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A B S T R A C T

A self-amplifying mRNA (sa-mRNA) vaccine against COVID-19 (ARCT-154) was evaluated for immunogenicity in 
three clinical studies with four booster scenarios: first homologous booster, first heterologous booster, second 
heterologous booster, and a two-dose series in previously infected participants. Neutralizing antibody responses 
were measured four weeks after vaccination using pseudovirus microneutralization assays against the Wuhan- 
Hu-1 and SARS-CoV-2 variants. ARCT-154, administered as a homologous booster, resulted in a geometric 
mean fold-rise (GMFR) of 6.5 (95 % confidence interval, 5.6–7.5) and seroconversion rate (SCR) of 77 % 
(69.8–83.2), compared with 1.4 (0.9–2.2) and 17.3 % (8.2–30.3) with placebo. A first heterologous booster of 
ARCT-154 achieved a GMFR of 36.7 (17.4–77.5) and SCR of 91.7 % (61.5–99.8) against Wuhan-Hu-1, with 
GMFRs ranging from 20.0 to 29.4 for Beta, Delta, and Omicron BA.1 variants. When comparing ARCT-154 and 
BNT162b2 mRNA vaccine as a second booster dose, GMFRs against Wuhan-Hu-1 were 6.8 (6.0–7.6) and 4.4 
(4.0–4.8), and SCRs were 66.1 % (61.1–70.9) and 51.2 % (46.0–56.4), respectively. Similar inter-group differ
ences were shown for the Omicron BA.4/5 and persisted for ≥12 months. Following natural infection, one dose 
and two doses of ARCT-154 resulted in GMFR of 4.4 (2.2–7.0) and 6.2 (3.8–10.0), and SCR of 58.8 % (32.9–81.6) 
and 73.3 % (44.9–92.2) against Wuhan-Hu-1, respectively. Neutralizing antibodies remained elevated for at least 
6 months. These results confirm that ARCT-154, administered as a homologous or heterologous booster after 
previous COVID-19 vaccination or natural exposure, provides robust, broad, and durable immune responses 
against SARS-CoV-2 viruses.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 virus (SARS-CoV-2) 
remains a significant contributor to worldwide morbidity and mortality 
[1,2]. In addition, wastewater surveillance data suggest that infection 
rates may be up to 19-fold higher than the confirmed case load, due to 
reductions in testing and reporting worldwide [1]. Emerging variants of 
concern cause most new COVID-19 outbreaks. In addition, waning im
munity and accumulating mutations in the spike glycoprotein (S 

protein) of SARS-CoV-2—the main antigenic target—have contributed 
to the declining effectiveness of available SARS-CoV-2 vaccines [3–8]. 
Recently emerged Omicron variants, although less virulent, have 
increased transmissibility relative to the ancestral Wuhan-Hu-1 SARS- 
CoV-2 strain [9,10]. The possibility that future variants might couple the 
infectiousness of Omicron with the disease severity of Wuhan-Hu-1 is an 
ongoing public health concern.

mRNA vaccines, which encode the S protein of SARS-CoV-2, played 
an essential role in curbing morbidity and mortality at the height of the 
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COVID-19 pandemic and through the first wave of variants [11]. How
ever, booster doses of the currently available vaccines are necessary 
because S protein expression by mRNA transcripts decreases in log phase 
within a week, and neutralizing antibody responses wane within 6 
months of vaccination [7,12]. The World Health Organization (WHO) 
thus recommends annual revaccination for persons at high risk from 
COVID-19 based on their age and/or comorbidities, while the US Cen
ters for Disease Control and Prevention (CDC) recommends annual 
boosters for all individuals aged ≥6 months [13,14]. Furthermore, the 
CDC recommends two annual boosters for persons aged ≥65 years and 
those younger than 65 years who are at increased risk from SARS-CoV-2.

Self-amplifying mRNA (sa-mRNA) vaccines represent an advance
ment in mRNA vaccine development. sa-mRNA vaccines include an 
RNA-dependent RNA polymerase (RdRP) complex, or replicase, that 
enables the encoded S protein to reproduce itself by means of a negative- 
stranded RNA template, thereby increasing both the magnitude and 
duration of the immune response [15]. In animal models, S protein 
expression has been documented for up to 14 days [16,17]. This sus
tained antigenic expression may produce a more diverse and higher 
quality antibody repertoire and more durable immunity compared to 
conventional mRNA vaccines [18]. sa-mRNA vaccines are also capable 
of eliciting adequate immune responses at lower doses than conven
tional mRNA vaccines, which may improve equity of distribution 
[19,20].

ARCT-154 is a self-amplifying mRNA vaccine comprising RNA 
coding for replicase proteins derived from the Venezuelan equine 
encephalitis virus and a transgene region that encodes the spike (S) 
glycoprotein of the ancestral SARS-CoV-2 S strain with the D614G mu
tation and proline substitutions resulting in the S glycoprotein being 
expressed in the prefusion conformation. The mRNA is formulated in a 
lipid nanoparticle consisting of the four lipid excipients: a proprietary 
cationic lipid ATX-126, 1,2-distearoyl-sn-glycero-3-phosphocholine, 
cholesterol, and 1,2-dimyristoyl-rac-glycero-3-methylpolyoxyethylene 
(PEG2000 DMG). The vaccine is presented in a lyophilized format.

