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This phase 3 trial compared safety, tolerability, immunogenicity and efficacy of the self-amplifying
mRNA COVID-19 vaccine, ARCT-154, with ChAdOx1-S adenovirus-vector vaccine. In four centers in
Vietham adult participants aged 18-85 years were randomly assigned to receive two doses, 28 days
apart, of either ARCT-154 (n = 1186) or ChAdOx1-S (n = 1180). Both vaccines were well tolerated with
similar safety and reactogenicity profiles consisting of mainly mild-to-moderate solicited adverse
events and few related serious adverse events. Higher neutralizing antibody responses persisting to
one-year post-vaccination after ARCT-154 compared with ChAdOx1-S were associated with a
generally higher efficacy against COVID-19. In an exploratory analysis relative vaccine efficacy of
ARCT-154 vs. ChAdOx1-S against any COVID-19 from Day 36 to Day 394 was 19.8% (95% CI:
4.0-33.0). Self-amplifying mRNA vaccine offers potential immunological advantages in terms of
immunogenicity and efficacy over adenovirus-vector vaccine without compromising safety.

Although the COVID-19 pandemic has abated and is nolongera WHO
Public Health Emergency of International Concern (PHEIC)' the
threat of a future pandemic remains. Recurrent waves of COVID-19
cases have occurred due to emergence of new SARS-CoV-2 variants
which evade the immunity of the original vaccines through accumu-
lated mutations in the main antigenic target, the Spike glycoprotein (S
protein)”. This necessitates continuation of the development of new
vaccines against these variants, potentially for seasonal revaccination,
applying lessons learned from rapid development of the original vac-
cines to improve the next generation. A variety of effective COVID-19
vaccines against the SARS-CoV-2 virus responsible for the pandemic
were developed using different platforms including inactivated whole
virus, mRNA, virus-vector, and recombinant protein-based vaccine
that targeted the S protein of the ancestral SARS-CoV-2 virus’.
Arguably, the most effective of the original vaccines were the mRNA
vaccines but those vaccines have been shown to have a limited duration

of effectiveness, both due to declining immunity and immune
evasion™’.

Arcturus Therapeutics, Inc (Arcturus, San Diego, CA, USA) has
developed a series of self-amplifying mRNA (sa-mRNA) vaccines. After a
small phase 1 demonstration of the safety and immunogenicity of a pro-
totype sa-mRNA°® a combined Phase 1/2/3a/3b pivotal clinical study in
Vietnam was initiated to demonstrate the safety and efficacy in preventing
COVID-19 disease of ARCT-154, an sa-mRNA vaccine encoding the
S-protein of the early Wuhan-Hu-1 virus variant, D614G’. As the study was
conducted during the pandemic period and at a time when the Vietnamese
national immunization campaign had been initiated with authorized
COVID-19 vaccines, a switchover design was implemented on Day 92 when
placebo recipients received ARCT-154 and ARCT-154 recipients received
placebo to ensure all participants received COVID-19 vaccination. Of
necessity this limited the duration of efficacy assessment to 92 days, 65 days
post second dose. There was a concern that this time-window would be
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insufficient to collect a substantial number of COVID-19 cases to conclude
on vaccine efficacy. Therefore, the study protocol was amended to include a
Phase 3c part of the study in which immunological non-inferiority of
ARCT-154 with the authorized adenovirus-vector COVID-19 vaccine
developed by AstraZeneca, ChAdOx1-S, was to be assessed, together with an
evaluation of the safety, reactogenicity, and efficacy of both vaccines. Here
we present the immune response and reactogenicity to a primary series of
two doses of ARCT-154 in comparison with ChAdOx1-S in previously
unvaccinated Vietnamese adults, monitored over one year post-vaccination,
together with an assessment of the relative efficacy of the two vaccines
against COVID-19 at a time when the prevailing circulating strains were the
Delta or Omicron variants.

Results

Of 3238 volunteers screened 2366 were enrolled and randomized 1:1 to the
two study groups (Fig. 1). Demographics of the two groups were balanced
with the same median ages (52 years) and approximately equal numbers of
men and women, with similar baseline characteristics (height, weight, BMI)
and equal stratification of the 18-59-year-olds into healthy and at-risk
groups (Table 1).

