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Coronavirus disease-19 (Covid-19) pandemic have demonstrated the importantance of vaccines in disease prevention. Self-
amplifying mRNA vaccines could be another option for disease prevention if demonstrated to be safe and immunogenic. Phase 1
of this randomized, double-blinded, placebo-controlled trial (N =42) assessed the safety, tolerability, and immunogenicity in
healthy young and older adults of ascending levels of one-dose ARCT-021, a self-amplifying mRNA vaccine against Covid-19.
Phase 2 (N = 64) tested two-doses of ARCT-021 given 28 days apart. During phase 1, ARCT-021 was well tolerated up to one
7.5 pg dose and two 5.0 ug doses. Local solicited AEs, namely injection-site pain and tenderness were more common in ARCT-
021vaccinated, while systemic solicited AEs, mainly fatigue, headache and myalgia were reported in 62.8% and 46.4% of ARCT-
021 and placebo recipients, respectively. Seroconversion rate for anti-S IgG was 100% in all cohorts, except for the 1 ug one-dose
in younger adults and the 7.5 pg one-dose in older adults. Anti-S IgG and neutralizing antibody titers showed a general increase
with increasing dose, and overlapped with titers in Covid-19 convalescent patients. T-cell responses were also observed in
response to stimulation with S-protein peptides. Taken collectively, ARCT-021 is immunogenic and has favorable safety profile for

further development.
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INTRODUCTION

The coronavirus disease 2019 (Covid-19) pandemic, caused by the
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2),
has devastated lives globally'. Accelerated vaccine deployment
has started to reverse this trend®>>. The most effective vaccines
have been mRNA vaccines*®. An alternative synthetic mRNA
platform—self-amplifying RNA (sa-mRNA)—may have the advan-
tage of potentially allowing smaller doses to be administered”2,
However, data on the safety and immunogenicity profile of sa-
mRNA vaccines remain limited.

Here we report our findings of a first-in-human clinical trial of
the safety, tolerability and immunogenicity of ARCT-021, a self-
transcribing and replicating mRNA (STARR™) vaccine candidate
for the prevention of Covid-19. The mRNA is a replicon that
comprises the Venezuelan equine encephalitis virus (VEEV)
genome in which the structural genes have been replaced with
the SARS-CoV-2 full-length spike (S) gene, and formulated with
the proprietary LUNAR® lipid nanoparticle (LNP). Translation of
the replicon produces a multi-protein replicase complex that
amplifies a subgenomic mRNA for elevated expression of the S
glycoprotein. Preclinical experiments showed that a single dose
of ARCT-021 elicited strong Th1-predominant humoral and
cellular immune responses against the S protein that protected
K-18 human ACE2 transgenic mice from lethal SARS-CoV-2
challenge®.

RESULTS

Trial participants

In total, 169 healthy volunteers were screened, with 106
participants randomized and injected. The distribution of partici-
pants by cohort is shown in Fig. 1. All participants received
assigned doses of ARCT-021. All enrolled participants completed
the planned study scheduled trial visits. A summary of demo-
graphic characteristics by treatment assignment is presented in
Table 1.

Safety

A summary of solicited local and systemic adverse events (AE) is
presented in Figs. 2 and 3. ARCT-021 was generally well tolerated
up to the 7.5 ug dose. The 10 ug dose was associated with more
local and systemic solicited AE, including grade 3 severity.
Although the study stopping rules were not met, the protocol
was amended to remove further dose escalation. A younger
(Cohort D1) and older adult (Cohort D2) one-dose cohorts at the
7.5 ug dose level were added following safety review. A single
serious adverse event due to cellulitis of the foot in a placebo
recipient following an insect-bite was reported. It was medically
attended and resolved after 2 days. All participants in the two-
dose cohorts completed the vaccinations without any delay.
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Enrollment and randomization of trial participants. N number of participants in the cohort, n number of participants in each

treatment group, OA older adults (56-80 years), YA younger adults (21-55 years). Phase 1—Single injection, escalating dose. Study duration
56 days post first injection. Phase 2—Two same dose injections, 28 days apart. Study duration 85 days post first injection.