Published findings include efficacy, safety, and immunogenicity data 
from an integrated, phase 1/2/3a/3b, randomized, placebo-controlled 
study of ARCT-154 conducted in Vietnam, which demonstrated an ab
solute vaccine efficacy vs. placebo of 56.6 % against any COVID-19 
disease and 95.3 % against severe COVID-19 [21]. Safety, immunoge
nicity, and antibody persistence data from a phase 3, randomized, head- 
to-head study of a booster dose of ARCT-154 vs. BNT162b2 conducted in 
Japan have also been published [22–25]. Immunogenicity findings in 
the Japanese population demonstrated noninferior immune responses 
against Wuhan-Hu-1 and superior responses against the Omicron BA.4/ 
5 variant at 1 month post booster dose as well as an improved antibody 
persistence profile up to 12 months post-vaccination of ARCT-154 vs 
BNT162b2 [22–24]. Here, we present immunogenicity results from 
three clinical studies that describe the performance of ARCT-154, 
administered as a booster dose, under different scenarios: as the ho
mologous booster dose after the primary 2-dose series of ARCT-154, as 
the first heterologous booster dose after a two-dose primary series of 
BNT162b2, as the second heterologous booster dose after a three-dose 
series with a licensed COVID-19 mRNA vaccine, and as the initial vac
cine after natural infection with SARS-CoV-2.

2. Methods

2.1. Study design

2.1.1. Homologous booster (Study 1)
As previously reported, in August through September 2021, partic

ipants in the phase 1, 2, and 3a portions of the placebo-controlled trial 
were randomized 3:1 to ARCT-154 5 μg (n = 748) or placebo (n = 253) 
as their initial two-dose primary series (Days 1 and 29) (ClinicalTrials. 
gov: NCT05012943) [21]. To evaluate the immunogenicity of ARCT- 
154 as a third (homologous booster) dose, participants in the phase 2 

and 3a part of the study who were initially randomized to ARCT-154 
were re-randomized in a 3:1 ratio to receive a booster dose of either 
ARCT-154 or placebo on Day 92. Immune responses evaluated on Day 
120 included neutralizing antibody geometric mean concentrations 
(GMC, AU/mL), geometric mean fold rise (GMFR), and seroconversion 
rates (SCR) against the Wuhan-Hu-1 strain, the Delta variant, and the 
Omicron BA.1 variant, as measured with the pseudoviral micro
neutralization (MN) assay (PPD® Laboratory Services, part of Thermo 
Fisher Scientific, Richmond, Virginia, USA).

2.1.2. First heterologous booster (study 2, cohort 1)
The immunogenicity and reactogenicity of the first heterologous 

booster of ARCT-154 were assessed in a phase 1/2, randomized, 
observer-blind study that evaluated three SARS-CoV-2 sa-mRNA vaccine 
candidates in two separate cohorts: adults previously vaccinated against 
COVID-19 (booster setting) and in vaccine-naïve adults (ClinicalTrials. 
gov: NCT05037097). The study was conducted between August 2021 
and December 2023 in the USA, Singapore, and South Africa. ARCT-154 
was given as a first booster dose at least 5 months after a two-dose 
primary series of BNT162b2. Neutralizing antibody responses against 
the Wuhan strain and different variants of SARS-CoV-2 were measured 
using the pseudoviral MN assay (PPD® Laboratory Services). Only re
sults for ARCT-154 are reported here, because only this candidate vac
cine was selected for further development.

The primary endpoints included geometric mean concentrations 
(GMCs, AU/mL), GMFR, and SCR against the Wuhan-Hu-1 strain and the 
Beta variant. Responses to the Delta and Omicron BA.1 variants were 
measured as exploratory analyses.

2.1.3. Second heterologous booster (study 3)
A previously reported phase 3 immunogenicity and safety study 

compared ARCT-154, containing 5 μg of total mRNA, and the conven
tional mRNA COVID-19 vaccine BNT162b2 (Pfizer–BioNTech), con
taining 30 μg of mRNA, in Japan between December 2022 and March 
2024 (Japan Registry for Clinical Trials: jRCT 2071220080). This trial 
assessed the effects of ARCT-154 when administered as a second het
erologous booster compared to a homologous booster with BNT162b2 
vaccine in 828 healthy adults. The study participants previously 
received three doses of a licensed mRNA COVID-19 vaccine. The first 
and second doses of the licensed vaccine could be either BNT162b2 or 
mRNA-1273, but the third dose was required to be BNT162b2 and 
administered ≥3 months prior to screening. All study participants were 
randomized to receive either ARCT-154 or BNT162b2 as their fourth 
dose. Study design details, safety findings, and immunogenicity results 
against the Wuhan-Hu-1 strain and Omicron BA.4/5 variant at 1, 6, and 
12 months after the fourth dose have been published [22,23]. Here, we 
present the results of immunogenicity testing using pseudoviral MN 
assays (Labcorp Central Laboratory Services, Indianapolis, IN, USA) 
against Wuhan-Hu-1 and Omicron BA.4/5 strains up to 12 months post- 
vaccination, and exploratory immunogenicity results against four 
additional SARS-CoV-2 strains (Delta, Omicron BA.2, BA.2.86 and 
XBB.1.5.6), using wild-type microneutralization assay (VisMederi lab
oratory, Siena, Italy). The immunogenicity results of both assays are 
presented as GMTs (1/dilution), GMFRs, and SCRs on Days 1, 29, 91, 
181 and 361. Participants seropositive for the SARS-CoV-2 nucleocapsid 
protein (N-protein) at baseline or subsequent time points, indicating 
recent SARS-CoV-2 infection, were excluded from the analyses. Cell- 
mediated immunogenicity (intracellular cytokine staining (ICS)) was 
performed at VisMederi laboratory, Siena, Italy.

