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Abstract

Self-amplifying RNA (SAM) represents a versatile tool that can be used to develop potent vaccines,
potentially able to elicit strong antigen-specific humoral and cellular-mediated immune responses to
virtually any infectious disease. To protect the SAM from degradation and achieve efficient delivery,
lipid nanoparticles (LNPs), particularly those based on ionizable amino-lipids, are commonly adopted.
Herein, we compared commonly available cationic lipids, which have been broadly used in clinical
investigations, as an alternative to ionizable lipids. To this end, a SAM vaccine encoding the rabies
virus glycoprotein (RVG) was used. The cationic lipids investigated including 3B-[N-(N',N'-
dimethylaminoethane)-carbamoyl]cholesterol (DC-Chol), dimethyldioctadecylammonium (DDA), 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP), 1,2-dimyristoyl-3-trimethylammonium-propane
(DMTAP), 1,2-stearoyl-3-trimethylammonium-propane (DSTAP) and N-(4-carboxybenzyl)-N,N-
dimethyl-2,3-bis(oleoyloxy)propan-1-aminium (DOBAQ). Whilst all cationic LNP (cLNP) formulations
promoting high association with cells in vitro, those formulations containing the fusogenic lipid 1,2-
dioleoyl-sn-3-phosphoethanolamine (DOPE) in combination with DOTAP or DDA were the most
efficient at inducing antigen expression. Therefore, DOTAP and DDA formulations were selected for
further in vivo studies and were compared to benchmark ionizable LNPs (iLNPs). Biodistribution
studies revealed that DDA-cLNPs remained longer at the injection site compared with DOTAP-cLNPs
and iLNPs when administered intramuscularly in mice. However, both the cLNP formulations and the
iLNPs induced strong humoral and cellular-mediated immune responses in mice that were not
significantly different at a 1.5 pug SAM dose. In summary, cLNPs based on DOTAP and DDA are an

efficient alternative to iLNPs to deliver SAM vaccines.

Introduction

The ability of nucleic acids (pDNA and mRNA) to induce antigen expression in vivo was first reported
three decades ago by Wolff et al. [1]. Subsequent investigations demonstrated that antigens
expressed by delivered nucleic acids were able to induce immune responses to the encoded antigens.
These findings led to remarkable interest in the field of nucleic acid-based vaccines [2]. As with viral
vector and DNA-based vaccines, mRNA vaccines can induce humoral and type-1 cellular-mediated
immune responses; moreover, they do not require nucleus importation and genome integration.
mMRNA vaccines also have the potential to be produced in an inexpensive and scalable manner by
means of synthetic manufacturing processes. This makes mRNA vaccines a unique platform to fight

newly emerging diseases [3]. mRNA vaccines can be engineered in the form of self-amplifying mRNA
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(SAM) based on an alphavirus genome, where the genes encoding the structural proteins are
substituted by the antigen gene of interest. Due to their self-amplifying properties, SAM vaccines
induce prolonged local antigen expression [4], and are able to elicit robust immune responses with

significantly lower doses as compared to conventional mRNA vaccines [5].

The highly anionic and hydrophilic nature of mRNA impairs its cellular uptake. After being taken up by
host cells, mRNA is degraded in the endo-lysosomal compartments. Furthermore, extracellular RNases
quickly degrade mRNA molecules thus limiting their potency, so that high doses of naked mRNA are
needed to elicit immune responses [6]. These barriers can be overcome using delivery systems such
as cationic nanoemulsions (CNE) [7], polyplexes [8] and, in particular, lipid nanoparticles (LNPs) [9].
Among LNPs, those containing ionizable amino-lipids with pKa values of 6-7 are the most efficient [10].
An ionizable LNP (iLNP) formulation based on the ionizable lipid DLin-MC3-DMA (pKa = 6.44) was
approved by the FDA in 2018. This iLNP formulation, enclosing a therapeutic siRNA (patisiran) for the
treatment of hereditary transthyretin mediated amyloidosis, became the first siRNA-based product to
be licenced (trade name Onpattro). Although iLNPs were optimized to deliver small interfering RNA
(siRNA) intravenously, they they are efficient delivery systems for mRNA [11] and SAM vaccines [12].
This has resulted in a number of iLNP-formulated mRNA and SAM vaccines being investigated in
clinical trials for the treatment of various infectious diseases, including chikungunya, influenza, zika

virus, rabies virus and human cytomegalovirus [3].

Optimal mRNA and siRNA-LNP formulation properties have been shown to differ. The pKa of the
ionizable lipid is a strong determinant in the potency of siRNA-LNP systems. Systematic studies
conducted with broad lipid libraries reported that the maximum activity of siRNA-ILNP systems is
achieved with a pKa value around 6.4 [10]. In contrast, it was recently suggested that the ideal pKa
value of mMRNA-IiLNP formulations was 6.6-6.8, although other factors (e.g. LNP size) played a role on
their immunogenicity [13] and Kauffmann et al. [14] highlighted the differences between mRNA and
siRNA delivery by using Design of Experiments (DOE). An iLNP formulation based on the lipid C12-200,
previously used to deliver siRNA, was optimized to deliver a mRNA encoding erythropoietin
intravenously. The incorporation of DOPE within the formulation and higher C12-200:mRNA ratios
increased the potency of mRNA-LNPs 7-fold, while no improvement was observed for siRNA-LNPs.
These findings further supported that the in vivo efficacy of mRNA LNPs is governed by other factors

apart from the pKa of the ionizable lipid.