Solicited treatment emergent adverse events—Ilocal reactions
Sixty-nine (88.5%) participants who received ARCT-021 reported
local solicited AEs, as compared to 21.4% of placebo-treated
participants (Fig. 2). These included injection-site tenderness and
pain in 73.1% and 60.3% of participants, respectively. In the two-
dose younger adult cohorts, local solicited AE occurred in
11(91.7%) following the first dose at both 5.0 and 3.0 ug and in
11 (91.7%) and 12 (100%), respectively, following the second dose.
In older adults, local solicited events occurred in 8 (66.7%) and 9
(75%) following the first dose and in 8 (66.7%) and 10 (83.3%)
following the second dose in the 5.0 and 3.0 ug dose cohorts,
respectively. A higher proportion of participants experienced
moderate grade injection-site tenderness with the second dose. At
the same dose level, a higher proportion of younger than older
adults experienced >grade 2 solicited AE. There was no reported
injection-site erythema or swelling. There was one grade 3
injection-site pain at the 10ug dose. There were no grade 4 local
reactions and no discernable dose relationship.
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Solicited treatment emergent adverse events—systemic
reactions

Overall, 62.8% of participants who received ARCT-021 reported a
systemic solicited AE as compared to 46.4% amongst the placebo
recipients (Fig. 3). The most common events were fatigue (50.0%),
headache (34.6%), myalgia (28.2%), chills (25.6%), and fever
(14.1%) and were more common in younger than older adults.
Systemic AEs were primarily mild or moderate with no grade 4
events reported. Grade 3 solicited events occurred primarily in the
10 ug dose cohort. Two grade 3 events (fatigue and arthralgia)
occurred in a single participant following the second dose in the
5.0 ug older adult cohort. Severity of systemic AEs trended with
dose level. Most systemic AEs commenced within 1-2 days after
vaccination and resolved or reduced in severity within 7 days.

Unsolicited systemic treatment emergent adverse events

Unsolicited AEs are summarized in Supplementary Table 1. In
general, more participants vaccinated with ARCT-021 reported
unsolicited AEs after vaccination. Five were severe, occurring
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- _ primarily in the 10 ug dose cohort. These events occurred on the
06 s i day after injection and resolved or improved in severity within
3@% 58 B & - g e 2 days after onset. One participant in older adult 3.0 pg two-dose
8&6|, =T S22 dd cohort (F) experienced grade 3 transaminitis 57 days after the last
dose of ARCT-021. This event was classed as unlikely related by
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g . g = g events occurred in placebo-treated participants.
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s 52 . 28 ST s88E8 99 participants affected at the 1.0, 3.0, 5.0, 7.5, and 10 ug dose
S levels, respectively. Onset of lymphopenia occurred within 24 h
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@fﬁé T8 TP ss5a & 2 [17.9%]) and second dose (10 of 48 participants [20.8%]). Three of
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N & severity following the second injection. The incidence was similar
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2 |a o o®EEE L3 (12.8%) Grade 2 neutropenia events, the incidence of which was
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o — wn . . ..
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Fig. 2 Local solicited adverse events. Shown are the percentages of vaccinated participants reporting local solicited events. Data are
represented for age groups, 21-55 years (A) and 56-80 years (B). Severity of local solicited Events are displayed as mild (green), moderate
(blue), severe (orange), or life-threatening (red). *Note, injection-site swelling and injection-site redness were not reported. YA younger adults

(21-55), OA older adults (56-80).

cohort. CD8 IFN-y responses in the older adult cohorts were higher
than the responses observed in the younger adult cohorts at the
same dose (Fig. S4). There was no further increase in CD8 T-cell
IFN-y responses following the second dose (Fig. S4).

