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ABSTRACT

Vaccination against Hepatitis B virus (HBV) remains the most effective means of preventing
infection. However, approximately 10% of vaccinated individuals fail to develop neutralising
antibodies necessitating the development of improved vaccines which target the more
immunogenic large HBV surface antigen (L-HBsAg) and can elicit cell-mediated immunity.
Although Africa bears a high burden of HBV infections, placing many individuals at risk of
contracting the disease, we rely on imported vaccines for prophylactic vaccination programmes.
The COVID-19 pandemic was a stark reminder of Africa’s vaccine dependence and since then
great interest has been generated in establishing vaccine manufacturing capabilities on the
African continent. Herein, we explored the Alphavirus-based self-amplifying RNA (saRNA)
vaccine platform to produce dose-sparing HBV vaccines which could contribute to vaccine
independence. saRNAs encoding reporter proteins, small HBV surface antigen (S-HBsAg) or
L-HBsAg were synthesised by optimised in vitro transcription. Expression of reporter proteins
from saRNAs was achieved even at low concentrations and was observed for extended periods
of time in vitro. saRNAs encoding S-HBsAg were able to trigger the interferon response in a
dose-response manner in vitro, however, this did not hamper antigen expression. Expression of
L-HBsAg was achieved but restricted to the intracellular space and will require sequence
modification to facilitate secretion. /n vivo delivery of saRNAs by electroporation or
commercially available cationic liposomes was found to be unsuccessful, and further
optimisation of in vivo saRNA delivery is required before determining the prophylactic
potential of candidate vaccines. This preliminary study has produced promising results
demonstrating the dose-sparing properties and self-adjuvanting nature of the saRNA vaccine

platform.
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1. INTRODUCTION
1.1 Epidemiology and transmission of Hepatitis B Virus (HBV)

HBV is the aetiological agent responsible for most virus-associated hepatitis mortalities
worldwide (World Health Organisation, 2021). Infection with HBV occurs in most areas in the
world with Asia and Africa being the most affected regions (World Health Organisation, 2021).
Globally there are approximately 296 million chronically infected individuals who may benefit
from curative treatment (World Health Organisation, 2021). However, currently available
treatments for chronic infections are non-curative and aim to achieve viral suppression and
prevent disease progression (reviewed in Zoulim and Durantel, 2015). Late diagnosis and
limited access to treatment in certain endemic regions are factors that contribute to development
of HBV-associated complications, such as cirrhosis and hepatocellular carcinoma, for which
the prognosis is poor (reviewed in Nayagam and Thursz, 2019). In addition, individuals
chronically infected with HBV are at risk for superinfections with hepatitis D virus, which
accelerates progression of the disease (Smedile et al., 1981). As such, HBV-associated mortality
has steadily increased over the past years, even surpassing the mortality rates of TB, HIV and
malaria (World Health Organisation, 2017). In 2019 alone 820 000 individuals died because of
HBV-related illnesses (World Health Organisation, 2021). This highlights the need for

improved therapeutic treatments as well as measures aimed at preventing transmission of HBV.

HBYV is transmitted through contact with infected bodily fluids. In highly endemic areas,
perinatal transmission from infected mothers to their newborns, and horizontal transmission
from infected to uninfected children under the age of five are the predominant modes of
transmission (World Health Organisation et al., 2017). HBV infection in early childhood is
associated with a 90% risk of developing chronic hepatitis by adulthood (Edmunds et al., 1993).
Individuals in endemic regions and healthcare workers are also at high risk of infection as a
result of increased exposure to infected bodily fluids (reviewed in Franco et al., 2012).
Transfusion of contaminated blood products and the use of contaminated needles also account

for new infections in low-income countries with high endemicity.
1.2 Molecular biology of HBV

HBYV is a partially double-stranded DNA virus belonging to the Hepadnaviridae family of
hepatotropic viruses (reviewed in Datta et al., 2012). The viral particle, also known as a Dane
particle, is spherical, and 42 nm in diameter (Dane et al., 1970). Its relatively small 3.2 kilobase
(kb) genome is efficiently organised into four overlapping open reading frames (ORFs) i.e.,
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Core, Polymerase, Surface, and X ORFs (reviewed in Datta et al., 2012). Its DNA 1is contained
within an icosahedral nucleocapsid which is surrounded by an envelope that is derived from
host cell lipids in which three related viral surface antigens are embedded. These surface
antigens are encoded by a single ORF (Surface ORF) containing three in-frame translation
initiation codons from which translation of large (L-HBsAg), medium (M-HBsAg) and small
(S-HBsAg) surface antigen is initiated. Initial attachment of virions to target cells is mediated
by electrostatic interactions between surface antigens and heparan sulphate proteoglycans
found on hepatocytes (Sureau and Salisse, 2013). Subsequently, the virus is endocytosed
following highly specific interactions between L-HBsAg and the sodium taurocholate co-
transporting polypeptide (NTCP), which is a bile acid transporter expressed by hepatocytes
(Yan et al., 2012). These surface antigens, which mediate infectivity, have thus been the target

of many prophylactic vaccines which successfully prevent infection in most individuals.

Upon entry into hepatocytes, the nucleocapsid is uncoated and transported to the nucleus
(reviewed in Datta et al., 2012). Synthesis of the partial DNA strand is completed within the
nucleus and episomal viral DNA with a covalently closed circular DNA (cccDNA)
conformation is established. This viral replication intermediate drives production of progeny
virus which are subsequently assembled and secreted from the host cell. In addition to infectious
virions, subviral particles consisting mainly of S-HBsAg with trace amounts of L-HBsAg and
devoid of the nucleocapsid are also produced during HBV infection (Heermann et al., 1984).
These particles are initially filamentous in nature and formed by oligomerisation of surface
antigens in the endoplasmic reticulum (ER) (Patient et al., 2007). Filaments are thereafter
reduced to 20 nm spherical particles which are secreted into the bloodstream in excessive
amounts compared to infectious virions. Secretion of such large amounts of S-HBsAg is thought
to be a decoy mechanism employed by the virus to inundate the adaptive immune system
allowing infectious virions to escape neutralisation (Rydell et al., 2017). Interestingly, S-

HBsAg is the primary immunogen included in current HBV prophylactic vaccines.
1.3 HBYV surface antigen structure and immunogenicity

All three HBV surface antigens are encoded by the same ORF with translation initiating at
different in-frame start codons (Figure 1A) (reviewed in Ho et al., 2020). Thus, all three proteins
share a common C-terminal domain with different N-termini (Figure 1B). S-HBsAg is the
smallest of the three surface antigens and consists of 226 amino acids and four transmembrane
(TM) domains. This entire amino acid sequence, also known as the S domain, is also present in

M-HBsAg and L-HBsAg. Co-translational insertion of S-HBsAg into the ER results in a
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complex topological arrangement of the protein which plays an important part in antigenicity,
viral particle formation and infectivity (Figure 1C). Insertion of TM1, which includes a signal
sequence, results in translocation of a short upstream N-terminal sequence into the ER lumen.
Insertion of TM2 and TM3 produces a short internal cytosolic loop followed by a larger external
loop. The external loop contains eight cysteine residues which form disulphide bonds,
maintaining the loop in a specific configuration to produce the highly immunogenic
conformational epitope known as the ‘a’ determinant. The ‘a’ determinant also forms part of a
heparan binding site which is necessary for attachment to hepatocytes and thus, vital to
infectivity (Sureau and Salisse, 2013). An asparagine residue located in the external loop
(N146) serves as a glycosylation site for approximately half of all S-HBsAg monomers found
on viral particles. This glycosylation is essential for maturation and release of infectious viral
particles (Lu et al., 1995). Viral particle formation is mediated by dimerisation of surface
antigen monomers which are held together by intermolecular disulphide bridges formed
between the S-domains of individual monomers (Wounderlich and Bruss, 1996; Suftner et al.,
2018). The expression of S-HBsAg alone is sufficient for subviral particle formation and is not

dependent on glycosylation (Lu et al., 1995).
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Figure 1. Comparison of HBV surface antigen domains and conformation.

(A) The open reading frame (ORF) for HBV surface antigens contains three in-frame start
codons (green triangles), a common stop codon (red rectangle), and poly-A tail. This results in

three different surface antigens (L-HBsAg, M-HBsAg and S-HBsAg) which share the same C-



terminal domain but differ in their N-termini. (B) Comparison of HBV surface antigen domains
and amino acid (aa) length. (C and D) Topological conformations of S-HBsAg and M-HBsAg
following synthesis at the endoplasmic reticulum (ER). The highly immunogenic ‘a’
determinant is formed by aa 121-149. N-glycosylation sites are indicated by black stars. (E)
Retention of PreS1, PreS2 and part of the S domain in the cytosol. (F) Post-translational
translocation of PreS1, PreS2 and part of the N-terminus into the ER lumen and insertion of
TMI1 into the ER membrane resulting in external presentation of PreS domains. (G) Structure
of assembled virion depicting surface antigens, L-HBsAg interaction with capsid, viral

polymerase and DNA. Created using BioRender.com.

M-HBsAg is identical to S-HBsAg except for an additional N-terminal sequence known as the
PreS2 domain (Figure 1D). The PreS2 domain consists of 55 amino acids which are also
translocated into the ER lumen and contains a conserved glycosylated asparagine residue (N4)
required for M-HBsAg secretion (Werr and Prange, 1998). Like S-HBsAg, M-HBsAg is also
capable of subviral particle formation and secretion as well as immune stimulation to produce

neutralising antibodies directed against PreS2 epitopes (Cheng and Moss, 1987).

L-HBsAg is the perhaps the most complex of the three surface antigens displaying dual
topology with distinct functions (Bruss et al., 1994). In addition to the PreS2 and S domains,
an additional 108, 118, or 119 (genotype dependent) N-terminal amino acids make up the PreS1
domain specific to L-HBsAg. An important feature of the PreS1 domain is myristoylation of
glycine-2 which is essential for infectivity (Gripon et al., 1995; Persing et al., 1987). This lipid
modification occurs in the cytosol and enables interaction with the ER membrane. Translation
of the PreS1 domain prevents insertion of TM1 into the ER (Bruss et al., 1994). Instead, L-
HBsAg is anchored in the membrane by TM2-4 resulting in the cytosolic disposition of the
PreS1, PreS2 and a portion of the S domain (Figure 1E). This conformation is necessary for
binding to the capsid and promotes virion formation (Bruss and Vieluf, 1995). Half of L-HBsAg
monomers synthesised will subsequently undergo a conformational change resulting in
insertion of TM1 into the lipid membrane and post-translational translocation of PreS1, PreS2
and the first seven amino acids of the S domain to the surface of the mature virion (Figures 1F
and G). This topological change is necessary to mediate binding to NTCP and entry into
hepatocytes. When expressed on its own, L-HBsAg monomers oligomerise forming 20 nm
particles with the PreS1, PreS2 domain in the external conformation (Xu et al., 1997). However,
unlike S-HBsAg and M-HBsAg subviral particles, L-HBsAg particles are not secreted but

rather retained in a pre-Golgi compartment. The PreS1 domain contains multiple highly
5



immunogenic epitopes capable of eliciting broad neutralising B-cell responses and well as
strong T-cell responses (Ferrari et al., 1992, 1989; Maeng et al., 2000; Milich et al., 1987; Yato
et al., 2021).

1.4 Prophylactic vaccines against HBV

Since the 1980s, global efforts to curb the transmission of HBV by implementation of
immunisation programs have averted an estimated 210 million infections amongst children
(reviewed in Nayagam and Thursz, 2019). A sombre testament to the success of HBV
immunisation programs is the fact that 93% of individuals succumbing to the disease are older
than the age of 30 and thus were infected prior to the wide-spread availability of HBV vaccines
(World Health Organisation et al., 2017). Despite being a vaccine preventable disease,
approximately 1.5 million new HBV infections were reported in 2019, with the WHO African
region accounting for 66% of these new infections (World Health Organisation, 2021).
Although vaccine coverage has increased in children under the age of five, birth dose

immunisations which can reduce mother-to-child transmission, remains unacceptably low.

1.4.1 Protein-based vaccines

First generation HBV vaccines were composed of non-infectious sub-viral particles extracted
from plasma of asymptomatic HBV-carriers (reviewed in Stephenne, 1990). Safety concerns
over the use of blood-derived products for prophylactic vaccination, limitations in supply of
plasma, and increased costs associated with extraction and purification of blood-derived
subviral particles led to the rapid development of second-generation vaccines which were
developed using recombinant DNA technology and yeast expression systems (reviewed in
Stephenne, 1990; McAleer et al., 1984). Most currently licensed HBV vaccines, such as
Engerix-B (GlaxoSmithKline Biologicals, UK) and Recombivax HB (Merck & Co, USA), are
second-generation vaccines composed of recombinant S-HBsAg particles similar to blood-
derived subviral particles. Following immunisation, S-HBsAg particles are phagocytosed by
antigen presenting cells (APCs), processed into antigen fragments, and presented in association
with the Major Histocompatibility Complex II (MHC II) to induce a humoral immune response
against the antigen. These protein-based vaccines require formulation with adjuvants, such as
aluminium hydroxide, to stimulate antigen-specific helper T cells into producing Th2 type
cytokines, such as interleukin (IL) 4 and 5 (Brewer et al., 1999). These cytokines, when present
in high concentrations, support the development of a humoral immune response mediated by
potent neutralising antibodies against S-HBsAg (reviewed in Shouval, 2003). Seroprotection

conferred by these vaccines is considered optimal at antibody titres in excess of 100 IU/L and
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is observed in approximately 90-95% of healthy vaccinees following a 3-dose (20 pg each)
intramuscularly administered regimen (reviewed in Roukens and Visser, 2011). This type of
HBYV vaccine has been in use for almost four decades and contributed immensely to the

decrease in new infections ( reviewed in Nayagam and Thursz, 2019).

Although second-generation HBV vaccines are safe, efficient, and widely accepted, there are
some limitations and thus room for improvement. From a manufacturing perspective, S-HBsAg
is not capable of forming subviral particles following translation within the yeast cell and is
thus retained intracellularly (Liinsdorf et al., 2011). This necessitates lysis of cells and extensive
downstream processing to obtain immunogenic subviral particles. In addition, native
glycosylation patterns, which enhance uptake and presentation of surface antigen by APCs, are
absent in yeast-derived HBV vaccines (reviewed in Dobrica et al., 2020; Hyakumura et al.,
2015). A concerning shortcoming of second-generation vaccines is that approximately 10% of
vaccinees fail to develop protective antibody titres following the primary series of
immunisations (reviewed in Roukens and Visser, 2011). These individuals, referred to as non-
responders, remain at high risk of contracting HBV. Reasons behind vaccine non-
responsiveness are thought to be related to age, chronic conditions, genetic predisposition,
immunodeficiencies or immunosuppressive treatments (reviewed in Walayat et al., 2015).
Increasing the antigen concentration (40 pg), immunising via the intradermal route, or including
more immune-stimulatory adjuvants in vaccine formulations have shown promise in
seroconverting a fraction of non-responders (reviewed in Walayat et al., 2015). However, to
achieve seroconversion in individuals who are incapable of MHC II presentation of S-HBsAg
as a result of their genetic predisposition, will require immune stimulation by alternative HBV

surface epitopes found on L-HBsAg and M-HBsAg.

More recently, a new and improved yeast-expressed recombinant S-HBsAg vaccine, Heplisav-
B® (Dynavax Technologies, USA), entered the market. This vaccine takes advantage of the
innate immune system-stimulating properties of the single-stranded synthetic DNA
oligonucleotide cytidine-phosphate-guanosine oligodeoxynucleotide, to activate toll-like
receptor (TLR) 9 and elicit a cell-mediated or Thl-type immune response (Halperin et al.,
2012). This cellular immune response is characterised by the production of interferon gamma
(IFN-y), tumour necrosis factor-beta and IL-2, and is effective against intracellular pathogens
(reviewed in Romagnani, 1999). In addition to cell-mediated immunity, two-doses (20 pg/dose)
of Heplisav-B® elicited earlier and greater seroprotection in individuals compared to three-dose

Engerix-B vaccine.



Mammalian cell expression systems have also been explored to produce HBV subviral particles
and address the limitations posed by yeast-derived vaccines. This platform ensures that antigens
are folded in their native conformation bearing the correct post-translational modifications.
These characteristics are difficult to achieve using yeast expression systems but are vital to the
development of robust and protective immune responses. The licensed third-generation
vaccine, Prehevbrio™ (VBI Vaccines, USA), is produced in Chinese Hamster Ovarian cells
and consists of antigenic particles predominantly composed of S-HBsAg, as well as small
quantities of L-HBsAg and M-HBsAg, with native glycosylation patterns (Shouval et al., 1994).
These particles are adsorbed to the adjuvant aluminium hydroxide which promotes a Th2-biased
immune response. Compared to yeast-derived vaccines, Prehevbrio™ has been shown to elicit
rapid and higher seroconversion rates following a single 10 pg priming dose (Shapira et al.,
2001). In addition, Prehevbrio™ has demonstrated remarkable capability in circumventing
vaccine non-responsiveness (reviewed in Shouval et al., 2015). A similar candidate vaccine
incorporating all three HBV surface antigens and produced in Chinese Hamster Ovarian cells
is CVI-HBV-002 (NCT04289987). In contrast to Prehevbrio™, this candidate vaccine is
formulated with the Thl-stimulating adjuvant L-PAMPO which is composed of a lipopeptide
and synthetic double-stranded RNA (dsRNA) to elicit a cell-mediated immune response (Yum
et al., 2012).

1.4.2 DNA and conventional mRNA-based vaccines

Improvements to HBV vaccines by increasing the breadth of immune protection and recruiting
cell-mediated immunity have been explored and achieved by the above-mentioned platforms.
While yeast expression systems are cost-effective and easy to upscale, they lack the ability to
mediate post-translational modifications to the antigen and require additional processing to
extract the antigen. Mammalian cell expression systems overcome these drawbacks, however,
it can be difficult to establish the platform, as well as costly to upscale vaccine production.
Nucleic acid-based vaccines provide an alternative approach by enabling in vivo translation of
viral antigens following delivery of antigen-encoding nucleic acids into target cells. Thus, the
requirement for costly protein expression systems, cell culture, extraction and purification of
the antigen is circumvented, while correct post-translational modifications and folding of the
antigen is achieved (reviewed in Leitner et al., 1999). In addition to whole antigens, multiple
immunogenic epitopes from different proteins, immune-stimulatory molecules or sequences
can be encoded in nucleic acid vaccine constructs which makes it a highly versatile platform.
In vivo expression of antigens also results in proteasomal processing and presentation of

antigenic peptides by MHC I and II (professional APCs only) to promote both humoral and
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cell-mediated immune responses. Early efforts to develop nucleic acid vaccines and therapies
focused mainly on DNA strategies, however difficulties in achieving nuclear delivery, safety
concerns, and poor efficacy in early human clinical trials hampered this approach (reviewed in
Ferraro et al., 2011). The development of in vivo electroporation techniques for DNA vaccine
delivery provided a much-needed breakthrough to the field. This improved DNA uptake,
antigen expression, antigen-specific immune responses, and localised inflammatory responses

(Luxembourg et al., 2006; Babiuk et al., 2007; De Pooter et al., 2021).

Recently, advances in mRNA synthesis, stabilisation, immune modulation and delivery have
brought the mRNA vaccine platform to the forefront of vaccine development (reviewed in
Kairuz et al., 2022). mRNAs are produced from antigen-encoding plasmid DNA templates
using a simple and efficient cell-free in vitro transcription (IVT) technique. Synthetic mRNAs
are complexed with lipid-based delivery systems to facilitate uptake by target cells which then
produce the encoded antigen to elicit an immune response. The advantages of using mRNA
over DNA are immediate with transient expression of the antigen in the cytosol without the
need to cross the nuclear envelope. Importantly, there is no risk of mRNA integration into the
host genome. mRNAs can also be produced rapidly in response to disease outbreaks and

manufacturing is scalable.