Despite ionizable lipids have recognised ability to deliver mRNA, they may be, in some cases,
considerably more expensive than existing cationic lipids (e.g. DOTAP). Furthermore, from a regulatory

and safety perspective, there is less clinical data available on the use of novel ionizable lipids. In
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contrast, cationic lipids have been extensively investigated to deliver subunit antigens [15], DNA [16]
and non-amplifying mRNA [17] and have demonstrated an acceptable safety profile. Hence,
formulations based on well-established lipids could facilitate and accelerate the pharmaceutical
development of mMRNA and SAM vaccines. Herein, we tested a panel of cationic LNPs (cLNPs), based
on conventional cationic lipids to deliver a SAM vaccine and compared them along with benchmark
iLNPs described by Geall et al. [4]. To this end, the rabies virus was selected as a model to evaluate
delivery vehicles for SAM, owing the availability of an efficacious commercial vaccines (e.g. Rabipur)
and an established correlate of protection (neutralizing antibodies). Because the rabies virus
glycoprotein (RVG) is the only target for neutralizing antibodies and the only antigen to confer
protection against challenge [18], a SAM vaccine encoding RVG (RVG-SAM) was used. We selected
most promising formulations according to their physicochemical attributes (size, size distribution and
SAM encapsulation efficiency), their cellular uptake and in vitro potency. These formulations were
investigated in vivo and compared to benchmark iLNPs. We hypothesized that these formulations

could be efficient delivery systems for SAM.

Materials and Methods

Materials

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dioleoyl-sn-3-phosphoethanolamine (DOPE),
3RB-[N-(N',N'-dimethylaminoethane)-carbamoyl]cholesterol (DC-Chol),
dimethyldioctadecylammonium (DDA), 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), 1,2-
dimyristoyl-3-trimethylammonium-propane (DMTAP), 1,2-stearoyl-3-trimethylammonium-propane
(DSTAP), N-(4-carboxybenzyl)-N,N-dimethyl-2,3-bis(oleoyloxy)propan-1-aminium (DOBAQ) and 1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene  glycol)-2000] (DMG-
PEG2000) were obtained from Avanti Polar Lipids. Penicillin-streptomycin, L-glutamine, cholesterol
(Chol) and brefeldin A (BFA) were purchased from Sigma. RNase A, proteinase K, Northern Max
formaldehyde load dye, Northern Max running 10X buffer, Ambion millennium RNA, SYBR gold nucleic
acid stain marker (10,000X in DMSO), 3 M sodium acetate buffer pH 5.2, Ribo Green RNA assay Kkit,
1,1’-dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine  perchlorate (Dil-Ci5), 1,1'-Dioctadecyl-
3,3,3',3'-Tetramethylindotricarbocyanine lodide (DiR), Lipofectamine2000, Opti-MEM, Alexa Fluor
488-labeled goat anti-mouse IgG2a Cross-Adsorbed secondary antibody and allophycocyanin (APC)
Zenon antibody labelling kit for mouse IgG2a were purchased from Thermo Fisher. Dulbecco’s
Modified Eagle Medium (DMEM), Roswell Park Memorial Institute 1640 medium (RPMI-1640), Hank's

balance salt solution (HBSS) trypsin-EDTA (0.25%) and foetal bovine serum (FBS) were obtained from

4



125
126
127
128
129
130
131
132
133
134
135

136

137
138
139
140
141
142
143

144

145
146
147
148
149
150
151
152
153
154
155

156

Gibco. Mini Ready Agarose precast gels 1% TAE and PLATELIA Rabies Il Kit were obtained from Bio-
Rad. 100 mM citrate buffer pH 6.0 was purchased from Teknova. Live/dead fixable dead cell stain
near-IR was purchased from Life Technologies. Mouse anti-rabies glycoprotein antibody (clone 24-3F-
10) was obtained from Merck. 10X Perm/Wash buffer and Cytofix/Cytoperm were obtained from BD
Biosciences. Anti-mouse PE-CF594-conjugated CD8, V421-conjugated CD44, PE-conjugated TNF-a and
BV786-conjugated IFN-y monoclonal antibodies and anti-mouse Ig, k/negative control compensation
particles set were obtained from BD Bioscience. Anti-mouse BV510-conjugated CD4, APC-conjugated
CD3 and PE-Cy5-conjugated IL-2 monoclonal antibodies and RBC lysis buffer were purchased from
Biolegend. Anti-mouse PE-Cy7-conjugated IL-17, CD28 and CD3 monoclonal antibodies was purchased
from ePharmingen. The rabies peptide pool containing peptides of 15-mers with 11 amino acid overlap

were obtained from Genescript.

Synthesis of self-amplifying RNA (SAM)

A self-amplifying RNA (SAM) vaccine encoding the rabies virus glycoprotein (RVG) was synthesized as
previously described [4]. In brief, DNA plasmids encoding the RVG-SAM were constructed using
standard molecular techniques. Plasmids were amplified in Escherichia coli and purified using Qiagen
Plasmid Maxi kits (Qiagen). DNA was linearized following the 3’ end of SAM sequence by restriction
digest. Linearized DNA templates were transcribed into RNA using a MEGAscript T7 kit (Life
Technologies) and purified by LiCl precipitation. RNA was then capped using the Vaccinia Capping

system (New England BiolLabs) and purified by LiCl precipitation before formulation.

Formulation of SAM lipid nanoparticles (SAM-LNPs)

SAM-cLNPs were produced in the NanoAssemblr Platform (Precision NanoSystems Inc., Vancouver) in
a Y-shaped staggered herringbone micromixer of 300 um width and 130 um height. LNPs were
composed of 1) DOPE, a cationic lipid and DMG-PEG2000 at 49:49:2 molar ratio or 2) or DSPC, Chol, a
cationic lipid and DMG-PEG2000 at 10:48:40:2 molar ratio. Lipids dissolved in methanol an aqueous
phase containing SAM were injected simultaneously in the micromixer. SAM-cLNPs were produced at
4-8 mg/mL lipid concentration, 3:1 aqueous:organic flow rate ratio (FRR), 5 mL/min total flow rate
(TFR). SAM was injected in 100 mM citrate buffer pH 6.0 with an 8:1 N:P mole ratio (N in the cationic
lipid and P in SAM). Benchmark iLNPs described by Geall et al [4] were produced in the same manner.
Newly formed SAM-cLNPs and iLNPs (1 mL) were dialyzed against 10 mM TRIS pH 7.4 (200 mL) for 1
hour under magnetic stirring. For in vivo studies, SAM-cLNPs were dialyzed against 100 mM TRIS buffer

pH 7.4.