Safety

There were four deaths, all in the ChAdOx1-S group; reported during the
safety follow-up period to Day 394 which were due to Non-Hodgkin’s
lymphoma, gastrointestinal hemorrhage, esophageal carcinoma and a
cerebrovascular accident (Table 2). The deaths were not considered to be
related to study vaccination. There were 170 participants who reported
at least one serious adverse event (SAE), 83 (7.0%) in 1186 ARCT-154
vaccinees and 87 (7.4%) in 1180 ChAdOx1-S vaccinees, including 8 and
9 cases of COVID-19 in each study group, respectively (Table 2). Most
SAEs were not considered to be related to vaccination, but cases of
angina pectoris, polyarthritis and cerebral infarction in the ARCT-154
group, and angina pectoris, chest pain and two cases of headache in the
ChAdOx1-S group were considered to be related to vaccination by the
investigator. Of these, two SAEs in ARCT-154 recipients (polyarthritis
and cerebral infarction) and one in a ChAdOx1-S recipient (angina
pectoris), resulted in their discontinuation from the study vaccinations.
Medically-attended adverse events were reported by similar proportions
of study participants in both vaccine groups, 461 (38.9%) and 496
(42.0%) of ARCT-154 and ChAdOx1-S groups, but most were not
related to vaccination (Table 2).

After the first dose, the reactogenicities of the two vaccines were similar,
with local reactions being reported by 467 (39.5%) of 1182 ARCT-154
recipients and 416 (35.4%) of the 1176 ChAdOx1-S vaccinees in the Safety
set who provided data (Table 2). These local reactions mainly consisted of
mild pain or tenderness at the injection site (Fig. 2), which resolved within
1-2 days. Local reactions were less frequent in both groups after the second
dose, reported by 286 (24.9%) of 1150 and 183 (15.9%) of 1149 ARCT-154
and ChAdOxI1-S groups (Table 2), and still consisted mainly of transient
mild pain or tenderness. The frequency of severe local solicited reactions
after the first or second dose was 0.1% (1/1182) in the ARCT-154 group and
0.1% (1/1176) in the ChAdOx1-S group.

After the first dose, systemic solicited adverse events occurred in 638
(54.0%) of 1182 ARCT-154 vaccinees and 657 (55.9%) of 1176 ChAdOx1-S
vaccinees. Incidence decreased to 477 (41.5%) of 1150 and 331 (28.8%) of
1149 after the second dose (Table 2). The most frequent systemic solicited
adverse events were fatigue, headache, chills, and arthralgia after either dose
(Fig. 2). Frequencies of severe systemic solicited AEs were similar after the
first or the second doses of ARCT-154 (3.0% [35/1182]) and ChAdOx1
(3.7% [44/1176]). Solicited systemic AEs were transient, generally resolved
within two days after dosing, and were similar in duration in ARCT-154 and
the ChAdOx1-S groups. There were no meaningful differences in frequency
or severity of adverse events observed between younger (18-59 years) and
older (=60 years) age groups, except for a lower frequency of solicited
adverse reactions in older participants.

Immunogenicity

Immunogenicity assessment was performed in 917 randomly selected study
participants of the immunogenicity analysis subset (IAS), 455 in the ARCT-
154 group and 462 in the ChAdOx1 group, who received both study vac-
cinations and provided blood samples at all 5 time points (Days 1,29, 57,211
and 394). On Day 1, all but three participants, all in the ARCT-154 group,
were negative for antibodies against the SARS-CoV-2 nucleocapsid protein
(anti-N-protein), indicating no recent SARS-CoV-2 infections (Table 1).
During the study period, 96 of 455 (21.1%) and 115 of 462 (24.9%) parti-
cipants from the ARCT-154 and ChAdOx1-S IA subsets, respectively,
reported virologically confirmed COVID-19 disease and by Day 394, only
100 0f 455 (22.0%) and 76 of 462 (16.5%) participants in the ARCT-154 and
ChAdOx1-S subsets, respectively, were still anti-N-protein negative (Sup-
plementary Table 1). A further 31/100 (31%) and 23/76 (30.3%) of the
individuals in the ARCT-154 and ChAdOx1-s group received non-study
COVID-19 vaccines between Days 211 and 394 so were excluded from the
immunogenicity analyses. This subset of N-protein-negative participants at
Days 1 and 394 with no symptomatic COVID-19 constituted the SARS-
CoV-2-naive cohort.

Those who seroconverted from negative to positive for anti-N-protein
antibodies between Days 1 and 394—352/452 (77.9%) in ARCT-154 and
386/462 (83.5%) in ChAdOx1-S groups—with or without symptomatic
COVID-19, constituted the SARS-CoV-2-exposed cohort. We randomly
selected 105 participants from each vaccine group in this SARS-CoV-2-
exposed cohort for immunogenicity testing of whom 10 individuals in
ARCT-154 group and 17 individuals in ChAdOx1-S group had received
non-study COVID-19 vaccines and were excluded from the analysis for
respective time points after these non-study vaccinations.

