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ABSTRACT

ARCT-154, a recently approved self-amplifying mRNA (saRNA) vaccine for SARS-CoV-2, has shown superior induction and prolonged maintenance of neutralizing
antibodies compared to the conventional mRNA vaccine BNT162b2. However, the scientific evidence explaining this superiority remained elusive. Hence, we
explored the temporal changes in spike protein and replicase components following a single dose of ARCT-154 vaccination in mice. The encoded spike protein
reached its highest level approximately 3 days after vaccination and quickly disappeared from the rectus femoris muscle, the injection site. Although the spike protein
levels also peaked at an early time point in the lymph nodes, it remained detectable 28 days after the vaccination and then disappeared by 44 days after the
vaccination. Expression of nsP1, nsP2 and nsP4 was observed in the injected muscle and/or the lymph nodes for up to 15 days post-vaccination. Data were analyzed
using unpaired two-tailed Mann-Whitney U-tests. These data suggest that prolonged expression of spike proteins in lymph nodes may, if not entirely, be responsible
for the induction of higher and prolonged levels of neutralizing antibodies by the saRNA vaccine.

1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic has resulted in
the deaths of more than 7 million people. During this time, we saw the
rapid development and use of effective vaccines against severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) [1,2]. Although the
mRNA vaccine against SARS-CoV-2 showed high efficacy against the
original strain, the duration of immunity induced by the mRNA was
relatively short; the situation was further exacerbated by immune
evasion by mutant strains, resulting in reduced efficacy [3,4]. With the
ongoing public health burden of SARS-CoV-2, first generation vaccines
are sub-optimal for continued ongoing use as we transition out of the
pandemic. Most notably, there remains a need for a more durable vac-
cine. To develop novel vaccines that induce long-lasting immune re-
sponses and are highly cross-reactive to a broad range of variants, it is
essential to deepen our understanding of the mechanisms of action of
mRNA vaccines.

ARCT-154, the world’s first approved self-amplifying mRNA
(saRNA) vaccine originally developed by Arcturus Therapeutics (San
Diego, CA, USA), consists of mRNA formulated with lipid nanoparticles

(LNP) harboring the Venezuelan equine encephalitis virus (VEEV)
genome, which has been modified by replacing the structural genes
essential for virus infection with the gene encoding the D614G variant
form of the SARS-CoV-2 spike protein [5-7]. This modification elimi-
nates infectivity and allows for the expression of the spike protein. In a
phase 3 clinical trial, a booster dose of ARCT-154 induced noninferior
immunogenicity 1 month after administration and production of
longer-lasting neutralizing antibodies compared with the conventional
mRNA vaccine BNT162b2 [5,6]. Following the confirmation of safety
profiles in clinical trials [5], ARCT-154 was approved in Japan as the
first saRNA vaccine in the world [8]. These data suggest that saRNA
vaccines are likely to exhibit immunogenicity that induces persistent
immune responses. However, the mechanisms underlying the
long-lasting immune response induced by saRNAs have yet to be fully
explored.

In the mRNA of ARCT-154, two open reading frames (ORFs) encode a
four-subunit VEEV replicase that consists of non-structural proteins
(nsP)1-4 and the SARS-CoV-2 spike protein. In the target cells, the
replicase synthesizes the complementary negative-sense strand of the
saRNA, which is later used as a template by the replicase to generate a
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complementary positive-sense saRNA in a self-amplification process.
The replicase also synthesizes a small subgenomic positive-sense RNA
containing the second ORF, which is translated by the host cells to
produce the SARS-CoV-2 spike protein, by recognizing the subgenomic
promoter in the negative saRNA strand [9,10]. In this way, the mRNA
contained in the saRNA vaccine is amplified in host cells, resulting in
increased and prolonged antigen protein expression in mice adminis-
trated with the saRNA vaccine than the protein expression in mice
administrated an equivalent dose of conventional mRNA vaccine [11].

After vaccination, it is expected that the saRNA vaccine would be
degraded and eliminated by the body in a manner similar to that of
conventional mRNA vaccines. However, the pharmacokinetics of the
protein encoded by a clinically approved saRNA vaccine are unknown.
In this study, we used mice to determine the biodistribution of the SARS-
CoV-2 spike protein and replicase components encoded by the saRNA
vaccine. We examined the temporal changes in these proteins in tissues,
including the injection site (rectus femoris muscle), spleen, lymph
nodes, and serum, after a single-dose ARCT-154 vaccination.

