4H, s, NHS 2×CH2), 3.42 (1H, dt, J
6.2 and 9.7 Hz, H-6), 3.52 (1H, ddd, J 3.0, 5.7 and 8.8 Hz, H-5’), 3.67-3.70 (3H, m, H3’, H-4’, H-6’), 3.73 (1H, dt, J 6.5, 9.7 Hz, H-6), 3.77-3.79 (2H, m, H-2’, H-6’), 4.75
(1H, d, J 1.3 Hz, H-1’);
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C NMR (125 MHz, acetone-d6) δ 25.22 (C-3), 26.11 (C-4),

26.27 (NHS CH2), 29.71 (C-5), 31.23 (C-2), 62.99 (C-6’), 67.54 (C-6), 68.90 (C-4’),
71.83 (C-2’), 72.67 (C-3’), 73.99 (C-5’), 101.01 (C-1’), 169.63 (C-1), 170.60 (NHS
C=O); νmax(cm-1) = 3378 (broad O-H), 2935 (C-H), 1812 (imide C=O), 1781 (imide
C=O), 1729 (C=O); HRMS-ESI [M+Na]+ calculated for C16H25NO10Na: 414.1371.
Found: 414.1378.
Methyl

6-[2-O-acetyl-3,4,6-tri-O-benzyl-2-O-(3,4,6-tri-O-benzyl-α-D-

mannopyranosyl)-α-D-mannopyranosyloxy]hexanoate (8) Trimethylsilyl triflate (22.6
µL, 0.208 mmol) was added to a stirring solution of 1 (0.663 g, 1.040 mmol) and 4
(0.400 g, 0.694 mmol) in dry dichloromethane (10 mL) cooled to 0 ˚C, under an inert
atmosphere. After 1 h, triethylamine was added (0.1 mL) and the solvent removed
under reduced pressure. The crude product was purified by column chromatography
(petroleum ether/ethyl acetate 9:1 to 5:1 silica) to give the title compound 8 (0.650 g,
0.617 mmol, 89%) as a clear oil. Rf = 0.39 (3:1 petroleum ether/ethyl acetate); [α]D23 =
+23.33 (c 0.9, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.26-1.32 (2H, m, H-4), 1.471.53 (2H, m, H-5), 1.60 (2H, quin, J 7.6 Hz, H-3), 2.12 (3H, s, Ac CH3), 2.28 (2H, t, J
7.5 Hz, H-2), 3.25 (1H, dt, J 6.6 and 9.1 Hz, H-6), 3.58 (1H, dt, J 6.6 and 9.1 Hz, H-6),
3.64 (3H, s, Me CH3 ), 3.68-3.81 (6H, m, H-4’, H-5’, H-6’, H-6”), 3.84 (1H, dd, J 3.3
and 9.3 Hz, H-4”), 3.90 (1H, dd, J 2.7 and 9.3 Hz, H-3’), 3.95-3.99 (3H, m, H-2’, H-3”,
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H-5”), 4.39-4.83 (12H, m, PhCH2), 4.86 (1H, s, H-1’), 5.08 (1H, s, H-1”), 5.54 (1H, s,
H-2”), 7.15-7.34 (22H, m, Ph); 13C NMR (125 MHz, CDCl3) δ 21.28 (Ac CH3), 24.86
(C-3), 25.87 (C-4), 29.26 (C-5), 34.10 (C-2), 51.61 (Me CH3), 67.56 (C-6), 68.89 (C2”), 69.25 and 69.44 (C-6’ and C-6”)*, 71.93 (C-5’), 71.98 (C-5”), 72.05 (Ph), 72.17
(Ph), 73.43 (Ph), 73.53 (Ph), 74.53 and 74.82 (C-4’ and C-4”)*, 75.13 (C-2’), 75.19
(Ph), 75.33 (Ph), 78.28 (C-3”), 79.87 (C-3’), 98.82 (1JCH 170.1 Hz, C-1’), 99.7 (1JCH
169.8 Hz, C-1”), 127.53 (Ph), 127.61 (Ph), 127.63 (Ph), 127.65 (Ph), 127.67 (Ph),
127.70 (Ph), 127.77 (Ph), 127.78 (Ph), 127.91 (Ph), 128.24 (Ph), 128.30 (Ph), 128.40
(Ph), 128.41 (Ph), 128.42 (Ph), 128.46 (Ph), 128.47 (Ph), 128.51 (Ph), 138.15 (Ph),
138.36 (Ph), 138.53 (Ph), 138.55 (Ph), 138.62 (Ph), 138.68 (Ph), 170.26 (Ac C=O),
174.18 (C-1); νmax(cm-1) = 3063 (arom. C-H), 3029 (arom. C-H), 2917 (C-H), 2864 (CH), 1737 (C=O); HRMS-ESI [M+Na]+ calculated for C63H72O14Na: 1075.4814. Found:
1075.4796
Methyl

6-[3,4,6-tri-O-benzyl-2-O-(3,4,6-tri-O-benzyl-α-D-mannopyranosyl)-α-D-

mannopyranosyloxy]hexanoate (9) [210] Sodium methoxide (0.250 M) in methanol
(12 mL) was added to a solution of 8 (0.626 g, 0.594 mmol) in dichloromethane (12
mL) and stirred for an hour. The mixture was then dissolved in ethyl acetate and washed
with water. The organic layer was dried over anhydrous magnesium sulfate, and the
solvent removed under reduced pressure. The crude product was purified by column
chromatography (dichloromethane/ethyl acetate 3:1 silica) to give the title compound 9
(0.550 g, 0.544 mmol, 92%) as a clear oil. Rf = 0.83 (3:1 dichloromethane/ethyl
acetate); [α]D23 = +32.0 (c 1.7, CHCl3) [lit.[210] [α]D25 = +34 (c 0.5, CHCl3)]; 1H NMR
(500 MHz, CDCl3) δ 1.24-1.31 (3H, m, H-4), 1.46-1.52 (2H, m, H-5), 1.59 (2H, quin, J
7.6 Hz, H-3), 2.28 (2H, t, J 7.6 Hz, H-2), 3.24 (1H, dt, J 6.5 and 9.6 Hz, H-6), 3.57 (1H,
dt, J 6.7 and 9.6 Hz, H-6), 3.65 (3H, s, Me CH3 ), 3.69-3.84 (7H, m, H-4’, H-5’, H-6’,
H-4”, H-6”), 3.86 (1H, dd, J 3.5 and 6.9 Hz, H-3”), 3.91 (1H, dd, J 2.9 and 9.3 Hz, H3’), 3.96 (1H, ddd, J 2.3, 4.7 and 9.8 Hz, H-5”), 4.01 (1H, dd, J 2.1 and 2.7 Hz, H-2’),
4.12 (1H, dd, J 1.8 and 3.2 Hz, H-2”), 4.48-4.84 (12H, m, PhCH2), 4.89 (1H, d, J 1.8
Hz, H-1’), 5.14 (1H, d, J 1.6 Hz, H-1”), 7.17-7.34 (25H, m, Ph);13C NMR (125 MHz,
CDCl3) δ 24.85 (C-3), 25.86 (C-4), 29.26 (C-5), 34.08 (C-2), 51.59 (Me CH3), 67.55
(C-6), 68.66 (C-2”), 69.36 and 69.46 (C-6’ and C-6”)*, 71.65 (C-5”), 72.01 (C-5’),
72.26 (Ph), 72.38 (Ph), 73.42 (Ph), 73.52 (Ph), 74.56 and 74.96 (C-4’ and C-4”)*, 75.13
(C-2), 75.18 (Ph), 75.29 (Ph), 79.93 (C-3’), 80.13 (C-3”), 98.93 (C-1’), 101.21 (C-1”),
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127.48 (Ph), 127.56 (Ph), 127.65 (Ph), 127.71 (Ph), 127.77 (Ph), 127.80 (Ph), 127.85
(Ph), 127.94 (Ph), 127.95 (Ph), 127.99 (Ph), 128.13 (Ph), 128.39 (Ph), 128.40 (Ph),
128.43 (Ph), 128.47 (Ph), 128.56 (Ph), 128.58 (Ph), 138.12 (Ph), 138.38 (Ph), 138.45
(Ph), 138.50 (Ph), 138.57 (Ph), 138.76 (Ph), 174.17 (C-1); νmax(cm-1) = 3473 (broad OH), 3063 (arom. C-H), 3030 (arom. C-H), 2912 (C-H), 2864 (C-H), 1736 (C=O);
HRMS-ESI [M+Na]+ calculated for C61H70O13Na: 1033.4709. Found: 1033.4702.
6-[3,4,6-Tri-O-benzyl-2-O-(3,4,6-tri-O-benzyl-α-D-mannopyranosyl)-α-Dmannopyranosyloxy]hexanoic acid (10) [210] Aqueous sodium hydroxide (1 M, 3.02
mL) was added to a solution of 9 (0.510 g, 0.504 mmol) in THF (9 mL) and stirred for
24 h at 60 ˚C. The solution neutralised with Amberlyst 15 (H+) ion exchange resin, then
filtered and the solvent removed in vacuo. The crude product was purified by column
chromatography (dichloromethane/ethyl acetate 3:1 silica) to give the title compound 10
(0.430 g, 0.431 mmol, 85%) as a clear oil. Rf = 0.74 (3:1 dichloromethane/ethyl
acetate); [α]D22 = +31.0 (c 1.1, CHCl3) [lit.[210] [α]D25 = +36 (c 0.5, CHCl3)]; 1H NMR
(500 MHz, CDCl3) δ 1.28-1.35 (2H, m, H-4), 1.48-1.54 (2H, m, H-5), 1.61 (2H, quin, J
7.4 Hz, H-3), 2.31 (2H, t, J 7.4 Hz, H-2), 3.27 (1H, dt, J 6.3 and 9.2 Hz, H-6), 3.59 (1H,
dt, J 6.5 and 9.2 Hz, H-6), 3.71-3.87 (7H, m, H-4’, H-5’, H-6’, H-4”, H-6”), 3.90 (1H,
dd, J 2.4 and 8.9 Hz, H-3”), 3.94 (1H, dd, J 2.4 and 9.4 Hz, H-3’), 3.97-3.99 (1H, m, H5”), 4.04 (1H, s, H-2’), 4.15 (1H, s, H-2”), 4.51-4.87 (12H, m, PhCH2), 4.92 (1H, s, H1’), 5.18 (1H, s, H-1”), 7.18-7.36 (30H, m, Ph); 13C NMR (125 MHz, CDCl3) δ 24.54
(C-3), 25.68 (C-4), 29.12 (C-5), 33.91 (C-2), 67.39 (C-6), 68.65 (C-2”), 69.37 and 69.45
(C-6’ and C-6”)*, 71.64 (C-5”), 71.98 (C-5’), 72.26 (Ph), 72.38 (Ph), 73.41 (Ph), 73.51
(Ph), 74.57 and 74.96 (C-4’ and C-4”)*, 75.06 (C-2), 75.15 (Ph), 75.29 (Ph), 79.90 (C3’), 80.12 (C-3”), 98.88 (C-1’), 101.15 (C-1”), 127.49 (Ph), 127.57 (Ph), 127.66 (Ph),
127.73 (Ph), 127.77 (Ph), 127.80 (Ph), 127.88 (Ph), 127.97 (Ph), 127.99 (Ph), 128.01
(Ph), 128.12 (Ph), 128.38 (Ph), 128.41 (Ph), 128.43 (Ph), 128.47 (Ph), 128.55 (Ph),
128.58 (Ph), 138.08 (Ph), 138.32 (Ph), 138.42 (Ph), 138.44 (Ph), 138.51 (Ph), 138.71
(Ph), 178.67 (C-1); νmax(cm-1) = 3443 (broad O-H), 3063 (arom. C-H), 3030 (arom. CH), 2921 (C-H), 2865 (C-H), 1705 (C=O); HRMS-ESI [M+Na]+ calculated for
C60H68O13Na: 1019.4552. Found: 1019.4531.
N-Succinimidyl 6-[3,4,6-tri-O-benzyl-2-O-(3,4,6-tri-O-benzyl-α-D-mannopyrano-syl)α-D-mannopyranosyloxy]hexanoate (11) N,N-Dicyclohexylcarbodiimide (0.046 g,
0.224 mmol) and N-hydroxysuccinimide (0.026 g, 0.224 mmol) were added to 10
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(0.067 g, 0.067 mmol) in THF (3 mL), and stirred overnight. The solvent was removed
in

vacuo

and

crude

product

was

purified

by

column

chromatography

(dichloromethane/ethyl acetate 4:1 silica) to give the title compound 11 (0.074 g,
quantitative yield) as clear oil, containing a trace of DCU. A small sample was further
purified by column chromatography (dichloromethane to dichloromethane/ethyl acetate
9:1 to 4:1 silica) to give the title compound 11 as a foam. Rf = 0.88 (4:1
dichloromethane/ethyl acetate); [α]D23 = +26.4 (c 0.7, CHCl3); 1H NMR (500 MHz,
CDCl3) δ 1.36-1.42 (2H, m, H-4), 1.49-1.55 (2H, m, H-5), 1.71 (2H, quin, J 7.4 Hz, H3), 2.56 (2H, t, J 7.4 Hz, H-2), 2.74 (4H, s, NHS 2xCH2), 3.26 (1H, dt, J 6.3 and 9.6 Hz,
H-6), 3.59 (1H, dt, J 6.4 and 9.5 Hz, H-6), 3.70-3.85 (7H, m, H-4’, H-5’, H-6’, H-4”, H6”), 3.87 (1H, dd, J 3.0 and 9.1 Hz, H-3”), 3.93 (1H, dd, J 2.8 and 9.4 Hz, H-3’), 3.96
(1H, ddd, J 2.1, 4.4 and 9.7 Hz, H-5”), 4.03 (1H, s, H-2’), 4.13 (1H, s, H-2”), 4.49-4.84
(12H, m, PhCH2), 4.90 (1H, s, H-1’), 5.14 (1H, s, H-1”), 7.17-7.34 (26H, m, Ph);

13

C

NMR (125 MHz, CDCl3) δ 24.53 (C-3), 25.54 (C-4), 25.68 (NHS CH2) 29.05 (C-5),
31.05 (C-2), 67.37 (C-6), 68.69 (C-2”), 69.38 and 69.49 (C-6’ and C-6”)*, 71.65 (C-5”),
72.03 (C-5’), 72.27 (Ph), 72.35 (Ph), 73.42 (Ph), 73.53 (Ph), 74.58 and 74.99 (C-4’ and
C-4”)*, 75.13 (C-2), 75.24 (Ph), 75.26 (Ph), 79.91 (C-3’), 80.15 (C-3”), 98.98 (C-1’),
101.24 (C-1”), 127.49 (Ph), 127.58 (Ph), 127.67 (Ph), 127.72 (Ph), 127.76 (Ph), 127.80
(Ph), 127.86 (Ph), 127.97 (Ph), 127.98 (Ph), 128.00 (Ph), 128.12 (Ph), 128.40 (Ph),
128.43 (Ph), 128.44 (Ph), 128.48 (Ph), 128.57 (Ph), 128.60 (Ph), 138.14 (Ph), 138.42
(Ph), 138.54 (Ph), 138.54 (Ph), 138.65 (Ph), 138.79 (Ph), 168.63 (C-1), 169.27 (NHS
C=O); νmax(cm-1) = 3509 (broad O-H), 3063 (arom. C-H), 3030 (arom. C-H), 2920 (CH), 2866 (C-H), 1813 (imide C=O), 1783 (imide C=O), 1737 (C=O); HRMS-ESI
[M+Na]+ calculated for C64H71NO15Na: 1019.4552. Found: 1019.4531.
N-Succinimidyl 6-[2-O-(α-D-mannopyranosyl)-α-D-mannopyranosyloxy] hexanoate
(12) Pd(OH)2/C catalyst (0.080 g) was added to a solution of 11 (0.074 g) in THF (10
mL). The reaction was stirred overnight under hydrogen. The mixture was filtered
through celite, and the crude product was purified by column chromatography
(CHCl3/MeOH 7:4 silica) to give the title compound 12 (0.028 g, 0.051 mmol, 75%) as
a white powder. Rf = 0.47 (7:4 CHCl3/MeOH); [α]D25 = +56.0 (c 1.0, methanol); 1H
NMR (500 MHz, methanol-d6) δ 1.50-1.55 (2H, m, H-4), 1.61-1.67 (2H, m, H-5), 1.77
(2H, quin, J 7.6 Hz, H-3), 2.65 (2H, t, J 7.3 Hz, H-2), 2.83 (4H, s, NHS 2xCH2), 3.433.61 (4H, m, H-6, H-4’, H-5’ and H-4”), 3.65-3.76 (5H, m, H-6, H-6’, H-3”, H-5”, H-
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6”), 3.80-3.85 (4H, m, H-2’, H-3’, H-6’, H-6”), 3.97 (1H, dd, J 1.8 and 3.3 Hz, H-2”),
4.96 (1H, d, J 1.6 Hz, H-1”), 5.06 (1H, s, H-1’); 13C NMR (125 MHz, methanol-d6) δ
25.51 (C-3), 26.49 and 26.51 (C-4 and NHS CH2)*, 30.05 (C-5), 31.55 (C-2), 63.04 and
63.11 (C-6’ and C-6”)*, 68.29 (C-6), 68.82 and 69.05 (C-4’ and C-4”)*, 71.87 (C-2”),
72.18 (C-3’), 72.41 (C-3”), 74.61 (C-5’), 74.96 (C-5”), 80.68 (C-2), 99.93 (C-1’),
104.16 (C-1”), 170.24 (C-1), 171.92 (NHS C=O); νmax(cm-1) = 3362 (broad O-H), 2923
(C-H), 1810 (imide C=O), 1781 (imide C=O), 1731 (C=O); HRMS-ESI [M+Na]+
calculated for C22H35NO15Na: 576.1899. Found: 576.1891.

2.2 Engineering of Recombinant RHDV VLP
In order to test the influence of increased antigen dose on the functionality of RHDV
VLP, VLP was engineered to express the TAA human gp10025-33 at the N-terminus of
VP60. Four different VLP.gp100 constructs were designed; VLP with one gp10025-33
epitope (VLP.gp100-1), two copies of the epitope (VLP.gp100-2), two copies with a
linker between copies (VLP.gp100-2L) and three copies with linkers (VLP.gp100-3L).
Moreover, the previously used VLP.SIIN (containing the ovalbumin epitope
SIINFEKL) and VLP.gp33 (containing the LCMV gp33 epitope SAVYNFATM) were
also utilised in this research in order to determine the effect of targeting receptormediated internalisation of RHDV VLP. The N-terminal amino acid sequences of these
modified VP60 are outlined in Table 2.2.
Table 2.2 N-terminal amino acid sequences of recombinant antigen expressing VLP used
in this study
Sequence1

VLP
VLP.gp100-1

MKVPRNQDWLGGS-VP60

VLP.gp100-2

MKVPRNQDWLKVPRNQDWLGGS-VP60

VLP.gp100-2L

MKVPRNQDWLALLKVPRNQDWLGGS-VP60

VLP.gp100-3L

MKVPRNQDWLALLKVPRNQDWLALLKVPRNQDWLGGS-VP60

VLP.SIIN

MSIINFEKLGGS-VP60

VLP.gp33

MSAVYNFATMGGS-VP60

1

The antigenic epitopes engineered onto the N-terminus of VP60 are depicted in blue and linker

sequences are depicted in red.
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2.2.1 Ethical permits and approvals
The generation and use of recombinant VP60-expressing baculovirus were performed
under IBSC approval number GMO10/UO006 (ERMA approval numbers GMD100300,
GMD100301, GMD100302).

2.2.2 Epitope and linker design
VLP were designed to have multiple copies of the tumour epitopes gp10025-33 separated
by a sequence-specific linker sequence. gp10025-33 is reported to have heteroclitic
sequences with enhanced binding affinity to H-2Db. To confirm this, MHC-I binding
predictions were made using the Immune Epitope Database (IEDB) analysis resource
Consensus tool [212], which combines predictions from ANN aka NetMHC (3.4) [213,
214], SMM [215] and Comblib [216].
To design the sequence specific-linker, potential linker sequences were tested using
proteasome and immune-proteasome prediction software; IEDB analysis resource
Consensus

tool

[212-216],

Proteasome

Cleavage

Prediction

Server

(PCPS)

(Immunomedicine group, Universidad Complutense de Madrid, Madrid, Spain) [217]
and Netchop (Center for Biological Sequence Analysis, Technical University of
Denmark, Kongens Lyngby, Denmark) [218]
To ensure optimal protein expression in the baculovirus expression system, the gp100
and linker sequences were checked against the Codon Usage Database (Kasusa DNA
Research Institute, Chiba, Japan) [219], and rare codons were modified accordingly
(Table 2.3).

2.2.3 Strategy for cloning the VLP.gp100
RHDV VLP was designed to express four different modifications at the N-terminus of
VP60; VLP with one gp10025-33 epitope (VLP.gp100-1), two copies of the epitope
(VLP.gp100-2), two copies with a linker between copies (VLP.gp100-2L) and three
copies with linkers (VLP.gp100-3L). The cloning strategies utilised in the synthesis of
recombinant baculovirus expressing the different VLP.gp100 constructs are outlined in
Figure 2.2.
Synthesis of VLP.gp100-1, 2 and 2L (Figure 2.2A) involved the use of primers to
amplify the N-terminus of the VP60 gene (NtermVP60), with the addition of the
sequences of interest. The template used in the PCR was the pAcpol- baculovirus
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transfer vector containing the VP60 gene (pAcpol-.VP60), supplied by the Ward
Laboratory (Department of Microbiology and Immunology, University of Otago,
Dunedin, New Zealand). PCR products were subsequently cloned into pGEM®-T Easy
for sequencing then subcloned into the baculovirus transfer vector pAcUW51(GUS),
supplied by the Ward Laboratory. For the production of VLP.gp100-3L (Figure 2.2B),
modified NtermVP60 was pre-synthesised (GeneScript, Piscataway, NJ, USA) and
cloned directly into the baculovirus transfer vector pAcpol-. VP60.gp100 genes in the
baculovirus transfer vectors were then co-transfected into insect cells to facilitate the
production of baculovirus recombinants that express VLP.gp100 (section 2.2.11).
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Figure 2.2 Schematic of the engineering of the different VLP.gp100 constructs
(A) Primers were designed to amplify NtermVP60 with the addition of various gp100 sequences
at the N-terminus. PCR-amplified NtermVP60.gp100 were cloned into pGEM®-T Easy for
sequencing. Plasmids with confirmed NtermVP60.gp100 sequences were then digested with
BglII and NdeI restriction enzymes and subcloned with CtermVP60 (digested from pAcpol.VP60 with NdeI and EcoRI) into the baculovirus transfer vector pAcUW51(GUS) (digested
with BglII and EcoRI). (B) Pre-synthesised NtermVP60.gp100-3L gene within the pUC57
plasmid was digested with BglII and PstI and cloned into pAcpol-.VP60 (digested with BglII
and PstI). (A,B) Constructs in were sequenced and co-transfected into insect cells to allow the
generation of VLP.gp100 expressing baculovirus recombinants. Note: this figure is not to scale.
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2.2.3.1 Primer design
Primer design was performed using the Primer Select application from the Lasergene
suite of sequence analysis software DNASTAR™ Inc., Version 3.1.1 (Madison, WI,
USA). The forward primers (Table 2.3) were designed to include a BglII restriction site
(AGATCT), invertebrate kozak consensus sequence (AAA), start codon (ATG), the
gene of interest and a flexible linker sequence (GGAGGTTCC) before NtermVP60. The
reverse primer (Table 2.3) supplied by the Ward Laboratory, had been designed to bind
to nucleotides 1126-1150 of the VP60 gene and amplify back to the N-terminus of
VP60. The amplified NtermVP60 gene included an NdeI restriction site to allow the
excision of the amplified genes (BglII/NdeI digest) and their ligation with the Cterminus of VP60 in a baculovirus transfer vector. Primers were supplied by Integrated
DNA Technologies (Baulkham Hills, NSW, Australia) and resuspended at 100 µM in
Milli-Q water and diluted to 10 µM before use.
2.2.3.2 Design of pre-synthesised genes
As with the primers, the synthesised NtermVP60.gp100-3L gene included a BglII
restriction site, kozak sequence, start codon, the gene of interest (gp100-3L) and a
flexible linker sequence before the N-terminal sequence of VP60 (nucleotides 1-134)
(Table 2.3). The NtermVP60 sequence also included a PstI restriction site to facilitate
the excision of NtermVP60.gp100-3L, and its ligation into a baculovirus transfer vector
(Figure 2.2B). Pre-synthesised genes within the pUC57 plasmid were resuspended in
Milli-Q water at 200 ng µL-1 and transformed directly into calcium chloride competent
Escherichia coli (E. coli) XL-1 Blue MRF’ cells.
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Table 2.3 Primers and pre-synthesised genes used for the construction of recombinant
VP60.gp100 constructs
Primer or gene
Sequence (5’-3’)1-4
name
Gp100-1F

GGAGATCTAAAATGAAAGTGCCGAGAAACCAGGACTGGTTGGGAGG
TTCCGAGGGCAAAG

Gp100-2F

CGAGATCTAAAATGAAAGTGCCGAGAAACCAGGACTGGTTGAAAGTG
CCGAGAAACCAGGACTGGTTGGGAGGTTCCGAGGGCAAAG

Gp100-2LF

TAAGATCTAAAATGAAAGTGCCGAGAAACCAGGACTGGTTGGCCTT
GTTGAAAGTGCCGAGAAACCAGGACTGGTTGGGAGGTTCCGAGGGC
AAAG

VP60intR2

CCCCAGTGGCAAAACCTAACTCATA

NtermVP60.
gp100-3L

AATCACAGATCTAAAATGAAAGTGCCGAGAAACCAGGACTGGTTGG
CCTTGTTGAAAGTGCCGAGAAACCAGGACTGGTTGGCCTTGTTGAAA
GTGCCGAGAAACCAGGACTGGTTGGGAGGTTCCGAGGGCAAAGCCC
GTGCAGCGCCGCAAGGCGAAGCAGCGGGCACTGCCACCACAGCA
TCAGTTCCCGGAACCACGACTGATGGCATGGATCCTGGCGTTGTG
GCCACTACCAGCGTGATCACTGCAGAAAATTC

1

Underlined nucleotides indicate the BglII restriction site

2

Kozak sequence and start codon are depicted in green.

3

Italicised sequences indicate the gp10025-33 gene, and bold nucleotides denote modifications for optimal

baculovirus expression.
4

Linker sequences are depicted in red and nucleotides from the VP60 gene are depicted in blue.

2.2.4 Preparation of plasmid vectors
E. coli XL-1 Blue MRF’ cells containing pAcpol-.VP60 and pAcUW51(GUS) were
available as -80 ˚C stocks in the Ward Laboratory. In order to prepare the plasmids,
both E. coli strains were streaked separately out onto Luria-Bertani broth (LB) agar
plates containing 50 µg mL-1 ampicillin (Appendix 1) and incubated overnight at 37 ˚C.
A single colony was used to inoculate 1.5 mL of LB containing 50 µg mL-1 ampicillin
(Appendix 1) and grown at 37 ˚C for 16 h, with shaking at 200 rpm.
2.2.4.1 Plasmid extraction
After incubation, cultures were centrifuged at 12,000 x g for 1 min to pellet the bacteria,
and the plasmid was purified using the AxyPrep Plasmid Miniprep kit (Axygen, Union
City, CA, USA) as per manufacturer’s Miniprep spin column protocol.
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2.2.5 PCR reactions
All PCR reactions were performed using the Velocity PCR Kit (Bioline Pty. Ltd,
Alexandria, NSW, Australia). PCR reactions contained 10 µL of 5X reaction buffer, 1
µL of 10 mM dNTP mix, 1 µL of each 1 µM primer (one of the gp100F forward
primers and the VP60intR2 reverse primer), 1 µL of Velocity DNA polymerase (5
Units), 2-5 ng of template DNA (pAcpol-.VP60) and were made up to 50 µL with MilliQ water. PCR cycles were performed in a Biometra TPersonal thermocycler (Biometra
GmbH, Göttingen, Germany) as detailed in Table 2.4. Following the PCR reaction,
products were poly-A tailed using the tailing mix supplied by the Velocity PCR Kit.
The tailing mix (5 µL) was added to the PCR reaction (50 µL) and incubated at 72 ˚C
for 5 min.
Table 2.4 Thermal profile of PCR reaction
Cycles

Temperature

Time

95 ˚C

2 min

Denaturation

95 ˚C

30 sec

Annealing

60 ˚C

30 sec

Elongation

72 ˚C

2 min

72 ˚C

7 min

Initial denaturation
Amplification1

Final elongation
1

Amplification was achieved though 30 cycles.

2.2.6 DNA gel electrophoresis
Agarose gel electrophoresis was used to visualise PCR products. DNA (20 µL) was
mixed with 3 µL of loading dye (Appendix 1) before separation on a 1 or 1.5% agarose
gel (Appendix 1) at 100 V for 60 min in 1X Tris acetate (TAE) buffer (Appendix 1). To
estimate the size of DNA products, 100 bp (Axygen) or 1 Kb Plus (Invitrogen,
Carlsbad, CA, USA) DNA ladders were also loaded onto the agarose gels. DNA bands
were stained in a 1 µg mL-1 ethidium bromide solution for 30 min and viewed under
ultraviolet (UV) light with a Bio-Rad ChemiDoc gel documentation system (Bio-Rad,
Hercules, CA, USA).
2.2.6.1 DNA extraction
To remove DNA from agarose gels, DNA bands were excised with a scalpel and
extracted using an AxyPrep DNA Gel Extraction kit (Axygen), as per the
manufacturer’s instructions.
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2.2.7 Restriction digests and ligations
2.2.7.1 Ligation into pGEM®-T Easy
Gel purified, A-tailed PCR products (gp100-1, gp100-2 & gp100-2L) were ligated into
the pGEM®-T Easy Vector kit (Promega, Madison, WI, USA) as per the
manufacturer’s instructions then sequenced (section 2.2.10).
2.2.7.2 Restriction digests
All restriction digests contained 1-5 µg of DNA, 2 µL of 10X Restriction Buffer H
(Roche Diagnostics GmbH, Mannheim, Germany), 10 Units of each of the appropriate
enzymes and made up to 20 µL in Milli-Q water. Digests were incubated at 37 ˚C for 12 h then analysed and extracted from a 1% agarose gel.
For the cloning of VLP.gp100-1, -2 and 2L, sequence confirmed PCR products were
excised from the pGEM®-T Easy vector with BglII (Roche) and NdeI (Roche)
restriction enzymes. pAcpol-.VP60 was digested with NdeI and EcoRI (Roche) to
excise the CtermVP60 and pAcUW51(GUS) was digested with BglII and EcoRI. The
three DNA fragments (NtermVP60.gp100, CtermVP60 and pAcUW51(GUS)) were
then ligated in a three-way ligation. Conversely, for the cloning of VLP.gp100-3L, presynthesised NtermVP60.gp100-3L and pAcpol-.VP60 were digested with BglII and PstI
and ligated together to allow the insertion of modified NtermVP60 into pAcpol-.
Digests were resolved by agarose gel electrophoresis (section 2.2.6) and the required
digest bands were excised and purified before being ligated.
2.2.7.3 Ligations
Ligations were performed overnight at 4 ˚C and included 1 µL (1 Unit) of T4 DNA
ligase (Roche), 2 µL of 10X Ligation Buffer (Roche), 3 µL of vector DNA (pAcpol- or
pAcUW51(GUS)) and 14 µL of insert DNA (or 7 µL of each of the inserts, in the case
of the three-way ligation).

