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Immunogenicity of a booster dose of a bivalent (Asp614Gly
and omicron BA.4/5 variant) self-amplifying mRNA
SARS-CoV-2 booster vaccine versus the BNT162b2 omicron
BA.4/5 mRNA vaccine: a randomised phase 3 trial

Yusuke Okada, Yuji Kumagai, lori Okura, Mako Otsuki, Natsuki Ishida, Yasuhiro Iwama, Takeshi Minamida, Yukihiro Yagi, Toru Kurosawa,
Josephine van Boxmeer, Ye Zhang, Igor Smolenov, Judd L Walson

Summary

Background We previously showed that ARCT-154, a self-amplifying mRNA COVID-19 vaccine, had improved
immunogenicity and antibody persistence compared with conventional mRNA or adenovirus vector vaccines. In this
study, we compared ARCT-2301, a bivalent self-amplifying mRNA vaccine (Asp614Gly and omicron BA.4/5 variant),
with the bivalent Comirnaty omicron BA.4-5 vaccine, to determine whether this improved response persisted in
bivalent formulations against different SARS-CoV-2 variants.

Methods This randomised, multicentre, phase 3, observer-masked, active-controlled comparative study was done at
nine hospitals in Japan. Eligible participants were healthy Japanese adults, aged at least 18 years, who had previously
received a full immunisation series of three to five doses of mRNA COVID-19 vaccines (Comirnaty or Spikevax
[Moderna]), with the last dose received at least 3 months before screening for this trial. Participants were randomly
assigned (1:1) to either ARCT-2301 or Comirnaty BA.4-5 mRNA vaccine using interactive computer-generated
randomisation with a block size of four. Randomisation was stratified by gender (men vs women), age group
(<65 years vs =65 years), type of vaccine used for last vaccination (bivalent omicron BA.1 vs bivalent omicron BA.4/5),
and time since last COVID-19 vaccination (<5 months vs =5 months). ARCT-2301 was supplied in vials containing
100 pg lyophilised mRNA, 50 pg mRNA each coding for the full-length spike proteins of the ancestral Asp614Gly
SARS-CoV-2 strain and omicron BA.4/5 variant. Immediately before use, each vial was reconstituted with 10 mL
saline. The comparator original omicron BA.4/5 mRNA vaccine (Comirnaty BA.4-5) was supplied in ready-to-use
vials containing a single dose of 30 pg mRNA in 0-3 mL volume. Both vaccines were administered by intramuscular
injection in the deltoid of the non-dominant arm. The primary outcome of the study was to show non-inferiority of
immunogenicity of ARCT-2301 versus Comirnaty BA.4-5 at day 29 as neutralising antibody geometric mean titres
(GMT) and seroresponse rates against omicron BA.4/5. Primary analyses were done in a per-protocol manner. The
trial is registered with the Japan Registry for Clinical Trials, jRCT2031230340.

Findings Between Sept 29 and Nov 18, 2023, we enrolled 930 participants (451 men and 479 women) to receive a
booster dose of ARCT-2301 (n=465) or Comirnaty BA.4-5 (n=465). The primary immunogenicity outcome to show
that the antibody response at day 29 against omicron BA.4/5 elicited by ARCT-2301 was non-inferior to that elicited
with Comirnaty BA.4-5 was achieved, both by GMT ratio (1-49, 95% CI 1-26-1-76) and difference in seroresponse
rate (7-2%, 95% CI 0-6-13-7). Furthermore, the differences in antibody r esponse b etween the groups s howed
superiority for ARCT-2301 against Wuhan-Hu-1 using both criteria, with a GMT ratio of 1-45 (95% CI 1-28-1-63)
and a difference in seroresponse rate of 12-5% (95% CI 5-9-19-0), and omicron XBB.1.5, with a GMT ratio of 1-63
(95% CI 1-36-1-94) and a seroresponse rate difference 0f16-7% (95% CI10-1-23-2). Both vaccines were well-
tolerated with mainly mild, transient solicited adverse events and no causally related severe or serious adverse
events.

Interpretation Boosting mRNA-immunised adults with ARCT-2301 induced superior immunogenicity compared with
Comirnaty BA.4-5 against both Wuhan-Hu-1 and omicron BA.4/5 variant COVID-19, and elicited a higher response
against omicron XBB.1.5. Both vaccines had similar tolerability profiles. S elf-amplifying mRNA v accines could
provide a substantial contribution to pandemic preparedness and response, inducing robust immune responses with
a lower dose of mRNA to allow wider and more equitable distribution.
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Research in context

Evidence before this study

mRNA vaccines were one of the first successes of the global
response to the COVID-19 pandemic and their composition
continues to be adapted to reflect changes in circulating
SARS-CoV-2 variants. mRNA vaccines against other diseases are
also being developed, including the recent licensure of an
mRNA vaccine against respiratory syncytial virus. Self-
amplifying mRNA vaccines have shown the potential to
increase protein antigen production and to induce stronger and
longer immune responses due the ability to amplify the mRNA
within cells. These vaccines have not been widely used in
humans, but might offer substantial potential to prevent and
control various infectious diseases. An unrestricted search of
PubMed for “self-amplifying rna vaccine” AND “clinical trial” on
June 3, 2024, returned 17 references, of which 11 were reports
of clinical trials of self-amplifying mRNA vaccines in humans;
nine of these were phase 1-3 studies of SARS-CoV-2 vaccines
and two were phase 1 studies of vaccines directed against
metastatic tumours. Inclusion of “bivalent” as a search criterion
returned no results. Three of the SARS-CoV-2 studies were
reports of clinical trials of Arcturus Therapeutics’ self-amplifying
mRNA formulations: a phase 1/2 study of ARCT-021, an early
formulation consisting of the replication complex of the
Venezuelan equine encephalitis virus and the full-length gene
for SARS-CoV-2 spike glycoprotein packaged in a proprietary
lipid nanoparticle formulation, and a phase 1/2/3a study and
phase 3 booster study of ARCT-154, in which the coded spike
glycoprotein had the Asp614Gly mutation. The present study
describes a clinical trial with a bivalent formulation
(ARCT-2301) containing two mRNA components coding for the
Asp614Gly (as in ARCT-154) and Omicron BA.4/5 S-proteins in
accordance with guidelines for development of new booster

