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Extended dosing intervals enhance the
durability of a self-amplifying mRNA vaccine
against pandemic H5N1 influenza: a
randomized, observer-blind, dose-finding
Phase I study

Antoinette A. Pragalos1, Filippo Pacciarini2, Hongfan Jin2, Terri Hopkins2,
Ye Zhang2, Roberto Bugarini2, Xuexuan Liu2, Brian M. Sullivan2,
Carole Verhoeven 2 & Igor Smolenov 2

Avian influenza poses a persistent pandemic threat, yet traditional vaccines
face production delays. Self-amplifying mRNA (sa-mRNA) technology offers
potential advantages, including rapid development, dose sparing, and
enhanced, durable immunity.We evaluatedARCT-2304, a bicistronic sa-mRNA
vaccine encoding H5N1 hemagglutinin (HA) and neuraminidase (NA), in a
Phase 1 randomized, observer-blind trial (NCT06602531). Healthy adults
(N = 212) received two doses of ARCT-2304 (1.5, 5, or 12mcg) or control/pla-
cebo on a 4- or 8-week schedule. Primary outcomes evaluated safety and
reactogenicity (solicited/unsolicited/serious adverse events [AEs]) and
immunogenicity (HA inhibition and NA enzyme-linked lectin assays 28 days
post-second dose). Immunogenicity results were benchmarked using serum
from a prior study supporting licensure of an H5N1 vaccine. ARCT-2304 was
well-tolerated, displaying mostly mild-to-moderate, transient, dose-
dependent solicitedAEs, with no safety concerns identified. Twodoses elicited
robust HA and NA humoral responses. An 8-week interval yielded higher
magnitude and greater durability than a 4-week schedule, with neutralizing
and anti-NA antibodies remaining significantly elevated 6–7 months post-
second dose. ARCT-2304 also induced dose-dependent, Th1-polarized T-cell
responses peaking at Day 29. These findings support advancing sa-mRNA
platforms for pandemic influenza preparedness.

Zoonotic influenza A viruses remain a significant global health threat,
with pandemic potential that exceeds seasonal outbreaks1. Among
circulating subtypes, highly pathogenic avian influenza H5N1, parti-
cularly clade 2.3.4.4b, poses amajor concern2,3. Since its re-emergence,
H5N1 has become enzootic in birds worldwide and demonstrated

zoonotic spillover into more than 50 mammals - including sustained
transmission in dairy cattle in the U.S. - alongside sporadic human
infections associated with high fatality rates4. While sustained human-
to-human transmission has not been established, the virus’s ongoing
evolution and the lack of pre-existing immunity in the general
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population underscore the criticalmedical need for rapid and scalable
pandemic preparedness strategies.

Current pandemic preparedness relies predominantly on licensed
vaccines developed through traditional platforms5,6. Several H5N1
vaccines, particularly adjuvanted inactivated subunit formulations, are
approved for stockpiling and emergency deployment. Notably, adju-
vanted influenza vaccines have established a benchmark in pandemic
vaccine development by demonstrating enhanced immune response
in young and older adults and providing antigen-sparing benefits
compared to non-adjuvanted formulations7.

Historically, these vaccines, produced primarily using egg-based
or cell-culture systems, have been central to global pandemic response
strategies. However, the extended timelines required to generate seed
viruses, scale manufacturing, and distribute the vaccines present a
significant operational challenge. In a rapidly emerging pandemic, the
typical six-month production lead time in traditional vaccine manu-
facturing creates a vulnerability gap, leaving the global population
unprotected.

To address these limitations, pandemicpreparedness efforts have
increasingly shifted toward platform technologies designed for rapid
response. The COVID-19 pandemic validated messenger RNA (mRNA)
vaccines as a transformative tool for outbreak response, offering
unprecedented speed in vaccine design, development, and manu-
facturing. Unlike protein-based or inactivated-virus vaccines, mRNA
vaccines can be chemically synthesized within days after the identifi-
cation of a pathogen’s genetic sequence, thereby bypassing the bio-
logical constraints of cell culture or egg-based production systems8.

Despite the success of conventional mRNA vaccines in pan-
demic response, several opportunities for improvement include
protection after a single dose, more durable immune responses,
better tolerability, higher manufacturing capacity enabled by
dose reduction, and greater thermal stability. These needs have
driven interest in next-generation RNA platforms, particularly
self-amplifying mRNA (sa-mRNA).

Recently, a self-amplifying mRNA COVID-19 vaccine (Kostaive,
Arcturus Therapeutics Inc., San Diego, CA, USA) has been licensed in
Japan, the European Union, and the UK9–11. Self-amplifying mRNA (sa-
mRNA) vaccines contain anmRNA replicase that amplifies intracellular
mRNA levels, resulting in prolonged production of the target
antigens12–14. Together with dose-sparing benefit and enhanced innate
immune activation, this mechanism induces robust and durable
antigen-specific humoral and cellular immune responses, as well as a
promising breadth of protection15.

Arcturus has developedARCT-2304, a pandemic influenza vaccine
candidate utilizing the same sa-mRNA platform and a similar lipid
nanoparticle (LNP) formulation as Kostaive. ARCT-2304 comprises sa-
mRNA encoding the hemagglutinin (HA) and neuraminidase (NA)
antigens of the H5N1 A/Indonesia/5/2005 clade 2.1 strain, which was
previously selected for the development of conventional pandemic
influenza vaccines16. This first-in-human study evaluates the safety,
reactogenicity, and immunogenicity of ARCT-2304 in healthy young
(18-59 years) and older adults (60-80 years).

Results
Study population demographics
The study was conducted between 10 December 2024 and 05
December 2025. Of the 425 individuals screened, 212 were enrolled
and equally distributed between the D1,29 Cohort (n = 106) and D1,57
Cohort (n = 106). All participants received the first dose of their allo-
cated vaccine (Fig. 1). Demographics were evenly distributed across
study groups: the majority were female (54.7–59.4%) and White
(74.5–75.5%). Each cohort included 40 (37.7%) older adult participants
( ≥ 60 years), with mean ages across groups ranging from 52 to 55
years. Detailed baseline characteristics are provided in Table 1.

Safety and reactogenicity
Solicited local reactions occurring in the 7 days after the first and
second vaccinations in the D1,29 Cohort are illustrated in Fig. 2. The
most frequent local reactions observed after both ARCT-2304 and the

Fig. 1 | Study flow chart. PPS per protocol set, PI principal investigator. * Participant may have multiple reasons leading to exclusion from PPS.
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influenza vaccine/placebo weremild or moderate pain at the injection
site. Erythema and swelling were infrequent ( ≤ 7% of participants).