DISCUSSION

Covid-19 will likely become a globally endemic disease, with new
SARS-CoV-2 variants of concern emerging stochastically. New
vaccines may thus be needed periodically to prevent those
variants that effectively escape immunity afforded by current
vaccines and SARS-CoV-2 variant infections. We found ARCT-021
to have an overall favorable safety profile up to 7.5ug dose.

npj Vaccines (2022) 161

Majority of the AEs were either mild or moderate. Transient
lymphopenia and neutropenia, possibly due to innate immune
driven redistribution of lymphocytes'® were observed, similar to
other mRNA vaccines'"2,

ARCT-021 is also immunogenic. Anti-S IgG antibody levels were
within the range of convalescent plasma after the first dose. Anti-S
antibody of different types—IgM and IgA—in addition to IgG were
detected. These antibodies can elicit Fc-mediated functions, such
as complement activation, antibody-dependent cellular cytotoxi-
city (ADCC) and phagocytosis. Indeed, onset of mRNA vaccine-
mediated protection against Covid-19 was associated with the
development of anti-S antibodies that showed ADCC activity,
along with S-reactive T cells, even before the development of

Published in partnership with the Sealy Institute for Vaccine Sciences



A. 21-55 yrs of age

First Dose Second Dose

B Mild

B Moderate

=3 Severe

B Life-threatening

1pg YA [iA
5 ug%
Ohg YALC)
lacebo

1dose

Any Event

2dose | gﬁg;ﬁ}sl

1ug YA (A
5 g YA

1 dose

Arthralgia

2dose| 5 by

1dose

Chills

Zdesel SugYA(E)

1 dose

Diarrhoea

2dose| 5 ugYAtE;
o

1dose

Fatigue

2dose| 5 HEYA(E)

1 dose

Fever

2dose| 5 ugYALEj

1dose

Headache

3ug VA(F;
2dose|  SugvA(E)

HEVAS
A (B

1 dose

Myalgia

HeMAE
2dose] - SUgYAL

1 ug(YA (A)4
75 A D|
Wi

3UQVA F -
2dose | 5"3\“

1dose

Nausea

Tug xﬁ(é%
1dose | 7- ?anQ,A (é|

Vomiting

P

3 g YA (F,
2] SREER
0 10 20 30 40 50 60 70 80 90 100 110120 O 10 20 30 40 50 60 70 80 90 100 110 120

Percent of Partipants

Percent of Partipants.

J.G. Low et al.

npj

o

56-80 yrs of age

First Dose Second Dose

= Mid
Bl Moderate

I Severe

B Life-threatening

7.5 4g OA (D2)
sl T By
20053} | 5 ﬂgpox« (G):
ace

'

Arthralgia  Any Event

Tdose | 7.5 ug QA (02) -
315 O (1)
g OA (H)4
2dose| HEENEE
Placebo]
7519 0A(D2)
1 dose | 9 Bece
2dose|  § ﬂgPoA (@
acebo

Chills

7.5 ug OA (D2)
faoso| TS EACD
3ug OAEN)‘

2 dasel NS
Placebo |

1

7.5 g OA (D2)
Tdose | Placen

20| 2N

Fatigue  Diarrhoea

:

Tdose | 759 QA (D2) -
3 PEKEE‘O) —
HrEN
s

Fever

2dose

rome| 7o EED
2d05e| 5{1%0:«&;;

Headache

4 g
ﬁ 1

7519 0A (02)4
e | 3 y oyl

19 OA(H)
Zdasel HEENSE
Placebo

Myalgia
gozg
: I\ I I |

1050 | 7549 0A(D2)

2dose 5Ug0A
| G

Nausea

7509 9A (02)
3 pg OA (H)4

2 dosel 50904 (G)
Placebo |

1 dose |

Vomiting

—T T T T T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110120 O 10 20 30 40 50 60 70 80 90 100 110 120

Percent of Partipants Percent of Partipants

Fig. 3 Systemic solicited adverse events. Percentage of systemic solicited events reported in vaccinated participants aged 21-55 years (A)
and 56-80 years (B). Severity of systemic solicited Events are displayed as mild (green), moderate (blue), severe (orange), or life-threatening

(red). YA younger adults (21-55), OA older adults (56-80).

neutralizing antibodies'>'*. These findings collectively indicate
that other functions of antibodies besides virus neutralization play
key roles in protecting against Covid-19'%'>,