2.2.8 Transformation
Pre-synthesised in the pUC57 vector and ligations were transformed into calcium
competent E. coli (section 2.2.9). Aliquots of competent cells (100 µL) were thawed on
ice for 15-30 min, before the addition of the pre-synthesised genes (0.5 µL) or the
ligation mixture (10 µL). After a further 15 min on ice, cells were heat shocked for 5
min at 37 ˚C, then placed on ice for 2 min before the addition of 900 µL of pre-warmed
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LB. Cells were incubated at 37 ˚C for 45 min, then 50-200 µL of cells was spread onto
LB agar plates containing 50 µg mL-1 of ampicillin. When using pGEM®-T Easy, 50 µL
of 20 mg mL-1 X-gal (Progen Pharmaceuticals, Toowong, Queensland, Australia) and
10 µg mL-1 of 100 mM isopropyl-β-D-1- thiogalactopyranoside (IPTG) (Progen) were
also added to the plate to allow for blue/white selection of colonies. Plates were left to
stand for 10 min before overnight incubation at 37 ˚C. Single white colonies were
picked from the plates and used to inoculate separate 1.5 mL LB broths containing
ampicillin (50 µg mL-1), before being processed as described in section 2.2.4.1.
To confirm the presence of the correct size insert, VP60.gp100 constructs in baculovirus
transfer vectors were digested with BglII and EcoRI (VP60.gp100-1, 2 and 2L) or BglII
and PstI (VP60.gp100-3L) as described in section 2.2.7.

2.2.9 Preparation of calcium competent E. coli
E. coli XL-1 Blue MRF’ cells, available as -80 ˚C stocks in the Ward Laboratory, were
streaked onto an LB agar plate containing 12.5 µg mL-1 tetracycline and incubated
overnight at 37 ˚C. A single colony was used to inoculate 5 mL of LB containing 12.5
µg mL-1 tetracycline and grown at 37 ˚C in a shaking (200 rpm) incubator for 16 h. A
flask containing 120 mL of pre-warmed LB was inoculated with 1.2 mL of the E. coli
culture and incubated in a shaking incubator until the bacterial culture reached an
optical density (OD600) of approximately 0.4 (2-3 h). The flask was placed on ice for 15
min then the culture was centrifuged at 3,000 x g for 10 min at 4 ˚C. Cells were
resuspended in 40 mL of ice-cold Transformation Buffer I (Appendix 1), then
centrifuged at 3,000 x g for 10 min at 4 ˚C. Cells were resuspended in 40 mL of ice-cold
Transformation Buffer II (Appendix 1) and stored at -80 ˚C in 100 µL aliquots.

2.2.10

Sequencing of DNA

After screening for successful transformations, the concentration of DNA was measured
using a NanoDrop-1000 spectrophotometer (Version 3.7.1, Thermo Scientific,
Waltham, MA, USA). The sequences of the recombinant VP60 genes in pGEM®-T
Easy, pAcpol- or pAcUW51(GUS) were checked by the Massey Genome Service
(Massey University, Palmerston North, New Zealand). Sequencing samples were
prepared in PCR tubes by dilution of DNA to 600 ng in a total volume of 28 µL Milli-Q
water.
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PCR products in pGEM®-T Easy were sequenced with the universal M13 forward and
reverse primers supplied by the Massey Genome Service.
To confirm the sequence of the final VP60 constructs, the forward primers P10F,
VP60intF and VP60intF3 (supplied by the Ward Laboratory) were used to allow for full
coverage of one strand of the VP60 gene (Table 2.5, Figure 2.3). Primers were added at
a concentration of 0.2 pmol µL-1. Sequence results were analysed using the SeqMan Pro
application from the Lasergene suite of the sequence analysis software.
Table 2.5 Primers used for the sequencing of recombinant VP60 clones
Primer Name
P10F

Primer Location1
-217 to -230

VP60intF

487 to 503

VP60intF3

1452 to 1475

1

Primer Sequence (5’-3’)
CTAGAGTCGAGCAAGAAAATAAA
CTCGAACCTGTTACCAT
GTACGGCACAGGCTCCCAACCACT

Primer location in relation to the start of the VP60 gene. Negative values indicate that the primer binds

upstream from the VP60 gene.

P10F

VP60intF

VP60intF3

VP60.gp100

Figure 2.3 Sequencing of VP60.gp100 constructs
Regions of the VP60.gp100 genes that were sequenced by the different forward primers.
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2.2.11

Transfection into insect cells

Modified VP60 clones in baculovirus transfer vectors were co-transfected into
Autographa californica

multicapsid

nucleopolyhedrovirus,

through

either

the

BacVector®-3000 (Merck, NJ, USA) or the FlashBAC ULTRA™ (Oxford Expression
Systems, Oxford, UK) expression systems. Spodoptera frugiperda IPLB-Sf21 (Sf21)
insect cells were maintained in Sf900III serum-free medium (SFM) (Gibco Invitrogen,
Green Island, NY, USA). Sf21 insect cells were seeded into 6 well plates at 5 x 105 cells
mL-1 (3 mL per well) and incubated at 27 ˚C for 1 h. The medium was then removed
from the wells and the transfection mix added dropwise to each well. To prepare the
transfection mix, 6 µL of FuGENE® 6 transfection reagent (Roche) was added to 100 µL
of Sf900III SFM, which was added to another 100 µL of Sf900III SFM containing 1 µg
of DNA encoding the modified VP60 gene in a transfer vector (pAcpol- or pAc(GUS)
and 80 ng of the expression vector (Bacvector®-3000 or FlashBAC ULTRA). The
transfection mixture was incubated at room temperature for 30 min, then added to the
Sf21 cell monolayer and incubated for a further 1 h at room temperature, with rocking
every 20 min. After incubation, 3 mL of Sf900III SFM containing 100 U mL-1 penicillin
and 0.1 mg mL-1 streptomycin (Roche) (1X pen/strep) was added to each well and
incubated for 4 days at 27 ˚C. Medium containing recombinant virus was removed from
the experimental wells and stored at 4 ˚C. Co-transfection was repeated for all modified
VP60 genes so that separate stocks of baculovirus encoding gp100-1, gp100-2, gp1002L and gp100-3L were produced.
For VLP in the pAc(GUS) vector, 10 µL of X-gluc (25 mg mL-1) was added to the 6
well plate after the removal of the medium. The GUS reporter gene in the VP60 plasmid
was used to indicate successful transfection though a colour change.

2.2.12

Plaque assays

Plaque assays were used as a purification step and a method of determining viral titers.
6 well plates were seeded with Sf21 insect cells at 5 x 105 cells mL-1 (3 mL per well)
and incubated at 27 ˚C for 1 h. The medium was removed from the cells and 100 µL of
viral dilutions (10-3 to 10-8) in Sf900III SFM were added to separate wells and incubated
at room temperature for 1 h, rocking every 20 min. Viral inoculum was removed and
the wells overlaid with 2 mL of 1.5% SeaPlaque® agarose (Lonza, Rockland, ME,
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USA) in Sf900III SFM containing 10% FBS (warmed to 41 °C). The overlay was then
covered with 1.5 mL of Sf900III SFM containing 10% FBS, 1X pen/strep, and
incubated at 27 ˚C. After 4 days, 10 µL of 10% neutral red stain was added to each well
and incubated for 2 h at room temperature. For VLP in the pAc(GUS) vector, 10 µL of
25 mg mL-1 of X-gluc was also added to allow identification of GUS positive plaques.
After incubation, the medium was removed and the plate was left at room temperature
until plaques were detected and the viral titre could be determined. To propagate the
purified virus stock, plaques were picked with sterile Pasteur pipettes and used to
inoculate separate 10 mL Sf21 suspension cultures.

2.2.13

Inoculum amplification

To propagate the purified recombinant baculovirus stocks, 1 mL of recombinant
baculovirus encoding the modified VP60 genes, were used to inoculate separate 10 mL
Sf21 cultures, seeded at 8 x 105 cells mL-1 the day before. Cultures were then incubated
at 27 ˚C with shaking at 125 rpm for 4 days. After incubation, cell viability was
checked using a haemocytometer with 1:1 trypan blue (Appendix 1) to confirm
successful infections. Cultures were centrifuged at 500 x g for 5 min to remove cell
debris. Supernatants (inoculum) were filtered though a 0.2 µm Minisart hydrophilic
filter (Satorius Stedium Biotech GmbH, Göttingen, Germany) and stored at 4 ˚C. Virus
stocks were further amplified in 50 mL cultures and the titre determined by plaque
assay before use in large-scale VLP production (section 2.2.12).

2.3 Production and Purification of RHDV VLP
2.3.1 VLP expression
To express VLP, 400 mL Sf21 cultures at 1 x 106 cells mL-1 in Sf900III SFM, were
inoculated with recombinant baculovirus at a multiplicity of infection of one, with the
addition of 1X pen/strep. Infected cultures were incubated for 3 days at 27 ˚C with
shaking at 125 rpm.

2.3.2 VLP purification
VLP were harvested 3 days post-infection. Cell viability was checked using a
haemocytometer and 1:1 trypan blue, to ensure approximately 40% cell death. Cultures
were treated with 0.5% Triton-X 100 (Sigma-Aldrich, St Louis, MO, USA) for 30 min
at room temperature to inactivate the recombinant baculovirus and lyse insect cells.
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Cellular debris were removed by centrifugation at 10,000 x g for 30 min in a F14-6x250
rotor (Thermo Scientific) and the supernatant was subjected to ultracentrifugation at
100,000 x g for 90 min in a Ti45 Rotor (Beckman Coulter, Fullerton, CA, USA) to
pellet the VLP. The supernatant was discarded and each VLP pellet was re-suspended
in 1 mL of insect phosphate buffered saline (iPBS) (Appendix 1) overnight at 4 ˚C.
To remove residual debris, the resuspended VLP was centrifuged at 10,000 x g for
10 min. The clarified supernatant was then loaded on top of a caesium chloride (CsCl)
gradient, composed of 3 mL of 1.2 g cm-3 CsCl underlayed with 3 mL of 1.4 g cm-3
CsCl in SW32.1 polyallomer ultracentrifuge tubes. The gradients were centrifuged for
18 h at 100,000 x g in a SW32.1 rotor (Beckman Coulter), and VLP bands harvested
from the interface between the two CsCl layers. VLP was stored at 4 ˚C then dialysed
into coupling phosphate buffered saline (cPBS) (Appendix 1) before use.

2.3.3 VLP quantification
VLP concentrations were determined using a NanoDrop spectrophotometer, based on
the extinction coefficients and molecular weights of the different VLP.

2.3.4 Dialysis
All dialysis was performed using 10,000 KDa molecular weight cut-off dialysis tubing
and involved subsequent 2 h, 4 h, and overnight dialysis steps at 4 ˚C. VLP was
harvested from the dialysis tubing and diluted to 50% in sterile glycerol and stored at
-20 ˚C, or further modified.

2.4 Modification of RHDV VLP
2.4.1 Testing maleimide-DyLight 633 labelling of VLP
Maleimide-biotin was used to confirm the accessibility of the VP60 thiol group to
maleimide conjugation, and thus the ability of VLP to be conjugated to maleimideDyLight 633 (Thermo Scientific). VP60 and ovalbumin (positive control) at 3 mg mL-1
in cPBS were treated with equimolar TCEP (Tris(2-carboxyethyl)phosphine) for 30 min
at room temperature, to ensure reduction of sulfhydryl groups. Reduced VLP and
ovalbumin were conjugated to 10X molar excess maleimide-biotin for 2 h at room
temperature. Protein was then resolved on an SDS-PAGE gel, transferred onto
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Immobilon PVDF membrane (section 2.5.2) and biotin conjugation detected by western
blotting (section 2.5.4).
Purified VLP at 3 mg mL-1 in PBS were pre-treated with equimolar TCEP as above and
conjugated to 10X molar excess of maleimide-DyLight 633. Coupling was confirmed
by SDS-PAGE, visualized under UV light.

2.4.2 Fluorescent labelling of VLP with NHS-DyLight 633
Purified VLP (5-8 mg mL-1) in cPBS were conjugated to N-hydroxysuccinimide
(NHS)-DyLight 633 (Thermo Scientific) at a 1:1 molar ratio of VP60:DyLight, for 30
min at room temperature. Following removal of unconjugated DyLight 633 by dialysis
(section 2.3.4), coupling was confirmed by SDS-PAGE (visualized under UV light),
and quantified by determining the DyLight:VP60 molar ratio, using a NanoDrop
spectrophotometer (DyLight 633 = λmax 627 nm, ε 170000 M-1 cm-1).

2.4.3 Mannose and dimannose coupling
VLP or DyLight labelled VLP in cPBS was either left without further modification or
conjugated to a 50X molar excess of the mannosides 7 and 12, for 3 h at room
temperature, then overnight at 4 ˚C (section 2.3.4). After mannosylation, unconjugated
mannosides were removed by dialysis and coupling was confirmed by mass
spectrometry (section 2.5.5). Mannosylation was performed on DyLight labelled VLP
to allow tracking of uptake, and on unlabelled VLP for other immunologic assays and to
allow carbohydrate analysis and estimation by Carbohydrate Estimation Kit (section
2.5.7) and lectin blot (section 2.5.3).

2.5 Analysis of RHDV VLP
2.5.1 SDS-PAGE (Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis)
VLP production and purification was confirmed using SDS-PAGE. Samples were
diluted in MilliQ water to the required concentration (determined using a NanoDrop
Spectrophotometer), then mixed 1:1 in 2X sample buffer (Appendix 1) and boiled for 5
min prior to loading. Samples and either Broad Range protein marker (New England
Biolabs, Beverly, MA, USA) or Pre-stained BenchMark™ protein marker (Invitrogen)
were loaded onto polyacrylamide gels (Appendix 1) and resolved in a Mini-PROTEAN
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III gel tank (Bio-Rad) at 170 V until the dye front reached the end of the gel. Gels were
either stained with Coomassie blue stain (Appendix 1) for 30 min and soaked overnight
in destain solution (Appendix 1) with a piece of paper to absorb the excess stain. In
some cases duplicated gels were transferred onto Immobilon PVDF membrane
(Millipore, Carlsbad, CA, USA) to allow the detection of mannoside conjugation (lectin
blotting) or biotin conjugation (western blotting) (section 2.5.3).

2.5.2 Semi-dry protein transfer
Resolved proteins were transferred onto Immobilon PVDF membrane using the TransBlot SD Semi-Dry Transfer Cell System (Bio-Rad), as per manufacturer’s instructions.
The transfer sandwich was comprised of (from the lower anode plate): two layers of
Whatman™ 3MM filter paper soaked in anode buffer I (Appendix 1); one layer of filter
paper soaked in anode buffer II (Appendix 1); one piece of Immobilon PVDF
membrane briefly rinsed in 100% methanol, followed by immersion in MilliQ-water (2
min) and equilibration in anode buffer II for 5 min; the SDS-PAGE gel equilibrated in
cathode buffer for 15 min (Appendix 1) and three layers of filter paper equilibrated in
cathode buffer for 5 min. Protein transfers were performed at 22 V for 30 min.

2.5.3 Lectin blot analysis
After transfer, membranes were blocked for 1 h with 0.5% gelatine in modified Trisbuffered saline containing 0.09% Tween-20 (Sigma-Aldrich) (mTBS-T) then washed
three times for 10 min each in mTBS-T. The membrane was stained for 1 h with
5 µg mL-1 of FITC conjugated lectin from Pisum sativum (Sigma-Aldrich). Excess
lectin was removed with three 10 min washes in mTBS-T and the labelled proteins were
detected under UV light using the Bio-Rad ChemiDoc system.

2.5.4 Western blot analysis
After transfer, membranes were washed in methanol and dried for 15 min on filter
paper. Dried membranes were incubated for 1 h in 20 mL of PBS with 1% casein
alanate (Fonterra, Auckland, New Zealand), 0.02% Tween-20 (Sigma-Aldrich) and 1
µL Streptavidin-HRP (Sigma-Aldrich) and washed three times for 5 min each in PBS +
0.02% Tween-20. Streptavidin-HRP-labelled proteins were stained with the
SuperSignal West Pico chemiluminescent substrate (Thermo Scientific) as per
manufacturer’s instructions and detected with the Bio-Rad ChemiDoc system.
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2.5.5 Mass spectrometry analysis
To confirm the generation of modified recombinant VP60 constructs, as well as the
conjugation of mannosides to VLP, samples were analysed by mass spectrometry. VLP
samples were resolved on SDS-PAGE gels, VLP excised and subjected to a tryptic
digest before being analysed via a MALDI-TOF/TOF or LTQ-Orbitrap hybrid mass
spectrometer (Centre for Protein Research, Department of Biochemistry, University of
Otago).

2.5.6 Transmission electron microscopy (TEM) of VLP
To confirm VLP assembly and stability, VLP were negatively stained and viewed under
the TEM. VLP samples were diluted to 0.2 mg mL-1 in Milli-Q water and added to
individual carbon-coated grids and incubated for 1 min. Excess sample was removed
with filter paper and 10 µL of 1% phosphotungstic acid was added then immediately
removed. Grids were dried under a lamp and viewed on a CM100 BioTWIN TEM
(Phillips/FEI Corporation, Eindhoven, Netherlands). Images were captured using
MegaVIEW III Soft Imaging System and iTEM Universal Imaging Platform (Soft
Imaging System, Munster, Germany). Samples were prepared, stained and viewed at the
Otago Centre for Electron Microscopy (University of Otago)

2.5.7 Carbohydrate estimation
A glycoprotein Carbohydrate Estimation Kit (Pierce Biotechnologies, Rockford, IL,
USA) was used to determine the level of glycosylation of the VLP. VLP samples (0.04
mM), glycoprotein standards (included in kit) and D-mannose standard (1-0.01 mM)
(50 µl) were diluted in PBS in a 96 well microplate and 50 µL of 10 mM sodium metaperiodate added for 10 min at room temperature, to oxidize the mannose groups to
aldehydes. Following oxidation, 150 µL of 0.5% Glycoprotein Detection Reagent was
added to the samples and incubated at room temperature for 1 h. The absorbance of the
samples and standards were measured at 550 nm using an Infinite M200 microplate
reader (Tecan, Männedorf, Switzerland) and Magellan6 (Magellan Biosciences,
Chelmsford, MA, USA). The extent of mannose conjugation was determined by the
difference in glycosylation between mannosylated and non-mannosylated VLP.

59

2.6 Immunological Assays
2.6.1 Animals (source and ethics)
Female and male C57BL/6 mice and OT-1 transgenic mice (expressing T cells specific
to the MHC-I restricted ovalbumin257-264 epitope SIINFEKL), aged 6-12 weeks, were
supplied by the Hercus Taieri Research Unit (University of Otago). Pmel-1 transgenic
mice, expressing T cells specific to the MHC-I restricted gp10025-33 epitope, aged 23-27
weeks, were supplied by Professor Franca Ronchese (Malaghan Institute, Wellington,
New Zealand). Experiments were conducted in accordance with ethical permits granted
by the University of Otago Animal Ethics Committee (ET 22/11, ET 10/13, AEC 97/13
and AEC 13/14). All animals were euthanized by cervical dislocation or carbon dioxide
euthanasia.

2.6.2 Human participants
Human blood was collected from healthy volunteers after informed consent was given,
as approved by the University of Otago Ethics Committee for Human Participants
(permit number: H13/122).

2.6.3 Generation of bone marrow derived DC
Bone marrow derived DC (BMDC) were generated from the hind legs of C57BL/6
mice. Bones were washed once in 70% ethanol then twice in Dulbecco’s PBS (DPBS)
(Gibco Invitrogen) containing 5% foetal calf serum (FCS). Cleaned bones were cut at
each end and the marrow flushed through with DPBS + 5% FCS in a sterile syringe
with a 25 gauge needle. Bone marrow cells were filtered through a 70 µm cell strainer
with DPBS + 5% FCS, centrifuged at 250 x g for 7 min and the cell pellet was
resuspended in 1 mL of warm red blood cell lysis buffer (Appendix 1) for 1 min, to lyse
red blood cells. The cell suspension was washed with DPBS + 5% FCS, centrifuged at
250 x g for 7 min and resuspended at 0.5 x 106 cells mL-1 in complete Iscove’s
Modified Dulbecco’s medium (Gibco Invitrogen) + 5% FCS (IMDM5) (Appendix 1)
containing 20 ng mL-1 of recombinant mouse Granulocyte-Macrophage ColonyStimulating Factor (ProSpec, East Brunswick, NJ, USA). Cells were dispensed into 6
well plates at 4 mL per well and incubated at 37 ˚C + 5% CO2 for 6 days. After 3 days,
60% of the culture medium was replaced with equivalent volumes of fresh media. On
day 6, cells were harvested, washed with DPBS + 5% FCS and centrifuged at 250 x g
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for 7 min. Cells were then resuspended in cIMDM5 for further assays, as detailed in the
relevant sections below.

2.6.4 Preparation of murine splenocytes
A single cell suspension of splenocytes was generated by passing spleens through a 70
µm cell strainer with DPBS + 5% FCS. Splenocytes were centrifuged at 300 x g for 510 min (depending on volume and cell density) then resuspended in warm red blood cell
lysis buffer for 2 min (2 mL per spleen). Cells were washed with DPBS + 5% FCS,
centrifuged at 300 x g for 5-10 min and resuspended in cIMDM5, DPBS or MACS
buffer (Appendix 1), at concentrations detailed in the relevant sections below.
For carboxyfluorescein succinimidyl ester (CFSE) (Invitrogen) proliferation assays,
CD8+ T cells were isolated by AutoMACS sorting before being pulsed with DC.
Splenocytes were resuspended in MACS buffer (90 µL per 107 cells) and labelled for 15
min at 4 ˚C with anti-CD8 MicroBeads (Miltenyi Biotech, Auburn, CA, USA) (10 µL
per 107 cells). Cells were washed with 1 mL of MACS buffer per 107 cells, centrifuged
at 300 x g for 10 min and resuspended in 1 mL of MACS buffer per 108 cells. Labelled
cells were then run through the positive selection (Possel) setting of an AutoMACS Pro
(Miltenyi Biotech). CD8+ T cells were washed with DPBS + 5% FCS, centrifuged at
300 x g for 10 min and resuspended in DPBS at 2 x 107 cells mL-1 for CFSE staining.
Cells were stained with 2 mM CFSE for 7 min at room temperature in the dark, and the
staining reaction was quenched with an equal volume of FCS. Stained CD8+ T cells
were washed three times in DPBS + 5% FCS, with centrifugation at 300 x g for 10 min
between each wash, before being used to analyse T cell proliferation (section 2.6.11).

2.6.5 Generation of human monocyte-derived DC and macrophages
Peripheral blood mononuclear cells (PBMC) were isolated from human donors using a
Ficoll-Paque separation gradient. Human blood was diluted 1:1 in DPBS and 25 – 30
mL loaded onto 15 mL of Ficoll-Paque PLUS (GE Healthcare, Little Chalfont,
Buckinghamshire, UK) in 50 mL BD Falcon tubes. Gradients were centrifuged at 800 x
g for 20 min at 20 ˚C, with low acceleration and no brake. PBMC were harvested from
the gradient interface then washed three times in DPBS, with centrifugation at 300 x g
for 5 min between each wash. PBMC were resuspended in MACS buffer (80 µL per 107
cells) and monocytes were labelled for 15 min at 4 ˚C with anti-CD14 MicroBeads (10
µL per 107 cells). Labelled cells were then separated using the Possel setting on an
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AutoMACS Pro. Monocytes were washed with DPBS, centrifuged at 300 x g for 5 min,
then resuspended at 1 x 106 cells mL-1 in Roswell Park Memorial Institute medium
(RPMI) (Gibco Invitrogen) containing 10% FCS and 1X pen/strep.
Monocytes were cultured for 7 days in medium supplemented with 2-mercaptoethanol
(Gibco Invitrogen) (55 µM) and 50 ng mL-1 recombinant human granulocytemacrophage colony-stimulating factor (rhGM-CSF) (R&D systems, Minneapolis, MN,
USA) to allow differentiation into macrophages. DC were generated by culturing
monocytes for 6 days in medium supplemented with 25 ng mL-1 rhGM-CSF and
25 ng mL-1 recombinant human IL-4 (R&D systems). In both cases, cells were cultured
at 37 ˚C + 5% CO2, and 70% of the cell medium was removed on day 4 and replaced
with fresh media.

2.6.6 Flow cytometry staining
To prepare for flow cytometric analysis, cells were stained in 96 well plates or 5 mL
FACS tubes. In experiments were cells were cultured in 96 well plates, cells were
stained within the plate, with centrifugation at 300 x g for 2-3 min after each staining
and wash step. In the case of mouse genotyping (section 2.6.10) and in vivo cytotoxicity
experiments (section 2.6.14), cells were stained in 5 mL FACS tubes, with
centrifugation at 300 x g for 5 min after staining steps and wash steps.
Staining involved an initial wash with DPBS + 5% FCS, before cells were stained with
Live/Dead (L/D) Near Infrared, Yellow or Violet fixable dead cell stain (Life
Technologies, Carlsbad, CA, USA) for 20 min at 4 ˚C, to allow selective analysis of
live cells. Cells were washed twice in FACS buffer (Appendix 1) and incubated with Fc
blocking antibody CD16/32 (Fc block) (BD Biosciences, Franklin Lakes, NJ, USA) for
20 min at 4 ˚C, to block non-specific binding of antibodies to Fc receptors. Cells were
then washed with FACS buffer and incubated with the antibody cocktail diluted in
FACS buffer at 4 ˚C for 15-20 min (anti-mouse antibodies) or 30 min (anti-human
antibodies). Stained cells were washed and fixed with 2% paraformaldehyde (PFA) for
20 min at 4 ˚C. Fixed samples were washed and resuspended in FACS buffer for
acquisition, and in the case of cells stained in 96 well plates, samples were transferred
to 5 mL FACS tubes for acquisition.
Fluorescence was measured using a Gallios flow cytometer (Beckman Coulter), with a
three laser (405 nm, 488nm and 633 nm) ten-colour configuration or an LSRFortessa
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flow cytometer (BD Biosciences), with a four laser (405 nm, 488nm, 561 and 640 nm)
fourteen-colour configuration. Acquired data was analysed with FlowJo software
version 8.8.6 or version 10.6.8 (Tree Star Inc., OR, USA). Before use all antibodies and
L/D stains were titrated for optimal staining. Antibody batches were optimised for the
type and concentration of cells being stained, as well as the flow cytometer used. The
antibodies used are detailed in Appendix 2.

2.6.7 Immunofluorescent analysis of VLP binding and
internalisation
Murine splenocytes (section 2.6.4) and BMDC (section 2.6.3), and human monocytederived DC and macrophages (section 2.6.5) were seeded at 1 x 106 cells mL-1 in 96
well plates (200 µL per well) and pre-cooled to 4 ˚C or pre-warmed to 37 ˚C for 30 min.
Cells were left unstained (control wells), or pulsed with varying concentrations of
DyLight labelled; VLP, monomannose-VLP or dimannose-VLP. After incubation at 37
˚C + 5% CO2 or 4 ˚C for 1 h, 4 h or 24 h, cells were washed with DPBS + 5% FCS,
stained with L/D yellow or violet and treated with Fc block. To identify different cell
populations, cells were stained with antibodies against the following epitopes; murine
DC (PE-labelled anti-CD11c), murine macrophages (PE-labelled anti-F4/80), murine B
cells (FITC-labelled anti-B220), murine T cells (PerCP/Cy5.5-labelled anti-CD3),
murine NK cells (PE-labelled anti-CD49b), human DC (PE-labelled anti-CD11c) and
human macrophages (PE-labelled anti-CD64) (Appendix 2). Cells were then analysed
by flow cytometry.
To inhibit mannose receptor specific internalisation and confirm the role of the
mannosides in the enhanced uptake, cells were pulsed with various concentrations of
mannan (Sigma-Aldrich) and incubated for 15 min before the addition of the different
VLP.

2.6.8 Activation of DC
Day 6 BMDC (section 2.6.3) from C57BL/6 mice were resuspended at
1 x 106 cells mL-1 in cIMDM5 and plated in 96 well round bottom plates (200 µL per
well). Cells were pulsed with 20 µg mL-1 of either VLP, monomannose-VLP or
dimannose-VLP or 1 µg mL-1 of lipopolysaccharide from E. coli 055:B5 (SigmaAldrich) as a positive control. After 24 h at 37 ˚C + 5% CO2, cells were washed with
DPBS + 5% FCS, stained with L/D near IR, treated with Fc block and then stained with
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FITC-labelled anti-MHCII, PE-labelled anti-CD86, PECy7-lablled anti-CD40 and
APC-labelled anti-CD11c antibodies (Appendix 2) and analysed by flow cytometry.

2.6.9 Antigen presentation on MHC-I
Day 6 BMDC (section 2.6.3) from C57BL/6 mice were resuspended at
1 x 106 cells mL-1 in cIMDM5 and plated in 96 well round bottom plates (200 µL per
well). Cells were pulsed with 50 µg mL-1 of either VLP.SIIN, monomannoseVLP.SIIN, dimannose-VLP.SIIN, ovalbumin or SIINFEKL peptide and incubated at 37
˚C + 5% CO2 for 24 h, 48 h or 72 h. Cells were then washed with DPBS + 5% FCS and
stained with L/D near IR, then stained with APC-labelled anti-CD11c and PE-labelled
anti-H-2Kb bound to SIINFEKL (Appendix 2) and analysed by flow cytometry.