2.1.4. Immunization after natural infection (study 2, cohort 2)
An analysis of ARCT-154 immunogenicity in SARS-CoV-2 exposed, 

COVID-19 vaccine-naïve individuals was conducted in the phase 1/2 
study described above. Here, we present findings from adults who had 
not been previously vaccinated with a COVID-19 vaccine and who were 
seropositive for SARS-CoV-2 at screening, defined as the presence of 
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anti-nucleocapsid (anti-N) protein antibody titers above the assay- 
specific threshold (5000 AU/mL). These participants were randomized 
in a 3:1 manner to receive a 5 μg dose of ARCT-154 or ARCT-021 on Days 
1 and 29. Immunogenicity analyses included GMC (AU/mL), GMFR, and 
SCR against the Wuhan-Hu-1 strain and Beta, Delta, and Omicron BA.1 
variant. Only results for the ARCT-154 arm are reported here, as mod
ifications in antigen design, replicon construct, and manufacturing 
process were implemented for the ARCT-154 candidate, which led to an 
improved immunogenicity and tolerability profile of this vaccine.

2.2. Safety and reactogenicity assessment

In all clinical studies, safety, and reactogenicity endpoints included 
solicited adverse events (AE) occurring up to 7 days post-vaccination, 
unsolicited AEs up to 28 days post-vaccination, and serious adverse 
events (SAEs) and medically attended AEs (MAAEs) until the end of the 
study. In studies 2 and 3, adverse events of special interest (AESI), 
including myocarditis, pericarditis, and myopericarditis, were also 
collected during the entire study period [22].

2.3. Vaccines

ARCT-154 vaccine consists of a replicon based upon Venezuelan 
equine encephalitis virus in which RNA coding for the virus structural 
proteins has been replaced with RNA coding for the full-length spike (S) 
glycoprotein of the SARS-CoV-2 D614G variant, encapsulated in lipid 
nanoparticles. The vaccine, which was supplied as 100 μg active 
ingredient stored in vials at –20 ◦C or lower, was dissolved in 10 mL 
sterile saline immediately before use and 0.5 mL doses containing 5 μg 
were administered by intramuscular injection in the deltoid.

The control mRNA vaccine, BNT162b2, was supplied as a frozen 
suspension in vials containing 225 μg of nucleoside-modified mRNA 
encoding the viral S glycoprotein of SARS-CoV-2 in a sterile 0.45 mL 

solution and was stored at − 80 ◦C. After further diluting each vial with 
1.8 mL of sterile saline, the recommended 0.3 mL booster dose of 
BNT162b2, containing 30 μg, was administered by intramuscular in
jection into the deltoid placebo was sterile saline.

2.4. Ethical conduct

All studies were conducted in accordance with the principles of the 
Declaration of Helsinki, including the International Conference on 
Harmonisation (ICH) Good Clinical Practice (GCP) Consolidated 
Guideline E6 (R2), and all applicable local regulatory and bioethics re
quirements, and were approved by the national regulatory authorities 
and the institutional review boards (IRBs) or ethics committees of each 
study center. A list of IRBs and ethics committees that reviewed and 
approved study protocols for all studies and sites is provided in the 
Supplementary Material. All study participants provided written 
informed consent. Detailed Inclusion and Exclusion criteria for all pre
sented studies are provided in the Supplementary Material.

2.5. Statistical methodology

For all three studies, GMCs or GMTs were calculated by log- 
transforming antibody data, computing the log-mean, and then 
applying the antilog to present results on the original scale. Two-sided 
95 % confidence intervals (CI) were obtained similarly, using the 
t-distribution and antilog transformation. For the purposes of the 
analysis, antibody levels below the lower limit of quantitation (LLOQ) 
were set to half that LLOQ value (0.5*LLOQ).

GMFR was calculated as the mean of log-transformed differences 
between post-baseline and baseline values, with the antilog providing 
the GMFR. The 95 % CI for GMFR was derived using the Student's 
t-distribution and antilog transformation.

SCR was defined as the proportion of participants achieving ≥4-fold 
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Fig. 1. Disposition of participants in Study 1 (homologous booster after primary series); Study 2, Cohort 1 (heterologous booster after primary series); Study 2, 
Cohort 2 (booster in naturally primed subjects); and Study 3 (heterologous booster after primary series and booster dose). N antigen, nucleocapsid antigen.
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rise in neutralizing antibody levels from before the booster dose (first 
dose for Study 2 - Cohort 2) to each subsequent time point evaluated 
after vaccination. The SCR was also presented with corresponding 95 % 
Clopper-Pearson exact CIs. If antibody levels were below LLOQ, the 
value was set as LLOQ for the purpose of the analysis.