Although a single dose of ARCT-021 was immunogenic, the
second dose did not boost antibody titers dramatically. Moreover,
the SARS-CoV-2 neutralizing antibody titers were low. It has to be
noted that we have not modified (i.e., prestabilized or mutated the
furin site) the S gene sequence in ARCT-02 but have kept it the same
as that which was shown to be both immunogenic and efficacious
in our preclinical study®. This may have an effect in modulating the
immunogenicity of ARCT-021 in humans. Indeed, a modified S gene
sa-mRNA construct (ARCT-154) has successfully progressed through
immunogenicity trials to phase lll clinical trial in Vietnam, which
showed 95.3% efficacy against severe Covid-19 (Clinicaltrials.gov
identifier: NCT04480957) (https:/irarcturusrx.com/news-releases/
news-release-details/arcturus-announces-self-amplifying-covid-19-
mrna-vaccine).

Besides antibodies, ARCT-021 also elicited T-cell responses
against overlapping peptide pools of the S protein. Notably, the
T-cell responses were more Th1 than Th2 in phenotype. The body
of evidence that T cells are important to immunity, even in the
absence of neutralizing antibodies, is now sizeable'>. We have
shown in preclinical studies on ARCT-021 that vaccine-induced
protection against SARS-CoV-2 was mediated primarily by CD8
T cells rather than B cells®. In NHPs, cellular immunity compen-
sated for low antibody levels in protecting against SARS-CoV-2
infection'®. Clinically, delayed T- but not B-cell responses were
associated with severe disease'”. In healthcare workers, the
presence of CD8 T cells that recognized the nsp12 of SARS-CoV-
2 aborted SARS-CoV-2 infection, even to the extent of abrogating
seroconversion. Finally, recognition of epitopes spanning the S
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protein by CD8 T cells could also protect against neutralizing
antibody-evading variants of concern (VOQ)'®, which may be
particularly important for resilience against future VOCs'®-2",

A striking observation in the course of the development of a sa-
mRNA vaccine against Covid-19 is the difference in immunogeni-
city in mice compared to humans; both the preclinical study and
ARCT-021 clinical trial tested unmodified S gene in the sa-mRNA
construct. Similar findings were made with another candidate sa-
mRNA vaccine against Covid-192>23, Although the biological basis
for this difference remains uncertain, ancillary investigations
showed that the innate immune response to ARCT-021 was
comparable to those elicited by other successful live vector
vaccines (Ong et al, manuscript submitted), suggesting the
potential for further development.

Taken in totality, our findings show that sa-mRNA vaccine is
immunogenic and has a favorable safety profiles. Further
development is warranted to realize its full potential.

METHODS

Trial design, participants, and study approval

ARCT-021-01 is a randomized, double-blinded, placebo (0.9%
saline) controlled study to assess the safety, tolerability and
immunogenicity of different dose levels of ARCT-021. The primary
endpoint was safety and tolerability; secondary and exploratory
endpoints were antibody and T-cell responses. The trial was
conducted at the Singapore Health Services (SingHealth) Investi-
gational Medicine Unit, following approvals by the SingHealth
Centralized Institutional Review Board (CIRB F/2020/2553) and the
Singapore Health Sciences Authority. The trial was registered in
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Fig. 4 SARS-CoV-2 specific antibody responses. Shown are IgG reciprocal endpoint titers to SARS-CoV-2 whole ectodomain Spike using
Luminex immune-Assay following 1 dose (A) and 2 doses (B) of vaccines. IgG reciprocal titers to the Spike subdomains, i.e., receptor-binding
domain (RBD), N-terminal binding domain (NTD), and domain 2 (52) using Luminex immuno-assay is represented for selected cohorts and
timepoints (C). Antibody neutralization of live SARS-CoV-2 virus was measured using a BSL3 plaque reduction neutralization assay (PRNT) and
represented as 50% neutralization titers (PRNT50) (D). Data are presented as boxplots with median and interquartile range (IQR). For each
cohort, antibody data from each timepoint were compared to baseline (i.e., day 1) using Mann-Whitney U test (all P-values < 0.05 are marked
with asterisk (¥)). Each dot represents an individual participant. IgG seroconversion rates at day 29 for 1 dose cohorts and day 57 post-
vaccination for 2 dose cohorts are specified on panels A and B, respectively.
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Fig. 5 SARS-CoV-2 specific T-cell responses to ARCT-021. T-cell responses were measured using an interferon gamma (IFNy) enzyme-linked
immune absorbent spot (ELISPOT) assay and represented as spot-forming cells (SFC) per million PBMCs (A and B). Displayed are cumulative
ELISPOT results for four peptide pools spanning the SARS-CoV-2 Spike. The data are represented as box and whisker plots where the middle
horizontal line marks the median. Each dot represents an individual participant. Within each cohort, antibody data from each timepoint were
compared to baseline (i.e., day 1) using Mann-Whitney U test (P-values marked with *0.01 < P < 0.05, **0.001 < P < 0.01, ***0.001 < P < 0.01,

