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Abstract
The aim of this study was to design an oral vaccine based on self-replicating RNA lipid nanoparticle
(saRNA LNP) to neutralize SARS-CoV-2 Delta (B.1.617 lineage) and Alpha (B.1.1.7 lineage) variants.
Before immunization of mice with saRNA LNP, we saw the high expression of S-protein at both mRNA
and protein levels after transfection of HEK293T/17 with saRNA LNP. After immunization of BALB/c mice
with saRNA LNP at 0.1-10 μg, a high quantity of SARS-CoV-2 speci�c IgG, IgG1, IgG2a, and IgA was seen
with a dose-dependent and Th1/Th2 skewing response in serum of vaccinated mice. We also found that
the secreted antibodies could neutralize SARS-CoV-2 Delta (B.1.617 lineage) and Alpha (B.1.1.7 lineage)
variants. Splenocytes from vaccinated mice re-stimulated with SARS-CoV-2 peptides had high IFN-γ, IL-6,
and TNF- α secretion. Although the preclinical study con�rmed the e�cacy of saRNA LNP against SARS-
CoV-2, its e�cacy and safety must be evaluated in clinical trials.

Introduction
Vaccines have different formulations and they are becoming more advanced every day 1. The use of
nucleic acids and nanomaterials are two advanced technologies, recently used in vaccines 2. Early
studies focused on the use of DNA instead of RNA because RNA is less stable than DNA. Since DNA
vaccines have shown poor results in human clinical trials 3, this led to the interest in using RNA. Of
course, this change in strategy is partly attributed to the success of cancer immunotherapy by mRNA
molecules 4,5. There are currently two types of RNA vaccines, including conventional mRNA and self-
replicating RNA (saRNA) 6. These RNAs are produced in vitro and encode pathogen antigens and this is
proportional to the number of mRNA copies 7.

To design a saRNA, the sequence of an RNA-dependent RNA polymerase (RdRP) complex from viral
origin, as well as the 5´ and 3´ untranslated regions needed for replication are included in an RNA
construct that also contains the gene of interest. In this way, RdRP will be able to amplify the saRNA in
the cytoplasm 8 and it can activate the immune system 9. The production of saRNA vaccines is simple
and cost-effective and can be easily integrated into a production line 10. Hekele et al. showed that a
saRNA vaccine for in�uenza H7N9 can be produced within eight days 11. There are several formulations
that can be used to deliver saRNA vaccines, including cationic polymer-based pABOLs 12, mannosylated
LNPs (MLNPs) 13, and neutral LPPs 14. Because of the self-replicating property of saRNA, a high immune
response can be achieved with low doses 15. The addition of mannose to the LNP formulation also
improves the immune response 13. Importantly, saRNA activity occurs in the cytoplasm and therefore
does not require entry into the cell nucleus. Indeed, there is no risk of integration of saRNA into the
genome due to its function in the cytoplasm 4,5,16.

The aim of this study was to design an oral vaccine based on saRNA LNP to neutralize SARS-CoV-2 Delta
(B.1.617 lineage) and Alpha (B.1.1.7 lineage) variants.
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Materials And Methods

Plasmid construct
To synthesize the saRNA construct, a mammalian plasmid vector, pcDNA3.1, was used with four main
parts, including 1) the sub-genomic CMV promoter, 2) the NSP sequence of Trinidad donkey Venezuelan
equine encephalitis virus (GenBank accession number: NC_001449) required for replication, 2) the
sequence of Spike protein of SARS-COV-2 variant B.1.1.7 lineage (GenBank accession number:
MW735440), and the sequence of Spike protein of SARS-COV-2 variant B.1.617 lineage (GenBank
accession number: MZ149976). The construct was synthesized and cloned by Biomatik, Canada into
pcDNA3.1 plasmid. Positive control plasmid was the same vector containing only the sequence of Spike
protein of SARS-COV-2 (variants B.1.1.7 and B.1.617) without the sequence of Trinidad donkey
Venezuelan equine encephalitis virus. And, negative control plasmid was pcDNA3.1 plasmid without the
sequence of Spike protein of SARS-COV-2 and the sequence Trinidad donkey Venezuelan equine
encephalitis virus. Figure 1a shows the diagrams of saRNA plasmid, positive control plasmid, and
negative control plasmid. Figure 1b shows the diagrams of linear saRNA and its FASTA sequence is in
supplementary 1.