2. Materials and methods
2.1. Self-amplifying RNA vaccine

ARCT-154 was obtained from Arcturus Therapeutics. The vaccine
was supplied in a vial containing 100 pg active ingredient and was
stored at —20 °C or lower before use. It was dissolved and diluted in
sterile saline for use in the immunization experiments.

2.2. Immunization

Female BALB/c mice aged 8 weeks (Japan SLC) were intramuscu-
larly immunized through the rectus femoris with ARCT-154 at a dose of
10 pg in 50 pL of saline (n = 5 mice/interval). Mice were sacrificed at 5 h
and 1, 2, 3, 5, 7, 15, 28, and 44 days after vaccination, and the rectus
femoris muscles, inguinal lymph nodes, spleens, and serum were har-
vested for analysis. The study protocol was approved by the KM Bi-
ologics Institutional Animal Care and Use Committee (#R240612-2B).

2.3. Tissue lysate preparation

Tissue samples were loaded into Lysing Matrix D 2 mL tubes (MP
Biomedicals) filled with radioimmunoprecipitation assay lysis buffer
plus protease inhibitor cocktail (Santa Cruz Biotechnology) and ho-
mogenized using FastPrep-24 5G (MP Biomedicals). Tissue samples were
sonicated for 45 s, followed by a centrifugation step at 10,000 xg for 10
min at 4 °C to remove debris. Protein concentrations of tissue lysates
were determined using bicinchoninic acid assay (Thermo Fisher Scien-
tific), and lysates were stored at —80 °C.

2.4. Dot blot analysis

Tissue lysates were diluted with phosphate-buffered saline (PBS) to a
final protein concentration of 1 pg/uL, and 2 pg protein was then spotted
onto a nitrocellulose membrane (Bio-Rad). The membrane was air-dried
and then blocked in Blocking One (NACALAI TESQUE) or 5 % skim milk
(FUJIFILM Wako chemicals) in PBS with 0.05 % Tween 20 (PBS-T) at
4 °C overnight. To detect the SARS-CoV-2 Spike protein, the membrane
was incubated with an anti-S protein antibody (Abnova, clone: BHB1)
diluted to a concentration of 1/5000 in Can Get Signal Solution 1
(TOYOBO) at room temperature for 1 h. To detect VEEV nsP1, nsP2,
nsP3, and nsP4, the membrane was incubated with anti-nsP1 antibody
(GeneTex, clone HL1472), anti-nsP2 antibody (GeneTex, clone
HL1919), anti-nsP3 antibody (GeneTex, clone HL1502), or anti-nsP4
antibody (GeneTex, clone HL1741), respectively, diluted to a concen-
tration of 1/5000 in 5 % skim milk at room temperature for 1 h. The
membranes were washed twice with PBS-T for 10 min each and then
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incubated with horseradish peroxidase (HRP)-conjugated goat anti-
human IgG (Abcam) diluted to a concentration of 1/5000 in Can Get
Signal Solution 2 (TOYOBO) or HRP-conjugated goat anti-rabbit I1gG
(Bio-Rad) diluted to a concentration of 1/3000 in 5 % skim milk at room
temperature for 1 h. After the membranes were washed twice with PBS-
T for 10 min each, chemiluminescence was detected using Western BLoT
Ultrasensitive HRP substrate (TaKaRa) and LuminoGraph I (ATTO). The
signal density of the dots was quantified with densitometry using the
Volume Tools of the CS Analyzer 4 software (ATTO). Densities obtained
with the respective tissue in non-immunized mice were set as the control
(baseline).

2.5. Statistical analysis

Statistical analyses were performed using GraphPad Prism 10 soft-
ware version 10.2.3 (GraphPad Software). Unpaired two-tailed Man-
n-Whitney U-tests were used to determine the significance of
differences. P < 0.05 were considered statistically significant.

3. Results

3.1. Differential clearance rate of spike protein in tissues following ARCT-
154 vaccination

To examine the tissue distribution and temporal changes of proteins
encoded on ARCT-154 (Fig. 1A), 10 pg of ARCT-154 was intramuscu-
larly injected into the left hind leg muscle of BALB/c mice, and lysates
were prepared from tissues collected at each time point after the
vaccination (Fig. 1B). As shown in Fig. 1C (a representative dot blot is
shown in Fig. S1), SARS-CoV-2 spike protein was detected in the rectus
femoris muscles, the site of injection, 5 h after vaccination, and its levels
peaked at around 3 days after vaccination; the levels of spike proteins
sharply decreased 7 days after vaccination and became undetectable 15
days after vaccination or thereafter. However, in inguinal lymph nodes,
the levels of spike protein peaked at around 1 day after vaccination,
gradually decreased, and eventually dropped to baseline level 44 days
after vaccination (Fig. 1D). Spike proteins were undetectable in the
spleen (Fig. 1E) or serum (Fig. 1F) at all time points.