2.6.10

Genotyping OT-I mice

To genotype OT-I transgenic mice, five to ten drops of blood was collected from the tail
vein of OT-I mice and a control C57BL/6 mouse, into 1 mL of Alsever’s solution
(Appendix 1) in 5 mL FACS tubes. Cells were centrifuged at 300 x g for 5 min and
treated with 1 mL of warm red blood cell lysis buffer for 2 min. Cells were washed in
FACS buffer and stained with FITC-labelled anti-Vα2 and APC-labelled anti-Vβ5.1
(Appendix 2) for 20 min at 4 ˚C. Cells were then washed twice in FACS buffer and
resuspended in FACS buffer for flow cytometry.

2.6.11

T cell proliferation assay

BMDC at day 6 post-extraction (section 2.6.3) were resuspended at 5 x 104 cells mL-1 in
cIMDM5 and either pulsed with 10 µg mL-1 of the appropriate VLP for 24 hours, or the
molar equivalent of the appropriate peptide (gp100 or SIIN) for 3 hours. Following
incubation at 37 ˚C with 5% CO2, the cells were washed with DPBS + 5% FCS and
pulsed with CFSE stained CD8+ T cells (section 2.6.4) at 5 x 105 cells mL-1 in cIMDM5
prepared from OT-I or Pmel-1 spleens as described in 2.6.4. After 72 h supernatants
were harvested and the concentration of IFN-γ determined by enzyme-linked
immunosorbent assay (ELISA, section 2.6.13).

2.6.12

Analysis of VLP processing by murine BMDC

Day 6 BMDC (section 2.6.3) (5 x 105 cells mL-1) were treated with the inhibitors
lactacystin (20 µM) or primaquine (50 µM) for 15 min, washed in DPBS, then pulsed
with 50 µg mL-1 of VLP.SIIN, monomannose-VLP.SIIN, dimannose-VLP.SIIN,
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ovalbumin or SIINFEKL peptide at 37 ˚C + 5% CO2 for 24 h. Subsequently, OT-I T
cells were added at a DC:T cell ratio of 1:10 and after a 72 h incubation at 37 ˚C + 5%
CO2, IFN-γ levels were measured by ELISA.

2.6.13

ELISA

The wells of 96 well plates were coated with 50 µL of the purified anti-mouse IFN-γ
(Appendix 2) diluted to 2 µg mL-1 in coating buffer (Appendix 1). Plates were
incubated at 4 ˚C overnight, then washed six times in wash buffer (Appendix 1) and
blocked for 2 h at room temperature with PBS + 1% BSA. After incubation, the wells
were washed six times in wash buffer, before 50 µL of each sample were added to
individual wells of a 96 well plate. A two-fold dilution of the IFN-γ cytokine standard
(BD Pharmingen, San Jose, CA, USA) prepared in PBS + 1% BSA was also included.
Plates were incubated for 4 h at room temperature, washed six times in wash buffer,
before 100 µL of biotinylated anti-mouse IFN-γ (Appendix 2) diluted to 1 µg mL-1 in
PBS + 1% BSA was added to each well. Plates were incubated at room temperature for
45 min, and then washed six times in wash buffer, before 100 µL of Streptavidin-HRP
(BioLegend, San Diego, CA, USA) diluted 1/3000 in PBS + 1% BSA was added to
each well and incubated for 30 min at room temperature. The plates were washed six
times in wash buffer and the signal developed using 100 µL of TMB substrate
(Invitrogen). Colour development was stopped using 50 µL per well of 1N H2SO4. The
absorbance of the samples was read at 450 nm using a microplate reader model 550, and
analysed microplate manager 5.0 software (Bio-Rad).

2.6.14

In vivo cytotoxicity assay

Naïve C57BL/6 mice were vaccinated with 100 µg of the appropriate VLP
(1 mg mL-1), a molar equivalent of peptide, or DPBS as a control. All vaccinations were
delivered subcutaneously (SC) and included 25 µg of CpG ODN 1826 adjuvant
(GeneWorks, Thebarton, SA, Australia). Mice were given boost vaccinations on day 24
and a week later received 100 µL volumes of a mixed population of splenocytes
containing peptide pulsed target cells and unpulsed control cells.
To generate these target cells for adoptive transfer, one donor spleen was harvested
from a naïve mouse for every two recipient mice and turned into a single cell
suspension as described in section 2.6.4. Splenocytes at a concentration of 2 x 107 cells
mL-1 in cIMDM5 were left unpulsed or pulsed with 10 µM peptide (murine gp100,
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human gp100, SIINFEKL or gp33) and incubated at 37 ˚C + 5% CO2 for 2 h. After
three washes in DPBS, with centrifugation at 300 x g for 10 min between each wash,
cells were resuspended in DPBS at 2 x 108 cells mL-1 and stained with violet
proliferation dye (VPD) (BD Biosciences) (4 µM), CFSE (2 µM or 0.1 µM) or VPD
and CFSE (4 µM + 2 µM). For staining, cells were incubated for 7 min at room
temperature in the dark before the reaction was quenched with an equal volume of FCS.
Cells were washed three times in DPBS, with centrifugation at 300 x g for 10 min
between each wash, then combined and resuspended in DPBS at 1 x 108 cells mL-1 in
preparation for intravenous injection (IV).
Mice in the gp100 trials received splenocytes pulsed with; (i) 10 µM human gp100
peptide + 2 µM CFSE, (ii) 10 µM mouse gp100 peptide + 0.1 µM CFSE, (iii) 0 µM
peptide + 4 µM VPD (control cells).
Mice in the SIINFEKL trial received splenocytes pulsed with; (i) 10 µM SIINFEKL
peptide + 2 µM CFSE + 4 µM VPD, (ii) 0 µM peptide + 4 µM VPD (control cells).
Mice in the gp33 trial received splenocytes pulsed with; (i) 10 µM gp33 peptide + 2 µM
CFSE, (ii) 0 µM peptide + 4 µM VPD (control cells).
Mice were euthanized 48 h after IV administration of the target cells and spleens
prepared as described in section 2.6.4. Splenocytes were resuspended in DPBS, stained
with L/D near IR then fixed with 2% PFA before flow cytometric analysis.
Antigen-specific killing was determined by the following equation:
% specific lysis= 1-

2.6.15

(target cell # control cell # ) vaccinated
x100
(target cell # control cell # ) PBS

Culturing B16.gp33 tumour cells

The B16.gp33 cell line (385) was cultured in cIMDM5 containing 0.5 mg mL-1
Geneticin® selective antibiotic (Gibco Invitrogen) at 37 ˚C + 5% CO2. Tumour cells
were harvested from culture flasks by detaching adherent cells with 0.25%
Trypsin/EDTA (Gibco Invitrogen). Cells were washed twice in DPBS, with
centrifugation at 250 x g for 7 min between each wash, and resuspended in DPBS at 5 x
105 cells mL-1 for therapeutic tumour trials.
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2.6.16

Therapeutic tumour trial

Naïve C57BL/6 mice were injected with 5 x 104 B16.gp33 tumour cells in 100 µL
volumes SC in the left flank. After 5 days, mice were vaccinated SC with 100 µL
volumes containing 25 µg of CpG in addition to DPBS or 100 µg of the appropriate
VLP. Tumour width and length were measured every 2-3 days and tumour size was
calculated as the product of the two tumour bisecting diameters. Mice were euthanized
when tumours reached 150 mm2 in size.

2.6.17

Statistical analysis

Statistical analysis was performed using GraphPad Prism version 6.0b. (GraphPad
Software, La Jolla, CA, USA). Error bars in graphs represent standard error of the mean
(SEM).
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3 Incorporating tandem antigenic repeats and
linker sequences into RHDV VLP design
3.1 Introduction
Many vaccinations display augmented immune responses with increases in antigen
dose. An example of this is the inactivated influenza vaccine, which showed increased
antibody production when delivered at a higher dose [220-223]. Chen et al. indicated a
higher number of complete non-responders (with no antibodies or cell-mediated
immunity) were found in a group vaccinated with the standard-dose vaccine (15 µg of
hemagglutinin) compared to the high-dose vaccine (60 µg of hemagglutinin) [220].
Furthermore, Morera et al. have shown that increasing the antigen dose in a VEGF
based therapeutic cancer vaccine from 100 µg to 200 or 400 µg leads to enhanced
maintenance of antibody titers after vaccination [224]. However, this is not the case
with all antigens and varying antigen dose has been found to have no significant effects
on the antibody response generated against some self-antigens [225, 226]. Vaccination
of advanced lung cancer patients with epidermal growth factor displayed no significant
enhancement in efficacy with higher vaccination doses [225]. A similar lack of
enhanced functionality was seen upon vaccination of colorectal carcinoma patients with
a high dose carcinoembryonic antigen vaccine. Patients vaccinated with 100 µg or 316
µg of the vaccine produced similar antibody titers to those vaccinated with 1000 µg or
3000 µg [226]. This is most probably due to the regulatory pressures of the immune
system, which functions to avoid the generation of autoimmunity. Therefore, one aim of
this research was to determine the impact of increased antigen dose on the functionality
of RHDV VLP as a vector for tumour immunotherapy.
VLP vaccine dose can be altered through a number of different mechanisms, including
changing the number of shots administered, the amount of VLP administered in a single
shot, or through variation in the amount of antigen delivered on each VLP. The use of
multiple tandem copies of an antigen has been used in chimeric protein vaccines [227,
228] and DNA vaccines [229, 230], showing a synergistic relationship between
increased antigen copy number and the subsequent immune response. Additionally, the
incorporation of multiple antigenic copies within VLP vaccines has also been tested
with a number of VLP vaccines [229, 231]. With this modification, the antigen dose can
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be increased without altering the total vaccination dose. Doubling the antigenic dose in
a murine polyoma virus VLP expressing the streptococcal antigen J8i did not
significantly enhance J8i-specific antibody production [55]. On the other hand, an
influenza A vaccine composed of HBcAg VLP expressing two copies of the influenza
antigen M2e (amino acids 2-24) was found to induce significantly higher M2e-specific
antibody titers compared to VLP expressing one copy of M2e. However, this was not
further enhanced with the addition of a third copy of M2e [231]. Mice vaccinated with a
one copy M2e vaccine showed an 80% survival rate upon challenge with influenza A,
while mice vaccinated with a two or three copy M2e vaccine had an enhanced survival
rate, with 100% of the mice surviving viral challenge [231]. Moreover, upon the
addition of three or five copies of the HIV gp41 antigen to HIV-gag VLP, substantially
increased titers of anti-gp41 antibodies were observed, compared to VLP with one copy
of the antigen [229]. Although the fold change in antibody titers was not stated, analysis
of the data indicates that serum IgG levels were up to 15 fold higher in mice immunised
with constructs containing three or five copies of the HIV gp41 antigen, compered to
mice vaccinated with constructs containing one copy of the antigen [229].
While the primary immune response required with tumour immunotherapy is a cell
mediated response, and not the antibody response generated in response to the HBcAgM2e and HIV-gp41 VLP vaccines, these results indicate that the incorporation of
multiple copies of antigenic epitopes can potentially enhance the functionality of VLP
vaccines. As such, this chapter looks to target increased antigen delivery to APC by
including tandem antigenic repeats of an MHC-I restricted TAA epitope, to determine if
this modification can increase cytotoxic T cell functionality and augment anti-tumour
activity.
To initiate an immune response against recombinant VLP vaccination, antigenic
epitopes must be processed and presented to T cells on MHC molecules. Cascio et al.
demonstrated that in the case of ovalbumin, only ~6% gets correctly processed by APC
and presented on MHC-I molecules [232]. As only a fraction of antigenic material gets
processed and presented correctly on MHC molecules, another method to enhance
antigenic processing and presentation on MHC molecules is potentially through the
incorporation of flanking linker sequences between antigenic epitopes. These linkers are
often short 3-5 amino acid sequences, designed to be recognised by the proteasome and
optimise the processing of each epitope. A number of groups have included linker
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sequences in order to enhance processing of antigens and the resulting immune response
[233-235]. Moreover, Velders et al. shows that in a DNA vaccine containing a string of
TAA sequences, the inclusion of a defined linker sequence (AAY) between antigenic
epitopes led to enhanced anti-tumour efficacy in a therapeutic tumour trial [236]. Mice
vaccinated with the modified linker-containing DNA vaccine induced 100% protection,
compared to only 50% protection in the unmodified DNA vaccine [236]. Therefore, this
chapter also aims to target enhanced antigen processing by APC through the inclusion
of sequence optimised linker sequences between antigenic repeats, to determine if this
modification can induce increased cytotoxic T cell functionality and augmented antitumour activity.
This chapter looks to address the hypothesis that increasing the number of TAA
delivered within one VLP and including optimised linker sequences to target proper
cleavage of individual antigens, will lead to enhanced antigen presentation and antitumour immunity. Chapter 3 will cover the design and engineering of different VLP
constructs, engineered to express multiple copies of an antigenic epitope, with or
without the inclusion of optimised linker sequences. These constructs will then be tested
in vitro and in vivo to determine the influence of these modifications on T cell
proliferation and cytotoxicity. The final part of this chapter compares functionality of
the different VLP in a prophylactic tumour trial.

70

3.2 Results and discussion
3.2.1 Design of recombinant RHDV VLP
3.2.1.1 Choice of antigenic epitope
Although a number of model tumour antigens have been engineered onto the Nterminus of VP60, including SIINFEKL (VLP.SIIN) and SAVYNFATM (VLP.gp33), a
more clinically relevant tumour-associated antigen was used to test the effect of
increasing antigen dose within a particle. The most common melanoma-associated
antigens are derived from melanocyte differentiation proteins including gp100, MART1/Melan-A and tyrosinase [237-240]. In clinical trials, HLA restricted epitopes from all
three proteins have demonstrated promise as tumour immunotherapies [168, 241]. The
melanoma-associated antigen used in this project was the H-2Db restricted epitope
gp10025-33, an established murine melanoma model.
As endogenous antigens, TAA are often not very immunogenic. However, a number of
studies have found that the generation of heteroclitic antigens with slightly modified
sequences can lead to enhanced antigen binding to MHC molecules. For example, the
murine H-2Kb restricted TAA MUC11-8 (SAPDTRPA) demonstrates enhanced binding
to MHC-I after mutation to SAPDFRPL [242]. Furthermore, the human HLA-A2
restricted TAA MART26-35 (EAAGIGILTV) showed enhanced binding to HLA-A2
upon modification to ELAGIGILTV [243]. The H-2Db restricted murine epitope
gp10025-33 (EGSRNQDWL) also shows enhanced binding to H-2Db following a three
amino acid substitution (amino acids 25-27) to KVPRNQDWL [244, 245]. This
heteroclitic epitope (KVPRNQDWL) is the human gp10025-33 epitope.
To confirm an increased affinity for MHC generated by the three amino acid
substitutions, both sequences were tested with IEDB MHC-I binding prediction tools.
Human gp100 was found to have a slightly lower percentile rank (4) than murine gp100
(4.2), indicating enhanced binding to H-2Db. Therefore the antigen used in this research
was the heteroclitic gp10025-33 epitope KVPRNQDWL (henceforth referred to as
gp100), as this sequence demonstrates enhanced immune responses in mice [244, 245]
and provides the potential for translation into a human system.
The N-terminus of VP60 has been shown to support the insertion of up to 42 amino
acids [246], and as T cell epitopes are typically 8-18 amino acids in length [183], this
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equates to up to 5 epitopes per VP60 molecule. Furthermore, De Filette et al. and Jain et
al. have demonstrated that doubling or tripling the amount of antigenic epitopes,
through the incorporation of tandem repeats, can lead to enhanced immune responses
[229, 231]. Thus, VLP were designed to express one, two or three copies of the gp100
epitope. Additionally, linker sequences were included into the recombinant VLP design,
as linkers can provide many functions including enhancing flexibility [234, 235, 247]
and targeting proteasomal cleavage [233-235, 247].
3.2.1.2 Linker design
Previously engineered recombinant RHDV VLP (VLP.SIIN and VLP.gp33) were
designed to contain a flexible glycine-glycine-serine (GGS) linker between the epitopes
and the N-terminus of VP60. Glycine and serine are flexible residues commonly
included as linkers to allow adjacent peptides to freely move relative to one another
[234, 235, 247], and in this case to prevent the epitopes from hindering RHDV VLP
assembly. As both VLP.SIIN and VLP.gp33 were previously found to form stable VLP
and induce effective antigen presentation and CTL responses [117, 205, 248], the GGS
linker was incorporated into the design of the engineered gp100 expressing VLP.
Furthermore, as some linker sequences have been shown to facilitate enhanced
processing, a linker was also included between gp100 epitopes to target cleavage
between epitopes and increase the number of epitopes presented on MHC-I. To
determine the optimal linker sequence to use between gp100 epitopes, a number of
previously tested sequences (Table 3.1) were entered into proteasome and
immunoproteasome prediction programs. Tested linker sequences included GGS [234,
235, 247], alanine-leucine-leucine (ALL) [233], alanine-alanine-tyrosine (AAY) [233,
236], serine-serine-leucine (SSL) [233] and the amino acids that naturally flank the
gp100 gene (AT-KVPRNQDWL-GV) [249], glycine-valine-alanine-threonine (GVAT)
or glycine-threonine (GT). Linkers were ranked from one to seven based on the results
from the different prediction programs; IEDB, PCPS and NetChop. Ranks were
determined based on a number of different criteria, including the total number of
cleavage sites, the number of desired cleavage sites and the probability of cleavage at
those sites. As each program uses a different algorithm and database to calculate
cleavage sites, the ranks differed between programs (Table 3.1). The predictions
indicated that the addition of GGS between gp100 sequences would provide no change
to the processing of the gp100 epitope, compared to sequences without a linker (Table
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3.1). Therefore, GGS was only incorporated between the N-terminus of VP60 and the
first gp100 epitope, not between gp100 epitopes (Figure 3.1). Moreover, the linker GT
was predicted to be, on average, worse for cleavage than no linker (Table 3.1). Rueda et
al. and Pouyanfard et al. have also found that certain linkers can be detrimental to
antigen presentation [250, 251]. These results support the importance of designing
sequence specific linkers when multiple antigens are used. The linker ALL was ranked
first consistently; indicating enhanced efficiency over the other tested sequences, and
thus was used in the engineering of gp100 expressing VLP.
Therefore, the N-terminus of VP60 was engineered to contain one copy of gp100
(VLP.gp100-1), two copies of the epitope (VLP.gp100-2), two copies with an ALL
linker between copies (VLP.gp100-2L) or three copies with ALL linkers between
copies (VLP.gp100-3L) (Figure 3.1). Comparison of VLP.gp100-1 to VLP.gp100-2,
and VLP.gp100-2L to VLP.gp100-3L would determine the effect of increased antigen
loading on VLP functionality. Moreover, comparison of VLP.gp100-2 to VLP.gp1002L would indicate the importance of linker sequences in VLP processing and overall
functionality.
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Table 3.1 Linker comparison

Prediction program1
Linker

1

IEDB

PCPS

NetChop

Average

ALL

1

1

1

1

AAY

2

4

2

2.7

SSL

3

3

3

3

GVAT

5

2

6

4.3

GGS

6

5

5

5.3

No linker

7

5

4

5.3

GT

4

6

7

5.7

A linker ranking of one = most efficient linker

KVPRNQDWL

KVPRNQDWL

KVPRNQDWL

KVPRNQDWL

ALL

KVPRNQDWL

ALL

ALL

KVPRNQDWL

KVPRNQDWL

KVPRNQDWL

GGS

GGS

GGS

GGS

VP60

A

VP60

B

VP60

C

VP60

D

Figure 3.1 N-terminal sequences of VP60.gp100 constructs
(A) VP60.gp100-1, (B) VP60.gp100-2, (C) VP60-gp100-2L and (D) VP60-gp100-3L; including
linker sequences (GGS and ALL).
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3.2.2

Engineering of recombinant RHDV VLP

To generate these VLP, DNA sequences encoding the different gp100 constructs were
added to the N-terminus of the RHDV VP60 gene by PCR extension (Figure 2.2A)
(VP60.gp100-1, 2 and 2L) or by ligation of pre-synthesised DNA (Figure 2.2B)
(VP60.gp100-3L). The different constructs were then used to generate recombinant
baculovirus by homologous recombination. To ensure optimal expression of the
different recombinant VLP.gp100 genes, the Kazusa Codon Usage Database was
utilised to identify rare codons in the genomic human gp10025-33 nucleotide sequence.
Codons found in low frequencies in Spodoptera frugiperda (frequency per thousand ≤
12.5) were optimised with single or double-nucleotide silent mutations (Table 2.3).
The NtermVP60.gp100-1, 2 and 2L genes were successfully amplified by PCR, then
inserted into pGEM®-T Easy. Figure 3.2A depicts the NtermVP60.gp100-1 (1197 bp),
NtermVP60.gp100-2 (1224 bp) and NtermVP60.gp100-2L (1234 bp) PCR products.
Following sequencing to confirm sequence authenticity, the NtermVP60.gp100 genes
were digested with BglII and NdeI restriction enzymes (Figure 3.2B), and subcloned
into the pAcUW51(GUS) transfer vector to facilitate co-transfection into insect cells.
Subcloning involved three-way ligation of a BglII and NdeI digested pGEMT.NtermVP60.gp100 clone, NdeI and EcoRI digested CtermVP60, and EcoRI and BglII
digested pAcUW51(GUS) (Figure 2.2). The presence of the VP60.gp100-1 (1783 bp),
VP60.gp100-2 (1810 bp) and VP60.gp100-2L (1820 bp) genes was confirmed by BglII
and EcoRI digestion (Figure 3.2C). As a final confirmation of sequence authenticity, all
the VP60.gp100 genes were checked by single-pass sequencing, using the P10F,
VP60intF and VP60intF3 forward primers. Sequenced pAcUW51(GUS).VP60.gp100
plasmids and BacVector®-3000 were co-transfected into Sf21 insect cells, leading to
the generation of baculovirus recombinants though homologous recombination.
Recombinant VLP.gp100 expressing baculoviruses were isolated though plaque
purification, using the GUS reporter gene to differentiate recombinant baculovirus from
the parental virus.
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Figure 3.2 Construction of pAcUW51(GUS).VP60.gp100-1, -2 and -2L
Agarose

gels

(1%)

showing;

(A)

NtermVP60.gp100

PCR

products,

(B)

pGEM-

T.NtermVP60.gp100 clones cleaved with BglII and NdeI to facilitate subcloning into
pAcUW51(GUS) and (C) pAcUW51(GUS).VP60.gp100 clones cleaved with BglII and EcoRI
to confirm the presence of VP60.gp100 gene.
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An alternate and more efficient cloning method was utilised for the production of
VLP.gp100-3L (Figure 3.3). This involved the use of a pre-synthesised gene
(NtermVP60.gp100-3L) engineered within the pUC57 plasmid. The gp100-3L gene
was engineered to contain three copies of gp100 separated by the optimised ALL linker
and the N-terminus of VP60 (nucleotides 1-124) (Figure 3.1D). A BglII and PstI digest
was used to excise the NtermVP60.gp100-3L gene from pUC57, resulting in a 245 bp
product as shown in Figure 3.3A. NtermVP60.gp100-3L was then inserted into pAcpol.VP60 and cloning was confirmed though a BglII and PstI restriction digest, releasing
the 245 bp NtermVP60.gp100-3L gene (Figure 3.3B). Following confirmation of
sequence authenticity pAcpol-.VP60.gp100-3L was co-transfected using of the
FlashBAC ULTRA transfection system instead of BacVector®-3000. FlashBAC is an
alternate transfection system designed to remove the need to separate recombinant
baculovirus from parental virus [252]. The use of this transfection system instead of
BacVector®-3000 makes the use of the GUS reporter unnecessary; hence the pAcpoltransfer vector was used in the generation of VLP.gp100-3L. The combined use of the
pre-synthesised gene and FlashBAC ULTRA significantly enhanced the efficiency of
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VLP cloning.
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Figure 3.3 Construction of pAcpol-.VP60.gp100-3L
Agarose gels (1.5%) showing; (A) pre-synthesised pUC57.NtermVP60.gp100-3L cleaved with
BglII and PstI to facilitate cloning into the pAcpol- vector and (B) pAcpol-.VP60.gp100-3L
cleaved with BglII and PstI to confirm the presence of gp100 gene.
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3.2.2.1 Screening recombinant baculovirus constructs
Following the generation of the different VLP.gp100 recombinant baculoviruses, the
constructs were amplified and a sample of the infected cells was isolated and resolved
on an SDS-PAGE gel to confirm the production of various VP60.gp100 proteins
(Figure 3.4). Notable is the presence of a 67 KDa band, presumed to be the GUS
reporter protein, in the cells infected with VLP.gp100-1, 2 and 2L expressing
baculovirus recombinants (Figure 3.4). Moreover, comparison of the uninfected control
cells (Figure 3.4) with the recombinant baculovirus infected cells (Figure 3.4) shows the
presence of an additional protein at ~64–66 KDa, indicative the successful generation of
the VP60.gp100 proteins. The different VLP.gp100 constructs were purified from
infected cells and analysed by mass spectrometry and electron microscopy to confirm