Levels of neutralizing antibodies were either very low or unmeasurable
before vaccination in both SARS-CoV-2-naive and SARS-CoV-2-exposed
cohorts with baseline GMTs approximately half the LLOQ of the assay
(baseline <LLOQ was imputed to half LLOQ). Four weeks after the first
vaccination of SARS-CoV-2-naive participants there were marked increases
in neutralizing antibodies after either vaccine, with a higher response in the
ARCT-154 group—the geometric mean-fold rise (GMFR) was 7.5 (95% CI:
6.0-9.4) compared with 3.2 (2.6-3.9) after ChAdOx1-S (Fig. 3, Supple-
mentary Table 2A). Titers increased further after the second dose, achieving
GMEFR 0£29.9 (24.6-36.2) in the ARCT-154 group vs. 11.0 (8.7-13.9) in the
ChAdOx1-S group. The ratios of GMTs between ARCT-154 and
ChAdOx1-S groups were 2.34 (95% CI: 1.71-3.21) on Day 29 and 2.70
(2.00-3.64) on Day 57. On Day 211, 6 months after the second vaccination,
the GMT plateaued in these subsets with no natural exposure to SARS-CoV-
2—126 (95% CI: 86.2-183) after ARCT-154 and 77.5 (48.3-124) after
ChAdOx1-S (Fig. 3). In SARS-CoV-2-naive participants the GMT
increased to 253 (153-416) by Day 394, one year after vaccination, in the
ARCT-154 group but was unchanged at 68.4 (40.8-115) in the ChAdOx1-S
group, giving an ARCT-154 vs. ChAdOx1-S GMT ratio of 3.70 (1.80-7.59)
(Fig. 3). Non-inferiority criteria were met for ARCT-154 compared with
ChAdOx1-S at all post-vaccination time points.

In the SARS-CoV-2-exposed cohort the immune response to the first
vaccination was also higher in the ARCT-154 group than in the ChAdOx1
group with GMER of 7.9 (95% CI: 6.2-10.0) and 5.1 (4.0-6.4), respectively,
and the inter-group GMT ratio of 1.56 (95% CI: 1.13-2.17) (Fig. 3, Sup-
plementary Table 2B). The GMTs increased further after the second dose
with GMFRs of 34.2 and 15.4 in ARCT-154 and ChAdOx1-S groups on Day
57, a GMT ratio of 2.22 (95% CI: 1.61-3.07), and continued to increase in
both groups, presumably due to natural exposure to SARS-CoV-2. On Days
211 and 394 the inter-group GMT ratios were 1.31 (95% CI: 0.80-2.14) and
1.87 (1.30-2.71).

Age of the participants had no impact on the immune responses in
SARS-CoV-2-naive or exposed participants (Supplementary Fig. 1), with
responses similar in those aged 18-59 years, or those aged 60 years or more.
The effect of apparent SARS-CoV-2 infection was still observed, with a
continuing increase in GMTs up to Day 394, while in SARS-CoV-2-naive
participants the GMTs plateaued at Days 211 and 394.
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3238 participants screened

872 not enrolled/randomized
e 231 withdrew

» 460 failed eligibility criteria
* 181 other reasons

A 4

2366 participants were
randomized 1:1

Day 1 (Safety Set) Day 1 (Safety Set)
1186 received first dose of 1180 received first dose of
ARCT-154 * ChAdOx1-S *

5 withdrew consent 5 withdrew consent

A
A

Day 29 Day 29
1179 attended visit 1177 attended visit
1171 received the second dose 1169 received the second dose
Day 57 Day 57
1074 attended visit 1076 attended visit
455 provided sera for immunogenicity 462 provided sera for immunogenicity
22 drop-outs by study end
22 drop-outs by study end * 11 withdrew consent
| *+ 14 withdrew consent * 3 lost to follow-up
* 7 lost to follow-up « 2 prohibited medication
* 1 prohibited medication e 2 pregnancies
* 4 deaths
A A
Day 394 visit completed - 1157 Day 394 visit completed - 1155
mITT set = 1165* mITT set = 1156**
Immunogenicity subset — 455 Immunogenicity subset - 462
(Neg-Neg - 100, Neg-Pos - 352, Pos-Pos - 3) (Neg-Neg - 76, Neg-Pos - 386)
SAS = 1186 SAS = 1180

Footnote:

* Two participants randomized to ChAdOx1-S group received ARCT-154 in error and were excluded from mITT but
included in SAS for ARCT-154 vaccine.