Formulation of cationic nanoemulsion (CNE)
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As a comparator, DOTAP-based CNE (DOTAP-CNE) was prepared as previously described [7]. A mixture
of squalene, DOTAP, sorbitan trioleate and polysorbate 80 (4.3, 0.4, 0.5 and 0.5% w/w) was
homogenized for 2 minutes in a T25 homogenizer (IKA) at 24 KRPM to produce a primary emulsion
and then passes through a M-110P Microfluidizer (Microfluidics) at a pressure of 20,000 PSI. RVG-SAM
(300 pg/mL) and DOTAP-CNE were mixed in equals volumes and allowed to complex on ice for 30

minutes. Prior to administration, DOTAP-CNE was diluted to dosing concentration.
Physicochemical characterization

SAM-LNPs were characterized in terms of hydrodynamic size (Z-average), polydispersity index (PDI)
and surface charge (zeta-potential) by dynamic light scattering (DLS) in a Zetasizer Nano ZS (Malvern,
UK) at 0.1 mg/mL at 25 °C. The SAM encapsulation/adsorption efficiency (SAM E.E.) was quantified by
Ribo Green assay following manufacturer instructions. Fluorescence was measured at excitation and
emission wavelength of 485 and 528 nm in a Synergy H1 microplate Reader (BioTek). SAM E.E. was
calculated as as (Fr — Fo)/Fr were Fr and Fo are the amount of SAM quantified in presence and absence

of 1 % triton X-100.

Cellular association and transfection efficiency

Atotal of 50,000 BHK cells were cultured per well in 24-well plates in RPMI in presence (5%) or absence
of heat-inactivated foetal bovine serum (HI-FBS) and allowed to adhere for 8 hours at 37 °C and 5%
CO,. Cells were then incubated with RVG-SAM LNPs in presence (5%) or absence of HI-FBS. As a
control, cells were treated with Lipofectamine2000-transfected SAM following manufacturer
instructions. After 16 hours, cells were fixed and permeabilized with Cytofix/Cytoperm (100 uL/well)
and incubated with a mouse anti-RVG monoclonal antibody (1:1000) for 1 hour at room temperature
and then with an Alexa Fluor 488-labelled goat anti-mouse IgG2a antibody (1:1000) for 1 hour at room
temperature. The percentage of transfected BHK cells was then analyzed by flow cytometry
(FACSCanto, BD Biosciences) with respect to untreated cells. For cellular uptake experiments, LNPs
were co-formulated with the lipophilic fluorescent dye Dil-C1s (0.2% mole %) as previously described

[19].
RNase protection assay

A total of 2.8 ug SAM (200 uL), either naked or encapsulated in cLNPs were challenged with 0.028 pg
RNase A (20 pL) for 30 min at room temperature, followed by an incubation with 0.14 pg of
recombinant proteinase K for 10 min at 55 °C. Subsequently, 750 pL of ethanol and 25 puL of 3 M
sodium acetate pH 5.2 were added to each sample, which were then centrifuged at 14,000 rpm for 20

min. Ethanol precipitation and centrifugation was repeated twice. SAM pellets were resuspended in
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35 plL of DEPC-treated water, mixed with formaldehyde load dye (1:3 v/v) and heated at 65 °C for 10
min and then cooled to room temperature. The equivalent of 200 ng of SAM (10 uL) were loaded in a
denatured 1% agarose gel in Northern Max 3-(N-morpholino)propane sulfonic acid (MOPS) running
buffer, containing 0.1 % of SYBR gold stain, and run at 90 V. Ambion Millennium marker was used as

the molecular weight standard. Gel images were acquired in a Gel Doc EZ imager (Bio-Rad).

Cryo-TEM

Aliguots of 2.3 uL of each sample were applied onto glow-discharged Quantifoil R2/2 grids and vitrified
by using a Vitrobot (FEI Company, Eindhoven, The Netherlands). The vitrified grids were mounted on
a pre-equilibrated cryo-holder and subsequently inserted into a cryo-TEM (FEG 200-FEIl) microscope
operating at 200kV and observed under low-electron dose conditions. All samples were imaged with

a TVIPS TemCam F224HD CCD camera at 50,000X magnification with pixel size 0.33 nM.
Immunization studies

All animal studies were ethically reviewed and carried out in accordance with European Directive
2010/63/EEC and the GSK policy on the Care, Welfare and Treatment of Animals. Groups of ten 7-
weeks-old female BALB/c mice (Charles River) were immunized intramuscularly on days 0 and 28 in
their right and left thighs (25 uL per site) with RVG-SAM (1.5 or 0.15 pg/dose) formulated in either
DOTAP-cLNPs, DDA-cLNPs or benchmark iLNPs [4]. Two further groups of mice were vaccinated with
the same doses of RVG-SAM formulated in DOTAP-CNE, a safe and well-established SAM delivery
system [7] currently being investigated in a phase | clinical trial in humans (NCT04062669). A group of
mice was immunized with 50 pL of the commercial vaccine Rabipur (trademark owned by GSK group
of companies), corresponding to 5% of the human dose (HD). Sera from individual mice were collected
four weeks after first vaccination (day 28) and two weeks after second vaccination (day 42) and pooled
in pools of two sera each. Spleens from 3 randomly selected mice from each group were collected two

weeks after the second immunization to perform a T cell assay in vitro.