Synthesis of linear saRNA
The sequence of saRNA was �rst replicated by simple PCR in presence of PFU DNA polymerase (Sigma-
Aldrich) and saRNA plasmid as a DNA template. The replicated DNA was puri�ed by a Plasmid Plus
MaxiPrep kit (QIAGEN, UK) and its purity was determined by a NanoDrop (ThermoFisher, UK). Next, the
puri�ed DNA was �rst reacted with MEGAScript™ (Ambion, UK) and then reacted with ScriptCap™
(CellScript, WI, USA) for 1 h at 37°C. Then, synthesized saRNA was puri�ed by LiCl precipitation,
resuspended in RNA storage buffer, and stored at − 80°C.

Encapsulation of saRNA in lipid nanoparticles (LNP)
To encapsulate saRNA, we used a simple chemical process in which 100 nM puri�ed saRNA at pH = 4.0
were mixed with an ethanolic lipid mixture of 1,2-dilinoleyloxy-3-dimethylaminopropane, 1,2-
diastearoylsn-glycero-3-phosphocholine, cholesterol, and PEG-DMG 2000 at a ratio of 10:48:2:40. The
mixture was stirred vigorously by T-mixer and then placed in a dialysis bag to purify overnight. The size
distribution of the produced LNP was determined by a dynamic light scattering (DLS) (Malvern
Instruments Ltd, Malvern, UK). Also, the encapsulation of saRNA was con�rmed by gel electrophoresis
and the entrapment e�ciency was measured by a NanoDrop (ThermoFisher, UK) at 260 nm. For positive
and negative control plasmids, the same encapsulation process was also carried out.

The expression of saRNA in HEK293T/17 cells
HEK293T/17 cells were �rst cultured in complete Dulbecco’s Modi�ed Eagle’s Medium (DMEM) (Gibco)
containing 10% fetal bovine serum (FBS) (Gibco), 1% L-glutamine (Thermo Fisher Scienti�c), and 1%
penicillin-streptomycin (Thermo Fisher Scienti�c) at 37°C and 5% CO2. The cultured cells were separately
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transfected by 0.1, 1, and 10 µg saRNA LNP, positive control LNP, and negative control LNP. After 48
hours, the expression of S-protein at mRNA level was investigated by Q-PCR, and the expression of S-
protein at protein level was determined by an ELISA kit.

Immunization
All procedures related to animal experiments used in this section of the study were approved by an
animal ethical committee of Sirjan University of Medical Sciences, Sirjan, Iran. Here, we used 10 BALB/c
mice aged 6–8 weeks for each group study. In the main study groups, BALB/c mice were orally
immunized with 0.1, 1, and 10 µg saRNA LNP at weeks 1 and 3. The volume of vaccine used for each
mouse was 100 µL and vaccine administration was done using a needleless insulin syringe. In the control
groups, BALB/c mice were orally immunized with 10 µg positive control LNPs and 10 µg negative control
LNPs at weeks 1 and 3. Serum samples were collected from all mice at two-week intervals and the
spleens were removed at week 6.

Recovered COVID-19 patient samples
Here, the serum samples of recovered COVID-19 patients (n = 10) were collected from Emam hospital,
Tehran University of Medical Sciences, Tehran, Iran following written informed consent. All recovered
patients had PCR-negative at the time of sampling.

The serum level of IgG/IgG1/IgG2a/IgA in mice and
recovered COVID-19 patients
Here, a semi-quantitative ELISA was used to detect the level of IgG/IgG1/IgG2a/IgA in the sera. First, high
binding ELISA plates (Biomat, Italy) were coated with SARS-CoV-2 Spike Protein Recombinant Antigen
(Sigma-Aldrich) at 1 µgmL− 1. After washing the plates, 50 µL of diluted serum samples collected from
immunized mice and recovered COVID-19 patients were separately added. After incubation for 1 h at
37°C, plates were washed and then 100 µL of secondary antibody was added. The secondary antibodies
used in this study were: 1) anti-mouse IgG-HRP, 2) anti-mouse IgG1-HRP, 3) anti-mouse IgG2a-HRP, 4) anti-
mouse IgA-HRP, 5) anti-human IgG-HRP, 6) anti-human IgG1-HRP, 7) anti-human IgG2a-HRP, 8) anti-human
IgA-HRP (Southern Biotech). After incubation and washes, 50 µL of 3,3′, 5,5′-tetramethylbenzidine was
added and then stopped by a stopping solution. Finally, the absorbance of each well was read by a
Spectrophotometer at 450 nm (BioTek Industries).