gp100-3L

gp100-2L

gp100-2

M

gp100-1

kDa

Uninfected

VLP identity and assembly.
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Figure 3.4 Generation of VP60.gp100 expressing baculovirus
SDS-PAGE gel showing a total cell sample from uninfected cells or cells infected with the
different VLP.gp100 expressing baculovirus recombinants. The blue arrow indicates the GUS
reporter protein in the gp100-1, 2 and 2L lanes. The black arrows correspond to the VP60.gp100
band. (M) Broad Range Protein Marker.
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3.2.3 Production and purification of VLP.gp100
For the large-scale production of VLP, Sf21 cultures were infected with the generated
baculovirus recombinants. Following a 3 day incubation, cells were lysed to release
intracellular VLP. VLP were harvested from infected Sf21 cell cultures and purified via
differential centrifugation and a caesium chloride gradient. Figure 3.5A shows
VLP.gp100-2L samples at different stages of differential centrifugation. The first
centrifugation step (10,000 x g) pellets cellular debris, while the second spin (100,000 x
g) pellets and concentrates the VLP. Caesium chloride gradients were then used to
separate VLP from residual cell debris based on density. As the density of RHDV VLP
(1.34 g cm-3) [201] lies between that of the two CsCl layers (1.4 and 1.2 g cm-3), VLP
bands appeared between the CsCl layers. VLP.gp100 yields from infected 400 mL cell
cultures ranged between 9 and 14 mg of total protein, at a concentration of
5-13 mg mL-1.
Samples of VLP were resolved on SDS-PAGE gels to confirm VLP production and
purification. Figure 3.5B depicts harvested VLP bands from caesium chloride gradients
of VLP, VLP.gp100-1, VLP.gp100-2, VLP.gp100-2L and VLP.gp100-3L, showing the
absence of the majority of cellular debris seen in Figure 3.4. The gel confirms VP60
production and purification. To confirm the assembly of the various VP60.gp100
monomers into VLP, harvested fractions were viewed under the electron microscope.
Figure 3.5C shows the cog-like appearance of 40 nm VLP, with cup-shaped depressions
consistent with those found on native RHDV particles [192]. However, notable in the
electron micrograph of VLP.gp100-3L are some slightly larger particles and partially
formed VLP. The larger particles could indicate a change in capsid conformation, from
the normal T=3 to larger T=4 capsids. Changes in viral capsid conformation have been
previously noted for a number of viruses [253-255] and Barcena et al. have reported
altered conformation of VP60 following the N-terminal insertion of a 42 amino acid
FCV capsid protein-neutralizing epitope [246]. The recombinant RHDV VLP were
found to assemble into mixtures of T=3 and T=4 VLP [246]. Furthermore, the partially
disassembled particles (Figure 3.5C) indicate a slight decrease in stability compared to
other VLP, possibly due to the size and structure of the gp100-3L insert (36 amino
acids). Although larger peptides have been successfully engineered into RHDV VLP
[246], the stability of VLP with long peptide inserts is largely sequence specific and can
be greatly influenced by factors such as peptide flexibility and hydrophobicity [256].
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Figure 3.5 Production and purification of VLP.gp100
(A) SDS-PAGE gel showing fractions of differential centrifugation of VLP.gp100-2. (M) NEB
Broad Range, (1) uninfected cells, (2) VLP.gp100-2 infected cells, (3) 10,000 x g pellet
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VLP, (M) Broad Range Protein Marker. (C) Transmission electron micrographs of the different
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As a final check to confirm the identity of the different VLP.gp100 constructs, VP60
bands were excised from SDS-PAGE gels, digested with trypsin and analysed by
MALDI-TOF or orbitrap mass spectrometry (Appendix 3). Trypsin cleaves peptides at
the C-terminal side of a lysine-arginine (KR), unless the next residue is a proline (P).
The N-terminal digest fragments detected by mass spectrometry are shown in Figure
3.6. Each of the marked products had an ion score ≥ 20, indicating confirmed fragment
identity (Appendix 3). Following tryptic digest of VLP.gp100-1 (Figure 3.6A), a
fragment containing the methionine (M) and first four amino acids of gp100 (KVPR)
was detected, confirming the presence of the gp100 epitope (Figure 3.5B). The digest
product for gp100-2 (Figure 3.6B) contained the last five amino acids from one gp100
epitope, and the first amino acid from the next epitope (NQDWL-K), this fragment is
unique to VLP.gp100-2, confirming the identity of this construct. Both VLP.gp100-2L
and VLP.gp100-3L (Figure 3.6C,D) contained fragments within the gp100 sequence
that confirm the presence of gp100 and the ALL linker. When combined with the size
difference between the different VP60.gp100 peptides on SDS-PAGE (Figure 3.5B) and
the DNA sequencing of the VP60.gp100 constructs, the results of the mass
spectrometric analysis confirm the successful production of the different VLP.gp100.
MKVPRNQDWLGGSEGKARAA..!A
MKVPRNQDWLKVPRNQDWLGGSEGKARAA..!B
MKVPRNQDWLALLKVPRNQDWLGGSEGKARAA..!C
MKVPRNQDWLALLKVPRNQDWLALLKVPRNQDWLGGSEGKARAA..!D
Figure 3.6 Mass spectrometric analysis of VLP.gp100 constructs
Mass spectrometry results depicting the confirmed N-terminal digest products of (A)
VP60.gp100-1, (B) VP60.gp100-2, (C) VP60-gp100-2L and (D) VP60-gp100-3L. Fragments
detected by mass spectrometry are emboldened and underlined. Gp100 is indicated in blue and
linker sequences are depicted in red.
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3.2.4 The addition of a linker enhances in vitro T cell proliferation
All four clones were subsequently tested for their ability to initiate gp100-specific T cell
proliferation in vitro. To do this, murine BMDC were pulsed with VLP, VLP.gp100-1,
VLP.gp100-2, VLP.gp100-2L for 24 hours at 37 ˚C. Within that time, RHDV VLP is
internalised and processed by DC and immunogenic epitopes are presented to T cells on
MHC-I molecules [41]. Moreover, control cells were pulsed with gp100 peptide at a
molar equivalent to gp100 in VLP.gp100-3L. To determine if the changes in antigen
dose or the incorporation of a linker enhances gp100 processing and presentation on
MHC-I, the different VLP.gp100-pulsed BMDC were then co-cultured with gp100specific naïve T cells from Pmel-1 transgenic mice. Naïve Pmel-1 CD8+ T cells
proliferate in response to gp100 presentation on MHC-I, therefore an increase in T cell
proliferation is indicative of enhanced processing and presentation. Before co-culture
with DC, Pmel-1 CD8+ T cells were AutoMACS purified to isolate CD8+ T cells from
other splenocytes (Appendix 4) and CFSE labelled to facilitate the detection of T cell
proliferation. As T cells divide the concentration of CFSE is diluted in progeny cells,
this dilution in dye is detectable by flow cytometry. Figure 3.7A depicts the gating
strategy utilised in the analysis of proliferation and all other flow cytometry
experiments, with the removal of doublets and dead cells, followed by the isolation of
the cells of interest, which in this case are CD8+ cells.
Proliferation was measured at 72 hours (Figure 3.7B-D) and the gp100 peptide was
found to induce a high level of T cell proliferation. This is to be expected, as the peptide
does not require processing and can directly bind to MHC-I molecules on the surface of
DC. The transgenic T cells were also found to be responsive to VLP.gp100-2,
VLP.gp100-2L and VLP.gp100-3L but unresponsive to VLP.gp100-1. Comparison of
the immune response to VLP.gp100-1 and VLP.gp100-2 (Figure 3.7D) indicated that an
additional copy of the gp100 epitope significantly enhances gp100-specific immunity.
However, the addition of a third epitope (VLP.gp100-3L) had no added benefit on T
cell proliferation and in fact, VLP.gp100-2L appeared to be more effective than
VLP.gp100-3L (Figure 3.7B-D). This reduced functionality of VLP.gp100-3L could be
due to the noted decrease in VLP stability (Figure 3.5D). These results are supported by
the research of De Filette et al., who also noted enhanced functionality upon the
addition of two copies of an antigenic M2e epitope, but no further enhancement with
three copies of M2e [231].
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As VLP.gp100-1 did not activate a gp100-specific immune response, the results are
inconclusive towards the effect of antigen dose on VLP functionality. The complete
lack of responsiveness to VLP.gp100-1 suggests that the observed difference between
VLP.gp100-1 and VLP.gp100-2 is due to more than just the addition of another epitope.
As sequencing of the pAcUW51(GUS).VP60.gp100-1 plasmid identified no errors in
the VP60.gp100-1 sequence, and the N-terminal amino acids were detectable by mass
spectrometry, the lack of responsiveness is unlikely to be caused by mutation or
modification in the gp100 sequence. This suggests a fault in the processing of the
peptide. The importance of optimising the amino acids that flank the antigenic epitope
has been established by a number of groups [233-235, 247]. In the design of the
VLP.gp100 constructs, a GGS linker was used between the VLP and gp100. GGS is
known to be a flexible sequence, and this sequence has been included in the engineering
of VLP.SIIN and VLP.gp33, both of which formed stable VLP capable of inducing
effective antigen-specific immune responses [117, 205, 248]. Moreover, although the
proteasome prediction analysis indicated that the linker ALL would be more efficient
than GGS, GGS was predicted to be just as functional as no linker. However, unlike
VLP.SIIN and VLP.gp33, no immune responses were detected with VLP.gp100-1. The
observed variation in the functionality of VLP.gp100-1 compared to VLP.SIIN and
VLP.gp33 could be due to differences in the epitope sequences, making GGS a less
optimal linker for VLP.gp100. Furthermore, as T cell development selects for lowaffinity self-reactive T cells [89], a higher amount of antigen presentation on MHC-I
might be required for the activation of self-reactive gp100-specific T cells compared to
the non-self model TAA in VLP.SIIN and VLP.gp33. Thus, although the results
indicate that the addition of two gp100 copies leads to enhanced functionality compared
to VLP.gp100-1, this difference may be partially due to a reduction in the efficiency of
epitope processing in VLP.gp100-1, leading to a reduction in antigen presentation on
MHC-I to below the detectable limits of this assay.
Following a 72 h co-culture of VLP.gp100-pulsed DC and Pmel-1 T cells, IFN-γ
production was analysed by ELISA (Figure 3.7E). IFN-γ is a pro-apoptotic cytokine
produced by activated T cells that plays an important role in CD8+ T cell cytotoxicity
[257], and thus is used as an indicator of T cell activation. The only samples to induce
significant production of IFN-γ were VLP.gp100-2 (183 pg mL-1), VLP.gp100-2L (267
pg mL-1) and human gp100 peptide (697 pg mL-1) (Figure 3.7E). As with T cell
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proliferation (Figure 3.7B-D), treatment with VLP.gp100-1 did not induce substantial
levels of IFN-γ, while treatment with VLP.gp100-2 did (Figure 3.7E). This indicates
that the addition of a second copy of antigenic epitope to the VLP design could lead to
enhanced T cell immune responses. However, as mentioned earlier the lack of
functionality of VLP.gp100-1 may be due to inefficient antigen processing, and thus
further experiments with no linker (or an optimised linker such as ALL) between VLP
and gp100 would be needed to confirm these results. Moreover, IFN-γ production in the
VLP.gp100-2L treatment group was higher than that of the VLP.gp100-3L group
(Figure 3.7E). Although this difference was found to be non-significant, it does indicate
that the addition of a third copy of the gp100 epitope provides no added benefit to
VLP.gp100 functionality in vitro. Due to the lack of functionality of the VLP.gp100-1
construct, it was not used in subsequent experiments and comparison of VLP.gp100-2L
and VLP.gp100-3L was used to determine the effect of antigen dose on VLP
functionality.
Comparison of T cell proliferation (Figure 3.7B-D) and IFN-γ production (Figure 3.7E)
in the VLP.gp100-2 and VLP.gp100-2L treatment groups indicated a slight but nonsignificant enhancement in the immune response to VLP.gp100-2L. Therefore,
inclusion of a linker sequence between antigenic epitopes does not significantly
enhance T cell responses in vitro.
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Figure 3.7 VLP.gp100-2, 2L and 3L induce in vitro T cell proliferation
BMDC at 5 x 104 cells mL-1 were left untreated or pulsed with either 10 µg mL-1 of the different
VLP, or hgp100 peptide at a molar equivalent to gp100 in VLP.gp100-3L. Following 24 h
incubation at 37 ˚C, DC were co-cultured with CFSE stained Pmel-1 CD8+ T cells, at a ratio of
1:10. After 72 h, proliferation of cells was compared by flow cytometric analysis. (A) Gating
strategy utilised in all proliferation experiments; doublet cells (1,2) and dead cells (3) were
gated out, then CD8+ cells were selected (4). (B) A representative experiment showing the
reduction in CFSE after exposure to gp100. (C) The number of cells in each generation of
division and (D) percentage of proliferated cells. (E) After 72 h supernatants were harvested
from each well and the concentration of IFN-γ determined by ELISA. Graphs depict the mean
of three independent experiments ± SEM. Statistical significance was determined by one-way
ANOVA with Tukey’s post-hoc tests, *** P < 0.001, **P < 0.01, *P < 0.05. Other than the
comparison between gp100-1 and gp100-2 (D), statistical significance displayed is the
comparison between untreated cells and treated cells.
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3.2.5 The addition of a linker enhances in vivo antigen specific
cytotoxicity and delays tumour growth
3.2.5.1 In vivo cytotoxicity
The VLP were tested in vivo to determine if the enhanced in vitro T cell proliferation
observed with VLP.gp100-2L translated to a functional enhancement in in vivo
cytotoxicity and tumour clearance. To determine antigen specific cytotoxicity, mice
were vaccinated with the previously established vaccination dose of 100 µg of VLP per
mouse, peptide (molar equivalent to gp100 in VLP.gp100-3L) or PBS, and then given a
booster vaccination at day 21. On day 28, mice were injected with fluorescently
labelled; unpulsed control splenocytes or target cells pulsed with either the human
gp100 epitope included in the VLP vaccine or the natural murine gp100 peptide. Mice
were culled 48 hours later (Figure 3.8A). This assay is an effective way of determining
the function of cytotoxic cell responses in response to the vaccination. It relies on the
ability of CD8+ T cells to be primed against target antigens, leading to the killing of
antigen pulsed target cells, which present the pulsed antigen on MHC complexes. To
determine the percentage of antigen specific lysis, the different treatment groups were
normalised to PBS. All the tested VLP.gp100 were found to induce specific lysis of
both human (Figure 3.8B) and murine (Figure 3.8C) gp100-pulsed target cells while the
VP60 negative control induced no significant lysis in either case (Figure 3.8B,C).
Human gp100-specific cytotoxicity (Figure 3.8B) displayed by all three of the tested
VLP.gp100 was significantly higher (15-60%) than murine gp100-specific cytotoxicity
(2-16%) (Figure 3.8C). This could be explained by the fact that human gp100 has a
higher affinity for MHC-I molecules [244, 245], and thus shows enhanced presentation
on the target splenocytes. Another possible explanation is that murine gp100-specific T
cells are present in very low frequencies and that although immunisation using the
altered peptide sequence (human gp100) enables the activation of T cells that are crossreactive to murine gp100, these T cells retain a higher affinity for human gp100.
Furthermore, gp100 peptide depicted decreased functionality compared to all the tested
VLP.gp100 (Figure 3.8B,C), confirming that the delivery of peptide vaccines in a VLP
leads to enhanced efficacy in vivo. While there was no significant difference in lysis
between the different gp100 VLP groups, VLP.gp100-3L appeared to be at least as
efficient at the generation of an in vivo cytotoxic response as gp100-2L (Figure 3.8B,C).
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Figure 3.8 The different VLP.gp100 induce an in vivo cytotoxic response
(A) Experimental methodology. Mice were vaccinated SC with 25 µg of CpG plus
100 µg of VP60.gp100-2 (gp100-2), VP60.gp100-2L (gp100-2L) or VP60.gp100-3L (gp1003L). Control mice were vaccinated with 25 µg of CpG plus either PBS, 100 µg of VP60 or
gp100 peptide at a molar equivalent to gp100 within gp100-3L. All mice were given SC booster
vaccinations on day 21 (as on day 0), then challenged with 1 x 107 CFSE or VPD labelled target
cells 7 days later. On day 30, mice were culled and lysis of target cells was analysed by flow
cytometry. The graphs depict the percentage of specific lysis of (B) human gp100 or (C) murine
gp100 pulsed target cells, normalized against the lysis in the PBS control group, ± SEM (n=6).
Statistical significance displayed is the comparison between VP60 and gp100 vaccinated mice
as determined by one-way ANOVA with Tukey’s post-hoc tests, *** P < 0.001, *P < 0.05.
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3.2.5.2 Therapeutic tumour trial
Although the in vivo cytotoxicity assay provides a good estimate of the immune
response generated to a vaccination, the use of labelled splenocytes as target cells does
not mimic a normal tumour microenvironment. Tumours may have different expression
levels of MHC molecules and a different degree of antigen presentation. Additionally,
target cells do not express the immunosuppressive cytokines normally produced by
tumour cells. Furthermore, the in vivo cytotoxicity assay detects T cell functionality
after prophylactic vaccinations, however cancer vaccine development primarily focuses
on therapeutic vaccination. This is because tumour antigens are predominantly
variations of self-antigens and thus can lead to auto immunity. Therefore, as a final
measure of the functionality, the ability of the different VLP.gp100 to delay tumour
growth was measured in a therapeutic tumour trial. As an endogenous melanocyte
differentiation antigen, gp100 is expressed in the murine melanoma cell line B16. Thus,
the generation of effective gp100 specific immunity would lead to the lysis of B16 cells,
and a subsequent reduction in tumour growth.
B16 cells were injected into mice and given five days to establish, before the mice were
vaccinated with the different VLP (Figure 3.9A). Figure 3.9B depicts the mean tumour
growth rate, with the tumour area of culled mice recorded as 150 mm2 (the predetermined humane endpoint). Mice vaccinated with VLP.gp100-2, VLP.gp100-2L and
VLP.gp100-3L all displayed reduced tumour growth compared to the PBS and VLP
control groups (Figure 3.9B). Moreover, mice in the PBS and VP60 groups reached
maximal tumour growth within 22 days, while treatment with VLP.gp100-2 or gp1003L extended survival out to day 31 and day 34, respectively, and treatment with
VLP.gp100-2L extended survival beyond day 60 (Figure 3.9C). These results indicate
that vaccinating mice with VLP expressing the natural TAA gp100 can induce a gp100
specific immune response and substantial anti-tumour immunity. Additionally, as with
the in vitro proliferation assay and the in vivo cytotoxicity assay, VLP-gp100-3L
provided no enhancement over VLP.gp100-2L, with VLP.gp100-3L vaccinated mice
showing faster tumour growth (Figure 3.9B) and reduced survival (Figure 3.9C)
compared to VLP.gp100-2L. This confirms that the addition of a third copy of the same
antigen (at least in this setting) provides no significant benefit to the functionality of
RHDV VLP compared to two copies. Furthermore, the VLP.gp100-2L treatment group
displayed the most delayed tumour growth (Figure 3.9B) and enhanced survival (Figure
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3.9C), with two mice remaining tumour free past day 60. The survival in the
VLP.gp100-2L treatment group was substantially better than the response to
VLP.gp100-2, indicating that the addition of an optimised liker sequence between
gp100 can enhance antigen presentation to T cells, and the subsequent anti-tumour
response generated. The observed delays in tumour growth were due to only one ‘shot’
with VLP.gp100, unlike the in vivo cytotoxicity assay in which mice were given a
booster vaccination. Therefore, these results could be further augmented through the
incorporation of booster vaccinations.
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Figure 3.9 VLP.gp100 extends the survival of tumour bearing mice in a therapeutic setting
(A) Vaccination strategy. Mice were challenged with a SC B16.gp33 tumour (5 x 105). On day 5
mice were vaccinated SC with 25 µg of CpG plus either PBS, or 100 mg of VP60, VP60.gp1002 (gp100-2), VP60.gp100-2L (gp100-2L) or VP60.gp100-3L (gp100-3L). The graphs depict the
(B) mean tumour growth rate or (C) survival proportions of 5 mice. The figure legend applies to
both graphs (B,C), but statistical analysis to the right of the legend applies to (C). Significance
was determined using a Log-rank (Mantel-Cox) test, *** p < 0.001, **p < 0.01, *p < 0.05, NS =
Non-significant.
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3.2.6 Summary
This chapter aimed to improve the functionality of RHDV VLP as vector for the
delivery of TAA, by targeting enhanced antigen processing and presentation on MHC-I
molecules and enhanced cytotoxic immunity. To do this, VLP were engineered to have
multiple copies of a MHC-I restricted TAA epitope (to increase antigen loading on
VLP) and to contain linker sequences to facilitate enhanced processing of antigens. In
order to move away from model tumour systems and towards more biologically relevant
antigens, the endogenous melanoma antigen gp10025-33 was utilised in this research. The
human gp10025-33 sequence was used as it demonstrates enhanced immune responses in
mice and provides the potential for translation into a human system. VLP was modified
to express one copy of the MHC-I restricted gp100 epitope (VLP.gp100-1), two copies
(VLP.gp100-2), two copies separated with an ALL linker (VLP.gp100-2L) or three
copies separated with an ALL linker (VLP.gp100-3L). The successful production of
these constructs was confirmed by SDS-PAGE, electron microscopy and mass
spectrometry.
Comparison of the in vivo and in vitro immune responses to the different VLP.gp100
was performed to determine the effect of increased antigen loading and linker
incorporation on the immune response to RHDV VLP based tumour immunotherapy.
The previously established vaccination dose of 100 µg of VLP per mouse was utilised
in all in vivo experiments, and antigen dose in both in vitro and in vivo experiments was
varied through incorporation of more antigen into each VLP while maintaining a
constant amount of total protein. The results indicated that doubling the antigen dose on
each VLP augments in vitro T cell proliferation. However, as no in vitro T cell
proliferation was seen in response to VLP.gp100-1, some of the variation between
VLP.gp100-1 and VLP.gp100-2 may be attributed to insufficient processing of the
gp100 epitope at the C-terminal GGS linker sequence. As such, further experimentation
is required to confirm this result. Moreover, the addition of three copies of gp100 can be
detrimental to particle formation and immune responses to VLP vaccination, as
indicated in the results of an in vitro T cell proliferation assay, in vivo cytotoxicity assay
and tumour trial.
To initiate an immune response against recombinant VLP vaccination, the antigenic
epitopes must be processed and presented to T cells on MHC molecules. In this
research, a sequence specific linker (ALL) was included into the vaccine design to drive
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proteasomal and immunoproteasomal cleavage between epitopes. Although a number of
groups have found that linker sequences can be detrimental to processing [250, 251],
this chapter has demonstrated that inclusion of an optimised linker sequence in VLP
containing multiple antigens may facilitate effective processing of the different antigens
leading to augmented anti-tumour efficacy.
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4 Targeting mannose-specific internalisation of
RHDV VLP
4.1 Introduction
A key stage in the generation of an efficacious immune response upon vaccination is the
internalisation of antigenic peptides by APC. Therefore, the augmentation of vaccine
internalisation by APC has the potential to greatly enhance vaccine efficacy. RHDV
VLP are internalised by APC primarily through phagocytosis and macropinocytosis
[41]. However, in addition to these general mechanisms of uptake, APC can internalise
antigens through receptor-mediated endocytosis. The scavenger receptor, Fc receptors
and C-type lectins are examples of surface receptors that allow targeted internalisation
of antigens by APC [258, 259]. Hence, targeting receptor-mediated internalisation of
vaccines can potentially enhance vaccine functionality. This can be achieved through
the engineering of antigenic epitopes into the vaccine to target MHC-mediated
internalisation [83] or target opsonisation of the vaccines by host antibodies leading to
Fc receptor-mediated internalisation by APC [260].
Another mechanism for enhancing internalisation of vaccines is by targeting
internalisation by C-type lectins, a family of receptors that are primarily known to bind
carbohydrates through carbohydrate recognition domains, although they can also bind
protein or lipid moieties through other C-type lectin-like domains. Examples of C-type
lectins include as DC-SIGN and CD206, both of which are highly expressed on APC
such as DC and macrophages [261], and display a high affinity for mannosylated
ligands. Numerous studies have demonstrated that targeting mannose receptor-based
internalisation can lead to an augmented antigen presentation on MHC-I and MHC-II
molecules, leading to an enhancement of both cell-mediated and humoral immunity
[262-268]. Antigen uptake by mannose-binding receptors has been demonstrated to
increase antigen presentation to T cells up to 100-fold [269]. Apostolopoulos et al.
determined that coupling an oxidized mannan (polymer of mannose) to tumour antigens
such as MAN 1, can lead to enhanced MHC-I antigen presentation and consequently the
initiation of a CTL based response [263, 264]. Additionally, Gu et al. demonstrated that
mannose can increase the efficacy of liposome-based vaccines containing the tumour
antigen Her-2/neu [270].
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For the induction of robust anti-tumour immunity, vaccines must be cross-presented
onto MHC-I molecules and recognised by CD8+ T cells. Therefore, antigen processing
within APC is another key determinant of vaccine efficacy. Internalisation of antigens
through mannose-specific internalisation has been demonstrated to target the endosometo-cytosol pathway of cross-presentation [262, 266]. As RHDV VLP are crosspresented by DC though the receptor-recycling pathway, targeting mannose-specific
internalisation could potentially provide an alternate route of processing within APC
and an enhancement of the immune response to a VLP vaccine [41, 117].
Thus, the research presented in this study aims to target mannose-specific
internalisation of RHDV VLP and test the hypothesis that modifying the surface of
RHDV VLP to target receptor-mediated internalisation will augment VLP
internalisation and provide an alternate pathway of cross-presentation, enhancing
antigen presentation and anti-tumour immunity. This chapter includes the development
of a new pathway for the synthesis of a monomannoside and a novel dimannoside, to
allow conjugation of mannosides to VLP while retaining VLP stability. The chapter
also includes a comparison of the effects of mannosylation on internalisation and
processing of VLP by key murine APC. This is followed by the analysis of the impact
of mannosylation on the efficacy of VLP vaccination in vitro and in vivo. The final part
of this chapter looks at the functionality of mannosylated VLP in human APC through
analysis of VLP uptake by key human APC.
Mannoside synthesis and the analysis of VLP internalisation and cross-presentation by
murine and human APC has been published in PLoS ONE. Farah Al-Barwani, Sarah
L. Young, Margaret A. Baird, David S. Larsen, Vernon K. Ward. 2014.
Mannosylation of Virus-Like Particles Enhances Internalization by Antigen Presenting
Cells. PLoS One 9: e104523. F. Al-Barwani was the lead scientist for experimental
work, experiment design, data analysis and manuscript preparation. M. A. Baird, S. L.
Young, D. S. Larsen and V. K. Ward were involved in experiment design, data analysis
and manuscript preparation.

93

4.2 Results and Discussion
4.2.1 Mannoside design
A wide range of different carbohydrate moieties can be recognised by the numerous Ctype lectins on the surface of APC. Mannosylated ligands bind to a number of different
lectins, including the well characterised CD206 and DC-SIGN. Human CD206 has a
higher affinity for terminal mannose residues, while DC-SIGN binds to internal
mannosides of complex oligosaccharide structures [271, 272]. Although CD206 display
a preference for highly branched complex mannose ligands [273, 274], Espuelas et al.
have found that both dimannosylation and tetra-mannosylation of liposomes induce
enhanced liposome internalisation by APC [275]. Furthermore, monomannose subunits
have been demonstrated to allow for uptake via mannose specific receptors [276].
Human CD206 also displays increased affinity for α-linked carbohydrates over β-linked
carbohydrates [273]. Therefore this chapter looks at adding an α-linked monomannoside
or dimannoside onto VLP, to determine the effect of mannosylation on VLP
internalisation, processing and the subsequent immune response.
There are different strategies to link carbohydrates to proteins (Figure 1.3). In general
the carbohydrate is designed to have a reactive linking group that reacts with amino acid
functional groups to form a covalent bond, conjugating the carbohydrate to the protein.
One such method is to attach the carbohydrate to the amino group of lysine residues.
This can be performed using a number of different reactive linkers, including;
isothiocyanates and activated esters such as an N-hydroxysuccinimidyl (NHS) esters. αD-Mannopyranosyloxyphenyl

isothiocyanate (Sigma-Aldrich) (Figure 4.1A) is a

commercially available monomannoside with an isothiocyanate group, which would
allow conjugation to primary amines on the surface of the VLP. However, optimal
isothiocyanate conjugation occurs at a high pH >9, at which RHDV VLP is not stable
[13]. The lack of stability displayed by RHDV VLP at high pH is consistent with the
findings of Fernendez et al. [277]. Moreover, the thiourea formed upon isothiocyanate
conjugation has been demonstrated to be less stable than amide bonds formed by the
reaction of succinimidyl esters with primary amines [278] (Figure 1.3). An advantage of
this latter process is that the linking reaction can be carried out at a near neutral pH.
Furthermore, a wide range of molecules have been successfully conjugated to RHDV
VLP through the use of amine reactive linkers, including antigenic peptides, whole
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proteins, undefined protein mixtures and adjuvants [41, 48, 111, 117, 279]. Therefore,
to ensure stability of VLP upon conjugation, mannosides were engineered to contain a
short α-glycosidic linker and a terminal NHS ester. The target mannosides were the
known monomannoside 7 (N-succinimidyl 6-[α-D-mannopyranosyloxy]hexanoate)
[211] (Figure 4.1B) and the novel 1,2-α-linked dimannoside 12 (N-succinimidyl 6-[2O-(α-D-mannopyranosyl)-α-D-mannopyranosyloxy] hexanoate) (Figure 4.1B).
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Figure 4.1 Mannoside design
(A) Structure of α-D-mannopyranosyloxyphenyl isothiocyanate. (B) Target mannosides 7 and
12 for conjugation with VLP.
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4.2.2 Previous synthesis of monomannoside 7
Furneaux et al. have previously reported the synthesis of monomannoside 7 (Scheme
4.1) [211]. The synthesis involved the glycosylation of methyl 6-hydroxyhexanoate 2
with tetra-O-benzoyl-D-mannopyranosyl trichloroacetimidate 13 which gave methyl
ester 14. Hydrolysis of the methyl ester and benzoate protecting groups of the resulting
glycoside 16 followed by activation of the carboxylic acid group with Nhydroxysuccinimide gave the monomannoside 7. Although this approach was
successful, it did not provide an intermediate that could be used for the synthesis of
dimannoside 12. The strategy devised to overcome this issue is outlined in (Scheme 4.2)
and would provide intermediate 4, which could be utilised in the synthesis of both
monomannoside 7 and dimannoside 12.
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4.2.3 Mannoside synthesis
One of the crucial steps for the synthesis of the both mannosides 7 and 12 is the
glycosylation reaction. Glycosylation of a glycosyl acceptor is facilitated by a promoter
and involves the formation of glycosidic linkages through nucleophilic substitution of a
leaving group (LG) at the anomeric centre of a glycosyl donor (Figure 4.2) [280, 281].

LG = Leaving group
Promoter

O
OR

LG

Donor

HO

O

R'

OR

Acceptor

OR'

Glycoside

Figure 4.2 General schematic of glycosylation

One of the major considerations in a glycosylation reaction is the stereochemistry at the
anomeric centre, as this can be hard to control. Glycosidic linkages can be described
based on the stereochemistry at the anomeric centre C-1. They can be either α-linked or
β-linked (Figure 4.3).

O
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1

RO

OR'

!-linked

OR'
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"-linked

Figure 4.3 Types of stereochemistry at the anomeric centre (C-1)

Mannose receptors such as CD206 display a preference for α-linked mannosides [273].
The relationship between the glycosidic linkage and the group at C-2 is described as
1,2-trans-α. A method for accessing this linkage type relies on the use of an O-2
protecting group that can participate in the glycosylation reaction, such as acyl groups
(esters) (Figure 4.4) [280]. After the removal of the leaving group, the acyl group
interacts with the anomeric carbon, forming a cyclic cation. This blocks the β-face and
directs the glycosyl acceptor to the α-face, giving the desired linkage type.
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Figure 4.4 The use of an acyl α-directing group at O-2

In order to facilitate glycosylation the glycoside donor must be “activated”. One way to
activate latent glycosides is through the formation of a trichloroacetimidate. The use of
trichloroacetimidates was pioneered by Schmidt et al and has since become commonly
used in the Larsen laboratory (Department of Chemistry, University of Otago) [282].
They are easily synthesised under mild conditions, through the base–catalysed addition
of trichloroacetonitrile to the anomeric hydroxyl group (Figure 4.5) and when activated
by Lewis acids, are efficient glycosyl donors (Figure 4.5) [282]. The choice of base can
affect the stereochemistry trichloroacetimidates, the use of sodium hydride can direct
the formation of α-trichloroacetimidates under thermodynamic conditions, while the use
of potassium carbonate as the base can direct the formation of β-trichloroacetimidates
under kinetic conditions (Figure 4.6) [283].
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Figure 4.5 Generalised scheme for the formation of trichloroacetimidates and their use in
glycosylation reactions
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Figure 4.6 Selective formation of trichloroacetimidates
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4.2.3.1 Synthesis of glycosyl donor 1
The glycosyl donor, trichloroacetimidate 1, was prepared according to the synthesis
depicted in Scheme 4.3, a pathway previously established in the Larsen laboratory. Dmannose was transformed into glycosyl bromide 18 on acetylation and reaction with
HBr generated in situ from red phosphorus, bromine and water. This unstable
compound was immediately reacted with ethanol and tetra-butylammonium bromide
(Bu4NBr) to give orthoester 19. In order to replace the acetyl protecting groups with the
more stable benzyl groups, the IRA-400 (OH-) basic ion exchange resin was utilised to
hydrolyse the acetate groups and give 20. Benzylation of the hydroxyl groups was
achieved on reaction with benzyl bromide and sodium hydride giving protected
orthoester 21. The orthoester ring was then hydrolysed, with aqueous acetic acid, to
form protected mannose 22. The protected mannose was then converted to the glycosyl
donor (trichloroacetimidate 1) through the base-catalysed addition of an anomeric
hydroxyl to trichloroacetonitrile, using sodium hydride as a catalyst. The 1H NMR
spectrum of 1 was consistent with that reported in literature. However, no other data
was collected for this compound, due to the inherent instability of trichloroacetimidates.
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Scheme 4.3 Formation of the trichloroacetimidate from D-mannose
Conditions: (i) Ac2O, HClO4, 0 ˚C; (ii) P, Br2, H2O, dichloromethane, 10 ˚C; (iii) Bu4NBr,
EtOH, 2,4,6-(Me)3py, CHCl3, 45 ˚C; (iv) IRA-400 (OH-) resin, MeOH, rt; (v) NaBnBr,BnBr,
DMF, 0 ˚C; (vi) AcOH, H2O,rt; (vii) NaH, NCCCl3, dichloromethane, 0 ˚C.
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4.2.3.2 Synthesis of glycosyl acceptor 2
Synthesis of the glycosyl acceptor 2 (methyl 6-hydroxyhexanoate) from ε-caprolactone
(23) was performed following the protocol described by Bosone [209] (Scheme 4.4).
The caprolactone ring was opened under acidic conditions, in the presence of methanol
to yield acceptor 2. A by-product of the reaction was polymerised methyl 6hydroxyhexanoate. The product was isolated from using Kugelrohr distillation to yield
compound 2 in a 61% yield. HRMS identified a peak consistent with the formula of the
expected product (C7H14O3). Furthermore, the 1H NMR spectrum depicted five twoproton multiplets that were attributable to the protons in the carbon chain, and a threeproton singlet at 3.65 ppm corresponding to the methyl protons, confirming the
production of glycosyl acceptor 2.
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Scheme 4.4 Synthesis of the glycosyl donor from ε-caprolactone 23

4.2.3.3 Synthesis of monomannoside 7
Glycosylation of methyl 6-hydroxyhexanoate
The synthesis of 7 proceeded with the glycosylation of methyl 6-hydroxyhexanoate 2
with TCA 1 (Scheme 4.5). The reaction was promoted by TMSOTf and after
purification by column chromatography, gave glycoside 3 in 82% yield.
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Scheme 4.5 Glycosylation of methyl 6-hydroxyhexanoate
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The structure of the product was evident from the spectral data. A sodiated molecular
ion (MNa+) at m/z 643.2869 in the HRMS spectrum was consistent with the expected
molecular formula (C36H44O9) for glycoside 3. The IR spectrum showed peaks at 3063
and 3030 cm-1 consistent with aromatic C-H stretching attributed to the benzyl
protecting groups and a peak at 1737 cm-1 corresponded to C=O stretching of the ester
groups of glycoside 3. A one proton signal at 5.35 ppm in the 1H NMR spectrum was
assigned to H-2’, which is deshielded by the acetate protecting group. Two singlets at
2.15 and 3.65 ppm that each integrated for three protons were due to the acetyl and
methyl groups respectively. The 15-proton mulitplet at 7.15-7.36 ppm corresponded to
the aromatic phenyl protons. Furthermore, four two-proton multiplets and two oneproton multiples were attributed to the protons on the 6-carbon (hexyl) linker. Of these,
the signal at 2.31 ppm appeared as a triplet and was assigned to the protons on C-2,
deshielded by the ester. The 13C NMR spectrum contained all the expected signals. The
data from all analyses were consistent with the proposed structure of glycoside 3.
To determine the stereochemistry at the glycosidic bond a “coupled-carbon” NMR
spectrum was acquired. Normally

13

C NMR spectra are run with a pulse sequence,

which decouples the 1H channel, preventing the 1H nuclei from splitting the 13C signals.
However, running a coupled 13C NMR experiment enables the determination of the 13C1

H coupling constants (1JCH). For an anomeric carbon, a 1JCH value of ~160-165 Hz is

indicative of a β-anomer, while a 1JCH value of ~170-175 Hz is indicative of an αanomer [284]. The 1JCH value of the anomeric carbon (C-1’) was found to be 169.8,
which is in the range for an α-glycosidic linkage (Figure 4.7).