** 6 participants in the ARCT-154 group and 11 participants in the ChAdOx1 group reported COVID-19 between Day 1
and Day 36 and were excluded from mITT; Neg-Pos — represents the outcome of the anti-nucleocapsid antibody test
on Day 1 and Day 394, respectively

Fig. 1 | Study flow chart. Numbers of volunteers screened and participants enrolled in ARCT-154 and ChAdOx1-S groups at each study milestone and analysis sets are
displayed. mITT modified intention-to-treat, SAS safety analysis set.

We assessed cross-neutralizing antibodies against SARS-CoV-2 Delta, COVID-19 infection during the study, and had not received other
Omicron BA 2, XBB.1.5.6 and BA.2.86 subvariants in a subset of participants ~ COVID-19 vaccines. On Day 57, GMTs of neutralizing antibodies against the
(n=31) from the ARCT-154 group who met the following criteria: were anti- ~ Wuhan strain were 485 (95% CI: 347-678), 34 (22-52) against Delta strain,
N-protein negative on Day 1, did not have a virologically confirmed and 16 (12-21) against Omicron BA.2 (Supplementary Table 3). Titers of
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Table 1 | Demographics of the randomized and vaccinated
study population

Parameter ARCT-154 ChAdOx1-S
N=1186° N=1180"
Age, years Median (IQR) 52.0 (19) 52.0 (20)
[Range] [18, 85] [18, 81]
>18 to <60 years n (%) 859 (72.4) 855 (72.5)
>60 years n (%) 327 (27.6) 325 (27.5)
>18 to <60 years, n (%) 442 (37.3) 435 (36.9)
healthy
>18 to <60 years, n (%) 417 (35.2) 420 (35.6)
at risk®
Gender, n (%) Female 603 (50.8) 613 (52.0)
Male 583 (49.2) 567 (48.1)
Height, cm Median (IQR) 156 (11) 156 (11)
[Range] [126, 180] [126, 181]
Weight, kg Median (IQR) 54.5(11.2) 55.0 (11.3)
[Range] [31.0, 95.0] [31.0, 89.0]
BMI, kg/m? Median (IQR) 22.3 (3.9) 22,4 (4.1)
[Range] [15.1, 35.9] [14.0, 38.5]
N-protein serology at Negative 1184 (99.8) 1177 (99.7)
Day 1,0 (%) Positive 2(0.2)° 3(0.3)
Excluded from mITT efficacy analysis, n (%)
Total 19 (1.6) 26 (2.2)
Did not receive all 13(1.1) 15(1.3)
required doses
Evidence of Covid-19 6 (0.5) 11 (0.9)

on Days 1-35

Bold numbers are the actual values, rather than SD or range values that are not shown in bold.
“Two participants randomized to ChAdOx1-S received ARCT-154 in error were included in the
ARCT-154 for safety analysis.

“Denotes those at high risk of severe COVID-19 according to CDC definition due to co-morbidities.
°One additional subject with positive anti-N result on Day 1 was identified in ARCT-154 group during
the immunogenicity testing in the Immunogenicity Analysis Subset (Supplementary Table 1).

neutralizing antibodies against more recent Omicron subvariants XBB.1.5.6
and BA.2.86 were close to the assay LLOQ.

The majority of these participants, 81% (25 of 31), seroconverted for
anti-N-protein antibodies at Day 394, indicating asymptomatic infection or
exposure to SARS-CoV-2 (Supplementary Table 3). Such natural infection
elicited a robust booster response in neutralizing antibodies against all tested
variants, most prominently for Omicron BA.2 with GMT increasing from
15 (95% CIL: 12-19) to 756 (483-1182), then Delta from 30 (20-45) to 399
(223-715), and Wuhan-Hu-1 from 453 (312-656) to 2982 (2028-4384).
Smaller increases in antibody titers were observed for Omicron
XBB.1.5.6 subvariant from 11 (10-13) to 81 (46-142) and for Omicron
BA.2.86 from 10 (10-11) to 24 (17-35).