Systemic solicited adverse events were less frequently reported
than local reactions. The frequencies of systemic AEs (1.5 and 5mcg
doses of ARCT-2304) werewithin the same ranges as licensed seasonal
influenza/placebo vaccine. Fatigue, headache and myalgia were the
most frequently reported systemic AEs (Fig. 3).

All events were transient and resolved within 2-3 days after vac-
cination (Supplementary Fig. S2). Reactogenicity was dose-dependent,
with a slight increase in systemic reactogenicity observed post-dose 2
for the 12mcg dose (Fig. 3). Older adults (60-80 years) reported both
local and systemic events with lower frequency and severity than
younger adults (18-59 years) (Supplementary Figs. S3a and S3b).
Similar findings were reported for the D1,57 Cohort.

Unsolicited AEs reported within 28 days after any dose (dose 1 or
dose 2) were reported by 22.2-38.5% of participants in the ARCT-2304

groups and 23.1-29.6% in the influenza/control groups. Related AEs
were infrequent, occurring in only one or two participants per group
(3.8-7.7%) except for the 12mcg ARCT-2304 group in the D1,57 Cohort,
which reported related AEs in 3/26 (11.5%) participants (Table 2).
Related AE reported after vaccination with ARCT-2304, each occurring
in a single participant, included diarrhoea, injection site haematoma,
injection site pruritus, facial pain, neutrophils count decreased, injec-
tion site reaction, eye pain, and Raynaud’s phenomenon. In the influ-
enza/control groups, related AEs recorded for one participant each
were a decreased neutrophil count, neuritis, diarrhea, and night
sweats.

Serious adverse events reported up to study end were infrequent,
involving 4 participants (reporting 5 events) in the D1,57 Cohort and
none in the D1,29 Cohort. Reported SAEs included acute cardiac fail-
ure, fecaloma, pulmonary embolism, diplopia, and tibia fracture, with
onset ranging from 30 to 114 days after the last vaccination. One older

Table 1 | Demographics of the study population (Safety Analysis Set)

D1,29 Cohort D1,57 Cohort

1.5mcg 5mcg 12mcg Control 1.5mcg 5mcg 12mcg Control
N = 26 N = 26 N = 27 N = 27 N = 27 N = 27 N = 26 N = 26

Age (yrs) Mean ± SD 53.1 ± 14.6 52.5 ± 15.4 53.3 ± 12.4 51.9 ± 15.8 53.3 ± 17.3 52.7 ± 15.0 54.9 ± 15.5 54.2 ± 13.6

Age group
n (%)

18-59 yrs 16 (61.5) 16 (61.5) 17 (63.0) 17 (63.0) 17 (63.0) 17 (63.0) 16 (61.5) 16 (61.5)

60-80 yrs 10 (38.5) 10 (38.5) 10 (37.0) 10 (37.0) 10 (37.0) 10 (37.0) 10 (38.5) 10 (38.5)

Sex
n (%)

Male 16 (61.5) 11 (42.3) 11 (40.7) 10 (37.0) 8 (29.6) 10 (37.0) 14 (53.8) 11 (42.3)

Female 10 (38.5) 15 (57.7) 16 (59.3) 17 (63.0) 19 (70.4) 17 (63.0) 12 (46.2) 15 (57.7)

BMI, kg/m2 Mean ± SD 29.8 ± 5.3 29.3 ± 6.2 29.5 ± 7.6 28.6 ± 6.2 31.0 ± 7.7 30.7 ± 7.1 30.9 ± 6.4 28.3 ± 5.6

Race
n (%)

Black or African American 4 (15.4) 6 (23.1) 6 (22.2) 7 (25.9) 6 (22.2) 4 (14.8) 5 (19.2) 3 (11.5)

White 21 (80.8) 20 (76.9) 19 (70.4) 19 (70.4) 19 (70.4) 22 (81.5) 19 (73.1) 20 (76.9)

Other* 1 (3.8) 0 (0.0) 2 (7.4) 1 (3.7) 2 (7.4) 1 (3.7) 2 (7.7) 3 (11.5)

Ethnicity
n (%)

Hispanic or Latino 1 (3.8) 4 (15.4) 5 (18.5) 2 (7.4) 2 (7.4) 2 (7.4) 2 (7.7) 1 (3.8)

Not Hispanic or Latino 25 (96.2) 22 (84.6) 22 (81.5) 25 (92.6) 25 (92.6) 25 (92.6) 23 (88.5) 25 (96.2)

Not reported 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (3.8) 0 (0.0)

* Includes American Indian or Alaska Native, Asian, Native Hawaiian or Other Pacific Islander, Not Reported, and Multiracial.
BMI body mass index, mcgmicrogram, SD standard deviation, yrs years.
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Fig. 2 | Solicited local reactions following ARCT-2304 or control vaccination in
the D1,29 Cohort. a local reactions within 7 days after the first dose. b local
reactions within 7 days after the second dose. Data are presented as percentages of
participants, with severity indicated as mild, moderate, or severe. Number of

participants in D1,29 Cohort: 1.5mcg (n = 26), 5mcg (n = 26), 12mcg (n = 27), con-
trol (n = 27). The control group received an influenza vaccine for dose 1 and a
placebo for dose 2. n represents the number of participants included in the SAF for
a specific group. mcg microgram, SAF safety analysis set.
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adult participant with a medical history of obesity experienced a pul-
monary embolism52days after thefirst vaccination, followedby amild
adverse event of special interest (AESI) of thrombocytopenia on Day
54. Further details about this event are presented in Supplementary,
page 6. Additionally, one participant discontinued the study on Day 85
following a diagnosis of meningioma. No cases of myocarditis or
pericarditis were reported in the study. All SAEs, the AESI, and the AE
leading to study discontinuation were assessed by the investigator as
unrelated to the study vaccine.

Safety laboratory assessments identified only one finding of note:
two participants (one in the ARCT-2304 group and one in the influ-
enza/control group) experienced a transient and asymptomatic
decrease in neutrophil count, which was reported as a study vaccine-
related AE. This finding is not unexpected and aligns with observations
in other vaccine trials17,18. No other laboratory abnormalities of note
were detected.

Reference immunogenicity data
Reference immunogenicity data were obtained from a historical
cohort (study V89P1). In total, 41 individuals, who received a 2-dose
series (at Day 1 and Day 22) of adjuvanted pandemic A/H5N1 influenza

vaccine (7.5mcg of cell culture-grown influenza A/H5N1 hemagglutinin
with a full dose of MF59 (0.25mL)), provided serum samples at Days 1
and 43, and consented for their samples to be included in future
evaluations, were included in the analysis16. The study cohort consisted
of participants aged 18-40 years, and 61% of the participants were
males (n = 25).