Viral neutralization assay
Serum samples from immunized mice and recovered COVID-19 patients were separately incubated with
both SARS-CoV-2 variant B.1.1.7 and variant B.1.617 for 1 h at room temperature. These two variants
were obtained from COVID-19 patients who had been hospitalized and con�rmed by PCR. Then, the
mixture was transferred to 96-well plates pre-seeded with Vero-E6 cells cultured in DMEM (Gibco)
containing 10% FBS (Gibco), 1% L-glutamine (Thermo Fisher Scienti�c), and 1% penicillin-streptomycin
(Thermo Fisher Scienti�c). After incubation at 37°C and 5% CO2 for 5 days, crystal violet 5% was added
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and they were scored for cytopathic effect. Finally, a neutralization titer was calculated for each study
group.

IFN-γ ELISpots
Based on the Mouse IFN-γ ELISpotPLUS kit (Mabtech), anti-IFN-γ pre-coated plates were �rst blocked with
10% FBS, and then 2.5 × 105 mouse splenocytes and SARS-CoV-2 peptides (AGX819, Sigma-Aldrich) at 1
µgmL− 1 were added. Plates were incubated overnight at 37°C and 5% CO2. After incubation, biotinylated
cytokine-speci�c detection antibodies and then streptavidin-enzyme conjugate and substrate were added.
Finally, each well was investigated under a dissection microscope (Zeiss, Germany) and the number of
secreting cells was calculated.

The secretion of IL-6 and TNF-α in the supernatant of
activated splenocytes and sera
For this section, we used serum samples from immunized mice, serum samples from recovered COVID-19
patients, and the supernatant of activated mouse splenocytes with SARS-CoV-2 peptide pools (Sigma-
Aldrich) at 1 µgmL− 1. To detect the level of IL-6 and TNF-α, a semi-quantitative ELISA was used. Brie�y, a
high binding ELISA plate (Biomat, Italy) was separately coated with anti-mouse IL-6 and TNF-α (Southern
Biotech) and then samples were separately added. After incubation for 1 h at 37°C, plates were washed,
and then 100 µL of secondary antibodies, including anti-mouse IL-6-HRP and TNF-α-HRP (Southern
Biotech), were added. Then, 50 µL of 3,3′, 5,5′-tetramethylbenzidine was added, and then a stopping
solution was added. Finally, the absorbance of each well was read by a Spectrophotometer at 450 nm
(BioTek Industries).

Statistical analysis
GraphPad Prism (version 8.4) was used to prepare graphs and statistics. Here, one-way ANOVA was used
to indicate signi�cance at P < 0.05 with n = 10 biologically independent mice and n = 10 recovered COVID-
19 patients. All graphs and data are shown as Mean ± SD.

Results

LNP characterization
After synthesis of linear saRNA, they were encapsulated in LNP. The average particle size (Fig. 1c) and
zeta potential (Fig. 1d) of saRNA LNP were 100 ± 5 nm and + 17 ± 0.6 mV, respectively. The highest
entrapment e�ciency of saRNA was near 67 ± 2 %.

The expression of S-protein
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Before immunization of mice with saRNA LNP, its e�cacy was checked on HEK293T/17 cells. We could
see a high expression of S-protein at both mRNA and protein levels after transfection of HEK293T/17
with saRNA LNP (Fig. 1e and Fig. 1f). We found that the relative expression of S-protein was increased at
both mRNA and protein levels with increasing of LNP dose.

The serum level of IgG, IgG1, IgG2a, and IgA
A high quantity of SARS-CoV-2 speci�c IgG, IgG1, IgG2a, and IgA was seen in a dose-responsive manner
in serum of mice and recovered COVID-19 patients (Fig. 2a-c). Here, signi�cant differences were found
between mice immunized with 10 µg of saRNA LNP and mice immunized with 1 and 0.1 µg of saRNA
LNP (P < 0.05). Also, signi�cant differences were seen between recovered COVID-19 patients and mice
immunized with 1 and 0.1 µg of saRNA LNP (P < 0.05). A Th1/Th2 skewing response (Fig. 2d) was also
seen in mice vaccinated with positive control and saRNA LNP at 0.1–10 µg. It means that all mice
vaccinated with saRNA LNP and positive control LNP led to a Th1-biased response.

Viral neutralization assay
We observed a high viral neutralization titer in mice vaccinated with saRNA LNP at 0.1–10 µg in a linear
dose-dependent manner. We also found that the secreted antibodies induced by saRNA LNP could
neutralize both SARS-CoV-2 variants B.1.1.7 and variant B.1.617 (Fig. 3a-b). Interestingly, secreted
antibodies detected in recovered COVID-19 patients could neutralize both variants. A signi�cant positive
correlation was seen between SARS-CoV-2 speci�c IgG and SARS-CoV-2 neutralization titer in both mice
vaccinated with saRNA LNP and recovered COVID-19 patients (Fig. 3c-d). This indicates that high
antibody titers enable e�cient viral neutralization.

