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Abstract 22 

The efficacy of RNA-based vaccines has been recently demonstrated, leading to the use of mRNA-based 23 

COVID-19 vaccines. The application of self-amplifying mRNA within these formulations may offer further 24 

enhancement to these vaccines, as self-amplifying mRNA replicons enable longer expression kinetics and 25 

more potent immune responses compared to non-amplifying mRNAs. To investigate the impact of 26 

administration route on RNA-vaccine potency, we investigated the immunogenicity of a self-amplifying 27 

mRNA encoding the rabies virus glycoprotein encapsulated in different nanoparticle platforms (solid lipid 28 

nanoparticles (SLNs), polymeric nanoparticles (PNPs) and lipid nanoparticles (LNPs)). These were 29 

administered via three different routes: intramuscular, intradermal and intranasal. Our studies in a mouse 30 

model show that the immunogenicity of our 4 different saRNA vaccine formulations after intramuscular 31 

or intradermal administration was initially comparable; however, ionizable LNPs gave higher long-term 32 

IgG responses. The clearance of all 4 of the nanoparticle formulations from the intramuscular or 33 

intradermal administration site was similar. In contrast, immune responses generated after intranasal was 34 

low and coupled with rapid clearance for the administration site, irrespective of the formulation. These 35 

results demonstrate that both the administration route and delivery system format dictate self-amplifying 36 

RNA vaccine efficacy.  37 

 38 

 39 

 40 

 41 

 42 

 43 

 44 

 45 

 46 

 47 

 48 
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Introduction 51 

The role of mRNA vaccines in global healthcare is now well established. mRNA vaccines can be classified 52 

into modified and non-modified mRNA and self-amplifying mRNA (saRNA) vaccines. saRNA are developed 53 

from the genome of positive-stranded RNA viruses (usually alphaviruses) in which the genes encoding the 54 

viral structural proteins are replaced by the gene(s) encoding the antigen(s) of interest. They also contain 55 

the alphavirus-based open read frame that encodes four nonstructural proteins (nsP1-4). When 56 

expressed, nsP1-4 form RNA-dependent RNA polymerase (RDRP) complexes, which enables self-57 

amplification [1]. As a consequence, saRNA replicons enable longer expression kinetics [2] and 58 

significantly more potent immune responses [3] than non-amplifying mRNAs. However, RNAs are 59 

polyanionic and susceptible to enzymatic degradation, limiting their entry into cells, therefore, delivery 60 

systems are needed. Incorporation of RNA vaccines into nanoparticles provides RNA protection and 61 

improved delivery into cells. To date, lipid nanoparticles (LNPs) based on ionizable amino-lipids are the 62 

most advanced RNA delivery systems [4] and this technology is deployed in COVID-19 vaccines [5,6].   63 

Previous studies on saRNA-LNPs suggest that the route of administration strongly influences the kinetics 64 

and magnitude of antigen expression as well as the potency of the immune response, though most studies 65 

focus on intramuscular (IM) as the preferred way to deliver both mRNA and saRNA vaccines [7–10]. For 66 

example, Geall and co-workers demonstrated that the intramuscular injection of a saRNA encoding 67 

respiratory syncytial virus fusion protein (RSV-F) either unformulated or formulated within lipid 68 

nanoparticles elicited neutralizing antibody titers in both mice and rats; however, saRNA-LNPs were 69 

significantly more potent than naked saRNA [11]. It has also been reported that LNPs based on either 1,2-70 

dioleoyl-3-trimethylammonium-propane (DOTAP) or dimethyldioctadecylammonium (DDA) and co-71 

formulated with saRNA-HIV-1 Env gp140 induced equivalent IgG antibody responses against the target 72 

protein in mice when administered intramuscularly [12]. However, antigen-specific immunity with mRNA 73 

can be achieved via several other administration routes, e.g. intravenous, intradermal (ID), subcutaneous 74 

(SC), intranodal, and intrasplenic [13]. For example, the immunogenicity of a saRNA vaccine encoding the 75 

HIV gp140 surface glycoprotein, formulated in LNPs based on the ionizable lipid DLin-DMA, was tested 76 

after administration by a variety of routes and it was shown to be more effective when administered via 77 

the IM route compared with the ID and SC routes, though the differences between IM and ID groups was 78 

not significant [11]. Similarly, IM or ID vaccination with a hemagglutinin (HA)-encoded saRNA vaccine 79 

formulated in LNPs resulted in comparable antibody and HA inhibition titers [14]. In a third study, also 80 

with an HA-mRNA-LNP vaccine, HAI titers were significantly higher following ID vaccination compared to 81 

IM two weeks after the boost, but equivalent at later time points [15].  82 
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However, consideration of alternative routes for vaccination may offer opportunities. For example, the 83 

derma skin layer is abundant in professional antigen presenting cells e.g. dendritic dermal cells and 84 

Langerhans cells [16] which can enhance encoded antigen transportation to the lymph nodes and induce 85 

protective immune responses. Thus, intradermal administration may facilitate lower vaccine doses (dose-86 

sparing) thereby reducing costs (including transport and storage) and expanding the supply chain. Indeed, 87 

the potential of dermal non-viral delivery of saRNA vaccines was reported previously [17]; the skin is 88 

extremely immune competent, easily accessible and drugs can be administered by means of needle-free 89 

devices, thus improving patient compliance, reducing the risk of needle-stick injures and reducing clinical 90 

waste. Intranasal (IN) vaccination is another needle-free, noninvasive administration route for vaccines. 91 