Immunological readouts

Total anti-RVG IgG titers were quantified with the PLATELIA RABIES Il Kit Ad Usum Veterinarium [20]
following manufacturer instructions. T cell responses were quantified as follows. Spleens from 3
randomly selected mice from each experimental group were taken on day 42 (two weeks after second
vaccination). Single cell suspensions were obtained as previously described [21]. Spleens were pushed,
in cold HBSS, through 70 um cell strainers and washed with HBSS. Samples were then incubated with
RBC lysis buffer (2 mL) at 4 °C for 2 minutes. Subsequently, they were resuspended in complete RPMI

(cRPMI) and passed again through cell strainers. Cells were counted in a Vi-CELL XR cell counter

7
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(Beckman Coulter). A total of 1.5-10° splenocytes were cultured per well in round-bottomed 96-well
plates. Splenocytes were stimulated with a RVG-derived peptide pool library (2.5 pg/mL) consisting
on 15-mers with 11 amino acid overlaps andanti-CD28 (2 ug/mL) in presence of brefeldin A (5 pug/mL)
for 4 hours at 37 °C. Cells were also stimulated with anti-CD3 (1 pg/mL) plus anti-CD28 (2 pug/mL) or
anti-CD28 alone as positive and negative controls respectively. Samples were then stained with a
live/dead fixable near-IR dead cell stain kit, then fixed and permeabilized with Cytofix/Cytoperm and
subsequently stained with the following antibodies in Perm/Wash Buffer: APC-conjugated anti-CD3,
BV510-conjugated anti-CD4, PE-CF594-conjugated anti-CD8, BV785-conjugated anti-IFN-y, PE-Cy5-
conjugated anti-IL-2, anti-BV605-conjugated TNF-a and PE-Cy7-conjugated anti-IL-17. Samples were
acquired in a LSR Il flow cytometer (BD Biosciences) and analyzed in FlowJo Software (Tree Star).
Antigen-specific CD4* T cell subsets were identified based on the combination of secreted cytokines
as follows: Th1 (IFN-y* IL-2* TNF-ai*; IFN-y* IL-2*; IFN-y* TNF-a*; IFN-y*); ThO (IL-2* TNF-a*; IL-2*; TNF-
a*). The frequency of antigen-specific CD8* T cells were identified based on the combination of IFN-y*,

IL-2* and TNF-a*.

Biodistribution studies

Biodistribution studies were ethically reviewed and carried out in accordance with European Directive
2010/63/EEC. All protocols were carried out in a designated establishment in the animal facility at the
University of Strathclyde (Glasgow, UK) conforming to the guidelines from the Home Office of the UK
government under the Animals [Scientific Procedures] Act 1986. All work was carried out under a
project license with approval from the University of Strathclyde Ethical Review Board. In order to track
their biodistribution in vivo, cLNPs and iLNPs were co-formulated with the lipophilic fluorescent dye
1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindotricarbocyanine lodide (DiR) as previously described [22].
Groups of five 6-8-week-old female balb/c mice were housed in polypropylene cages (13cmx35cm),
containing Ecopure flakes and sizzle nest bedding (SDS Services) with access to water and CRM mouse
chow (SDS Services) ad libatim. Groups were assigned at random by technical staff with no knowledge
of the experimental purpose and the minimum number of mice were used to give statistical
significance. Mice Imaging was carried out using an IVIS Spectrum (Perkin Elmer) using Living Image
software for data capture and analysis. The presence of DiR was detected using an excitation
wavelength of 710nm and an emission filter of 780nm. A medium binning and f/stop of 2 was used
and acquisition time was determined for each image with auto-exposure settings. Mice were
anaesthetized for imaging using 3% lIsoflurane. Anaesthesia was maintained during imaging at 1%

Isoflurane. Images were taken before and after administration of formulations after 4, 24, 48, 72, 144
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and 240 hours post injection. The total flux (p/s) was calculated at the injection site (region of interest)

for each mouse.
Statistical Analysis

Statistical analysis of cellular uptake, in vitro potency, T cell responses and biodistribution experiments
was performed by one-way analysis of variance (ANOVA) followed Tukey’s honest significance test.
Statistical analysis of IgG titers was performed by Kruskal-Wallis followed by Dunn’s test. P values

below 0.05 (*) were considered significant. All analyses were done in GraphPad Prism 7.0.

Results
Physicochemical characterization of SAM-cLNPs

A panel of cLNPs composed of the fusogenic lipid DOPE, a cationic lipid (DOTAP, DDA, DC-Chol,
DMTAP, DSTAP or DOBAQ) and a DMG-PEG2000 (49:49:2 molar ratio) was produced in a microfluidic
mixer (NanoAssemblr, Precision Nanosystems Inc.). Some cLNPs were prepared with a lipid
composition of DSPC, Chol, a cationic lipid and DMG-PEG2000 (10:48:40:2 molar ratio) for a direct
comparison with the lipid composition of benchmark iLNPs [23]. Benchmark iLNPs and those cLNPs
based on DOTAP, DDA, DC-Chol, DMTAP and DOBAQ had an average hydrodynamic size ranging from
66 to 102 nm and a low PDI (<0.25), a neutral zeta-potential (<5 mV) and high SAM encapsulation
efficiencies (SAM E.E.>85). In contrast, DSTAP-cLNPs had larger sizes (>300 nm), high PDI (>0.4) and
lower SAM E.E. (<75%, Table 1). Therefore, DSTAP-cLNPs were not considered for further
investigations. No significant differences were observed between DOPE-cLNPs and DSPC/Chol-C14-
CLNPs.