Introduction
The global response to the COVID-19 pandemic has led
to rapid development of over 380 novel vaccines against
SARS-CoV-2 by use of various technology platforms,
including established inactivated and recombinant
protein vaccines and newer technologies such as mRNA.
mRNA vaccines have proven to be highly efficacious
against the initial ancestral Wuhan-Hu-1 virus strain.
However, mRNA vaccines have been found to induce a
relatively short-lasting humoral immune response, par-
ticularly against emerging SARS-CoV-2 variants as the
pandemic progressed, and hence limited effectiveness.”
COVID-19 remains a global public health problem,
with continued emergence of novel variants, which char-
acteristically evade the immune response elicited by the
original vaccines.* In Japan, use of an updated COVID-19
vaccine has been predicted to prevent 7-3 million infec-
tions, 275000 hospitalisations, and 26000 deaths.’
Current recommendations are for periodic (6-12 month)
booster vaccinations using newly formulated COVID-19
vaccines targeting the latest variants.® Improvements in

SARS-CoV-2 vaccines, with a bivalent form of the BNT162b2
mRNA vaccine, Comirnaty, and its BA.4/5 equivalent as
comparator.

Added value of this study

Previously reported studies with Arcturus self-amplifying
mRNA vaccines showed non-inferior, indeed superior, immune
responses in terms of magnitude, breadth, and duration of the
neutralising antibody response compared with mRNA vaccines
and with lower doses of mRNA. Our study supports the
robustness of self-amplifying mRNA with a new vaccine
composition, with immune responses that still compare
favourably with a conventional mRNA vaccine comparator.
Our findings suggest that the vaccine platform is robust and
this new technology could be applied to elicit robust immune
responses against other infectious disease targets.

Implications of all the available evidence

The COVID-19 pandemic saw a massive burst of vaccine
development to cope with the global crisis, but the first
vaccines still took almost a year to be developed, manufactured,
and released for use, and supply failed to meet immediate
demand. This study shows that the self-amplifying mRNA
platform produces consistent and predictable immunogenicity,
safety, and tolerability with various antigenic targets, and
requires lower doses to provide immunity, suggesting more
equitable distribution of vaccine is possible. As the goal of the
Coalition for Epidemic Preparedness Innovations 2.0 strategy is
to have vaccine technology platforms available that can provide
vaccines against emerging infectious disease threats within

100 days of detection, the self-amplifying mRNA platform
appears to offer the potential to meet this ambitious target.

mRNA technology, including use of self-amplifying
mRNA, have been applied in preclinical studies to
develop novel mRNA vaccines targeting SARS-CoV-2 and
other respiratory diseases, including pandemic
influenza,” Zika virus,® and rabies virus,’ and anti-tumour
vaccines." Further investigation of COVID-19 self-
amplifying mRNA prototypes will provide useful
information to guide the development of these and other
vaccines using the self-amplifying mRNA platform.

We have previously shown that ARCT-154, a self-
amplifying mRNA vaccine against the Asp614Gly variant
of the original Wuhan-Hu-1 virus,”" containing 5 pg of
mRNA, elicited superior immune responses compared
with the licensed mRNA vaccine BNT162b2 (Comirnaty;
Pfizer-BioNTech), containing 30 pg of mRNA¥
ARCT-154 showed a higher magnitude of neutralising
antibody response, longer persistence of response, and
broader coverage against emerging variants with similar
safety and tolerability to BNT162b2.* We report the
results of an additional study comparing booster dosing
with ARCT-2301, a bivalent formulation against the
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ancestral Asp614Gly SARS-CoV-2 strain and the omicron
BA.4/5 variant, versus Comirnaty BA.4-5 in fully
immunised adults, to investigate whether the improved
response persisted in bivalent formulations against
different SARS-CoV-2 variants.

Methods
Study design and participants
This randomised, multicentre, phase 3, observer-
masked, active-controlled comparative study was done at
nine hospitals in Japan. The study protocol was regis-
tered with the Japan Registry for Clinical Trials
(jRCT2031230340) and approved by the institutional
review boards of each study site (appendix p 4). The study
was done in compliance with ethical principles based on
the Declaration of Helsinki, Good Clinical Practice, and
Japanese national standards for pharmaceuticals and
medical devices. Eligible participants were healthy
Japanese adults, aged at least 18 years, who had previously
received a full immunisation series of three to five doses
of mRNA COVID-19 vaccines (Comirnaty or Spikevax
[Moderna]), with the last dose received at least 3 months
before screening for this trial. Detailed inclusion and
exclusion criteria are listed in the appendix (pp 2-3).
Recruitment was by in-house referrals and insitutional
review board-approved advertising. Gender was self-
reported as male or female by participants. Participants
gave written informed consent for study participation.
The study will collect immunogenicity and safety data
6 months after vaccine administration. Here we present
initial data available 28 days after vaccination.