101

C-1’

1J

CH

169.8 Hz

Figure 4.7 Coupled carbon spectrum of glycoside 3 showing the anomeric carbon signals
125 MHz

13

C NMR spectrum (top) and coupled carbon spectrum (bottom) of glycoside 3

anomeric carbon (C-1’) in CDCl3.
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Selective deprotection of glycoside 3
The next step required the synthesis of key intermediate 4, which was utilised in the
synthesis of monomannoside 8 and dimannoside 12. Deprotection of glycoside 3 was
performed using a solution of sodium methoxide in methanol, and allowed the selective
removal of the acetyl group at O-2’, while retaining the methyl protecting group at C-1
(Scheme 4.6). Ester 4 was obtained after column chromatography in a 70% yield.
Production of ester 4 was confirmed by HRMS, 1H NMR and

13

C NMR analysis.

HRMS indicated that the purified product had a molecular formula of C34H42O8. No
signal due to an acetyl group was observed in the 1H NMR spectrum of intermediate 4.
This was evident by the lack of a three-proton singlet at 2.15 ppm in the corresponding
spectrum of 3. However, the retention of the C-1 methyl ester was confirmed from the
three-proton singlet at 3.65 ppm. The

13

C NMR spectrum contained all the expected

signals with the noted absence of the acetyl carbon signals at 21.3 (CH3) and 170.69
(C=O) ppm.
The next step of the synthesis of monomannoside 7 was the hydrolysis of the methyl
ester of intermediate 4 to yield acid 5 (Scheme 4.6). Reaction of 4 with sodium
hydroxide solution gave, after purification by column chromatography, the desired acid
5 in 90% yield. The success of the reaction was evident from the mass spectral and
NMR data. HRMS indicated that the purified product had a molecular formula of
C33H40O8 and no methyl ester signal was apparent in the 1H NMR spectrum. The

13

C

NMR spectrum contained all the expected signals with the noted absence of the methyl
carbon of ester 4.
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Activated ester 6
With carboxylic acid 4 in hand two options were available for the synthesis of 7,
hydrogenolysis of the benzyl protecting groups would give monomannoside 16
(Scheme 4.1) which could be reacted with N-hydroxysuccinimide and a coupling agent
such as DCC (N,N'-dicyclohexylcarbodiimide). This latter step was the approach that
Furneaux et al. used in their synthesis of 7 (Scheme 4.1). It was reasoned that it would
be more effective to activate the carboxylic acid group of acid 5 as an NHS ester to give
6 (Scheme 4.7) and then remove the benzyl protecting groups. The advantage of this
was that normal phase chromatography could be carried out on 6 to obtain this material
in high purity. Hydrogenolysis of benzyl ethers gives the corresponding alcohol and the
volatile by-product toluene. Little if any purification is required after this process.
The reaction of carboxylic acids 5 with N-hydroxysuccinimide and DCC, gave NHS
ester 6. The reaction was monitored by thin layer chromatography and after overnight
reaction all of the starting material had been consumed. Unfortunately the by-product,
DCU was found to co-elute with activated ester 6. However, a sample of the product
was purified to obtain HRMS, 1H and 13C NMR data to allow characterisation of ester
6. The HRMS spectrum of 6 confirmed a molecular formula of C37H43NO10 and 1H
NMR analysis showed the presence of an additional four-proton signal at 2.76 ppm
corresponding to the methylene protons on the NHS ring. Moreover, the

13

C NMR

spectrum had additional signals at 25.68 ppm and 169.26 ppm, corresponding to the
NHS methylene and carbonyl carbons respectively.
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Scheme 4.7 Addition of NHS to acid to afford activated ester 6
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Monomannoside 7
Because of the difficulties in separating ester 6 from DCU, it was decided to use this
mixture for the final step of the synthesis of monomannoside 7. Hydrogenolysis of the
benzyl protecting groups would give the more polar monomannoside 7. This should be
readily separable from the DCU by-product, which has a polarity similar to that of 6, by
column chromatography.
Stirring a solution of monomannoside 7 in ethyl acetate with a catalytic amount of
palladium on carbon under an atmosphere of hydrogen, gave the deprotected
monomannoside 7 (Scheme 4.8). After column chromatography, the yield for the two
steps from 5 was found to be 77%. The presence of a sodiated molecular ion at m/z
643.2869 in the HRMS spectrum was consistent with the expected molecular formula
(C36H44O9) for glycoside 3. Analysis of the 1H NMR spectrum (Figure 4.8) showed the
absence of the phenyl proton multiplet peak and benzyl CH2 peaks found in the
protected intermediates (1-5). Moreover, the

13

C NMR spectra showed the loss of the

corresponding benzyl carbon signals (~72-139 ppm) and the IR spectrum showed the
loss of the aromatic signals at 3063 and 3030 ppm indicating the loss of phenyl groups.
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Scheme 4.8 Hydrogenolysis of benzyl protecting groups to afford monomannoside 7

Figure 4.8 1H NMR spectrum of monomannoside 7 at 500 MHz in acetone-d6

105

4.2.3.4 Synthesis of dimannoside 12
As with the synthesis of monomannoside 7 the synthesis of dimannoside 12 involved a
glycosylation reaction, selective deprotection and NHS conjugation followed by a final
deprotection step.
Glycosylation of ester 4
Intermediate 4, of the monomannoside synthesis, was utilised as a glycosyl acceptor in
the synthesis of dimannoside 12 (Scheme 4.2). The reaction was promoted by TMSOTf
and after purification by column chromatography, gave glycoside 8 (Scheme 4.9) in
82% yield. Spectral data was used to elucidate the structure of the product. The
expected molecular formula for glycoside 8 was C63H72O14, this was consistent with the
sodiated molecular ion (MNa+) at m/z 1075.4814 in the HRMS spectrum. As with
glycoside 3, the IR spectrum of glycoside 8 depicted peaks at 3063 and 3029 cm-1
consistent with aromatic C-H stretching attributed to the benzyl protecting groups and a
peak at 1737 cm-1 corresponded to C=O stretching of the ester groups. A one proton
signal at 5.54 ppm in the 1H NMR spectrum was assigned to H-2”, deshielded by the
acetate protecting group. Two three-proton singlets at 2.12 and 3.64 ppm were assigned
to the acetyl and methyl groups respectively, and a mulitplet at 7.15-7.34 ppm was
assigned to the aromatic phenyl protons. Moreover, four two-proton multiplets and two
one-proton mulitplets were attributed to the protons on the 6-carbon (hexyl) linker. Of
these, the signal at 2.31 ppm appeared as a triplet and was assigned to the protons on C13

2, deshielded by the ester. The

C NMR spectrum contained all the expected signals

and the 1JCH values of the anomeric carbons (C-1’ and C-1”) were found to be 170.1 and
169.8 Hz respectively, indicating α-glycosidic linkage. The data from all analyses were
consistent with the proposed structure of di-glycoside 8.
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Removal acetyl and methyl protecting groups of glycoside 8
The next step required the deprotection of glycoside 8 using a solution of sodium
methoxide in methanol, facilitating the selective removal of the acetyl group at O-2’,
while retaining the methyl protecting group at C-1 (Scheme 4.10). After column
chromatography, ester 9 was obtained in a 89% yield. HRMS, 1H NMR and 13C NMR
analysis of ester 9 was used to confirm the compound identity. HRMS indicated that the
purified product had a molecular formula of C34H42O8. 1H NMR showed the removal of
the acetyl proton signal at 2.12 ppm, present in the spectra of glycoside 8. The

13

C

NMR spectrum contained all the expected signals with the noted absence of the acetyl
carbon signals at 21.28 (CH3) and 170.26 (C=O) ppm.
In order to synthesise dimannoside 12, the methyl ester of intermediate 9 was then
hydrolysed to afford acid 10. Reaction of 9 with sodium hydroxide solution gave, after
purification by column chromatography, the desired acid 10 (Scheme 4.10) in 85%
yield. Production of acid 10 was confirmed by HRMS, 1H NMR and 13C NMR analysis.
HRMS indicated that the purified product had the expected molecular formula of
C33H40O8 and no methyl ester signals were apparent in the 1H and 13C NMR spectra.
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Scheme 4.10 Selective deprotection of glycoside 8 to intermediate 9 and subsequently
acid 10
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Activated ester 11
As in the synthesis of monomannoside 7, the synthesis of dimannoside 12 was
performed through the activation of the carboxylic acid group of acid 10 with Nhydroxysuccinimide and DCC to yield activated ester 11 and the by-product DCU
(Scheme 4.11). A sample of the product was purified to allow characterisation of ester
11 though the analysis of HRMS, 1H and

13

C NMR data. The HRMS spectrum of 11

confirmed a molecular formula of C64H71NO15. 1H and 13C NMR analysis indicated the
presence of an additional four-proton singlet at 2.74 ppm, corresponding to the
methylene protons on the NHS ring and two carbon signals at 25.68 ppm and 169.27
ppm, corresponding to the NHS methylene and carbonyl carbons respectively.
Dimannoside 12
As with monomannoside 7, a mixture of ester 11 and DCU was used in the final step of
the synthesis of dimannoside 12, due to the difficulty in separating the two compounds.
The more polar dimannoside 12 should be readily separable from the DCU by-product,
which has a polarity similar to that of ester 11, by column chromatography. Stirring a
solution of dimannoside 11 in THF with a catalytic amount of palladium on carbon
under an atmosphere of hydrogen, gave the deprotected dimannoside 12 (Scheme 4.11).
After column chromatography, the yield for the two steps from 10 was found to be
75%. HRMS, 1H NMR and

13

C NMR analysis was used to confirm the compound

identity. HRMS of dimannoside 12 indicated a molecular formula of C22H35NO15 and as
with monomannoside 7, 1H analysis showed the absence of the phenyl proton multiplet
peak (~7.16-7.38 ppm) found in the protected intermediates (8-11), as well as the
benzyl CH2 signals at (~ 4.50-4.82 ppm) (Figure 4.9). Moreover, the 13C NMR spectra
showed the loss of the corresponding benzyl carbon signals (~72-139 ppm) and the IR
spectrum showed the loss of the aromatic signals at 3063 and 3030 ppm indicating the
loss of phenyl groups.
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Scheme 4.11 Addition of NHS to acid to afford activated ester 11, and the subsequent
hydrogenolysis of benzyl protecting groups to afford dimannoside 12

Figure 4.9 1H NMR spectrum of dimannoside 12 at 500 MHz in methanol-d6

4.2.3.5 Summary
Both target mannosides 7 and 12 were successfully synthesised. The synthesis of
monomannoside 7 (Scheme 4.12) started with the TMSOTf catalyzed glycosylation of 2
[209] and glycosyl trichloroacetimidate 1 [208] to give glycoside 3 in 82% yield. The
use of a glycosyl donor with a participating group at C2 ensured the formation of the αlinked glycoside. Sequential hydrolyses of the acetate group at C2 via ester 4, then of
the methyl ester gave acid 5 in a 63% yield over both steps. DCC promoted coupling of
NHS to the carboxylic acid produced NHS ester 6, which was then deprotected by
catalytic hydrogenolysis to afford the monomannoside 7 with a 77% yield over the two
steps. The spectral data of 7 were consistent with those reported by Furneaux et al.
[211].
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Dimannoside 12 (Scheme 4.13) was prepared by glycosylation of intermediate 4 with
donor 1 in the same manner to give the α-linked disaccharide 8. Sequential hydrolysis
of acetate and methyl ester, DCC promoted coupling of NHS, and removal of the benzyl
protecting groups gave the target dimannoside 12, via intermediates (9-11), in good
overall yield (50%).
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Scheme 4.12 Synthesis of monomannoside-NHS 7
Conditions: (i) TMSOTf, dichloromethane, 0 ˚C, 1 h, 82%; (ii) NaOMe, MeOH,
dichloromethane, RT, 1 h, 70%; (iii) NaOH, THF, reflux, overnight, 90%; (iv) DCC, NHS,
THF, RT, overnight, quantitative yield; (v) H2, Pd(OH)2/C, ethyl acetate, RT, overnight, 77%.
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Conditions: (i) TMSOTf, dichloromethane, 0 ˚C, 1 h, 89%; (ii) NaOMe, MeOH,
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4.2.4 Mannosylation of RHDV VLP
The synthesised amine reactive mannosides, monomannoside 7 and dimannoside 12,
were conjugated to RHDV VLP in PBS (pH 7.35). Following mannosylation, VLP
displayed retention of particle structure, size and shape, as apparent by the 40 nm
particles indicated in the electron micrograph (Figure 4.10A). Confirmation of
mannoside conjugation was performed by a number of techniques including lectin
blotting, mass spectrometry and the use of a carbohydrate estimation kit.
Lectin blotting involved the use of a fluorescently labelled, mannose-selective Pisum
sativum lectin [285] to detect the presence of mannosylation. Figure 4.10B depicts an
enhanced signal in the lectin blot of both monomannosylated (M-VLP) and
dimannosylated (D-VLP), compared to un-mannosylated VLP, confirming mannoside
conjugation. Also notable is a low level of glycosylation in unmodified VLP. Although
the mechanism and form of glycosylation is unknown, sequence analysis of RHDV
VLP confirms the presence of a number of potential O-linked and N-linked
glycosylation sites [286].
Further confirmation of VP60 mannosylation was performed through mass
spectrometry (Appendix 3). As with the analysis of the VLP.gp100 constructs, the
different mannosylated VLP were digested with trypsin and analysed by MALDI-TOF
or orbitrap mass spectrometry. Successful conjugation of monomannoside 7 or
dimannoside 12 would result in a detectable increase in peptide size by a Mr of 277.13
or 439.18, respectively. Four sites of monomannose conjugation (lysines 232, 299, 457
and 562) were identified, two of which were also accessible to dimannose conjugation
(lysines 232 and 457). As all four lysine residues were localized to the VP60 P domain,
which protrudes from the shell (S) domain, it is not surprising that they are accessible
for conjugation. Furthermore, the locality of the mannosides on the VP60 P domain also
increases the likelihood of recognition and binding by mannose-specific receptors,
facilitating mannose-associated internalisation of the mannosylated VLP.
A carbohydrate estimation kit was used as further confirmation of mannosylation and a
method of determining coupling efficiencies for the synthesised mannosides 7 and 12.
The kit utilises sodium meta-periodate to oxidise glycoside residues to aldehydes that
then react with the Glycoprotein Detection Reagent. The resultant colour change is
measurable through the detection of absorption at 550 nm. Comparison of the different
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VLP with a D-mannose standard provided an estimation of the carbohydrate loading.
Subtraction of carbohydrate molarity on unmodified VLP from that of monomannoseand dimannose-VLP provided an estimate 1.5 mole of mannose per mole of VP60 for
monomannose-VLP and 3 mole for dimannose-VLP. However, as each dimannoside
contains two mannose resides, this equates to 1.5 moles of mannoside per mole of VP60
for both monomannose- and dimannose-VLP (Figure 4.10D). This indicated that
although the monomannoside can conjugate to four lysines on each VP60 subunit, only
2 of those (most probably lysines 232 and 562) are readily accessible to modification.
As each VLP is composed of 180 copies of VP60, this amounts to as many as 270
copies of each mannoside on each VLP. Therefore, both monomannoside 7 and
dimannoside 12 can be successfully conjugated to the surface of VP60, with similar
coupling efficiencies, leading to the production of VLP with numerous mannosides
projected from their surface.
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Figure 4.10 Mannosylation of RHDV VLP
(A) TEM micrograph of monomannose-VLP (negatively stained with PTA). (B) Top:
Coomassie blue stained SDS-PAGE gel of VLP, dimannose-VLP (D-VLP), monomannoseVLP (M-VLP) and soybean trypsin inhibitor (STI) as a negative control. Bottom: Pisum
sativum lectin blot of different VLP. (C) RHDV VP60 model generated by I-TASSER[287,
288], with the VLP P domain (top) and the S domain (bottom, shaded). Mass spectrometry
confirmed mannosylation sites displaying both monomannoside and dimannoside conjugation
are depicted in red (lysines 232 and 457), while sites with only monomannoside conjugation are
green (lysines 299 and 562). (D) The key reaction in the detection of carbohydrates using the
Carbohydrate Estimation kit (top) and the estimation of amount of mannoside on each VP60
molecule, normalised to VLP (bottom). Bars represent two batches of mannosylated VLP tested
twice ± SEM.
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4.2.5 Mannosylation enhances uptake of VLP by key murine APC
4.2.5.1 Fluorescent labelling of RHDV VLP
To allow tracking of VLP internalisation by APC, a fluorescent tag was conjugated onto
the surface of RHDV VLP. Although amine targeted conjugation is the most commonly
utilised mechanism of conjugating molecules to the surface of RHDV VLP, VP60 also
contains a sulfhydryl group (cysteine 274). Targeting fluorescent labelling of VLP to
sulfhydryl groups would allow all the accessible amines to be utilised in mannoside
conjugation. Reduced sulfhydryl groups can react with maleimide to form stable
thioether bonds (Figure 4.11A). Thus, to test the accessibility of cysteine 274 to
conjugation, RHDV VLP was treated with TCEP to ensure the reduction of sulfhydryl
groups then conjugated with biotin-maleimide. Conjugation of biotin-maleimide to VLP
and ovalbumin control samples was confirmed through western blotting (Figure 4.11B),
with both RHDV VLP and ovalbumin showing successful conjugation to biotin. The
results indicate that the cysteine residue in RHDV VLP is accessible to maleimide
conjugation. Therefore, an excess of DyLight633 maleimide was conjugated to TCEPreduced VLP and fluorescence was detected by SDS-PAGE. As depicted in Figure
4.11C, the conjugation of DyLight633 maleimide to VP60 was unsuccessful. As
DyLight633 maleimide has a molecular weight of 1091 g mol-1, more than double that
of biotin-maleimide (451.54 g mol-1), the lack of accessibility of RHDV VLP to
DyLight633 maleimide labelling is possibly due to steric hindrance.
Therefore, to allow tracking of VLP uptake by APC, RHDV VLP was fluorescently
labelled with amine-reactive DyLight633 NHS (henceforth referred to as DyLight).
Fluorescent labelling of VLP was performed before the conjugation of mannosides, to
ensure consistent DyLight labelling in all the tested VLP. Furthermore, to ensure the
availability of free lysine resides for mannoside conjugation, conjugation was
performed at a suboptimal molar ratio (1:1) and reaction time (30 min). Fluorescence
was confirmed by SDS-PAGE (Figure 4.11D) and spectrometry was used to determine
the extent of DyLight labelling, which identified approximately 1 mole of DyLight per
mole of VP60. DyLight labelled VLP was then divided into aliquots and either left
without further modification, or conjugated to an excess of monomannoside 7 or
dimannoside 12. Mannosylation of DyLight labelled VLP was confirmed by mass
spectrometry, showing conjugation sites consistent with those found in the non-DyLight
labelled VLP.
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Figure 4.11 Fluorescent labelling of RHDV VLP
(A,B,C) Testing maleimide conjugation to VLP. (A) RHDV VP60 model generated by ITASSER[287, 288], with the VLP P domain (top) and the shell domain (bottom, shaded). VP60
cystine residue is depicted in red. (B) VLP and ovalbumin (control) were pre-treated with TCEP
to reduce sulfhydryl groups before the addition of biotin-maleimide. Biotin conjugation was
then confirmed though western blot and staining with streptavidin-HRP (bottom), and an SDSPAGE gel was used to visualise protein loading (top). (C) VLP was pre-treated with TCEP then
conjugated to excess DyLight633 maleimide. Conjugation was confirmed by SDS-PAGE
analysis, gels were visualised under UV light (bottom) then stained with Coomassie blue (top).
(D) Successful labelling of RHDV VLP with DyLight633 NHS, to confirm DyLight
conjugation gels were visualised under UV light (bottom) then stained with Coomassie blue
(top).
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4.2.5.2 Murine APC display enhanced internalisation of mannosylated
VLP
In order to initiate an effective immune response and generate immunological memory,
VLP must be internalised by APC. Previous in vitro internalisation studies of RHDV
VLP were performed with 15 µg mL-1 of VLP labelled with DyLight488 [41].
However, as the VLP used in this study were labelled with DyLight633, DC were
pulsed with a range of VLP-DyLight concentrations and incubated for 1, 4 or 24 h at 4
˚C or 37 ˚C. Incubation of cells at 37 ˚C was used to determine internalisation of VLP.
Whereas at 4 ˚C, phagocytosis is greatly diminished due to a reduction in cellular
metabolism and membrane fluidity, therefore samples incubated at 4 ˚C were used to
determine association of VLP with the surface of APC [289, 290]. Internalisation (37
˚C) and binding (4 ˚C) of VLP was compared through flow cytometric analysis (Figure
4.12). Although internalisation and binding of VLP increased with increasing VLP
concentrations, 7.5 µg mL-1 of VLP-DyLight was sufficient to detect a shift between
VLP internalisation and binding at all three time points. Therefore, 7.5 µg mL-1 of VLPDyLight was used in all subsequent internalisation assays.