The nasal cavity is embedded with a high density of dendritic cells that can mediate strong systemic and 92 

local immune responses against pathogens [18]. The uptake of nasally administered vaccines is mediated 93 

by M cells, which can transport particulate antigens to the nasal lymphoid tissue by transcytosis. Nasal 94 

vaccination induces both systemic and mucosal immunity in the respiratory and genital tracts by the 95 

release of IgA into the nasal passage and intestinal tract. This administration route is adopted by 96 

AstraZeneca’s FluMist (a live-attenuated influenza virus vaccine approved for human use) and has been 97 

investigated for the delivery of an mRNA-based HIV vaccine, with strong systemic and mucosal anti-HIV 98 

immune responses as well as cytokine productions being achieved [19].  99 

Whilst both intradermal and intranasal administration offers potential advantages, there is limited 100 

understanding on RNA vaccine efficacy when given via these routes compared with the conventional 101 

intramuscular route. Therefore, the aim of this study was to compare the efficacy of self-amplifying mRNA 102 

vaccines when delivered using 4 different delivery platforms and via the intramuscular, intradermal or 103 

intranasal route. Building on our pervious studies, where we show that lipid nanoparticles (LNPs), solid 104 

lipid nanoparticles (SLNs) and polymeric nanoparticles (PNPs) based on commercially available cationic 105 

lipids such as 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) efficiently deliver self-amplifying 106 

mRNA vaccines in mice [20,21], we investigate the role of administration route on the immunogenicity 107 

elicited. To compare their performance across different delivery routes, the same formulations were 108 

tested across the different routes. An saRNA encoding the rabies virus glycoprotein (RVG) was used, as 109 

commercial vaccines can be tested as benchmarks and immunological correlates of protection are well-110 

established [22,23].  111 

 112 

Materials and Methods 113 
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Materials 114 

1,2-dioleoyl-sn-3-phosphoethanolamine (DOPE), dimethyldioctadecylammonium bromide (DDA), 1,2-115 

dioleoyl-3-trimethylammonium-propane (DOTAP) and 1,2-dimyristoyl-sn-glycero-3-116 

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DMG-PEG2000) were obtained from 117 

Avanti Polar Lipids (Alabaster, US). Poly (D, L-lactide-co-glycolide) lactide: glycolide (50:50), MW 30,000-118 

60,000, Dimethyl Sulfoxide, Tristearin (Grade II-S, ≥90%), 3 M sodium acetate buffer pH 5.2, Trizma 119 

hydrochloride solution 1 M, penicillin-streptomycin, L-glutamine, cholesterol (Chol) and brefeldin A (BFA) 120 

were purchased from Sigma (Milan, Italy). RiboGreen RNA assay kit, 1,1'-Dioctadecyl-3,3,3',3'-121 

Tetramethylindotricarbocyanine Iodide (DiR), Alexa Fluor 488-labeled goat anti-mouse IgG2a Cross-122 

Adsorbed secondary antibody and allophycocyanin (APC) Zenon antibody labelling kit for mouse IgG2a 123 

were purchased from Thermo Fisher (Milan, Italy). Dulbecco’s Modified Eagle Medium (DMEM), Roswell 124 

Park Memorial Institute 1640 medium (RPMI-1640), Hank’s balance salt solution (HBSS) trypsin-EDTA 125 

(0.25%) and fetal bovine serum (FBS) were obtained from Gibco. PLATELIA Rabies II Kit was obtained from 126 

Bio-Rad (Milan, Italy). 100 mM citrate buffer pH 6.0 was purchased from Teknova (Milan, Italy). Live/dead 127 

fixable dead cell stain near-IR was purchased from Life Technologies (Milan, Italy). Mouse anti-rabies 128 

glycoprotein antibody (clone 24-3F-10) was obtained from Merck (Milan, Italy). 10X Perm/Wash buffer 129 

and Cytofix/Cytoperm were obtained from BD Biosciences (San Jose, CA, USA). Anti-mouse PE-CF594-130 

conjugated CD8, V421-conjugated CD44, PE-conjugated TNF-α and BV786-conjugated IFN-γ and FITC-131 

conjugated CD107a monoclonal antibodies and anti-mouse Ig, κ/negative control compensation particles 132 

set were obtained from BD Horizon (San Jose, CA, USA). Anti-mouse BV510-conjugated CD4, APC-133 

conjugated CD3 and PE-Cy5-conjugated IL-2 monoclonal antibodies and RBC lysis buffer were purchased 134 

from Biolegend (San Diego, CA, USA). Anti-mouse PE-Cy7-conjugated IL-17, CD28 and CD3 monoclonal 135 

antibodies was purchased from ePharmingen (San Jose, CA, USA). The rabies peptide pool containing 136 

peptides of 15-mers with 11 amino acid overlap were obtained from Genescript (Piscataway NJ, USA). 137 

Rabipur is a trademark of the GSK group of companies. 138 

Synthesis of self-amplifying RNA (saRNA) 139 

A self-amplifying RNA (saRNA) vaccine encoding the rabies virus glycoprotein (RVG) was synthesized as 140 

previously described [11]. In brief, DNA plasmids encoding the RVG-saRNA were constructed using 141 

standard molecular techniques. Plasmids were amplified in Escherichia coli and purified using Qiagen 142 

Plasmid Maxi kits (Qiagen, Germantown, MD, USA). DNA was linearized following the 3’ end of saRNA 143 

sequence by restriction digest. Linearized DNA templates were transcribed into RNA using a MEGAscript 144 

T7 kit (Life Technologies, Carlsbad, CA, MA, USA) and purified by LiCl precipitation. RNA was then capped 145 
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using the Vaccinia Capping system (New England BioLabs, Ipswich, MA, USA) and purified by LiCl 146 

precipitation before formulation. 147 

Formulation and characterization of LNPs, PNPs and SLNs 148 

DOTAP-based formulations were prepared and characterized as previously described [20,21]. In essence, 149 