Efficacy assessment

Overall, 48 confirmed cases of COVID-19 were reported between Days 36
and 92, but this was followed by a significant surge in cases up to the end of
the study by when there was a total 0of 480 cases. Of these, 450 cases occurred
between Days 36 and 211, with a further 30 cases then occurring up to Day
394. No case of severe COVID-19 was reported by the investigators or
identified during the blinded case reviews, but six participants with COVID-
19 infections were hospitalized for isolation purposes. The most frequent
clinical symptoms in participants with COVID-19 were cough (58.3%),
fever/chills (50.4%), sore throat (40.2%), headache (36.0%) and fatigue
(34.6%). No sequencing was performed in this part of the study to identify
variants of SARS-CoV-2 but epidemiological data are available for the study

period showing the main circulating SARS-CoV-2 strains were Omicron
sub-lineages BA.2 and BA.5 (Supplementary Fig. 2) and occurrence of
COVID-19 cases and associated deaths (Supplementary Fig. 3).

In mITT participants, 20 and 28 virologically confirmed COVID-19
cases were reported in ARCT-154 and ChAdOx1-S groups, respectively,
from Day 36 to Day 92, the end of per-protocol efficacy surveillance in the
previous Phase 1/2/3a/3b part of the study (Table 3, Fig. 4A). This equates to
a relative vaccine efficacy (rVE) for ARCT-154 of 30.7% (95% CIL:
—23.0-61.0) over a period when predominant SARS-CoV-2 strains were
Delta (B.1.617.2) and Omicron BA.1 variants (Supplementary Fig. 2). As
monitoring in this phase 3c study continued, the confirmed cases increased
to 205 and 245 in ARCT-154 and ChAdOx1-S groups, respectively, during
six months post-vaccination (until Day 211) due to a new surge of COVID-
19 cases caused by the Omicron BA.2 variant (Supplementary Fig. 2).
During this period the positive difference in rVE in favor of ARCT-154 over
ChAdOx1-S 0f 19.3% (95% CI: 2.8-32.9) persisted (Table 3, Fig. 4B). For the
full one year of monitoring from Day 36 until Day 394, the totals of 218 and
262 cases reported in ARCT-154 and ChAdOx1-S groups gave a rVE of
19.8% (95% CI: 4.0-33.0) (Table 3). When analyzed according to age group
there is a trend for the rVE of ARCT-154 vs. ChAdOx1-S to increase with
age (Table 3), despite no age-dependent difference being observed in the
immune response.

Discussion
The COVID-19 pandemic resulted in the rapid development of a multitude
of different vaccines of different types using different manufacturing
platforms’. Some of the most successful were based on mRNA coding for the
Spike glycoprotein (S-protein) of the SARS-CoV-2 virus. The mRNA is
delivered using lipid nanoparticles formulations to protect the integrity of
mRNA. An alternative vaccine platform used is the fusion of the S-protein
mRNA in a viral-vector vaccine which transports the mRNA into the cell, a
strategy which has been applied to develop vaccines against Ebola, RSV,
Zika virus as well as SARS-CoV-2. Following a different strategy Arcturus
developed a self-amplifying mRNA (sa-mRNA) system in which an RNA-
dependent RNA polymerase replicates the RNA coding for the S-protein
antigen. Theoretical advantages of sa-mRNA vaccines include use of much
smaller quantities of mRNA to elicit equivalent immune responses com-
pared with the conventional mRNA vaccines, as well as larger payloads,
extended protein expression and longer durability of immune response®™’.
The present study was performed as part of a larger phase 1/2/3 clinical
assessment of ARCT-154, the Arcturus sa-mRNA vaccine candidate,
encoding the Wuhan-Hu-1 SARS-Cov-2 D614G virus. This combined
study included a placebo-controlled assessment of the efficacy of two doses
of ARCT-154, administered on Days 1 and 29, against COVID-19 disease
from Day 36, 7 days after the second dose, until Day 92”. Over this protocol-
defined surveillance period ARCT-154 had a vaccine efficacy (VE) of 56.6%
(95% CI: 48.7-63.3) against any COVID-19 disease despite the dominant
circulating strain at the time of the assessment being the Delta variant; VE
against severe COVID-19 was 95.3% (80.5-98.9). The current phase 3c
adjunct to that study was intended to compare the safety and demonstrate
non-inferiority of the immune response of ARCT-154 with the licensed
adenovirus-vector vaccine, ChAdOxI1-S, together with an exploratory
assessment of efficacy against COVID-19. However, between 3 and
6 months after initiation of this Phase 3¢ study there was a surge in COVID-
19 disease incidence in Vietnam caused by the Omicron BA.2 variant
(Supplementary Fig. 2) resulting in a significant increase in the number of
symptomatic and asymptomatic COVID-19 disease in both study groups,
affecting more than 78% of the study population (Supplementary Table 1).
With this major surge in COVID-19 infection changing the background
epidemiology of SARS-CoV-2 we did not pursue the non-inferiority
assessment of immunogenicity due to such high levels of natural exposure.
Serological testing for N-protein, as already implemented on
Day 1, was also performed on Day 394 for all participants in the
immunogenicity subset who had or had not displayed any evidence of
symptomatic COVID-19 during the study to determine who had
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Table 2 | Overall adverse events in the Safety Set and in the two age groups after each vaccination