3.2. Clearance of nsP1 in tissues following ARCT-154 vaccination

Since nsP1 is expected to be translated first among all genes encoded
on ARCT-154, we analyzed the temporal changes in nsP1 in animals. In
the rectus femoris muscle, nsP1 was detected from 2 days after vacci-
nation and peaked at around 3 days after vaccination; the levels of nsP1
gradually decreased and reached background levels 28 days after
vaccination (Fig. 2A). In the inguinal lymph nodes, nsP1 protein was
detected starting from 5 h after vaccination and peaked by 1 day after
vaccination. The levels of nsP1 declined and became undetectable by 15
days after vaccination (Fig. 2B). nsP1 was undetectable in the spleen at
all time points (Fig. 2C).

3.3. Clearance of nsP2-4 in tissues following ARCT-154 vaccination

We examined the expression of nsP2-4 encoded by ARCT-154 in the
rectus femoris muscles and inguinal lymph nodes where nsP1 was
detected (Fig. 2). Unlike nsP1, nsP2-specific signal was undetectable in
muscles at all time points, presumably due to the higher background
signal of detecting antibody for the lysate (Fig. 3A). nsP3 was barely
detectable in the muscle between 2 and 3 days after vaccination
(Fig. 3B). nsP4 in the rectus femoris muscle gradually accumulated and
became undetectable by 15 days after vaccination (Fig. 3C). In the
inguinal lymph nodes, nsP2 expression profile resembled that of spike
protein. nsP2 was detected 5 h after vaccination, persisted for some
time, and eventually became undetectable by 28 days after vaccination
(Fig. 3D). nsP3 was undetectable at all time points (Fig. 3E). nsP4 was
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Fig. 1. Temporal changes of spike protein expression in tissues following a single administration of the ARCT-154 vaccine.

(A) Schematic illustration of the saRNA in ARCT-154 vaccine. Arrow indicates the subgenomic promoter. nsP, non-structural protein. VEEV, Venezuelan equine
encephalitis virus. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. (B) Schematic representation of the experimental procedure. BALB/c mice (n =5
mice/interval) were intramuscularly (i.m.) immunized with ARCT-154, and tissues were harvested at indicated time points. (C-F) Levels of SARS-CoV-2 spike protein
in tissue lysates of rectus femoris muscles (C), inguinal lymph nodes (D), spleen (E), and serum (F) of mice at different intervals after vaccination with ARCT-154
determined by dot blot analysis. Values are shown as mean with a 95 % confidence interval. Signal intensities obtained with the respective tissue in non-immunized
mice were set as the baseline, indicated by the dotted line. Significance was determined using unpaired two-tailed Mann-Whitney U-tests. **p < 0.01. *p < 0.05. n.

s., not significant, compared to background (time 0).
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Fig. 2. Temporal changes of nsP1 in tissue following a single administration of the ARCT-154 vaccine.

(A-C) Levels of nsP1 in tissue lysates of rectus femoris muscles (A), inguinal lymph nodes (B), and spleen (C) of mice at different intervals after vaccination with
ARCT-154 determined by dot blot analysis. Values are shown as mean with a 95 % confidence interval. Signal intensities obtained with the respective tissue in non-
immunized mice were set as the baseline, indicated by the dotted line. Significance was determined using unpaired two-tailed Mann-Whitney U-tests. **p < 0.01. *p
< 0.05. n. s., not significant, compared to background (time 0). nsP, non-structural protein.

detected 5 h after vaccination and decreased to background levels by 15
days after vaccination (Fig. 3F).

4. Discussion
We showed temporal changes in spike protein and replicase com-

ponents following vaccination with a single intramuscular dose of
ARCT-154. Spike protein levels peaked approximately 3 days after

vaccination and rapidly disappeared at the injection site (rectus femoris
muscle) (Fig. 1C). Although it is difficult to draw conclusions owing to
the challenges of detecting specific signals in muscle tissue, nsP1 and
nsP4 expression seemed to mirror that of the spike protein (Fig. 2A and
3C). In the lymph nodes, the spike protein peaked at an early time point
and gradually decreased, becoming undetectable by 44 days after
vaccination (Fig. 1D). A gradual decrease of nsP2 in the lymph nodes
was also observed (Fig. 3D). These data suggest that prolonged
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Fig. 3. Temporal changes of nsP2-4 in rectus femoris muscle and inguinal lymph nodes following a single administration of ARCT-154 vaccine.