Table 1. Physicochemical characterization of SAM-LNPs produced by microfluidics. Formulations were
composed of DOPE, a cationic lipid and DMG-PEG2000 at 49:49:2 molar ratio or DSPC, Chol, a cationic
lipid/ionizable lipid and DMG-PEG2000 at 10:48:40:2 molar ratio. E.E. (encapsulation efficiency); ZP
(zeta-potential). Results are represented as mean * of three independent experiments.

C Composition . .
Cationic lipid [ Size (d.nm) PDI ZP (mV) SAM E.E. (%)
49:49:2 83+6 0.17 £0.05 3.1+0.6 9712
DOTAP
10:48:40:2 925 0.23+0.02 2.7+04 99+2
49:49:2 819 0.13+0.02 29+0.7 98+2
DDA
10:48:40:2 801 0.17 £0.02 24104 99+1
49:49:2 88+6 0.16 £ 0.04 22+1.9 916
DC-Chol
10:48:40:2 88+6 0.17£0.03 1.3+0.7 % 4
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49:49:2 86+9 0.16 £0.02 22+15 9+ 3

DMTAP
10:48:40:2 72+2 0.15+£0.05 1.8+0.6 98 +3
49:49:2 331+70 0.89+0.13 3.2+0.3 70+3

DSTAP
10:48:40:2 472 £117 0.45+0.10 3+0.7 74+4
49:49:2 77 +2 0.22+0.04 2.7+1.0 85+3

DOBAQ
10:48:40:2 66 + 2 0.24 £0.02 1.9+0.9 85+2
lonizable lipid 10:48:40:2 102 +4 0.10+0.04 15+1.3 98+1

Cellular association and transfection efficiency of SAM-LNPs

The ability of SAM-LNPs to associate with cells and to induce antigen expression was investigated in

vitro in baby hamster kidney cells (BHK). In the range of SAM concentrations tested, no cytotoxicity

was observed (data not shown). Over 95% of BHK cells were found in association with cLNPs

irrespective of the choice of cationic and “helper” lipids (DOPE or DSPC/Chol) and the presence or

absence of serum proteins. In contrast, the cellular association of iLNPs was significantly (p<0.05)

reduced in serum-free medium (Fig. 1A vs 1C). When considering the mean fluorescence intensity

values, both the benchmark iLNPs and DOBAQ-based cLNPs were significantly (p<0.05) lower

compared to cLNPs based on other cationic lipids, among which no significant differences were

observed irrespective of the presence or absence of serum (Fig 1B and D respectively).
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Figure 1. Cellular uptake RVG-SAM cLNPs and iLNPs in presence (A, B) and absence of 5% FBS (C, D)
represented in terms of percentage of Dil-Cis* cells (A, C) and mean fluorescence intensity (B, D).
cLNPs were composed of DOPE, a cationic (DOTAP, DDA, DC-Chol, DMTAP or DOBAQ) and DMG-
PEG2000 at 49:49:2 mole % or DSPC, Chol, a cationic lipid and DMG-PEG2000 at 10:48:40:2 mole %.
Results are represented as mean * SD of three experiments. Statistical significance: P < 0.05 (*).

The next step was to investigate the in vitro potency of SAM-cLNPs (Fig. 2). When RVG-SAM was
complexed with Lipofectamine2000, high frequencies of RVG* cells were obtained irrespective of the
presence or absence of FBS (Fig. 2). lonizable LNPs promoted transfection of up to 35% of cells in
presence of FBS (Fig. 2A) whereas they failed to induce RVG expression in FBS-free medium (Fig. 2B).
When considering cLNPs, despite the high DSPC:Chol-cLNPs association with BHK cells shown in Fig. 1,
these formulations induced low percentages of transfection even in absence of serum (<15% positive
cells, data not shown). DOPE-based cLNPs prepared with either DOTAP or DDA were able to promote
transfection in the presence of serum (Fig. 2A) and the potency of cLNPs was enhanced in serum-free
medium, with the DOTAP and DDA formulations showing similar efficacy to LF2000 (approx. 90% RVG+
cells; Fig. 2B). Owing their improved in vitro potency, DOPE:DOTAP:DMG-PEG2000 and
DOPE:DDA:DMG-PEG2000 cLNPs (named DOTAP and DDA-cLNPs henceforth) were the selected

candidates for further studies.
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Figure 2. In vitro potency of RVG-SAM iLNPs and DOPE-cLNPs in presence (A) and absence of 5% FBS
(B). LF2000 (Lipofectamine2000). Results are represented as mean + SD of three independent
experiments.

The morphology of DOTAP and DDA-cLNPs was analyzed by cryo-electron transmission electron
microscopy (Cryo-TEM). Both formulations formed spherical particles with diameters ranging from 40
to 80 nm (Fig. 3). They were heterogenous in terms of morphology of the particles, with some showing
electron-dense cores and/or presence of a tightly packed bilayer. The DOTAP formulation had a

prevalence of particles surrounded by a bilayer membrane with thickness around 5 nm, while DDA-
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cLNPs had a bilayer of around 10 nm thickness. Furthermore, these cLNPs offered protection to RVG-
SAM from degradation similar to iLNPs [4], whereas non-formulated RVG-SAM was completely

degraded in presence of RNase A (Fig. S1).

Figure 3. Cryo-TEM micrographs of DOTAP (A, B) and DDA-based SAM-cLNPs (C, D).

Non DOTAP Non DDA
Ladder formulated cLNPs Ladder formulated  cLNPs
RNase ) () ) )

- »

p—
-l
—a
e
ol
o
W,
P,

12



323
324
325

326
327
328
329
330
331

332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352

Figure S1. RNase A protection assay. RVG-SAM, either non-formulated or formulated in DOTAP or
DDA-cLNPs, was challenged with RNase A and its integrity was analysed by agarose gel
electrophoresis.