The samples were retested using study-specific hemagglutination
inhibition (HAI) and microneutralization (MN) assays in parallel with
samples from the current clinical study. After exclusion ofmissing data
and two potentially mislabeled samples, 80 HAI results and 77 MN
results were included in the analysis and compared with historical
results from study V89P1.

Using theDeming regressionparameters (Supplementary Fig. S4),
historical GMTs from Keitel et al. were adjusted for benchmarking16.
Day 1 and Day 43 MN GMTs were adjusted from 11 (95% CI: 10-13) and
645 (95% CI: 459-906) to 7 (7-9) and 863 (580-1285), respectively
(Supplementary Table S1a). Day 1 and Day 43 HAI GMTs were adjusted
from5 (95%CI: 4.7-5.3) and 131 (95%CI: 82-210) to 5 (5-5) and29 (23-38),
respectively (Supplementary Table S1b). These adjusted HAI and MN
GMT values were used for benchmarking ARCT-2304 humoral
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Fig. 3 | Solicited systemic adverse events following ARCT-2304 or control
vaccination in theD1,29Cohort. a. solicited systemic reactions within 7 days after
first dose. b. solicited systemic reactions within 7 days after second dose. Data are
presented as percentage of participants with the highest severity indicated asmild,

moderate or severe. Number of participants inD1,29Cohort: 1.5mcg (n = 26), 5mcg
(n = 26), 12mcg (n = 27), control (n = 27). The control group received an influenza
vaccine for dose 1 and placebo for dose 2. n represents the number of participants
included in the SAF for a specific group. mcg microgram, SAF safety analysis set.
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immunogenicity results. Detailed results of the exploratory Deming
regression are provided in the Supplement, page 11.

Humoral immune responses
Immunogenicity against the HA glycoprotein of the A/H5N1 influenza
virus strain was assessed by HAI and MN assays. ARCT-2304 elicited
HAI titers against the A/H5N1 strain 28 days after the second vaccina-
tion across all dose levels, and these titers were numerically similar to
or higher than those of the MF59 adjuvanted pandemic vaccine
administered on a 3-week schedule (based on Deming regression
adjusted titers), except for the 1.5mcg dose administered on a 4-week
schedule (see Fig. 4A). A single dose was not associated with an
increase in the HAI antibody titers. The magnitude of the post-dose 2
HAI response was enhanced when using an 8-week interval (D1,57
Cohort) compared to a 4-week interval (D1,29Cohort) (at 28 days post-
dose 2, GMFRs of 6.7, 11.0, and 13.7 vs. 3.6, 7.1, and 7.8 for the 1.5mcg,
5mcg and 12mcg groups, respectively). There was a modest dose-
response inboth regimen cohorts. Seroprotection rates (defined as the
percentage of participants with HAI titers ≥1:40) were higher in the
D1,57 Cohort (65.0%, 95.5%, and 100% for 1.5mcg, 5mcg and 12mcg
doses, respectively) compared to the D1,29 Cohort (37.5%, 59.1%, and
66.7%, respectively) at 28 days after the second vaccination. Ser-
oconversion rates (SCRs) at 28 days post-dose 2 followed the same
trend; 60.0% (1.5mcg), 95.5% (5mcg), and 94.4% (12mcg) in the D1,57
Cohort compared to 37.5%, 59.1% and 65.2% in the D1,29 Cohort.

In contrast to the HAI findings, the MN assay demonstrated an
immune response following thefirst dose administration, regardlessof
dose level (Fig. 4B). Good short-termneutralizing antibodypersistence
up to Day 57 after the first dose was observed in the D1,57 Cohort. The
neutralizing antibody response was further enhanced by the second
dose, with the 8-week interval yielding a higher-magnitude immune
response compared to the 4-week interval, at 28 days post dose 2
(GMFRs of 23.4, 26.7, 41.2 vs. 10.4, 16.8, 24.8 for the 1.5mcg, 5mcg and
12mcg groups, respectively). Two doses of ARCT-2304, administered
4 and 8 weeks apart, demonstrated a modest dose response. SCRs at
28 days post-dose 2 were high in both cohorts (SCRs of 87.5-100% in
D1,29 Cohort and 94.1-100% in D1,57 Cohort). Across all dose levels,
ARCT-2304 induced titers against the A/H5N1 strain that were
numerically similar to or higher than those with the MF59-adjuvanted
pandemic vaccine (based on Deming regression-adjusted titers),
except at the 1.5mcg dose given on a 4-week schedule.

Immunogenicity targeting the NA glycoprotein of the A/
H5N1 strain was assessed using the enzyme-linked lectin assay (ELLA).
Consistent with the microneutralization data, anti-NA antibodies were
induced after a single dose of the vaccine, regardless of the dose level
administered. Good short-term antibody persistence was observed
through Day 57 post-Dose 1 (Fig. 5). Subsequent administration of the
second dose further increased the anti-NA immune response. Similar
to theHAI andMN results, themagnitude of the immune responsewas
generally higher with the 8-week interval as compared to the 4-week
interval at 28 days post-dose 2 (GMFRs of 19.4, 31.1, 52.4 vs. 14.4, 21.8,
44.4 for the 1.5mcg, 5mcg and 12mcg groups, respectively). Amodest
dose response was observed for both regimens. SCRs at 28 days post-
dose 2 were high in both cohorts (SCRs of 90.9–100% in D1,29 Cohort
and 95–100% in D1,57 Cohort).

Themagnitude of the immune response, asmeasured by HAI, MN
and ELLA assay, was in general consistent across age groups (18-59 and
60-80 years) (Supplementary Figs. S5, S6, and S7).

The persistence of the immune response was evaluated through
Day 240, approximately 8 months following the initial vaccination on
Day 1. Across both HAI and MN assays, an extended dosing interval
(D1,57) was associatedwith a higher antibody titer against theH5N1HA
glycoprotein compared to the standard interval (D1,29) on Day
240 (Fig. 6).

At Day 240, HAI responses (Fig. 6A) in the D1,29 Cohort demon-
strated limitedpersistence,withGMFRsof 1.1 (1.5mcgdose), 1.6 (5mcg
dose), and 1.5 (12mcgdose). In theD1,57Cohort, HAIGMFRsof 1.7, 2.0,
and 3.2 were observed across the corresponding dose groups.

In contrast, neutralizing antibody titers (MN) and anti- NA anti-
bodies (Figs. 6B and 7, respectively) exhibited a higher overall mag-
nitude and remained elevated through 6-7 months post the second
vaccination. In the D1,57 Cohort, MN GMFRs reached 5.1 (1.5mcg
dose), 6.5 (5mcg dose), and 9.4 (12mcg dose). These values were
substantially higher than those observed in the D1,29 Cohort, which
showed GMFRs of 3.0, 4.5, and 6.0 at the same dose levels. Mirroring
this trend, anti-NA antibodies demonstrated even greater persistence,
with D1,57 GMFRs of 8.7, 14.1, and 22.9, respectively, values that again
exceeded those of the D1,29 Cohort (5.5, 10.8, and 13.8).

