bioRxiv preprint doi: https://doi.org/10.1101/2022.10.03.507132; this version posted October 3, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Characterisation of a saRNA vaccine — 1

Article

Biophysical characterisation of the structure of a SARS-CoV-

2 self-amplifying - RNA (saRNA) vaccine

Daniel P Myatt 1 *, Lewis Wharram **, Charlotte Graham %, John Liddell !, Harvey Branton %,

Claire Pizzey 2, Nathan Cowieson ?, Robert Rambo 2, Robin J Shattock 3

! The National Biologics Manufacturing Centre (NBMC), The Centre for Process Innovation,

1 Union Square Central Park, Darlington, United Kingdom, DL1 1GL

2 Diamond Light Source, Harwell Science and Innovation Campus, Didcot, Oxfordshire,

United Kingdom

3 Department of Infectious Disease, Imperial College London, London W21PG, UK

Shortened running title: Characterisation of a saRNA vaccine

1 Present address: Lewis Wharram, Orchard Therapeutics, 108 Cannon Street, London EC4N

6EU, UK

* To Whom Correspondence should be addressed: Tel: +44 (07455) 534 810

daniel.myatt@uk-cpi.com



https://cpiit-my.sharepoint.com/personal/daniel_myatt_uk-cpi_com/Documents/Diamond%20project/Paper/daniel.myatt@uk-cpi.com
https://doi.org/10.1101/2022.10.03.507132
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.03.507132; this version posted October 3, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Characterisation of a saRNA vaccine — 2

Abstract

The current SARS-Covid-2 pandemic has led to an acceleration of messenger — ribonucleic
acid (mRNA) vaccine technology. The development of production processes for these large
MRNA molecules, especially self-amplifying mRNA (saRNA) has required concomitant
development of analytical characterisation techniques. Characterising the purity, shape and
structure of these biomolecules is key to their successful performance as drug products. This
paper describes the biophysical characterisation of the Imperial College London Self-
amplifying viral RNA vaccine (IMP-1) developed for SARS-CoV-2. A variety of analytical
techniques have been used to characterise the IMP-1 RNA molecule. In this paper we use UV
spectroscopy, dynamic light scattering (DLS), size-exclusion chromatography small angle
scattering (SEC-SAXS) and circular dichroism (CD) to determine key biophysical attributes of
IMP-1. Each technique provides important information about the concentration, size, shape,

structure and purity of the molecule.

Statement of significance

This paper is highly significant as it provides a prescient biophysical characterisation of an
efficacious Sars-Cov-2 vaccine self-amplifying (sa)RNA molecule. RNA vaccines have been
a major scientific breakthrough of the Covid-19 pandemic. saRNA is a further development of
conventional mMRNA vaccines, amplifying the RNA of interest in the cell, allowing the vaccine
to be administered at lower dosages. These new biologics are distinct from previous biologics
and have required distinct analytical characterisation. The analytics described herein provide
detailed information on the size, shape, and structure of the RNA molecule. This paper is

therefore an important step in characterising large saRNA biological relevant molecules.
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1) INTRODUCTION

The SARS-Cov-2 pandemic has caused untold disruption worldwide and has claimed a current
global death toll of several million people (1). Several SARS-Cov-2 vaccines, including mRNA
vaccines, are now in development, in clinical trials, at approval stage or approved (2). One
major scientific advancement from the pandemic has been the development of mMRNA vaccine
technology. These vaccines work by supplying an mRNA copy of the target antigen, typically
the SARS-Covid 2 spike protein, to the host cell translation machinery (3). Self-amplifying
RNA vaccines are a step forward in RNA vaccine development. They work by adding a self-
amplifying (sa) RNA replicon to the RNA molecule, causing the host cell to multiple the copy
number of the target antigen RNA (4). This in vivo amplification allows the saRNA vaccine to
be delivered at significantly lower doses, typically 10-100 fold less in comparison to
conventional mMRNA vaccines. However, the extra self-amplifying code means the RNA
molecules are significantly larger than conventional mMRNA vaccines at around 9-12 kbps (5).
In this paper, we analyse a saRNA vaccine developed by the Imperial College London (ICL)
team, we call IMP-1. It consists of the genetic code for a Venezuelan equine encephalitis virus
(VEEV) replicase in addition to a pre-fusion stabilized spike protein of SARS-CoV-2 (6). This
molecule has proven efficacious in pre-clinical mouse studies and immunogenic in initial
clinical trials (Clinical trial: ISRCTN17072692 (1)) (6).This vaccine was manufactured at
scale by the Centre for Process Innovation (CPI) in a program to develop, manufacture and
supply the saRNA COVID-19 vaccine developed by ICL, with funding provided by the
Department of Business, Energy and Industrial Strategy (BEIS) via the UK Vaccine Taskforce