Total 18-59 year-olds >60 year-olds
Parameter ARCT-154 ChAdOx1-S ARCT-154 ChAdOx1-S ARCT-154 ChAdOx1-S
N=1186 N=1180 N =859 N =855 N =327 N=325
Death, n (%) 0 4 0 3 0 1
0 (0.3%) 0 (0.4%) 0 (0.3%)
Serious adverse events (SAE), n (%)* 83 87 44 54 39 33
(7.0) (7.4) (5.1) 6.3) (11.9) (10.2)
Related to vaccination 3 4 1 3 2 1
(0.3) (0.3) 0.1) (0.4) (0.6) (0.3)
Led to withdrawal from study vaccination 2 1 1 1 1 0
(0.2) (0.1) (0.1) (0.1) (0.3) 0
COVID-19 8 9 5 8 3 1
0.7) (0.8) (0.6) (0.9) (0.9) (0.3)
Medically-attended adverse events (MAAE), n (%)* 461 496 321 356 140 140
(38.9) (42.0) (37.4) (41.6) (42.8) (43.1)
Related to vaccination 19 23 15 19 4 4
(1.6) (1.9) (1.7) (2.2) (1.2) (1.2)
Severe 25 31 12 21 13 10
(2.1) (2.6) (1.4) (2.5) 4.0) (3.1)
Dose 1° n=1186 n=1180 n=2859 n=2855 n=327 n=325
Dose 2° n=1171 n=1167 n =851 n=_846 n=2320 n=321
Solicited local reactions, n (%)° Dose 1 467 416 371 330 96 86
(39.5) (35.4) (43.2) (38.8) (29.6) (26.5)
Dose 2 286 183 234 140 52 43
(4.9) (15.9) (28.1) (16.9) (16.4) (13.4)
Solicited systemic adverse events, n (%)° Dose 1 638 657 465 502 173 155
(54.0) (55.9) (54.2) (59.0) (53.4) @7.7)
Dose 2 477 331 347 241 130 90
41.5) (28.8) @1.7) (29.1) (40.9) (28.0)
Unsolicited adverse events, n (%)* Dose 1 260 252 180 175 80 77
@1.9) 1.4 (21.0) (20.5) (24.5) @3.7)
Severe 2 3 1 1 1 2
0.2) 0.3) 0.1) (0.1) 0.3) (0.6)
Dose 2 226 225 165 1563 61 72
(19.3) (19.3) (19.4) (18.1) (19.1) (22.4)
Severe 1 5 0 3 1 2
0.1) 0.4) ) (0.4) 0.3) (0.6)

Actual values are in bold, rather than percentage values.

“SAE and MAAE occurring at any time during the study.

°Numbers of participants who provided completed diary cards.

“Solicited local reactions and systemic adverse events in the 7 days after each vaccination.
“Unsolicited adverse events in the 28 days after each vaccination.

asymptomatic infection. This found over half of these participants
had evidence of seroconversion to N-protein without symptoms of
SARS-CoV-2 (Supplementary Table 1).

We therefore assessed the immune response to vaccination both in
those who apparently did not have any natural exposure to SARS-CoV-2
and so remained seronegative for N-protein throughout, and in those with
evidence of asymptomatic SARS-CoV-2 infection, which would lead to
hybrid immunity'. We were able to show that the neutralizing antibody
responses following a first or second primary dose of ARCT-154 were non-
inferior, indeed greater than those observed after ChAdOx1-S. Further, we
assessed the persistence of these responses out to one year after vaccination
and found better persistence after ARCT-154 than ChAdOx1-S, in both
SARS-CoV-2-naive and SARS-CoV-2-exposed cohorts. Similar results have