***¥¥p < 0.0001).

review committee
progress,

clinicaltrial.gov  (NCT04480957). A safety
reviewed data regarding safety and overall trial
including dose escalation decisions.

The trial comprised two overlapping parts and evaluated a
range of doses of ARCT-021 versus placebo given as one- or two-
dose administration to younger (21-55 years) and older (56-80
years) adult participants. In the Phase 1 part, a one-dose
administration (dose levels 1.0, 5.0, 7.5, and 10pug ARCT-021
versus placebo) was given as an intramuscular (IM) injection to
younger adults (Cohorts A, B, D1, and C, respectively) and a single
dose (7.5 ug ARCT-021 versus placebo) was given to older adults
(Cohort D2). In the Phase 2 part, two-dose administrations of 3.0
and 5.0 pg ARCT-021 versus placebo separated by 28 days were
administered to younger participants (Cohorts F and E) and older
participants (Cohorts H and G), respectively. All participants were
followed up for 56 days after the last study vaccine administration.
Full lists of the inclusion and exclusion criteria are provided in the
protocol. Written informed consent was provided by all the
participants before enrollment.

Arcturus Therapeutics, Inc. was the regulatory sponsor of the
trial. Both Arcturus Therapeutics and Duke-NUS Medical School co-
designed the clinical trial and were responsible for the collection,
analysis, and interpretation of the data and for the writing of the
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report. Arcturus Therapeutics and the corresponding author had
full access to all the data in the trial and had final responsibility for
the decision to submit the manuscript for publication. All the trial
data were available to all the authors. Clinical monitoring,
pharmacovigilance, and data management were performed by
the Contract Research Organization, CTI.

Trial procedures

Participants were randomized after completing all screening
assessments and eligibility criteria. Phase 1 participants were
randomized 5:2 to receive ARCT-021 or placebo. Phase 2
participants were randomized 3:1 to receive ARCT-021 or placebo.
All participants were administered 0.5 ml injections of ARCT-021 or
placebo into the lateral aspect of the deltoid muscle of the non-
dominant arm while the second injection (Phase 2 cohorts) was
administered into the contralateral arm. All participants were
observed for a minimum of 4 h after the injection. Blood samples
were obtained for safety and immunogenicity assessments
according to protocol schedule. The initial planned single doses
to be tested were 1.0, 5.0, 10, and 20 pg in the single-dose cohorts;
The final tested doses were 1.0, 5.0, 7.5, and 10 ug in the single-
dose cohorts and 3.0 and 5.0 ug in the two-dose cohorts.
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Vaccine and placebo

The ARCT-021 vaccine construct, design and Arcturus Therapeutics
proprietary lipid nanoparticle (LNP) has been described in detail in the
preclinical publication under LUNAR-COV19 (9). ARCT-021 encodes the
native spike protein (GenBank: YP_009724390) of the ancestral strain,
along with an alpha-virus replicase complex proteins (specifically the
VEEV non-structural proteins nsP1, nsP2, nsP3, and nsP4).