(VTF) (7).
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The scale up of the IMP-1 involved CPI developing a variety of analytical methods to
characterise the IMP-1 molecule. One great strength of RNA vaccines is the ability to quickly
design and manufacture the test molecule. This allowed the IMP-1 RNA molecule to be
developed for pre-clinical testing, within 14 days of the release of SARS-CoV-2 genetic data
(8). RNA vaccines can also be altered quickly to counter new variants and are an ideal platform
to reduce the time for development, manufacture and testing of vaccines to within a 100-day
goal (9). The mRNA vaccine production platform is being standardised to incorporate several
steps. Firstly, the RNA molecule is synthesised in an in vitro transcription (IVT) cell free
synthesis by the addition of the DNA plasmid of interest and a cocktail of reagents including
an RNA polymerase, ribonucleotide triphosphates (rNTPs), RNase inhibitors, MgCl, a
pyrophosphatase, a pH buffer containing an antioxidant, and a polyamine at the optimal
concentrations, plus a capping analogue if co-translational capping is required in this or a
further separate step (10, 11). This reaction is optimised for reagent concentrations, time and
temperature. After the RNA molecule is synthesised a purification and polishing step is
performed to remove unused NTP’s, enzymes and DNA fragments. This step has classically
used a salt or solvent precipitation step at laboratory scale (12), but chromatographic capture
and release is becoming the method of choice for scale up (13). The RNA product can then be
exchanged into the required buffer and concentrated using diafiltration/ultrafiltration (DF/UF),
followed by encapsulation in a lipid nanoparticle (14). The active drug product is then stored
ready for transport. Each step in this process contains the potential to generate incomplete drug
substance, through incomplete transcription, hydrolysis and degradation of the RNA molecule.
Analytical quality controls of the RNA molecule are therefore critical to allow the identification
of alterations to the molecule and allow mitigation and prevention strategies to be put into
place. A variety of analytical methods have been used to characterise the RNA drug substance

in process including visual appearance, subvisible particles, UV and fluorescence
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spectroscopy, agarose gel electrophoresis, capillary electrophoresis (CE), chromatography
(SEC - size-exchange chromatography, reverse-phase chromatography (RP), anion-exchange
chromatography (AEX)), light scattering (dynamic light scattering — DLS, SLS — static light
scattering, MALS — multi-angle light scattering), circular dichroism (CD), reverse transcriptase

PCR (RT-PCR) and liquid chromatography - mass spectrometry (LS-MS) (15, 16).

RNA structure differs from DNA (deoxyribonucleic acid) in three fundamental ways.
Firstly, its backbone contains the ribose sugar. Ribose differs from deoxyribose, in that it has
an addition hydroxyl in the 2’-position. Secondly, RNA uses uracil, instead of thymine as one
of its bases. Uracil lacks a methyl group in the 5’-position, in comparison to thymine. Finally,
RNA is usually single stranded (17). These differences mean RNA exists in very different
structures in comparison to DNA. The single stranded (ss) RNA forms secondary structure
such as double helices by complementary base pairing. In addition to Watson-Crick base
pairing other non-Watson-Crick base pairing, such as G:U Wobble base pairing, are possible
(18). Due to the steric hinderance of the 2’-hydroxyl, RNA double helix more closely resembles
DNA A-form helix. To maximise these complementary regions various stem loop structures,
such as hairpins, bulges or simple loops are possible. RNA has enormous rotational freedom
in the backbone of its non-base paired regions allowing it to form complex tertiary structures
such as helical duplexes, triple-stranded structures and other structures (19). A variety of
biophysical techniques, including NMR (nuclear magnetic resonance) (20), EM (electron
microscopy) (21), X-ray- crystallography, and SAS (small angle scattering) (22) have been
used to determine RNA structures to varying resolution. Many of the known RNA structural
motifs have been determined from the limited number of atomic resolution structures available
(23). In recent years biophysical data linked with biochemical data such as chemical probing,
sequencing (24), computational modelling (25) and predication methods (26) have further