DOTAP LNPs were composed of DOPE, DOTAP and DMG-PEG2000 at 49:49:2 molar ratio; DOTAP PNPs 150 

were composed of PLGA (lactide:glycolide 50:50) and DOTAP 1:1 w/w and DOTAP-SLNs  were composed 151 

of tristearin, DOTAP (1:1 w/w) and 2 mole % of DMG-PEG2000. These formulations were produced by a 152 

microfluidic mixer (Precision NanoSystems Inc., Vancouver, Canada) using a flow rate ratio of 3:1 (for LNPs 153 

and SLNs) or 1:1 (for PNPs) and flow rate of 15 mL/min. Benchmark iLNPs described by Geall et al [11] 154 

were produced in the same manner as cLNPs. Lipids/polymers dissolved in an organic solvent (methanol, 155 

DMSO or ethanol for LNPs, PNPs and SLNs respectively) and an aqueous phase (100 mM citrate buffer pH 156 

6.0 for LNPs, 10 mM TRIS pH 7.4 for SLNs or 100 mM acetate buffer pH 6 for PNPs) containing RVG-saRNA 157 

at 8:1 N:P (N in DOTAP and P in saRNA) were injected simultaneously in the micromixer. All formulations 158 

were dialyzed against 10 mM TRIS pH 7.4 and characterized in terms of hydrodynamic size (Z-average), 159 

polydispersity index (PDI) and zeta potential by dynamic light scattering (DLS) in a Zetasizer Nano ZS 160 

(Malvern, UK) at 0.1 mg/mL at 25 ˚C. The saRNA encapsulation efficiency (saRNA E.E.) was quantified by 161 

RiboGreen assay following manufacturer instructions. Fluorescence was measured at excitation and 162 

emission wavelength of 485 and 528 nm. saRNA E.E. was calculated as (FT – F0)/FT were FT and F0 are the 163 

amount of saRNA quantified in presence and absence of 1 % Triton X-100 respectively. Prior to in vivo 164 

administration, formulations were diluted to dosing concentration with the addition of NaCl 20 mM in the 165 

dilution buffer to maintain isotonicity. Low levels of endotoxins (<10 EU/mL) and sterility conditions were 166 

preserved across all formulations.   167 

Immunization studies 168 

All animal studies were ethically reviewed and carried out in accordance with European Directive 169 

2010/63/EEC and the GSK policy on the Care, Welfare and Treatment of Animals. Experiments were 170 

performed at the GSK Animal Facility in Siena, Italy, in compliance with the relevant guidelines (Italian 171 

Legislative Decree n. 26/14) and the institutional policies of GSK. The animal protocol was approved by 172 

the Animal Welfare Body of GSK Vaccines, Siena, Italy, and by the Italian Ministry of Health (Approval 173 

number “AWB 2015 01”, CPR/2015/01). Groups of 10 female BALB/c mice (Charles Rivers) aged 6–8 weeks 174 

and weighing about 20–25 g were immunized with RVG-saRNA formulated in either LNPs, PNPs or SLNs 175 

on days 0 and 28 either intramuscularly (IM), intradermally (ID) or intranasally (IN). Mice received 0.15 μg 176 
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of saRNA-RVG in 50 μL when administered IM, 0.15 μg of RVG-saRNA in 20 μL when administered ID or 177 

1.5 μg in 50 μL when given IN. Three further groups were vaccinated with the commercial vaccine Rabipur 178 

(a trademark of the GSK group of companies) either IM (2% of the human dose (HD), 50 μL), ID (2% HD, 179 

20 μL) or IN (5% HD, 50 μL). A higher dose was given IN due to the expected reduced efficacy of this route. 180 

Quantification of antibody titers 181 

Sera from individual mice were collected four weeks after first vaccination (day 28) and two weeks after 182 

second vaccination (day 42) and combined in five pools of two mice each. Total anti-RVG IgG titers were 183 

quantified with the PLATELIA RABIES II Kit Ad Usum Veterinarium [22] following manufacturer 184 

instructions.  185 

Intracellular cytokine staining (ICS) in splenocytes 186 

Spleens from 3 randomly selected mice from each experimental group were collected on day 42 (two 187 

weeks after second vaccination). Single cell suspensions were obtained as described elsewhere [24]. Cells 188 

were then incubated with RBC lysis buffer (2 mL) at 4 °C for 2 minutes, resuspended in complete RPMI 189 

(cRPMI) and passed again through cell strainers. Cells were counted in a Vi-CELL XR cell counter (Beckman 190 

Coulter) and 1.5∙106 splenocytes/well were cultured in round-bottomed 96-well plates. Splenocytes were 191 

stimulated with an RVG-derived peptide pool library (2.5 μg/mL) consisting on 15-mers with 11 amino 192 

acid overlaps and anti-CD28 (2 μg/mL) in presence of brefeldin A (5 μg/mL) for 4 hours at 37 °C. Cells were 193 

also stimulated with anti-CD3 (1 μg/mL) plus anti-CD28 (2 μg/mL) or anti-CD28 alone as positive and 194 

negative controls respectively. Samples were then stained with a live/dead fixable near-IR dead cell stain 195 

kit, then fixed and permeabilized with Cytofix/Cytoperm and subsequently stained with the following 196 

antibodies in Perm/Wash Buffer: APC-conjugated anti-CD3, BV510-conjugated anti-CD4, PE-CF594-197 

conjugated anti-CD8, BV785-conjugated anti-IFN-γ, PE-Cy5-conjugated anti-IL-2, anti-BV605-conjugated 198 