Randomisation and masking

Following a medical examination and an interview for
medical history, including history of previous COVID-19
vaccination, participants who met the eligibility criteria
(appendix pp 2-3) were enrolled and randomly assigned
(1:1) to either ARCT-2301 or Comirnaty BA.4-5 mRNA
vaccine using an interactive computer-generated ran-
domisation list prepared by the monitoring contract
research organisation (CMIC; Tokyo, Japan), with a block
size of four. Randomisation was stratified by gender
(men vs women), age group (<65 years vs =65 years), type
of vaccine used for last vaccination (bivalent omicron
BA.1 vs bivalent omicron BA.4/5), and time since last
COVID-19 vaccination (<5 months vs =5 months). Study
staff who were unmasked to the randomisation code
prepared the vaccines in opacified syringes so that par-
ticipants were masked to the vaccine they received. The
same unmasked personnel administered the vaccines
but then played no further role in the study. All other
study staff were masked to group assignment.

Procedures

ARCT-2301 (Arcturus Therapeutics; San Diego, CA,
USA; batch 160781A) was supplied in vials containing
100 pg lyophilised mRNA, 50 pg mRNA each coding for

the full-length spike proteins of the ancestral Asp614Gly
SARS-CoV-2 strain and omicron BA.4/5 variant, stored
between —15°C and -25°C. Immediately before use, each
vial was reconstituted with 10 mL saline (each 0-5 mL
dose contained a total of 5 pg mRNA, 2-5 pg of each
variant). The comparator, omicron BA.4/5 mRNA
vaccine (Comirnaty BA.4-5; batch GJ7142; Pfizer), was
supplied in ready-to-use vials stored between —60°C and
—-90°C containing a single dose of 30 pg mRNA (15 g of
each variant) in 0-3 mL volume. Both vaccines were
administered by intramuscular injection in the deltoid of
the non-dominant arm.

On day 1, a baseline blood sample was collected from
all participants before vaccination. Patients were then
monitored for 30 min to document any immediate
reactions. Participants recorded solicited local reactions
and systemic adverse events on day 1 to day 7 using elec-
tronic study diaries, including severity grading according
to the scales shown in the appendix (pp 5-6), and the
occurrence of any unsolicited adverse events until the
end of the study, including any serious adverse events.
Details of any unsolicited adverse events were obtained
by participant interview on day 29. As mRNA vaccines
have been associated with an increased risk of myocardi-
tis and pericarditis,” all participants were required to
report acute chest pain, shortness of breath, or other
signs or symptoms of myocarditis or pericarditis within
7 days of vaccination as featured symptoms. Participants
with these symptoms were further assessed by investiga-
tors using standard case definitions for each condition.”
All diagnosed cases of myocarditis or pericarditis were to
be reported as adverse events of special interest.

Sera prepared immediately from the baseline blood
sample drawn on day 1 and a second sample drawn on day
29 were stored at —20°C and shipped to Labcorp Central
Laboratory Services (Indianapolis, IN, USA) for measure-
ment of neutralising antibodies against D614 strain and
omicron BA.4/5 and omicron XBB.L5 sublineages of
SARS-CoV-2 using a validated pseudovirus neutralisation
assay.” Titres are expressed as the reciprocal of the serum
dilution achieving 50% neutralisation of the pseudoviruses
(IDy); for calculation of geometric mean titres (GMTs)
seronegative samples were assigned a value of half the
lower limit of quantitation (LLOQ), a dilution of 1:40.
Seroresponse rates were calculated as the group propor-
tions showing either a four-times or greater increase in
titre from day 1 to day 29 in initially seropositive partici-
pants, or a four-times higher titre than half the LLOQ for
initially seronegative participants. A qualitative determina-
tion of antibodies in day 1 and day 29 sera against
SARS-CoV-2 nucleocapsid protein was made using a com-
mercial test kit (Cica Immunotest SARS-CoV-2 IgG EX;
Kanto Chemical; Tokyo, Japan); a positive result in day 1
samples was considered to be an indicator of a recent
SARS-CoV-2 infection, and in day 29 samples of an asymp-
tomatic SARS-CoV-2 infection after vaccine administration.
At one study centre, additional whole-blood samples were
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1010 participants screened for eligibility

80 excluded
> 29 did not meet eligibility criteria
51 eligible but not enrolled

A
| 930 enrolled and randomised |

|
v v

465 received ARCT-2301 on day 1 | | 465 received Comirnaty BA.4-5 on day 1
2 excluded (one participant 1 lost to follow-up
> who enrolled twice and —»
received two doses)
A 4 A
463 in ARCT-2301 day 29 safety set | | 464 in Comirnaty BA.4-5 day 29 safety set
3 excluded 2 excluded
— 1 no immunogenicity data — 2 no immunogenicity data
2 other
v v
460 in full-analysis set for ARCT-2301 | | 462 in full-analysis set for Comirnaty BA.4-5
5 excluded 4 excluded
1due to inclusion or 1 due to inclusion or
— exclusion criteria — exclusion criteria
4 sera outside time window 1 forbidden medication
3 sera outside time window
4 A
455 in PPS-2 for ARCT-2301 | | 458 in PPS-2 for Comirnaty BA.4-5
N 57 excludec{i Pecause N-protein N 53 excludeq because N-protein
seropositive seropositive
4 A
398 in PPS-1 for ARCT-2301 | | 405 in PPS-1 for Comirnaty BA.4-5

Figure 1: Study flow chart showing disposition of participants from screening through to final analysis
Reasons for participant exclusion were not mutually exclusive. PPS-1=per-protocol set 1. PPS-2=per-protocol set 2.

obtained at days 1 and 15 from the first 60 participants to
provide consent (30 from each vaccine group) and were
processed at the central laboratory to obtain peripheral
blood mononuclear cells. Peptide pool-specific IFN-y cells
were measured by enzyme-linked immuno-spot assay
using two overlapping peptide pools covering the spike
protein of omicron BA.4.5; pool 1 covered the first
158 peptides including the S1and receptor-binding domain
regions, and the 157 peptides in pool 2 covered some of the
S1region and the S2 region.