The benefits and efficacy of this platform have been showcased with the rapid development of
multiple, highly effective vaccines against SARS-CoV-2 during the Covid-19 pandemic. While
both mRNA and recombinant protein SARS-CoV-2 vaccines can elicit high levels of
neutralising antibodies, mRNA vaccines are able to induce a significantly greater cellular
immune response which is important in eliminating intracellular pathogens (Wu et al., 2022).
Thus, mRNA-based HBV vaccines could provide both prophylactic and therapeutic benefits
and could be used to treat chronically infected individuals. Currently, the mRNA platform is
being used to develop vaccines against a variety of infectious diseases and cancers, including
personalised cancer vaccines (reviewed in Kairuz et al., 2022). mRNA technology is not
restricted to vaccine development. This versatile platform is also being used to develop
immunotherapies, gene editing tools and protein replacement therapies, many of which are

already in clinical trials.

1.4.3 Alphavirus-based saRNA vaccines

Production of mRNA vaccines requires expensive raw materials such as modified nucleotides,
cap analogues or capping enzymes, and purification under stringent processes. Considering that

transient antigen expression requires large amounts of mRNA per dose to elicit an effective
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immune response, manufacturing costs can be high and thus, represents a bottleneck for
developing African countries when trying to achieve vaccine independence. In this regard, self-
amplifying RNA (saRNA) vaccines provide an attractive alternative to conventional mRNA
vaccines. This highly sophisticated next generation vaccine platform exploits the self-
replicating properties of alphaviruses, such as Venezuelan Equine Encephalitis viruses
(VEEV), to enable in situ replication of mRNA sequences encoding vaccine antigens. This
allows for delivery of lower amounts of mRNAs to achieve protective immune responses (Vogel

et al., 2018).

Alphaviral genomes are single-stranded positive sense RNAs, which contain two ORFs that are
separated by a sub-genomic promoter sequence (Figure 2A) (reviewed in Leung et al., 2011).
The upstream ORF encodes a polyprotein that is cleaved to produce four non-structural proteins
(nsPs 1-4). These proteins form an RNA-dependent RNA polymerase (RDRP) complex, which
mediates self-replication and capping of genomic and sub-genomic RNAs. The downstream
ORF is under transcriptional control of the sub-genomic promoter and encodes another
polyprotein which is cleaved to produce viral structural proteins. The ORFs are flanked by
untranslated conserved sequence elements (CSEs) which, together with nsPs 1-4, are
indispensable for in situ self-propagation of viral RNAs. Both genomic and sub-genomic RNAs
are capped at the 5’end with a cap 0 structure and polyadenylated at the 3’ end (reviewed in
Hyde et al., 2015). A cap 0 structure is an N7-methyl guanosine that is attached to the 5’ end of
nascent eukaryotic mRNAs in a reverse orientation through a 5°-5 triphosphate link to prevent
degradation by 5°-3 exonucleases, and to recruit translation machinery (reviewed in
Ramanathan et al., 2016). Eukaryotic mRNAs also have a 3’ homopolymeric stretch of adenine
nucleotides known as a poly-A tail, which is required for increasing the longevity of mRNA
transcripts and ensuring efficient translation (reviewed in Passmore and Coller, 2022). These
structural similarities of Alphaviral RNAs to endogenous eukaryotic mRNAs contribute to the
efficient translation of viral RNAs. saRNA vaccine constructs based on Alphaviral genomes
contain the same sequences, except genes that code for the viral structural proteins are replaced
by sequences encoding the antigen of interest (Figure 2B) (Fleeton et al., 2001). Synthesis of
saRNAs is achieved using the same IVT techniques employed in conventional mRNA synthesis
without the requirement for costly modified nucleotides as well as the stringent purification
methods to eliminate immunogenic dSRNA contaminants (reviewed in Kairuz et al., 2022).
Transcripts can be capped co-transcriptionally or post-translationally with either a cap 0 or cap
1 structure. Methylation of the 2’-O site of the first nucleotide adjacent to the cap 0 structure

produces a cap 1 structure to distinguish between mature endogenous mRNAs and viral mRNAs
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(reviewed in Ramanathan et al., 2016). Upon delivery into the cytosol, nsPs are translated and
complementary negative sense RNAs are transcribed (Figure 2C) (reviewed in Leung et al.,
2011). This serves as a template from which positive sense RNAs and exponential amounts of
subgenomic RNA encoding the antigen of interest is subsequently transcribed. Translated
antigen is thereafter secreted for uptake by immune cells or can be designed for display on the
surface of cells by inclusion of a C-terminal transmembrane domain sequence. Antigens can
also be processed by the proteasome and the resulting peptides presented on MHC I molecules
for recognition by T cells. saRNA vaccines, targeting a number of infectious diseases and
cancers, have successfully elicited both humoral and cell-mediated immunity against the
encoded antigen (reviewed in Kairuz et al., 2022). However, T-cell immune responses against
nsPs1-4, which could potentially elicit anti-vector immunity and reduce efficacy of Alphaviral-

based saRNA vaccines administered subsequently, have not yet been explored.
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Figure 2. The self-amplifying RNA vaccine platform.

(A) Sequence elements of Alphaviral genome: 5’cap 0 structure and conserved sequence
element (CSE), non-structural proteins 1-4 (nsPs 1-4), subgenomic promoter, viral structural
proteins, 3> CSE and poly-A tail. (B) Sequence elements of saRNA vaccine construct: 5’cap 0
or cap 1 structure, CSE, nsPs 1-4, subgenomic promoter, antigen, 3’ CSE and poly-A tail. (C)
Antigen production and adaptive immune system stimulation by saRNAs: (1) saRNAs are
endocytosed and released into cytosol. (2) saRNAs are translated to form nsPs1-4. (3 and 4)
nsPs1-4 mediate replication of genomic and subgenomic RNAs. (5) Vaccine antigen is
translated. (6 and 7) Antigen is degraded by the proteasome and peptides are presented in

association with Major Compatibility Complex I molecules for T-cell recognition. (8) Whole
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antigen is secreted for uptake by professional antigen presenting cells (APCs). Created using

BioRender.com.
1.5 Innate immune system response to saRNAs

As part of mammalian cell antiviral defence mechanisms, cells are equipped with a variety of
pattern recognition receptors (PRRs) to detect the presence of invading viruses and initiate
innate immune system responses (reviewed in Jensen and Thomsen, 2012). saRNAs and
unmodified mRNAs, like viral RNAs, can trigger the innate immune response and thus, unlike
protein-based vaccines, do not require co-formulation with adjuvants to enhance the immune
response (Figure 3) (reviewed in Kairuz et al., 2022). Uridine-rich single-stranded RNAs
(ssRNAs) and dsRNAs are recognised by endosomal PRRs, such as TLRs 3, 7, and 8, that are
present in plasmacytoid dendritic cells and B-cells. In most cell types, ssSRNAs and dsRNAs
are recognised by cytosolic PRRs such as retinoic-acid inducible gene I product (RIG-I) and
melanoma-associated differentiation antigen 5 (MDA 5). Recognition of exogenous RNAs by
these PRRs results in a cascade of events which culminates in secretion of type 1 interferons
and pro-inflammatory cytokines to create an extracellular milieu conducive to the development
of a Th1 immune response. Secreted interferons also act in an autocrine and paracrine manner

to upregulate expression of interferon-stimulated genes (ISGs).
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Figure 3. Innate immune system response to exogenous RNAs.

(1) Uridine-rich single-stranded RNA (ssRNA) and double-stranded RNA (dsRNA) taken up
by professional antigen presenting cells trigger endosomal pattern recognition receptors (PRRs)
called Toll-like receptors (TLRs). (2) ssRNA and dsRNA present in the cytosol are recognised
by the cytosolic PRRs retinoic-acid inducible gene I product (RIG-I) and melanoma-associated
differentiation antigen 5 (MDA 5) present in most cells. (3 and 4) Activation of PRRs induces
expression and secretion of type I interferons. (5 and 6) Secreted interferon binds to IFNAR
receptors and upregulates expression of interferon-stimulated genes (ISGs). (7) Proteins with
antiviral properties are translated. (8) 2’-5’- oligoadenylate synthetase 1 (OAS1) mediates
activation of RNase L which cleaves RNAs. (9) Protein kinase R (PKR) and interferon-induced
proteins with tetratricopeptide repeats 1 (IFIT1) inhibit translation of mRNAs. Adapted from

Kairuz et al., 2022. Created using BioRender.com.

ISGs encode numerous proteins which act in a multi-pronged approach to inhibit various stages
of viral replication (reviewed in Schneider et al., 2014). The antiviral proteins most pertinent to
RNA-based vaccines are 2’-5’- oligoadenylate synthetase 1 (OAS1), protein kinase R (PKR)
and interferon-induced proteins with tetratricopeptide repeats 1 (IFIT1). These proteins possess
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pattern recognition capabilities and are expressed at basal levels in an inactive form (reviewed
in Fensterl and Sen, 2015; reviewed in Sadler and Williams, 2008). Upon binding to exogenous
RNAs, these proteins are activated, and expression is further upregulated by type I interferon
signalling. OAS1 mediates the synthesis of 2°-5’- oligoadenylates when activated by cytosolic
dsRNA. These oligomers then activate latent cytosolic RNase L which cleaves RNAs to prevent
its translation. PKR is a kinase which mediates phosphorylation of eukaryotic translation
initiation factor 2a resulting in inhibition of translation. IFIT1 contains two domains which
mediate translation inhibition. Its N-terminus can bind to uncapped or cap 0 mRNAs to prevent
association with the ribosome, whereas its C-terminal domain binds to eukaryotic initiation

factor 3 to prevent formation of the pre-initiation complex required for translation.

While type I interferon signalling is important for the development of a robust immune response
against invading pathogens in the context of RNA-based vaccines, a strong innate immune
system response may prematurely inhibit translation of the antigen, thus diminishing vaccine
efficacy. The conventional mRNA vaccine and therapeutic platform has undergone numerous
iterations to reduce innate immune system stimulation however those modifications are not
amenable to the saRNA vaccine platform (reviewed in Kairuz et al., 2022). saRNAs are
delivered as ssRNAs, replicate to produce dsRNA replication intermediates, and contain
polyuridine motifs, all of which have the potential to activate a multitude of PRRs and limit
translation of antigen. saRNAs can be capped with a cap 1 structure to avoid recognition by
IFIT1 but this advantage is only available to the delivered transcripts since replication
intermediates and sub-genomic RNAs will only be able to acquire a cap 0 structure. To improve
antigen expression from saRNAs, and hence improve priming of the immune system, several
researchers have explored and suggested methods to inhibit interferon signalling. Some viruses
have evolved a variety of mechanisms to evade or modulate the interferon response. Vaccinia
virus immune evasion proteins E3, K3 and B18 for example, inhibits PKR and interferon
(reviewed in Smith et al., 2013). These immune evasion proteins were encoded in conventional
mRNAs, and when delivered in vivo with saRNAs encoding luciferase, significantly increased
expression of reporter proteins (Beissert et al., 2017). To ensure delivery of innate immune
evasion proteins to saRNA transfected cells, cis-encoded innate inhibiting proteins derived
from various viruses as well as targeting different points in the interferon pathway was
evaluated (Blakney et al., 2021). Middle East respiratory syndrome coronavirus (MERS CoV)
ORF4a and parainfluenza virus 5 (PIV-5) innate inhibiting proteins were the most efficient at
increasing saRNA-encoded firefly luciferase expression in vitro. However, these results were

not recapitulated in mice. The authors did however demonstrate increased immunogenicity in
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rabbits which received saRNAs encoding rabies glycoprotein and cis-encoded MERS CoV
ORF4a when compared to those that received saRNAs without innate inhibiting proteins. Using
another approach, the authors also showed a modest increase in expression of firefly luciferase
in mice when the JAK/STAT pathway inhibitor Ruxolitinib was administered along with
saRNAs.

Interferon inhibition may seem beneficial in increasing antigen expression, however there are
caveats to this approach. There is the possibility that an undesired immune response may be
generated against innate inhibiting proteins. The financial benefits of using lower doses of
saRNAs may be lost as additional costs would be incurred in producing mRNAs encoding
innate inhibiting proteins or co-formulating saRNAs with small molecule inhibitors such as
Ruxolitinib. Cis-encoded innate immune inhibitors would overcome this problem, however
these were not shown to be effective in vivo. In addition, there are technical difficulties
associated with producing longer saRNAs since they may be more prone to shearing. Others
have reported promising results using saRNAs in vaccine applications without interferon
inhibitors (Maruggi et al., 2022; McKay et al., 2020; Palmer et al., 2023; Vogel et al., 2018). In
addition, Alphaviruses do not encode innate inhibiting proteins yet are able to successfully
establish infection and viral replication. This is made possible by strategically located
secondary structures and sequence motifs in the 5° CSEs of the genomic and subgenomic
transcripts which allows it to evade recognition by PRRs (reviewed in Hyde et al., 2015). Thus,
a balance between induction of an interferon response, which improves adaptive immune

responses, and antigen translation can be achieved by saRNA vaccines.

Currently there are no mRNA-based vaccines against HBV in clinical trials. The aim of the
current study was to produce and examine the immunogenicity of novel and potentially dose-
sparing saRNA vaccines encoding HBV surface antigens, and to compare efficacy to currently
available protein-based HBV vaccines. S-HBsAg and L-HBsAg were selected as target
antigens with L-HBsAg expected to elicit a broader immune response which would improve
the likelihood of conferring protection to non-responders as well. This dissertation describes
the optimisation and in vitro characterisation of candidate saRNA vaccines. Plasmid DNA
templates encoding VEEV replicon proteins with mono- and bi-cistronic antigens and/or
reporter constructs were generated. These constructs were initially designed to produce bi-
cistronic saRNAs capable of simultaneously expressing HBV antigen and a fluorescent reporter
protein to confirm efficient in situ translation. This reporter protein could subsequently be
replaced with another viral antigen to improve the breadth of protection elicited by the vaccine.

Second generation saRNAs were designed to express a single antigen or reporter protein with
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an increased poly-A tail length for improved longevity and translatability of transcripts.
Optimisation of IVT reactions for longer saRNA transcripts was performed using commercially
available kits and design of experiments (DOE)-based reactions, as the chemical synthesis of
longer RNA requires different reactions conditions to that of conventional mRNA and is more
prone to shearing. Co-transcriptional and post-transcriptional capping strategies were also
compared to determine which approach produced better quality saRNAs with enhanced
expression capabilities. Expression of reporter proteins and viral antigens from saRNAs was
examined and confirmed in vitro using fluorescence microscopy and enzyme-linked
immunosorbent assays respectively. The ability of saRNAs to trigger an innate immune system
response in vitro was examined by measuring changes in mRNA transcripts encoding interferon
and selected ISGs by quantitative reverse transcription polymerase chain reaction (QRT-PCR).
The effect of saRNA dose and the interferon response on antigen expression was also examined
in vitro. Finally, saRNAs encoding the reporter protein luciferase, S-HBsAg or L-HBsAg were
administered intramuscularly to immunocompetent mice, using either local electroporation or
cationic liposomes for delivery, to establish antigen expression kinetics, biodistribution, and

immunogenicity.
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2. MATERIALS AND METHODS
2.1 Design and production of bi-cistronic saRNAs
2.1.1 Sequence components of plasmids encoding bi-cistronic saRNAs

Plasmids T7-VEEV-eGFP-IRES-PuroR and T7-VEEV-Fluc-IRES-mCherry (Appendix A-
Figures Al and A2) encoding reporter proteins, and plasmids T7-VEEV-S-HBsAg-IRES-
mCherry and T7-VEEV-L-HBsAg-IRES-mCherry (Appendix A-Figure A3) encoding HBV
vaccine candidates were previously prepared. T7-VEEV-eGFP-IRES-PuroR was a gift from
Steven Dowdy (Addgene plasmid # 58977; http://n2t.net/addgene:58977) and was designed to

be used as a template for IVT of bi-cistronic saRNAs encoding codon-optimised enhanced
green fluorescent protein (eGFP), and puromycin N-acetyltransferase which is under the
translational control of an internal ribosome entry site (IRES) derived from the
Encephalomyocarditis Virus (EMCV) (Yoshioka et al., 2013). This plasmid was used as a
backbone to produce T7-VEEV-Fluc-IRES-mCherry, T7-VEEV-S-HBsAg-IRES-mCherry and
T7-VEEV-L-HBsAg-IRES-mCherry.

All plasmids contained the T7 promoter sequence upstream of sequences to be included in
saRNA transcripts to enable IVT using bacteriophage T7 RNA polymerase. This was followed
by sequences encoding the 5° CSE of VEEV, VEEV nsP1-4 proteins required for in situ self-
replication of saRNA transcripts, a VEEV subgenomic promoter, and the reporter protein or
HBV antigen of interest. Subgenomic mRNAs were bi-cistronic and contained upstream
sequences encoding Firefly luciferase (Fluc), S-HBsAg, or L-HBsAg, followed by an IRES,
and downstream sequences encoding the fluorescent reporter protein mCherry which was
included as a marker of efficient in situ translation. The 3’ end of the transcript contained
sequences encoding a VEEV-derived 3° CSE also required for self-replication, a stretch of 26
adenines encoding a poly-A (26) tail for efficient translation, and an Mlul restriction site for
linearisation of the plasmid to facilitate IVT of uniform transcripts. Plasmids also contained an
origin of replication (ori) sequence to enable plasmid replication in bacteria, and an ampicillin

resistance gene encoding B-lactamase.

2.1.2 Propagation of plasmids encoding saRNAs in Escherichia Coli (E. Coli)

Plasmids T7-VEEV-S-HBsAg-IRES-mCherry and T7-VEEV-L-HBsAg-IRES-mCherry were
individually propagated in chemically competent NEB Turbo cells (New England Biolabs,
Massachusetts, USA) (Appendix B1). Cells were thawed on ice and 20 pl aliquots were

thereafter transformed with 1 pug of the respective plasmid for 15 minutes on ice. To facilitate
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cellular uptake of plasmid DNA, cells were heat-shocked at 42°C for 90 seconds using a pre-
heated heating block followed by cooling on ice for five minutes. The entire transformation mix
was pipetted onto pre-warmed Luria Bertani (LB) agar plates supplemented with 100 pg/ml
ampicillin (Appendix B2) and distributed with a sterile glass spreader. Plates were closed,
placed in a loose plastic sleeve, and incubated upside down at 37°C. Following overnight
incubation single colonies were picked and cultured in bacterial culture tubes containing 8 ml
LB media (Appendix B2) and 100 pg/ml ampicillin. All bacterial cultures were grown

overnight at 37°C in a shaking incubator at 150 revolutions per minute (rpm).

Glycerol stocks of each plasmid were prepared and stored at -80°C (Appendix B3). A small-
scale plasmid DNA extraction from cultures was performed by alkaline lysis of bacterial cells
followed by precipitation of plasmid DNA using isopropanol (Appendix B4). The concentration
and purity of extracted plasmids was determined by spectrophotometry using the
NanoPhotometer® (Implen, California, USA). Plasmid DNA samples with A260/280 ratios of
1.8-2 and A260/230 ratios of 2.0-2.2 were considered sufficiently free of protein and
organic/salt contaminants respectively. A restriction digest was performed to identify plasmids
based on banding patterns the resulting fragments produced following agarose gel
electrophoresis. Each digestion reaction contained 1 pg of plasmid, 5 units (U) of the Fast
Digest restriction enzyme Ncol (Thermo Fisher Scientific, Massachusetts, USA), or EcoRI, 2
ul of Fast Digest Green buffer (Thermo Fisher Scientific, Massachusetts, USA) and nuclease-
free water to a final volume of 20 pl. The reaction was incubated at 37°C for an hour and then
analysed by agarose gel electrophoresis (Appendix B5). Clones containing plasmids that
produced the correct banding pattern were cultured in baffled flasks overnight using 100 ul of

the respective glycerol stocks and 300 ml LB media supplemented with 100 pg/ml ampicillin.