TNF-α and PE-Cy7-conjugated anti-IL-17. Samples were acquired in an LSR II flow cytometer (BD 199 

Biosciences, San Jose, CA, USA) and analyzed in FlowJo Software (BD BioScience, San Jose, CA, USA)). 200 

Antigen-specific CD4+ T cell subsets were identified based on the combination of secreted cytokines as 201 

follows: Th1 (IFN-γ+ IL-2+ TNF-α+; IFN-γ+ IL-2+; IFN-γ+ TNF-α+; IFN-γ+); Th0 (IL-2+ TNF-α+; IL-2+; TNF-α+). 202 

The frequency of antigen-specific CD8+ T cells were identified based on the combination of IFN-γ+, IL-2+ 203 

and TNF-α+. 204 

Lung processing and quantification of T-cell derived cytokines 205 

Lung tissue was completely dissociated with Gentlemax Dissociator (Milteny Biotec, Bologna, Italy). 206 

Briefly, lung tissue was digested in Hank's Balanced Salt Solution containing calcium and magnesium in 207 
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presence of collagenase D (2 mg/mL) and DNAse I (80 units/mL) (both from Sigma (Milan, Italy)) for 30 208 

min at 37°C, and then homogenized until obtaining a single-cell suspension. Then, 2x106 cells were seeded 209 

into 96-well U-bottom plates stained with Live/Dead Near InfraRed, fixed and permeabilized, plated with 210 

anti-CD28 mAb (2 μg/mL) and anti-CD107a FITC (5 μg/mL). As positive control, cells were added to wells 211 

coated with anti-CD3 mAb (1 μg/mL). Moreover, as ex vivo restimulation, cells were stimulated for 4 hours 212 

with an RVG peptide pool at 2.5 μg/mL. Brefeldin A (5 μg/mL) was added to each condition for the last 4 213 

hours. For flow cytometry analysis, cells were incubated with anti-CD16/CD32 Fc block and further stained 214 

with anti-CD3-APC, anti-CD4-BV510, anti-CD8 PE, anti–IFN-γ BV785, anti–IL-2 PE-Cy5.5, anti–TNF-α PE, 215 

and anti–CD44 V421, anti-IL-17 PE as intracellular markers. Samples acquisition and analysis were 216 

performed as described above.  217 

Biodistribution studies 218 

Biodistribution studies were conducted under the regulations of the Directive 2010/63/EU. All protocols 219 

were subjected to ethical review and were carried out in a designated establishment in the animal facility. 220 

All work was carried out under a project license with approval from the University of Strathclyde Ethical 221 

Review Board. In order to track their biodistribution in vivo, LNPs, PNPs and SLNs were co-formulated with 222 

the lipophilic fluorescent dye 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindotricarbocyanine Iodide (DiR) as 223 

previously described [25]. Groups of five 6-8-week-old female BALB/c mice injected with either LNPs, PNPs 224 

or SLNs (25 µg, containing 1 µg of DiR dye) intramuscularly (50 µL in the right thigh), intradermally (20 µL 225 

in the dorsum) or intranasally (10 µL per nostril). Mice imaging was carried out using an IVIS Spectrum 226 

(Perkin Elmer, Beaconsfield, UK) using Living Image software for data capture and analysis. The presence 227 

of DiR was detected using an excitation wavelength of 710 nm and an emission filter of 780 nm. A medium 228 

binning and f/stop of 2 was used and acquisition time was determined for each image with auto-exposure 229 

settings. Mice were anaesthetized for imaging using 3% IsoflurFane. Anesthesia was maintained during 230 

imaging at 1% Isoflurane. Images were taken before administration of formulations and after 4, 24, 48, 231 

72, 144 and 240 hours post injection. The total flux (p/s) was calculated at the injection site (region of 232 

interest) for each mouse and normalised by dividing each time point by the value at 4 h time point as it 233 

was the highest in each group.  This was considered as 100%, 234 

Statistical Analysis 235 

Statistical analysis of T cell responses and biodistribution experiments was performed by one-way analysis 236 

of variance (ANOVA) followed Tukey’s honest significance test. Statistical analysis of IgG titers was 237 
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performed by Kruskal-Wallis followed by Dunn’s test. P values below 0.05 (*) were considered significant. 238 

All analyses were done in GraphPad Prism 7.0. 239 

RESULTS AND DISCUSSION 240 

Characterization of saRNA-nanoparticles 241 

We have previously reported the microfluidic production of several nanoparticles based on the 242 

commercially available cationic lipid DOTAP [20,21]. The use of microfluidics in the manufacturing process 243 

supports process driven size control and scale-independent production [26,27]. Within this study, we 244 

selected three different nanoparticle formats (LNPs, PNPs and SLNs) to further investigate the role of 245 

administration route on self-amplifying RNA vaccine performance (Figure 1). Whilst cationic LNPs tend to 246 

display bilayer-like structures [28], PNPs consisting of a polymer core and SLNs have a lipid monolayer 247 

surrounding the polymer core [29]. These formulations were selected based on previous studies which 248 

demonstrated these formulations were capable of associating with cells, inducing antigen expression in 249 

vitro and protecting SaRNA against enzymatic degradation [20,21]. The same formulations were used 250 

across the different delivery routes to allow direct comparison. Our particles were from 65 to 135 nm in 251 

size, with low PDI (<0.2), near neutral zeta potential, except for the PNPs which were cationic in nature, 252 

and high saRNA encapsulation efficiency (>95%) (Figure 1 B-D). Particle size has been suggested to play a 253 

role in the immunogenicity of mRNA vaccines in mice [30]. However more recent studies suggest this may 254 

only be a feature of small animal studies [31]; a retrospective analysis of mRNA LNP vaccine in vivo studies 255 

revealed a relationship between LNP particle size and immunogenicity in mice using LNPs of various 256 

compositions. Nevertheless, whilst small diameter LNPs were substantially less immunogenic in mice, all 257 

particle sizes tested yielded a robust immune response in non-human primates [31]. 258 