been observed in Japan, where a booster dose of ARCT-154 was directly
compared with a booster dose of the mRNA vaccine, BNT162b2, in mRNA-
primed adults and found to elicit a higher immune response against both
Wuhan-Hu-1 and Omicron BA.4/5 variant'”. The neutralizing antibody
response after ARCT-154 was not only higher in magnitude than after
BNT162b2 but was also more persistent up to six months after the booster
dose”. Importantly, the asymptomatic infection (during the Delta and
Omicron BA.2 surges) in previously vaccinated individuals induced a
broadly neutralizing booster response against historical strains (Wuhan,
Delta, Omicron BA.2) but also elicited some cross-protective antibodies
against future variants (XBB.1.5.6 and BA.2.86). In the present study, the
small variations in GMTs in SARS-CoV-2-naive participants at Days 211
and 394 may have been due to some natural exposure to SARS-CoV-2
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Fig. 2 | Solicited reactogenicity. The percentages of each study group reporting the solicited local reactions and systemic adverse events are displayed according to severity.
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Fig. 3 | Neutralizing antibody responses. Geometric mean titers of neutralizing
antibody responses against Wuhan-Hul strain measured by CPE-based micro-
neutralization assay (1/dil) after doses 1 (Day 1) and 2 (Day 29) of ARCT-154 or
ChAdOx1-S, in baseline anti-N-protein naive subjects, according to N-protein

seropositivity status on Day 394. Chart shows geometric mean titers (95% CI) with n
values for each time point, and table shows the GMT ratio between ARCT-154 and
ChAdOx1-S groups and the geometric mean-fold rises at each time point

(with 95% CI).
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Table 3 | Relative vaccine efficacies (r'VE) of ARCT-154 vs. ChAdOx1-S against confirmed protocol-defined COVID-19 (mITT)

Total no. of Cumulative No. with  Total no. of Cumulative No. with  Relative vaccine efficacy
persons follow-up event persons follow-up event (95% confidence interval)
in person-yrs in person-yrs
ARCT-154 ChAdOx1-S
Any severity of confirmed protocol-defined COVID-19 in adults (>18 years)
Assessed from Day 36 to Day 92 1165 183.5 20 1156 183.8 28 30.7% (—23.0-58.4)
Assessed from Day 36 to Day 211 1165 518.8 205 1156 501.5 245 19.3% (2.8-32.9)
Assessed from Day 36 up to Day 394 1165 965.7 218 1156 922.4 262 19.8% (4.0-33.0)
(study end)
Any severity of confirmed protocol-defined COVID-19 by age group up to Day 394
>18 years to <50 years of age 503 424.9 88 486 393.1 104 21.6% (—4.2-41.0)
>50 years of age 662 540.7 130 670 529.4 158 18.3% (—3.0-35.30)
>60 years of age 319 267.1 51 321 260.3 7 29.8% (—0.7-51.0)
>65 years of age 166 137.0 28 160 127.8 40 33.5% (—7.8-59.0)
>70 years of age 71 60.5 11 68 53.7 18 43.5% (—20.0-73.4)

variants, which did not lead to full symptomatic or asymptomatic infections
detectable by N-protein serology which assay is known to have a relatively
low sensitivity".

When assessed over the period from Day 36 to Day 92, as in the efficacy
analysis in the phase 1/2/3a/3b part of the study there was a relatively small
number of verified COVID-19 cases (Fig. 4A), 20 and 28 in ARCT-154 and
ChAdOx1-S groups, respectively giving an rVE of 30.7% (95% CI:
—23.0-61.0) in favor of ARCT-154. Although we did not assess the strains
responsible for COVID-19 cases in our study population, the national
surveillance in Vietnam showed that during this Day 36 to 92 period the
predominant circulating SARS-CoV-2 strain in Vietnam were the Delta
(B.1.617.2) and Omicron BA.1 variants (Supplementary Fig. 2). The inci-
dence of SARS-CoV-2 infections then increased substantially from around
Day 100, following the national emergence of the Omicron BA.2 sub-lineage
which led to a marked spike in occurrence of cases (Supplementary Fig. 3).
This was followed by emergence of the Omicron BA.5 sub-lineage (Sup-
plementary Fig. 2) which in itself did not increase the frequency of cases.
Despite the marked increase in cumulative incidence there was still an rVE
0f 19.3% (95% CI: 2.85-32.9) in favor of ARCT-154 over ChAdOx1-S when
assessed from Day 36 to Day 211, the difference persisting as an rVE of
19.8% (4.0-33.0) when assessed over the period from Day 36 to Day 394.

Lower protective efficacy against Delta and Omicron variants has been
observed with all COVID-19 vaccines based on the ancestral Wuhan-Hu-1
strain. In a test-negative case-control study in a Canadian population
vaccinated with ChAdOx1-S or mRNA vaccines, the estimated vaccine
effectiveness against symptomatic Omicron infection 7-59 days after a
second dose was 36% (95% CI: 24-45) which decreased to 1% (95% CI:
—8-10) after 180 days or longer. When measured 7 or more days after a
third (booster) dose, VE increased to 61% (95% CI: 56-65). Vaccine
effectiveness against severe COVID-19 outcomes remained high after a two-
dose primary series and a booster dose".