Cellular and cytokine responses
We found that splenocytes from vaccinated mice re-stimulated with SARS-CoV-2 peptides had a high IFN-
γ secretion in a linear dose-dependent manner (Fig. 4a). There was a signi�cant difference between mice
vaccinated with 1 or 10 µg saRNA LNP and other vaccinated groups (P < 0.05). We also checked the
secretion of IL-6 and TNF-α by re-stimulated splenocyte and their serum level in vaccinated mice. It was
shown that in both supernatants of re-stimulated splenocytes and vaccinated mouse sera, there was a
high level of IL-6 and TNF-α in a dose-dependent manner (Fig. 4b-e). Here, signi�cant differences were
seen between mice vaccinated with 10 µg saRNA LNP and other vaccinated groups (P < 0.05). We did not
detect a signi�cant level of IL-6 and TNF-α in the serum of recovered COVID-19 patients compared with
vaccinated mice.

Discussion
In this study, we sought to develop a saRNA-based vaccine that could simultaneously �ght both English
(B.1.1.7) and Indian (B.1.617) varieties of SARS-COV-2. Vaccines based on saRNA have already been
used for some infectious diseases 11,17. This technology has also been used for COVID-19, showing some
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advantages versus conventional mRNA 18,19. The strength of saRNA-based vaccines is that they can
induce potent immune responses at low doses because of their self-replicating property. Of course, these
vaccines, like other vaccines, can cause side effects and must be evaluated. Currently, various vaccines
against SARS-COV-2 are designed with different platforms and almost all countries are using these
approved vaccines 20. The problem is that the genomic structure of SARS-COV-2 is not stable and it is
susceptible to genetic mutations 21. This phenomenon leads to a signi�cant reduction in the
effectiveness of vaccines with any platform 22. To overcome this problem, we hypothesized that a saRNA
construct able to express 2 types of S-protein from important variants, like B.1.1.7 and B.1.617, could
confer good protection against both of them. In this study, our saRNA includes the alphavirus replicase as
well as the genes coding for of S-protein from B.1.1.7 and B.1.617 SARS-CoV-2 variants. The replicase is
required for saRNA ampli�cation and mediates to the production of many copies of this RNA, as well as
of the subgenomic RNAs coding for the spike proteins in the cytoplasm 23. This phenomenon leads to the
production of a large number of S-proteins that could stimulate B cells and be utptaken by APCs leading
to high humoral and cellular responses. Of course, it should be noted that saRNAs, in order to e�ciently
transferred to cells must be complexed to molecules that will both protect RNA and facilitate crossing the
cell membrane and reaching the cytoplasm. One of the best carriers is LNPs 18. We can easily change
their surface charge or engineer their surface to target speci�c cells 24. After synthesizing saRNA LNP, we
�rst tested its e�cacy on HEK293T cell line and then on mice. The high expression of S-protein at both
mRNA and protein levels was seen after transfection of HEK293T/17 with saRNA LNP. This valuable
�nding gave us hope that the LNP saRNA might stimulate the immune system and could act as an
effective vaccine. In this study, the vaccine was orally administered because our goal was to stimulate
the immune cells located in the mucosa. Oral administration is much easier than injectable vaccines and
is especially more acceptable in children. After vaccination of mice with saRNA LNP, we saw a high level
of IgG, IgG1, IgG2a, and IgA against SARS-CoV-2 B.1.1.7 and B.1.617 variants in a dose-dependent
manner. Interestingly, the concentration of IgG/IgA in the serum of recovered COVID-19 patients was
approximately equal to their concentration in the serum of mice vaccinated with saRNA LNP at 10 µg.
Another important �nding was Th1/Th2 skewing or Th1-biased response. Moreover, a high viral
neutralization titer was seen in mice vaccinated with saRNA LNP at 0.1–10 µg and in recovered COVID-19
patients. Interestingly, these antibodies could neutralize both variants of SARS-CoV-2 and this shows that
the designed system (saRNA LNP) has fully worked and has been able to overcome the mutations of
these two variants. As a complementary test, the secretion of IFN-γ, IL-6, and TNF-α was also examined
and we found that splenocytes from vaccinated mice re-stimulated with SARS-CoV-2 peptides had a high
secretion of IFN-γ, IL-6, and TNF-α. We could also detect a relatively high level of IL-6 and TNF-α in the
serum of recovered COVID-19 patients.