Outcomes

The primary outcome was the neutralising antibody
level 28 days after vaccination, with the aim to show non-
inferiority of response to a single booster dose of

ARCT-2301 compared with a single dose of Comirnaty
BA.4-5 booster vaccine, followed by a superiority assess-
ment. Secondary outcomes included antibody levels
against the three tested SARS-CoV-2 strains at day 181,
with the aim to show persistence of this response, and
incidence of solicited and unsolicited adverse events to
assess and compare the safety and tolerability of the
two vaccines.

Statistical analysis

For immunogenicity evaluations, the ratio between the
two groups of the neutralising antibody GMTs against
the omicron BA.4/5 variant measured at day 29 was
assumed to be 1-0 with an SD of 0-62, and the serore-
sponse rate of each group was assumed to be 80%. To
obtain a statistical power of 90% to detect the non-
inferiority of ARCT-2301 compared with Comirnaty
BA.4-5 in terms of GMTs and seroresponse rate (GMT
non-inferiority margin 0-67; seroresponse rate non-
inferiority margin -10%; one-sided significance level
2-5%), 340 participants per group were required for
analysis. Assuming 20% of participants would be
excluded from the primary analysis due to dropouts,
being seropositive to the SARS-CoV-2 nucleocapsid
before administration of the study vaccine, protocol
deviations, or other reasons, the target sample size was
850 participants.

Statistical analyses were done in a sequential manner.
First, non-inferiority of the GMT and seroresponse rate
against the omicron BA.4/5 variant on day 29 to
Comirnaty BA.4-5 was tested. If non-inferiority of
ARCT-2301 to Comirnaty BA.4-5 in both the GMT and
seroresponse rate on day 29 was verified, then non-
inferiority of the GMT and seroresponse rate against the
Wuhan-Hu-1 strain was tested. If the second non-
inferiority criterion was met, then the superiority of the
GMT and seroresponse rate against omicron BA.4/5
variant on day 29 to Comirnaty BA.4-5 was tested (eg, if
the 95% CI lower limit exceeded 1-0, the difference in
seroresponse rate was higher than 0%, or the one-sided
significance level was 2-5%), and if superiority for
omicron BA.4/5 was shown then superiority of the GMT
and seroresponse rate of ARCT-2301 to Comirnaty BA.4-5
against the D614 strain on day 29 was tested.

The full analysis set comprised all participants for
whom immunogenicity data were available. Primary
analyses were done in a per-protocol manner (per-
protocol set 1 [PPS-1]) and sensitivity analyses were done
in a second subset (per-protocol set 2 [PPS-2]). Both
subsets comprised participants with no protocol viola-
tions related to eligibility criteria, dosage and
administration, concomitant drugs or therapies, immu-
nogenicity data, and confirmation of appropriate
vaccination on the day of study vaccine administration.
PPS-1 comprised participants who were seronegative for
the nucleocapsid of SARS-CoV-2 before administration
of the study vaccine, indicating no recent (within
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9-11 months) SARS-CoV-2 infection;” PPS-2 included
both seropositive and seronegative participants for the
SARS-CoV-2 nucleocapsid.

For GMTs, we applied ANCOVA to log-transformed
neutralising antibody titres against the omicron BA.4/5
variant on day 29 with the vaccination group as a factor,
and gender, type of bivalent vaccine used for the last vac-
cination (BA.1 or BA.4/5), and time since the last
COVID-19 vaccination (<5 months or =5 months) as cat-
egorical variables, and age as a continuous variable, as
covariates. The geometric mean ratio of neutralising
antibody titres against SARS-CoV-2 at day 29 in the
ARCT-2301 group compared with the Comirnaty BA.4-5
group was calculated as the exponentiation of the differ-
ence of the two means of the logarithmically transformed
assay results of the two groups and associated two-sided
95% Cls using this ANCOVA model. Non-inferiority was
confirmed when the lower bound of the inverted 95% CI
exceeded 0-67 Superiority was confirmed when the lower
bound of the inverted 95% CI exceeded 1-0.

The difference in seroresponse rate, with 95% CI,
between ARCT-2301 and Comirnaty BA.4-5 groups
against omicron BA.4/5 variant on day 29 was calculated
using the Miettinen-Nurminen method,” with the
following randomisation factors: gender (men vs
women), age (<65 years or =65 years), type of bivalent
vaccine used for the last vaccination (BA.1 or BA.4/5),
and time since the last COVID-19 vaccination (<5 months
or =5 months). Non-inferiority of ARCT-2301 compared
with Comirnaty BA.4-5 was concluded if the lower limit
of the 95% CI exceeded —10%. Superiority was concluded
if the lower limit of the 95% CI exceeded 0%. The same
methodology was applied for the comparison of humoral
immune responses against the D614 strain and omicron
XBB.1.5 strain.

We also calculated geometric mean fold rises in neu-
tralising antibody titres against all tested SARS-CoV-2
strains on day 29 relative to baseline (before vaccine
administration), and summary statistics of the fold
increase (with 95% ClIs) are presented for each group. In
secondary analyses, we compared neutralising antibody
titres in subgroups striated by age category, gender, type
of mRNA vaccine previously received, and time since last
COVID-19 vaccination. As there were few participants in
the 65 years and older age group, the analysis was done
on those younger than 60 years versus those aged
60 years and older instead. Similarly, as few participants
had their last vaccination less than 5 months previously,
an ad-hoc analysis was done according to the interval
being shorter or longer than the median (11-1 months).
The study was not powered for these subgroup analyses,
and they were considered exploratory. Finally, sensitivity
analyses were done for the PPS-2 set to include those
who were seropositive for nucleocapsid protein before
vaccination.