VLP concentration (!g mL-1)
7.5

15

30

60

1h

4h

24 h

VLP-DyLight

Figure 4.12 Titration of DyLight633 labelled RHDV VLP
BMDC were pulsed with 7.5, 15, 30 or 60 µg mL-1 of VLP-DyLight and analysed by flow
cytometry, to determine a usable VLP-DyLight concentration for subsequent uptake assays.
Grey curves depict VLP binding (4 ˚C) and open curves depict VLP uptake (37 ˚C).
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VLP internalisation by murine splenocytes was analysed, specifically looking at uptake
by DC, macrophages, B cells, natural killer (NK) cells and T cells (Figure 4.13A). The
mean fluorescence intensity (MFI) of VLP negative controls remained below two, in
cell types at 4˚C and 37˚C. Following the isolation of single cells though doublet
discrimination and the isolation of live cells (as in Figure 3.7A,), the different splenic
lymphocyte populations were isolated and the MFI of VLP-DyLight associated with
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Figure 4.13 Internalisation of RHDV by murine splenocytes
Murine splenocytes pulsed with DyLight labelled VLP and incubated at 4 ˚C to indicate
association of VLP with the surface of APC (B) or 37 ˚C to compare internalisation of VLP by
APC (C). Cells were then analysed by flow cytometry to determine the mean fluorescence
intensity (MFI) of VLP-DyLight in DC. (A) Gating strategy utilized in analysis of VLP
internalisation by murine splenocytes. Following doublet discrimination and the removal of
dead cells (as in Figure 3.7A), cells of interest were identified though identification of surface
markers. (B,C) The bar graphs depict the mean MFI from four independent experiments ± SEM.
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DyLight in (A,B) DC, (C,D) macrophages, (E,F) B cells (G,H) NK cells and (I,J) T cells. The
bar graphs depict the mean MFI from four independent experiments ± SEM. Within each figure
the MFI of VLP-DyLight in each cell type, at 1 h, is also depicted as a histogram (representative
of four experiments). Statistical significance displayed is the comparison between unmodified
VLP and monomannose-VLP or dimannose-VLP as determined by matched two-way ANOVA
with Bonferroni post-hoc tests, *** p < 0.001, **p < 0.01.
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DC and macrophages are the two major professional APC and are found throughout the
body where they sample the local environment and present foreign antigens to T cells in
the lymph nodes and secondary lymphatic organs. DC and macrophages can process
internalised antigens and present them on both MHC-I and MHC-II molecules [259,
291]. Both cell types have been shown to express substantial levels of C-type lectins
such as CD206 and DC-SIGN, two lectins with a high affinity for mannose and thus
have the potential to facilitate enhanced internalisation of mannosylated VLP [261].
Examination of VLP association with the surface of DC and macrophages (4 ˚C) after a
4 or 24 h incubation indicated that monomannose- and dimannose-VLP displayed
augmented association with both cell types compared to unmodified VLP (Figure
4.14A,C). This enhanced association of mannosylated VLP with DC and macrophages
suggests that mannosylated VLP have the ability to associate with mannose binding
receptors on the surface of the APC. Analysis of VLP uptake (37 ˚C) by DC and
macrophages (Figure 4.14B,D) depicted an increase in the MFI of monomannose- and
dimannose-VLP compared to unmodified VLP in both APC. This observed difference
became more apparent at the later time points (4 and 24 h). These results indicate that
mannosylation leads to accelerated uptake of VLP and an increase in the amount of
mannosylated and dimannosylated VLP in DC and macrophages.
Mannosylation of VLP with both mannosides also led to significantly increased binding
of VLP to B cells (Figure 4.14E), which are professional APC primarily involved in the
generation of humoral immunity. Interestingly, the binding of mannosylated VLP to B
cells at 4 ˚C was found to be even higher than binding to DC and macrophages (Figure
4.14A,C). Additionally, an enhanced association of monomannose- and dimannoseVLP with B cells was also observed at 37 ˚C (Figure 4.14F), although this was
relatively low compared to DC and macrophages (Figure 4.14B,D). In the case of DC
and macrophages, uptake of mannosylated VLP at 37 ˚C (Figure 4.14B,D) was higher
than that of binding at 4 ˚C (Figure 4.14A,C), while the MFI of VLP-DyLight in B cells
was similar at both 4 ˚C and 37 ˚C (Figure 4.14E,F). This difference in the dynamics of
binding and uptake of mannosylated VLP by B cells and the other two APC suggests
the involvement of an alternate mannose binding receptor. Although B cell expression
of C-type lectins and other cell surface receptors has not been as well characterized as
that of DC and macrophages, one group has reported CD206 expression in a subset of B
cells [292]. Moreover, B cells express other C-type lectins including; DC
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immunoreceptors (DCIR), Macrophage-inducible C-type lectin (Mincle) [293], DC
associated lectin-1 (DCAL-1) [294] and Dec205 [295]. While the ligand specificity of
these receptors is not well characterized, both DCIR-1 and Mincle have shown
selectivity for mannosylated ligands [293]. Furthermore, because numerous pathogens
express glycoproteins, glycolipids or thick layers of capsular polysaccharide on their
surface, B1 cells have evolved to express carbohydrate-specific B cell receptors on their
cell surface [296, 297]. B1 cells are a subset of B cells that have been shown to have
macrophage-like properties and can phagocytise antigen, these cells are thought to be a
bridge between innate and adaptive immunity. As the MFI VLP-DyLight in B cells at 4
˚C and 37 ˚C are similar (Figure 4.14E,F), it is likely that the VLP is internalised by a
non-recycling receptor, such as the B cell receptor.
The two tested non-APC, T cells and NK cells, were both found not to significantly
bind (Figure 4.14G,I) or internalise (Figure 4.14H,J) VLP, monomannose-VLP or
dimannose-VLP. In the case of T cells, the MFI of VLP-DyLight did not exceed 2.2
with any of the treatments at any of the tested time points (Figure 4.14I,J). Although a
slight increase was seen in the MFI of monomannosylated and dimannosylated VLP
with NK cells (Figure 4.14G,I), the MFI remained within the range of VLP binding to
the APC at 1 h, even after 24 h incubation at 37 ˚C (Figure 4.14A,C,E), and thus was
found to be non-significant.
It is also notable that monomannoside conjugation was found to be at least as efficient
as dimannoside conjugation at enhancing uptake of VLP by the different APC (Figure
4.14A-F). This is surprising, as cellular mannose binding C-type lectins such as DCSIGN and CD206 have a higher affinity for more complex branched mannosides [271274, 298]. Moreover, White et al. have found that monomannose conjugation is not
sufficient to enhance liposome uptake [299]. The unexpected effectiveness of
monomannose may reflect the particulate and repetitive nature of RHDV VLP, as there
are four potential sites of mannosylation on each of the 180 VP60 molecules, each
protruding at a different angle from the surface of the VLP. This may allow multiple
monomannosides to bind to the same receptor, mimicking a more branched mannoside
structure for which mannose receptors have a high affinity.
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4.2.5.3 Enhanced internalisation is mannose-dependant
As C-type lectins are complex structures with multiple binding sites, receptor-specific
antibodies to lectins, such as CD206, have been shown not to be effective inhibitors of
internalisation via C-type lectins [300]. Therefore, to confirm whether the augmented
binding and uptake of the mannosylated VLP is due to mannosylation, mannan was
used as an inhibitor of mannose-specific internalisation. Mannan is a polymer of
mannose that has been shown to block mannose-specific uptake of antigens through
competitive binding to mannose receptors [301-303]. Splenocytes were treated with
mannan for 15 min before the addition of the different fluorescently labelled VLP. After
a one-hour incubation, cell populations were analysed by flow cytometry to compare
the different VLP. Others have demonstrated that 1-3 mg mL-1 of mannan is effective at
mannose receptor inhibition [301, 303]. Similarly, in this research 5 mg mL-1
demonstrated no enhanced inhibition (Appendix 4) thus 3 mg mL-1 of mannan was used
in this study. The effect of mannan on cell viability was determined using fixable L/D
yellow stain. Analysis of the data indicates no apparent increase in cell death after
mannan treatment (Figure 4.15A).
Binding of VLP to the surface of APC (4 ˚C) showed a mannan dependent reduction in
the binding of monomannose- and dimannose-VLP to DC, macrophages and B cells
(Figure 4.15B,D,F), providing strong evidence that the enhanced binding of
mannosylated VLP is due to association with mannose binding receptors. Also notable
is a slight but apparent decrease in the binding and uptake of unmodified VLP to these
three APC following mannan treatment (Figure 4.15B,D,F). This is consistent with an
interaction between mannose receptors and the trace amount of carbohydrate detectable
on unmodified VLP (Figure 4.10). Nevertheless, following the addition of
monomannoside or dimannoside to the surface of VLP, the interaction between the VLP
and mannose receptors was significantly augmented.
Analysis of VLP uptake (37 ˚C) in the presence of mannan showed that the amount of
monomannose-VLP and dimannose-VLP in DC, macrophages and B cells decreased
significantly with the addition of mannan (Figure 4.15C,E,G), as determined by changes
in the relative MFI. After the addition of 3 mg mL-1 mannan, the difference between
the uptake of the two mannosylated VLP and unmodified VLP was significantly
reduced, confirming the role of mannose recognition in the enhanced uptake of
mannosylated VLP in murine DC, macrophages and B cells.
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4.2.6 Mannosylation does not facilitate DC activation
As well as facilitating enhanced binding of molecules to cells and promoting
endocytosis, the recognition of carbohydrate moieties by C-type lectins can lead to the
induction or modulation of gene transcription, leading to the regulation of APC
activation and the control of microbial infections. For instance, fungal PAMP β-glycan
is recognised by the C-type lectin Dectin-1 [135, 136], allowing the control of fungal
infections. Furthermore, mannose selective lectins such as CD206 and DC-SIGN are
PRR that have proven to be important in the recognition of fungal, viral, bacterial and
parasite-associated PAMP, and the subsequent initiation of anti-pathogen immunity
[266, 304].
Upon binding of C-type lectins to their agonist ligands, a cascade of intracellular
signalling can be activated, leading to the activation or modulation of immune function.
Lectins can be divided into three board categories based on their intracellular signalling
potential; C-type lectins with immunoreceptor tyrosine-based activation motif (ITAM)
domains, C-type lectins with immunoreceptor tyrosine-based inhibition motif domains
(ITIM) and C-type lectins without clear ITAM or ITIM domains [305]. A number of
mannose selective C-type lectins, such as Dectin-2 and Mincle, have activation ITAM
domains and thus can lead to the activation of APC [305]. Signalling from C-type
lectins with ITIM domains on the other hand generally induces the suppression of APC
activation [305]. The group of C-type lectins without ITAM or ITIM domains, such as
the mannose selective receptors DC-SIGN, CD206 and Langerin, can facilitate the
internalisation of antigens for processing and presentation [306]. While these lectins do
not directly trigger APC activation, there are instances in which they can modulate
signalling by other receptors, indirectly regulating APC activation [305].
Therefore, the recognition of monomannose- and dimannose-VLP by mannose
receptors may facilitate modulation of APC activation, allowing mannosylated VLP to
act as self-adjuvanting vaccination vector. Consequently, the ability of mannosylated
VLP to initiate DC activation was analysed. DC were pulsed with 20 µg mL-1 of the
different VLP for 24 h to ensure the detection of any changes in DC activation. LPS (1
µg mL-1) was used as a positive control of DC activation. Activation was measured
though the detection of the surface-expressed co-stimulatory markers; MHC-II, CD86
and CD40, by flow cytometry (Figure 4.16). These molecules play an essential role in
the presentation of antigen to T cells and the subsequent generation of effective
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immunity [132, 133, 307]. Although LPS initiated significant upregulation of MHC-II
(Figure 4.16A), CD86 (Figure 4.16B) and CD40 (Figure 4.16C), no significant changes
in the expression of the markers were noted upon the addition of VLP, monomannoseVLP or dimannose-VLP. The lack of upregulation of DC markers upon the binding of
mannosylated VLP suggest that in DC the mannosides bind to a lectin without ITAM or
ITIM domains, such as the mannose selective receptors DC-SIGN, CD206 and
Langerin [306]. Although Crisci et al. have found that baculovirus expressed RHDV
VLP is self-adjuvanting, their VLP preparations contain impurities (as indicated by
SDS-PAGE analysis), which could be responsible for APC activation [308].
Baculovirus expressed RHDV VLP produced by the Ward Laboratory does not
substantially activate DCs (Figure 4.16). Moreover, the recognition of RHDV VLP by
mannose receptors does not facilitate enhanced activation of DC, thus mannosylated
VLP is not self-adjuvanting. Therefore, as with previous experiments [111, 117, 188,
248], in vivo analysis of the functionality of RHDV VLP will be performed with the
addition of the adjuvant CpG to ensure the proper licensing of APC.
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Figure 4.16 Mannosylated VLP does not upregulate expression of DC activation markers
BMDC were pulsed for 24 h with 1 µg mL-1 LPS or 20 µg mL-1 of either VLP, monomannoseVLP (M-VLP), dimannose-VLP (D-VLP). Cells were gated as described in Figure 3.7A, with
the removal of doublet cells and dead cells. DC were then gated as depicted in (A) and
expression of MHC-II, CD86 and CD40 was compared. (B-D) Graphs (top) show MFI of cells
from three independent experiments performed in duplicate ± SEM, with representative
histograms depicted below. Statistical significance displayed is the comparison between
untreated cells and LPS treated cells as determined by matched one-way ANOVA with Tukey’s
post-hoc tests, *** p < 0.001.
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4.2.7 Effect of mannosylation on the functionality of VLP.SIIN in
vitro
4.2.7.1 Effect of VLP mannosylation on MHC-I antigen presentation
Following internalisation, antigens are processed and presented on MHC molecules. To
determine whether the enhanced internalisation of mannosylated VLP translated to
augmented antigen presentation on MHC molecules, an antibody that recognises
SIINFEKL bound to MHC-I was used. First reported by Porgador et al. in 1997 [309],
this antibody was found to be specific for MHC-I:SIINFEKL complexes and has since
been utilised by a number of groups to detect antigen presentation by DC [310, 311].
Therefore, DC were incubated with 50 µg mL-1 of VLP expressing the well-established
model tumour antigen SIINFEKL (VLP.SIIN) or a molar equivalent of the SIINFEKL
peptide for 24, 48 or 72 h, before staining with the anti-MHC-I:SIINFEKL antibody.
The cells were analysed by flow cytometry to determine the MFI of the antibody in the
different treatment groups, as an indicator of the amount of SIINFEKL presented on the
cell surface. Although the SIINFEKL peptide control generated a significant increase in
MFI, no presentation of SIINFEKL on MHC-I molecules could be detected in any of
the VLP.SIIN treatment groups, at any of the time points (Figure 4.17). SIINFEKL
peptide can bind directly to MHC-I molecules without internalisation or processing,
while proteins like ovalbumin and VLP.SIIN must be processed to produce the
SIINFEKL peptide. In the case of ovalbumin only approximately 6% of the protein was
cleaved correctly for presentation on MHC-I [232]. Consequently, the high MFI in the
SIINFEKL treatment group was not unexpected.
While VLP.SIIN has been demonstrated to generate significant SIINFEKL-specific T
cell responses [248], others in the Young laboratory (Department of Pathology,
University of Otago) have also detected a similar lack of response with the anti-MHCI:SIINFEKL antibody (unpublished data). Moreover, to detect SIINFEKL expression
on MHC-I by flow cytometry, Herve et al. pulsed DC with 5 mg mL-1 of the natural
SIINFEKL expressing protein ovalbumin, in the presence of LPS [310]. Given that 100
µg of VLP.SIIN applied during vaccination leads to significant SIINFEKL-specific
immunity [248] (Figure 4.21), 5 mg of ovalbumin equates to ~65x the number of moles
of SIINFEKL given per mouse. Even with such high doses of ovalbumin, Herve et al.
noted only a slight shift in MFI between untreated DC and ovalbumin pulsed DC [310].
Overall, this suggests that the antibody is not sensitive enough to detect the levels of
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SIINFEKL bound MHC-I molecules generated following VLP.SIIN treatment at
biologically relevant concentrations.
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Figure 4.17 No presentation of SIINFEKL on MHC-I was detectable after treatment with
VLP.SIIN
BMDC were pulsed for 24 (A), 48 (B) or 72 (C) h with 1 µg mL-1 SIINFEKL peptide or 50 µg
mL-1 of either VLP, VLP.SIIN, monomannose-VLP.SIIN (M-VLP.SIIN), dimannose-VLP.SIIN
(D-VLP.SIIN). DC were gated as depicted in Figure 4.16A and presentation of SIINFEKL on
MHC-I detected with the anti-H2Kb bound to SIINFEKL antibody. Graphs (top) depict MFI of
cells from two independent experiments performed in duplicate ± SEM, with representative
histograms (bottom). Statistical significance displayed is the comparison between untreated
cells and SIINFEKL treated cells as determined by matched one-way ANOVA with Tukey's
post-hoc tests, *** p < 0.001.
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4.2.7.2 Effect of Mannosylation on the T cell response to VLP.SIIN
As the direct detection of antigen presentation on MHC-I was not feasible, an in vitro T
cell proliferation assay was utilised as an indirect indication of antigen presentation and
measure of the immune response to RHDV VLP. As with the previous assay, the model
tumour antigen used was SIINFEKL, due to the availability of OT-I mice with CD8+ T
cells specific to SIINFEKL. Sorted CD8+ T cells were labelled with CFSE and cocultured with VLP.SIINFEKL or SIINFEKL pulsed DC. Following 48 or 72 h
incubation, proliferation was visualised by flow cytometry using the dilution of CFSE
in dividing cells as an indication of T cell proliferation. Furthermore, after 72 h, IFN-γ
production was measured as an indication of T cell activation. As expected, the positive
control SIINFEKL peptide showed the most proliferation at both time points (Figure
4.18A), with substantial proliferation also noted in the VLP.SIIN treated cells.
Proliferation data at 72 h was modelled on FlowJo to determine the percentage of cells
proliferated (Figure 4.18B), the number of divisions undergone by a cell in the original
population and the number of cells per generation (Figure 4.18C). Analysis of the
percentage of cells proliferated in the different VLP.SIIN treatment groups (Figure
4.18B) shows a reduction in the proliferation from 96% to 57% and 76% following
mannosylation with monomannoside 7 and dimannoside 12, respectively. This
reduction was matched with a drop in IFN-γ production, with 49 ng mL-1 produced
following VLP.SIIN treatment compared to 12 ng mL-1 and 18 ng mL-1 of IFN-γ after
treatment with monomannose-VLP.SIIN and dimannose-VLP.SIIN (Figure 4.18D).
However, analysis of the dynamics of proliferation by measuring the number of cells at
each generation of proliferation (Figure 4.18C) showed more cells at the later stages of
proliferation (generation 6 and 7) following treatment with mannosylated VLP.SIIN
compared to VLP.SIIN. This was especially evident in the dimannose-VLP.SIIN group
(Figure 4.18C). This suggests a change in the dynamics of T cell proliferation, with a
potential delay in the onset of proliferation.
A possible explanation for the change in the rate of proliferation is the conjugation of
mannosides to the VLP.SIIN SIINFEKL lysine residue, leading to impaired peptide
recognition by CD8+ T cells. Analysis of TCR binding of SIINFEKL has identified that
the lysine residue is essential for TCR recognition of SIINFEKL presentation on MHC-I
[312-314]. Mass spectrometric analysis of monomannose-VLP.SIIN and dimannoseVLP.SIIN indicated the presence of both mannosylated and non-mannosylated versions
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of the N-terminal SIINFEKLGGSK fragment (Appendix 3). The intensity of these
modified peptides was low and the peptide fragment contains two lysine residues both
of which could be mannosylated. These data suggest that at least some of the
SIINFEKL epitope is mannosylated and hence may interfere with the response to the
epitope. Mannosylation of SIINFEKL would also explain the difference with
monomannosylation and dimannosylation, as N-terminal peptides such as SIINFEKL
are found on the internal face of the VLP capsid, which would be more accessible to the
smaller monomannoside compared to the dimannoside. This is supported by the mass
spectrometry results indicating that monomannose 7 can access more conjugation sites
on VP60 (Figure 4.10). Therefore, mannosylation of SIINFEKL could lead to a
reduction in the amount of recognisable SIINFEKL presented on MHC-I molecules and
thus reduce the efficiency of T cell activation and proliferation. This theory can be
confirmed with the use of another model that does not contain a lysine residue, such as
the gp100 epitope used in Chapter 3, to see if a delay in T cell responses is seen with
mannosylated VLP.gp100.
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Figure 4.18 Mannosylation of VLP.SIIN leads to a reduction in in vitro T cell proliferation
BMDC at 5 x 104 cells mL-1 were left untreated or pulsed with either 10 µg mL-1 of the different
VLP, or either ovalbumin or SIINFEKL peptide (at a molar equivalent). Following a 24 h
incubation at 37 ˚C, DC were co-cultured with CFSE stained OT-I CD8+ T cells, at a ratio of
1:10. After 48 h or 72 h proliferation of cells was compared through flow cytometric analysis.
Cells were gated as described in Figure 3.7A, with the removal of doublet cells and dead cells,
followed by the isolation of CD8 positive cells. (A) A representative experiment showing the
reduction in CFSE after exposure to the different treatments for 48 h or 72 h. (B) The number of
cells in each generation of division and (C) percentage of proliferated cells after 72 h. (D) After
72 h supernatants were harvested from each well, and the concentration of IFN-γ determined by
ELISA. Graphs depict the mean of three independent experiments ± SEM.

130

4.2.8 Mannosylation alters cross-presentation of VLP
RHDV VLP is normally cross-presented though the receptor-recycling pathway [41].
However, internalisation though mannose receptors has been demonstrated to facilitate
cross-presentation via the endosome-to-cytosol pathway of cross-presentation [262].
Therefore, to determine if mannosylation of RHDV VLP alters the processing of VLP,
DC were pre-treated with primaquine or lactacystin to block the receptor-recycling or
endosome-to-cytosol pathways of cross-presentation respectively, before pulsing with
VLP or peptide (Figure 4.19). DC were then co-cultured with OT-I splenocytes and
IFN-γ production measured as an indication of CD8+ T cell activation. Primaquine
disengages endosomal trafficking, leading to an inhibition in both the receptor-recycling
and to a lesser extent, the endosome-to-cytosol pathways of cross-presentation, whereas
lactacystin prevents protein degradation by the proteasome and therefore has minimal
effects on the receptor-recycling pathway. When DC were pulsed with ovalbumin, a
reduction in SIINFEKL-specific CD8+ T cell activation was observed with both
inhibitors, indicating that this protein is processed through a variety of routes, as has
been described previously [262] (Figure 4.20). Conversely, the presentation of
SIINFEKL peptide was not diminished by either inhibitor (Figure 4.20), indicating that
processing is not essential for effective presentation of free peptides. As expected, a
reduction in the cross-presentation of VLP.SIIN was only observed following the pretreatment of DC with primaquine [41] (Figure 4.20). This confirms our previous
findings, which show that VLP is processed though the receptor-recycling pathway of
cross-presentation, and that this process is dependant on endosomal recycling but not on
proteasomal degradation [41]. However, a significant reduction in the crosspresentation of monomannose- and dimannose-VLP.SIIN was observed after the
addition of either primaquine or lactacystin, indicating that cross-presentation of
mannosylated VLP is dependant on both endosomal recycling and proteasomal
degradation [41]. These results suggest that mannosylation of RHDV VLP allows the
VLP to access an alternate pathway of cross-presentation, the endosome-to-cytosol
pathway.
This change in processing may be another explanation for the change in the dynamics of
T cell proliferation of mannosylated VLP seen in Figure 4.18. Savina et al. have
reported that proteins that undergo the receptor-recycling pathway of cross-presentation
tend to have an accelerated progression through the endosomal system compared to
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proteins that require processing in the cytosol [315]. However, despite the delay in the
onset of T cell proliferation upon treatment with mannosylated VLP, analysis of
proliferated T cells indicated that mannosylated VLP induces more rounds of
proliferation (Figure 4.18), suggesting that once initiated, T cell proliferation is more
driven. Confirmation of this theory would require analysis of T cell proliferation in the
different groups at later time points, such as 72 and 96 h. If this theory is correct then
we would expect the later time points to show proliferation of all the unproliferated T
cells in the mannosylated VLP treatment groups, as well as more rounds of division.
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Figure 4.19 Cross-presentation inhibitors
To determine if mannose-specific internalisation of VLP leads to altered cross-presentation by
murine DC, DC were pre-treated with primaquine or lactacystin. Primaquine effects endosomal
trafficking, leading to an inhibition in both the receptor-recycling and to a lesser extent, the
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Figure 4.20 Mannose-specific internalisation of VLP leads to altered cross-presentation by
murine DC
Murine DC, pre-treated with inhibitors for 15 min, were pulsed with antigen for 24 h before coculture with OTI T cells. At 72 h IFN-γ levels were measured by ELISA. Graphs depict the
percentage IFN-γ produced by inhibitor treated cells relative to untreated cells from three
independent experiments performed in duplicate ± SEM. Statistical significance determined by
matched two-way ANOVA with Bonferroni post-hoc tests, *** p < 0.001.
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4.2.9 Mannosylation leads to enhanced functionality of VLP in vivo
4.2.9.1 Effect of mannosylation on in vivo cytotoxic response to VLP
vaccination
To determine if the observed change in the in vitro T cell proliferation of mannosylated
VLP.SIIN translated to altered efficacy in vivo, a cytotoxicity assay was performed
following the protocol outlined in Figure 4.21A. Mice were vaccinated with 100 µg of
the different VLP or PBS, and then given a booster vaccination on day 21. On day 28,
mice were injected with peptide pulsed target cells then culled 48 hours later. This assay
provides a means of determining the function of cytotoxic cell responses in response to
the vaccination, through the killing of fluorescently labelled target cells. To determine
the percentage of antigen-specific lysis, the different treatment groups were normalised
to PBS. Although a 3.5% reduction was noted in the cytotoxicity of monomannoseVLP.SIIN compared to VLP.SIIN, treatment with all three VLP.SIIN led to the
clearance of >95% of the SIINFEKL pulsed target cells (Figure 4.21B). Thus, the
substantial difference in the in vitro functionality of VLP.SIIN following mannosylation
was not matched by a corresponding reduction in vivo.
The in vivo functionality of mannosylated VLP was tested using VLP.gp33 and
VLP.gp100-2L (engineered in the previous chapter). As gp33 is a viral protein and
gp100 is a natural tumour-associated protein, both are more clinically relevant than the
chicken egg model protein ovalbumin. Both VLP.gp33 and VLP.gp100-2L were
mannosylated with monomannoside 7 and dimannoside 12 and the different VLP were
tested for their ability to generate an in vivo cytotoxic response

(Figure 4.21A).

Although no significant differences were noted in the percentage of specific lysis of the
different treatment groups, the mean lysis was higher for both monomannosylated and
dimannosylated VLP.gp33 and VLP.gp100-2L (Figure 4.21C,D). The gp33-specific
cytotoxicity generated by VLP.gp33 increased by 5.7% following monomannosylation
and 9.8% following dimannosylation (Figure 4.21C), and the human gp100-specific
cytotoxicity

in

response

VLP.gp100-2L

increased

by

6.4%

following

monomannosylation and 9.6% following dimannosylation (Figure 4.21D). Consistent
with the results of chapter 3 (Figure 3.8), the murine gp100-specific cytotoxicity in
response to VLP.gp100-2L was much lower than that of human gp100 (Figure
4.21D,E). Although the effect of mannosylation on murine gp100-specific cytotoxicity
was not as apparent as that of gp33 and human gp100, mannosylation with either the
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monomannoside or the dimannoside lead to a 2.6% increase in cytotoxicity (Figure
4.21E). Although mannosylation of VLP.gp33 and VLP.gp100-2L did not lead to a
significant enhancement in the ability of VLP to generate effective T cell responses in
vivo, there was no notable reduction in functionality as seen with mannosylated
VLP.SIIN in vitro (Figure 4.18).
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Figure 4.21 Effect of mannosylation of VLP on in vivo cytotoxicity
(A) Experimental methodology. Mice were vaccinated SC with 25 µg of CpG plus 100 µg of
the different mannosylated or non-mannosylated recombinant VLP. Control mice were
vaccinated with 25 µg of CpG plus either PBS or 100 µg of VP60. All mice were given SC
booster vaccinations on day 21 (as on day 0), then challenged with 1 x 107 CFSE or VPD
labelled target cells 7 days later. On day 30, mice were culled and lysis of target cells was
analysed by flow cytometry. The graphs depict the percentage of specific lysis of (B)
SIINFEKL pulsed target cells, (C) gp33 pulsed target cells (D) human gp100 pulsed target cells
or (E) murine gp100 pulsed target cells, normalized against the lysis in the PBS control group, ±
SEM (n=6). Statistical significance displayed is the comparison between mice vaccinated with
VP60 and mice vaccinated with recombinant VLP, as determined by one-way ANOVA with
Tukey’s post-hoc tests, *** P < 0.001, *P < 0.05.

136

4.2.9.2 Mannosylation of VLP delays tumour growth
As a final confirmation of the effect of mannosylation on the functionality of RHDV
VLP as a carrier for immunogenic epitopes in tumour immunotherapy, a therapeutic
tumour trial was performed. B16.gp33 tumours were utilised as they endogenously
express the melanocyte differentiation antigen gp100, and have been genetically
engineered to express the model tumour antigen gp33. Thus, the generation of effective
gp100 or gp33-specific immunity would lead to the lysis of B16 cells, and subsequently
a measurable reduction in tumour growth. B16.gp33 tumours were given five days to
establish, before the mice were vaccinated with the different VLP (Figure 4.21A).
Treatment of mice with the different VLP.gp33 and VLP.gp100-2L all led to a
significant delay in tumour growth (Figure 4.21B,D), with both dimannosylation and to
a lesser extent monomannosylation showing enhanced functionality compared to nonmannosylated VLP. Furthermore, in the VLP.gp33 trial, all the mice in the PBS and
VP60 groups reached maximal tumour growth within 23 days (Figure 4.21C).
Treatment with VLP.gp33 extended tumour survival to day 34, and while
monomannose-VLP.gp33 showed no enhancement in mouse survival early on in the
trial, one mouse was found to remain tumour free even after 70 days (Figure 4.21C).
Moreover, dimannose-VLP.gp33 showed a significant extension of tumour survival
compared to VLP.gp33 throughout the trial, with one mouse remaining tumour free to
day 70 (Figure 4.21C). Similar results were seen in the VLP.gp100-2L trial (Figure
4.21D), with monomannosylation showing a slight but non-significant delay in tumour
growth, and dimannosylation demonstrating a significant delay in tumour growth, with
one mouse remaining tumour free to day 70. Therefore, although monomannosylation
was found to be as effective as dimannosylation at targeting mannose-associated
internalisation by murine APC, dimannosylation showed enhanced functionality in vivo.
Analysis of the effect of mannosylation on in vivo cytotoxic responses to VLP
vaccination indicated no enhanced functionality of VLP upon mannosylation, however
the tumour trial indicated that dimannosylation can substantially enhance tumour
efficacy. The in vivo cytotoxic experiment involved two prophylactic vaccinations,
while the tumour trial involved only one shot of the VLP vaccine given therapeutically.
It would be interesting to determine whether the lack of a difference between VLP and
mannosylated VLP seen in the in vivo cytotoxic experiment is due to the vaccination
scheme leading to a maximised immune, and if a suboptimal vaccination scheme would
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allow a differentiation of the treatments. Furthermore, therapeutic vaccination in a
tumour trial setting relies on the rapid generation of an immune response before the
tumour grows to a mass that is beyond the control of the immune system. Therefore, it
would be interesting to investigate whether the enhanced rate of internalisation of
mannosylated VLP may be more beneficial in a therapeutic setting compared to a
prophylactic trial such as the in vivo cytotoxicity experiment.
Some of the mice that were treated with monomannosylated and dimannosylated
VLP.gp100-2L demonstrated localised vitiligo at the site of vaccination (Appendix 4).
Vitiligo refers to the autoimmune destruction of melanocytes, a number have groups
have shown that shown melanoma-associated vitiligo is often a favourable indication
for melanoma patients [316-319]. Moreover, an increase in the incidence of vitiligo has
been reported after the administration of some immunotherapies that drive T cell
responses to melanoma [316, 320-322]. Therefore, the localised response noted in the
tumour free mice, is another confirmation of the ability of mannosylated VLP.gp100-2L
to initiate gp100-specific immunity.
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Figure 4.22 Mannosylation of VLP extends the survival of tumour bearing mice in a
therapeutic setting
(A) Vaccination strategy. Mice were challenged with a SC B16.gp33 tumour (5 x 105). On day 7
mice were vaccinated SC with 25 µg of CpG plus either PBS, or 100 mg of VP60 or
mannosylated and non-mannosylated VLP.gp33 (B,C) or VLP.gp100-2L (D,E). The graphs
depict the (B,D) mean tumour growth rate or (C,E) survival proportions of two independent
tumour trials with five mice per group in each experiment (n=10). The figure legend to the right
of (C) applies to graphs (B,C) and the legend to the right of (E) applies to graphs (E,F).
Statistical analyses to the right of the legends apply to the graphs showing percentage survival
(C,E). Significance was determined using a Log-rank (Mantel-Cox) test, *** p < 0.001, **p <
0.01, *p < 0.05, NS = Non-significant. Additionally, all VLP.gp100-2L and VLP.gp33
treatment groups induced significant survival compared to the PBS control group (p < 0.001).
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4.2.10

Enhanced functionality of RHDV VLP translates to a

human APC
DC and macrophages are the main professional APC involved in presentation of
antigens to cytotoxic T cells. Thus, human monocyte-derived DC and macrophages
were generated and used to determine if the enhanced functionality of monomannoseand dimannose-VLP would translate into a human system. Monocyte-derived DC and
macrophages were pulsed with the different DyLight labelled VLP and binding (4 ˚C)
and internalisation (37 ˚C) of VLP to both cell types was analysed by flow cytometry,
after 1, 4 and 24 h (Figure 4.23). The MFI of DyLight-VLP was found to be
significantly higher for monomannose-VLP and dimannose-VLP compared to
unmodified-VLP at both 4 ˚C (Figure 4.23A,C) and 37 ˚C (Figure 4.23B,D) at all three
time points. This enhanced functionality was especially apparent with DC, which after
24 h at 37 ˚C showed a 1.8-fold increase in the MFI of monomannose-VLP compared to
VLP, and a 3-fold increase in the MFI of dimannose-VLP (Figure 4.23A,B). This
indicates that mannosylation leads to enhanced association and internalisation of VLP
by human macrophages and DC, suggesting that mannosylation of VLP could lead to
augmented immune responses in a human system.
Similar to the trend seen in murine APC (Figure 4.15), monocyte-derived DC and
macrophages were pre-treated with 3 mg mL-1 of mannan to confirm the role of
mannose in the observed binding and internalisation (Figure 4.24). Mannan treatment
significantly reduced the binding (Figure 4.24A,C) and internalisation (Figure 4.24B,D)
of monomannose- and dimannose-VLP by both APC. This confirms the role of
mannose recognition in the enhanced uptake of mannosylated VLP in human monocytederived DC and macrophages.
As with murine DC and macrophages, monomannosylation of VLP significantly
enhanced VLP internalisation by human APC. However, unlike murine APC (Figure
4.14), human DC and macrophages bound and internalised dimannose-VLP more
efficiently than monomannose-VLP (Figure 4.23). At 4 and 24 hours, the binding and
uptake of dimannose-VLP by human DC (Figure 4.23A,B) and binding by human
macrophages (Figure 4.23C) were found to be significantly higher than that of
monomannose-VLP (p < 0.01). Differences in the binding affinities of human and
mouse APC to mannosides has been previously noted by White et al. [299] and can by
explained by variations in the expression of the different C-type lectins. Another
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possible explanation is variations within C-type lectin carbohydrate recognition
domains. For instance, each of the eight carbohydrate recognition domains of CD206
have been found to have 8-24% sequence divergence between the species [298, 323].
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4.2.11