Before us, McKay et al. had been shown that saRNA SARS-CoV-2 LNP vaccine induces remarkably high
and dose-dependent SARS-CoV-2 speci�c antibody titers in mouse sera, as well as robust neutralization
of both a pseudo-virus and wild-type virus 18. Also, Spencer et al showed vaccination with saRNA and
adenoviral COVID vaccines induce robust immune responses in mice. They demonstrated that two-dose
heterologous vaccination was better than single-dose. Neutralizing titers after heterologous prime-boost
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were at least comparable or higher than the titers measured after homologous prime-boost vaccination
with viral vectors 19. It is important to know the intestinal immune responses against SARS-CoV-2 to
develop more effective vaccines against the virus 25. Some studies on COVID-19 animal models 26 and
COVID-19 patients with gastrointestinal symptoms 27 revealed that intraepithelial CD8 + lymphocytes and
lamina propria residing CD4 + and CD8 + effector T cells are signi�cantly expanded compared with
healthy controls 28. Importantly, in�ammatory dendritic cells are signi�cantly reduced in the lamina
propria of COVID-19 patients with gastrointestinal symptoms 28. These data suggest that intestinal
infection with SARS-CoV2 alters immune signatures and leads to a more favorable immune response.
Interestingly, the serum levels of IL-6 and IL-17 are lower in COVID-19 patients with GI symptoms
compared with COVID-19 patients withut GI symptoms. Another interesting point is that the presence of
the virus in GI tract may trigger a long-term production of anti-viral IgA antibodies, compared with IgG and
IgA antibodies 29,30.

Taken together, the oral vaccine, based on saRNA LNP, could stimulate a Th1-biased response to produce
a high quantity of SARS-CoV-2 speci�c IgG, IgG1, IgG2a, and IgA. We also found that the produced
antibodies induced by saRNA LNP could neutralize SARS-CoV-2 Delta (B.1.617 lineage) and Alpha
(B.1.1.7 lineage) variants.
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Figure 1

Diagrams of saRNA plasmid, positive control plasmid, and negative control plasmid (a) with 4 main
parts, including P0) the sub-genomic CMV promoter, P1) the NSP sequence of Trinidad donkey
Venezuelan equine encephalitis virus (GenBank accession number: NC_001449), P2) the sequence of
Spike protein of SARS-COV-2 variant B.1.1.7 (GenBank accession number: MW735440), and P3) the
sequence of Spike protein of SARS-COV-2 variant B.1.617 (GenBank accession number: MZ149976).
Diagram of linear saRNA with different parts (b). The size distribution (c) and zeta potential (d) of saRNA
LNP by DLS apparatus. The relative expression of S-protein at mRNA (e) and protein (f) level when
HEK293T/17 cells treated with saRNA LNP at 0.1-10 μg. * indicates signi�cance difference at p<0.05
when compared with negative control using a one-way ANOVA adjusted for multiple comparisons with n
=5.
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Figure 2

The serum level of IgG (a), IgA (b), IgG1 (c), and IgG2a (d) against SARS-CoV-2 in mice vaccinated with
saRNA LNP at 0.1-10 μg. Th1/Th2 skewing responses in vaccinated mice (e). * indicates signi�cance
difference at p < 0.05 when compared with other groups using a one-way ANOVA adjusted for multiple
comparisons with n =10 biologically independent mice and recovered COVID-19 patients.
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Figure 3

The viral neutralization titer of secreted antibodies against SARS-CoV-2 variant B.1.1.7 (a) and variant
B.1.617 (b) in mice vaccinated with saRNA LNP at 0.1-10 μg. A signi�cant positive correlation was seen
between SARS-CoV-2 speci�c IgG and SARS-CoV-2 neutralization titer of secreted antibodies against
SARS-CoV-2 variant B.1.1.7 (c) and variant B.1.617 (d) in both vaccinated mice and recovered COVID-19
patients. * indicates signi�cance difference at p < 0.05 when compared with other groups using a one-
way ANOVA adjusted for multiple comparisons with n =10 biologically independent mice and recovered
COVID-19 patients.
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Figure 4

Splenocytes from vaccinated mice re-stimulated with SARS-CoV-2 peptides had a high IFN-γ secretion in
a linear dose-dependent manner (a). The secretion of IL-6 (b) and TNF-α (c) by re-stimulated splenocytes.
The serum level of IL-6 (d) and TNF-α (e) in mice vaccinated with saRNA LNP at 0.1-10 μg and in
recovered COVID-19 patients. * indicates signi�cance difference at p < 0.05 when compared with other
groups using a one-way ANOVA adjusted for multiple comparisons with n =10 biologically independent
mice and recovered COVID-19 patients.
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