Descriptive analyses of safety endpoints were done in
the safety set, which comprised all participants who

ARCT-2301 Comirnaty BA.4-5
group (n=460)  group (n=462)
Age, years
Mean (SD) 506 (12:0) 50-3 (11-7)
Range 19-74 19-80
<65 427 (93%) 428 (93%)
=65 33(7%) 34.(7%)
<60 346 (75%) 359 (78%)
=60 114 (25%) 103 (22%)
Gender
Women 239 (52%) 238 (52%)
Men 221 (48%) 224 (48%)
Time since last vaccination, months
Median (IQR) 112 (10-2-11-9)  11-1(10-1-11.9)
<5 1(<1%) 2 (<1%)
=5 459 (>99%) 460 (>99%)
Participants requiring caution in vaccination
Underlying disease* 104 (23%) 87 (19%)
Previous indications of 79 (17%) 92 (20%)
allergic reactiont
History of convulsionst 1(<1%) 1(<1%)
Neutralising antibodies at baseline
Wuhan-Hu-1
Seronegative 1(<1%) 0
Seropositive 459 (>99%) 462 (100%)
Omicron BA.4/5
Seronegative 24 (5%) 29 (6%)
Seropositive 436 (95%) 433 (94%)
Omicron XBB.1.5
Seronegative 141 (31%) 155 (34%)
Seropositive 319 (69%) 307 (66%)
SARS-CoV-2 nucleocapsid
Seronegative 402 (87%) 408 (88%)
Seropositive 58 (13%) 54 (12%)
Number of previous COVID-19 vaccinations
3 54 (12%) 58 (13%)
4 322 (70%) 328 (71%)
5 84 (18%) 76 (16%)
Last type of vaccine receivedi
Comirnaty (BA.1) 118 (26%) 118 (26%)
Comirnaty (BA.4-5) 342 (74%) 344 (74%)
Data are n (%), unless otherwise indicated. *Participants with an underlying disease
such as cardiovascular disease, renal disease, hepatic disease, haematological
disease (excluding coagulation disorders and bleeding disorders), developmental
disorder, respiratory disease, or diabetes. fParticipants who have had pyrexia within
2 days after vaccination and who have developed symptoms suspected of being
related to allergy, such as generalised rash, in the past or who might be allergic to
any of the ingredients of the study vaccines (not applicable if confirmed that the
causative ingredient was not contained in the study vaccine). $All participants
received prototype-based mRNA COVID-19 vaccines, except for the last dose that
was a bivalent COVID-19 vaccine (Comirnaty BA.1 or Comirnaty BA.4-5).
Table 1: Demographics of the study population in the full analysis set

received a study vaccine and who had post-vaccination
safety data and no substantial deviations from Good
Clinical Practice standards. Missing data were assumed
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ARCT-2301 (n=398)

Comirnaty BA.4-5 (n=405)

Omicron BA.4/5

GMT day 1 879 (750-1031) 813 (688-959)
GMT day 29 6489 (2788-15106) 4358 (1871-10148)
GMFR day 1 to day 29 6-9 (62-7-8) 51(4-6-5-6)
D614 (Wuhan)
GMT day 1 2132 (1909-2381) 2026 (1805-2274)
GMT day 29 9435 (5187-17164) 6524 (3585-11872)
GMFR day 1to day 29 41(3-8-4-5) 3-0(2:8-32)
Omicron XBB.1.5
GMT day 1 106 (92-122) 99 (85-114)
GMT day 29 1115 (455-2728) 684 (280-1676)
GMFR day 1 to day 29 75(67-83) 50 (4-5-5-5)
C .

ARCT-2301 Comirnaty BA.4-5

Omicron BA.4/5

Day 29 62-8% (57-9-67-6) 55-6% (50-6-60-5)
D614 (Wuhan)

Day 29 44-5% (39-5-49-5) 32:1% (27-6-36:9)
Omicron XBB.1.5

Day 29 69-8% (65-1-74-3) 52-8% (47-8-57-8)

r T T T T
-15 -10 -5 0 5 10 15 20 25

O Omicron BA.4/5 @ D614 Wuhan-Hu-1 [ Omicron XBB.1.5

149 (95% C11-26-1-76)
_

145 (95% C11-28-1-63)
——

Non-inferiority
Superiority

163 (95% C11:36-1.94)

r T T T T T T
04 0-6 0-8 1.0 12 14 1.6 18
“— —>
Favours Comirnaty ~ Favours ARCT-2301

7-2% (95% Cl 0-6-13-7)
R ) S—
12:5% (95% C1 5:9-19-0)
—
16-7% (95% C110-1-23-2)

Non-inferiority
Superiority

<+—

Favours Comirnaty ~ Favours ARCT-2301

Figure 2: Non-inferiority comparisons of neutralising antibody immune responses in the per-protocol set 1

(A) GMTs of neutralising antibodies at day 1 (baseline) and day 29 against omicron BA.4/5, the D614 Wuhan-Hu-1 variant, and the omicron XBB.1.5 variant with
GMFRs in titres from day 1 to day 29. (B) GMT ratio non-inferiority comparison. (C) Seroresponse rates at day 29. (D) Seroresponse rate difference non-inferiority
comparison. Vertical dashed lines represent the threshold for achieving the non-inferiority comparison of ARCT-2301 to Comirnaty BA.4/5. 95% Cls are given in

parentheses. GMT=geometric mean titre. GMFR=geometric mean fold rise.

to be random and thus no imputation methods were
implemented.
All statistical analyses were done using SAS version 9.4.