For a large-scale extraction of plasmid DNA, 100 pl of the respective bacterial glycerol stocks
were individually inoculated into 300 ml LB media supplemented with 100 pg/ml ampicillin
and incubated overnight at 37°C with shaking at 150 rpm. Overnight cultures were then
transferred to plastic jars and bacteria were pelleted by centrifugation at 4 000 x g for 20 minutes
at 4°C. Plasmids were thereafter extracted using the QIAGEN plasmid maxi kit according to
manufacturer's instructions (Qiagen, Hilden, Germany). This kit employs the method of
alkaline lysis of bacterial cells to extract plasmid DNA which is thereafter purified using anion-
exchange columns provided with the kit. Purified plasmid DNA was resuspended in 200 pl
nuclease-free water. Concentration and purity of extracted plasmids were determined by

spectrophotometry. Plasmids were stored at -20°C. A final restriction digest was performed, as
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described above, to verify the identity of T7-VEEV-S-HBsAg-IRES-mCherry and T7-VEEV-
L-HBsAg-IRES-mCherry.

2.1.3 Linearisation of plasmids encoding saRNAs by restriction digestion

To prevent continuous IVT of the circular plasmid DNA template by T7 RNA polymerase, all
plasmids were linearised immediately after the poly-A tail by restriction digestion. This ensured
that saRNA transcripts produced by IVT were the correct length and contained only the desired
sequences for in situ replication and translation. Digestion reactions included plasmid DNA,
the restriction enzyme M/ul (Thermo Fisher Scientific, Massachusetts, USA) at a concentration
of 1U/ug of plasmid DNA, 1x Buffer R (Thermo Fisher Scientific, Massachusetts, USA) and
nuclease-free water to an appropriate final volume to ensure the glycerol content of the reaction
was below 5%. The reactions were incubated at 37°C for two hours. Complete linearisation of
plasmids was confirmed by agarose gel electrophoresis. Linearised plasmids were purified
using either EconoSpin® silica membrane mini spin columns (Epoch Life Science Inc., Texas,

USA) (Appendix B6) or sodium acetate (NaOAc) precipitation (Appendix B7).

2.1.4 Synthesis of uncapped saRNAs by IVT

Bi-cistronic saRNAs were in vitro transcribed from linearised plasmid templates using the
commercially available Ampliscribe™ T7 Flash™ transcription kit (Epicentre
Biotechnologies, Wisconsin, USA) and the RiboMAX™ Large scale RNA production system
(Promega, Wisconsin, USA). IVT using the Ampliscribe™ T7 Flash™ transcription kit was
initially performed according to manufacturer’s protocols (Appendix B8). To improve saRNA
yield and integrity the following modifications were thereafter examined: a) increasing
incubation time from 30 minutes to one/two hours, b) increasing incubation temperature from

37°C to 42°C, and c) increasing plasmid DNA concentration from 1pg to 2ug.

Following IVT, DNA templates present in the reaction were degraded with DNasel (Thermo
Fisher Scientific, Massachusetts, USA) for 15 minutes at 37°C at a concentration of 1U/ug
plasmid DNA in 1x DNase buffer. saRNA transcripts were precipitated with equal volumes of
5 M ammonium acetate (NH4OAc) and incubated for 15 minutes on ice. Transcripts were
pelleted by centrifugation at 10 000 x g for 15 minutes at 4°C and rinsed with 500 pl of ice-
cold 70% ethanol. Transcripts were pelleted again, and ethanol was removed. Residual ethanol
was evaporated by air-drying the pellet for five minutes. Transcripts (saRNA-eGFP-IRES-
PuroR, saRNA-Fluc-IRES-mCherry, saRNA-S-HBsAg-IRES-mCherry, and saRNA-L-
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HBsAg-IRES-mCherry) were resuspended in 100-200 pul of nuclease-free water and stored at -
80°C (Figure 4).

saRNA-eGFP-IRES-PuroR (9 695 bases) Subgenomic promoter
5CSE nsP1 nsP2 nsP3 nsP4 eGP [VIRES" PGROR| 3 CSE  Poly-A(26)

saRNA-Fluc-IRES-mCherry (10 698 bases) —
5CSE nsP1 nsP2 nsP3 nsP4 I 3 | mCherry | 3'CSE Poly-A (26)

saRNA-S-HBsAg-IRES-mCherry (9 725 bases)

I—b
5CSE nsP1 nsP2 nsP3 nsP4 ] : mCherry 3'CSE  Poly-A (26)

saRNA-L-HBsAg-IRES-mCherry (10 247 bases)

5CSE nsP1 nsP2 nsP3 nsP4 L-HBsAg mCherry ~ 3'CSE = Poly-A (26)

Figure 4. Schematic of bi-cistronic saRNA transcripts.

Bi-cistronic saRNA transcripts produced by IVT contained sequences encoding Venezuelan
Equine Encephalitis Virus (VEEV)-derived 5’CSE, non-structural proteins 1-4 (nsPs1-4) and
sub-genomic promoter. Sequences encoding the antigen of interest (eGFP, Fluc, S-HBsAg or
L-HBsAg), an internal ribosome entry site (IRES), puromycin N-acetyltransferase (PuroR) or
the reporter protein mCherry, VEEV-derived 3’ CSE, and poly-A(26) tail are located
downstream of the sub-genomic promoter and represent sub-genomic mRNAs. Created using

BioRender.com.

2.1.5 Post-transcriptional capping of transcripts using the Vaccinia capping system

To evade recognition by the innate immune system and improve iz situ translation of saRNAs,
transcripts were enzymatically capped (cap 1) post-transcriptionally using the Vaccinia capping
system and mRNA cap 2'-O-methyltransferase according to manufacturer’s instructions. The
vaccinia capping system, when used on its own incorporates a cap 0 structure at the 5” end of
mRNA transcripts. The addition of mRNA cap 2'-O-methyltransferase facilitates methylation
at the 2°-O site of the first nucleotide adjacent to the cap 0 structure, producing a transcript with
a cap 1 structure at the 5” end. Prior to capping, 10 pug of saRNA transcripts in a final volume
of 14 ul of nuclease-free water was denatured at 65 °C for five minutes. The solution was cooled
on ice before adding the following components in the specified order and at the indicated final
concentrations in a 20 pl reaction: 1x capping buffer, 0.5 mM GTP, 0.2 mM S-
adenosylmethionine, 10 U/ul vaccinia capping enzyme, 50 U/ul mRNA cap 2’-O-
methyltransferase, and 1 U/ul Murine RNase inhibitor. All reagents used in enzymatic capping
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were obtained from New England Biolabs (Massachusetts, USA). The reaction was incubated
at 37°C for one hour. Capped transcripts were precipitated with NH4OAc as described in section

2.1.4 and resuspended in 10-20 pul nuclease-free water. Capped transcripts were stored at -80°C.

2.1.6 Extraction of full-length saRNA transcripts by Oligo d(T)2s magnetic beads

Full-length saRNA transcripts, which contain a 3’ poly-A tail, was separated from incomplete
or degraded transcripts by complementary base pairing to oligo d(T)2s coupled magnetic beads
(New England Biolabs, Massachusetts, USA). A microcentrifuge tube containing 500 pul of
beads was placed on a magnetic rack for one minute to separate beads from solution.
Supernatant was removed and beads were rinsed in 250 pl binding buffer and resuspended in
500 pl binding buffer. saRNA-eGFP-IRES-PuroR (8ug) was diluted in an equal volume of
binding buffer and heated at 65°C for 10 minutes to denature secondary structures which could
interfere with binding to beads. Denatured saRNAs were then added to the beads in binding
buffer and incubated at room temperature for 20 minutes on a rotating mixer to facilitate
binding. saRNAs bound to beads were then separated from solution by placing the tube in the
magnetic rack for one minute. The supernatant was removed, and beads were rinsed in 500 pl
wash buffer for one minute on the rotating mixer. The tube was placed in the magnetic rack
again and supernatant was removed. Beads were then rinsed with 500 pl low-salt wash buffer.
All buffers used were prepared in accordance with manufacturer’s instructions. To release
saRNAs into solution, rinsed beads were incubated in 20 ul of nuclease-free water at 50°C for
two minutes. The microcentrifuge tube was placed in the magnetic rack and supernatant

containing purified full-length saRNAs were transferred to a sterile tube and stored at -80°C.

2.1.7 Size and integrity analysis of saRNAs

The concentration and purity of uncapped and capped saRNAs were determined by
spectrophotometry using the NanoPhotometer®. Protein and salt contamination of samples was
assessed by examining A260/A280 and A260/A230 ratios respectively. saRNAs with both
ratios above 2 was considered suitable for downstream analysis. Size and integrity of transcripts

were determined by denaturing formaldehyde gel electrophoresis (Appendix B9).
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2.2 Design and production of single-cistron saRNAs

2.2.1 Restriction enzyme cloning of plasmids encoding single-cistron saRNAs with extended

poly-A tails

To enable production of single-cistron saRNAs encoding either a reporter protein or HBV
antigen of interest, the IRES and downstream PuroR or mCherry sequences were removed from
plasmid IVT templates. To improve in situ translation of transcripts, a longer poly-A tail (poly-
A ((60)) was incorporated into the design downstream of the 3° CSE. These modifications were

achieved using a 2-step cloning strategy.

Step 1: Extension of poly-A tail by cloning

Subcloning plasmid pUC57-saRNA-MCS-poly-A (60) containing a multiple cloning site
(MCS) and downstream VEEV-derived 3’ CSE, extended poly-A (60) sequence, and Mlul
restriction site, was synthesised by GenScript Biotech (New Jersey, USA) (Appendix A-Figure
A4). The MCS contained Ndel and Notl restriction sites which were used to insert reporter
protein or HBV surface antigen sequences. To obtain the plasmid backbone into which
individual antigens of interest could be inserted, the subcloning plasmid was digested with the
restriction enzymes Ndel and Nofl (New England Biolabs, Massachusetts, USA). Digest
fragments were resolved on a 1% agarose gel and the plasmid backbone was extracted from the
gel using the QiaQuick® Gel extraction kit (Qiagen, Hilden, Germany) and EconoSpin® silica
membrane mini spin columns according to manufacturer’s instructions. Sequences encoding
antigens of interest (S-HBsAg and L-HBsAg), previously amplified by PCR and digested to
produce complementary 5' Ndel and 3' Notl overhangs, were ligated to the sub-cloning plasmid
backbone in a 1:3 backbone:insert molar ratio to produce plasmids pUC57-S-HBsAg-poly-A
(60) and pUC57-L-HBsAg poly-A (60) (Appendix A-Figure AS). The amount of insert DNA

to be ligated was calculated using the following equation:

Kb of insert

m) X ng backbone ] x ligation ratio

Ng insert required = [(

Each 20 pl ligation reaction contained 1x ligation buffer (New England Biolabs, Massachusetts,
USA), 50 ug backbone DNA, insert DNA fragments as calculated using the above equation, 1
ul of T7 DNA ligase (New England Biolabs, Massachusetts, USA), and nuclease-free water.
Ligation reactions were incubated overnight in a water bath at 16 °C. A volume of 5 ul of the
ligation reaction was used to transform 50 pl of NEB Turbo competent cells. Protocols for

transformation of bacteria, culturing of clones and extraction of plasmids were as described in
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section 2.1.2. Positive clones were identified by restriction digestion using the Fast Digest
enzymes A/w441 and Apal (Thermo Fisher Scientific, Massachusetts, USA) and analysis of

banding patterns by agarose gel electrophoresis.

Step 2: Cloning of antigen sequences with extended poly-A (60) tail into T7-VEEV plasmid

backbone

T7-VEEV-eGFP-IRES-PuroR was digested with Ndel and Mlul (New England Biolabs,
Massachusetts, USA) to produce a backbone which excluded the eGFP-IRES-PuroR sequences.
pUCS57-S-HBsAg-poly-A (60) and pUC57-L-HBsAg poly-A (60) were also digested with Ndel
and Mlul to excise insert fragments containing antigen sequences, downstream 3’CSE and
extended poly-A tail. Both digests were resolved on a 1% agarose gel and backbone and insert
sequences were extracted and ligated overnight at 16°C in a 1:3 backbone:insert molar ratio as
described above to produce saRNA-encoding plasmids T7-VEEV-S-HBsAg and T7-VEEV-L-
HBsAg (Appendix A-Figure A6). The cloning strategy is summarized in Figure 5. Protocols
for transformation of bacteria, culturing of clones and extraction of plasmids were as described
in section 2.1.2. Plasmid T7-VEEV-Luc2 which was used to produce single-cistron transcripts
encoding codon-optimised synthetic luciferase 2 (Luc2) (Promega, Wisconsin, USA) was
prepared using a similar cloning strategy (Appendix A-Figure A7). The final plasmid constructs
contained the T7 promoter sequence, VEEV-derived 5° CSE, nsP1-4 proteins and subgenomic
promoter, sequences encoding the antigen of interest (Luc2, S-HBsAg, or L-HBsAg), VEEV-
derived 3’ CSE, poly-A (60) tail, and Mlul restriction site.
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STEP 1

Ndel
Ndel
e a/ S-HBsAg
Notl
STRSE Ndel L\ 3'CSE
+ S-HBsAg —_— ;
pUC57-saRNA- Polv-A (60 Notl pUCS7 SHBaNg™ W, o & (60)
MCS-Polv-A(60 oly-A (60) Poly-A(60) ¥
AmpR oly-A(60) /\MM AmpR /\Mlul
~ ~
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STEP 2
Midl 5'CSE
Poly-A (2&\ g
3' CSE_
PuroR
T7-VEEV-eGFP- . Extract insert
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Ndel
Extract Backbone l Y
2 p |
Ml
Ndel Poly-A (60)
nsps1-4 ¥ ™ S-HBsAg | 3'CSE u
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5'CSE
AmpR Ori C
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Poly-A (60) \¢
3'CSE 4
T7-VEEV-
S-HBsAg S-HBsAg nsPs1-4

Figure 5. Representative cloning strategy to produce plasmids encoding single-cistron

saRNAs.
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STEP 1: Antigen sequences (S-HBsAg or L-HBsAg) were cloned into pUC57-saRNA-MCS-
poly-A (60) using the Ndel and Notl restriction sites, to extend the poly-A tail for improved
translation. STEP 2: Antigen sequences, 3’CSE and extended poly-A tail were excised from
subcloning plasmids using Ndel and Mlul, and ligated into T7-VEEV backbone from which

eGFP-IRES-PuroR sequences had been excised. Created using BioRender.com.

T7-VEEV-S-HBsAg and T7-VEEV-L-HBsAg were verified by restriction digest with Ncol
(Thermo Fisher Scientific, Massachusetts, USA) as described in section 2.1.2. In addition,
antigen inserts and flanking restriction enzyme sites were sequenced by Sanger sequencing
(Ingaba Biotec, Pretoria, South Africa) using the forward primers listed in Table 1. Primer
binding sites are shown in Appendix A-Figures AS and A6. Sequencing results were aligned to
plasmid DNA template sequences and examined for mismatches using an online alignment tool

available at https://benchling.com.

Table 1. Forward primers used for Sanger sequencing of subcloning plasmids and

plasmids encoding single-cistron saRNAs

Plasmid Primer | Primer sequence (5°-3’)
name
pUC57-S-HBsAg-poly-A (60) | MCS-Fw | CAGCTTGTCTGTAAGCGG
pUC57-L-HBsAg-poly-A (60) | MCS-Fw | CAGCTTGTCTGTAAGCGG
SHBs-IF | TCCTTCTAGTTGGGCCTTCG

T7-VEEV-S-HBsAg nsP4-Fw | AACTTCCATCATAGTTATGGCCATG
SHBs-IF | TCCTTCTAGTTGGGCCTTCG
T7-VEEV-L-HBsAg nsP4-Fw | AACTTCCATCATAGTTATGGCCATG

LHBs-IF | CGCTAGTCACATCAGTTCAATTAGC
SHBs-IF | TCCTTCTAGTTGGGCCTTCG

2.2.2 Correction of single point mutation in T7-VEEV-L-HBsAg by restriction enzyme cloning

Sequencing of pUC57-L-HBsAg poly-A (60) and T7-VEEV-L-HBsAg and alignment to
reference sequences revealed a non-synonymous base substitution error (T = G; C398G) in the
C-terminal domain of L-HBsAg. This base substitution error was not present in the open
reading frame of S-HBsAg within the pUC57-S-HBsAg poly-A (60) plasmid. Since both HBV
antigens share the same C-terminal domain, the cloning strategy used to produce a plasmid with

the correct L-HBsAg sequence, was simply to incorporate the L-HBsAg encoding sequences
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upstream of the mutation into the pUC57-saRNA-S-HBsAg-poly-A (60) plasmid containing

the correct C-terminal domain sequence.

pUCS57-L-HBsAg-poly-A (60) was digested with Ndel and Apal (Thermo Fisher Scientific,
Massuchusetts, USA) which cleaves just upstream of the Kozak sequence and the point
mutation respectively. The insert extracted thus included the Kozak sequence and entire L-
HBsAg sequence up to but excluding the C-terminal point mutation. pUC57-S-HBsAg-poly-A
(60) was also digested with Ndel and Apal to produce a backbone with the correct C-terminal
sequence. Digests were run on an agarose gel and backbone and insert fragments were extracted
and ligated as described in section 2.2.1 to produce pUCS57-L-HBsAg poly-A (60) with the
correct sequence (Figure 6). Protocols for transformation of bacteria, culturing of clones and
extraction of plasmids were as described in section 2.1.2. Cloning of T7-VEEV-L-HBsAg was

performed as described in step two of section 2.2.1.
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Figure 6. Cloning strategy to correct base substitution error located in C-terminus of L-

HBsAg.

(Top left) Sanger sequencing identified a non-synonymous single base substitution error T to
G in the C-terminus of subcloning plasmid pUC57-L-HBsAg-Poly-A (60) as well as T7-VEEV-
L-HBsAg. The Ndel and Apal restriction sites were used to excise L-HBsAg sequences
upstream of the mutation. (Top right) Subcloning plasmid pUC57-S-HBsAg-Poly-A (60),

which contains the correct nucleotide (T), was digested with the same enzymes to produce a
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backbone into which the partial L-HBsAg insert could be ligated producing pUC57-L-HBsAg-

poly-A (60) with the correct C-terminal sequence. Created using BioRender.com.

To confirm that newly cloned pUC57-L-HBsAg poly-A (60) and T7-VEEV-L-HBsAg
contained the correct C-terminal sequence, the S-HBsAg domain from both plasmids were
amplified by polymerase chain reaction (PCR) and amplicons were sequenced. Primer binding
sites are shown in Appendix A-Figures AS and A6. To ensure high-fidelity replication of
amplicons during PCR, the Q5 high-fidelity polymerase (New England Biolabs, Massachusetts,
USA) was used. Each 25 pl reaction contained 1x QS5 high-fidelity mastermix, 5 ng plasmid
template, 0.5 uM of each forward and reverse primers (Table 2) and nuclease-free water. PCR
was performed using the Biorad T100™ Thermal Cycler (Bio-Rad Laboratories, California,
USA). Thermocycling conditions consisted of initial denaturation at 98°C for 30 seconds,
followed by 40 cycles of denaturation at 98°C for 10 seconds, annealing at 69.0°C for 30
seconds and extension at 72°C for 20 seconds. A final extension was performed at 72°C for two
minutes. Specificity of amplification and amplicon size were examined by electrophoresis of 5
ul of each PCR in 1x DNA loading dye on an agarose gel. Amplicons were extracted from the

gel and sequenced (Inqaba Biotec, Pretoria, South Africa) using the SHBs-IF primer (Table 1).