Immunogenicity of SAM-LNPs

Neutralizing antibodies (NAs) confer full protection against rabies infection and hence their
production is critical [24]. We used the commercial PLATELIA Rabies Il Kit (Bio-Rad), based on an
enzyme-linked immunosorbent assay (ELISA) assay and by measuring total anti-RVG IgG titers

(equivalent units/mL), the PLATELIA Rabies Il Kit allows to indirectly quantify NAs [20].

Fig. 4A shows the results 27 days after the first immunisation using DOTAP and DDA cLNPs, DOTAP
CNE and iLNPs, each at a RVG-SAM dose of 1.5 pug or 0.15 pg. After one immunisation with 1.5 ug SAM
formulated in cLNPs, iLNPs or CNE, there were no significant differences among the antibody
responses promoted and all responses were above the 0.5 EU/mL protection threshold. At the lower
dose (0.15 pg), again there was no significant difference between the IgG titers promoted by the cLNPs
and iLNPs and responses were above the protection threshold (Fig. 4A). Indeed, only the low dose of
DOTAP-CNE giving significantly (p<0.05) lower responses compared to the iLNPs (Fig. 4A). These
results show that when formulated in DOTAP or DDA-cLNPs, RVG-SAM at both the low and high dose
elicited the production of anti-RVG IgGs above the correlate of protection two weeks after a single
vaccination and that DOTAP and DDA-cLNPs were not significantly different in potency compared to
iLNPs. SAM-cLNPs (1.5 pg) were also as potent as the commercial vaccine Rabipur. DOTAP-cLNPs and
DOTAP-CNE induced similar immune responses were equally immunogenic when formulated with 1.5
ug RVG-SAM, but DOTAP-cLNPs seemed to induce a quicker onset of the immune response than
DOTAP-CNE with a dose of 0.15 pug RVG-SAM (Fig. 4A). Two weeks after the second vaccination (Fig.
4B), total antibody titers increased up to 20-fold and clear dose-dependent immune responses were
observed. After the second immunization with 1.5 pg SAM formulated in cLNPs, iLNPs or CNE, again
there was no significant difference between the IgG immune responses promoted (Fig. 4B). At this
dose, all formulations were as potent as the commercial vaccine Rabipur (Fig. 4B). However, at a lower
dose (0.15 pg), the benchmark iLNPs were significantly (p<0.05) more immunogenic than cLNPs and
CNE with geometric mean titers of 192, 10, 15 and 13 EU/mL for iLNPs, DOTAP-cLNPs, DDA-cLNPs and
DOTAP-CNE respectively (Fig. 4B).
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Figure 4. Total anti-RVG IgG titers in mice upon intramuscular injection of SAM formulated in cLNPs,
DOTAP-CNE, iLNPs or the commercial vaccine Rabipur on days 0 and 28. Sera were collected after 27
(A) and 42 (B) days and total IgG titers were quantified using PLATELIA RABIES Il KIT (Bio-Rad). Dots
depict measurements from pools of 2 sera each. The solid lines represent the geometric mean titer
(GMT) of each group (n=5). Dotted lines at 0.5 and 0.125 EU/mL correspond to protection threshold
and limit of quantification respectively. HD (human dose). C) Frequencies of RVG-specific cytokine
producing CD8* (C) and CD4* T cells (D) analyzed with Boolean gates. CD4* T cells were represented as
Th1 and ThO cells according to secreted cytokines. T cell results are represented as mean * SD of three
replicates. For the statistical analysis of T cell responses, DOTAP-cLNPs, DDA-cLNPs and DOTAP-CNE
were compared to iLNPs at the same SAM dose: non-significant (ns); p < 0.05 (*)

Cellular-mediated immunity plays a key role in virus clearance [25], and CD4" T cells are pivotal in
mounting robust immune responses sustaining the production of NAs [26]. Hence, T cell responses
were quantified after the second vaccination. Splenocytes from immunized mice were stimulated in
vitro with an RVG-derived peptide pool and stained with a panel of antibodies to identify CD4* and
CD8* T cells specific for selected cytokines (IFN-y, TNF-a, IL-2 and IL-17). Finally, samples were analyzed
by flow cytometry, following the gating strategy shown in Fig. S2 (as previously described [9]), to
guantify and qualify RVG-specific T cells induced after vaccination. Most RVG-specific CD8* T cells had
an effector Th1l phenotype, characterized by the production of IFN-y alone or in combination with
TNF-a and/or IL-2 (Fig. 4C). As can be seen, approximately 2% and 1% of cytokine producing CD8* T
cells were quantified following vaccination with 1.5 and 0.15 pg RVG-SAM formulated in cLNPs and
CNE, and a 1.5 ug RVG-SAM dose gave comparable responses to Rabipur (Fig. 4C). However, a
significantly (p<0.05) higher frequency of CD8* T cells was quantified in the iLNP groups (5.3 and 3.6%
for 1.5 and 0.15 pg RVG-SAM respectively; Fig. 4C). Similar to the I1gG responses at the low RVG-SAM
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dose, these frequencies were ranked in the order of iLNPs > DDA-cLNPs > DOTAP-cLNPs > DOTAP-CNE
(Fig. 4C). CD4* T cells (Fig. 4D) were qualified based on the combination of expressed cytokines in Thl
(cells producing IFN- and its combinations) and ThO (cells producing IL-2, TNF-a or a combination of
both). No IL-17 producing T cells were detected. DOTAP and DDA-cLNPs induced similar frequencies
of Th cells (0.5%) irrespective of the RVG-SAM dose, and these frequencies were comparable to
DOTAP-CNE (Fig. 4D). However, at a 1.5 ug RVG-SAM dose, iLNPs induced significantly (p<0.05) higher
frequencies of RVG-specific CD4* T cells compared to cLNPs but similar than CNE (Fig. 4D).