For Study 1 and Study 2 (cohort 1), the immunogenicity analysis set 
included all participants who received all protocol-required doses of the 
study vaccine and who had no evidence of COVID-19 up to the evalu
ation time point. For Study 3, the per protocol set 1 was used for anal
ysis, including participants who were negative for anti-N protein 

Table 1 
Baseline characteristics of study participants by study.

Characteristic Study 1 Study 2 Study 3

Homologous booster Heterologous booster (first 
booster dose) (cohort 1)

Booster in naturally primed 
subjects (cohort 2)

Heterologous booster (second 
booster dose)

ARCT-154 
(n = 477)

Placebo 
(n = 152)

ARCT-154 
(n = 12)

ARCT-154 
(n = 18)

ARCT-154 
(n = 385)

BNT162b2 
(n = 374)

Age, mean years (SD) 42.5 (13.1) 43.5 (13.3) 43.8 (12.6) 30.9 (8.4) 45.3 (11.9) 46.0 (11.7)
Female, n (%) 216 (45.3) 66 (43.4) 7 (58.3) 10 (55.6) 228 (59.2) 212 (56.7)
Race, n (%)
Asian 477 (100) 152 (100) 2 (17) 0 385 (100) 374 (100)
Black 0 0 0 16 (89) 0 0
White 0 0 10 (83) 2 (11) 0 0
Time since last vaccination, 

median (min, max) monthsa
2.1 (1.6, 3.8) 2.1 (1.8, 3.5) 6.8 (5.4, 7.6) NA 9.5 (4.2, 13.8) 9.6 (4.4, 13.6)

Baseline GMCbc against Wuhan- 
Hu-1, (95 % CI)c

141.7 
(115.1–174.3)

122.7 
(100.4–150.1)

145.8 
(74.4–285.7)

580.5 
(257.1–1310.6)

813.1 
(715.6–924.0)

865.6 
(754.8–992.7)

Presence of anti-N protein antibody 
at baseline, n (%)

0 (0.0)c 0 (0.0)c 0 (0.0) 18 (100) 0 (0.0) 0 (0.0)

Anti-N, anti-nucleocapsid; CI, confidence interval; GMC, geometric mean concentration; GMT, geometric mean titer; SD, standard deviation.
a Time since last vaccination (in months) is calculated as the difference between the date of last vaccination and the date of study vaccination, divided by (365.25/ 

12).
b GMC (AU/mL) for Studies 1 and 2; GMT (1/dilution) for Study 3.
c Measured at baseline before primary series.
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Fig. 2. Geometric mean concentrations of neutralizing antibodies (AU/mL), geometric mean fold rise (GMFR), and seroconversion rates (SCR) in participants 
receiving ARCT-154 or placebo on Day 92 (2 months after completion of a 2-dose primary series with ARCT-154 (Days 1, 29)) of Study 1. Immune responses were 
measured with the pseudovirus microneutralization assay. CI, confidence interval.
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antibodies before administration of the study vaccine and no evidence of 
SARS-CoV-2 infection up to the evaluation timepoint. For study 2 
(cohort 2) the immunogenicity analysis included all participants with 
evidence of prior SARS-CoV-2 infection (anti-N protein antibodies above 
assay-specific threshold) and without history of COVID-19 vaccination.

Immunogenicity analyses in studies 1 and 2 were descriptive, and the 
sample size for each study was defined to provide the required level of 
precision in immunogenicity characterization. Study 3 was designed to 
show immunological non-inferiority between ARCT-154 and BNT162b2 
as measured by GMTs and seroresponse rates of neutralizing antibodies 
against the ancestral strain of SARS-CoV-2. For GMTs, an ANCOVA was 
conducted with treatment group as a factor, and time since last vacci
nation (categorical), sex (categorical), and age (continuous) as cova
riates. A total of 780 study participants were required to obtain a 
statistical power of 90 % to detect the non-inferiority and compensate 
for the anticipated dropout rate [22].

Descriptive analyses of AEs were done in the safety sets, which 

comprised all participants who received a study vaccine and who had 
post-vaccination safety data.

3. Results

Fig. 1 illustrates the disposition of participants in each of the four 
analyses, and Table 1 provides baseline characteristics for the analyzed 
populations. The mean age of participants ranged between 42 and 46 
years in Studies 1, 3, and Cohort 1 of Study 2; the mean age in the un
vaccinated group (Study 2, Cohort 2) was 31 years. Studies 1 and 3 
enrolled Asian populations, whereas Study 2 participants were primarily 
White in Cohort 1 and Black in Cohort 2. Studies 1 and 3 excluded 
participants who tested positive for the anti-N protein antibodies, 
whereas in Study 2, no participants in Cohort 1 and 100 % of the par
ticipants in Cohort 2 were positive for anti-N protein antibodies at 
baseline.