 259 
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 260 
Figure 1. Physicochemical characterization of saRNA formulations. SLNs, PNPs, cLNPs and iLNPs were 261 
prepared as outlined in (A) and characterized in terms of B) particles size (d.nm) and polydispersity index 262 
(PDI), C) zeta-potential (mV) and D) encapsulation efficiency (EE%). Results are represented as mean ± SD 263 
of two different batches used for first and second vaccination respectively. 264 
 265 

Immunogenicity of RVG-saRNA formulated in LNPs, PNPs and SLNs following intramuscular, intradermal 266 

and intranasal administration 267 

mRNA and saRNA vaccines are commonly administered IM or ID [16,32] and mRNA vaccines are now 268 

approved for IM administration. However, there very few pre-clinical studies that have systematically 269 

compared the immunogenicity of RNA vaccines delivered by different routes of administration. Therefore, 270 

using the formulations outlined in Figure 1, we assessed the impact of administration route on saRNA 271 

vaccine efficacy when delivered using the different nanoparticle formats. Mice were vaccinated twice, 272 

four weeks apart, with RVG-saRNA formulated in either SLNs, PNPs, cLNPs or benchmark iLNPs [33] and 273 

delivered intramuscularly (IM), intradermally (ID) or intranasally (IN). Control groups were vaccinated with 274 

or Rabipur, an inactivated rabies virus vaccine. The selected doses were based on our previous findings 275 

with these delivery systems [20,21] (Table 1). 276 

 277 
 278 

 279 

 280 
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Table 1. Routes of administration and vaccine (RVG-saRNA or Rabipur) doses used to immunize BALB/c 281 
mice. saRNA: self-amplifying RNA; LNPs: lipid nanoparticles, PNPs: polymeric nanoparticles; SLNs: solid-282 
lipid nanoparticles; IM: intramuscular; ID: intradermal; IN: intranasal; HD: human dose 283 

Vaccine Route of administration Dose Dose volume 

saRNA  
(formulated in LNPs, PNPs or SLNs) 

IM 0.15 µg 50 µL 
ID 0.15 µg 20 µL 
IN 1.5 µg 50 µL 

Rabipur 
IM 2% HD 50 µL 
ID 2% HD 20 µL 
IN 5% HD 50 µL 

 284 

IgG responses were measured, prior to immunization, 4 weeks post first injection (day 28), 2 weeks after 285 

the second injection (day 42) and 10 weeks after the second injection (day 98). No anti-RVG IgGs were 286 

detected in mice sera prior to immunization (data not shown). Four weeks after the first injection, there 287 

was no significant difference between the IgG responses promoted by the 4 different nanoparticle 288 

formulations (SLNs, PNPs, cLNPs, iLNPs) when administered IM. All 4 nanoparticle formulations induced 289 

strong antigen-specific IgG titers above the correlate of protection of 0.5 EU/mL and these responses were 290 

significantly (p<0.05) higher than the control vaccine (Rabipur) (Fig. 2A). When the mice were dosed ID, 291 

generally a similar response profile was shown with antigen-specific IgG titers above the correlate of 292 

protection of 0.5 EU/mL. However, PNPs promoted significantly lower responses compared to the SLNs,  293 

cLNPs and the iLNPs benchmark (Fig. 2A). After IN administration there was no notable IgG responses 294 

measured, with IgG titers below the limit of quantification in all but three samples, despite mice receiving 295 

a 10 folder higher dose via this route (Fig. 2A). Overall, at this time point, IM and ID administration with 296 

the various nanoparticle formulations gave comparable responses, with the exception of PLPs given ID. 297 

Administration via the IN route failed to induce notable responses irrespective of the formulation. 298 

After the second vaccination, the immune responses elicited generally increased approximately 3-fold 299 

after both IM and ID vaccination with the exception of the PNPs, where the booster dose had little effect 300 

on the immune response (Fig.2B). Comparing between the nanoparticle formulations, with an IM booster 301 

injection, iLNPs produced significantly (p<0.05) higher IgG responses compared to the three DOTAP 302 

formulations (SLNs, PNPs, cLNPs). When a second dose was administered ID, there is no difference 303 

between SLNs, cLNPs and iLNPs. However, PNPs promoted significantly (p<0.05) lower IgG responses 304 

compared to iLNPs (Fig. 2B). Again, the immune responses induced upon IN immunization were 305 

significantly weaker compared to IM or ID immunization for all of the formulations tested with only the 306 
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iLNPs promoting an average response above the correlate of protection (Fig. 2B). Overall, after the second 307 

immunization, iLNPs administered IM promoted the strongest IgG responses (Fig. 2B). 308 