A

SSC

TNF-a IL-2 IFN-y

Figure S2. Representative gating strategy used for the analysis of T cell responses in spleens. A) Gating
of live T cells (CD3*). B) Cytokine-producing CD4* T cells. C) Cytokine-producing CD8" T cells.

Biodistribution of SAM-LNPs

The pharmacokinetics of adjuvants can influence the immune responses elicited to a subunit antigen
[27, 28]. Therefore, we investigated the biodistribution of DOTAP-cLNPs, DDA-cLNPs and iLNPs in mice
following intramuscular administration. All three formulations accumulated at the injection site (Fig.
5A). High radiance was detected at the injection site for up to 10 days, whilst no detectable signal was
observed in other organs during the course of the experiments. However, DOTAP-cLNPs and iLNPs
were cleared significantly (p<0.05) faster than DDA-cLNPs, as evidenced by the calculated areas under

the curve (Fig. 5B), despite their similar general physico-chemical characteristics (Table 1).

15



397

398

399
400
401
402
403

404

405

406
407
408
409
410
411
412
413
414
415
416
417
418

DOTAP-cLNPs DDA-cLNPs iLNPs Control
2x101°-
B 1.5x10101
&
5
= 1x10104
=
2 5x10°{ -O- DOTAP-cLNPs
DDA-cLNPs
-@ iLNPs
0 T T T T ]
0 2 4 6 8 10
Time (days)
c 1.5x10"1,
- [ DOTAP-cLNPs
> 3 DDA-cLNPs
's B ILNPs —I_
’=< 1x1o11.
-
= 1
o
£ 5x1010
[¢]
=]
<

DOTAP’-I:LNPS DDA-&LNPS iLNPs

Figure 5. Biodistribution of DOTAP-cLNPs, DDA-cLNPs and benchmark iLNPs in mice following
intramuscular administration. A) Images acquired at relevant time points. B) Biodistribution
pharmacokinetics. C) Calculated areas under the curve for each formulation. Results are represented
as total flux in the region of interest, in pink, as mean = SD of five animals per group. Statistical
significance of DDA-cLNPs compared to DOTAP-cLNPs and iLNPs: p < 0.05 (*).

Discussion

All cLNP and iLNP formulations were monodisperse, with a hydrodynamic diameter from 66 to 102
nm, neutral zeta-potential (<5 mV) and high SAM encapsulation efficiency (>85%), with the exception
of DSTAP-cLNPs (size>300 nm; PDI>0.4; SAM E.E.<75%, Table 1). These findings are in agreement with
recent investigations conducted by Patel and colleagues [17], where both particle size and mRNA E.E.
highly depended on the type of cationic lipid. The improved in vitro potency (Fig. 2) of DOTAP and
DDA-based cLNPs over DC-Chol, DMTAP and DOBAQ could be related to the ability of these lipids to
pack and stabilize SAM. Similar conclusions were reported in studies conducted by Regelin et al. [29]
with several DOTAP analogues being tested, including DOTAP, DMTAP and DSTAP among others. In
their investigations, the higher transfection efficiency of DOTAP-containing lipoplexes was suggested
to be directly related to the increased stability of these lipoplexes, as determined by anisotropy
measurements. Despite DC-Chol-based lipoplexes have been widely described as efficient pDNA and
siRNA transfection systems [30], our DC-Chol-cLNPs were inefficient to deliver SAM in vitro (Fig. 2).

This lack of potency may be attributed to the DOPE:DC-Chol ratio used to formulate our cLNPs (1:1)
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[31, 32]. Moreover, DOTAP and DDA-cLNPs were superior to benchmark iLNPs (Fig. 2). This was a likely
consequence of the higher cellular association of DOTAP and DDA-cLNPs compared to iLNPs (Fig. 1).
While the presence of constitutively charged lipids allows cLNPs to interact with cells [33, 34],
benchmark iLNPs and require ApoE to be taken up by cells. Hence, iLNPs are unable to induce antigen
expression in serum-free medium [35]. Therefore, DOTAP and DDA-cLNPs were chosen for further in
vivo investigations. Nonetheless, in vitro transfection studies are a poor predictor of immunogenicity
[16] and benchmark iLNPs were expected to outperform cLNPs in vivo, as previously reported
elsewhere [13]. Notably, within our studies, only at the low dose (0.15 pg) and after a booster injection
did iLNPs significantly outperform cLNPs; at a dose of 1.5 ug RVG-SAM after the first and second
vaccination iLNPs and cLNPs IgG titers were not significantly different (Fig. 4). However, iLNPs were

significantly (p<0.05) better at inducing CD8"* (C) and CD4* T cell responses (Fig. 4).

Although a schedule of few administrations given weeks or months apart is preferred for the induction
of protective immune responses, the induction of protective immunity after a single vaccination is
highly desirable for prophylactic vaccines. Previous studies have demonstrated that LNP-formulated
mRNA vaccines can induce quick and durable immune responses in mice and non-human primates
[36, 37]. RVG-SAM nanosystems induced more rapid antibody responses than Rabipur after the first
vaccination. The differences between RVG-SAM formulations and Rabipur were less evident after the
boost dose. It is worth underlying that differences in potency among vaccines can be veiled by further
booster vaccinations. The immunization strategy can influence the immunogenicity of a vaccine, and
variations in intervals between immunizations may result in different levels and qualities of the

immune response [38].