Fig. 3. Geometric mean concentration of neutralizing antibodies (AU/mL), geometric mean fold rise (GMFR) from Day 1 (pre-booster), and seroconversion rates 
(SCR) in participants receiving ARCT-154 (n = 12) as a first booster approximately 6.8 months (range 5.4–7.6) after 2-dose primary vaccination series with 
BNT162b2 vaccine in Study 2 (Cohort 1). Immune responses were measured with pseudovirus microneutralization assays. CI, confidence interval.
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3.1. Study population

3.1.1. Assessment of the first homologous booster (study 1)
In the placebo-controlled evaluation of the immunogenicity of a 

homologous booster dose of ARCT-154, 674 anti-N protein antibodies 
negative participants who received ARCT-154 as the primary vaccina
tion series were re-randomized to receive either ARCT-154 (n = 508) or 
placebo (n = 166) as their booster dose on Day 92 of the study, 64 days 
after the primary vaccination series. The Immunogenicity Analysis set 
included 477 participants in the ARCT-154 group and 152 participants 
in the placebo group; 45 participants were excluded, mainly because 
they did not receive all protocol-required doses. The population 
comprised Asian adults, with mean ages of 42.5 and 43.5 years in the 
ARCT-154 and placebo groups, respectively (Table 1). On Day 120, 
relative to placebo, the ARCT-154 booster dose substantially increased 
neutralizing antibody responses to the Wuhan-Hu-1 strain of SARS-CoV- 
2 as well as to the Delta and Omicron BA.1 variants (Fig. 2). GMFRs 
(relative to pre-booster vaccination) were 6.5 (95 % CI, 5.6–7.5), 6.4 
(95 % CI, 5.5–7.5), and 4.3 (95 % CI, 3.7–5.0) for Wuhan-Hu-1, Delta, 
and Omicron BA.1, respectively, whereas GMFRs after two doses of 
ARCT-154 followed by placebo were 1.4 (95 % CI, 0.9–2.2), 1.6 (95 % 
CI, 1.0–2.3), and 1.9 (95 % CI, 1.3–3.0) (Fig. 2).

3.1.2. Assessment of the first heterologous booster (study 2, cohort 1)
In cohort 1 of Study 2, the ARCT-154 arm included 12 healthy adults. 

The majority of study participants were non-Hispanic, White, and fe
male, with a mean age of 44 years (Table 1). No participants had 
nucleocapsid-directed antibodies at baseline (anti-N seronegative). 
Seven out of the 12 participants showed evidence of asymptomatic 
SARS-CoV-2 infection during the study period (defined as presence of 
anti-N protein antibody titers above assay-specific threshold): 3 subjects 
between Day 91 and Day 181 and 4 subjects between Day 181 and Day 
365 (data not shown).

A booster dose of ARCT-154 in participants primed with the mRNA 
COVID-19 vaccine significantly induced the immune response against 
Wuhan-Hu-1, Beta, Delta, and Omicron BA.1, with the peak observed at 

Day 29. The GMFRs at Day 29 were 36.7 (95 % CI, 17.4–77.5), 29.4 (95 
% CI, 15.9–54.4), 20.0 (95 % CI, 11.6–34.5), and 27.4 (95 % CI, 
16.7–44.9), respectively (Fig. 3). Neutralizing antibody responses 
against each tested SARS-CoV-2 strain persisted for at least 6 months 
post-vaccination (Fig. 3). However, natural SARS-CoV-2 infection 
contributed to high levels of neutralizing antibodies at Day 181.

3.1.3. Assessment of the second heterologous booster (study 3)
As previously reported, in the trial of ARCT-154 vs. BNT162b2, all 

participants receiving a fourth dose were Japanese, with a mean age of 
46 years, and approximately 58 % were female (Table 1). In total, 759 
participants were included in the per-protocol set 1 (385 received ARCT- 
154 and 374 received BNT162b2), which included only participants 
negative for the presence of anti-N protein antibodies at baseline.

Neutralizing antibody titers against both the Wuhan-Hu-1 and Om
icron BA.4/5 strains peaked at Day 29 in both groups but were signifi
cantly higher in the ARCT-154 recipients [22,23]. Waning of 
neutralizing antibody titers against both the Wuhan-Hu-1 and Omicron 
BA.4/5 strains was slower in the ARCT-154 group compared to 
BNT162b2, with increasingly wider treatment-group differences out to 
12 months (Fig. 4) [24]. Neutralizing antibodies were sustained for 
ARCT-154 recipients, while a notable decline was observed in neutral
izing antibody titers for BNT162b2 recipients (Fig. 4). Inter-group GMT 
ratio (ARCT-154/BNT162b2) for vaccine strain (Wuhan-Hu1) was 1.4 
(95 % CI: 1.3, 1.6) at Day 29, and the GMT ratio increased to 2.0 (95 % 
CI:1.8, 2.3) at Month 3, 2.2 (95 % CI: 1.9, 2.6) at Month 6 and 1.9 (95 % 
CI: 1.6, 2.3) at Month 12. Similar results were observed for Omicron 
BA.4/5 strain, with GMT ratios of 1.3 (1.1, 1.6), 2.1 (1.7, 2.6), 2.3 (1.8, 
2.9), and 1.9 (1.4, 2.5) at 1-, 3-, 6- and 12-months post booster dose, 
respectively.