aided our understanding of RNA structure. Whilst these methods have proved successful for
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short length RNA, longer RNA, such as saRNA, have increasingly complex structures, that
will need extensive experimental validation. RNA structure is also highly anionic due to the
phosphate backbone (pKa =~ 2). The structure is stabilised by the addition of cations, most
commonly the divalent cation magnesium (Mg?*") (27). The exact effect of salt on the RNA is
RNA and salt concentration dependant. At dilute concentrations, cations allow RNA to form
more compact structures and so decrease its size (28-31). At higher concentrations, as used in
RNA manufacture, the addition of salt causes intramolecular RNA base pairing leading to

aggregation (28).

RNA has been extensively characterised using UV spectroscopy to determine
the concentration and purity of solutions. The absorbance spectra and extinction co-efficient
(e) for each individual RNA nucleotide has been determined. If no experimentally determined
extinction-co- efficient at 260 nm (€260) is available, theoretical calculations are available.
General conversion factors for single stranded (ss)RNA of 40 pg/mL per 1 A(absorbance) unit
are often used, although for oligonucleotides more accurate Azeo extinction co-efficients (€260)
can be determined using base composition (bc) and nearest neighbour (nn) sequence specific
calculations. Using Beer-Lambert with an accurate extinction-co- efficient at 260 nm (£260)
an RNA concentration in solution can be determined quickly. Determining the ratio between
absorbances at 260 and 280 nm (Axeo : Azgo) Is useful in determine RNA purity, particularly
for protein contaminants. A ratio equal or greater than 2 is indicative of pure RNA, when the

assay is performed in mildly alkaline (pH = 8 — 8.5), low ionic strength buffers (32).

Dynamic Light Scattering (DLS) is a solution based, non-invasive scattering technique
for determining the size and polydispersity of particles in a solution. DLS involves measuring
the Brownian motion of particle in solution via light scattering fluctuations. Analysis of these
particle fluctuations yield the translation diffusion co-efficient (D), a measure of the velocity

of the Brownian motion of the particles in the sample. Using the Stokes- Einstein equation the
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translation diffusion co-efficient (D) can be converted to the particle size. The sample particle
size is commonly given as the Z-Average diameter (Zp) defined as the intensity-weighted mean
hydrodynamic diameter. With the hydrodynamic diameter (Dn) being defined as the diameter
of a hard sphere that diffuses at the same speed as the particle or molecule being measured
(33). Alongside Zp, the polydispersity index (PDI) of the sample is given. PDI is a
dimensionless measure of the broadness of the distribution of the particle sizes derived from
cumulant analysis of the data. PDI values range from 0 to 1, with higher values indicative of

greater polydispersity.

Biological small angle x-ray scattering (BioSAXS) experiments provide information
on the size and shape of biological sample molecules such as RNA (34). They are high
throughput experiments that can be performed either at off-line home X-ray sources or more
commonly at synchrotron facilities (35) with limited amounts of purified sample (34). In
BioSAXS experiments, a highly collimated X-ray beam is fired at the sample of interest. A
small number of the X-rays are scattered by collision with the atoms of the molecules in the
sample. A detector collects the scattering data at low angles (0.1-10°). This 2-dimensional data
is then radially averaged, and the buffer subtracted to give a one-dimensional plot of scattering
intensity 1(g) as a function of the scattering angle vector (g). As a scattering technigue,
BioSAXS is disproportionally affected by large aggregates, with the scattering signal being
proportional to the square of the molecular weight (36). This means that preliminary
characterisation techniques such as agarose gels, UV spectrometry (A 260:280) and dynamic light
scattering (DLS) are critical to confirm sample size and purity. BioSAXS can also be linked
directly to a high-performance liquid chromatography (HPLC) system. This allows HPLC-SEC
(high-performance liquid chromatography - size exclusion chromatography) separation of the
biological sample based on hydrodynamic radius (Rn) to be performed, before SAXS (37). The