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results

Between Sept 29 and Nov 18, 2023, we screened
1010 individuals and enrolled and randomly assigned
930 participants (451 men and 479 women) to receive a
booster dose of ARCT-2301 (n=465) or Comirnaty
BA.4-5 (n=465; figure 1). 29 individuals considered
ineligible were not enrolled, nor were 51 eligible volun-
teers who were screened after the planned study sample
size was reached. One participant was enrolled sepa-
rately at two different study sites and received two doses
of ARCT-2301 9 days apart; data from this individual
were excluded from all analyses. One participant
withdrew consent, another was lost to follow-up before
day 29, and immunogenicity results for seven partici-
pants were not available, resulting in 460 participants
in the ARCT-2301 group and 462 in the Comirnaty
BA.4-5 group eligible for analysis at day 29. Baseline

demographic characteristics were similar in both study
groups (table 1).

Baseline and day 29 immunogenicity data were
available for 922 participants. At day 1, 112 (12%) of
922 participants had antibodies against the SARS-CoV-2
nucleocapsid protein, indicative of previous COVID-19
infection. At baseline, 921 (>99%) of 922 participants
showed seropositivity for Wuhan-Hu-1 neutralising anti-
bodies and 869 (94%) of 922 participants had antibodies
against the omicron BA.4/5 variants, despite only
686 (74%) of 922 having received the Comirnaty BA.4-5
vaccine. The seropositivity rate for omicron XBB.1.5
neutralising antibodies was lower (626 [68%)] of
922 participants).

398 ARCT-2301 recipients and 405 Comirnaty BA.4-5
recipients had baseline and day 29 samples available, were
seronegative for nucleocapsid at baseline, and had no
protocol deviations so were eligible for the per-protocol
analyses of immunogenicity in the PPS-1 set. Baseline
antibody titres were similar in both groups for all
three tested SARS-CoV-2 strains (figure 2). The primary
immunogenicity outcome to show that the antibody
response at day 29 against omicron BA.4/5 elicited by
ARCT-2301 was non-inferior to that elicited with Comirnaty
BA4-5 was achieved, both by GMT ratio (1-49, 95% CI
1-26-1-76) and difference in seroresponse rate (7-2%,

www.thelancet.com/infection Published online October 23,2024 https://doi.org/10.1016/51473-3099(24)00565-6



Articles

95% CI 0-6-13-7; figure 2). Both comparisons (GMT ratio
and seroresponse rate difference) also met prespecified
superiority criteria. Vaccination resulted in relative
increases in GMT against omicron BA.4/5 from day 1 to
day 29 in both groups, which were significantly higher in
the ARCT-2301 group (6-9, 95% CI 6-2-7-8) than the
Comirnaty BA.4-5 group (5-1, 4-6-5-6). These differences
in the response against omicron BA.4/5 were observed
consistently when groups were stratified by age, gender,
and interval since most recent vaccination (appendix p 7).

We observed similar patterns when comparing antibody
responses against the D614 strain, including increases in
GMT of 4-1 (95% CI 3-8—4-5) with ARCT-2301 and 3-0
(2-8-3-2) with Comirnaty BA.4-5 (figure 2). The differ-
ences in antibody response between the groups showed
superiority for ARCT-2301 using both superiority criteria,
with a GMT ratio of 1-45 (95% CI 1-28-1-63) and a differ-
ence in seroresponse rate of 12-5% (95% CI 5-9-19-0). In
both groups, baseline GMTs against the most recently
circulating SARS-CoV-2 variant, omicron XBB.1.5, were
lower than against omicron BA.4/5 and D614, but GMT
increased after receipt of either vaccine, with a 7-5-fold
increase (95% CI 6-7-8-3) after ARCT-2301and a 5-0-fold
increase (4-5-5-5) after Comirnaty BA.4-5. At day 29, the
GMT ratio was 1-63 (95% CI 1-36-1-94) and the serore-
sponse rate difference was 16-7% (95% CI 10-1-23-2).
Humoral immune responses against SARS-CoV-2 strains
did not appear to be affected by differences in the previous
vaccination received before the study (appendix p 8).
Furthermore, when sensitivity analyses were applied to
the PPS-2 to include those with serological evidence of
previous COVID-19 infection, responses against the
three tested strains were similar to those in the PPS-1 set
(appendix p 9). Finally, an ad-hoc analysis of responses
according to interval since the previous vaccination, strati-
fied as greater than or less than the median value of
11-1 months, showed results were consistent irrespective
of this factor (appendix p 7).

In an exploratory analysis, numbers of peptide pool-
specific IFN-y cells were increased at day 15 compared
with day 1 in both ARCT-2301 and Comirnaty BA.4-5
groups (appendix p 10). The mean and median numbers
of peptide pool-specific IFN-y cells at day 15 were slightly
higher in the Comirnaty BA.4-5 group, but it is unclear if
there are differences due to variability. We will further
assess this difference at day 181.

At the time of the final data cutoff for this analysis
(Dec 17, 2023), which was 29 days after vaccination in the
last participant, there had been no deaths, serious adverse
events, adverse events of special interest, or withdrawals
due to adverse events reported (table 2). In the
463 ARCT-2301 recipients, two (<1%) participants reported
featured symptoms; one participant reported chest pain
3 days after study vaccination and a second reported
shortness of breath (1 day post vaccination) and chest pain
(2 days post vaccination). Symptoms in both participants
resolved within 3 days. Two (<1%) of the 464 Comirnaty

ARCT-2301  Comirnaty
group BA.4-5
(n=463) group
(n=464)
Any solicited adverse events (days 1-7) 447 (97%) 451 (97%)
Local solicited adverse events (days 1-7)
Any 439(95%)  441(95%)
Severe 0 2 (<1%)
Systemic solicited adverse events (days 1-7)
Any 257 (56%) 234 (50%)
Severe 5 (1%) 6 (1%)
Unsolicited adverse events (days 1-29)
Any 73 (16%) 82 (18%)
Any related 33 (7%) 41(9%)
Any severe 5(1%) 1(<1%)
Any serious adverse events 0 0
Featured symptoms 2 (<1%) 3(1%)
Chest pain 2 (<1%) 2 (<1%)
Shortness of breath 1(<1%) 1(<1%)
Adverse events of special interest 0 0
Myocarditis or pericarditis 0* 0
Death 0* 0
Data are n (%). *95% exact Cl for 0/463=(0-0-79).
Table 2: Adverse events, serious adverse events, and adverse events of
special interest from day 1 to day 29 in the safety set