Cellular immune responses
Assessment of T-cell functionality revealed that ARCT-2304 appears to
elicit a dose-dependent increase in the frequencies of IFNγ and IL-2-

Table 2 | Safety in each of the study groups and two regimen cohorts as numbers (%) of participants reporting adverse events –
unsolicited adverse events within 28 days of any vaccination (dose 1 or dose 2), SAE, MAAE, AESI, AE leading to withdrawal
from study and fatalities over the entire study period (Day 1-Day 240)

Incidence of events, n (%) D1,29 Cohort D1,57 Cohort

1.5mcg 5mcg 12mcg Control 1.5mcg 5mcg 12mcg Control
N = 26 N = 26 N = 27 N = 27 N = 27 N = 27 N = 26 N = 26

Unsolicited AEs (within 28 days of any dose) 10 (38.5) 9 (34.6) 10 (37.0) 8 (29.6) 6 (22.2) 8 (29.6) 10 (38.5) 6 (23.1)

Severe unsolicited AEs 2 (7.7) 2 (7.7) 1 (3.7) 1 (3.7) 2 (7.4) 0 (0.0) 1 (3.8) 1 (3.8)

Unsolicited AEs related to vaccination 1 (3.8) 1 (3.8) 2 (7.4) 2 (7.4) 0 (0.0) 0 (0.0) 3 (11.5) 2 (7.7)

Serious adverse events 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (3.7) 0 (0.0) 2 (7.7) 1 (3.8)

SAEs related to vaccination 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Medically attended adverse events 4 (15.4) 2 (7.7) 6 (22.2) 0 (0.0) 7 (25.9) 6 (22.2) 6 (23.1) 5 (19.2)

MAAEs related to vaccination 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Adverse events of special interest 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (3.8) 0 (0.0)

AESIs related to vaccination 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Adverse events leading to withdrawal 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (3.7) 0 (0.0) 0 (0.0)

Adverse events with fatal outcome 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

AE adverse event, AESI adverse event of special interest, MAAE medially attended adverse event, mcgmicrogram.
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Fig. 4 | Antibody titers against A/H5N1 HA glycoprotein in D1,29 and D1,57
Cohorts. A hemagglutination inhibition (HAI) assay titers. B microneutralization
(MN) assay titers. Data are presented following 2dose vaccinationswithARCT-2304
in the Per Protocol Set (PPS). For the D1,29 Cohort, antibody titers were measured
atDays 1, 29, 36, and 57; for theD1,57 Cohort, titers weremeasured atDays 1, 57, 64,
and85. Boxbounds represent the 25th and 75th percentiles;whiskers showminimum
and maximum values; solid horizontal lines indicate the median; plus signs (+)
indicate the mean. Number of participants in D1,29 Cohort: 1.5mcg (n = 24), 5mcg

(n = 22), 12mcg (n = 24). Number of participants in D1,57 Cohort: 1.5mcg (n = 20),
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secreting T-cells following a single dose administration of ARCT-2304,
especially evident in the D1,29 Cohort (Fig. 8 and Supplementary
Fig. S8). No notable trend was observed in the frequency of TNFα-
secreting cells. The cell-mediated immune response peaked on Day 29
after the first dose in the D1,29 Cohort and appeared to have waned by
Day 57 in the D1,57 Cohort. The administration of the second dose of
ARCT-2304 was not associated with a significant further increase in
IFNγ and IL-2 secreting T-cell frequencies at 7 days post-Dose 2.

The cellular response was characterized by Th1-type polarization
(Fig. 8 and Supplementary Fig. S8); the frequencies of Th1-related
cytokine-secreting cells (IFNγ and IL-2) were higher than those of Th2-
related cytokine-secreting cells (IL-4 and IL-13). While no consistent
trend was observed for IL-4-secreting cells, low levels of IL-13-
expressing cells were noted.

Discussion
The rapid evolution and zoonotic potential of influenza A viruses
underscore the urgent need for vaccine platforms that combine pro-
duction speedwith superior immunogenicity. Following the success of
mRNA COVID-19 vaccines in the SARS-CoV-2 pandemic response,
several mRNA vaccine candidates for pandemic influenza were devel-
oped and demonstrated significant potential in preclinical and clinical
studies19,20. In thispaper,wepresented thefirst clinical results for a self-
amplifying mRNA pandemic influenza A/H5N1 vaccine (ARCT-2304),
offering distinct advantages over conventional mRNA and traditional
pandemic influenza vaccines. Itsmechanismenables a significant dose-
sparing effectwhile driving robust, durable humoral and cell-mediated
immune responses. Previously, for the COVID-19 sa-mRNA vaccine, we
demonstrated that sa-mRNA elicits a distinctive antibody response,
defined by a sustained, activating profile to the vaccine-encoded pro-
teins and a broad spectrum of drifted strains. Notably, potently

activating FcγRIIIA-binding antibodies induced sustained stimulation,
thereby enhancing natural killer cell activation21.

The results of this phase I study demonstrate that two doses of
ARCT-2304 (1.5, 5, and 12mcg) elicit robust, dose-dependent immune
responses against theHAandNAof thepandemicvaccine strain,which
persist for at least 6–7 months after the second immunization. High
seroconversion rates ( ≥ 87.5%) were observed when using MN and
ELLA assays. This trend was less pronounced in the HAI assay.

Immunogenicity remained consistent across age groups, as
assessed by HAI, MN and ELLA assays.

Because a licensed comparator vaccine containing antigens from
the H5N1 A/Indonesia/05/2005 was not available, we could not per-
form a direct comparison with ARCT-2304 in this study. Instead, we
utilized a subset of serum samples collected in a previous dose-finding
clinical study, which supported the licensure of an adjuvanted pan-
demic influenza vaccine, retested these samples using study-specific
HAI and MN assays in parallel with samples from the current clinical
study, and adjusted the comparator’s reference immunogenicity data
based on the retest results.

Regardless of serological assay (HAI or MN), ARCT-2304 in dose
levels 5 and 12mcg (both vaccination schedules) and 1.5mcg (8-week
schedule) induces an HA-specific immune response that is numerically
similar to or higher than that after vaccination with the MF59 adju-
vanted pandemic vaccine (after adjustment based on the Deming
regression).

Considering prolonged protein expression for sa-mRNA vaccines,
an extended interval between the first and second dose may be bio-
logically justifiable and beneficial22. We observed a consistently higher
immune response after the second dose with an 8-week interval than
with a 4-week interval across all three serological assays.