Table 2. Forward (F) and reverse (R) primers used in PCR amplification of S-HBsAg
domain-encoding sequence from pUCS57-L-HBsAg-poly-A (60) and T7-VEEV-L-HBsAg

Primer name Primer sequence (5’-3’)
SHBs_F2 GATCGGTCTCCATGGAGAATATTACTTCCGGACTG
HBsAg R2 GATCGGTCTCGCGAGTCAAATGTAGACCCACAGACAG

2.2.3 Synthesis of single-cistron saRNAs by IVT with co-transcriptional capping

Plasmids encoding single-cistron saRNAs were linearised immediately downstream of the
poly-A (60) tail using the restriction enzyme M/ul and purified by NaOAc precipitation as
described in section 2.1.3. Single-cistron saRNAs were transcribed using a Design of
Experiments (DOE) buffer and protocol optimised for the synthesis of longer mRNAs such as
saRNAs (Samnuan et al., 2022) (Appendix B8). This buffer contained magnesium acetate
(Mg(OAc)2) with a total nucleotide triphosphate (NTP):magnesium (Mg) molar ratio of
1:1.875, which is optimal for synthesis of saRNAs. Each IVT reaction contained 100 ng/ul
linearised plasmid DNA template, 10 mM of each unmodified NTP (ATP, CTP, GTP and UTP),
0.2 U/uL Murine RNase inhibitor, 8 U/uL T7 RNA polymerase, 1x DOE buffer, and nuclease-
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free water up to a final volume of 100 pl. To minimise handling and possible degradation of
saRNAs, and to produce transcripts with a naturally occurring cap 1 structure, CleanCap® AU
reagent (Trilink Bio Technologies, California, USA) was added to the reaction at a final
concentration of 8 mM to facilitate co-transcriptional capping of saRNAs. IVT reactions were
incubated in a pre-heated heating block at 37°C for 2 hours. Enzymes and NTPs used for [IVT
were obtained from New England Biolabs (Massachusetts, USA).

Following IVT, DNA templates present in the reaction were degraded with DNasel (Thermo
Fisher Scientific, Massachusetts, USA) for 15 minutes at 37°C at a concentration of 1U/ug
plasmid DNA in 1x DNase buffer. Transcripts were precipitated with 0.5 volumes of a solution
containing 7.5 M lithium chloride (LiCl) and 50 mM Ethylenediaminetetraacetic acid EDTA
and incubated for 30 minutes at -20°C. Transcripts (saRNA-Luc2, saRNA-S-HBsAg and
saRNA-L-HBsAg) were purified and stored as described in section 2.1.4 (Figure 7).

saRNA-Luc2 (9 471 bases) IS_”EQQ”O""C RrOMOTEs

5CSE nsP1 nsP2 nsP3 nsP4 3'CSE Poly-A (60)

aRNA-S-HBsAg (8 436 bases)

S
5CSE nsP1 nsP2 nsP3 nsP4 [[SHBsAg | 3'CSE Poly-A (60)

saRNA-L-HBsAg (8 958 bases)

5CSE nsP1 nsP2 nsP3 nsP4 L-HBsAg 3'CSE Poly-A (60)

Figure 7. Schematic of single-cistron saRNA transcripts.

Single-cistron saRNA transcripts produced by IVT contained sequences encoding Venezuelan
Equine Encephalitis Virus (VEEV)-derived 5’CSE, non-structural proteins 1-4 (nsPs1-4) and
sub-genomic promoter. Sequences encoding the antigen of interest (Luc2, S-HBsAg or L-
HBsAg), VEEV-derived 3° CSE, and extended poly-A(60) tail are located downstream of the

sub-genomic promoter and represent sub-genomic mRNAs. Created using BioRender.com.
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2.3 In vitro transfection of Human Embryonic Kidney (HEK) 293T cells with saRNAs and

detection of antigen expression

HEK 293T cells, which are adherent cells, were grown and maintained in complete media
[Dulbecco’s Modified Eagle Medium (Life Technologies, California, USA) supplemented with
10% foetal calf serum, 100 U/mL penicillin, and 100 pg/mL streptomycin] in a humidified
incubator at 37 °C and 5% CO». Cells were passaged when approximately 80% confluent
(Appendix B10). Cells were seeded in either 48- or 6-well plates at a confluency of 40% in a
volume of 250 ul or 2 mls complete media respectively and transfected when approximately

70-80% confluent.

2.3.1 Detection of eGFP by fluorescence microscopy

To determine whether eGFP was expressed from transcripts, HEK 293T cells were transfected
with saRNA-eGFP-IRES-PuroR and expression of eGFP was monitored by fluorescence
microscopy. Cells, seeded in a 48-well plate, were transfected with 50, 100, or 200 nanograms
(ng) of saRNA-eGFP-IRES-PuroR in a volume of 25 pl per well using the liposome-based
Lipofectamine™ MessengerMAX™ transfection reagent (Invitrogen, Massachusetts, USA) to
facilitate uptake of saRNAs. Briefly, saRNAs and liposomes, individually diluted in reduced
serum media Opti-MEM™ (Life Technologies, California, USA), were combined in an saRNA
(ng) to lipid (pl) ratio of 1:1.5 and incubated at room temperature for five minutes to allow
formation of lipoplexes (saRNAs complexed with liposomes). Lipoplexes were added to cells
which were then incubated overnight in a humidified incubator at 37 °C and 5% COa.
Expression of eGFP was monitored over 1-15 days using the EVOS Fluorescence Microscope
(Invitrogen, Massachusetts, USA). Mock-transfected cell cultures (Lipofectamine™

MessengerMAX™ only) served as negative controls.

2.3.2 Detection of S-HBsAg by enzyme-linked immunosorbent assay (ELISA), and mCherry by

fluorescence microscopy

HEK 293T cells, seeded in a 48-well plate, were transfected with 250 ng of saRNA-S-HBsAg-
IRES-mCherry using Lipofectamine™ MessengerMAX™ transfection reagent as described in
section 2.3.1. As a positive control, HEK 293T cells were transfected with an equal amount of
pCH9-3091 using Lipofectamine™ 3 000 reagent (Invitrogen, Massachusetts, USA) according
to manufacturer’s protocols. pCH9-3091 is an HBV replication-competent plasmid which

produces infectious HBV particles displaying all three surface antigens of which S-HBsAg is
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the most abundant. Cells were examined 48 hours after transfection for the concurrent

expression of S-HBsAg and mCherry by ELISA and fluorescence microscopy respectively.

Expression of S-HBsAg and secretion into cell culture media was measured by sandwich
ELISA using the Monolisa™ HBs Ag Ultra ELISA kit (Biorad, California, USA) according to
manufacturer’s instructions. A volume of 100 pl of cell culture media (neat or diluted in
phosphate buffered solution, pH 7.2) was transferred into wells of the provided microtiter plate,
which was pre-coated with murine monoclonal antibodies targeting S-HBsAg. Thereafter, 50
ul of peroxidase-conjugated goat polyclonal and murine monoclonal anti-HBsAg antibody
mixture was added to each well. The plate was sealed and incubated at 37°C for 90 minutes.
Following incubation, unbound conjugate antibodies were removed by washing the plate five
times with the provided wash buffer at a 1x dilution using an automated plate washer. A volume
of 100 pl of the colorimetric enzyme substrate solution consisting of tetramethyl benzidine was
added to each well and the plate was covered in foil and incubated at room temperature for 30
minutes. The reaction was thereafter halted by the addition of 100 ul 1N sulphuric acid and left
at room temperature for five minutes. Absorbance of each well was measured at 490 nm
(primary wavelength) and 655 nm (reference wavelength) using the iMark Microplate
Absorbance Reader (Bio-Rad, California, USA) or Multiskan SkyHigh microplate
spectrophotometer (Thermo Fisher Scientific, Massuchusetts, USA). Wavelength correction
was performed by subtracting the absorbance at the reference wavelength from the absorbance
at the primary wavelength. Final absorbance was calculated by subtracting background

absorbance from mock-transfections and then adjusting for sample dilutions.

2.3.3 Detection of L-HBsAg from saRNA-L-HBsAg by ELISA

Since L-HBsAg contains the S-HBsAg domain, expression of L-HBsAg was also examined
using the Monolisa™ HBs Ag Ultra ELISA kit as described in section 2.3.2. HEK 293T cells
were seeded in 48-well plates and transfected with 250 ng of saRNA-L-HBsAg using
Lipofectamine™ MessengerMAX™ transfection reagent as described in section 2.3.1. At 48
hours post-transfection cell culture supernatant was harvested for analysis of secreted L-
HBsAg. To detect intracellularly retained L-HBsAg, cells were lysed with 200 pl 1x passive
lysis buffer (Promega, Wisconsin, USA) and mixed on a platform shaker at room temperature

for 15 minutes. Crude lysates and supernatants were stored at -20°C until analysis by ELISA.
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2.4 Detection of innate immune responses to saRNAs by qRT-PCR and effect on antigen

expression

To determine whether unmodified capl-saRNAs and dsRNA replication intermediates
triggered the innate immune response in vitro, gene expression analysis of IFN- and IFN-
inducible genes (OAS1, IFIT1 and PKR) was performed by qRT-PCR. HEK 293T cells were
first seeded in a 6-well plate and transfected as described in section 2.3.1 with 250, 500 or 1000
ng of saRNA-Luc2, saRNA-S-HBsAg or Polyinosinic:polycytidylic acid (Poly I:C), which is a
double-stranded RNA known to trigger the innate immune system. Cells transfected with the
corresponding volume of Lipofectamine™ MessengerMAX™ alone served as negative

controls.

At 24 hours post-transfection, cell culture supernatants were removed and stored at -20°C until
S-HBsAg expression analysis by ELISA. Total RNA was extracted from cells using TRIzol™
reagent (Invitrogen, Massachusetts, USA). Cells were homogenised with 1 ml TRIzol™ reagent
per well and transferred to microcentrifuge tubes. A volume of 200 pul chloroform was added
to each tube and samples were thoroughly mixed before incubation at room temperature for two
minutes. Samples were then centrifuged at 12 000 x g for 15 minutes at 4°C. The upper aqueous
layer containing total RNA was transferred to a clean microcentrifuge tube. RNA was
precipitated with 500 pl 100% isopropanol and incubated at room temperature for 10 minutes.
Samples were then centrifuged at 12 000 x g for 10 minutes at 4°C. The supernatant was
discarded and precipitated RNA was resuspended in 85 pl of nuclease-free water. Samples were
treated with 5 units of DNasel in 1x DNasel buffer at 37°C for an hour to remove contaminating
DNA. RNA was precipitated using 500 ul 100% ethanol and incubated at -20°C for 30 minutes.
RNA was pelleted by centrifugation at 12 000 x g for 10 minutes at 4°C. Supernatant was
discarded and RNA pellets were rinsed with 500 1 70% ethanol and centrifuged again at 12 000
x g for 10 minutes at 4°C. Total RNA was resuspended in nuclease-free water. Concentration
and purity of RNA was analysed using the NanoPhotometer®. Presence of DNA contaminants
and integrity of RNA were assessed by agarose gel electrophoresis. Prior to electrophoresis,
500 ng of RNA was first denatured at 70°C for 10 minutes in 1x RNA gel loading dye to allow
RNAs to migrate through the agarose gel according to their size. Samples were stored at —80°C

until further analysis.

The LUNA® Universal One-Step RT-qPCR kit (New England Biolabs, Massachusetts, USA)
was used to reverse-transcribe extracted mRNAs into cDNA, and thereafter amplify cDNA

encoding IFN-B, OASI1, IFIT1, PKR and the housekeeping gene glyceraldehyde 3-phosphate
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dehydrogenase (GAPDH) using gene-specific primers (Table 3). Reactions containing GAPDH
primers without reverse transcriptase (no RT control) were included to identify contaminating
DNA. Each 20 pl reaction contained 500 ng total RNA, 1x Luna WarmStart RT enzyme mix,
1x Luna Universal One-Step Reaction mix, forward and reverse primers at a final concentration
of 0.4 uM each, and nuclease-free water. Thermocycling was performed using the Biorad
C1000™ Touch thermocycler with the CFX96™ real-time PCR detection system (Bio-Rad
Laboratories, California, USA). Thermocycling conditions consisted of reverse transcription at
55°C for 10 minutes and initial denaturation at 95°C for 60 seconds. This was followed by 40
cycles of denaturation at 95°C for 10 seconds, annealing at 58°C for 30 seconds and extension
at 60°C for 60 seconds. Specificity of amplification was verified by melt-curve analysis (60-
95°C). Expression of genes was normalised to GAPDH expression, and relative fold change in
expression between transfected and mock transfected samples was determined using the delta

delta Ct method (Livak and Schmittgen, 2001).

Table 3. Forward (F) and Reverse (R) primers used for qRT-PCR of transcripts encoding

innate immune response proteins

Gene Primer Primer Sequence (5°-3’) Amplicon size
Name (bp)

OASI OASI1-F CGAGGGAGCATGAAAACACATTT 84
OAS1-R GCAGAGTTGCTGGTAGTTTATGAC

PKR PKR2-F GAAGTGGACCTCTACGCTTTGG 106
PKR2-R TGATGCCATCCCGTAGGTCTGT

IFN-p IFN-B-F TCCAAATTGCTCTCCTGTTGTGCT 110
IFN-B-R CCACAGGAGCTTCTGACACTGAAAA

IFIT IFIT-F CCCTGAAGCTTCAGGATGAAGG 182
IFIT-R AGAAGTGGGTGTTTCCTGCAAG

GAPDH | GAPDH-F | GAAGGTGAAGGTCGGAGTC 226
GAPDH-R | GAAGATGGTGATGGGATTTC

2.5 Formulation of saRNA-Luc2 lipoplexes for in vivo delivery in mice

To enable in vivo delivery and uptake of saRNAs following intramuscular injection, saRNA-
Luc2 was formulated with the cationic liposome-CaLiVax (OZ Biosciences, California, USA).
CaLiVax is composed of the cationic lipid DOTAP (N-[1-(2,3-Dioleoyloxy) propyl]-N,N,N

trimethyl-ammonium methyl-sulfate), and cholesterol in a 1:1 molar ratio. These positively
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charged liposomes are capable of spontaneous binding to negatively charged saRNAs, forming
lipoplexes which can be administered in vivo. A total of 50 pg saRNA-Luc2 was diluted in 1x
HEPES buffer (20 mM HEPES, 150 mM sodium chloride (NaCl), pH 7.5) and combined with
CaliVax in a 2.5:1 N:P ratio. The N:P ratio describes the molar ratio of nitrogen atoms in
DOTAP to the phosphate atoms in the saRNA. The solution was gently mixed on a platform
shaker for an hour at room temperature to allow formation of lipoplexes. A 25x dilution of the
formulation, using nuclease-free water, was prepared in a cuvette and the size of lipoplexes and
polydispersity index of the formulation was measured using the Malvern ZetaSizer Pro Blue

(Malvern Panalytical, Malvern, UK). Lipoplexes were stored at 4 °C.

2.6 Quantification of saRNA-Luc2 complexed to CaLiVax liposomes by Ribogreen™

assay

To quantify the amount of saRNA-Luc2 complexed to the exterior of CaliVax liposomes and
determine dose for in vivo studies, the Quant-it™ RiboGreen RNA kit (Invitrogen,
Massachusetts, USA) was used. This kit quantifies unbound saRNAs using a fluorescent RNA
binding dye and interpolation to a standard curve. Samples used to produce a standard curve
with concentrations ranging from 0.1 to 2.5 ng/ul were prepared using the provided ribosomal
RNA (rRNA) standard. The required amount of rRNA for each standard was diluted in 1X Tris
EDTA (TE) buffer with 1% Triton™ X-100 (Sigma Aldrich, Missouri, USA) in a final volume
of 100 pl. CaLiVax-saRNA-Luc2 was diluted 125x using 1x TE buffer in a final volume of 100
ul per well to quantify free unbound saRNAs. To quantify total saRNAs (complexed and free)
CaLiVax-saRNA-Luc2 was diluted 125x using 1x TE buffer with 1% Triton™-X100 in a final
volume of 100 pul per well to lyse lipoplexes and release complexed saRNAs. Blank samples
using HEPES buffered saline diluted in 1x TE buffer with and without 1% Triton™-X100 were
also prepared. All standards, samples, and blanks were prepared in duplicate and plated in a
black 96-well plate. The plate was incubated at 37°C for 10 minutes. The Quant-iT™
RiboGreen™ RNA reagent was diluted 100x with 1x TE buffer and 100 pl was added to each
well. Fluorescence was measured using the GloMax® Explorer (Promega, Wisconsin, USA)
using an excitation wavelength of 475 nm and emission wavelength of 500-550 nm. A standard
curve was prepared and the concentration of saRNAs present in all samples were interpolated
from the curve and adjusted for background fluorescence and dilution factor. The percentage

of complexed RNA was calculated using the following equation:

35



(1 Fluorescence Value of Lipoplexes Lysed with Triton™ — X100) 100
Fluorescence Value of Lipoplexes in TE buf fer

2.7 In vitro transfection of HEK 293T cells with CaLiVax-saRNA-Luc2 lipoplexes and

detection of Luc2 expression

To examine whether lipoplexes were successfully taken up by cells in vitro, HEK 293T cells
were seeded in a 48 well-plate and transfected with 250 ng saRNA-Luc2 formulated with
CalLiVax in a volume of 25 pl Opti-MEM™, Negative controls consisted of cells transfected
with CaLiVax alone. Following a 72-hour incubation, cell culture media was removed, and
cells were lysed with 65 pl of 1x passive lysis buffer (Promega, Wisconsin, USA) for 15
minutes on a shaking platform. Following incubation, 20 ul of each lysate was transferred to a
white 96-well plate and 100 pul of Luciferase assay substrate reconstituted in Luciferase assay
buffer II (Promega, Wisconsin, USA) was added to each well. Luciferase activity in the form

of relative light units was measured using the GloMax® Explorer (Promega, Wisconsin, USA).
2.8 Animal studies

All in vivo experiments were performed on female Naval Medical Research Institute (NMRI)
mice, aged approximately 8 weeks. Mice were obtained from the National Institute for
Communicable Diseases and housed at the Wits Research Animal Facility. A minimal
acclimation period of one week was allowed prior to commencement of interventions. Mice
were weighed weekly, and wellness checks were performed daily. Additional wellness
monitoring was performed twice on the day of an intervention and the day after. All experiments
were approved by the Animal Research Ethics Committee (AREC clearance certificate

number:2021/08/06/C).

A prime-boost vaccination regimen was adopted, with mice receiving the first and second doses
on days 0 and 28 respectively. saRNA-Luc2, saRNA-S-HBsAg, and saRNA-L-HBsAg were
diluted to a concentration of 0.1 pg/ul using RNase-free saline. Groups of mice received either
saline (n=3), 5 pg of unformulated saRNA-Luc2 (n=3), saRNA-S-HBsAg (n=2) or saRNA-L-
HBsAg (n=2) delivered by electroporation, or 5 ng saRNA-Luc2 formulated with CaLiVax.
Injections were delivered to the left hind limb in a maximum volume of 50 ul. In vivo
electroporation was performed using the Teresa DNA delivery device (Shanghai Teresa

Healthcare Sci-Tech, Shanghai, China). Six 60 V pulses, each lasting 50 milliseconds with a
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one-second interval between pulses, was applied around the injection site to facilitate uptake of

unformulated saRNAs.

To examine in vivo expression of luciferase, mice that received saRNA-Luc2 by electroporation
or formulated with CaLiVax, underwent bioluminescence imaging on days 3 and 7 following
the initial priming dose, and 7 days post-booster using the IVIS Kinetic imaging system (Caliper
Life Sciences, Massachusetts, USA). Mice were first injected intraperitoneally with 150 mg/kg
D-luciferin and placed in a chamber containing 5% Isofor. Once sedated, mice were transferred
to the imaging chamber where the Isofor concentration was reduced to 1%. Images were taken

at 1-, 5-, 10- and 30-seconds post exposure.

Blood samples were collected from mice (retro-orbital sampling) prior to prime and booster
injections, and a terminal bleed was performed two weeks post-booster injections. Blood was
allowed to clot at room temperature for 30 minutes before centrifugation at 2 000 x g for 20
minutes. Serum was harvested for analysis of immune responses and stored at -80°C. Mice were

sedated using Isofor and euthanised by carbon dioxide asphyxiation.
2.9 Software and statistical analysis

Figures were produced using BioRender (https://www.biorender.com) and Microsoft Word.