Summary

This chapter has reported the synthesis of a monomannoside and a novel 1,2-α-linked
dimannoside, both of which contain an NHS ester allowing conjugation to free lysines
at a near neutral pH. Following mannoside conjugation, the VLP retain structural
integrity and have up to 270 copies of both mannosides on the surface (P domain) of
each particle. These simple mannosides led to amplified mannose-specific binding and
internalisation of RHDV VLP by murine DC macrophages and B cells as well as human
DC and macrophages in vitro. Unexpectedly, monomannosylation of RHDV VLP was
at least as effective as dimannosylation at facilitating mannose-specific internalisation
of VLP by most APC, although dimannosylated VLP displayed enhanced functionality
in the case of human DC. The effectiveness of monomannose is likely due to the
particulate framework of RHDV VLP, allowing the presentation of simple mannosides
as branched carbohydrates. Although differences in the binding of mannosylated VLP
to human and murine APC were observed, both the monomannoside and the
dimannoside were found to significantly augment VLP internalisation in both species.
Analysis of the immune response to mannosylated VLP indicated no change in the
inability of VLP to activate DC, and thus mannosylated VLP were not self-adjuvanting.
However, mannose-specific internalisation of RHDV VLP by DC did provide an
alternate route of cross-presentation of both monomannosylated and dimannosylated
VLP, involving processing in the cytosol. Although the immune response to VLP.SIIN
in vitro, was reduced following mannosylation, this seems to be a SIINFEKL-specific
trend, most probably attributable to modification of the SIINFEKL epitope. In vivo
analysis on the effect of mannosylation on the functionality of the more relevant
VLP.gp33 and VLP.gp100-2L indicated that dimannosylation enhanced anti-tumour
efficacy. Overall, this demonstrated that the conjugation of mannosides to VLP results
in an augmented targeting and delivery system for antigen delivery, facilitating an
increase in the efficacy of VLP as vaccination vectors for tumour immunotherapy.
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5 Conclusions and Future Directions
Due to the versatility of VLP, VLP based vaccinations are showing promising results as
both prophylactic vaccines targeting the prevention of communicable diseases, and
therapeutic vaccines for the treatment of communicable diseases and noncommunicable conditions such as autoimmunity and cancer. This research focuses the
use of VLP as a vector for the delivery of TAA in tumour immunotherapies, as a
number of VLP based tumour immunotherapies are currently in clinical and pre-clinical
trials. This research aimed to enhance the functionality of RHDV VLP based tumour
immunotherapy. Previous work has demonstrated that enhancing activation of innate
immunity, through the incorporation of adjuvants, can augment the functionality of
RHDV VLP. McKee et al. and Pelham et al. have shown that creating a VLP/adjuvant
complex, through surface association or chemical conjugation of adjuvants to RHDV
VLP, can enhance the anti-tumour response to VLP vaccines [63, 111]. Conversely, this
research looked to target an enhanced adaptive immune response to RHDV VLP based
tumour immunotherapy by improving antigen internalisation and processing by APC.
This research focused on three methods of enhancing VLP functionality; increasing
antigen loading within individual particles, enhancing antigen processing and
presentation by including linker sequences between antigenic epitopes and targeting
mannose specific internalisation of VLP to enhance VLP internalisation and processing.
Antigen loading
The results of this research indicate that doubling the antigen loading on RHDV VLP
can lead to enhanced functionality, but that the addition of too much antigenic material
can hinder particle formation and have negative effects on the immune response to VLP
vaccination. To further study differences in the structure of the different recombinant
VLP, techniques such as dynamic light scattering can be used to compare the size of
particles and cryo-electron microscopy can provide a better resolution of VLP structure
and stability. As VLP.gp100-1 did not initiate any immune responses, the observed
difference in functionality in vitro between VLP.gp100-1 and VLP.gp100-2 may be
partially due to inadequate processing of the gp100 epitope at the C-terminal GGS
linker sequence. Therefore, in order to confirm these results new VLP.gp100-1 and
VLP.gp100-2 constructs would need to be engineered containing the ALL linker instead
of (or in addition to) GGS, to facilitate processing of gp100. Furthermore, testing the
effect of antigen dose on the processing of other TAA such as the cancer testis antigens
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NY-ESO-1, LAGE-1, MAGE-A3 and PRAME [324], would provide a method to
further confirm of the observed results. Cancer testis antigens are highly tissue
restricted antigens that are immunogenic in cancer patients and are promising TAA for
cancer vaccines. They are expressed in a number of cancer types including melanoma,
sarcoma, lung cancer, breast cancer and prostate cancer [325, 326], and as such can be
used to target a number of different types of cancer.
Other methods by which antigen dose can be modified include increasing the total
amount of VLP administered in one vaccination and increasing the number of
vaccinations administered. Both of these methods have been demonstrated by others to
influence the immune response upon vaccination [220-224], hence research is currently
underway to titrate VLP.gp100 and determine the optimal vaccination scheme for
VLP.gp100 in a therapeutic murine melanoma model. However, increasing VLP
vaccine concentration and delivering booster vaccinations both involve the use of more
VLP, potentially increasing the cost of vaccination. Conversely, enhancing antigenic
dose through the incorporation of multiple tandem copies of an antigen provides a
method by which the total amount of protein (and thus the VLP synthesis costs) can be
minimised while maximising the immune response upon vaccination.
Linker sequences
The incorporation of optimised sequence-specific linkers between antigenic epitopes
was found to further enhance the antigen-specific immune responses, as indicated by
augmented anti-tumour functionality in vivo. These results indicate that to facilitate
epitope processing and ensure optimal immune responses to antigenic epitopes, it is
important to optimise the antigen flanking amino acids. A number of other methods of
improving tumour immunotherapy also involve the use of multiple antigenic epitopes
and as such, would potentially benefit from the use of linker sequences to drive the
correct processing of antigenic epitopes. An example includes the incorporation of
MHC-II restricted epitopes as well as MHC-I epitopes within a VLP vaccine, to
facilitate the activation of TH1 cells, which have been shown to play an important role
in the generation and survival of cytotoxic T cells, and thus are thought to be essential
for the activation of effective cell-mediated immunity [327, 328]. Peacey et al.
demonstrated with the ovalbumin model system that the conjugation of the MHC-I
restricted ovalbumin epitope SIINFEKL and the MHC-II restricted epitope
(ISQAVHAAHAEINEAGR) to RHDV VLP, leads to delayed tumour growth compared
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to SIINFEKL alone [188]. Therefore, the immune response to VLP.gp100 could
potentially be further enhanced through the addition of an MHC-II restricted gp100
epitope to facilitate the activation of TH1 cells. Furthermore, as tumours are
heterogeneous, with variable expression of TAAs throughout the tumour [329, 330], the
use of multiple TAA targets within one VLP vaccination may reduce the risk of tumour
re-establishment of a resistant subpopulation. As such, the incorporation MART1/Melan-A and/or tyrosinase epitopes into VLP.gp100, with optimised linker sequences
between epitopes could enhance its anti-melanoma functionality. Moreover, multiepitope VLP with linker sequences could also be designed expressing epitopes from
multiple cancer testis antigens (e.g. NY-ESO-1, LAGE-1, MAGE-A3 and PRAME).
Mannose specific internalisation
To target mannose-specific internalisation of VLP, a monomannoside and a
dimannoside were synthesised, and both were successfully conjugated to RHDV VLP.
Both monomannosylation and dimannosylation were found to enhance VLP
internalisation by key murine and human APC and alter antigen processing in murine
DC. Although monomannosylation was found to be at least as effective as
dimannosylation at enhancing VLP uptake by murine APC, dimannose-VLP display
enhanced functionality in vivo, with superior anti-tumour efficacy. Furthermore,
dimannosylation was found to be better at enhancing uptake in human APC. As
receptors showing affinity for mannosylated ligands are known to prefer more complex
mannosides, and dimannosylation was found to be better than monomannosylation in
murine therapeutic tumour trials and human APC uptake assays, this response could
potentially be further enhanced by utilising a more complex mannoside. A trimannoside
is currently being synthesised in the Larsen Laboratory (Department of Chemistry,
University of Otago) to test this. Additionally, more complex mannoside, such as a
trimannoside, could potentially activate lectin PRR, such as CD206 and DC-SIGN,
leading to the formation of a self-adjuvanting VLP, which could license APC without
the addition of adjuvant.
Mannosylation of VLP with both the monomannoside and dimannoside was found to
alter cross-presentation by murine APC. The use of techniques such as confocal
microscopy and differential isolation of cell compartments could further elucidate the
processing of mannosylated VLP [41, 331]. Moreover, it would be interesting to
determine if this altered processing also occurs in human APC. Additionally, the use of
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VLP expressing a human TAA such as Melan-A/MART-1 and antigen specific human
T cells would allow an in vitro estimation of the effect of mannosylation on human
CD8+ T cell activation, proliferation and cytotoxicity [41].
There are many different DC, macrophage and B cell subsets, all of which play different
roles in the immune system. Murine DC subsets include, lymphoid resident DC, such as
CD4+ DC, CD8α+ DC and CD8α−CD4− DC, migratory DC, such as langerin cells,
CD103+ dermal DC and CD11b+ dermal DC [112]. The different subsets are know to
have variable expression of cell surface markers such as C-type lectins, and vary in their
ability to cross-present antigen and generate effective CTL based immune responses
[112, 113]. CD8α+ DC are generally thought to be the major cross-presenting DC, while
other DC such as the CD4+ DC are considered weak cross-presenters [112, 113, 116].
Additionally, macrophages have a number of different subtypes that express different
cell surface markers and play very different roles. M1 macrophages mediate defence of
the host from pathogens such as bacteria and viruses, and mediate anti-tumour immune
responses, while M2 macrophages have an anti-inflammatory function and regulate
wound healing [332]. Li et al. have demonstrated that in vivo RHDV VLP is primarily
internalised by DC, with only low levels of internalisation of VLP by B cells and
macrophages [117]. Moreover, CD8α+ and CD8α- DC subsets were all able to
internalise and cross-present VLP in vivo and in vitro to stimulate CD8+ T cells [117].
The paper also demonstrated that in vivo depletion of Langerin+ DC leads to a reduction
in the cytotoxic response to a VLP vaccine, indicating that these cells play a vital role in
the generation of cytotoxic effector cells [117]. Therefore, it would be interesting to
determine if mannosylation of VLP leads to enhanced internalisation of VLP by
macrophages and B cells in vivo, and if there is a change in the subsets of the different
APC that internalise mannosylated VLP in vivo. A variation in the populations and
subsets of APC that internalise monomannose-VLP and dimannose-VLP could lead to a
change in the amount of VLP internalised by cross-presenting APC capable of
generating cytotoxic effector cells, and consequently a change in the immune response
generated. Thus, a difference in VLP internalising APC populations could explain the
fact that although monomannose-VLP is internalised by APC at least as efficiently as
dimannose-VLP in vitro, dimannose-VLP displayed enhanced functionality in vivo.
Moreover, analysis of VLP internalisation by human peripheral blood APC could be
used to identify the subsets of APC that would internalise mannosylated VLP in a
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human system. This would provide further insight into the effect of mannosylation on
the functionality of RHDV VLP in humans.

Combination therapy is another way by which the immune response to RHDV VLP
based cancer immunotherapy can be augmented. Vaccination based immunotherapies,
such as the RHDV VLP vaccines studied in this thesis, function by presenting TAA to
the immune system, leading to the induction of tumour-reactive CD8+ T cells. However,
in order to generate effective adaptive immune responses these vaccines must overcome
the suppressive nature of the tumour microenvironment. As such, the addition of other
therapies can assist in overcoming the immunosuppressive tumour microenvironment.
One example is the use of checkpoint blockade, a class of tumour therapy that utilises
antibodies to neutralise immune checkpoint signalling. Anti-CTLA-4 and anti-PD-1
antibodies are two promising candidates. The target molecules (CTLA-4 and PD-1) are
molecules that negatively regulate T cell function and the use of these therapies has
been shown to induce tumour regression [333-335]. Furthermore, anti-CTLA-4 therapy
has been shown to enhance the efficacy of a gp100 peptide based vaccination, leading
to enhanced survival of late stage melanoma patients [335].
This research has moved away from the commonly used murine model systems and
instead utilised a more clinically relevant tumour-associated antigen, gp100. Previous
research has demonstrated that incorporation of antigenic peptide onto VLP can induce
enhanced peptide specific immune responses [48]. This research has shown, using the
gp100 murine model, that these immune responses can be enhanced by doubling the
antigenic loading on each VLP and by incorporating linker sequences between antigenic
epitopes to enhance antigen processing. Thus providing data to support the hypothesis
that increasing the number of TAA delivered within one VLP and including optimised
linker sequences to target proper cleavage of individual antigens, will lead to enhanced
antigen presentation and anti-tumour immunity. Furthermore, this response was further
augmented by targeting mannose specific internalisation of VLP by different APC,
proving the hypothesis that modifying the surface of RHDV VLP to target receptormediated internalisation will augment VLP internalisation and provide an alternate
pathway of cross-presentation, enhancing antigen presentation and anti-tumour
immunity. Mannosylated VLP.gp100-2L that combine the three avenues of research,
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were found to be effective tumour immunotherapies capable of significantly delaying
the growth of murine melanoma. As the gp100 epitope used in this study was the human
version of the epitope, mannosylated VLP.gp100 could be tested in a human system to
determine if the observed enhanced internalisation of mannosylated VLP by human
APC is followed be a corresponding amplification of T cell activation and proliferation.
Therefore, as well as showing promise an augmented vaccination vector for tumour
immunotherapy in a murine model, VLP generated in this study has can be utilised to
push RHDV VLP development closer to clinical trials.
If all three modifications are found to enhance immune responses in human cells, they
can be readily included in a commercial vaccine. Both the inclusion of multiple epitope
copies within a VLP and linker sequences between epitopes involved the generation of
new recombinant baculovirus constructs capable of producing the modified VLP.
However, once the modified baculovirus inoculum (VLP.gp100-2L) is generated, the
process of VLP synthesis and purification remains the same as with the other VLP
constructs. Moreover, large-scale production of VLP can be readily achieved through
the use of larger cell culture systems, as illustrated by the baculovirus-expressed VLP in
clinical use, or clinical trials (Table 1.1). However, it is notable that the inclusion of too
much antigenic material within the VLP capsid seems to interfere with VLP stability.
As such, the inter-capsid space may be better utilised with the inclusion of other
epitopes, such as MHC-II restricted epitopes to facilitate the activation of TH1 cells or
other MHC-I epitopes to reduce the risk of tumour re-establishment of a resistant
subpopulation. Unlike the previous modifications, mannosylation would be more
difficult to scale-up, as it would require the large-scale synthesis of the mannosides, as
well as the conjugation of mannosides to each batch of VLP. However, a number of
complex carbohydrate drugs have been produced synthetically to good manufacturing
process-grade, in large-scale (reviewed in [336]). Furthermore, GlycoSyn, a New
Zealand based corporation, has expertise in the large-scale production of carbohydrates
to good manufacturing process-grade. Additionally, a number of promising VLP in
clinical trials are VLP-conjugates, for example bacteriophage Qβ has been conjugated
to antigens such as Melan-A/Mart-1, Angiotensin II and IL-1β [38-40]. Therefore, the
synthesis of VLP with all three modifications is amenable to large-scale production of
good manufacturing process-grade VLP [337].
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7 Appendix 1: Recipes
7.1 Engineering of Recombinant RHDV VLP
Luria-Bertani (LB) agar plates
10 g

Bactotryptone

5g

Bacto yeast extract

5g

NaCl

15 g

Bacteriological agar

Make up to 1000 mL with distilled water then autoclave. Cool broth to 50 ˚C, add
antibiotics then pour into petri dishes. Leave to set and dry overnight at 37 ˚C before
storage at 4 ˚C.
Luria broth (LB)
10 g

Bactotryptone

5g

Bacto yeast extract

5g

NaCl

Make up to 1000 mL with distilled water then autoclave. Store at 4 ˚C.

7.1.1 DNA electrophoresis
50 x Tris-acetate (TAE) buffer
242 g

Tris base

57 mL

Glacial acetic acid

100 mL

0.5 M Ethylenediaminetetraacetic acid (EDTA) pH 8

Make up to 1000 mL with distilled water.
Agarose Gel
800 µL

50x TAE stock solution

40 mL

distilled water

0.4 g (1% gel) or 0.6 g (1.5% gel)

DNA grade agarose (Progen)

Microwave all ingredients until melted and completely dissolved. Cool slightly under
tap water, pour into gel and allow 30 min to set.
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10x Loading dye
25 mg

Bromophenol blue

2.5 g

Ficoll-400

Make up to 10 mL with distilled water

7.1.2 Preparation of calcium chloride competent cells
Transformation buffer I
0.3 g

KCH3CO

0.15 g

CaCl2

1.0 g

MgCl2

1.21 g

RbCl

15 mL

Glycerol

Adjust to pH 5.6 with acetic acid, make up to 100 mL with Milli-Q water, then filter
sterilize.
Transformation buffer II
0.2 g

3-propanesulfonic acid (MOPS)

1.1 g

CaCl

0.12 g

RbCl

15 mL

Glycerol

Adjust to pH 6.5 with 1 M potassium hydroxide, make up to 100 mL with Milli-Q water,
then filter sterilize.

7.1.3 Insect cell culture
Trypan blue
0.5 g

Trypan blue

Make up to 10 mL with Milli-Q water then filter sterilise.
3% SeaPlaque agarose
Dissolve 1.5 g SeaPlaque agarose in 50 mL of Milli-Q water and autoclave. Store at
4 ˚C.
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7.2 Production and Purification of RHDV VLP
Insect phosphate buffered saline (iPBS) pH6.2
0.14 g

Na2HPO4

1.43 g

KH2PO4

8.18 g

NaCl

2.98 g

KCl

Make up in 1 L with distilled water then autoclave.
CsCl gradient
1.4 g/cm3 CsCl

1.2 g/cm3 CsCl

6.15 g

CsCl

2.86 g CsCl

10 ml

Milli-Q water

10 ml Milli-Q water

Filter sterilise.
Coupling phosphate buffered saline (cPBS) pH 7.3
5.2 g

NaH2PO4.2H2O

23.66 g

Na2HPO4

17.54 g

NaCl

Make up in 1 L with distilled water, then autoclave.

7.3 Analysis of RHDV VLP
7.3.1 SDS-PAGE electrophoresis
2x SDS-PAGE sample buffer
500 µL

10% SDS

100 µL

2-mercaptoethanol

200 µL

Glycerol

120 µL

Tris-HCl (1M, pH 6.8)

10 µL

1% Bromophenol blue

70 µL

Milli-Q water

Mix 1:1 with sample dilution and boil for 5 minutes.
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Resolving gel buffer
0.4 g

SDS

18.2 g

Tris base

70 mL

Milli-Q water

Adjust pH to 8.8 with HCl then bring volume to 100 mL with Milli-Q water.
Stacking gel buffer
0.4 g

SDS

6.04 g

Tris base

70 mL

Milli-Q water

Adjust pH to 6.8 with HCl then bring volume to 100 mL with Milli-Q water.
10% Resolving gel
1.9 mL

40% Acrylamide

1.9 mL

Resolving buffer

3.8 mL

Milli-Q water

37.5 µl

10% Ammonium persulphate

7.5 µl

TEMED

Mix the first three ingredients before adding the polymerizing agents.
12.5% Resolving gel
2.3 mL

40% Acrylamide

1.9 mL

Resolving buffer

3.3 mL

Milli-Q water

37.5 µl

10% Ammonium persulphate

7.5 µl

TEMED

Mix the first three ingredients before adding the polymerizing agents.
4% Stacking gel
0.25 ml

40% acrylamide

1.25 ml

Stacking buffer

1 ml MilliQ

water

17.5 µl

10% Ammonium persulfate

3.5 µl

TEMED

Mix the first three ingredients before adding the polymerizing agents.
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10x Electrophoresis buffer
144 g

Glycine

30 g

Tris base

10 g

SDS

Bring volume to 1000 ml with distilled water.
Dilute 1:10 with distilled water for use.
Coomassie blue
1.25 g

Coomassie Brilliant Blue G-250

225 mL

Methanol

45 mL

Acetic acid

230 mL

Milli-Q water

Filter through Whatman No 1 paper.
Destain solution
100 mL

Methanol

100 mL

Acetic acid

800 mL

Distilled water

7.3.2 Western and Lectin blotting
Anode buffer 1 (pH 10.4)
36 g

Tris base

100 mL

Methanol

Make up to 1 L with distilled water.
Anode buffer 2
3.03 g

Tris base

100 mL

Methanol

Make up to 1 L with distilled water.
Cathode buffer (pH 9.4)
3.03 g

Tris base

3g

Glycine

100 mL

Methanol

Make up to 1 L with distilled water.
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10x Modified Tris-buffered saline (mTBS)
24.2 g

Tris base

87.7 g

NaCl

0.37 g

CaCl2.2H2O

0.49 g

MnCl2.4H2O

700 mL

Distilled water

Adjust to pH 7.5 with HCl, bring volume to 1 L with distilled water then autoclave.
Dilute 1:10 with distilled water for use.
TBS-T
50 mL

10x TBS

450 µL

Tween 20

Make up to 500 ml with Milli-Q water.

7.4 pH stability of RHDV VLP
Borate buffered saline (BBS)
Solution A (0.2 M Boric acid)

Solution B (0.05 M borax)

12.4 g

Boric acid

19.07 g

Borax

9.35 g

NaCl

9.35 g

NaCl

Bring up to 1000 ml with distilled water.

Bring up to 1000 ml with distilled water.

Mix Solution A: Solution B at a ratio of 1:10.
Adjust the pH by addition of either Solution A or B to pH 8.
Autoclave.
Coupling carbonate-bicarbonate buffer (pH 9.5)
Solution A (1 M sodium carbonate)

Solution B (1 M sodium bicarbonate)

10.6 g

Na2CO3

8.4 g

NaHCO3

100 ml

Distilled water

100 ml

Distilled water

Titrate Solution B with Solution A until pH 9.5.
Filter sterilise.
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Deacetylation carbonate-bicarbonate buffer (pH 10)
Solution A (0.2 M sodium carbonate)

Solution B (0.2 M sodium bicarbonate)

21.2 g

Na2CO3

16.8 g

NaHCO3

1000 ml

Distilled water

1000 ml

Distilled water

Mix Solution A with Solution B at a ratio of 11:9.
Adjust the pH by addition of either Solution A or B to pH 10.
Autoclave

7.5 Immunological Assays
RBC lysis buffer (Ammonium chloride)
4.15 g

NH4Cl

0.5 g

KHCO3

0.0186 g

EDTA

Make up to 500 mL with distilled water then filter sterilize.
Complete Iscove’s Modified Dulbeccos’s medium (cIMDM)
500 mL

IMDM

500 µL

5.5x10-2 M 2-mercaptoethanol

10x Phosphate buffered saline (PBS)
160 g

NaCl

4g

KCl

22.7 g

Na2HPO4

4g

KH2PO4

Make up to 2 L with distilled water.
FACS Buffer
0.1 g

Sodium azide

1g

BSA

Make up to 1 L with 1 x PBS.
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Alsever’s solution
20.5 g

Dextrose (D-glucose)

4.2 g

NaCl

8.0 g

Na Citrate

Make up to 1 L with Milli-Q water.

7.5.1 MACS buffers
MACS buffer (pH 7.2)
29.2 g

EDTA

0.25 g

BSA

Make up to 50 mL in Dulbecco’s PBS (DPBS)
Running buffer
29.2 g EDTA
Make up to 50 mL in DPBS

7.5.2 ELISA buffers
Coating buffer
0.42 g

NaHCO3

Made up to 50 mL in distilled water.
Wash buffer
20 mL

10x PBS

1 mL

Tween 20

Make up to 2 L with distilled water.
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8 Appendix 2: Antibody Compendium
Antigen

Clone

Label

Supplier

Flow cytometry antibodies
Mouse
B220

RA3-6B2

FITC

BioLegend

CD11c

N418

PE

BioLegend

CD11c

N418

APC

BioLegend

CD3

17A2

PerCP/Cy5.5

BioLegend

CD40

3123

PECy7

BioLegend

CD49b

DX5

PE

BD Pharmingen

CD86

GL-1

PE

BioLegend

F4/80

BM8

PE

BioLegend

H-2K bound to
SIINFEKL

25-DI.16

PE

I-A/I-E

M5/114.15.2

FITC

BioLegend

TCR Vα2

B20.1

FITC

BioLegend

TCR Vβ5.1

MR9-4

APC

BioLegend

CD11c

3.9

PE

BioLegend

CD64

10.1

PE

BioLegend

Mouse IFN-γ

R4-6A2

Purified

BD Pharmingen

Mouse IFN-γ

XMG1.2

Biotinylated

BD Pharmingen

b

BioLegend

Human

ELISA antibodies
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9 Appendix 3: Mass Spectrometric Results
9.1 Confirmation of VLP.gp100 generation
Mascot Search Results: 14102_Seq1

26/08/14 10:51 pm

MASCOT Search Results

9.1.1
VLP.gp100-1
Protein View: 14102_Seq1
(Seq1_14102) Hgp100-1.VP60
Database:
UserDB
Score:
1155
Nominal mass (Mr): 61399
Calculated pI:

5.15

Sequence similarity is available as an NCBI BLAST search of 14102_Seq1 against nr.

Search parameters
MS data file:
Enzyme:

14102_Tryptic_B1.txt

Trypsin: cuts C-term side of KR unless next residue is P.

Variable modifications: Carbamidomethyl (C), Deamidated (NQ), Oxidation (M)

Protein sequence coverage: 32%
Matched peptides shown in bold red.
1 MKVPRNQDWL GGSEGKARAA PQGEAAGTAT TASVPGTTTD GMDPGVVATT
51 SVITAENSSA SIATAGIGGP PQQVDQQETW RTNFYYNDVF TWSVADAPGS
101 ILYTVQHSPQ NNPFTAVLSQ MYAGWAGGMQ FRFIVAGSGV FGGRLVAAVI
151 PPGIEIGPGL EVRQFPHVVI DARSLEPVTI TMPDLRPNMY HPTGDPGLVP
201 TLVLSVYNNL INPFGGSTSA IQVTVETRPS EDFEFVMIRA PSSKTVDSIS
251 PAGLLTTPVL TGVGNDNRWN GQIVGLQPVP GGFSTCNRHW NLNGSTYGWS
301 SPRFADIDHR KGSASYTGSN ATNVLQFWYA NAGSAIDNPI SQVAPDGFPD
351 MSFVPFNGPG IPAAGWVGFG AIWNSNSGAP NVTTVQAYEL GFATGAPGNL
401 QPTTNTSGAQ AVAKSIYAVV TGTAQNPAGL FVMASGIIST PNASAITYTP
451 QPDRIVTTPG TPAAAPVGKN TPIMFASVVR RTGDVNATAG SVNGTQYGTG
501Search
SQPLPVTIGL
SLNNYSSALM
Mascot
Results: 14102_Seq1

PGQFFVWQLT FASGFMEIGL SVDGYFYAGT

26/08/14 10:51 pm

551 GASTTLIDLT GLIDVRPVGP RPSKSTLVFN LGGTANGFSY V
Show predicted peptides also

Unformatted sequence string: 591 residues (for pasting into other applications).

Query Start – End Observed Mr(expt) Mr(calc) ppm
Sort peptides by
Residue Number
Increasing Mass
1
1
–5
646.3787 645.3714 645.3632 12.8
8
133 – 144 1166.6455 1165.6382 1165.6244 11.8
29 145 – 163 1900.1571 1899.1498 1899.1193 16.1
file:///Users/FAB/Downloads/CPR%20Job%2014102/14102_B1_Tryptic_UserDB_SeqCov.htm
9
164 – 173 1181.6603 1180.6530 1180.6353 15.0
35 245 – 268 2397.2883 2396.2810 2396.2547 11.0
33 269 – 288 2187.0981 2186.0908 2186.0691 9.92
34 269 – 288 2187.1191 2186.1118 2186.0691 19.5
24 289 – 303 1762.8207 1761.8134 1761.7859 15.6
7
304 – 310 873.4289 872.4216 872.4141 8.66
36 415 – 454 4096.1626 4095.1553 4095.0623 22.7
17 455 – 469 1379.8073 1378.8000 1378.7820 13.1
13 470 – 480 1234.6763 1233.6690 1233.6540 12.2
14 470 – 480 1250.6766 1249.6693 1249.6489 16.3
23 575 – 591 1747.8608 1746.8535 1746.8465 4.03

M Score Expect
Rank
U
Peptide
Decreasing Mass
1 25
0.0087 1Score > 16 indicates identity U -.MKVPR.N + Oxidation (M)
0 87
6.8e-09 1Score > 17 indicates identity U R.FIVAGSGVFGGR.L
0 159 2.9e-16 1Score > 16 indicates identity U R.LVAAVIPPGIEIGPGLEVR.Q
0 87
5.8e-09 1Score > 17 indicates identity U R.QFPHVVIDAR.S
0 225 1.5e-22 1Score > 20 indicates identity U K.TVDSISPAGLLTTPVLTGVGNDNR.W
0 103 2.1e-10 1Score > 19 indicates identity U R.WNGQIVGLQPVPGGFSTCNR.H + Carbamidomethyl (C)
0 142 3.3e-14 1Score > 19 indicates identity U R.WNGQIVGLQPVPGGFSTCNR.H + Carbamidomethyl (C)
0 120 5.7e-12 1Score > 20 indicates identity U R.HWNLNGSTYGWSSPR.F + Deamidated (NQ)
0 44
0.0001 1Score > 17 indicates identity U R.FADIDHR.K
0 75
1.4e-07 1Score > 19 indicates identity U K.SIYAVVTGTAQNPAGLFVMASGIISTPNASAITYTPQPDR.I + Oxidation (M)
0 100 2.6e-10 1Score > 16 indicates identity U R.IVTTPGTPAAAPVGK.N
0 76
5.7e-08 1Score > 16 indicates identity U K.NTPIMFASVVR.R
0 49
3.7e-05 1Score > 17 indicates identity U K.NTPIMFASVVR.R + Oxidation (M)
0 94
2.1e-09 1Score > 19 indicates identity U K.STLVFNLGGTANGFSYV.- + Deamidated (NQ)

Page 1 of 2

Error distribution

Mascot: http://www.matrixscience.com/

file:///Users/FAB/Downloads/CPR%20Job%2014102/14102_B1_Tryptic_UserDB_SeqCov.htm
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Mascot Search Results: 14102_Seq2

26/08/14 10:57 pm

9.1.2 VLP.gp100-2
MASCOT Search Results
Protein View: 14102_Seq2
(Seq2_14102) Hgp100-2.VP60
Database:
UserDB
Score:
918
Nominal mass (Mr): 62535
Calculated pI:

5.28

Sequence similarity is available as an NCBI BLAST search of 14102_Seq2 against nr.

Search parameters
MS data file:
Enzyme:

14102_Tryptic_B2.txt

Trypsin: cuts C-term side of KR unless next residue is P.