The ability of the pandemic influenza vaccine to induce at least
short-termprotection after a singledosewould be highly desirable and
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Fig. 5 | Antibody titers against A/H5N1 NA glycoprotein in D1,29 and D1,57
Cohorts. Anti-NA antibody titers were evaluated using the enzyme-linked lectin
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could have major implications for pandemic response strategy23. This
study does not specifically assess immunogenicity or antibody per-
sistence following a single dose, but post-dose 1 results for theMNand
ELLA assays at 1 and 2 months are encouraging and may indicate the
potential of the sa-mRNA vaccine platform. This trend was likely
masked in the HAI results by the assay’s limited sensitivity and narrow
dynamic range.

We also showed that a single dose of ARCT-2304 increases the
frequency of IFNγ- and IL-2-secreting T-cells in a dose-dependent
manner, with the peak response on Day 29, and that this response is

associated with Th1-type immune polarization. This data is consistent
withmultiple publications indicating that the sa-mRNAplatformelicits
a strong T-cell-mediated immune response24–26.

ARCT-2304 demonstrated a dose-dependent increase in the fre-
quency of solicited adverse reactions; however, the severity and
duration of reactions were acceptable across all tested dose levels. The
tolerability profiles of the lower dose levels were preferable and are
within the same ranges as those of the licensed seasonal influenza/
placebo vaccines. No treatment-related SAEs or safety concerns were
identified in the study. Overall, the safety profile of ARCT-2304 is
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consistent with that seen for the licensed sa-mRNA COVID-19
vaccine12,27,28.

This study has several limitations. Firstly, HAI titers for reference
samples were substantially lower than those reported by Keitel et al.
while the MN titers were comparable16. Moreover, the magnitude of
HAI responses induced by ARCT-2304 was lower than that measured
by theMNassay. This likely indicates low assay sensitivity and a narrow
dynamic range for the HAI assay.

Secondly, we did not observe a significant increase in the fre-
quencies of IFNγ- or IL-2-secreting cells at 7 days after the second
vaccination, which may reflect an insufficient follow-up period to fully
evaluate cell-mediated immunity. Thirdly, we acknowledge the
absence of active control in the study and the use of derived immu-
nogenicity data, based on a subset of serum samples retested against a
reference fromaprior clinical study. As benchmarking relied in part on
the transformation of historical results to the current assay scale, these
comparisons may be affected by residual measurement differences
that are not fully captured by the regression‑based harmonization
approach. Finally, because the NA antigen is not included (or not
controlled) in currently licensed influenza vaccines, interpreting the
anti-NA response elicited by ARCT-2304 is challenging in the absence
of an agreed-upon reference standard.

In summary, we demonstrated the feasibility of developing a sa-
mRNA pandemic influenza vaccine and its potential advantages,
including a dose-sparing effect and the ability to induce robust, dur-
able humoral and Th1-type cell-mediated immune responses. We also
observed the immunological benefits of an extended dosing interval,
the opportunity to explore a single-dose vaccination regimen, and a
predictable and consistent tolerability and safety profile. These new
data contribute to a better understanding of sa-mRNA technology and
differentiation of various mRNA modalities.

Methods
The study was conducted in accordance with Good Clinical Practice
guidelines, the Declaration of Helsinki, and applicable United States
Food and Drug Administration (US-FDA) regulations.

Ethics and informed consent
The clinical trial protocol and informed consent documents were
reviewed and approved by the central institutional board, Advarra Inc
(Approval Reference: Pro00082006, Approval Date: 07 October 2024;
OHRP/FDA IRB registration: IRB00000971).

Prior to initiating study-related procedures, written informed
consent was obtained from each participant. Participants received
comprehensive study details, had the opportunity to discuss the trial,
and were informed of their right to withdraw at any time without
affecting standard care. Signed consent forms were retained, and
copies were provided to participants in compliance with 21 CFR Part
50, ICHGoodClinical Practice guidelines, HIPAA, and local regulations.

Study design and outcomes
This first-in-human randomized, multi-center, observer-blind, con-
trolled, dose- and schedule-finding study was conducted at 3 medical
centers in the United States between December 2024 and December
2025. The study was registered on ClinicalTrials.gov (identifier
NCT06602531).

Participants were randomized to receive a 2-dose series of ARCT-
2304 at one of 3 dose levels (1.5mcg, 5mcg, or 12mcg of mRNA) or a
control vaccine/placebo. The selection of tested dose levels was
informed by prior studies using this platform for COVID-19 and sea-
sonal influenza; 1.5mcg was chosen as the lowest feasible dose based
on vaccine presentation, 5mcg aligns with the dose of the licensed
COVID-19 vaccine; and 12mcg represented a high dose level to explore
a potential dose-response effect. Furthermore, the study evaluates two
distinct dosing regimens – a traditional 4-week interval (D1,29) and an
extended 8-week interval (D1,57) - which might be more beneficial for
the sa-mRNA platform due to prolonged protein expression and
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Fig. 7 | Persistence of the immune response against A/H5N1 NA glycoprotein in
D1,29 and D1,57 Cohorts. Anti-NA antibody titers were evaluated using the
enzyme-linked lectin assay (ELLA). Data are presented up to Day 240 following
2-dose vaccinations with ARCT-2304 in the Per Protocol Set (PPS). Responses are
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potential enhanced ‘affinity maturation’ in the germinal centers of
lymph nodes22. A schematic figure of the study design is shown in
Supplementary Fig. S1.

In the absence of an available licensed pandemic vaccine con-
taining the A/Indonesia/05/2005 strain, participants received an age-
appropriate seasonal influenza vaccine (first vaccination) and placebo
(second vaccination) as safety comparators. Immunogenicity data was
benchmarked against a subset of serum samples collected in a prior
clinical study of anMF59-adjuvanted A/H5N1 vaccine (A/Indonesia/05/
2005 strain) in healthy adults, kindly provided by CSL Seqirus16.

The key outcomes of this phase 1 study were i) safety and reac-
togenicity of different dose levels of ARCT-2304 vaccine (1.5, 5 and

12mcg) up to 28 days post dose 2, ii) assessment of immune response
against HA glycoprotein using hemagglutination inhibition assay (HAI)
and microneutralization (MN) assay, and iii) assessment of immune
response against the NA glycoprotein using neuraminidase enzyme-
linked lectin assay (ELLA).