(A-F) Levels of nsP2 (A, D), nsP3 (B, E), and nsP4 (C, F) in tissue lysates of rectus femoris muscles (A-C) and inguinal lymph nodes (D-F) of mice at different intervals
after vaccination with ARCT-154 determined by dot blot analysis. Values are shown as mean with a 95 % confidence interval. Signal intensities obtained with the
respective tissue in non-immunized mice were set as the baseline, indicated by the dotted line. Significance was determined using unpaired two-tailed Mann-Whitney
U-tests. **p < 0.01. *p < 0.05. n. s., not significant, compared to background (time 0). nsP, non-structural protein.

expression of spike proteins in lymph nodes may, if not entirely, be
responsible for the induction of higher and prolonged levels of
neutralizing antibodies by the saRNA vaccine.

Previous studies investigating temporal changes in proteins encoded
by the mRNA of saRNA vaccines have reported that the disappearance of
the protein occurs by 28 [12] or 63 [13] days after vaccination. Despite
the difference in experimental systems and conditions, the period of
persistent expression of the encoded protein on ARCT-154 (28 days or
more but less than 44 days) was comparable to that in previous reports.
Contrastingly, a shorter persistence of the encoded protein, such as 7
days [14], was observed with the conventional mRNA vaccine,
although, to the best of our knowledge, the expression profile of the
protein encoded by approved conventional mRNA vaccines has not been
fully reported. Nevertheless, a direct comparison of saRNA and con-
ventional mRNA vaccines is required to determine differences in the
tissue distribution of target proteins.

Although the vaccine was injected to rectus femoris muscle, proteins
encoded on saRNA were detected in the lymph nodes, even at early time
points (Fig. 1D, 2B, 3D, and 3F). A recent study using positron emission
tomography-tracer-labeled LNP revealed a rapid transition of LNP to the
lymph nodes from the injection site [15], which is consistent with our
observations. In contrast, the encoded protein was not detected in spleen
or serum after the immunization with ARCT-154, despite of the detec-
tion of encoded proteins in these organs after mRNA-LNP immunization
in previous studies [16]. This discrepancy may be due to differences in
LNP distribution and/or the limited detection capacity of the dot blot
analysis employed in our study.

Based on the previous study using the immune-compromised mice
[17], the rapid clearance of spike protein from the rectus femoris muscle
may be owing to adaptive immune response against the spike protein. In
lymph nodes, immune cells may be less susceptible to attacks from other

immune cells, allowing them to maintain prolonged expression of spike
protein. Alternatively, the distinct clearance rates of the spike protein in
the examined tissues may reflect varying rates of proteolytic degrada-
tion. Furthermore, the different clearance rates of proteins encoded by
ARCT-154 in tissues may reflect variations in the stability and degra-
dation rates of each protein. Since this study did not include quantitative
analysis using purified proteins of known concentrations, and some of
the antibodies used for measurements may lack sufficient specificity, it is
challenging to directly compare the expression profiles of each protein.

The persistent expression of antigens in the lymph nodes is believed
to facilitate the continuous affinity maturation of germinal center B-cells
by recruiting follicular helper T-cells and to enhance the expansion of
CD4" and CD8" T-cells specific to antigens, leading to the expansion of
memory B and T cells critical to long-lived protective immunity [18].
Detailed analyses of the persistence of target antigen expression and
mRNA functionality in lymph nodes, more specifically, in
antigen-presenting cells after the administration of saRNA vaccines
versus traditional vaccines are necessary to further understand the
reasons for the longer duration and higher levels of neutralizing anti-
body titers induced by saRNA vaccines [19].

Limitations of this study include a lack of quantitative determination
of protein concentration, suboptimal detection of replicase components
(e.g. nsP3), a limited variety of organs studied, and a lack of comparison
between saRNA and other platform vaccines. More comprehensive
studies that include various organs, using highly sensitive and quanti-
tative measurements of encoded proteins, are required to gain a more
detailed understanding of the in vivo distribution and dynamics of
proteins expressed by saRNA vaccines. Furthermore, future study should
include comparisons with other mRNA vaccine modalities.

In conclusion, we observed transient expression of the spike protein
at the injection site and a relatively prolonged expression in lymph
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nodes, which might explain the strong and sustained neutralizing anti-
body response induced by the saRNA vaccine. Comparing the differences
between saRNA and conventional mRNA vaccines will provide insight
into the mechanisms behind the enhanced immune response observed
with saRNA vaccines in clinical trials, contributing to the development
of safer and more effective mRNA vaccines.
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