SnapGene version 7.0.1 was used to generate plasmid maps and design primers for sequencing

and PCR. Sequencing data were analysed and aligned using Benchling (https://benchling.com).

Data generated from qRT-PCR, ELISAs, luciferase assays and RiboGreen™ assays were
plotted and analysed using Microsoft Excel. Statistical differences were determined using a

Student’s t-test with p < 0.05 indicating significance.
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3. RESULTS
3.1. Preparation of plasmid DNA templates for IVT of bi-cistronic saRNAs

3.1.1 Verification of plasmids by diagnostic restriction digest

Plasmids T7-VEEV-S-HBsAg-IRES-mCherry and T7-VEEV-L-HBsAg-IRES-mCherry were
used as IVT templates to produce saRNA HBV vaccine constructs. These plasmids were
propagated in competent E. coli cells, extracted by alkaline lysis, and purified using anion-
exchange columns. To verify the identity of plasmids, restriction digests followed by analysis
of fragment banding patterns by agarose gel electrophoresis were performed. To verify size,
T7-VEEV-S-HBsAg-IRES-mCherry and T7-VEEV-L-HBsAg-IRES-mCherry were linearised
with EcoRI, which was expected to produce single bands of 11 550 and 12 072 base pairs (bp),
respectively (Table 4) (Appendix A-Figure A3). The DNA molecular weight marker used to
estimate the size of fragments had a maximum size standard of 10 kb, therefore it was not
possible to confirm the correct size of linearised plasmids. However, prominent bands migrating
just above the 10 kb molecular weight standard were observed indicating linearised plasmids
(Figure 8). Plasmids were also digested with Ncol, which cuts at six specific sites within each
plasmid to produce six fragments (Table 4) (Appendix A-Figure A3). Five fragments were
common to both plasmids. The sixth fragment, generated by digestion at sites flanking the
antigen sequence, was larger in T7-VEEV-L-HBsAg-IRES-mCherry allowing a distinction to
be made between the two HBV antigen encoding plasmids. Digestion of both plasmids with
Ncol produced the correct banding pattern confirming their identity (Figure 8). Similarly sized
fragments (4 081 and 3 910 bp) were not fully resolved and were observed as a more prominent

band around 4 000 bp.
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Table 4. Expected size of fragments generated by restriction enzyme digestion of T7-

VEEV-S-HBsAg-IRES-mCherry and T7-VEEV-L-HBsAg-IRES-mCherry

Plasmid Fragment sizes (bp)

EcoRI Ncol

4081
3910
T7-VEEV-S-HBsAg-IRES-mCherry 11550 1301

1090
733
435
4081
3910
T7-VEEV-L-HBsAg-IRES-mCherry 1 823

12072

1090
733
435

1Kb T7-VEEV- T7-VEEV-
Plus S-HBsAg-IRES-mCherry L-HBsAg-IRES-mCherry

Kb MWL UND EcoRI Ncol UND EcoRI Ncol

—
-—— == —

0.5—

Figure 8. Restriction digest of plasmids encoding bi-cistronic saRNA vaccine constructs.

T7-VEEV-S-HBsAg-IRES-mCherry and T7-VEEV-L-HBsAg-IRES-mCherry were digested

with restriction enzymes EcoRI and Ncol. Resulting fragments (1pg) were analysed by agarose
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gel electrophoresis to confirm identity of plasmids based on expected banding patterns. MWL

= molecular weight ladder; UND = undigested controls.

3.1.2 Confirmation of linearisation and purification of IVT templates

Prior to IVT, plasmids were linearised by restriction digestion with Mlul, which cleaves just
after the poly-A tail sequence. Linearisation ensures that T7 RNA polymerase, which initiates
transcription of saRNAs at the upstream T7 promoter site, runs off the 3’ end of the DNA
template, ceasing transcription immediately after the poly-A tail sequence to produce uniformly
sized synthetic saRNA transcripts. Cleavage with M/ul generates a 5° overhang at the end of
the transcript, however this does not promote the formation of aberrant transcripts as observed

with templates containing 3’ overhangs (Schenborn and Mierendorf, 1985).

Complete linearisation of all plasmids was achieved (Figure 9). Expected band sizes for
linearised T7-VEEV-eGFP-IRES-PuroR, T7-VEEV-Fluc-IRES-mCherry, T7-VEEV-S-
HBsAg-IRES-mCherry and T7-VEEV-L-HBsAg-IRES-mCherry were 11 521, 12 523, 11 550,
and 12 072 bp respectively (larger than the 10 kb molecular weight standard). In comparison,
the undigested plasmid controls produced two bands: a faint higher molecular weight band
indicative of nicked plasmid DNA, and a more prominent lower molecular weight band
representing supercoiled plasmid DNA. Both these conformations are not conducive to IVT.
Linearised plasmids were purified using silica-packed spin columns with an average recovery
of template of 77%, indicating that a small amount of template was retained in the column.
Subsequent purifications of linearised plasmid templates were performed using sodium acetate

and ethanol precipitation which had a higher average yield of 90.5%.
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A 1 Kb , B 1 Kb ,
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10— 3.-- 10— e

. 3—
] = —

1 —
0.5 w==

Figure 9. Linearisation of plasmid templates in preparation for IVT.

(A) T7-VEEV-eGFP-IRES-PuroR (1) and T7-VEEV-Fluc-IRES-mCherry (2), were linearised
using Mlul to produce single bands of 11 521 (3) and 12 523 (4) base pairs respectively. (B)
Similarly, HBV vaccine-encoding plasmids T7-VEEV-S-HBsAg-IRES-mCherry (1) and T7-
VEEV-L-HBsAg-IRES-mCherry (2) were linearised using M/ul to produce single bands of
11550 (3) and 12 072 (4) base pairs respectively. Approximately 1ug of each digest was

analysed by agarose gel electrophoresis to confirm complete linearisation.

3.2 Synthesis of bi-cistronic saRNAs by IVT and analysis of protein expression
3.2.1 IVT using the Ampliscribe™ T7 Flash™ kit

The commercially available Ampliscribe™ T7 Flash™ kit was used to synthesise saRNA-Fluc-
IRES-mCherry (10 698 bases) from linearised T7-VEEV-Fluc-IRES-mCherry. One microgram
of plasmid template was used to transcribe saRNAs in a 20 pl IVT reaction, which was
incubated at 37 °C for 30 minutes. A linearised positive control DNA template provided in the
kit was also transcribed under the same conditions. Transcripts were subsequently purified by
ammonium acetate and ethanol precipitation. A yield of 159 pg saRNAs was achieved which
was similar to the yield obtained for the kit control (155 pg). However, size and integrity
analysis by formaldehyde gel electrophoresis revealed smearing along the sides of the wells
below the expected band (Figure 10). This indicated the presence of incomplete or degraded
transcripts. The smearing along the sides of the wells could be an artefact of the gel as the
molecular weight standards were also concentrated along the sides of the wells. The positive
control was successfully transcribed with minimal smearing. Although the same amount of
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control mRNA and saRNA was loaded onto the gel, the smaller control mRNA stained more

intensely, forming a more prominent band.

RiboRuler  Kit saRNA-Fluc-
Kb MWL  Control IRES-mCherry

'}m\' <+—10 698 base transcript

6— .
3 Degraded/incomplete
transcripts
= L.
1] :

g L

Yield (ug) 155 159

Figure 10. Integrity of saRNA-Fluc-IRES-mCherry produced with the Ampliscribe™ T7
Flash™ Kit.

saRNA-Fluc-IRES-mCherry (10 698 bases) was synthesised using the Ampliscribe™ T7
Flash™ kit and purified using ammonium acetate and ethanol precipitation. mRNA/saRNA
yield obtained for each reaction is depicted below the gel. Each lane was loaded with 0.5 pg of

the respective sample.

To improve the quality and yield of saRNAs, the following modifications to the standard
protocol were investigated: a) IVT reaction time was increased to one hour to allow more time
for synthesis of longer saRNAs; b) reaction temperature was increased to 42 °C to increase the
processivity of T7 RNA polymerase; and c) linearised plasmid DNA was increased from 1 pg
to 2 pg to provide more template DNA for IVT. Increasing incubation time to one hour
increased saRNA yield by 244%. Increasing incubation temperature to 42 °C together with a
one hour incubation time resulted in a 335% increase in transcript yield. Doubling the DNA
template together with a one hour incubation time did not improve yield, which was less than
the yield obtained under recommended conditions. Under all conditions tested, incomplete or

degraded transcripts were still observed (Figure 11).
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saRNA-Fluc-IRES-mCherry

ssRNA Kit

Kb MWL Control 1 2 3
L -

9 —_—
7 —

-
2— —
1 —]

Yield (pg) 388.5 532.3 131.3

Figure 11. Effect of modifications to recommended IVT reaction conditions on RNA

integrity and yield using the Ampliscribe™ T7 Flash™ Kkit.

IVT reaction time for the synthesis of saRNA-Fluc-IRES-mCherry was increased to one hour
(1), temperature was increased to 42 °C with incubation time of one hour (2), and plasmid DNA
template was doubled to 2 pg with incubation time of one hour (3). saRNA yield obtained for
each reaction is depicted below the gel. Each lane was loaded with 0.5 pg of the respective

sample.

saRNA-eGFP-IRES-PuroR, which encodes the eGFP fluorescent reporter and used to visually
confirm transfection and translation of saRNAs, was transcribed in a standard IVT reaction but
with an increased incubation period of two hours, to determine whether further improvement to
saRNA yield could be achieved. A yield of 182 pug was achieved, which was less than the yield
achieved with a one-hour incubation period. Further research into the activity of the T7 RNA
polymerase used in the kit revealed that unlike T7 RNA polymerases used in other commercial
kits, maximum RNA yield was achieved around one hour with no further increases in yield
even with longer incubation periods (Appendix C-Figure C1). Analysis of transcripts by
formaldehyde gel electrophoresis revealed a distinct band depicting full-length transcripts (9
695 bases), however, the degree of degradation/incomplete transcripts was greater than before
(Figure 10A). saRNA-eGFP-IRES-PuroR (10 pug) was enzymatically capped with a cap 1
structure, using the Vaccinia capping system, to mimic endogenous mRNAs. Capped
transcripts were purified using ammonium acetate and ethanol precipitation, however this
resulted in further degradation of saRNA transcripts and a 15% loss in transcript recovery
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(Figure 12A). Nevertheless, remarkable expression of eGFP was observed in HEK 293T cells
transfected with 100 ng of cap 1-saRNA-eGFP-IRES-PuroR at 24 hours post-transfection
(Figure 12B). Expression of eGFP was observed for as long as 15 days after transfection. Good
expression was also observed in cells transfected with as little as 50 ng, highlighting the

advantage of using saRNAs for prolonged antigen expression.
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saRNA-eGFP-IRES-PuroR

A ssRNA Kit

Kb MWL Control Uncapped Cap 1

9

7

2 -

y

Yield (ug) 182 8.5

B Vaccinia cap 1-saRNA-eGFP-IRES-PuroR

Day 6 Day 15

Song- - -

Figure 12. IVT, enzymatic capping, and in vitro expression of saRNA-eGFP-IRES-PuroR.

100 ng

(A) Integrity and size analysis of saRNA-eGFP-IRES-PuroR (9 695 bases) following standard
IVT with 2-hour incubation period before and after capping with the Vaccinia capping system.
Gels were loaded with 1 pg of each sample for better visualisation of the expected band. (B)
Expression of eGFP in HEK 293T cells transfected with cap 1-saRNA-eGFP-IRES-PuroR

detected by fluorescence microscopy. Scale bar: 400 um.
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3.2.2 IVT using the RiboMAX™ Large scale RNA production system

To determine whether improved saRNA yields and transcript integrity could be achieved using
another commercially available kit, the RiboMAX™ Large scale RNA production system was
used to transcribe saRNA-eGFP-IRES-PuroR. To increase the yield, a 100 ul reaction was
performed according to kit instructions. This protocol differed from the Ampliscribe™ T7
Flash™ kit by using a higher concentration of plasmid DNA (100 ng/ul), lower NTP
concentration (5 mM), and incubation for two hours (Appendix B8). Ampliscribe™ T7 Flash™
kit buffer constituents were proprietary and thus unavailable for further comparison. A yield of
674 ng was achieved, but importantly, a greater proportion of transcripts appeared to be full-
length (9 696 bases) (Figure 13A).

Natural in situ replication of cap 1 saRNAs will result in the production of transcripts with a
cap 0 structure. To determine whether there was a difference in expression between cap 0 and
cap 1 transcripts, saRNA-eGFP-IRES-PuroR was capped with cap 0 or cap 1 using the Vaccinia
capping system. Full-length transcripts were observed post-capping with low molecular weight
smearing still present (Figure 13B). Post-transcriptional capping also resulted in a loss of
saRNA yield, with an average of 66.5% of capped transcripts recovered following purification.
Expression of eGFP from both cap 0 and cap 1 transcripts was observed in HEK 293T cells 24

hours post-transfection, with slightly greater expression from cap 1 transcripts (Figure 13C).
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Kit saRNA-eGFP-

A Riboruler  Kit  saRNA-eGEP- B Control IRES-PuroR

Kb MWL Control IRES-PuroR Cap1 Cap0 Cap1

£ - "W

Yield (ug) 674 Yield (%) 69 64

C 200 ng saRNA-eGFP-IRES-PuroR

Vaccinia Cap 0 Vaccinia Cap 1

Figure 13. Integrity and expression of saRNA-eGFP-IRES-PuroR synthesised using the
RiboMAX™ Large scale RNA production system.

(A) Integrity and size analysis of uncapped saRNA-eGFP-IRES-PuroR (9 695 bases)
transcribed in a 100 pl reaction using the RiboMAX™ Large scale RNA production system.
The yield obtained is indicated at the bottom of the gel. (B) Integrity analysis of transcripts
post-transcriptionally capped with a cap 0 or cap 1 structure using the Vaccinia capping system.
Percentage recovery is indicated at the bottom of the gel. Gels were loaded with 1 pg of each
sample. (C) Expression of eGFP in HEK 293T cells 24 hours post-transfection with 200 ng of
cap 0 or cap 1 saRNA-eGFP-IRES-PuroR. Scale bar: 400 um.

saRNA-S-HBsAg-IRES-mCherry was transcribed and capped with a cap 1 structure using the
same protocols. Degradation of capped transcripts was more evident, however, a faint band of
the expected size (9 725 bases) was present (Figure 14A). Since eGFP expression was
previously observed from seemingly degraded transcripts, cap 1 saRNA-S-HBsAg-IRES-
mCherry was used to transfect HEK 293T cells to determine whether S-HBsAg and mCherry
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could be simultaneously expressed from the bi-cistronic transcript. Expression of mCherry was
examined by fluorescence microscopy, and cell culture supernatant was analysed by ELISA for
expression of secreted S-HBsAg. Following a 24-hour incubation, neither mCherry nor S-
HBsAg was detected (Figure 14B). It is likely that saRNAs encoding S-HBsAg and mCherry

were taken up by cells, but translation of the proteins may have been inhibited.

A Uncapped Vaccinia cap 1
saRNA- saRNA-
S-HBsAg- S-HBsAg-

Riboruler  Kit IRES- Kit IRES-
Kb MWL Control mCherry Control mCherry
6—

2—8

1— 0

1
e

1
=

B 0.16 T
o114 - Cut-off
012 + (LLOD)
01 + L

0.08 +
0.06 +
0.04 +

0.02 +

Secreted HBsAg conc.
(OD 490-655 nm)

saRNA-S-HBsAg-
IRES-mCherry

Figure 14. Integrity and expression of saRNA-S-HBsAg-IRES-mCherry synthesised using
the RiboMAX™ Large scale RNA production system.

(A) Integrity and size analysis of uncapped and vaccinia cap 1 saRNA-S-HBsAg-IRES-
mCherry (9 725 bases) (B) Expression of secreted S-HBsAg determined by the Monolisa™
HBs Ag Ultra ELISA kit. Cut-off = Average OD of Negative Control (NC) + 0.05. LLOD =

Lower limit of detection
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3.3. Isolation of full-length saRNAs using Oligo d(T)25 magnetic beads

To purify full-length transcripts oligo d(T)2s conjugated magnetic beads were used to bind to
poly-A tails of saRNA-eGFP-IRES-mCherry allowing separation from degraded or incomplete
transcripts. A recovery of 28% saRNAs was achieved. This was lower than expected since
integrity analysis of transcripts prior to oligo d(T)»s purification suggested that a higher
proportion of transcripts were full-length. It should be noted that oligo d(T)2s magnetic beads
are successfully used for purification of smaller mRNAs. Thus, is likely that the longer length
of saRNAs and the relatively fewer number of poly-A tails in a corresponding amount starting
material hinders efficient binding. Size and integrity analysis by gel electrophoresis
demonstrated that full-length transcripts were successfully isolated as indicated by the absence

of low molecular weight smears observed in previous gels (Figure 15).

ssRNA saRNA-eGFP-
Kb MWL IRES-PuroR

Figure 15. Integrity of saRNAs purified using Oligo d(T)2s magnetic beads.

Full-length saRNA-eGFP-IRES-mCherry (9 695 bases) was isolated using oligo d(T)»s
magnetic beads. As a result of low concentration following purification, approximately 355 ng

of purified transcripts was assessed for presence of degraded or incomplete transcripts.

3.4 Cloning of plasmids encoding single-cistron saRNAs

saRNA vaccine constructs were designed to express two proteins (viral antigens/reporter
proteins) from the sub-genomic mRNA by inclusion of an IRES between the sequences
encoding the proteins. However it has been previously demonstrated that an IRES within a bi-
cistronic construct can alter expression kinetics or even inhibit expression of some proteins

(Hennecke et al., 2001). This provides a plausible explanation for the lack of expression of
49



mCherry and S-HBsAg using the current bicistronic designs. Thus, saRNA vaccine constructs
were re-designed to enable expression of the single antigen of interest. Using a two-step cloning
strategy (Figure 5), all plasmids encoding saRNAs were re-constructed to encode a single
reporter or antigen of interest by excluding the IRES and downstream mCherry/PuroR
sequences. In addition, an extended poly-A (60) tail was also incorporated into plasmids to

increase the in situ longevity and translatability of transcripts.

Sequences encoding S-HBsAg (681 bp) or L-HBsAg (1203 bp) were ligated into the MCS of
subcloning plasmid pUC57-saRNA-MCS-poly-A (60), upstream of sequences encoding a
VEEV-derived 3’ CSE, poly-A (60) tail, and M/ul restriction site (Figure 5). The resulting
plasmids were propagated in competent cells and purified. Positive clones for pUCS57-S-
HBsAg-poly-A (60) and pUC57-L-HBsAg-poly-A (60) were identified by restriction digestion
using the enzymes 4/w44l and Apal. This digestion was expected to produce four fragments
and positive clones were identified by examining banding patterns produced following agarose
gel electrophoresis (Table 5; Figure 16A). Positive clones for each plasmid were thereafter
digested with Nofl and Mlul restriction enzymes to excise sequences encoding S-HBsAg or L-
HBsAg, 3° CSE and extended poly-A tail. These insert fragments were then individually ligated
into the T7-VEEV backbone, which was generated by digestion with Notl and M{ul to remove
sequences encoding eGFP-IRES-PuroR (Figure 5). Successful ligation resulted in plasmids T7-
VEEV-SHBsAg and T7-VEEV-L-HBsAg, which were used as templates to produce single-
cistron saRNA-S-HBsAg and saRNA-L-HBsAg, respectively. Positive clones were identified
by restriction digest with Ncol which cuts at four sites within each plasmid to produce four

fragments (Table 5; Figure 16B).
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Table 5. Expected size of fragments following restriction enzyme digestion of subcloning

plasmids and plasmids encoding single-cistron saRNAs

Subcloning plasmids Fragment sizes Single-cistron Fragment
(bp) saRNA-encoding sizes (bp)
(AIw441 and Apal) plasmids (Ncol)
1 246 4528
pUC57-S-HBsAg-Poly-A
60) 987 T7-VEEV-S-HBsAg 3910
624 (10 261 bp) 1 090
(3354 bp)
497 733
1 246 5050
pUC57-L-HBsAg-Poly-A
(60) 1 146 T7-VEEV-L-HBsAg 3910
987 (10 783 bp) 1 090
(3 876 bp)
497 733
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A 1Kb pUC57-S-HBsAg-poly-A(60) pUC57-L-HBsAg-poly-A(60)
Plus Alw44l + Apal Alw44l + Apal

B 1Kb T7-VEEV-S-HBsAg T7-VEEV-L-HBsAg
Plus Neol Ncol
Ko MWL S1 S2 | S3 S4 S5 L1 L2 L3 L4 LS5

Figure 16. Identification of positive clones by restriction digestion.