The study also assessed the persistence of humoral immune
response and safety of different dose levels of ARCT-2304 up to Day
240, and HA- and NA-specific cell-mediated immune responses using
FluoroSpot.
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Fig. 8 | Antigen-specific T-cell cytokine secretion (FluoroSpot) in the D1,29
Cohort. Quantification of IFNγ, IL-2, TNFα, IL-4, and IL-13 secreting T-cells against
H5 and N1 antigens (pooled data) in a subset of the modified intent-to-treat (mITT)
population. Box bounds represent the 25th and 75th percentiles; whiskers show the
10th and 90th percentiles; solid horizontal lines indicate the median; plus signs (+)

indicate the mean. Number of participants: 1.5mcg (n = 7), 5mcg (n = 7), 12mcg
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Participants
Participants received a fixed compensation per study visit to cover
travel expenses and time, pro-rated for subjects whowithdrew prior to
study completion. Compensation was approved by the Ethics
Committee.

Eligible participants were healthy adults or individuals with pre-
existing stablemedical conditions (18–59 years and 60–80 years), who
had not previously received an A/H5N1 influenza vaccine and did not
have substantial exposure to or direct contact with poultry, wild birds,
cattle, or raw milk. Female participants of childbearing potential were
required topracticeagreed contraceptivemethodsduring the trial and
were excluded if a pregnancy test prior to enrollment was positive.
Other inclusion/exclusion criteria are shown in Supplementary, page 3.

Randomization and masking
Participants were randomized (1:1) into two cohorts according to the
vaccination schedule (D1,29 or D1,57). Within each vaccination sche-
dule cohort, participants were randomized to one of the 4 study
groups (1.5mcg, 5mcg, or 12mcg of ARCT-2304, or control/placebo
vaccine) in a 1:1:1:1 ratio using an interactive response system (IRT).
Randomization was performed separately for each age group: 18–59
and 60–80 years. The computer-generated randomization list was
prepared with the contract research organization (CRO) CTI Clinical
Trial and Consulting, USA.

Anunblindeddosing teamat each study site, not involvedwith the
study participants’ evaluation, prepared and administered the study
vaccines. Study vaccine syringes were masked to avoid unblinding of
the participants. Participants and all other study personnel, including
laboratory staff, the relevant CRO personnel, and the sponsor’s
representatives, remained blinded to allocation throughout the study.

Procedures
After providing informed consent, study participants were assessed
for eligibility during a 28-day screening period. Screening assessments
included the collection of medical history, safety laboratory data, and
physical examinations. On Day 1, before vaccination, vital signs were
recorded, and bloodwas collected to obtain baseline safety laboratory
values. Further blood samples for safety analysis (haematology, coa-
gulation panel, and serum chemistry) were obtained ondays 8, 29, and
36 (D1,29 Cohort) and on days 8, 57, and 64 (D1,57 Cohort). Study
vaccines or controls were administered as intramuscular injections on
Day 1 and 29 (D1,29 Cohort) or on Day 1 and 57 (D1,57 Cohort).

After each vaccination, participants were monitored on-site for
60minutes for potential immediate reactions. Participants reported
the presence and severity of solicited local reactions (injection-site
pain, erythema, and swelling) and systemic adverse events (fatigue,
headache,myalgia, arthralgia, nausea, dizziness, chills, and fever) in an
electronic diary for 7 days after each vaccination. All unsolicited
adverse events were recorded from day 1 to day 57 (D1,29 Cohort) or
from day 1 to 85 (D1,57 Cohort). The severity of any reaction or AE was
graded according to the FDA Toxicity Grading Scale29. All serious AEs
(SAEs),medically attendedAEs (MAAEs), AEs of special interest (AESIs),
and AEs leading to study termination were recorded throughout the
duration of the study. AESIs included AEs potentially associated with
mRNA COVID-19 vaccines (including myocarditis and pericarditis) or
influenza vaccines. The list of AESI is presented in Supplemen-
tary, page 5.

Blood samples for humoral immunogenicity assessments were
collected on days 1, 29, 36, 57, and 240 (D1,29 Cohort) and on days 1,
57, 64, 85, and 240 (D1,57 Cohort). Blood samples for cell-mediated
immune response were collected just before, and 7 days post each
vaccination.

An independent data safety monitoring board (DSMB) oversaw
study conduct and periodically reviewed all safety data throughout the
trial period.

A central cardiac adjudication committee (CCAC) was established
to assess potential cases of myocarditis or pericarditis occurring after
vaccination, in accordance with the Brighton Collaboration case
definition30.

Vaccines
The ARCT sa-mRNA vaccine construct consists of the replicase of
Venezuelan equine encephalitis virus, inwhich themRNAencoding the
viral structural proteins has been replaced with mRNA encoding the
target antigens. The target antigens, HA and NA, of the H5N1 strain A/
Indonesia/5/2005 (clade 2.1) were encoded on the same mRNA
(bicistronic construct), and sa-mRNA was encapsulated in lipid nano-
particles using a manufacturing process similar to that of the licensed
sa-mRNA COVID-19 vaccine.

The ARCT-2304 vaccinewas provided in amultidosepreservative-
free vial in a lyophilized presentation, containing 320mcgmRNA. The
vial was reconstituted with 0.9% sodium chloride for injection and
further diluted with 0.9% sodium chloride for injection to the target
dose concentrations. Dosing volume after preparation was 0.5mL for
doses of 5 and 12mcg and 0.25mL for the dose of 1.5mcg. The age-
recommended influenza vaccines, Flucelvax Trivalent for adults 18-59
years, and Fluad Trivalent for adults 60-80 years,wereused as controls
for safety evaluation. Both vaccines contained the Northern Hemi-
sphere 2024/2025 seasonal composition and were supplied in pre-
filled syringes (0.5mL) for intramuscular administration, according to
the manufacturer’s instructions (Seqirus Inc., Holly Springs, USA).
Placebo consisted of a 0.9% saline solution, administered as 0.5mL.

Assessment of humoral immune response
HA-specific antibodies against the A/H5N1 influenza virus strain were
measured by HAI and a plaque reduction neutralization (micro-
neutralization, MN) assay, and NA inhibition antibody titers were
assessed by an enzyme-linked lectin assay (ELLA) at IQVIA (Laval,
Canada). The HAI, MN, and ELLA assays were developed and qualified
in accordance with Good Laboratory Practice guidelines prior to
testing the study samples. More details about the assays are provided
in Supplement page 7.

For immunogenicity comparison, a subset of historical samples
from a previous clinical study (NCT00812019) conducted by Keitel
et al. in 2008-2010 using an MF-59-adjuvanted A/H5N1 vaccine (A/
Indonesia/05/2005 strain) were used16. Available serum samples from
the 7.5mcg/100%MF59 treatment arm of the trial, a composition
comparable to the licensed adjuvanted A/H5N1 pandemic influenza
vaccine, were selected for testing.HA-specific antibodies against theA/
H5N1 influenza virus strain were measured by HAI and MN assays in
parallel with samples from the current clinical study. Since currently
licensed influenza vaccines do not include or control for NA antigens,
there was no suitable comparator for measuring the anti-NA response.