GMFRs (relative to pre-booster vaccination) after ARCT-154 at 12 
months post-vaccination were 4.2 (95 % CI: 3.6, 4.9) and 3.2 (95 % CI: 
2.7, 3.9) for Wuhan-Hu-1 and Omicron BA.4/5, respectively, whereas 
GMFRs after BNT162b2 were 1.9 (95 % CI: 1.7, 2.1) and 1.4 (95 % CI: 
1.1, 1.7) (Fig. 4).

Similar results were observed when the immune response was tested 

Fig. 4. Geometric mean titers of neutralizing antibodies, geometric mean fold rise (GMFR) from Day 1 (pre-booster), and seroconversion rates (SCR), as measured 
with pseudovirus microneutralization assays against the Wuhan-Hu-1 and Omicron BA.4/5 strains in healthy adults who received ARCT-154 or BNT162b2 as their 
second booster dose approximately 9.6 months (range 4.2–13.8 months) after their last booster dose of BNT162b2 (Study 3). CI, confidence interval. Adapted with 
permission from Oda Y, et al. Lancet Infect Dis 2024; Oct 7:S1473–3099(24)00615–7. doi: https://doi.org/10.1016/S1473-3099(24)00615-7. 24
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against four additional SARS-CoV-2 variants (Fig. 5). Neutralizing 
antibody titers after ARCT-154 vaccination appeared higher than after 
BNT162b2 for all four strains over 12 months post-vaccination. We 
observed an increase in neutralizing antibody titers against the epide
miologically dominant Omicron BA.2.86 variant in both study groups 
between Month 6 and Month 12 post-vaccination. When we assessed 
results at an individual level, 7/23 subjects from the ARCT-154 group 
and 7/24 from the BNT162b2 group demonstrated a > 2-fold increase in 
antibody titers against Omicron BA.2.86 between Month 6 and Month 
12 post-vaccination. Among those 7 participants in the ARCT-154 group, 
5 individuals had also a > 2-fold increase in antibody titers against 
Omicron BA.4/5, 3 subjects against Wuhan-Hu1, Omicron XBB.1.5.6 
and Omicron BA.2, and 1 subject against the Delta variant. Similarly, 6, 
4, 5, 4, and 3 individuals in the BNT162b2 group had a > 2-fold increase 
in antibody titers against the respective strains.

The CD4+ T cell responses demonstrated a Th1-dominant cell- 
mediated immunity (IFN-γ + CD4+ greater than IL-4 + CD4+), with no 
notable differences between ARCT-154 and BNT162b2 groups observed 
in the responses of IFN-γ, IL-2 and IL-4 + CD4+ − reactive T cells 
(Table S1).

3.1.4. Immunization after natural infection (study 2, cohort 2)
The ARCT-154 arm of cohort 2 of Study 2 included 18 COVID-19 

vaccine–naïve individuals aged 22–48 years who were previously 
infected with SARS-CoV-2, as confirmed by the presence of anti-N pro
tein antibodies. At baseline, the GMC of neutralizing antibodies against 
Wuhan-Hu-1 strain was 580.5 AU/mL (95 % CI, 257.1–1310.6) 
(Table 1).

A single dose of the ARCT-154 vaccine was immunogenic in this 
population in terms of increases in neutralizing antibodies against the 
Wuhan-Hu-1, Beta, Delta and Omicron BA.1 strains (GMFRs of 4.4, 3.2, 
3.2 and 3.9 for Wuhan-Hu-1, Beta, Delta and Omicron BA.1, respec
tively). The immune response further increased after the second dose 
and peaked at Day 57 (2 weeks after the second vaccination), with 
GMFRs of 6.2, 5.6, 4.1, and 4.6 for Wuhan-Hu-1, Beta, Delta, and Om
icron BA.1, respectively). Neutralizing antibodies induced by the ARCT- 
154 vaccine remained higher than baseline up to 6 months post- 
vaccination for all strains assessed (Fig. 6).

3.2. Reactogenicity and safety

Across multiple booster settings, the ARCT-154 vaccine demon
strated a consistent safety profile, with varying frequencies of solicited 

Fig. 5. Geometric mean titers of neutralizing antibodies and inter-group GMT ratios (ARCT-154/BNT162b2), as measured with the microneutralization assay against 
Delta (A), Omicron BA.2 (B), Omicron BA.2.86 (C), and Omicron XBB.1.5.6 (D), in a subset of study participants (N = 30, Study 3). CI, confidence interval. Reprinted 
with permission from Oda Y, et al. Lancet Infect Dis 2024; Oct 7:S1473–3099(24)00615–7. doi: https://doi.org/10.1016/S1473-3099(24)00615-7.
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local and systemic AEs reported among participants (Table 2). In Study 
1, 48.4 % of ARCT-154 recipients reported local reactions, mainly 
injection-site tenderness and injection-site pain, and 46.4 % reported 
systemic AEs such as fatigue, headache, myalgia, and chills, compared to 
lower rates in placebo groups (9.9 % and 14.6 %, respectively). In Study 
2, Cohort 1 had higher rates, with 83.3 % reporting local reactions, 
predominantly injection-site tenderness and injection-site pain, and 
91.7 % systemic AEs, predominantly fatigue and headache, while Cohort 
2 had 55.6 % local and 50.0 % systemic AE rates, with similar patterns 
for most frequent symptoms. Study 3 showed comparable tolerability 
between ARCT-154 and BNT162b2 vaccines, with over 90 % experi
encing local reactions and around 60 % reporting systemic AEs. 
Injection-site tenderness, injection-site pain, fatigue, and headache were 
the most frequently reported events for both groups. Across all studies, 
no deaths, SAEs, or medically significant events related to the ARCT-154 
vaccine were reported, indicating it was well tolerated within the entire 
12-month post-vaccination observation period.