(A) Clones SS1-SS4 and SL1-SL4 were screened by restriction digestion with A/w441 and Apal
to identify subcloning plasmids pUC57-S-HBsAg-Poly-A (60) and pUC57-L-HBsAg-Poly-A
(60). (B) Clones S1-S5 and L1-L5 were screened by restriction digestion with Ncol to identify
saRNA-encoding plasmids T7-VEEV-S-HBsAg and T7-VEEV-L-HBsAg. Positive clones
which produced the expected banding pattern are outlined in green. Each lane was loaded with

1 pg of the respective samples.
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3.5 Correction of base substitution error in L-HBsAg open reading frame

To confirm successful cloning and verify key sequences encoding antigens of interest and
immediate flanking regions, subcloning plasmids and single-cistron saRNA encoding plasmids
were sequenced by Sanger sequencing. Alignment of sequencing chromatograms with
reference sequences revealed a base substitution error (T->G) at the C-terminus of the L-
HBsAg ORF in both pUC57-L-HBsAg-Poly-A (60) and T7-VEEV-L-HBsAg (Appendix C;
Figure C2 and C3). This incorrect base was most likely present in the L-HBsAg amplicon used
to produce pUC57-L-HBsAg-Poly-A (60) and may have been introduced during PCR. The
T->G substitution resulted in a non-synonymous mutation, altering the codon encoding cysteine
(TGT) at amino acid position 395 of L-HBsAg, to glycine (GGT). Since pUC57-S-HBsAg-
Poly-A (60) contained the correct C-terminal sequence, this plasmid was used to produce
pUCS57-L-HBsAg-Poly-A (60) with the correct sequence using a simple cloning strategy
(Figures 6 and 17A). To confirm that pUC57-L-HBsAg-poly-A (60) and T7-VEEV-L-HBsAg
contained the correct C-terminal sequence, the S-HBsAg domain from both plasmids were
amplified by PCR using a high-fidelity polymerase (Appendix C; Figure C4), and amplicons
were sequenced. Sanger sequencing confirmed the correct sequence in both plasmids (Figures

17 B and C).
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Figure 17. Correction of base substitution error in C-terminus of L-HBsAg open reading

frame.

(A) pUC57-S-HBsAg-Poly-A (60) was digested with Ndel and Apal to produce a 2 737 bp
backbone (black box) with the correct HBsAg C-terminal sequence. Sequences encoding L-

HBsAg upstream of the mutation (1 139 bp) was excised from pUCS57-L-HBsAg-Poly-A (60)

54



(red box) using the same enzymes and ligated to the pUC57-S-HBsAg-Poly-A (60) backbone
to produce pUC57-L-HBsAg-Poly-A (60) with the correct sequence. Sequence alignment of S-
HBsAg domain amplified from corrected pUC57-L-HBsAg-poly-A(60) (B), and T7-VEEV-L-
HBsAg (C), with reference sequences. Red boxes indicate the location of base substitution

errors identified previously.

3.6 In vitro transcription of single-cistron saRNAs

Plasmids T7-VEEV-Luc2 (11 296 bp), T7-VEEV-S-HBsAg (10 261 bp) and T7-VEEV-L-
HBsAg (10 783 bp) were linearised after the poly-A (60) tail with the Mlul restriction enzyme
and purified using sodium acetate and ethanol precipitation in preparation for IVT. Complete
linearisation was confirmed by agarose gel electrophoresis with both plasmids producing single
bands greater than 10 kb (Figure 18A). An IVT buffer, optimised for the synthesis of saRNAs
by inclusion of a high concentration of magnesium acetate, was prepared in-house and used for
IVT of saRNA-Luc2 (9 471 bases), saRNA-S-HBsAg (8 436 bases) and saRNA-L-HBsAg (8
958 bases). This buffer solution, with an NTP:magnesium ion ratio of 1:1.875, has been
reported to improve IVT yield of saRNAs (Samnuan et al., 2022). To reduce handling and loss
of saRNAs, co-transcriptional capping using CleanCap® AU reagent (cap 1), was performed.
These modifications resulted in a higher proportion of full-length saRNA transcripts compared
to vaccinia capped transcripts (Figure 18 B). The average yield of capped saRNAs in a 100 pl

reaction was 421 ug.
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Figure 18. Linearisation of IVT templates and integrity analysis of single-cistron saRNA

transcripts.

(A) Confirmation of complete linearisation of plasmids T7-VEEV-Luc2, T7-VEEV-S-HBsAg
and T7-VEEV-L-HBsAg with the restriction enzyme Mlul. (B and C) Size and integrity
analysis of cap 1 saRNA-Luc2 (9 471bases), saRNA-S-HBsAg (8 436 bases) and saRNA-L-
HBsAg (8 958 bases) transcripts produced using an optimised IVT protocol involving co-
transcriptional capping with CleanCap® AU reagent (1ng/well). UND = undigested controls
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3.7 Expression of S-HBsAg and L-HBsAg from single cistron transcripts

To determine whether S-HBsAg and L-HBsAg was expressed from single-cistron transcripts,

HEK 293T cells were transfected with saRNA-S-HBsAg and saRNA-L-HBsAg and examined

for expression of antigens using the Monolisa™ HBs Ag Ultra ELISA kit. This sandwich

ELISA detects epitopes located in the S-HBsAg domain which is also present in L-HBsAg. S-

HBsAg was detected in the supernatant of transfected cells, at quantities higher than that of

cells transfected with an equal concentration of the positive control HBV replication-competent

plasmid pCH9-3091 (Figure 19A). In contrast, L-HBsAg was only detected in lysates of cells

transfected with saRNA-L-HBsAg indicating that the antigen was not secreted (Figure 19B).
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Figure 19. Detection of in vitro antigen expression from single-cistron saRNAs by ELISA.

(A) Comparison of S-HBsAg expression 48 hours after transfection of HEK 293T cells with
250 ng saRNA-S-HBsAg or an equivalent amount of the HBV replication-competent plasmid
positive control pCH9-3091 in a 48-well plate (n=3). Supernatant dilution factors: pCH9-3091
= 4; S-HBsAg = 80. (B) Detection of L-HBsAg expression in supernatant and cell lysate of
HEK 293T cells 48 hours after transfection with 250 ng saRNA-L-HBsAg in a 48 well plate
(n=3). Results are depicted as the mean with standard error of the mean. Significant differences
were calculated using a student’s T test. **p < 0.01, ***p < 0.001. Cut-off = Negative control

+0.05. LLOD = Lower limit of detection.

3.8 In vitro innate immune response to saRNA and effect on antigen expression
3.8.1 Detection of innate immune system response to saRNAs by qRT-PCR

To determine the extent to which cap 1 saRNAs induce a type 1 interferon response in vitro,
HEK 293T cells, transfected with increasing concentrations of saRNA-S-HBsAg or saRNA-
Luc2, were examined for changes in the number of transcripts encoding IFN-f and interferon-
inducible genes (OASI, IFIT1, and PKR). Cells transfected with Lipofectamine alone served
as negative controls whereas cells transfected with poly I:C served as positive controls. Total
RNA was extracted 24 hours post-transfection and mRNA quality was inferred from integrity
analysis of rRNA subunits by agarose gel electrophoresis. Two distinct bands representing the
28S and 18S rRNA subunits were observed, indicating intact rRNA subunits (Figure 20).
Higher molecular weight bands representative of genomic DNA contaminants, which can also
be amplified by qRT-PCR, were not observed in any of the samples. mRNA was thus deemed
suitable for use in qRT-PCR.
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Figure 20. Integrity analysis of total RNA extracted from transfected HEK 293T cells.

Representative gel showing integrity of ribosomal RNA (rRNA) subunits (500 ng/well) that
were extracted from HEK 293T cells transfected with Lipofectamine, Poly I:C, saRNA-Luc2
or saRNA-S-HBsAg (n=3).

Following RNA isolation, mRNA was reverse transcribed into cDNA. Gene-specific primer
pairs were then used to amplify regions of cDNA encoding IFN-B, OAS1, IFIT1, PKR, and
GAPDH (housekeeping gene) by real-time PCR. The absence of contaminating genomic DNA
was confirmed by examining the Ct values for no reverse transcriptase control reactions with
GAPDH-specific primers (Appendix C-Table C1). Ideally, no amplification should be observed
in these samples, indicating the absence of genomic DNA. However, no RT controls with Ct
values greater than 35, or at least five cycles greater than experimental samples, were

considered acceptable.

Relative fold change in expression of IFN- and IFN-inducible genes between transfected and
mock transfected samples was determined using the delta delta Ct method (Figure 21). At the
highest dose of 1000 ng, an increase in the expression of IFN-f (33.9-fold), IFIT1 (17.5-fold)
and OASI1 (270-fold) was detected in cells transfected with saRNA-S-HBsAg. At the same
concentration, saRNA-Luc2 induced a smaller increase in expression of [IFN-f (5.5-fold), IFIT1
(2.5-fold) and OAS1 (13.8-fold). A lower 500 ng dose elicited weaker interferon-related
responses. In cells transfected with saRNA-Luc2, an increase in only OAS1 was detected (5.8-

fold), whereas cells transfected with saRNA-S-HBsAg had increased OAS1 (44.9-fold) and
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IFIT1 (1.9-fold) expression. Since these genes are IFN-f inducible, it suggests that IFN-§ was
expressed, but may have already reached baseline by the 24-hour timepoint. The 250 ng dose
elicited an increase of OAS1 expression alone (2.2-fold increase for saRNA-S-HBsAg and 1.9-
fold increase for saRNA-luc2). The positive control, Poly I:C, induced a much stronger
interferon response. This is expected since saRNAs are much longer compared to Poly I:C and
therefore an equivalent concentration of saRNAs would contain fewer molecules to activate
pattern recognition receptors. At the highest dose, Poly I:C induced significant increases in
transcripts encoding OAS1 (647.6-fold), IFN-B (51.4-fold), and IFIT1 (31.5-fold). The 500 ng
dose elicited significant increases in transcripts encoding OAS1 (208.6-fold) and IFIT1 (3.4-
fold). mRNAs encoding PKR were not upregulated at any of the doses tested for all constructs
including the poly I:C positive control. Average delta Ct values, fold change in expression, and
statistical analysis of results can be found in Appendix C-Table C2. Thus, saRNAs can stimulate
the innate immune system in a dose-dependent manner which may have an impact on antigen

expression.
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Figure 21. Induction of innate immune response by saRNAs.

Fold changes in mRNA transcripts encoding interferon-f and interferon-inducible genes in
HEK 293T cells transfected with cap 1 saRNA-Luc2, cap 1 saRNA-S-HBsAg or Poly I:C
determined by qRT-PCR. Expression of genes was normalised to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) expression, and relative fold change in expression between
transfected and mock transfected samples (n=3) was determined using the delta delta Ct
method. Significant differences were calculated using a student’s T test. *p < 0.05, **p <0.01,
*E%kp < 0.001, ****p < 0.0001. Poly I:C = positive control, IFN-f = Interferon beta, OAS1 =
2’-5’-oligoadenylate synthetase 1, IFIT1 = interferon-induced proteins with tetratricopeptide

repeats 1, PKR = Protein Kinase R, CCAU = Cleancap® AU reagent.
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3.8.2 Effect of innate immune response on antigen expression

To determine the extent to which the induction of an innate immune response against saRNAs
impacts antigen expression, cell culture supernatants from transfected cells were harvested at
24 and 48 hours after transfection and assessed by ELISA to determine S-HBsAg expression.
Despite the induction of a strong innate immune response by saRNA-S-HBsAg there was a
dose-dependent increase in antigen expression with impressive amounts of antigen expressed
at the highest dose (Figure 22). Expression at 48 hours was higher than expression at 24 hours
for all doses, however the percentage increase in expression from 24 to 48 hours was lower for
the 1000 nanogram dose. This could be a result of saturation of cellular translational machinery
at high saRNA concentrations. Nevertheless, the ability of saRNAs to elicit an innate response
does not appear to impact antigen expression in vitro, most likely by its ability to rapidly self-
replicate and its natural ability to evade recognition by innate immune system proteins, thus

inhibition of antigen translation does not appear to be a concern.
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Figure 22. Dose-response pattern of S-HBsAg expression in vitro.

S-HBsAg secretion from HEK 293T cells transfected with the indicated amounts of cap 1
saRNA-S-HBsAg was measured by ELISA at 24- and 48-hours post-transfection. Percent
increases in S-HBsAg expression from 24-48 hours is indicated above the respective bar graphs.

Supernatant dilution factors: 500 ng and 1000 ng at both time points = 50; 250 ng at 24 hours
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=5; 250 ng at 48 hours = 10; 125 ng at 24 hours = undiluted; 125 ng at 48 hours = 5. Results

are depicted as the mean with standard error of the mean (n=3).

3.9 Characterisation of CaLiVax formulated saRNA-Luc2

saRNA-Luc2, encoding the bioluminescent reporter protein luciferase, was used to examine in
vivo expression from saRNAs. To protect saRNAs from degradation by RNases and facilitate
cellular uptake in vivo, saRNA-Luc2 transcripts were adsorbed to permanently cationic DOTAP
liposomes (CaLiVax) to form lipoplexes. The size of lipoplexes formed can influence the half-
life and efficacy of vaccine formulations, therefore, the physical characteristics of lipoplexes
were examined by dynamic light scattering (Hassett et al., 2021). Empty CaLiVax liposomes
had an average diameter size of 111.7 nanometres (nm) (Figure 23A). In contrast, CaLiVax-
saRNA-Luc? lipoplexes were much larger than empty liposomes, with an average size of 305.5
nm. This increase in size is expected following RNA adsorption. Multiple particle size
measurements of the formulation (n=4) indicated variability in lipoplex size (Figure 23B). This
was confirmed by measuring the polydispersity index (PDI) of the formulation. The PDI reflects
particle size distribution and ranges from a value of 0, for solutions containing particles of the
same size, to 1, indicating great variation in particle size. Particles had a PDI of 0.3245
indicating slight variability in size. In addition, a small number of larger particles, indicated by

the smaller peak on the far right of the x-axis, were also present in the formulation (Figure 23B).
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Figure 23. Characterisation of CaLiVax-saRNA-Luc2 lipoplexes.

Diameter size (d.nm) of (A) empty cationic liposomes, and (B) lipoplexes consisting of

CaLiVax and adsorbed saRNA-Luc2 measured by dynamic light scattering.

To determine the percentage of saRNAs complexed to liposomes and establish dose, a
RiboGreen assay was performed (Appendix C-Table C3; Figure C5). Complexation efficiency
0f 98.9% was achieved and the average effective saRNA concentration of the formulation was
172.9 ng/ul (Appendix C: Table C4). To determine whether CaLiVax-saRNA-Luc2 could be
delivered into cells in vitro, HEK 293T cells were transfected with lipoplexes and examined for
expression of Luc2 by luciferase assay. Luminescence from lipoplex-transfected cells was
significantly greater than mock-transfected cells, demonstrating successful expression of

luciferase (Figure 24).

64



.E+10 + p=0.003

.E+09 + -
.E+08 +
.E+07 +
.E+06 +
.E+05 + x
.E+04 +
.E+03 +
.E+02 +
.E+01 +
.E+00

Relative light units
[N [N — — — — — [N — [N —

CalLiVax CalLiVax
Empty saRNA-Luc2

Figure 24. In vitro expression of luciferase from CaLiVax-saRNA-Luc2.

Expression of luminescence in HEK 293T cells 72 hours after transfection with CaLiVax only
(mock transfection) or 250 ng CalLiVax-saRNA-Luc2. Data is represented as the mean with
standard error of the mean (n=3). Significant differences were calculated using a student’s T

test with p < 0.05 indicating significance.

3.10 In vivo characterisation of saRNA expression and biodistribution

To determine whether saRNAs could be delivered into cells and expressed in vivo, NMRI mice
were injected intramuscularly with 5 ug of unformulated saRNA-Luc2 accompanied by
electroporation, or 5 ug of CaLiVax-saRNA-Luc2 (n=3). The expression of luciferase was
examined by bioluminescence imaging following intraperitoneal injection of the enzyme
substrate D-luciferin. Similar to in vitro luciferase assays, delivery of enzyme substrate will
result in bioluminescence in cells that are expressing luciferase. This allows the expression of
protein to be monitored over time while also enabling visualisation of vaccine biodistribution.
No bioluminescence was observed on days three and seven post-injection in both groups of
mice even at an exposure time of 30 seconds (Figure 25). Considering the lack of expression at
these time points at which maximum expression is expected, mice were not imaged on day ten.
To determine whether a higher dose was required for luciferase expression, mice from the group
that received unformulated saRNA-Luc2 by electroporation were boosted four weeks later with
10 ng saRNA-Luc?2 followed by electroporation, and imaged seven days thereafter (day 35 after
prime injection). Even at a higher dose, no expression of luciferase was detected indicating that
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neither electroporation nor CalLiVax was able to facilitate cellular uptake of saRNA-Luc2.
Since delivery and expression of reporter proteins could not be confirmed, it was assumed that
viral antigens were also not efficiently delivered and expressed in mice that received saRNA-
S-HBsAg or saRNA-L-HBsAg. Therefore, immunogenicity studies using serum from mice

injected with candidate vaccines were not performed.

5 ug saRNA-Luc2 10 ug saRNA-Luc2

Day 3 Day 7 Day 35

Electroporation

CaLiVax

Figure 25. Bioluminescence imaging of NMRI mice.

NMRI mice received a priming dose of 5 pg saRNA-Luc2 by intramuscular injection to the left
hind limb, either by electroporation or formulated with the cationic liposome CalLiVax (n=3).
Mice that received unformulated saRNA-Luc?2 by electroporation received a booster dose of 10
ug on day 28. Expression of luciferase was examined by bioluminescence imaging following

intraperitoneal injection of D-luciferin at the indicated timepoints.
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4. DISCUSSION

Non-responsiveness to currently available protein-based vaccines by a modest proportion of
vaccinees has necessitated the development of more potent vaccines designed to target the more
immunogenic L-HBsAg. In addition, protein-based vaccines are only capable of eliciting a
humoral immune response, which is not effective against intracellular pathogens. Thus, an
improved HBV vaccine should also be able to elicit a cell-mediated immune response which
also has therapeutic potential. The aim of this study was to develop and assess the
immunogenicity of saRNA vaccines encoding S-HBsAg, or L-HBsAg which would provide
greater protection against HBV infection. Moreover, optimisation and characterisation of the
vaccine platform would assist in paving the way for local development of other life- saRNA

saving vaccines and therapeutics.

Like conventional mRNA, saRNAs are produced by IVT. There are several commercially
available kits used for IVT, all of which produce excellent results when transcribing
conventional mRNAs. saRNA vaccine constructs are significantly larger than conventional
mRNAs, therefore IVT of saRNAs using commercially available kits under the same conditions
may not yield the same quantity of full-length transcripts. Indeed, a low proportion of full-
length saRNA transcripts was produced using the Ampliscribe™ T7 Flash™ kit. To increase
the yield of full-length transcripts, several modifications to the IVT process were implemented.
These included increasing incubation time, incubation temperature, and plasmid DNA template

concentration.