This pattern of immune response was also seen 10 weeks post second immunization, demonstrating the 309 

ability of these nanoparticle formulations to induce persistent humoral immunity above the correlate of 310 

protection (Fig.2C). When administered IM, iLNPs continued to promote significantly (p < 0.05) higher IgG 311 

titers compared to the SLNs, PNPs and cLNP formulations. When administered ID, there was no significant 312 

different between the 4 different nanoparticle formulations but a similar trend of higher responses from 313 

iLNPs was seen (Fig. 2C). Comparing between the routes of administration at this timepoint, IM and ID 314 

gave similar response profiles yet when administered IN, only the iLNPs promoted a notable IgG response 315 

with all responses above the correlate of protection (Fig. 2C). 316 

The results in Fig. 2 are in line with recent studies of Blakney and co-workers, who reported equivalent 317 

antibody production in mice vaccinated either IM or ID with saRNA formulated within poly(CBA-co-4-318 

amino-1-butanol) (ABOL)-based nanoparticles at different doses [34]. Although all formulations elicited 319 

antibodies titers above the level of protective response to rabies vaccination reported by WHO [35], LNPs 320 

and SLNs were generally more potent than PNPs two weeks after the second vaccination, and overall 321 

iLNPs gave the highest long term response via both the IM and ID routes. In our previous studies [20,21], 322 

these formulations did not notably differ in terms of in vitro antigen expression nor in vivo antibody titers 323 

after IM injection. The combination of nanoparticle formulation and route of administration may result in 324 

different cellular kinetic or pharmacokinetic properties e.g. endosomal disruption potential and/or release 325 

kinetics of saRNA. When administered intranasally, all saRNA-nanoparticle formulations were poorly 326 

immunogenic, despite animals receiving a 10-fold higher dose of RVG-saRNA compared to IM or ID (1.5 327 

µg vs 0.15 µg). The weak immunogenicity of candidates upon IN vaccination may be due to multiple 328 

factors. For example, rapid clearance from the administration site and/or the acidic, protease‐rich and 329 

reductase-rich environment of the mucosae [36] may induce potential loss of activity and functionality of 330 

saRNA.  331 

The role of nanoparticle format and route of administration on self-amplifying mRNA vaccine potency



13 
 

 332 

Figure 2. Immunogenicity of RVG-saRNA loaded SLNs, PNPs and LNPs. Humoral immune responses 333 
elicited by RVG-saRNA formulated in either DOTAP-based SLNs, PNPs or LNPs following intramuscular (IM, 334 
0.15 µg), intradermal (ID, 0.15 µg) or intranasal (IN, 1.5 µg) administration in mice. Mice were also 335 
immunized with benchmark iLNPs [11] or 2% (IM and ID) or 5% (IN) of the human dose of Rabipur. Mice 336 
were vaccinated four weeks apart and total anti-RVG IgG titers were quantified four weeks after the first 337 
vaccination (A), two weeks after the second vaccination (B) and 10 weeks after the second vaccination 338 
(C). Markers depict measurements from pools of 2 mice each. The solid lines represent the geometric 339 
mean titer of each group (n=4-5). Dotted lines at 0.5 and 0.125 EU/mL correspond to the correlate of 340 
protection and limit of quantification, respectively. 341 
 342 

To study the immune response profiles further, cytokine responses were also measured. The saRNA-343 

nanoparticles formulations induced multifunctional RVG-specific cellular immune responses two weeks 344 

after the second vaccination (Fig. 3). Generally, LNPs injected either IM or ID induced the highest 345 

frequencies of cytokines-producing RVG-specific splenic CD4+ and CD8+ T cells (Fig. 3). Similar to the IgG 346 

profiles, the frequencies of cytokine-producing CD8+ T cells in mice which received iLNPs were greater 347 

than the other formulations after IM (Fig. 3A). When administered ID, there profiles are similar for the 348 

SLNs, cLNPs and iLNPs whilst the responses induced by the PNPs are low (Fig. 3A). The majority of RVG-349 

specific CD8+ T cells expressed IFN-γ in combination with TNF-α and/or IL-2, irrespective of the route of 350 

administration, and this is generally associated with a mature effector phenotype. The strong proliferation 351 

of CD8+ T cells triggered by saRNA vaccines is consistent with previous studies which demonstrated that 352 
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saRNA formulated with LNPs injected IM induced antigen expression within muscle cells and its 353 

consequent presentation to APCs, suggesting cross-priming as the prevalent mechanism for CD8+ T-cell 354 

response activation by saRNA vaccines [37]. Similar to the IgG profiles, the frequencies of cytokine 355 

expression were low in mice vaccinated IN (Fig. 3A). A similar trend was observed in the expression of the 356 

degranulation marker CD107a (Fig. 3B), whose expression correlates with the cytotoxic activity of CD8+ T 357 

cells in vivo [38,39]. In mice vaccinated IM, the frequencies of CD107a+ CD8+ T cells were highest with the 358 

iLNPs, whilst after ID, the responses induced by iLNPs reduced and were comparable with the cLNPs and 359 

SLNs (Fig. 3B). After IN administration, only negligible percentages of CD107a+ CD8+ T cells were 360 

quantified (<0.1%, Fig. 3B). With respect to the CD4+ T cell responses, again a similar profile of responses 361 

is seen (Fig. 3C); after IM injection iLNPs promote the highest responses in mice, whilst after ID these 362 

responses reduce and are similar to SLNs and cLNPs (Fig. 3C). However, SLNs administered via the IN route, 363 

promoted responses in line with the responses promoted by SLNs given IM and ID (Fig. 3C). 364 