DOTAP and DDA have been widely used to deliver nucleic acid-based vaccines for infectious diseases
and cancer immunotherapy [39-43] due to their unique ability to condense nucleic acids. When
considering these formulations, there is the potential of self-adjuvanticity from both the RNA and the
lipid system [44, 45]. Given that all formulations had the same SAM this would be negated in this
study. With regard to comparing between the lipids, DDA has been previously shown to be more
immunogenic than DOTAP [15]. However, within these studies we saw no significant difference
between the DOTAP and the DDA formulations. Similar findings were reported by Blakney et al., in
whose studies DOTAP and DDA-cLNPs induced equivalent antigen expression [41] and immune
responses in vivo [46]. Although cationic and ionizable lipids could play a role in the
immunostimulation of immune cells, their effect would likely be masked by the immunostimulatory
properties of SAM. For instance, DOTAP-cLNPs and iLNPs only stimulated antigen-presenting cells in

vivo when formulated with mRNA [42, 47].
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Within our studies, we demonstrate that cLNPs and iLNPs formed depots at the injection site, with
DDA-based systems remaining longer at the injection site. No detectable signal was observed in organs
during the course of the experiment, as have previously shown with similar DDA formulations [22].The
retention of liposomal DNA vaccines (composed of PC, DOPE and DOTAP) at the injection site has also
been previously shown using radiolabelled trackers [48]. In vivo gene expression at the injection site
after administration with LNPs containing SAM encoding luciferase has also been shown with high
levels bioluminescence at day 3, which peaked at day 7, and decreased to background by day 63 [4].
The impact of cationic lipid on the formulation of a depot and the slower clearance of DDA based
formulations from the injection site has also been noted with liposomal adjuvants; DDA:TDB
liposomes and their associated antigen were retained significantly longer than DOTAP:TDB liposomes,
and the higher depot effect created by DDA-based liposomes correlated with increased
immunogenicity compared to the DOTAP formulation [15]. The addition of a PEGylated lipid (25 mole
%) to these DDA based formulations was shown to block the depot effect and impact on the
immunological activity of the liposomal adjuvants [49]. However, from the results in Fig. 4 and 5 there

is no clear link between LNP retention at the injection site and immunological activity.

Upon administration of mRNA vaccines formulated in lipid particles, a range of immune cells are
recruited at the injection site [7, 47]. It has been hypothesized that myocytes are the main cell type
transfected upon intramuscular administration of mMRNA vaccines, which act as a source of antigen for
APCs to cross-prime T cells [50]. Based on this, immunization with LNP-formulated mRNA vaccines
could increase numbers of effector cells at the local lymph nodes compared to naked mRNA [36] by
facilitating its delivery to immune cells. However, a high accumulation of delivery system in the
lymphatics does not necessarily translate into higher immunogenicity [51] and the influence of the
depot effect on nucleic acid vaccines is not clear; for example, plasmid DNA (pDNA)-lipoplexes of 140
nm elicited stronger immune responses than 560 nm lipoplexes despite their more rapid clearance
from the injection site [48]. In a recent investigation by Hassett et al., it was suggested that the
accumulation of LNPs at the injection site may not be required for mRNA-LNPs to elicit robustimmune
responses. In their studies, 5 biodegradable iLNPs induced significantly higher production of
antibodies compared to MC3-iLNPs notwithstanding their significantly faster clearance (<5% injected
dose 24 hours post injection) compared to MC3-iLNPs (50% injected dose 24 hours post-injection)

[13]. Furthermore,

within our biodistribution studies, our formulations were labelled with the fluorescent dye DiR,
commonly used as a membrane marker. On degradation of LNPs, staining of muscle cells could result.

However, preliminary studies using Forster resonance energy transfer (FRET) performed in our
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research group with cationic liposomes suggest that this formulation is not degraded over a period of
at least four days (unpublished results). Tracking biodistribution of LNPs using IVIS only allows a
general tracking of particles and does not allow us to discriminate particles remaining in the
extracellular matrix from those phagocyted or surface-adsorbed and a single cell assay, e.g. confocal
microscopy, could be used to determine the cellular localization of the particles. Cell recruitment
studies as those described in [7] and [36], as well as the analysis of relevant organs at earlier time
points could therefore be conducted to add further insight into differences in formulations. Indeed
work by Luz et al. [36] reported that the intramuscular injection of an LNP-formulated RVG-mRNA
vaccine resulted in a local increase in TNF-a, IL-6, MIP-1B and CCXL9 concentrations at the injection
site that was not observed in mice immunized with unformulated mRNA. This increased cell numbers
at the local lymph nodes and a strong activation of activated innate and adaptive immune cells at the
local lymph nodes. Brito et al. [7] showed that the administration of a SAM vaccine formulated in
MF59 (a trademark of GSK group of companies) and DOTAP-CNE (an MF59 formulation containing
DOTAP) resulted in the attraction of similar numbers of leukocytes to the injection site. However,
MF59-formulated SAM was significantly less immunogenic than the DOTAP-CNE. Altogether, these
findings demonstrate that mRNA vaccines formulated in lipid systems benefit from protection against
degradation, efficient delivery and a broad a transient local immunostimulatory environment that is

important for the induction of subsequent adaptive immune responses.

Conclusions

We have demonstrated that cationic lipid nanoparticles (cCLNPs) based on conventional cationic lipids
are delivery systems for self-amplifying RNA (SAM) vaccines. All SAM-cLNP formulations prepared by
microfluidic mixing were below 100 nm, monodisperse, with neutral zeta-potential and high SAM
encapsulation efficiency (with the exception of DSTAP-based formulations). All formulations
interacted with cells in vitro, with cLNPs containing the fusogenic lipid DOPE and either DOTAP or DDA
induced higher percentages of antigen expression than benchmark ionizable LNPs (iLNPs). These
differences were more evident in absence of serum proteins. Although DOTAP and DDA-cLNPs were
less immunogenic than iLNPs at lower concentrations and after 2 injections, they gave comparable
IgG responses to iLNPs at 1.5 ug RVG-SAM after both a single and booster injection. cLNPs were also
as potent as the commercial vaccine Rabipur and a DOTAP-based cationic nanoemulsion (DOTAP-
CNE), and produced IgG titers above the protection threshold for protection against rabies infection

and offer an alternative approach for as a safe and well-established SAM delivery vehicle.
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