As observed with the Ampliscribe™ T7 Flash™ kit, increasing incubation time to one hour
increased the yield substantially, however, doubling the incubation period to two hours resulted
in a smaller than expected increase. As described by the manufacturers of the kit, the rate of
mRNA synthesis decreases after 30 minutes and plateaus after an hour. This is most likely a
result of loss in enzyme activity rather than substrate depletion since NTPs are provided at
higher than required concentrations and are not limiting. Increasing plasmid DNA
concentration from 50 ng/ul to 100 ng/ul together with an increased incubation time of one
hour surprisingly showed no improvement in yield. Increasing the temperature of an enzymatic
reaction can increase the rate of reaction. The processivity of the T7 RNA polymerase used in
the Ampliscribe™ T7 Flash™ kit was thus improved by increasing the reaction temperature by
5°C, resulting in a 37% increase in saRNA yield. As with increasing the incubation time, the
characteristics of the T7 RNA polymerase employed must be taken into consideration when
increasing the reaction temperature. Too high an increase may alter the active site of some T7
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RNA polymerases which would result in decreased yield. Engineered thermostable RNA
polymerases are available and can be utilised at temperatures up to 50°C which could improve
yield (Wu et al., 2020). However, the integrity of saRNAs produced at such high temperatures

in combination with prolonged incubation times would need to be examined.

The RiboMAX™ Large scale RNA production system was used to upscale the IVT reaction in
an attempt to increase saRNA yield. A two hour incubation period with 100 ng/ul plasmid DNA
template yielded more full-length saRNA transcripts when compared to the Ampliscribe™ T7
Flash™ Kkit. It is possible that the processivity of the T7 RNA polymerase used in the
RiboMAX™ Large scale RNA production system is maintained throughout the prolonged
incubation period. However, other factors, such as differences in buffer components,
concentrations of plasmid DNA template and T7 RNA polymerases, may have also contributed

to the improved yield of full-length transcripts.

An in-house prepared buffer that was optimised for the synthesis of saRNAs using a Design of
Experiments (DoE) approach was also examined. This approach involved a systematic analysis
of reagents used in various IVT protocols with the goal of identifying key reaction components
that affected saRNA yield and integrity (Samnuan et al., 2022). The final optimised buffer
contained HEPES, DTT, spermidine, sodium acetate, and (Mg(OAc)2). The most influential
buffer component was (Mg(OAc)), which produced an approximate 3-fold increase in yield by
increasing (Mg(OAc)2) concentration from 40 mM to 60 mM in combination with an NTP
concentration of 10 mM each. Magnesium ions are divalent cations required for catalytic
activity of T7 RNA polymerase and are also associated with negatively charged triphosphate
groups on free NTPs (reviewed in Svetlov and Nudler, 2013). Thus, there exists a stoichiometric
relationship between NTPs and magnesium ions which was optimal for saRNA synthesis when

used at a ratio of 1:1.875.

Regardless of the IVT protocol adopted, varying degrees of smearing below the expected
saRNA band was observed. This smearing was unlikely to be caused by enzymatic degradation
by ubiquitous RNases since RNase inhibitor was included in all reactions and degradation was
not observed in control mRNAs. This smearing is more likely an indication of incomplete
transcripts. This was confirmed when full length transcripts, which contain a poly-A tail, were
captured using oligo d(T)2s magnetic beads which bind to poly-A sequences. A single band of
the expected size was observed following purification. This suggests that the lower molecular
weight saRNA transcripts do not contain a poly-A tail and are incomplete transcripts.
Considering the large size of saRNA transcripts, it is expected for some incomplete transcripts

to be present at the end of the IVT incubation period. While full length transcripts can be
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purified using oligo d(T) magnetic beads, this method of purification resulted in substantial loss
of product and may require optimisation to achieve higher recovery. Alternatively, full-length
saRNAs can be purified using oligo d(T) affinity chromatography columns which is also easily

scalable (Mencin et al., 2023). This purification method will be investigated in future studies.

Post-transcriptional enzymatic capping of saRNA transcripts using the Vaccinia capping
system is another stage of production at which loss of transcripts is observed, with
approximately 66.5% of transcripts recovered. Varying degrees of degradation was also
observed following capping. This degradation could be related to shearing of the transcripts
during the additional processing and purification steps. To maximize recovery of full-length
saRNAs while reducing saRNA handling and production time, co-transcriptional capping is a
more suitable approach. In this study co-transcriptional capping was achieved by including
CleanCap® AU reagent in the IVT reaction to produce naturally occurring cap 1 transcripts for
enhanced translation. Considering the high cost of CleanCap® AU reagent, it is vital to ensure
saRNA yield and integrity is maximized for this approach to be feasible. The average yield
obtained was 421 pug in a 100 pl reaction with a high proportion of transcripts appearing to be
full-length. For the purposes of this proof-of-concept study, the quality and yield of co-
transcriptionally capped saRNAs produced using the DoE buffer were deemed suitable for use

in in vivo immunogenicity studies.

The saRNA vaccine constructs examined in this study were initially bi-cistronic, containing an
IRES flanked by an upstream ORF encoding reporter proteins or HBV surface antigen, and a
downstream ORF encoding a reporter protein. Apart from the expression of upstream eGFP, no
expression of HBV antigens or the downstream reporter protein mCherry was detected in HEK
293T cells. Previous studies have shown that the presence of a highly structured IRES, such as
the EMCV IRES used in this study, can hinder the expression of certain sequences, and
sometimes result in preferential expression of one antigen over the other depending on its
sequence and position relative to the IRES (Hennecke et al., 2001; Mizuguchi et al., 2000).
Removal of the IRES and downstream ORF resulted in successful expression of all antigens
from single-cistron saRNA transcripts. It is thus possible that the IRES was responsible for
hindering expression of HBV antigens and mCherry and thus, this strategy of producing bi-
cistronic saRNAs using an IRES may not be compatible with the design of our saRNA vaccine
constructs. Alternative strategies to produce multivalent constructs will be explored in future

studies.

The dose sparing properties of saRNA vaccines was confirmed when expression of fluorescent

reporter protein eGFP was observed for as long as 15 days in vitro from doses as low as 50 ng.
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Interestingly, this expression was observed from seemingly degraded transcripts and may have
been facilitated by self-replication of the few full-length transcripts that were transfected.
Expression of eGFP was also observed from transcripts with a cap 0 and cap 1 structure,
indicating that cap 1 is not necessary for translation of saRNAs. However, a cap 1 structure
would increase the longevity of primary transcripts by avoiding recognition by innate immune
system pattern recognition receptors thus allowing for lower concentrations per dose to be

administered to achieve the same level of antigen expression.

S-HBsAg was successfully expressed from single-cistron saRNAs and secreted into cell culture
supernatant at concentrations approximately 20-fold greater compared to cells transfected with
the positive control pCH9-3091. Detecting expression of saRNA encoding L-HBsAg proved to
be more challenging, as the protein is not readily secreted. L-HBsAg, when expressed on its
own, is capable of particle formation. However, unlike S-HBsAg particles, L-HBsAg particles
are retained intracellularly in association with membrane structures (Xu et al., 1997). As such,
L-HBsAg was not detected in cell culture supernatant when expressed in HEK293T cells, but
rather in the cell lysate fraction. This confirmed that that L-HBsAg encoded by the current
saRNA vaccine construct is translated, but not secreted. The lower amount of L-HBsAg
detected, relative to S-HBsAg, could be a result of insufficient release of L-HBsAg particles
from membrane structures following cell lysis. It is also important to note that although L-
HBsAg and S-HBsAg share the same C-terminal domains, the Monolisa™ HBsAg Ultra kit
used to detect antigen expression is not optimised to detect L-HBsAg. It is possible that the
external conformation of the Pres1 and PreS2 domains present in L-HBsAg may hinder access
of detection antibodies to the S-HBsAg domain resulting in decreased detection. Therefore, an
ELISA designed to detect PreS1 and PreS2 domain epitopes would be better suited to gauge the
expression of L-HBsAg. Future work that involves re-design of L-HBsAg by inclusion of a
signal peptide would facilitate secretion of L-HBsAg and potentially improve the immune

response.

One of the most important hurdles to overcome in the development of mRNA vaccines is to
prevent recognition of exogenous mRNAs and double-stranded transcription by-products by
the innate immune system. Triggering of the innate immune system hampers antigen production
and contributes to vaccine reactogenicity. To limit recognition by the immune system, methods
such as uridine depletion, sequence optimisation, use of modified nucleotides, and removal of
dsRNA are applied (reviewed in Kairuz et al., 2022). Unfortunately, these modifications cannot
be applied to the saRNA vaccine platform. saRNAs rely on Alphaviral sequences to form a 5’

stem-loop secondary structure that is required for in situ replication. Alterations to the
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thermodynamic stability of this secondary structure by uridine depletion or using modified
nucleotides during IVT could have a negative impact on self-replication. These characteristics
make saRNAs inherently immunogenic, raising concerns regarding whether enough antigen
can be produced to stimulate the immune system, and if reactogenicity will be high to these
vaccines. saRNAs encoding S-HBsAg and Luc2 was found to trigger the innate immune system
in a dose dependent manner, resulting in transcription of IFN-f, IFIT1, and OASI in transfected
cells. At 24-hours post-transfection, the most upregulated gene was OAS1. OAS]1 activates
RNase L which degrades cellular RNAs to prevent viral replication during infection. Despite
this, large amounts of antigen were secreted in vitro, possibly due to the rapid self-replication
and translation rates of the antigen in relation to host immune responses. Inhibition of
translation of saRNAs by IFIT 1 is not a concern since saRNAs possess a 5’ stem-loop structure
which effectively blocks recognition and binding by IFIT 1 (reviewed in Hyde et al., 2015). It
is more likely that after 24 hours, saRNAs are degraded by RNase L diminishing the number
of transcripts available for translation. This is counteracted to an extent by the self-replication
of saRNAs. This effect was observed in vitro where the expression of eGFP was observed for
up to 15 days. saRNAs encoding the reporter protein Luc2 also induced an innate immune
response but to a lesser extent, suggesting decreased immunogenicity of sequences encoding

Luc2.

The immune response to an antigen is directed by the interactions between multiple immune
cell types, cytokines, and lymphoid tissues and thus a fully functioning immune system is
required to assess immunogenicity of candidate vaccines. In this study, immunocompetent
NMRI mice were used for pre-clinical assessment of vaccine candidates. Electroporation and
cationic lipid nanoparticle formulation was used to facilitate in vivo delivery of saRNAs.
Electroporation has been successfully used by us and others to facilitate in vivo cellular uptake
of mRNAs and saRNAs (Cu et al., 2013) . Electroporation involves the application of an electric
current to the site of injection causing transient destabilisation of the cellular membrane and
formation of pores (Luft and Ketteler, 2015). Electroporation-mediated delivery of saRNA-
Luc2 was unsuccessful as no expression of luciferase was observed in mice, even at the high
dose of 10 pg. Electroporator malfunction could have been a cause of lack of luciferase
expression as saRNAs in circulation would have been rapidly degraded by endogenous RNases

in blood plasma (Probst et al., 2006).

As an alternative method of delivery, saRNA-Luc2 was formulated with commercially
available liposomes to produce saRNA-Luc2 lipoplexes. These cationic lipoplexes are first

adsorbed to the negatively charged cell membrane and then taken up by endocytosis (Tenchov
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et al., 2021). Once in the cell, lipoplexes are disrupted and saRNAs are released into the
cytoplasm where they are translated into protein. This method of delivery was successful in
vitro as confirmed by the expression of luciferase. However, expression of luciferase was not
observed in vivo. Lack of expression could be attributed to large particle size which may not be
conducive to in vivo delivery as larger cationic lipoplexes are rapidly cleared by the reticular
endothelial system (reviewed in Sercombe et al., 2015). Since expression of luciferase was not
achieved, in vivo antigen expression kinetics and biodistribution could not be evaluated and
optimal vaccine dose could not be ascertained. It must be noted that in vivo studies were
conducted on a small number of mice (n = 3) as a pilot study recommended by the Animal
Research Ethics Committee. There is a possibility that the effects of an intervention may not be
observed when using such small sample sizes. However, luciferase was expressed in vitro, thus
it is likely that the mode of delivery needs to be optimised for iz vivo applications.
Immunogenicity of candidate HBV vaccines will be investigated in future related studies using
larger sample sizes (n = 7), as determined by the resource equation method, once delivery of

saRNAs has been optimised (Charan and Kantharia, 2013).
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5. CONCLUSION

In summary, transcription of long saRNA vaccine constructs has been optimised and in vitro
expression of antigen was confirmed, even at low concentrations of saRNAs. This demonstrates
the dose-sparing properties of saRNAs and its potential to be employed as a platform for the
development of cost-effective next-generation vaccines against HBV and other pathogens. As
with any new technology, initial costs of vaccine production will be high. The mRNA vaccine
platform is currently being established in Africa, however, improvements to the technology and
optimisation of large-scale production will eventually result in lower manufacturing costs for
any vaccine produced using this versatile platform. Since saRNAs are effective at lower doses
compared to conventional mRNAs and do not require the use of expensive modified
nucleotides, the cost of saRNA vaccines is expected to be even lower. When compared to
currently available HBV vaccines, which require three doses to elicit protective immunity, a
two-dose saRNA vaccine strategy could potentially be more cost-effective while providing
enhanced protection. Although HBV vaccine candidates could not be assessed in vivo, the
preliminary in vitro results from this study are promising. Successful formulation of the saRNA
will be key for efficient in vivo delivery of the HBV vaccine candidates and remains a priority
for future studies. These constructs in conjunction with an efficient delivery system constitute
novel therapeutics which possess great potential to replacing current subunit vaccines,
especially as enhanced T-cell responses could lead to therapeutic vaccination strategies.
SaRNA vaccine candidates against other infectious diseases have demonstrated enhanced
humoral and cell-mediated immune responses at lower doses when compared to their mRNA
vaccine counterparts. If the same can be achieved for HBV, this would enable the
implementation of an accelerated HBV vaccine schedule, improving adherence and ensuring
that a larger proportion of vaccinees achieve broader seroprotection in a shorter period with the

added benefits of cell-mediated immunity.
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APPENDICES

Appendix A-Plasmid maps

“ 5' CSE of VEEy

17 promoter

(9695) Mlul
polyA tail

T7-VEEV-eGFP-IRES-PuroR
11 521 bp

Figure Al. Plasmid map of T7-VEEV-eGFP-IRES-PuroR.

Commercially available T7-VEEV-eGFP-IRES-PuroR was used as the backbone for
production of plasmids encoding saRNA vaccine candidates. This plasmid contains a T7
promoter sequence to enable in vitro transcription by T7 RNA polymerase. Downstream
sequences encoding Venezuelan equine encephalitis virus (VEEV)-derived 5° conserved
sequence elements (CSEs), non-structural proteins (nsPs 1-4), and 3’ CSEs ensure in situ self-
replication of saRNAs. At the 3’ end of nsP4 is a subgenomic promoter required to produce
subgenomic transcripts encoding the proteins of interest. This is followed by sequences

encoding enhanced green fluorescent protein (eGFP), an internal ribosome entry site (IRES),
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nd puromycin N-acetyltransferase. A poly-A (26) tail is included after the 3> CSE followed by

an Mlul restriction site for linearisation of the plasmid prior to in vitro transcription.
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0’»
5' CSE of VEE,

(10 697) Mlul T7 promoter

poly A tail

T7-VEEV-Fluc-IRES-mCherry
12 523 bp

Figure A2. Plasmid used to produce bi-cistronic saRNAs encoding reporter proteins

Firefly luciferase and mCherry.

T7-VEEV-Fluc-IRES-mCherry was produced using T7-VEEV-eGFP-IRES-PuroR as the
backbone. Sequences encoding eGFP and downstream PuroR were replaced with sequences

encoding Firefly luciferase (Fluc) and mCherry respectively.
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T7-VEEV-L-HBsAg-IRES-mCherry ol (2934)

12072 bp

(7577) Ncol

(6844) Ncol

Figure A3. Plasmids used to produce bi-cistronic saRNA vaccine candidates.

(A) T7-VEEV-S-HBsAg-IRES-mCherry and (B) T7-VEEV-L-HBsAg-IRES-mCherry were
produced using T7-VEEV-eGFP-IRES-PuroR as a backbone and encode either small surface
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antigen (S-HBsAg) or large surface antigen (L-HBsAg) respectively, and downstream
mCherry. Restriction sites for Mlul, Ncol and EcoRI are also indicated.

78



NdeI (184)

NotI (260)

Mlul (434)

pUC57-saRNA-MCS-Poly-A (60)
2737 bp

Figure A4. Plasmid map of pUCS57-saRNA-MCS-Poly-A (60).

pUCS57-saRNA-MCS-Poly-A (60) was used as a subcloning plasmid to extend poly-A tails of
saRNA transcripts. The Ndel and Notl restriction sites located in the multiple cloning site were
used to insert antigens of interest. This cloning strategy placed the antigens of interest upstream

of a VEEV-derived 3’ CSE, and extended poly-A (60) tail.
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(61 .. 78) MCS-Fw Alwadl (177)
[ Ndel (184)

— Apal (801)
pUC57-S-HBsAg-Poly-A (60)
3354 bp
[ NotI (877)
T MIT (1051)
/
(1788) Alw44l
(61 ..78) MCS-Fw Alwddl (177)
;‘ Ndel (184)
/
(3556) Alwadl ‘.'

/SHBS F2 (716..740) @

pUC57-L-HBsAg-Poly-A (60)
3876 bp

7™ sHps1F (1172 1191)

Apal (1323)
HBsAg R2 (1376 .. 1397) @
NotI (1399)

(2310) Alwadl MIul (1573)

Figure AS. Subcloning plasmids encoding HBV antigens with extended poly-A (60) tails.

Subcloning plasmids (A) pUC57-S-HBsAg-poly-A (60) and (B) pUC57-L-HBsAg-poly-A
(60) produced using pUC57-saRNA-MCS-poly-A (60). Ndel and Mlul restriction sites were
used to excise sequences encoding antigen, 3’ CSE and extended poly-A tail. A/w441 and Apal
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restriction sites used for plasmid verification are indicated. Annealing sites for forward

sequencing primers (grey circles) and PCR amplification primers (green circles) are indicated.
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17 promoter

T7-VEEV-$-HBsAg
10 261 bp

(7577) Neol —
(7568) Ndel ~
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/
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(6844) Ncol

“ 5' CSE of VEEY

I

T7 promoter

(8957) Mlul __ ~Ncol (1844)

@ (8760 .. 8781) HBsAg_R2

@ (8100 .. 8124) SHBs F2 —
(8049 . 8073) LHBs-IF —

T7-VEEV-L-HBsAg
10 783 bp
T Neol (2934)

(7577) Ncol —=-\\
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(6844) Neol

Figure A6. Plasmids encoding single-cistronic saRNA vaccine candidates.

(A) T7-VEEV-S-HBsAg and (B) T7-VEEV-L-HBsAg were used as templates to produce
single-cistron saRNAs encoding either S-HBsAg or L-HBsAg respectively. An Mlul restriction
site located immediately after the poly-A (60) tail facilitated linearisation of the plasmid in

preparation for IVT. Ncol restriction sites used for plasmid verification are indicated. Annealing
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sites for forward sequencing primers (grey circles) and PCR amplification primers (green

circles) are indicated.
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T7 promoter

(9470) Mlul

T7-VEEV-Luc2
11 296 bp

VEE nsP2

Figure A7. Plasmid encoding single-cistron saRNA encoding Luc2.