4. Discussion

Several recent meta-analyses have demonstrated that the effective
ness of conventional mRNA vaccines, whether given as the primary se
ries or as a booster dose, wanes over time and that the loss of 
effectiveness is more profound against Omicron lineage strains than 
Delta or earlier variants [8,26–28]. Due to the ongoing evolution of 

SARS-CoV-2, the COVID-19 prevention landscape appears to be moving 
toward annual boosters. However, vaccine effectiveness decreases to 
<20 % within 6 months of the primary series and to <30 % within 9 
months of administration of currently available boosters [8]. A vaccine 
with a broader and more durable immune response may provide greater 
protection after a booster dose and help control future outbreaks of 
COVID-19.

In the studies presented here, a booster dose of sa-mRNA COVID-19 
vaccine encoding ancestral SARS-CoV-2 strain (ARCT-154) elicited 
robust and durable neutralizing antibody responses against SARS-CoV-2 
across a range of booster settings, including a homologous booster dose 
administered shortly after a 2-dose primary vaccination series, a first 
heterologous booster dose after two doses of licensed conventional 
mRNA vaccine, a second heterologous booster dose after three doses of 
BNT162b2 (or two doses of mRNA-1273 and a third dose of BNT162b2), 
and a vaccination after natural infection with SARS-CoV-2.

Cross-reactivity against epidemiologically relevant variants of 
SARS-CoV-2 was also demonstrated in all studies. When the homologous 
booster was given 2 months after the primary series, an immune 
response was induced against Delta and Omicron BA.1. In a head-to- 
head comparison with conventional mRNA vaccine, BNT162b2, 
ARCT-154 elicited higher magnitude responses against Wuhan-Hu-1, 
Omicron BA.4/5, Delta, Omicron BA.2, Omicron BA.2.86 and Omicron 
XBB.1.5.6, with improved persistence up to 12 months after booster 
vaccination.
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Fig. 6. Geometric mean concentration of neutralizing antibodies (AU/mL), geometric mean fold rise (GMFR), and seroconversion rates (SCR) against the Wuhan-Hu- 
1 strain and Beta, Delta, and Omicron BA.1 variants, as measured with pseudovirus microneutralization assays. Data are from healthy, previously unvaccinated adults 
(n = 18) who were seropositive for SARS-CoV-2 (indicating a previous natural infection) and received a 2-dose primary series of ARCT-154 as their first COVID-19 
vaccine in Study 2 (Cohort 2). CI, confidence interval.
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The reasons for a broader and more durable immune response 
following sa-mRNA vaccine administration continue to be assessed. A 
prolonged expression of S glycoprotein [17], a more diverse and higher 
quality antibody repertoire [18], and different profiles of long-lived 
plasma cells compared to conventional mRNA vaccines may be the 
contributing factors.

In Study 3, we observed an increase in neutralizing antibody titers 
against the Omicron BA.2.86 variant in anti-nucleocapsid naïve subjects 
in both study groups between Month 6 and Month 12 post-vaccination. 
At the participant level, a > 2-fold increase in antibody titers from 
Month 6 to Month 12 against this variant was identified in 29–30 % of 
subjects in each study group. These observations suggest that a certain 
proportion of vaccinated individuals experienced asymptomatic infec
tion caused by Omicron BA.2.86, the dominant circulating variant 
during this study period, which also boosted cross-neutralizing immune 
responses against other SARS-CoV-2 variants. These episodes of natural 
infection were not detected using the anti-nucleocapsid test, which is not 
uncommon given the test's low sensitivity and the short-lived nature of 
anti-N antibodies [29].

In the presented studies, a booster dose of ARCT-154 led to a 4.4 to 
6.8-fold increase in neutralizing antibodies against the Wuhan-Hu-1 
strain at 1 month post vaccination. The immune response against 
Wuhan-Hu-1 in Study 2, Cohort 1, was notably higher (GMFR of 36.7) 
than observed in other studies presented in this paper. This might be 
explained by population differences (white population versus domi
nantly Asian and Black in other studies) and the small size and explor
atory nature of the study.

The CD4+ T cell responses by ICS showed Th1-dominant cell- 
mediated immunity with no notable differences between ARCT-154 and 
BNT162b2 boosters in previously vaccinated individuals.