Variable modifications: Carbamidomethyl (C), Deamidated (NQ), Oxidation (M)

Protein sequence coverage: 29%
Matched peptides shown in bold red.
1 MKVPRNQDWL KVPRNQDWLG GSEGKARAAP QGEAAGTATT ASVPGTTTDG
51 MDPGVVATTS VITAENSSAS IATAGIGGPP QQVDQQETWR TNFYYNDVFT
101 WSVADAPGSI LYTVQHSPQN NPFTAVLSQM YAGWAGGMQF RFIVAGSGVF
151 GGRLVAAVIP PGIEIGPGLE VRQFPHVVID ARSLEPVTIT MPDLRPNMYH
201 PTGDPGLVPT LVLSVYNNLI NPFGGSTSAI QVTVETRPSE DFEFVMIRAP
251 SSKTVDSISP AGLLTTPVLT GVGNDNRWNG QIVGLQPVPG GFSTCNRHWN
301 LNGSTYGWSS PRFADIDHRK GSASYTGSNA TNVLQFWYAN AGSAIDNPIS
351 QVAPDGFPDM SFVPFNGPGI PAAGWVGFGA IWNSNSGAPN VTTVQAYELG
401 FATGAPGNLQ PTTNTSGAQA VAKSIYAVVT GTAQNPAGLF VMASGIISTP
451 NASAITYTPQ PDRIVTTPGT PAAAPVGKNT PIMFASVVRR TGDVNATAGS
Mascot Search Results: 14102_Seq2

26/08/14 10:57 pm

501 VNGTQYGTGS QPLPVTIGLS LNNYSSALMP GQFFVWQLTF ASGFMEIGLS
551 VDGYFYAGTG ASTTLIDLTG LIDVRPVGPR PSKSTLVFNL GGTANGFSYV
Show predicted peptides also

Unformatted sequence string: 600 residues (for pasting into other applications).
Query Start – End Observed Mr(expt) Mr(calc) ppm M Score Expect
Rank
U
Sort
by
Number
Mass 1Score > 18 indicates identity U R.NQDWLK.V
8 peptides
6
– 11 Residue
803.4229
802.4156Increasing
802.3973Mass
22.8 0Decreasing
32
0.0023

16 142 – 153 1166.6565 1165.6492 1165.6244 21.3
33 154 – 172 1900.1598 1899.1525 1899.1193 17.5
file:///Users/FAB/Downloads/CPR%20Job%2014102/14102_B2_Tryptic_UserDB_SeqCov.htm
17 173 – 182 1181.6678 1180.6605 1180.6353 21.4
36 254 – 277 2397.2927 2396.2854 2396.2547 12.8
30 298 – 312 1762.8246 1761.8173 1761.7859 17.8
14 313 – 319 873.4392 872.4319 872.4141 20.5
15 313 – 320 1001.5317 1000.5244 1000.5090 15.4
37 424 – 463 4096.1343 4095.1270 4095.0623 15.8
25 464 – 478 1379.8036 1378.7963 1378.7820 10.4
26 464 – 478 1379.8107 1378.8034 1378.7820 15.5
21 479 – 489 1234.6730 1233.6657 1233.6540 9.52
22 479 – 489 1250.6816 1249.6743 1249.6489 20.3
29 584 – 600 1747.8672 1746.8599 1746.8465 7.70

0
0
0
0
0
0
1
0
0
0
0
0
0

85
163
82
196
120
42
27
77
61
98
44
44
76

Peptide

9.1e-09 1Score > 17 indicates identity U R.FIVAGSGVFGGR.L
9.9e-17 1Score > 16 indicates identity U R.LVAAVIPPGIEIGPGLEVR.Q
1.9e-08 1Score > 17 indicates identity U R.QFPHVVIDAR.S
1.1e-19 1Score > 19 indicates identity U K.TVDSISPAGLLTTPVLTGVGNDNR.W
6e-12 1Score > 20 indicates identity U R.HWNLNGSTYGWSSPR.F + Deamidated (NQ)
0.00019 1Score > 17 indicates identity U R.FADIDHR.K
0.0056 1Score > 17 indicates identity U R.FADIDHRK.G
1e-07 1Score > 20 indicates identity U K.SIYAVVTGTAQNPAGLFVMASGIISTPNASAITYTPQPDR.I + Oxidation (M)
1.8e-06 1Score > 17 indicates identity U R.IVTTPGTPAAAPVGK.N
3.7e-10 1Score > 16 indicates identity U R.IVTTPGTPAAAPVGK.N
0.0001 1Score > 16 indicates identity U K.NTPIMFASVVR.R
9.9e-05 1Score > 17 indicates identity U K.NTPIMFASVVR.R + Oxidation (M)
1.3e-07 1Score > 19 indicates identity U K.STLVFNLGGTANGFSYV.- + Deamidated (NQ)

Page 1 of 2

Error distribution

Mascot: http://www.matrixscience.com/

file:///Users/FAB/Downloads/CPR%20Job%2014102/14102_B2_Tryptic_UserDB_SeqCov.htm
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Mascot Search Results: Protein View

24/07/14 2:22 pm

9.1.3 VLP.gp100-2L
Mascot Search Results
Protein View
Match to: 12048_Seq3 Score: 958
(Seq3_12048) Hgp100 2L.VP60
Found in search of 12048_B3_conc.txt
Nominal mass (Mr): 62832; Calculated pI value: 5.28
NCBI BLAST search of 12048_Seq3 against nr
Unformatted sequence string for pasting into other applications
Variable modifications: Carbamidomethyl (C),Deamidated (NQ),Gln->pyro-Glu (N-term Q),Glu->pyro-Glu (N-term E),Oxidation (M)
Cleavage by Trypsin: cuts C-term side of KR unless next residue is P
Sequence Coverage: 28%
Matched peptides shown in Bold Red
1
51
101
151
201
251
301
351
401
451
501
551
601

MKVPRNQDWL
TDGMDPGVVA
VFTWSVADAP
GVFGGRLVAA
MYHPTGDPGL
RAPSSKTVDS
HWNLNGSTYG
PISQVAPDGF
ELGFATGAPG
STPNASAITY
AGSVNGTQYG
GLSVDGYFYA
SYV

ALLKVPRNQD
TTSVITAENS
GSILYTVQHS
VIPPGIEIGP
VPTLVLSVYN
ISPAGLLTTP
WSSPRFADID
PDMSFVPFNG
NLQPTTNTSG
TPQPDRIVTT
TGSQPLPVTI
GTGASTTLID

WLGGSEGKAR
SASIATAGIG
PQNNPFTAVL
GLEVRQFPHV
NLINPFGGST
VLTGVGNDNR
HRKGSASYTG
PGIPAAGWVG
AQAVAKSIYA
PGTPAAAPVG
GLSLNNYSSA
LTGLIDVRPV

AAPQGEAAGT
GPPQQVDQQE
SQMYAGWAGG
VIDARSLEPV
SAIQVTVETR
WNGQIVGLQP
SNATNVLQFW
FGAIWNSNSG
VVTGTAQNPA
KNTPIMFASV
LMPGQFFVWQ
GPRPSKSTLV

ATTASVPGTT
TWRTNFYYND
MQFRFIVAGS
TITMPDLRPN
PSEDFEFVMI
VPGGFSTCNR
YANAGSAIDN
APNVTTVQAY
GLFVMASGII
VRRTGDVNAT
LTFASGFMEI
FNLGGTANGF

Show predicted peptides also
Sort Peptides By

Start
6
18
145
157
176
257
281
301
316
316
467
467
482
482
482
587

-

End
14
28
156
175
185
280
300
315
322
323
481
481
492
492
492
603

Residue Number
Observed
1100.5988
1190.5344
1166.6250
1900.1322
1181.6348
2397.2822
2187.0952
1761.8120
873.4040
1001.5068
1379.7689
1379.7794
1234.6534
1250.6342
1250.6442
1746.8326

Increasing Mass
Mr(expt)
1099.5915
1189.5271
1165.6177
1899.1249
1180.6275
2396.2749
2186.0879
1760.8047
872.3967
1000.4995
1378.7616
1378.7721
1233.6461
1249.6269
1249.6369
1745.8253

Decreasing Mass

Mr(calc)
1099.6026
1189.5364
1165.6244
1899.1193
1180.6353
2396.2547
2186.0691
1760.8019
872.4141
1000.5090
1378.7820
1378.7820
1233.6540
1249.6489
1249.6489
1745.8625

ppm
-10
-8
-6
3
-7
8
9
2
-20
-9
-15
-7
-6
-18
-10
-21

Miss
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0

Sequence
R.NQDWLALLK.V (Ions score 78)
R.NQDWLGGSEGK.A (Ions score 33)
R.FIVAGSGVFGGR.L (Ions score 84)
R.LVAAVIPPGIEIGPGLEVR.Q (Ions score 117)
R.QFPHVVIDAR.S (Ions score 82)
K.TVDSISPAGLLTTPVLTGVGNDNR.W (Ions score 180)
R.WNGQIVGLQPVPGGFSTCNR.H Carbamidomethyl (C) (Ions score 91
R.HWNLNGSTYGWSSPR.F (Ions score 96)
R.FADIDHR.K (Ions score 45)
R.FADIDHRK.G (Ions score 37)
R.IVTTPGTPAAAPVGK.N (Ions score 62)
R.IVTTPGTPAAAPVGK.N (Ions score 82)
K.NTPIMFASVVR.R (Ions score 73)
K.NTPIMFASVVR.R Oxidation (M) (Ions score 32)
K.NTPIMFASVVR.R Oxidation (M) (Ions score 32)
K.STLVFNLGGTANGFSYV.- (Ions score 57)

Error Distribution

Mascot: http://www.matrixscience.com/

file:///Users/FAB/Downloads/CPR%20Job%2012048/12048_B3_UserDB_SeqCov.html
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Mascot Search Results: 14102_Seq3

26/08/14 11:00 pm

9.1.4 VLP.gp100-3L
MASCOT Search Results
Protein View: 14102_Seq3
(Seq3_14102) Hgp100-3L.VP60
Database:
UserDB
Score:
1023
Nominal mass (Mr): 64266
Calculated pI:

5.43

Sequence similarity is available as an NCBI BLAST search of 14102_Seq3 against nr.

Search parameters
MS data file:
Enzyme:

14102_Tryptic_B3.txt

Trypsin: cuts C-term side of KR unless next residue is P.

Variable modifications: Carbamidomethyl (C), Deamidated (NQ), Oxidation (M)

Protein sequence coverage: 32%
Matched peptides shown in bold red.
1 MKVPRNQDWL ALLKVPRNQD WLALLKVPRN QDWLGGSEGK ARAAPQGEAA
51 GTATTASVPG TTTDGMDPGV VATTSVITAE NSSASIATAG IGGPPQQVDQ
101 QETWRTNFYY NDVFTWSVAD APGSILYTVQ HSPQNNPFTA VLSQMYAGWA
151 GGMQFRFIVA GSGVFGGRLV AAVIPPGIEI GPGLEVRQFP HVVIDARSLE
201 PVTITMPDLR PNMYHPTGDP GLVPTLVLSV YNNLINPFGG STSAIQVTVE
251 TRPSEDFEFV MIRAPSSKTV DSISPAGLLT TPVLTGVGND NRWNGQIVGL
301 QPVPGGFSTC NRHWNLNGST YGWSSPRFAD IDHRKGSASY TGSNATNVLQ
351 FWYANAGSAI DNPISQVAPD GFPDMSFVPF NGPGIPAAGW VGFGAIWNSN
401 SGAPNVTTVQ AYELGFATGA PGNLQPTTNT SGAQAVAKSI YAVVTGTAQN
451 PAGLFVMASG IISTPNASAI TYTPQPDRIV TTPGTPAAAP VGKNTPIMFA
501Search
SVVRRTGDVN
ATAGSVNGTQ
Mascot
Results: 14102_Seq3

YGTGSQPLPV TIGLSLNNYS SALMPGQFFV

26/08/14 11:00 pm

551 WQLTFASGFM EIGLSVDGYF YAGTGASTTL IDLTGLIDVR PVGPRPSKST
Show
predicted peptides
also
601
LVFNLGGTAN
GFSYV

Unformatted
string: 615Mr(expt)
residues (for
pastingppm
into other
applications).
Query Startsequence
– End Observed
Mr(calc)
M Score
Expect
Rank
3
1
–5
646.3640 645.3567 645.3632 -10.0 1 20
0.03
1Score > 18 indicates identity
Sort peptides by
Residue Number
Increasing Mass
Decreasing Mass
13 6
– 14 1100.6201 1099.6128 1099.6026 9.33 0 72
2e-07 1Score > 18 indicates identity
18 30 – 40 1190.5554 1189.5481 1189.5364 9.89 0 20
0.019 1Score > 16 indicates identity
file:///Users/FAB/Downloads/CPR%20Job%2014102/14102_B3_Tryptic_UserDB_SeqCov.htm
16 157 – 168 1166.6406 1165.6333 1165.6244 7.64 0 87
7e-09 1Score > 18 indicates identity
33 169 – 187 1900.1378 1899.1305 1899.1193 5.90 0 158 3.6e-16 1Score > 16 indicates identity
17 188 – 197 1181.6555 1180.6482 1180.6353 10.9 0 85
9.8e-09 1Score > 17 indicates identity
35 269 – 292 2397.2695 2396.2622 2396.2547 3.12 0 218 7.6e-22 1Score > 20 indicates identity
34 293 – 312 2187.1057 2186.0984 2186.0691 13.4 0 139 6.7e-14 1Score > 19 indicates identity
29 313 – 327 1762.8165 1761.8092 1761.7859 13.2 0 118 9.4e-12 1Score > 20 indicates identity
10 328 – 334 873.4318 872.4245 872.4141 11.9 0 39
0.00032 1Score > 17 indicates identity
11 328 – 335 1001.5225 1000.5152 1000.5090 6.20 1 30
0.0026 1Score > 16 indicates identity
12 328 – 335 1001.5250 1000.5177 1000.5090 8.70 1 27
0.0053 1Score > 17 indicates identity
1Score > 20 indicates identity
37 439 – 478 4096.0942 4095.0869 4095.0623 6.01 0 50
5.4e-05
Score > 16 indicates homology
23 479 – 493 1379.7985 1378.7912 1378.7820 6.67 0 100 2.6e-10 1Score > 17 indicates identity
20 494 – 504 1234.6704 1233.6631 1233.6540 7.42 0 70
2.9e-07 1Score > 17 indicates identity
21 494 – 504 1250.6656 1249.6583 1249.6489 7.55 0 53
1.5e-05 1Score > 17 indicates identity

U
Peptide
U -.MKVPR.N + Oxidation (M)
U R.NQDWLALLK.V
U R.NQDWLGGSEGK.A
U R.FIVAGSGVFGGR.L
U R.LVAAVIPPGIEIGPGLEVR.Q
U R.QFPHVVIDAR.S
U K.TVDSISPAGLLTTPVLTGVGNDNR.W
U R.WNGQIVGLQPVPGGFSTCNR.H + Carbamidomethyl (C)
U R.HWNLNGSTYGWSSPR.F + Deamidated (NQ)
U R.FADIDHR.K
U R.FADIDHRK.G
U R.FADIDHRK.G

Page 1 of 2

U K.SIYAVVTGTAQNPAGLFVMASGIISTPNASAITYTPQPDR.I + Oxidation (M)
U R.IVTTPGTPAAAPVGK.N
U K.NTPIMFASVVR.R
U K.NTPIMFASVVR.R + Oxidation (M)

Error distribution

Mascot: http://www.matrixscience.com/

file:///Users/FAB/Downloads/CPR%20Job%2014102/14102_B3_Tryptic_UserDB_SeqCov.htm
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9.2 Confirmation of VLP Mannosylation
Mascot Search Results: Protein View

29/08/14 5:39 pm

Mascot Search Results
9.2.1 Monomannoside
conjugation
Protein View
Match to: Seq1_11057 Score: 1274
(11057_SIINFEKL) SIIN.VP60
Found in search of 11119_combined.txt
Nominal mass (Mr): 61206; Calculated pI value: 5.05
NCBI BLAST search of Seq1_11057 against nr
Unformatted sequence string for pasting into other applications
Variable modifications: Carbamidomethyl (C),Deamidation (NQ),Mannosyl-Lys (K),Oxidation (M),Pyro-glu (N-term E),Pyro-glu (N-term Q)
No enzyme cleavage specificity
Sequence Coverage: 48%
Matched peptides shown in Bold Red
1
51
101
151
201
251
301
351
401
451
501
551

MSIINFEKLG
VITAENSSAS
LYTVQHSPQN
PGIEIGPGLE
LVLSVYNNLI
AGLLTTPVLT
PRFADIDHRK
SFVPFNGPGI
PTTNTSGAQA
PDRIVTTPGT
QPLPVTIGLS
ASTTLIDLTG

-

QGEAAGTATT
QQVDQQETWR
YAGWAGGMQF
ARSLEPVTIT
QVTVETRPSE
QIVGLQPVPG
TNVLQFWYAN
IWNSNSGAPN
GTAQNPAGLF
PIMFASVVRR
GQFFVWQLTF
PSKSTLVFNL

Residue Number

Sort Peptides By

Start
103
122
122
131
141
141
145
167
167
188
190
214
214
214
214
235
237
255
255
283
299
323
448
448
448
475
475
479
497
547
556
556
562
562

GSEGKARAAP
IATAGIGGPP
NPFTAVLSQM
VRQFPHVVID
NPFGGSTSAI
GVGNDNRWNG
GSASYTGSNA
PAAGWVGFGA
VAKSIYAVVT
PAAAPVGKNT
LNNYSSALMP
LIDVRPVGPR

End
113
130
130
140
159
159
166
187
189
203
203
232
232
234
236
254
254
268
282
289
315
333
474
474
474
496
496
496
509
576
572
576
576
576

ASVPGTTTDG
TNFYYNDVFT
RFIVAGSGVF
MPDLRPNMYH
DFEFVMIRAP
GFSTCNRHWN
AGSAIDNPIS
VTTVQAYELG
VMASGIISTP
TGDVNATAGS
ASGFMEIGLS
GGTANGFSYV

Increasing Mass

Observed
1268.5919
940.3816
940.3925
1052.5839
1786.0441
1786.0488
2296.2612
2352.2327
2662.3708
1725.8749
1415.7794
1980.9377
1980.9388
2257.0544
2487.1423
2058.1042
2088.1353
1529.7687
2894.4841
960.3975
2170.0366
1255.6879
3053.5754
3053.5820
3069.5701
2224.0854
2224.0911
1867.8710
1239.6727
3269.7693
1805.0156
2510.3977
1898.0469
1898.0542

Mr(expt)
1267.5846
939.3743
939.3852
1051.5766
1785.0368
1785.0415
2295.2539
2351.2254
2661.3635
1724.8676
1414.7721
1979.9304
1979.9315
2256.0471
2486.1350
2057.0969
2087.1280
1528.7614
2893.4768
959.3902
2169.0293
1254.6806
3052.5681
3052.5747
3068.5628
2223.0781
2223.0838
1866.8637
1238.6654
3268.7620
1804.0083
2509.3904
1897.0396
1897.0469

MDPGVVATTS
WSVADAPGSI
GGRLVAAVIP
PTGDPGLVPT
SSKTVDSISP
LNGSTYGWSS
QVAPDGFPDM
FATGAPGNLQ
NASAITYTPQ
VNGTQYGTGS
VDGYFYAGTG

Decreasing Mass

Mr(calc)
1267.5945
939.3908
939.3908
1051.5814
1785.0511
1785.0511
2295.2738
2351.2518
2661.3505
1724.8807
1414.7820
1979.9436
1979.9436
2256.0545
2486.1634
2057.1190
2087.1361
1528.7634
2893.4721
959.4032
2169.0338
1254.6033
3052.5790
3052.5790
3068.5739
2223.0879
2223.0879
1866.8819
1238.6870
3268.7765
1804.0206
2509.4003
1897.0520
1897.0520

Delta
-0.0099
-0.0165
-0.0056
-0.0048
-0.0143
-0.0096
-0.0199
-0.0264
0.0130
-0.0131
-0.0099
-0.0131
-0.0120
-0.0074
-0.0284
-0.0221
-0.0081
-0.0019
0.0047
-0.0129
-0.0044
0.0774
-0.0109
-0.0043
-0.0111
-0.0098
-0.0041
-0.0182
-0.0216
-0.0145
-0.0123
-0.0098
-0.0124
-0.0051

Miss
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Sequence
Y.TVQHSPQNNPF.T (Ions score 80)
Y.AGWAGGMQF.R Oxidation (M) (Ions score 33)
Y.AGWAGGMQF.R Oxidation (M) (Ions score 27)
F.RFIVAGSGVF.G (Ions score 70)
F.GGRLVAAVIPPGIEIGPGL.E (Ions score 39)
F.GGRLVAAVIPPGIEIGPGL.E (Ions score 85)
L.VAAVIPPGIEIGPGLEVRQFPH.V (Ions score 43)
H.VVIDARSLEPVTITMPDLRPN.M Oxidation (M) (Ions score 54)
H.VVIDARSLEPVTITMPDLRPNMY.H 2 Oxidation (M) (Ions score 23)
N.MYHPTGDPGLVPTLVL.S Oxidation (M) (Ions score 86)
Y.HPTGDPGLVPTLVL.S (Ions score 88)
F.GGSTSAIQVTVETRPSEDF.E (Ions score 55)
F.GGSTSAIQVTVETRPSEDF.E (Ions score 75)
F.GGSTSAIQVTVETRPSEDFEF.V (Ions score 101)
F.GGSTSAIQVTVETRPSEDFEFVM.I (Ions score 33)
F.VMIRAPSSKTVDSISPAGLL.T Oxidation (M) (Ions score 21)
M.IRAPSSKTVDSISPAGLL.T Mannosyl-Lys (K) (Ions score 19)
L.TTPVLTGVGNDNRW.N (Ions score 48)
L.TTPVLTGVGNDNRWNGQIVGLQPVPGGF.S Deamidation (NQ) (Ions score 32)
F.STCNRHW.N Carbamidomethyl (C) (Ions score 20)
W.SSPRFADIDHRKGSASY.T Mannosyl-Lys (K) (Ions score 38)
N.VLQFWYANAGS.A (Ions score 10)
Y.TPQPDRIVTTPGTPAAAPVGKNTPIMF.A Mannosyl-Lys (K) (Ions score 47)
Y.TPQPDRIVTTPGTPAAAPVGKNTPIMF.A Mannosyl-Lys (K) (Ions score 73)
Y.TPQPDRIVTTPGTPAAAPVGKNTPIMF.A Mannosyl-Lys (K); Oxidation (M) (Ions score 112)
F.ASVVRRTGDVNATAGSVNGTQY.G Deamidation (NQ) (Ions score 85)
F.ASVVRRTGDVNATAGSVNGTQY.G Deamidation (NQ) (Ions score 108)
V.RRTGDVNATAGSVNGTQY.G Deamidation (NQ) (Ions score 36)
Y.GTGSQPLPVTIGL.S (Ions score 59)
Y.AGTGASTTLIDLTGLIDVRPVGPRPSKSTL.V Mannosyl-Lys (K) (Ions score 18)
L.IDLTGLIDVRPVGPRPS.K (Ions score 69)
L.IDLTGLIDVRPVGPRPSKSTL.V Mannosyl-Lys (K) (Ions score 45)
L.IDVRPVGPRPSKSTL.V Mannosyl-Lys (K) (Ions score 26)
L.IDVRPVGPRPSKSTL.V Mannosyl-Lys (K) (Ions score 18)

Error Distribution

9.2.20DVFRW6HDUFK5HVXOWV
Dimannoside conjugation
3URWHLQ9LHZ
0DWFKWRB6HT6FRUH
6HTB 93 0DQQRVH'\OLJKW93
)RXQGLQVHDUFKRIB%B'LPDQQRVHW[W

Mascot: http://www.matrixscience.com/

1RPLQDOPDVV 0U &DOFXODWHGS,YDOXH
1&%,%/$67VHDUFKRIB6HTDJDLQVWQU
8QIRUPDWWHGVHTXHQFHVWULQJIRUSDVWLQJLQWRRWKHUDSSOLFDWLRQV
9DULDEOHPRGLILFDWLRQV&DUEDPLGRPHWK\O & 'HDPLGDWHG 14 'LPDQQRVH1+6 . 2[LGDWLRQ 0
&OHDYDJHE\7U\SVLQFXWV&WHUPVLGHRI.5XQOHVVQH[WUHVLGXHLV3
6HTXHQFH&RYHUDJH
0DWFKHGSHSWLGHVVKRZQLQ%ROG5HG
0(*.$5$$34*($$*7$77$693*777'*0'3*99$7769,7$(166$6,
$7$*,**33449'44(7:571)<<1'9)7:69$'$3*6,/<794+63411
3)7$9/640<$*:$**04)5),9$*6*9)**5/9$$9,33*,(,*3*/(9
54)3+99,'$56/(397,703'/5310<+37*'3*/937/9/69<11/,1
3)**676$,4979(7536(')()90,5$366.79'6,63$*//7739/7*
9*1'15:1*4,9*/4393**)67&15+:1/1*67<*:6635)$','+5.*
6$6<7*61$719/4):<$1$*6$,'13,649$3'*)3'06)93)1*3*,3
$$*:9*)*$,:1616*$3197794$<(/*)$7*$3*1/4377176*$4$9
$.6,<$997*7$413$*/)90$6*,,6731$6$,7<7343'5,9773*73
$$$39*.173,0)$699557*'91$7$*691*74<*7*643/397,*/6/
11<66$/03*4))9:4/7)$6*)0(,*/69'*<)<$*7*$677/,'/7*/
,'9539*3536.67/9)1/**7$1*)6<9
6KRZSUHGLFWHGSHSWLGHVDOVR
6RUW3HSWLGHV%\



5HVLGXH1XPEHU

,QFUHDVLQJ0DVV

'HFUHDVLQJ0DVV

6WDUW(QG2EVHUYHG0U H[SW 0U FDOF SSP0LVV6HTXHQFH
5),9$*6*9)**5/ ,RQVVFRUH
5/9$$9,33*,(,*3*/(954
,RQVVFRUH
file:///Users/FAB/Documents/Uni/Virology/Mass%20Spec/Mannosylation/Mono%20mannose%20(1)/11119_combined_UserDB_SeqCov.htm
Page 1 of 1
54)3+99,'$56 ,RQVVFRUH
5$366.79'6,63$*//7739/7*9*1'15:'LPDQQRVH1+6 .  ,RQVVFRUH
.79'6,63$*//7739/7*9*1'15: ,RQVVFRUH
5:1*4,9*/4393**)67&15+&DUEDPLGRPHWK\O &  ,RQVVFRUH
5+:1/1*67<*:6635) ,RQVVFRUH
5)$','+5. ,RQVVFRUH
5,9773*73$$$39*.173,0)$69955'LPDQQRVH1+6 .  ,RQVVFRUH
5,9773*73$$$39*.173,0)$69955'LPDQQRVH1+6 . 2[LGDWLRQ 0  ,RQVVFRUH
(UURU'LVWULEXWLRQ
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9.2.3 Mannoside conjugation to SIINFEKL
The analysis of mannosylated VLP was performed with orbitrap mass spectrometry, in
order to enhance coverage. While a database search did not significantly identify
mannosylated and dimannosylated SIINFEKLGGESK peptide. Analysis of the raw data
for both monomannose-VLP.SIIN and dimannose-VLP.SIIN identified small, low
intensity (NL) peaks containing mannosylated and non-mannosylated N-terminal
SIINFEKLGGSEGK peptide. The identity of these fragments was confirmed through
analysis of the fragmentation spectra. Below are spectra showing doubly charged
peptides with sizes consistent with the SIINFEKLGGSEGK sequence (739.896), and
the monomannosylated (877.957) and dimannosylated (958.983) SIINFEKLGGSEGK
sequences. As the peptides are doubly charged, the detected peptide sizes are
approximately half of those calculated based on the sequence. Furthermore, the increase
in peptide size upon mannosylation was half of that detected by MALDI-TOF TOF,
138.57 or 219.95 for monomannose and dimannose respectively.
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9.2.3.1 Monomannoside conjugation to SIINFEKLGGSK

monomannose-SIINFEKLGGSK

SIINFEKLGGSK

monomannose-SIINFEKLGGSK

SIINFEKLGGSK
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9.2.3.2 Dimannoside conjugation to SIINFEKLGGSK

SIINFEKLGGSK

Dimannose-SIINFEKLGGSK

SIINFEKLGGSK

Dimannose-SIINFEKLGGSK
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10 Appendix 4: Supplementary Figures
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Figure 10.1 AutoMACS CD8+ sort facilitates the isolation of CD8+ cells at a purity of
~96%
(A) Representative flow plots of CD8+ cells, purified from C57Bl/6 mouse splenocytes. The
plots show examples of CD8+ cell numbers prior to the sort (unsorted) and both fractions after
sorting (-ve and +ve). (B) Data shows mean of three sorts ± SEM.
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Figure 10.2 Mannan titration in human DC
Human monocyte-derived DC were left untreated (white) or treated with 1 mg mL-1 (light grey),
3 mg mL-1 (dark grey) or 5 mg mL-1 (black) mannan before a 1 hour incubation with DyLight
labelled; VLP, monomannose-VLP (M-VLP) or dimannose-VLP (D-VLP). Data was analysed
by flow cytometry to determine the mean florescence intensity (MFI) of VLP-DyLight in the
different APC. Graphs depict MFI of cells from four independent experiments ± SEM.
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A

B

C

D

Figure 10.3 Vitiligo in tumour free VLP.gp100 treated mice

Natural light patches were visible in all mice (A-D), however mice vaccinated with
mannosylated VLP.gp100 (C,D) had distinctive white patches at the site of vaccination
(indicated with red circles). On the other hand mice vaccinated with VLP.gp33 showed
no vitiligo (A,B).
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Compound 3 500 MHz 1H NMR CDCl3

11 Appendix 5: NMR Spectra
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192

Compound 3 125 MHz 13C NMR CDCl3
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Compound 4 500 MHz 1H NMR CDCl3
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Compound 4 125 MHz 13C NMR CDCl3
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Compound 5 500 MHz 1H NMR CDCl3
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Compound 5 125 MHz 13C NMR CDCl3
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Compound 6 500 MHz 1H NMR CDCl3

198

Compound 6 125 MHz 13C NMR CDCl3
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Compound 7 500 MHz 1H NMR acetone-d6
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Compound 7 125 MHz 13C NMR acetone-d6

201

Compound 8 500 MHz 1H NMR CDCl3

202

Compound 8 125 MHz 13C NMR CDCl3
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Compound 9 500 MHz 1H NMR CDCl3
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Compound 9 125 MHz 13C NMR CDCl3
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Compound 10 500 MHz 1H NMR CDCl3

206

Compound 10 125 MHz 13C NMR CDCl3
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Compound 11 500 MHz 1H NMR CDCl3

208

Compound 11 125 MHz 13C NMR CDCl3

209

Compound 12 500 MHz 1H NMR methanol-d6
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Compound 12 125 MHz 13C NMR methanol-d6
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