The CD4+ T cells proliferation induced by RNA vaccines is likely to be related to the rapid activation of 365 

lymphatic cells. For example, Liang and colleagues [15] showed that mRNA-LNPs administered either 366 

intradermal or intramuscular in rhesus macaques specifically targeted APCs located both at the injection 367 

site and in draining lymph nodes, leading to antigen translation and upregulation of type I IFN-inducible 368 

genes. This rapid innate immunity induced priming of antigen-specific CD4+ T cells and generation of 369 

vaccine-specific immunity solely in the draining lymph nodes. Similar observations were also reported 370 

elsewhere [40]. The relative frequency of CD8+ and CD4+ T cells quantified for each formulation and route 371 

of administration (Fig. 3) was also consistent with the production of antibodies reported in Fig. 2. A 372 

combination of Th0 (IL-2+/TNF-α+, TNF-α+, or IL-2+) and Th1 (IFN-γ+ alone or in combination with IL-2+ 373 

and/or TNF-α+) phenotypes was observed in CD4+ T-cells 2 weeks after the second immunization in all 374 

groups (Fig. 3C). Interestingly, ID injection of SLNs resulted in the highest frequencies of polyfunctional 375 

antigen-specific CD4+ T cells. The potential of ID vaccination has been widely established in many clinical 376 

trials, although results are not always consistent among different vaccines. For example, dermal injection 377 

of lower doses of a virus-inactivated influenza vaccine resulted in equivalent immunogenicity to the 378 

standard dose delivered intramuscularly [41]. With respect to the rabies virus, post-exposure IM or ID 379 

vaccination with Rabipur resulted in similar neutralizing antibody titers in humans but ID was slightly lower 380 

compared to IM in a pre-exposure prophylaxis regime [42]. Conversely, with hepatitis B vaccine, the 381 

benefit of dose-sparing was not fully evident [43].  382 
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 383 

Figure 3. Cellular immune response elicited by RVG-saRNA loaded nanoparticles after IM, ID or IN 384 
administration. Splenic CD8+ and CD4+ T cell responses elicited by RVG-saRNA formulated in either 385 
DOTAP-based SLNs, PNPs and LNPs following intramuscular (IM, 0.15 µg), intradermal (ID, 0.15 µg) or 386 
intranasal (IN, 1.5 µg) administration in mice. Mice were also immunized with with benchmark iLNPs [11] 387 
and either 2% (IM and ID) or 5% (IN) of the human dose of Rabipur. Splenocytes were collected two weeks 388 
after the second vaccination and re-stimulated in vitro with an RVG peptide pool. A) Frequencies of 389 
cytokine-producing CD8+ T cells. B) Frequencies of CD107+ CD8+ T cells. C) Frequencies of CD4+ T cells 390 
expressed as Th1 and Th0 according to the cytokines expressed. Results are represented as mean ± SD of 391 
three samples. Refer to Figure S1 in the supplemental material for the gating strategy.  392 
 393 

Intranasally administered vaccines have the potential to induce persistent lung effector T cells, which 394 

could significantly benefit host immunity against respiratory pathogens [24]. Therefore, to further 395 

investigate this, we performed a T cell assay in lung cells from mice immunized IN. iLNPs and SLNs elicited 396 

higher frequency of RVG-specific CD8+ T cells compared to LNPs, PNPs and Rabipur when administered 397 

IN. Furthermore, both formulations gave comparable responses to Rabipur administered IM (Fig. 4A).  398 

Interestingly, the quality of CD8+ T cell responses in the lungs varied among tested formulations: SLNs and 399 

PNPs induced polyfunctional CD8+ IFN-γ+ and TNF-α+/IL-2+ cells, while those elicited by cLNPs were IFN-400 

γ/TNF-α+ and IFN-γ+/IL-2+ and those elicited by iLNPs were γ/TNF-α+, IFN-γ+/IL-2+ and IFN-γ+ (Fig. 4A). 401 

However, the majority of RVG-specific CD8+ T-cells were CD107a- (Fig. 4B) irrespective of the nanoparticle 402 

formulation used, which correspond to a non-cytotoxic profile. Regarding CD4+ T cells, the frequencies of 403 

RVG-specific cells were comparable between SLNs, cLNPs and iLNPs groups (around 0.2%); however, again 404 

the profiles were different with the iLNPs promoting more TNF-α+ cells (Fig. 4C). As observed in splenic 405 
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CD4+ T-cells, cell profile was a combination of Th0/Th1 phenotypes, with SLNs inducing a higher frequency 406 

of Th1 cells than LNPs and PNPs respectively (Fig. 4C). These differences in T cell responses may be 407 

attributed to differences in the nanoparticle chemical composition and/or mRNA delivery profile. For 408 

example, fatty acids are known to modulate cytokines secretion from activated T cells and the effect is 409 

dependent on both the saturation degree and length of fatty acid [44,45]. In particular, it was reported 410 

that saturated fatty acids induced significantly higher release of pro-inflammatory cytokines in T cells than 411 

their unsaturated counterparts, possibly due to increased formation of free radicals, diacyl glycerol and 412 

activation of protein kinase C [46].  413 

 414 

Figure 4. Lung CD8+ and CD4+ T cell responses following intranasal vaccination. Lung cells were collected 415 
two weeks after the second vaccination and re-stimulated in vitro with an RVG peptide pool. A) 416 
Frequencies of cytokine-producing CD8+ T cells. B) Frequencies of CD107+ CD8+ T cells. C) Frequencies of 417 
CD4+ T cells expressed as Th1 and Th0 according to the cytokines expressed. Results are represented as 418 
mean ± SD of three samples. Refer to Figure S2 in the supplemental material for the gating strategy. 419 
 420 