The reactogenicity profile of ARCT-154 was generally consistent 
across various booster settings, with injection-site pain and tenderness, 

fatigue, and headache being the most frequently reported events. A 
higher proportion of participants reported solicited adverse events in 
Study 3, conducted in Japan. This difference likely reflects variations in 
reporting practices, as evidenced by Wakao et al. [30], who found that 
AE reporting in Japan tends to differ from global practices, including 
higher reporting rates. Additionally, the frequency of adverse events for 
the comparator vaccine, BNT162b2, was comparable to those observed 
for the ARCT-154 vaccine.

The data presented here are consistent with a dose-sparing benefit of 
sa-mRNA vs. conventional mRNA vaccines. ARCT-154 contains 5 μg of 
sa-mRNA compared with 30 μg of mRNA for BNT162b2 and 50 μg for 
mRNA-1273. As shown here and in prior publications, immune re
sponses with ARCT-154 are at least noninferior and often improved 
compared with BNT162b2, with a similar reactogenicity and safety 
profile [22,23].

The presented study has several limitations. Firstly, conclusions from 
analyses of the first heterologous booster and immunization after nat
ural infections are based on a small number of study participants. 
Nevertheless, the immune response was substantial, and the immuno
genicity results were consistent with other studies presented in this 
paper. Second, the primary vaccination series in the heterologous 
booster studies was limited by licensed mRNA vaccines only. Third, 
most participants in the presented studies were of Asian origin, with 
small proportions of White and Black individuals. Finally, ARCT-154 is a 
monovalent vaccine encoding only Wuhan-Hu-1 strain. However, the 
findings presented here are consistent with recently published immu
nogenicity and safety results of a bivalent sa-mRNA COVID-19 vaccine 
[25]. Clinical studies with vaccines encoding more recent recommended 
SARS-CoV-2 variants (XBB.1.5 and JN.1) are ongoing.

Table 2 
Solicited AEs reported within 7 days after vaccination.

Study 1 Study 2 Study 3

Homologous booster Heterologous booster (first booster dose) (cohort 
1)

Booster in naturally primed subjects (cohort 
2)

Heterologous booster 
(second booster dose)

ARCT- 
154 

(n = 483) 
n (%)

Placebo 
(n = 153) 

n (%)

ARCT-154 
(n = 12) 

n (%)

ARCT-154 
(n = 18) 

n (%)

ARCT- 
154 

(n = 420) 
n (%)

BNT162b2 
(n = 408) 

n (%)

Any local solicited AE 234 
(48.4)

15 (9.9) 10 (83.3) 10 (55.6) 397 
(94.5)

395 (96.8)

Pain 193 
(40.0)

11 (7.3) 8 (66.7) 10 (55.6) 352 
(83.8)

358 (87.7)

Tenderness 214 
(44.3)

13 (8.6) 10 (83.3) 9 (50.0) 388 
(92.4)

391 (95.8)

Swelling 6 (1.2) 0 (0.0) 0 (0.0) 0 (0.0) 34 (8.1) 69 (16.9)
Erythema 1 (0.2) 0 (0.0) 0 (0.0) 0 (0.0) 26 (6.2) 54 (13.2)
Any systemic solicited 

AE
224 
(46.4)

22 (14.6) 11 (91.7) 9 (50.0) 270 
(64.3)

254 (62.3)

Headache 114 
(23.6)

8 (5.3) 8 (66.7) 6 (33.3) 165 
(39.3)

125 (30.6)

Fatigue* 145 
(30.0)

8 (5.3) 10 (83.3) 6 (33.3) 188 
(44.8)

176 (43.1)

Myalgia 108 
(22.4)

5 (3.3) 4 (33.3) 5 (27.8) 123 
(29.3)

100 (24.5)

Arthralgia 89 (18.4) 7 (4.6) 4 (33.3) 5 (27.8) 112 
(26.7)

113 (27.7)

Nausea 6 (1.2) 1 (0.7) 3 (25.0) 2 (11.1) 21 (5.0) 16 (3.9)
Vomiting 4 (0.8) 1 (0.7) 0 (0.0) 0 (0.0) 2 (0.5) 2 (0.5)
Diarrhea 5 (1.0) 0 (0.0) 0 (0.0) 2 (11.1) 28 (6.7) 17 (4.2)
Dizziness 37 (7.7) 2 (1.3) 0 (0.0) 2 (11.1) 25 (6.0) 13 (3.2)
Chills 102 

(21.1)
7 (4.6) 3 (25.0) 3 (16.7) 126 

(30.0)
103 (25.2)

Fever (≥38 ◦C) 25 (5.2) 1 (0.7) 1 (8.3) 0 (0.0) 36 (8.6) 38 (9.3)

AE, adverse effect.
* Collected as malaise in Study 3.
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5. Conclusion

In summary, a booster dose of the sa-mRNA COVID-19 vaccine 
ARCT-154 induced a robust, broad, and durable immune response to 
circulating SARS-CoV-2 strains across multiple booster settings. In a 
study comparing ARCT-154 with the conventional mRNA vaccine 
BNT162b2, ARCT-154 elicited neutralizing antibody responses against a 
range of variants that were similar to or greater than those induced by 
BNT162b2. Responses were also more durable, persisting for at least 12 
months after vaccination. ARCT-154 was also well tolerated across all 
four evaluated booster settings.
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