BioSAXS is then recorded in timed frames as the sample solution passes through the x-ray
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beam, and the buffer and sample frames can be grouped and averaged to give the 1D SAXS
curve. BioSAXS, relies on the scattering contrast between the buffer, which is usually aqueous
in nature (~ 344 e/nm?), and the biomolecule of interest, such as RNA (550 e/nm?). HPLC-SEC
allows the precise matching of the experimental buffer used in the buffer and RNA sample,
without the need for sample dialysis, as both samples will be measured using the same HPLC

running buffer.

BioSAXS data is analysed using several methods. The most common is these is the

Guinier plot, developed by Andre Guinier in 1939 (38), which states: -

q%R

Equation 1: - 1(q) = I(O)exp(—_ )

Where,

I(g) = intensity at the scattering vector q
[(0) = Intensity at zero angle

g = scattering vector angle

Rg = radius of gyration

The equation can be plotted as In(1) versus g?, using data points in the Guinier region, which
for globular molecules is given as g.Rg 0.5 (min) — 1.3 max. The plot intercept determines the
intensity at zero angle 1(0), which is proportional to the molecular weight of the particles and
the slope determines the radius of gyration (Rg), which provides an estimate of the molecule
size as determined from the mean distance from the centre of mass weighed by the contrast of

the electron density (39). Guinier plots at a range of sample concentrations are an important
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method in spotting molecule aggregation, interparticle interference and concentration
dependant complexes (40). Other commonly used BioSAXS plots are the distance distribution
function (PDDF) and Kratky. The PDDF plot is an inverse Fourier transform of the scattering
plot. PDDF plots are useful in determine the general shape of the molecule, with characteristic
shapes being easy to spot. It also determines key parameters such as radius of gyration (Rg)
and maximum diameter (Dmax) of the molecules in the sample. Dimensionless Krakty (q.Rg? x
1(9)/1(0) versus g.Rg) plots give a semi-quantitative analysis of the flexibility of the molecule
analysed. Compact molecules display parabolic bell-shaped shaped curves, whilst unfolded
molecules show hyperbolic curves that plateau out at high-q values. Semi-compact molecules

display a combination of the two curves (41).

Circular dichroism (CD) is a relatively quick, solution-based spectroscopic technique
that requires few consumables and small amounts of purified (>95%) samples to obtain
orthogonal experimental information of the structure and conformation of chiral biomolecules
such as RNA (42). CD is calculated by subtracting the absorbance the absorbance of left versus

right circular polarised light:-

Equation 2: — CD = A; — A,

Where,
CD = circular dichroism
A, = absorbance of left circular polarised light

A: = absorbance of right circular polarised light
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CD experiments follow Beer-Lambert and can be tailored to concentration and cell pathlength,
with an optimal theoretical absorbance (A) of ~0.869 (43). Several different types of
experiments can be performed by CD, including sample batch-to-batch comparison (15), the
effect of salts and solvent (44), buffers and pH (44), and temperature ramps (45) to name a few.
Although care needs to be taken as to the UV transparency of additives, with sodium

phosphates buffers being commonly used (42).