ARCT-021 was presented as a sterile, frozen, aqueous formula-
tion with 0.2 mg/mL of mRNA-2002 and as a 1.0 mL fill (0.2 mg/
1 mL) in 2 mL Type | glass vials, stored frozen at —70 °C (10 °C). It
is a white to off-white liquid when thawed with a nominal pH of
8.0 and osmolality of ~1300 mOsm/kg. The placebo was 0.9%
sterile saline provided by the study center.

Safety assessments

Local and systemic solicited and unsolicited AEs were recorded daily
by the participants in a symptom diary for at least 7 days and up to
14 days post-vaccination if any events persisted beyond day 7. The
symptom diaries were reviewed by site staff at study visits for up to
14 days post each injection. Injection site was inspected at all visits up
to day 15 (for first injection)/day 43 (for second injection) or until
resolution of local reactogenic event(s). Unsolicited events were
collected at all visits and for the duration of study participation.

Humoral immunity assays

IgM, IgA, and IgG against full-length recombinant S protein were
assessed for all cohorts using an in-house Luminex immuno-assay
with minor changes to what has been previously published'?. IgG
against the S-protein subdomains (RBD, NTD and S2) were also
measured for 50ug, 7.5ug single and 5.0 g expansion cohorts.
Briefly, his-tagged fullHlength recombinant S protein or S-protein
subdomains (specifically, RBD, NTD and S2) from the ancestral SARC-
CoV-2 Wuhan strain expressed in mammalian cells (HEK293) were
commercially sourced (Acrobiosystems). Recombinant SARS-CoV-2
protein were directly conjugated to MagPlex-C microspheres (at
saturating concentrations of 5 pg/10° beads) and blocked with 1%
BSA in PBS. Serum was then serially diluted starting from 1:50 down
to a dilution past the endpoint titer, incubated with SARS-CoV-2
protein-conjugated beads for 1h at 37°C and using secondary
antibodies, probed for IgG (anti-human IgG-PE), IgA (anti-human IgA-
biotin and streptavidin-PE) and IgM (anti-human IgM-biotin and
streptavidin-PE). Beads were washed in between each experimental
step using an automated plate washer, and antibody binding was
measured as median fluorescence intensity (MFI) per bead using a
Magpix instrument. Measured MFI were then graphed against
respective dilution, four parameter logistic (4PL) curves were fitted
and the dilution at three-fold over background (i.e, MFI in the
absence of serum) were estimated as the serum sample endpoint tier.

Neutralizing antibody was measured using plaque reduction
neutralization test (PRNT) with a clinical SARS CoV-2 isolate (hCoV-
19/Singapore/2/2020)'3. Briefly, heat inactivated serum samples
were serialy two-fold diluted starting from 1:20, and incubated
with virus for 1h at 37°C. Antibody-virus mixture were then
inoculated onto Vero-E6 cell monolayers in 24-well plates and
incubated for 1 h at 37 °C. The antibody-virus mixture was then
aspirated and the cells were then overlaid with carboxymethyl
cellulose (CMC) with maintenance medium and incubated at 37 °C
under 5% CO, for about 4-5 days until viral plaques were formed.
Plagques were then counted and the serum titer that neutralizes
50% of the virus inoculum (PRNT50) was calculated.

Cellular immunity assays

SARS-CoV-2 specific T-cell responses were assessed using intracellular
flow cytometry (IFC) and IFNy ELISPOT assay following stimulation
with overlapping S-protein peptide pools'>. Briefly, IFNy ELISPOT was
conducted by stimulating PBMCs in anti-IFNy antibody-coated
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ELISPOT plates with six separate pools of overlapping 15-mer
peptides that spanned the full-length SARS-CoV-2 ancestral strain
Spike protein (42-43 peptides per pool). Following 18 h of incubation,
the ELISPOT plates were sequentially probed with biotinylated anti-
IFNy antibodies and streptavidin-AP, and spot-forming cells devel-
oped using KPL BCIP/NBT phosphatase substrate. Spot-forming units
(SFU) per well were counted using an automated ELISPOT reader and
multiplied by 5 to estimate SFU/million PBMCs.