BA.4-5 recipients reported chest pain and a third had
shortness of breath within 7 days of vaccination; one had
chest pain 1 day after vaccination, which resolved with
2 days, and another had shortness of breath 3 days after
vaccination that resolved the same day. A third Comirnaty
BA.4-5 recipient reported chest pain 4 days after vaccina-
tion, which resolved the following day. All these reported
featured symptoms were considered related to the study
vaccine by the site investigators. However, after review
using Brighton Collaboration criteria,” the possibility of
myocarditis or pericarditis was excluded in all cases.

Most participants reported solicited local reactions
within 7 days of vaccination (table 2). The most frequent
solicited local reactions were tenderness or pain at the
injection site. Swelling, induration, and erythema were
reported less frequently in both groups, although were
more common following receipt of Comirnaty BA.4-5.
Generally, solicited systemic adverse events were less
common than local reactions, with similar reporting rates
in both groups (table 2). The most frequently occurring
solicited systemic adverse events were malaise, headache,
and myalgia in both vaccine groups (figure 3). All solicited
adverse events resolved within 2-3 days of vaccination.

Unsolicited adverse events over the 28-day period
covered were less common than solicited adverse events
in both study groups and were reported by 73 (16%) of
463 participants in the ARCT-2301 group and 82 (18%) of
464 participants in the Comirnaty BA.4-5 group (table 2).
Investigators assessed that half or fewer unsolicited
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Figure 3: Solicited reactogenicity according to highest severity in the two study groups in the 7 days after vaccination

adverse events were related to vaccination and most were
graded as mild or moderate. The most frequent unsolic-
ited adverse events in the safety sets of the ARCT-2301
and Comirnaty BA.4-5 groups were nasopharyngitis
(13 participants [3%)] vs eight [2%] participants), influenza
(six [196] participants vs five [1%] participants), rhinor-
rhoea (five [1%] participants vs three [1%)] participants),
injection site pruritis (three [1%)] participants vs ten [2%]
partiicpants), and oropharyngeal pain (one [<1%)] partici-
pant vs five [1%] participants).

Discussion

We showed the superior antibody response elicited by
ARCT-2301, an investigational self-amplifying mRNA
SARS-CoV-2 vaccine targeting the Asp614Gly SARS-
CoV-2 strain and omicron BA.4/5 variant, compared with
the bivalent licensed mRNA booster vaccine, Comirnaty
BA.4-5, when used as a booster dose in previously vacci-
nated healthy adults. Both booster vaccines increased the
immune response against omicron BA.4/5. As heterolo-
gous booster vaccines induce a higher magnitude
response than homologous boosters,” we assessed
immune responses to both vaccines after previous
homologous (BA.4/5) and heterologous (BA.1) COVID-19
booster doses. We found that, regardless of vaccination
history, self-amplifying mRNA vaccine induced a higher
humoral immune response than a conventional mRNA
vaccine, including higher neutralising antibody GMTs
and seroresponse rates against three tested SARS-CoV-2
variants. These observations support previous findings
with ARCT-154, a monovalent self-amplifying mRNA
vaccine targeting only the SARS-CoV-2 Asp614Gly
variant, compared with the monovalent BNT162b2

vaccine Comirnaty." An extension trial subsequently
showed that the difference between ARCT-154 and
BNT162b2 was evident up to 12 months after vaccination,
with better persistence of antibodies in ARCT-154 recipi-
ents.* We observed positive differences in magnitude,
durability, and breadth of the neutralising antibody
response between self-amplifying mRNA vaccines and
conventional mRNA vaccines that could translate into
higher clinical effectiveness, but a more substantial effect
on public health remains to be supported with further
clinical field studies. We observed these results after a
dose of 5 pg mRNA, a 6-fold lower dose in the self-
amplifying mRNA vaccine, compared with 30-pg mRNA
in the conventional mRNA vaccine, which might allow
for greater equity of dose distribution in the event of
another pandemic. Earlier studies with self-amplifying
mRNA candidates showed that an optimal balance of
immunogenicity and reactogenicity was achieved with a
5-pg dose and we maintained this amount in the bivalent
formulation.”

Reactogenicity of ARCT-2301 in this study was similar
to the licensed comparator mRNA vaccine and consisted
mainly of short-term pain and tenderness at the injection
site, which resolved within 2-3 days of vaccination.
Similar findings were previously reported with ARCT-154.
Importantly, there were no serious adverse events due to
vaccination and severe adverse events were infrequent
and resolved spontaneously. We specifically monitored
for adverse events that could be indicative of myocarditis
and pericarditis given the rare occurrence of these events
after mRNA vaccination,” which has been reported
variously to be from 1-6 cases per million first doses to
one case per 12-6 per million doses after a second
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dose.” We did not observe any confirmed cases of myo-
carditis or pericarditis, although the total number of
people who have received self-amplifying mRNA vaccines
is small and further surveillance is necessary.
Furthermore, the observed risk of myocarditis and peri-
carditis after vaccination remains lower than the risk of
these events after COVID-19 infection.