Deoxyribonucleic acid (DNA), has been extensively characterised by CD in the
literature (46). There is much less literature on the circular dichroism of ribonucleic acid
(RNA), particularly large saRNA molecules, such as IMP-1. The ultra-violet (UV) CD spectral
region, from 170nm to 320nm, contain several of RNA absorption bands of interest. The
positive band CD signal at approximately 265 nm is known to relate to intra- and intermolecular
and base-stacking and base-pairing of the RNA molecule, including Watson—Crick and non-
Watson-Crick base pairs (47). This positive band lies within a broader band from 210 to 300
nm, due to interactions between the RNA bases and the sugar phosphate backbone (48), (49).
As expected, changes of the CD spectra in this region are known to relate to sequence
differences affecting base pairing and stacking of the RNA molecule. The CD absorptions
bands at the far-UV end of the spectrum are known to relate to the helical structure of the RNA
molecule. A prominent positive band at ~ 185 nm and a negative band at ~ 205 nm is indicative
of right-handed RNA, such as A-form RNA. Whilst a positive band at ~ 180 nm and a negative

band at ~ 190nm is indicative for left-handed nucleic acids such as Z-form RNA (50).

2) MATERIALS AND METHODS
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All chemicals and biologics purchased were of an analytical grade or higher.

2.1) In vitro transcription and purification of IMP-1

The IMP-1 mRNA sequence (6) was transcribed from a plasmid containing self-
amplifying sequences from Venezuelan equine encephalitis virus (VEEV) and a Pre-fusion
stabilized spike protein of SARS-CoV-2. The IVT reaction was performed as per McKay et al.
(6) using plasmid DNA purchased from Aldevron, UK with the reaction optimised as per the
design-of-experiment (DOE) methodology described by Samnuan (11) and the capping using
the CleanCap ® Reagent AG performed as per the manufactures protocol (Trilink
Biotechnologies, USA). After the IVT reaction was complete the DNA template was digested
using DNase 1 enzyme (New England Biolabs, UK). The reaction mixture was purified, buffer
exchanged and concentrated using Tangential Flow Filtration (TFF) and chromatography steps.

The IMP-1 RNA in 5 mM Sodium Citrate, pH 6.8 buffer was stored at -80 °C.

2.2) Aze0 /A2g0 UV spectrometry assay

The concentration and purity of IMP-1 was determined by its Azeo absorption value and the
ratio of its Azeoso. Fifty-fold diluted samples were measured in 10mM Tris buffer, pH 8.0
using a 1 cm Suprasil quartz cuvette (Starna Scientific Ltd., UK) using a Biochrom Libra 50
UV/Visible spectrometer (Biochrom Ltd., UK). IMP-1 concentrations were determined at Azeo
using Beer-Lambert with a calculated nearest neighbour extinction co-efficient (€260) of =

113,589,000 M L cm L (51)
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2.3) Dynamic Light Scattering (DLS)

DLS was measured using the UNcle ™ instrument (Unchained Labs, USA). Sample triplicates
of IMP-1 samples at 0.245 mg/mL concentration were ran in UNcle quartz capillary Uni
(Unchained Labs, USA), either in 5mM sodium citrate at pH 6.4 (the SAXS running buffer) or
10mM Sodium phosphate, pH 7 (the CD buffer). The DLS experiment was ran using the Uncle
™ Client software (Version 5.03) standard sizing and polydispersity method of 10 repeats
every 10 second time intervals at 20 “C. The sample data was processed and averaged using the
Uncle ™ Analysis software (Version 5.03) to determine the Z-Average Diameter and

polydispersity index (PDI) for each buffer condition.

2.4) BioSAXS

BioSAXS measurements of IMP-1 were performed at 1.96 mg/mL concentration in 5 mM
Sodium Citrate buffer at pH 6.4 on the SAXS-SEC using an Agilent 1260 HPLC system and
SEC was performed used a Shodex KW-405 (Showa Denko K.K., Japan) column on the B21
BioSAXS beamline at the Diamond Light Source Ltd (Oxford, UK) (35) using the automated
BIOSAXS robot for sample loading at 293 K. B21 was operated at a fixed camera length of
4.014 m and an energy of 12.4 keV to collect data between 0.0031 and 0.38 A L. The data was
collected on a Eiger 4M detector (Dectris AG, Switzerland). The two-dimensional area detector
data was converted into one-dimensional intensity profiles by radial averaging using the
DAWN software package (Diamond Light Source Ltd., UK) (52). Data analysis was performed

using the ATSAS v3.0 software package (53) to analyse the SEC-SAXS data and perform
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buffer subtraction, determine the Guinier plot and fit the PDDF (Pair-wise distance distribution

function).