IFC was conducted on thawed PBMCs, which were incubated for
5h at 37°C under 5% CO, with Golgiplug and the 6 separate
peptide pools'® (13). Using specific anti-human monoclonals
antibodies, PBMCs were stained with for the extracellular T-cell
surface markers CD3, CD4 and CD8 and the intracellular cytokines
IFN-y, IL-2, TNF-q, and IL-4. Samples were acquired on a BD-LSR Il
Analyzer and data analyzed using FlowJo software.

Statistical analysis

No formal sample size calculation was performed. Based on
experience from previous studies with other RNA based therapies,
the chosen cohort sizes were considered sufficient to meet the
objectives of the study while minimizing unnecessary participant
exposure. For analysis of safety and humoral immunogenicity,
placebo participants were pooled by age group and number of
doses administered as follows: A to D1 pooled, E and F pooled, G
and H pooled. D2 was the only single dose older adult cohort so D2
placebos were not pooled. For humoral immunogenicity, confidence
intervals of the geometric means were calculated with the Student’s
t distribution on log-transformed data. Seroconversion was defined
as at least a four-fold increase in antibody titer from baseline.

Reporting summary

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

DATA AVAILABILITY

All study data used to support the findings of this study as well as the clinical trial
protocol details, will be available upon request from the corresponding authors.

Received: 6 May 2022; Accepted: 6 December 2022;
Published online: 13 December 2022

REFERENCES

1. Wang, C, Horby, P. W., Hayden, F. G. & Gao, G. F. A novel coronavirus outbreak of
global health concern. Lancet 395, 470-473 (2020).

2. Dagan, N. et al. BNT162b2 mRNA Covid-19 vaccine in a nationwide mass vacci-
nation setting. N. Engl. J. Med. 384, 1412-1423 (2021).

3. Vasileiou, E. et al. Interim findings from first-dose mass COVID-19 vaccination roll-
out and COVID-19 hospital admissions in Scotland: a national prospective cohort
study. Lancet 397, 1646-1657 (2021).

4. Bloom, K, van den Berg, F. & Arbuthnot, P. Self-amplifying RNA vaccines for
infectious diseases. Gene Ther. 28, 117-129 (2020).

5. Baden, L. R. et al. Efficacy and safety of the mRNA-1273 SARS-CoV-2 vaccine. N.
Engl. J. Med. 384, 403-416 (2021).

6. Polack, F. P. et al. Safety and efficacy of the BNT162b2 mRNA Covid-19 vaccine. N.
Engl. J. Med. 383, 2603-2615 (2020).

7. Lundstrom, K. Self-replicating RNA viruses for RNA therapeutics. Molecules 23,
3310 (2018).

8. Tews, B. A. & Meyers, G. Self-Replicating RNA. Methods Mol. Biol. 1499, 15-35 (2017).

9. de Alwis, R. et al. A single dose of self-transcribing and replicating RNA-based
SARS-CoV-2 vaccine produces protective adaptive immunity in mice. Mol. Ther.
29, 1970-1983 (2021).

10. Kamphuis, E., Junt, T., Waibler, Z,, Forster, R. & Kalinke, U. Type | interferons
directly regulate lymphocyte recirculation and cause transient blood lympho-
penia. Blood 108, 3253-3261 (2006).

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

Published in partnership with the Sealy Institute for Vaccine Sciences



12. Sahin, U. et al. COVID-19 vaccine BNT162b1 elicits human antibody and TH1 T cell
responses. Nature 586, 594-599 (2020).

13. Kalimuddin, S. et al. Early T cell and binding antibody responses are associated
with Covid-19 RNA vaccine efficacy onset. Med (NY) 2, 682-688 (2021).

14. Tauzin, A. et al. A single BNT162b2 mRNA dose elicits antibodies with Fc-
mediated effector functions and boost pre-existing humoral and T cell responses.
Cell Host Microbe. 29, 1137-1150 (2021).

15. Kaplonek, P. et al. mRNA-1273 vaccine-induced antibodies maintain Fc effector
functions across SARS-CoV-2 variants of concern. Immunity 55, 355-365.e354 (2022).