T7-VEEV-Luc2 was used as a template to produce single-cistron saRNAs encoding fluorescent
reporter protein luciferase. An Mlul restriction site located immediately after the poly-A (60)

tail facilitated linearisation of the plasmid in preparation for IVT.
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Appendix B-General laboratory protocols

Bl-Preparation of chemically competent cells

A volume of 5 ml LB broth (Appendix B2) was inoculated with 5 pul of NEB Turbo cells
(excluding antibiotics) and incubated overnight at 37°C with shaking at 150 rpm. Following
overnight incubation, two small flasks containing 100 ml LB broth each (excluding antibiotics)
were inoculated with 1 ml of the overnight culture. Flasks were then incubated in a shaking
incubator at 150 rpm and at 37°C for two and a half hours or until cell cultures had reached log
phase growth (OD 600 = 0.4-0.6) as determined by spectrophotometry using the
NanoPhotometer®. Cultures were transferred to 50 ml centrifuge tubes and cells were pelleted
by centrifugation at 500 x g for five minutes at 4°C. The supernatant was discarded and 5 ml of
Rubidium Chloride (RbCl,) transformation buffer 1 (Table B1) was added to each tube which
was gently swirled to resuspend the pellet. Cells were incubated on ice for 15 min before
centrifugation at 500 x g for five minutes at 4°C. The supernatant was discarded and 1 ml of
RbCl; transformation buffer 2 (Table B1) was added to each pellet which was resuspended by
gentle swirling. Cells were incubated on ice for 15 minutes, aliquoted into microcentrifuge

tubes at a volume of 100 ul and stored immediately at -80°C.

Table B1. Buffers used to prepare chemically competent E. Coli

Buffer Components
RbCI> transformation buffer 1 10 uM 3-N-Morpholino propanesulfonic acid (MOPS)
(pH 5.8)

100 uM RbCl,
10 uM Calcium chloride (CaCly)

50 mM NaCl
RbCl; transformation buffer 2 10 mM Piperazine-N,N’-bis(2-ethanesulfonic acid)

(PIPES), pH 6.8
75 mM CaCl;
10 mM RbCly
15% Glycerol

B2-Preparation of LB media and LB ampicillin plates

LB media was prepared by dissolving tryptone, yeast and NaCl in double-distilled water at final

concentrations of 10g/L, 5g/L and 7.5g/L respectively. The solution was autoclaved for 30
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minutes at 121°C and stored at room temperature. For the preparation of LB agar plates
supplemented with ampicillin, agar was added to LB media at a final concentration of 10g/L
and was autoclaved for 30 minutes at 121°C. Once the autoclaved media had cooled enough to
be handled, ampicillin was added to a final concentration of 100 pg/ml and the solution was
mixed. Approximately 25 ml of LB agar was poured into 10 cm bacterial culture plates and
allowed to polymerize at room temperature with the lid slightly ajar. Plates were sealed in a

plastic bag and stored upside down at 4°C.

B3-Preparation of plasmid glycerol stocks

A 50% glycerol solution was prepared by mixing 25 ml of 100% glycerol with 25 ml deionized
water (dH20). The solution was autoclaved for 30 minutes at 121°C, allowed to cool, and stored
at room temperature. To prepare a bacterial glycerol stock, 700 pul of a bacterial culture was

gently mixed with 300 pl of 50% glycerol in a microcentrifuge tube and stored at -80°C.

B4-Small-scale plasmid extraction (miniprep)

Single bacterial colonies containing plasmids of interest were inoculated into 8§ ml LB media
(Appendix B2) supplemented with 100 pg/ml ampicillin and incubated overnight at 37°C with
shaking at 150 rpm. Following overnight incubation, bacterial cultures were centrifuged for 20
minutes at 4 000 x g at 4°C. The supernatant was discarded, and the bacterial pellet was
resuspended in 250 pl of Resuspension buffer P1 (Table B2) and transferred to a 1.5 ml
microcentrifuge tube. Cells were lysed with 250 pl of Lysis buffer P2 (Table B2) for five
minutes at room temperature. A volume of 350 pul of Neutralisation buffer P3 (Table B2) was
added, and the tube was gently inverted six times or until a white flocculant precipitate formed.
The reaction was incubated on ice for five minutes before centrifugation at 10 000 x g for 20
minutes at 4°C. The supernatant, which contained plasmid DNA, was transferred to a clean
microcentrifuge tube and an equal volume of 100% isopropanol was added. The tube was
inverted six times to mix and incubated for an hour at -20°C to allow precipitation of plasmid
DNA. Plasmid DNA was thereafter pelleted by centrifugation at 10 000 x g for 15 minutes at
4°C. The supernatant was discarded, and the pellet was rinsed with 500 ul 70% ethanol before
centrifugation at 10 000 x g for five minutes at 4°C. The supernatant was discarded, and the
pellet was allowed to air dry for five minutes before being resuspended in 100 pl nuclease-free
water. Concentration and purity of extracted plasmids were determined by spectrophotometry.

Plasmids were stored at -20°C.
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Table B2. Buffers used in small-scale plasmid DNA extraction

Buffer

Component

Resuspension Buffer P1

50mM Tris base

10 mM (EDTA)

100 pg/ml RNaseA

pH 8.0 with Hydrochloric acid (HCI)

Lysis Buffer P2

200 mM sodium hydroxide (NaOH)
1% sodium dodecyl sulphate (w/v)

Neutralisation buffer P3

3 M potassium acetate

pH 5.3 with glacial acetic acid

B5-Agarose gel electrophoresis

Agarose gels used for resolving plasmid DNA digests were prepared at a concentration of 1%

agarose in 1x Tris-acetate-EDTA (TAE) buffer (40 mM Tris base, 20 mM acetate, | mM

EDTA). The solution was heated in a glass flask until the agarose dissolved. To enable

visualization of DNA wunder ultraviolet light, ethidium bromide was added to a final

concentration of 0.5 pg/ml and the mixture was poured into a casting tray with combs and

allowed to set at room temperature. Combs were removed and 0.5-1 pg of DNA samples in 1x

purple gel loading dye (New England Biolabs, Massachusetts, USA) were loaded into the wells.

The Quick-Load® purple 1Kb plus DNA ladder (New England Biolabs, Massachusetts, USA)
(Figure B1) was run alongside samples to estimate the size of the bands. Samples were

electrophoresed for 30-45 minutes at 120 volts and gels were imaged using the Omega Fluor

Gel Documentation System (Aplegen, California, USA).
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Mass (ng) Kilobases
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40 80
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2 40
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61 01

Figure B1. Quick-Load® purple 1Kb Plus DNA ladder

B6-Purification of linearised plasmids using EconoSpin® silica membrane mini spin columns

Linearised plasmids were purified using a modified protocol for the QiaQuick® Gel extraction
kit and EconoSpin® silica membrane mini spin columns which has a maximum binding capacity
of 40 pg. Following restriction digestion of plasmids with Mlul, 900 ul of QG buffer (provided
in kit) and 300 pl isopropanol was added to the reaction. The entire volume (containing less
than 40 pg plasmid DNA) was then transferred to a silica membrane spin column and DNA
was purified using the QiaQuick® Gel extraction kit according to manufacturer’s instructions.
Linearised plasmid DNA was eluted in 30 pl of nuclease-free water and concentration and
purity of plasmids were determined by spectrophotometry. Linearised plasmids were stored at

-20°C.

B7-Purification of linearised plasmids using NaOAc precipitation

Following restriction digestion, linearised plasmids were precipitated by addition of NaOAc to
a concentration of 0.3 M, followed by 2.5 times the original volume of 100% ethanol. The

solution was incubated at -20°C for 30 minutes before centrifugation at 10 000 x g at 4°C for
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15 minutes. The supernatant was discarded, and pellet rinsed with 500 pl ice cold 70% ethanol
before centrifugation at 10 000 x g at 4°C for 15 minutes. Residual ethanol was aspirated, and
the pellet was air-dried for five minutes. Linearised plasmid DNA was resuspended in 20 pl of
nuclease-free water. Concentration and purity of linearised plasmids were determined by

spectrophotometry. Linearised plasmids were stored at -20°C.

89



BS8-1VT reaction components and conditions

Table B3. Comparison of buffer components and reaction conditions for IVT protocols

Component Design of Ampliscribe™ Ribomax™
Experiments T7 Flash™ Large scale RNA
buffer transcription kit production
system
Buffer:
HEPES 40 mM unknown 80 mM
DTT 40 mM 40 mM
NaOAc 10 mM -
Mg(OAc):2 75 mM -
MgCl: - 24 mM
Spermidine 0.2 mM 2mM
Unmodified ATP, UTP, 10 mM each 9 mM each 5 mM each
GTP, CTP
Cleancap® AU 8 mM - -
Plasmid DNA 100 ng/pl 50 ng/ul 100 ng/pl
T7 polymerase 8 U/ul unknown unknown
DTT (in buffer) 10 mM (in buffer)
RNase inhibitor 0.2 U/ul 1 U/ul unknown
Yeast Inorganic - - unknown
pyrophosphatase
Recommended 2 hours at 37°C 30 minutes at 2-4 hours at 37°C
incubation conditions 37°C
NTP:Mg (mM) 1:1.875 unknown 1:1.2
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B9-Formaldehyde gel electrophoresis

A 10x MOPS Buffer containing 0.2 M MOPS, 20 mM NaOAc and 10 mM EDTA was prepared
using DEPC-treated or SABAX water. Prior to preparing the formaldehyde gel, the RNA
electrophoresis tank, casting apparatus, flask, spatula, plastic weigh boat, and 50 ml measuring
cylinder were thoroughly washed, sprayed with 70% ethanol, rinsed with SABAX water, and
left to dry before UV sterilization for 15 minutes. A 1% gel was prepared by dissolving 0.5 g
agarose in 36 ml DEPC-treated or SABAX water. The mixture was cooled to 60°C before
adding 5 ml 10x MOPS and 9 ml 37% formaldehyde. The molten agar mixture was then poured
into a casting tray and set at room temperature. saRNA samples were prepared for
electrophoresis by mixing 0.5-2 pg saRNA with an equal volume of 2x RNA loading dye.
Samples were denatured in a thermocycler at 70°C for 10 minutes. After cooling for one minute
on ice, samples were electrophoresed at 80 V for 1 hour alongside the RiboRuler High Range
RNA ladder (Thermo Fisher Scientific, Massachusetts, USA) or the NEB ssRNA ladder (New
England Biolabs, Massachusetts, USA) (Figure B2).

NEB ssRNA ladder RiboRuler High range RNA ladder
Basas bases ng/2 pl bases
8,000 —
o 6000 120 6000
_ —4000
so0- E R B
—2000 120 — 2000
—1500 120
3,000 — —1000
—1000 120
500
2,000 — —500 120 __
z 200
- —200 120 8
1,000 — 5 £
500 — g =
* el
2 pllane, 8 cm length gel, 2 pl/lane, 8 cm length gel,
1X TAE, 5 V/cm, 45 min 1% MOPS, 5 V/cm, 45 min

Figure B2. ssSRNA molecular weight ladders used in formaldehyde gel electrophoresis to

estimate size of IVT transcripts.
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Bl10-Passaging of HEK 2937 cells

HEK 293T cells grown in T175 flasks were rinsed with 10 ml saline (Ca?" and Mg?" free). Cells
were incubated at 37°C in a humidified incubator with 3 ml TrypLE™ Express (Thermo Fisher
Scientific, Massachusetts, USA) for three minutes to dissociate cells from the flask. TrypLE™
Express was deactivated by addition of 7 ml complete media and a single cell suspension was
achieved by pipetting against the bottom of the flask. The desired volume of cells was re-plated
and complete media was added to a final volume of 35 ml. Cells were incubated at 37°C in a

humidified incubator with 5% CO:x.

92



Appendix C-Supplementary information
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Figure C1. Comparison of RNA yield achieved using AmpliScribe™ T7-Flash™ kit and
other high yield kits (AmpliScribe™ T7-Flash™ kit Product information sheet).
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Figure C2. Sequence alignment of pUC57-L-HBsAg-poly-A(60).

Single point mutation T->G (red box) observed at 3’ end of L-HBsAg open reading frame.
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Figure C3. Sequence alignment of T7-VEEV-L-HBsAg.

Single point mutation T->G (red box) observed at 3” end of L-HBsAg open reading frame.
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Figure C4. PCR amplicons for Sanger sequencing.

Sequences encoding the S-HBsAg domain from both pUC57-L-HBsAg-poly-A (60) and T7-
VEEV-L-HBsAg were amplified by PCR to produce amplicons (682 bp) for Sanger
sequencing. Each lane contains 5 pl of amplified S-HBsAg fragments from the indicated

plasmids.
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Table C1. Ct Values for No reverse transcriptase controls

Mock CCAU-saRNA-S-HBsAg CCAU-saRNA-Luc2 Poly 1:C
1 2 3 1 2 3 1 2 3 1 2 3
250 ug ND | 36.39 | 36.09 35.04 35.12 37.21 36.74 ND 37.58 34.92 37.54 ND
500 pg 36.29 | 37.90 | 35.45 ND 36.82 ND ND ND 35.09 36.35 ND ND
1000 pg ND | ND | ND ND 35.75 ND 37.04 ND 37.13 ND ND ND

ND = Not Detected

CCAU = Cleancap® AU reagent
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Table C2. Delta Ct, fold change and statistics for qRT-PCR analysis of mRNAs encoding interferon and interferon-stimulated genes in HEK
293T cells transfected with saRNAs or Poly I:C

Mock Transfections 250 ng 500 ng 1000 pg
ACt ACt ACt
(Mean) | SEM | (Mean) | SEM (Mean) | SEM
IFNp 16.20 0.22 16.00 0.11 18.34 0.33
IFIT 9.22 0.10 9.43 0.03 9.57 0.16
OAS 22.43 0.22 23.42 0.27 22.04 0.28
PKR 7.37 0.11 7.24 0.07 7.23 0.29
CCAU-saRNA-Luc2 250 ng 500 ng 1000 pg
ACt Fold ACt Fold ACt Fold
(Mean) SEM | change | P-value | (Mean) SEM | change | P-value | (Mean) | SEM | change | P-value
IFNB 16.14 0.08 1.03 0.8072 17.26 0.27 0.43 0.0297 15.84 0.23 5.52 0.0048
IFIT 9.12 0.10 1.06 0.5692 9.24 0.21 1.17 0.4634 8.28 0.29 2.50 0.0296
OAS 21.50 0.14 1.88 0.0323 20.89 0.32 5.83 0.0040 18.35 0.51 13.81 0.0069
PKR 7.20 0.11 1.12 0.3507 7.20 0.19 1.04 0.8639 7.05 0.24 1.12 0.6601
CCAU-saRNA-S-HBsAg 250 pg 500 ng 1000 pg
ACt Fold ACt Fold ACt Fold
(Mean) | SEM | change | P-value | (Mean) SEM | change | P-value | (Mean) | SEM | change | P-value
IFNp 17.70 0.09 0.35 0.0117 15.41 0.17 1.51 0.0501 13.21 0.17 33.88 0.0008
IFIT 9.71 0.07 0.71 0.0204 8.50 0.14 1.93 0.0194 5.45 0.18 17.45 0.00007
OAS 21.26 0.06 2.20 0.0277 17.93 0.28 4490 | 0.00014 13.92 0.13 269.96 0.0002
PKR 7.46 0.05 0.93 0.5128 7.00 0.06 1.18 0.0669 6.64 0.11 1.46 0.1694
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Poly I:C 250 pg 500 pg 1000 pg
ACt Fold ACt Fold ACt Fold
(Mean) | SEM | change | P-value | (Mean) | SEM | change | P-value | (Mean) | SEM | change | P-value
IFNB 16.44 0.08 0.83 0.3946 15.42 0.18 1.50 0.0655 12.69 0.39 51.44 0.0004
IFIT 9.05 0.08 1.12 0.2748 7.69 0.21 3.41 0.0128 4.66 0.35 31.46 0.0015
OAS 21.71 0.37 1.72 0.1907 15.75 0.35 | 208.63 | 0.00009 | 12.81 0.49 647.60 | 0.0004
PKR 7.05 0.06 1.24 0.0865 6.84 0.18 1.33 0.1468 6.63 0.18 1.48 0.1702

Note: Significant increases in mRNA expression (Fold change relative to mock transfections >1 with P-value < 0.05) are highlighted in yellow.

SEM = Standard error of the mean (n=3)
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Table C3. Fluorescence values of RNA standards used to produce standard curve.

Concentration Replicate | Replicate Average -
(ng/ul) Amount (ng) 1 2 Average | Background
2.5 500  [IDETOANI35E 04| 139E+04 | 13716.50
1 200 6.98E+03 | 7.08E+03 | 7.03E+03 6896.50
0.5 100 3.39E+03 | 3.33E+03 | 3.36E+03 3226.50
0.25 50 1.61E+03 | 1.59E+03 | 1.60E+03 1466.50
0.1 20 6.10E+02 | 7.58E+02 | 6.84E+02 550.50
0 0 1.35E+02 | 1.32E+02 | 1.34E+02 0.00
3
y =0.0002x - 0.0632
2.5 R=0.9875
2 ...................
5 e
L e R .
05 e o
0 P
0 2000 4000 6000 8000 10000 12000 14000 16000

Figure CS5. Standard curve used to determine concentration of unbound saRNAs in

untreated and 1% Triton X-100 treated lipoplex formulations.
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Table C4. Calculation of saRNA-Luc2-CaLiVax complexation efficiency and effective saRNA concentration

-Triton + 1% Triton
Sample | Dilution | Total saRNA- Effective
Added | Factor | saRNA liposome saRNA
Conc | Complexation conc.
Sample Rep 1 Rep 2 Mean Mean-BG Rep 1 Rep 2 Mean Mean-BG (ul) (ng/ul) | efficiency (%) | (ug/ml)
CaliVax A 1.44E+02 | 1.61E+02 | 1.53E+02 92.50 7.98E+03 | 7.99E+03 | 7.99E+03 | 7797.50 8 125 167.99 98.81 166.00
CaliVax B 1.48E+02 | 1.47E+02 | 1.48E+02 87.50 8.30E+03 | 8.73E+03 | 8.52E+03 | 8327.50 8 125 179.95 98.95 178.06
HBS
(Background) | 5.98E+01 | 6.02E+01 | 6.00E+01 0.00 1.73E+02 | 2.02E+02 | 1.88E+02 0.00
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Appendix D-Animal ethics certificate

UMIVER=ITY L3F THE
ANIMALS RESEARCH ETHICS COMMITTEE (AREC) /11wl FRsitasi

STRICTLY COMFIDENTIAL
CLEARANCE CERTIFICATE NUMBER: 2021/08/06/C

APPLICANT: Ms M Samudh
School: School of Pathology; Department: NfA; Location: WRAF

PROJECT TITLE: Characterization of the type and breadth of immune responses elicited in
Maval Medical Research Institute (NMRI) mice immunized with conventional and self-
amplifying mRMA sequences encoding Hepatitis B virus (HBY) antigens

Category: C; Species and Numbers involved: 134X, 3-5 weeks (opproximately 20 g), NMRI
Female Mouse

Approval is hereby given for the use of animals for the research project named above and
described in the application reviewed by a quorate meeting of the AREC held on 31 Aug 2021.
This approval remains valid until 14 Oct 2023 and is conditional to the following (if blank there
are no special conditions):

Condition 1 Condition 2 Condition 3 Condition 4

All material changes to the approved research must be reported to the AREC before they are
implemented. Failure to do so will invalidate this clearance certificate.

An annual progress report must be provided to the AREC.

The use of these animals is subject to AREC guidelines on the use and care of laboratory
animals, is limited to the procedures described in the application and is subject to additional
conditions listed below:

I, the Chair of the AREC (or my designated representative) am satisfied that the proposed
research is ethical as judged by local law, international standards and University policy.

Signed: : o Date:  15/10/2021
[chairperson of the AREC)

| am satisfied that the persons listed in this application are competent to perform the
procedures described in the application, in the context of Section 23 (1) (c) of the veterinary
and Para-veterinary Professions Act (19 of 1982).

CC: Student supervisor: €Titlel» tlnitials1l® #5upervisor_sumame®
Director Wits Research Animal Facility (WRAF): Dr Kim Jardine
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