2.5) Circular dichroism (CD)

The CD samples were buffer exchanged into 10 mM Sodium Sodium Phosphate buffer at pH
7 at 0.22 mg/mL concentration determined by Beer Lambert at Azs. All CD spectra were
recorded on a nitrogen-flushed Chirascan™ Q100 spectrophotometer (Applied Photophysics
Ltd., UK) in units of millidegrees (mdeg) from a wavelength range of 320 to 180 nm using a
0.05 cm path length cell (Starna Scientific Ltd., UK) and a 1 nm bandwidth, 1 nm step, 1
second integration time with 9 repeats at 20°C. The CD data was converted to units of delta

Epsilon (Ag) (M cm™) after buffer spectra subtraction.

3) RESULTS

3.1) UV spectroscopy

In this paper we have used UV spectroscopy, DLS, HPLC-SEC BioSAXS and CD to
characterise the purity, size and shape of the IMP-1 RNA molecule (IMP-1). On a biological
scale, the IMP-1 RNA molecule is large, with a molecular weight of 3.72 MDa being composed
of 11,551 base pairs. The absorbance at 260 nm (Azs0) of RNA and Azeo:280 ratio have
classically between used to determine the concentration and purity of the molecule (51). The
extinction co-efficient (€260) was calculated for IMP-1 using the nearest neighbour (nn) and

base composition (bc) method. Both methods gave similar values of 113.589 x 10 M cm™!
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and 115.4038 x 10 °, respectively. The Azo UV spectroscopy assay of IMP-1 (Figure 1)
determined a triplicate averaged Azeso = 1.201 +/- 0.003 (15) in 10 mM Tris, pH 8 buffer using
a 50-fold diluted IMP-1 stock. Using the nearest neighbour (nn) co-efficient extinction co-
efficient (e260) a concentration of 1.96 mg/mL or 527 nM was calculated for the IMP-1 RNA
stock (Table 1). An Azeo:A2g0 ratio of IMP-1 was calculated as 1.201/0.551 = 2.18. Ratio values

greater than 2 are indicative of RNA free from protein contaminant (32).

3.2) Dynamic Light Scattering

Dynamic Light Scattering (DLS) was used to determine the size of IMP-1 at 0.245
mg/mL concentration in both the SAXS running buffer (5mM Sodium Citrate, pH 6.4) and CD
analysis buffer (10 mM sodium phosphate, pH 7). An intensity versus size plot of the DLS data
shows a single peak for both the SAXS running buffer and CD analysis buffer data (see Figure
2). For IMP-1 in the SAXS running buffer a Z-Average hydrodynamic diameter of 857.6 +/-
19.2 A (15) was determined with a corresponding polydispersity index (PDI) of 0.23 +/- 0.003
(16). For IMP-1 in the CD analysis a Z-Average Hydrodynamic Diameter of 784.9 A + 22.9 A
(1o) was determined with a corresponding polydispersity index (PDI) of 0.19 +/- 0.007 (1o)

(Table 1).

3.3) BioSAXS

The BioSAXS HPLC-SEC plot of the intensity of scattering versus sample frame
number resolved the IMP-1 RNA sample to a single peak using the Shodex KW-405 SEC

column (Showa Denko K.K., Japan) (see Figure 3). This plot also shows the estimated radius
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of gyration (Rg) from a Gunier plot for each individual sample frame, with most frames within
the peak giving a radius of gyration of between 200 - 250 A (see Figure 3). From this data,
sample and buffer frames were selected and an average SAXS curve for IMP-1 was generated
(Figure 4). Analysis of the BioSAXS curve, using a Guinier plot gave an intensity at zero angle
1(0) of 0.38 +/- 0.01 with a radius of gyration (Rg) of 237.52 +/- 6.78 A (Figure 4 — Inset). The
IMP-1 SAXS curve was also analysed using a pair distance distribution function (PDDF) plot
(see Figure 5). The PDDF plot shows a molecule which has the general shape of a solid sphere
with a radius of gyration of 271.90 A and a maximum diameter (Dmax) of 873.63 A (Table 1).
A dimensionless Kratky plot (see Figure 6) is hon-parabolic and biphasic in nature suggesting

the RNA molecule has both structure and flexibility.