Biodistribution of saRNA-SLNs, PNPs and LNPs after intramuscular, intradermal and intranasal 421 

administration 422 

Several studies have suggested that the administration route of mRNA vaccines strongly influences the 423 

kinetics of antigen expression [47]. For example, in a study conducted with mRNA encoding luciferase 424 

formulated in LNPs, the half-life of antigen expression in mice was ranked in the order of intradermal >> 425 

intramuscular > intraperitoneal and subcutaneous >> intratracheal > intravenous [47]. Although antigen 426 

expression, biodistribution and immunogenicity are expected to be closely related, a defined correlation 427 
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remains unclear. Indeed, we have previously shown that both cLNPs and iLNPs are retained at the injection 428 

site following intramuscular injection for up to 10 days [21]. Here, we compared the pharmacokinetics of 429 

saRNA-SLNs, PNPs and LNPs administered via IM, ID or IN in an effort to further understand the 430 

importance of the delivery route for effective mRNA vaccines.  431 

When considering the biodistribution of the different nanoparticle formulations (Fig. 5 and 6), full body 432 

images of mice which received saRNA-nanoparticles via intramuscular or intradermal injection showed 433 

that the signal was mainly concentrated at the site of injection (Fig. 5). Long-term retention of all four 434 

nanoparticle formulations at the injection site was also observed after both IM (Fig. 6A) and ID (Fig. 6B) 435 

administration, with the area under the curve (AUC; calculated using the trapezoidal method) confirming 436 

that the drainage profile of the nanoparticles was comparable (Fig. 6D). With respect to IN vaccinated 437 

groups, whole body images showed poor retention of all nanoparticles (Fig. 5); most of the administered 438 

dose was detected in the throat and stomach at 4 hours post administration (Fig. 5) suggesting that part 439 

of the vaccine dose had been rapidly swallowed and cleared a few hours after administration, irrespective 440 

of the nanoparticle format (Fig. 6C and 6D). The rapid clearance of the nanoparticles from the 441 

administration site after IN vaccination correlated with the weaker humoral and cellular immune response 442 

observed. This may result from ineffective interactions between the nanoparticles and mucosal tissue 443 

upon administration due to a lack of muco-adhesive/ muco-penetrating excipients within the nanoparticle 444 

formulations. The presence of muco-adhesive or muco-penetrating polymers (e.g. poly(acrylic acid) (PAA), 445 

alginate, cellulose derivatives, chitosan, poloxamers and poly(ethylene glycol) (PEG)) on the surface of 446 

particles can enhance the concentration of therapeutics delivered to the mucus mesh [48]. Furthermore, 447 

the weak potency of vaccines administered IN may also be linked to the unavoidable limitation of the 448 

animal model used; intranasal vaccination in small animals may trigger inhalation and ingestion of vaccine 449 

antigens, which consequently affects vaccine dosage [49].  450 

 451 

By comparing the retention of formulations at the injection site, we did not observe notable differences 452 

in clearance between the four saRNA-nanoparticle formulations from either the IM or ID administration, 453 

despite the formulations inducing different humoral and cellular responses (Fig. 2 and 3). This suggests 454 

that other factors may contribute to the immunogenicity of SaRNA vaccines. These findings are in 455 

agreement with previous investigations which showed poor correlation between pharmacokinetics and 456 

immunogenicity [30]. Accumulation and trafficking of immune cells transporting the encoded antigen to 457 

the draining lymph nodes as well as the mode of antigen delivery to lymphoid tissue might also be involved 458 
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in the immunostimulatory mechanism of mRNA and saRNA vaccines [40]. The slow clearance of the 459 

nanoparticles from the injection site could be due to active uptake by host cells via association with 460 

endogenous ligands (e.g. ApoE) and recognition by scavenger receptors and the low-density lipoprotein 461 

receptor [50]. ApoE easily associates with the surface of neutral lipid-based particles, resulting in 462 

enhanced ApoE-mediated cellular uptake [51]. As these receptors are ubiquitously expressed in all 463 

nucleated cells [52], this active targeting could augment nanoparticle retention at the injection site. 464 

 465 

Figure 5. Biodistribution of RVG-saRNA loaded SLNs, PNPs and LNPs in a mouse model. Representative 466 
IVIS images of groups of 5 BALB/c mice injected with either saRNA-SLNs, saRNA-PNPs or saRNA-LNPs by 467 
the intramuscular (IM), intradermal (ID) or intranasal (IN) route at selected time points. Mice received 25 468 
μg of nanoparticles, corresponding to the administration of 1 μg of saRNA. The total flux was calculated 469 
in the regions of interest highlighted in blue. Scale of fluorescence is reported. Refer to Figure S3 in the 470 
supplementary for enlarged images of mice at all time points over 10 days p.i.  471 

 472 

 473 

 474 

 475 

 476 

 477 

 478 
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 479 

Figure 6. Pharmacokinetic profile at the site of injection of RVG-saRNA loaded SLNs, PNPs and LNPs. 480 
Pharmacokinetic profile at the site of injection of either saRNA-SLNs, saRNA-PNPs or saRNA-LNPs 481 
following A) intramuscular, B) intradermal or C) intranasal administration. Mice received 25 μg of 482 
nanoparticles, corresponding to the administration of 1 μg of saRNA. A naive mouse was used as negative 483 
control. D) Calculated areas under the curve at the site of injection for saRNA encapsulating LNPs, PNPs 484 
and SLNs administered by intramuscular (IM), intradermal (ID) or intranasal (IN) route. The total flux was 485 
normalised by dividing each time point by the value at 4 h time point as it was the highest in each group.  486 
This was considered as 100%Dotted line represents the background value. Results are represented as 487 
mean ± SD of five animals per group.  488 

 489 

Conclusions  490 

In this study, we demonstrate that the immunogenicity of our saRNA vaccines for a given delivery route 491 

was affected by the format of the nanoparticles. saRNA encapsulated within SLNs and LNPs tending to be 492 

more potent than PNPs after administration via the intramuscular or intradermal route and immune 493 

responses from these routes were similar. The clearance of all four saRNA nanoparticle formulations from 494 

either the IM or ID administration site was also similar. In contrast, immune responses generated after 495 

intranasal administration was low (despite receiving a 10-fold higher dose) and coupled with rapid 496 

clearance for the administration site irrespective of the formulation, suggesting that further optimization 497 

of these systems for this route is required.  498 

 499 

 500 
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