16. McMahan, K. et al. Correlates of protection against SARS-CoV-2 in rhesus maca-
ques. Nature 590, 630-634 (2021).

17. Tan, A. T. et al. Early induction of functional SARS-CoV-2-specific T cells associates
with rapid viral clearance and mild disease in COVID-19 patients. Cell Rep. 34,
108728 (2021).

18. Geers, D. et al. SARS-CoV-2 variants of concern partially escape humoral but not
T-cell responses in COVID-19 convalescent donors and vaccinees. Sci. Immunol. 6,
eabj1750 (2021).

19. Tarke, A. et al. SARS-CoV-2 vaccination induces immunological T cell memory able
to cross-recognize variants from Alpha to Omicron. Cell 185, 847-859.e811 (2022).

20. Liu, J. et al. Vaccines elicit highly conserved cellular immunity to SARS-CoV-2
Omicron. Nature 603, 493-496 (2022).

21. Garcia-Beltran, W. F. et al. Multiple SARS-CoV-2 variants escape neutralization by
vaccine-induced humoral immunity. Cell 184, 2523 (2021).

22. Pollock, K. M. et al. Safety and immunogenicity of a self-amplifying RNA vaccine
against COVID-19: COVACT, a phase |, dose-ranging trial. EClinicalMedicine 44,
101262 (2022).

23. McKay, P. F. et al. Self-amplifying RNA SARS-CoV-2 lipid nanoparticle vaccine
candidate induces high neutralizing antibody titers in mice. Nat. Commun. 11,
3523 (2020).

ACKNOWLEDGEMENTS

We are grateful to all the volunteers who took part in this study and to all the nurses
and clinical trial coordinators at the SingHealth Investigational Unit for their dedication.
We also thank the members of the data and safety monitoring board for their
contributions in the safe execution of this study. This trial was funded by Arcturus
Therapeutics, with support from the Economic Development Board of Singapore.

AUTHOR CONTRIBUTIONS

J.G.L, S.GH., and E.E.O. conceptualized the trial. S.G.H., K.L,, and J.G.L. coordinated the
study. J.G.L, SK, JX.Y.S, and Y.F.C. conducted the trial. Rd.A, S.C, Y.S.L, TKLM, N.Y.,

Published in partnership with the Sealy Institute for Vaccine Sciences

J.G. Low et al.

npj

H.CT, S.LZ, AS., and E.Z.O. processed the clinical specimens and conducted the
laboratory analyses. RS., B.B.S., KL, S.B.S., P.C, and S.G.H. produced the vaccine
candidate and obtained regulatory approval. J.G.L, Rd.A, S.GH. KL, B.B.S, and E.E.O.
analyzed and interpreted the data. J.G.L. and R.d.A. drafted the manuscript and are
hence co-first authors. S.G.H. and E.E.O. finalized the manuscript.

COMPETING INTERESTS

The current study was sponsored by Arcturus Therapeutics Inc, San Diego, USA. R.S.,
B.B.S. KL, S.M.S,, P.C., and S.G.H. are staff of Arcturus Therapeutics Inc. The remaining
authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541541-022-00590-x.

Correspondence and requests for materials should be addressed to Steven G.
Hughes.

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

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

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, 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 license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license 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 license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

npj Vaccines (2022) 161


https://doi.org/10.1038/s41541-022-00590-x
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	A phase I/II randomized, double-blinded, placebo-controlled trial of a self-amplifying Covid-19 mRNA vaccine
	Introduction
	Results
	Trial participants
	Safety
	Solicited treatment emergent adverse events—local reactions
	Solicited treatment emergent adverse events—systemic reactions
	Unsolicited systemic treatment emergent adverse events
	Abnormal hematological and biochemical findings
	SARS-CoV-2-binding antibodies and neutralization response
	SARS-CoV-2 T-cell response

	Discussion
	Methods
	Trial design, participants, and study approval
	Trial procedures
	Vaccine and placebo
	Safety assessments
	Humoral immunity assays
	Cellular immunity assays
	Statistical analysis
	Reporting summary

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