3.4) Circular dichroism

The Circular dichroism spectra of IMP-1 shows structural features of the molecule
(Figure 7 and Table 1). The IMP-1 CD spectra shows a positive maximum with a Ae = 22.91
M cm™ at 185 nm and corresponding negative minimum at 209 nm wavelength (Ae = - 6.05
M1 cm™), which is typical for right-hand A-form RNA helix (47). IMP-1 also has a positive
peak at 267 nm (a As = - 9.40 Mt cm?) indicative of the sum of the base pairing and stacking

interactions of the IMP-1 molecule.

4) DISCUSSION

RNA vaccine development understanding has increased greatly since the onset of the

SARS-CoV-2 pandemic at the end of 2019. Several mMRNA SARS-CoV-2 vaccines have been
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successfully approved or are in development. These MRNA vaccines can be split into two
types, conventional and self-amplifying. Conventional mMRNA vaccines, typically around 2000
bps, provide the genetic code for the host cell machinery to produce the target antigen, for
SARS-CoV-2 this has typically been the surface spike protein. Self-amplifying (sa) mRNA
vaccines, which has potential to be provided at significantly lower doses, encodes not only the
genetic code for the target antigen, but also a viral replicase to amplify the target antigen code
in vivo. SaRNA vaccines are therefore much larger than conventional mMRNA vaccines at
around 10 kbps. The development of saRNA vaccines, such as IMP-1, have proven challenging
for conventional bioanalytics, due to their large size and complex structure. The development
of new experimental techniques are therefore required. In this paper we have characterised
several important biophysical parameters of the IMP-1 SARS-CoV-2 vaccine mRNA
molecule, including its size, shape, structure and purity using UV spectroscopy, DLS and

HPLC-SEC BioSAXS and circular dichroism.

UV spectroscopy is a classical method for determining the concentration and purity of
IMP-1 in solution. It provides rapid determination of RNA sample concentration and the level
of protein contamination (32). DLS and BioSAXS were performed to determine the size, shape
and purity of the IMP-1 molecule. DLS provides the Z-Average intensity weighted mean
hydrodynamic diameter (Rn) of the total sample particles its polydispersity index (PDI) of the
sample molecules. IMP-1 samples in the SAXS (5 mM Sodium Citrate, pH 4) and CD buffer
(10mM Sodium phosphate, pH 7) were measured. The RNA shows small, but significant
differences in Z-Average diameter and PDI between these two buffers. This suggests RNA size
is dependent on buffer type, pH or ionic strength. BioSAXS gives orthogonal parameters to
DLS. From the Guinier plot and PDDF a radius of gyration (Rg) of 237.52 +/- 6.78 and 271.90
A respectively and maximum diameter (Dmax) of 873.63 A were determined. The Dmax

obtained by BioSAXS is in good agreement with the Z-Average diameter of 873.63 A obtained
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by DLS. The CD spectra of IMP-1 shows structural features present in the CD buffer (10 mM
Sodium phosphate buffer, pH 7) solution. Two CD peaks are of particular interest, relating to
the A-form helix and base-pairing and stacking present in IMP-1. As observed in DLS, the CD
of IMP-1 is highly dependent on its buffer, with the spectra obtained in water having a much
smaller helical signal (data not shown). Little literature is available about the CD of RNA and
none using it to characterise large MRNA molecules such as IMP-1. CD is a useful and under-
appreciated technique for the characterising molecules, as it allows direct observation of the
structure of RNA in solution and the effect of buffer, pH, salt, denaturants, and temperature to

be observed.