Assessment of T-cell immune responses
Peripheral bloodmononuclear cells (PBMCs)were isolated fromwhole
blood for a subset consisting of the initially enrolled participants
(approximately 10 participants per dosing group for both vaccination
schedules). T-cell functionalitywas evaluatedby IQVIA (NC,USA) using
a FluoroSpot assay to quantify cytokine-secreting T-cells responding
toHAandNAvaccine antigensby assessing cells expressing interferon-
gamma (IFNγ), interleukin-2 (IL-2), tumor necrosis factor alpha (TNFα),
IL-4, and IL-13.Moredetails about the FluoroSpot assay are provided in
Supplement page 7.

Statistics
The sample size was considered sufficient to provide a descriptive
summary of the safety and immunogenicity of ARCT-2304; however, it
was not based on hypothesis testing.

Article https://doi.org/10.1038/s41467-026-78031-9

Nature Communications Article in Press



The safety analysis set consisted of all randomized participants
who received a dose of ARCT-2304 or control/placebo, analyzed
according to treatment received, and was used to evaluate demo-
graphics and baseline characteristics, and all safety and reactogenicity
assessments. Descriptive summaries were calculated for safety and
reactogenicity analyses.

The per-protocol set was used for the immunogenicity analysis,
including study participants who received all study vaccines according
to the protocol and had no significant protocol deviations that would
affect the immunogenicity analysis.

The geometric mean titer (GMT) was 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).

The geometric mean fold rise (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 GMFRwas
derived using the Student’s t-distribution and antilog transformation.

Seroconversion (SCR) was defined as the proportion of partici-
pants who achieved a ≥ 4-fold rise in neutralizing antibody levels from
baseline (Day 1) to each subsequent time point evaluated after vacci-
nation. The SCR was also presented with corresponding 95% Clopper-
Pearson exact CIs. If antibody levels were below the LLOQ, the value
was set to LLOQ for the purposes of the analysis.

For the presentation of safety and immunogenicity outcomes,
data from younger and older adults were combined. Subgroup ana-
lyses stratified by age are provided in Supplementary Figs. S3a and S3b
(reactogenicity) and Supplementary Figs. S5 (HAI Assay), S6 (MN
Assay), and S7 (ELLA assay).

All statistical analyses were conducted using SAS version 9.4 and
Figs. 3–5 were generated using GraphPad Prism version 10.6.1. No
imputation of missing data was performed.

To facilitate comparison of the study vaccine’s immunogenicity
resultswith thoseof theMF59-adjuvantedpandemic influenza vaccine,
a subset of available serum samples from participants randomized to
the 7.5mcgA/H5N1 hemagglutinin + 0.25mL (full dose) of MF59
treatment arm in a previous clinical study of a cell-derived MF59-
adjuvanted pandemic influenza vaccine were retested using study-
specific HAI and MN assays. The results of this testing were compared
with serological data generated by Keitel et al.16. To account for
potential bias of using a non-random sample subset for direct com-
parison, an exploratory Deming regression analysis was conducted to
establish a relationship between the original assay and the current
assay16. This regressionprovided a conversion factor used to adjust the
referenceGMT values of the 7.5mcg/100%MF59group reported in the
Keitel et al. paper. These adjustedGMTvalueswereused tobenchmark
HAI and MN results for the ARCT-2304 vaccine. The agreement
between the reference data and the ARCT-2304 data fromHAI andMN
analysis was characterized by using the concordance correlation
coefficient (CCC), which assesses both precision and accuracy.
Detailed regression and imputation rules are provided in the Supple-
ment, page 11.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The reactogenicity and immunogenicity source data underlying the
figures generated in the manuscript are provided in the Supplemen-
tary Source Data file. Source data are provided with this paper.

References
1. Roberts, N. J. Jr. & Krilov, L. R. The continued threat of influenza A

viruses. Viruses 14, 883 (2022).
2. Fusaro, A. et al. High pathogenic avian influenza A(H5) viruses of

clade 2.3.4.4b in Europe—Why trends of virus evolution are more
difficult to predict. Virus Evol. 10, veae027 (2024).

3. Pulit-Penaloza, J. A. et al. Highly pathogenic avian influenza A(H5N1)
virus of clade 2.3.4.4b isolated from a human case in Chile causes
fatal disease and transmits between co-housed ferrets. Emerg.
Microbes Infect. 13, 2332667 (2024).

4. Simancas-Racines, A., Reytor-González, C., Toral, M. & Simancas-
Racines, D. H5N1 avian influenza: a narrative review of scientific
advances and global policy challenges. Viruses 17, 927 (2025).

5. Bright, R. A. mRNA and next-generation vaccine platforms for
pandemic influenza preparedness. Vaccines 14, 247 (2026).

6. U. S. Food and Drug Administration. Vaccines for pandemic influ-
enza preparedness and response [Presentation]. Oshansky C.
https://www.fda.gov/media/182597/download (2024).

7. Yang, J. et al. Effectiveness, immunogenicity, and safety of influ-
enza vaccineswithMF59adjuvant in healthy people of different age
groups: a systematic review and meta-analysis. Med. (Baltim.) 99,
e19095 (2020).

8. Focosi, D., Nicastri, E. & Maggi, F. An overview of the H5N1 mRNA
vaccine pipeline. Influenza Other Respir. Viruses 19, e70113 (2025).

9. Pharmaceuticals and Medical Devices Agency. Kostaive approval.
https://www.pmda.go.jp/files/000269813.pdf (2023).

10. European Medicines Agency. Kostaive https://www.ema.europa.
eu/en/medicines/human/EPAR/kostaive (2024).

11. Medicines and Healthcare products Regulatory Agency. MHRA
approves Zapomeran (Kostaive) mRNA COVID-19 vaccine. https://
www.gov.uk/government/news/mhra-approves-zapomeran-
kostaive-mrna-covid-19-vaccine (2024).

12. Oda, Y. et al. Immunogenicity and safety of a booster dose of a self-
amplifying RNA COVID-19 vaccine (ARCT-154) versus BNT162b2
mRNACOVID-19 vaccine: a double-blind,multicentre, randomised,
controlled, phase 3, non-inferiority trial. Lancet Infect. Dis. 24,
351–360 (2024).

13. Oda, Y. et al. Persistence of immune responses of a self-amplifying
RNA COVID-19 vaccine (ARCT-154) versus BNT162b2. Lancet Infect.
Dis. 24, 341–343 (2024).