As the COVID-19 pandemic enters a new phase,
booster vaccines updated to target the new variants of
SARS-COV-2 that continue to emerge, notably the
various sublineages of the omicron variant (including
omicron JN.1 that currently predominates), are
needed.”* The comparator vaccine in this study is an
example of an updated vaccine, but updating to new
lineages might not be enough, and new improved
vaccines might be important in meeting future require-
ments. As well as coding for the target antigen, the
mRNA in self-amplifying mRNA vaccines codes for a
replicase enzyme that produces multiple copies of the
mRNA. This factor ensures mRNA production
continues for a longer duration, typically more than
20 days compared with only 2-3 days with standard
mRNA vaccines®” and allows for a lower dose of mRNA
to be used in the vaccine. This higher number of copies
of the antigen might explain the longer duration of the
immune response to self-amplifying mRNA compared
with mRNA reported in the study with ARCT-154."
Several other self-amplifying mRNA SARS-CoV-2
vaccines are in clinical development alongside the
bivalent ARCT-2301 studied in this trial. In a phase 1
study, Pollock and colleagues® reported a dose-
dependent increase in neutralising antibodies and
seroconversion after vaccination with lipid nanoparticle-
encapsulated self-amplifying RNA, and in another
phase 1 study, Palmer and colleagues” reported that a
self-amplifying mRNA vaccine boosted the immune
response in previously vaccinated adults older than
60 years, and that this antibody response persisted for
6 months. In a clinical phase 2/3 trial, Saraf and col-
leagues® reported that a monovalent omicron-specific
(B.1.1.529) self-amplifying mRNA vaccine induced a
higher immune response than an adenovirus vector
vaccine. An exploratory assessment of cell-mediated
immunity found an increase in spike-specific IFN-y
cells at day 15 with no difference between the two vaccine
groups. This observation will be further assessed at day
181. These data support the potential utility of self-
amplifying mRNA COVID-19 vaccines.

The technology of self-amplifying mRNA is also being
applied to develop candidate vaccines against various
other diseases, including pandemic influenza,’ Zika
virus,® and rabies virus.’ In other preclinical trials'" and
an early clinical trial,” self-amplifying mRNA has been
tested as a cancer vaccine. This study adds to the
emerging literature establishing the safety, tolerability,
and immunogenicity of the self-amplifying mRNA
platform to support future development of a range of

potential vaccines in addition to SARS-CoV-2. With the
end of the COVID-19 pandemic phase, the Coalition for
Epidemic Preparedness Innovations (CEPI), a global
foundation funded by multiple national and international
partners with the goal to support development of rapid
solutions to future pandemic threats, released the
CEPI 2.0 strategy in 2022.* Key to that strategy is the
100 Days Mission, the goal of which is to have in place
technological platforms that can be applied to the pro-
duction and equitable distribution of safe and effective
vaccines against any new infectious threat within
100 days of its recognition, rather than the 326 days it
took to release the first COVID-19 vaccine. Studies to
establish the effectiveness, safety, reliability, and superi-
ority of the self-amplifying mRNA vaccine platform
against new strains and variants compared with success-
ful conventional mRNA vaccines will play a major role in
the success of this mission.

This study has several strengths, including the
inclusion of an active comparator and the use of an
appropriate sample size to estimate the primary and
secondary outcome effect. However, there are some limi-
tations. This study was done during the 2023-24 season
when XBB.1.5-containing vaccines were recommended
by WHO, but many countries continued to use bivalent
vaccines due to delays in vaccine supply. This fact allowed
a comparison of bivalent formulations of both self-
amplifying mRNA and conventional mRNA vaccines in
addition to previously published data for monovalent
prototype strain vaccines.” We only thoroughly measured
immunogenicity with a small exploratory assessment of
cellular-mediated immunity, which requires further
investigation. However, our results are informative and
support that self-amplifying mRNA vaccines show the
same magnitude of immunological benefits when
presented as monovalent formulations or bivalent for-
mulations. We only compared ARCT-2301 with one of
the available mRNA vaccines, limiting our ability to gen-
eralise the results to other vaccines. However, our results
are consistent with those from our earlier comparison of
ARCT-154 and the original BNT162b2 vaccine, as well as
observations made with other self-amplifying mRNA
vaccine candidates.”” Whether improved immunogenic-
ity can be translated into higher protective efficacy is
unclear, and we do not have data on the duration of the
response to ARCT-2301 compared with Comirnaty
BA.4-5; follow-up to 6 months post vaccination is ongoing
to measure this outcome. We did not observe any cases
of myocarditis or pericarditis, but the rare incidence of
these events makes it unlikely that they would be detected
in clinical trials.”*# Continued monitoring, including
through post-marketing surveillance after licensure, and
widespread use of a self-amplifying mRNA vaccine will
be required.

In conclusion, this study supports our previous obser-
vations of the superiority of the antibody response
elicited by self-amplifying mRNA COVID-19 vaccine
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compared with standard mRNA COVID-19 vaccine as a
booster dose in fully primed adults. Tolerability and
apparent safety profiles of both self-amplifying mRNA
vaccines and conventional mRNA vaccines were similar.
Both the newer ARCT-2301 and the original ARCT-154
formulations elicited similar antibody responses against
the target vaccine strain(s) and other epidemiologically
prevalent SARS-CoV-2 variants, with equivalent tolera-
bility to commercial vaccines. Self-amplifying mRNA
vaccines might extend the arsenal of COVID-19 vaccines
and provide a robust, broad, and longer-lasting immune
response. Furthermore, the manufacturing process for
self-amplifying mRNA vaccines is similar to that of con-
ventional mRNA vaccines, but requires a smaller
amount of mRNA per dose. The vaccine is presented as
a lyophilised formulation that can be stored at —20°C for
up to 18 months or at 2-8°C for up to 1 month before
reconstitution with 0-9% saline for administration.
Once reconstituted the vaccine can stay out of refrigera-
tion (at temperatures between 8°C and 25°C) for up to
6 h. These conditions should facilitate the successful
distribution and administration of the vaccine. Our data
support the further development of self-amplifying
mRNA vaccines both to improve current mRNA vaccines
and as a new approach to develop vaccines against other
diseases.
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