The current approved mRNA vaccines from BioNTech and Moderna are conventional
MRNA vaccines. Successful combined Phase I/11 clinical trials of IMP-1 encapsulated in a lipid
nanoparticle (LNP’s) suggest saRNA vaccines are safe to use and produces good patient
responses but can be administered at significantly lower doses than conventional mRNA
vaccines. The main challenge for RNA vaccines, particularly of the self-amplifying type, is the
generation and administration of such a large negatively charged molecule. To counteract the
negative charge, delivery of the RNA has therefore required encapsulation of the molecule in
positive or ionisable lipid delivery systems, mostly commonly LNP’s. Using LNPs, this large
drug product (~ 1000 A) can then be taken up by the cell, and the RNA release into the
cytoplasm (54). Once inside the cell, the saRNA can be translated by the cell machinery. Inside
the cell there are several further questions about the structure function relationship of the RNA
and how this affects the translation efficiency, immunogenicity and ribonuclease protection of

the molecule (5), (55), (56). Each will be important in future vaccine development.

This paper outlines the power of UV spectroscopy, DLS, BioSAXS and CD to
characterise the saRNA IMP-1 molecule. This initial data suggests several areas of future

development. There are general questions about the effect of pH, buffer and different cations
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on the size and structure of IMP-1. A screening of these variables using the techniques
described is likely to be highly informative. A better understanding of the thermodynamics of
the IMP-1 molecule using techniques such as UV spectroscopy, differential scanning
calorimetry (DSC) and CD, would help to understand the stability and structure of the molecule
at physiological relevant temperature. Techniques such as SANS, would also complement the
SAXS data particularly in the formulation of LNP’s, where deuterated lipids would allow for
contrast variation. Other biophysical techniques such as analytical ultracentrifuge (AUC) and

electron microscopy (EM) may be useful in providing further structural information.
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Figure 1: The UV spectrum of IMP-1 with the Azs0 and Azso values and Azeo : Azso ratio
given
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Figure 2: DLS spectra of the IMP-1 RNA at ~ 0.25 mg/mL concentration in the SAXS
and CD buffer
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Figure 3: A SEC-SAXS plot of X-ray signal intensity versus frame number of IMP-1. The
frames process averaged for the buffer (blue) and sample light green shown, with an
estimated the radius of gyration (Rg) of each sample frame shown in red.
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Figure 4: The process averaged SAXS log-log curve for IMP-1 using the buffer and
sample frames shown in Figure 4, the inset shows the Guinier plot estimate of the radius

of gyration (Rg) and the intensity at zero angle 1(0)
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Figure 5: The distance (PDDF) of distribution plot the IMP-1 RNA sample taken using
BioSAXS (blue — line)
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Figure 6: The dimensionless Kratky plot of the IMP-1 RNA sample taken using BioSAXS
(blue — line)
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Figure 7: The Circular dichroism spectrum of IMP-1 in 10 mM Sodium phosphate
buffer at pH 7
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TABLES
General Base pairs 11,551
Molecular weight (Da) 3,720,485.48
Extinction co-efficient (¢260) ** 113,589,000
(M cm
Ao UV spectroscopy A 260 concentration (mg/mL) 1.96
A 260 cOncentration (nM) 527
Aoeo : Asgo ratio 1.201/0.551 =2.18
Dynamic L ight scattering (DLS)
CD_buffer — 10 _mM _Sodium | Z-Average Diameter (A) 784.9 +/- 22.9
Phosphate, pH 7
Polydispersity index (PDI) 0.19 +/- 0.007
SAXS buffer — 5 mM_Sodium | Z-Average Diameter (A) 857.6 +/-19.2
Citrate
Polydispersity index (PDI) 0.23 +/- 0.003
BioSAXS
Guniner plot Intensity at zero angle 1(0) 0.38 +/- 0.01
Radius of gyration (A) 237.52 +/- 6.78
PDDF Radius of gyration (A) 271.30
Dmax (A) 858.83
Intensity at zero angle 1(0) 0.43
Circular dichroism
Peak 1 wavelength maximum (nm) 185
Peak 1 A E maximum (M-cm™) +22.91
Peak 2 wavelength minimum (nm) 209
Peak 2 A E maximum (M*cm™) - 6.05
Peak 3 wavelength maximum (nm) 267
Peak 3 A E maximum (M-‘cm™) +9.40

Table 1: Biophysics properties of the IMP-1 RNA molecule

*1 Theoretical nearest neighbour extinction co- efficient calculated
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