14. Oda, Y. et al. 12-month persistence of immune responses to self-
amplifying mRNA COVID-19 vaccines: ARCT-154 versus BNT162b2
vaccine. Lancet Infect. Dis. 24, e729–e731 (2024).

15. Maruggi, G., Ulmer, B. J., Rappuoli, R. & Yu, D. Self-amplifying
mRNA-based vaccine technology and itsmode of action.Curr. Top.
Microbiol. Immunol. 440, 31–70 (2022).

16. Keitel, W. et al. Dose ranging of adjuvant and antigen in a cell cul-
ture H5N1 influenza vaccine: safety and immunogenicity of a phase
1/2 clinical trial. Vaccine 28, 840–848 (2010).

17. Walsh, E. E. et al. Safety and immunogenicity of two RNA-based
Covid-19 vaccine candidates. N. Engl. J. Med. 383,
2439–2450 (2020).

18. Mulligan, M. J. et al. Phase I/II study of COVID-19 RNA vaccine
BNT162b1 in adults. Nature 586, 589–593 (2020).

19. Voge, N. V. et al. Safety and immunogenicity of mRNA-1018, a
candidate vaccine for the prevention of H5N1 pandemic influenza,
in healthy adults ≥18 years of age in adose-rangingPhase 1/2 clinical
study. Open Forum Infect. Dis. 13, ofaf695.078 (2026).

20. Hatta, M. et al. Influenza mRNA vaccine reduces pathogenicity and
transmission of A(H5N1) virus in a ferret model. npj Vaccines 10,
263 (2025).

21. Levine, K. S. et al. Self-amplifying COVID-19 mRNA vaccination
induces longitudinally enhanced antibody function in a Phase 3
trial. npj Vaccines https://doi.org/10.1038/s41541-026-01431-x
(2026).

Article https://doi.org/10.1038/s41467-026-78031-9

Nature Communications Article in Press



22. Bathula, N. V. et al. Delivery vehicle and route of administration
influences self-amplifying RNA biodistribution, expression kinetics,
and reactogenicity. J. Control. Release 374, 28–38 (2024).

23. Haghpanah, F., Lin, G., Levin, S. A. & Klein, E. Analysis of the
potential impact of durability, timing, and transmission blocking of
COVID-19 vaccine on morbidity and mortality. EClinicalMedicine
35, 100863 (2021).

24. Chang,C. et al. sa-mRNA influenza vaccine raises ahigher andmore
durable immune response than mRNA vaccine in preclinical mod-
els. Vaccine 51, 126883 (2025).

25. Palmer, C. D. et al. GRT-R910: a self-amplifying mRNA SARS-CoV-2
vaccine boosts immunity for ≥6 months in previously-vaccinated
older adults. Nat. Commun. 14, 3274 (2023).

26. Low, J. G. et al. A phase I/II randomized, double-blinded, placebo-
controlled trial of a self-amplifying Covid-19 mRNA vaccine. npj
Vaccines 7, 161 (2022).

27. Hồ, N. T. et al. Safety profile of self-amplifying mRNA SARS-CoV-2
vaccine ARCT-154 in adults: a pooled phase 1/2/3 randomized
clinical study. Expert Rev. Vaccines 24, 299–312 (2025).

28. Hồ, N. T. et al. Safety, immunogenicity and efficacy of the self-
amplifying mRNA ARCT-154 COVID-19 vaccine: pooled phase 1, 2,
3a and 3b randomized, controlled trials. Nat. Commun. 15,
4081 (2024).

29. U.S. Food and Drug Administration. Guidance for industry: toxicity
grading scale for healthy adult and adolescent volunteers enrolled
in preventive vaccine clinical trials. https://www.fda.gov/media/
73679/download (2007).

30. Sexson Tejtel, S. K. et al. Myocarditis and pericarditis: case defini-
tion and guidelines for data collection, analysis, andpresentation of
immunization safety data. Vaccine 40, 1499–1511 (2022).

Acknowledgements
The authors are grateful to the study staff for assisting with study con-
duct, to the IQVIA Laboratories (Montreal, Canada, and NC, USA) and to
Dr. Luc Gagnon for immunogenicity assays, and toCTI Clinical Research
Organization for study conduct, study management, and statistical
analysis. The authors thank Katie Boyd for programmanagement; Joyce
Simpauco for contributing to study oversight; Rose Sekulovich and
Sophie Liu for strategic input onmethod development and validation, as
well as laboratory testing oversight; Patrick Xin for data management
oversight; Gregory Peters for investigational vaccine management; and
Cindy Fisher for participating in discussions with regulatory authorities
regarding the protocol and development plan.

Author contributions
F.P., B.S., B.S, C.V., R.B., R.B., Y.Z., and I.S participated in the design and
protocol development and oversaw the study conduct. A.A.P., X.L., R.B.,
F.P., C.V., and I.S. had access to and verified the underlying data
reported in the manuscript. F.P., H.J., B.S., Y.Z., C.V., and I.S. reviewed
the study results and provided a critical review of the manuscript. A.A.P
and T.H oversaw and participated in data acquisition, study manage-
ment, and study operations. X.L., R.B., F.P., and C.V. participated in the
data analysis plan and analysis. H.J. oversaw the laboratory testing. All
authors reviewed and commented on all versions of the manuscript. All
authors gave final approval of the version to be published.

Funding
This work was funded with federal funds from the U.S. Department of
Health and Human Services (HHS), Administration for Strategic

Preparedness and Response (ASPR), and Biomedical Advanced
Research and Development Authority (BARDA), under contract number
75A50122C00007. The funder reviewed the study design, all clinical
trial data, and approved the decision to submit the manuscript for
publication. The funder had no role in data analysis or manuscript writ-
ing. The information and conclusions contained in this manuscript are
those of the authors and should not be interpreted as necessarily
representing the official policies or endorsements, either expressed or
implied, of the U.S. Department of Health and Human Services or the
U.S. Government.

Competing interests
F.P., H.J., T.H., Y.Z., X.L., B.S., R.B., C.V., and I.S. are employees of the
vaccine manufacturer, Arcturus Therapeutics, and hold the company’s
stock options. Dr. A.A.P. is the investigator of the study ARCT-2304-01
and received fees for study participation.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-026-78031-9.

Correspondence and requests for materials should be addressed to
Igor Smolenov.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to thepeer reviewof thiswork. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. Youdonot havepermissionunder this licence toshare adapted
material derived from this article or parts of it. The images or other third
party material in this article are included in the article's Creative
Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2026

This Article in Press is shared early to give you faster access to new
research. It is citable and carries a permanent DOI. The final edited
version will replace it automatically.

Article https://doi.org/10.1038/s41467-026-78031-9

Nature Communications Article in Press