Safety and reactogenicity of ARCT-154 appeared to be at least com-
parable with ChAdOx1-S although the size of our study precludes us from
being able to detect any rare adverse event associated with vaccination. As
with mRNA vaccines, ChAdOx1-S has been shown to be associated with
rare side-effects including myocarditis, acute disseminated encephalomye-
litis (ADEM) and Guillain-Barré syndrome (GBS) which are only detectable
in populations in which millions of doses have been administered'’. Only
widespread use of ARCT-154 will reveal whether there are any similar safety
concerns, but it should be noted that such events usually resolve without
sequelae and are more frequent following SARS-CoV-2 infection and
COVID-19 disease rather than vaccination'’.

Our study was limited in that it was not a placebo-controlled trial, as it
was an adjunct to the larger placebo-controlled phase 1/2/3a/3b trial that
demonstrated the efficacy of the vaccine. With no placebo arm an assess-
ment of absolute VE of both vaccines was not possible, but our observations

with ARCT-154 and ChAdOx1-S were similar, with no severe COVID-19
cases observed, and no hospitalizations for treatment of COVID-19
symptoms during Delta and Omicron circulation. The selection of parti-
cipants with asymptomatic SARS-CoV-2 infection based on seroconversion
for anti-N-protein antibodies has some limitations as the anti-N-protein
antibody response can be transient'’, and with limited assay sensitivity not
all participants with asymptomatic infection may have been detected with
this test. However, in the current study, this selection bias was not fully
eliminated but addressed by the presence of an active control group. In
general, comparisons of ARCT-154 with the ChAdOx1-S vaccine tended to
be favorable for ARCT-154 although as indicated above, no clinical trial is
anticipated to be able to detect extremely rare adverse events associated with
some COVID-19 vaccines. The occurrence of a surge of SARS-CoV-2
infections due to Omicron variants during the study did not allow us to
pursue our non-inferiority comparison of ARCT-154 vs. ChAdOx1-S, buta
separate study in Japan has shown the superior immunogenicity of ARCT-
154 compared with the BNT162b2 mRNA vaccine both in terms of mag-
nitude and persistence of immune response'>’. We only assessed the
neutralizing antibody responses and did not include any analyses of the
other possible components of the immune response, e.g. cell-medicated
immunity. Such factors are being investigated in other studies of ARCT-154.

We have shown that ARCT-154 is as well tolerated and at least as
immunogenic and effective as the licensed vaccine, ChAdOx1-S, in pro-
tecting against severe COVID-19 disease in a period when the circulating
SARS-CoV-2 viruses were Delta and sub-lineages of the Omicron variants.
These data, together with the demonstrated superior responses to ARCT-
154 compared with licensed vaccines in other studies suggest that sa-mRNA
could be a valuable addition to the existing COVID-19 vaccines to maintain
protection against future COVID-19 pandemics due to emerging variants.

Methods

This phase 3¢ randomized, observer-blind, controlled study was performed
as part of a larger phase 1/2/3 study investigating primary series and booster
vaccination with ARCT-154 vaccine’. That study is registered with Clin-
icalTrials.gov (identifier: NCT05012943). Recruitment for this phase 3¢ part
was done in four clinical centers in Vietnam from 1 to 8 November 2021;
database lock for the final phase 3¢ analysis was 15 August 2023. The
protocol was approved by the ethics committee of each study center and the
Vietnam National Ethical Committee in Biomedical Research and Ministry
of Health, and the overall study was conducted in accordance with the
principles of Good Clinical Practice and the Declaration of Helsinki and
International Council for Harmonisation (ICH E6R2) guidelines, with
applicable local regulatory and bioethics requirements. The primary
objectives of this phase 3¢ study were to assess the safety and reactogenicity
of ARCT-154 and ChAdOx1-S and to demonstrate non-inferiority of the
immune response to ARCT-154 vs. ChAdOx1-S assessed as surrogate
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neutralizing antibodies at Day 57, four weeks after a second vaccination;
secondary objectives included superiority of the immunogenicity of ARCT-
154 vs. ChAdOx1-S and an exploratory assessment of the relative vaccine
efficacy against virologically confirmed COVID-19.

Participants

Eligible participants were healthy males or females aged 18 years or older
who had not previously received any COVID-19 vaccination and were
willing and able to consent to all study procedures. Participants were stra-
tified into two age groups, 18-59 years of age and =60 years of age, with
18-59-year-olds selected to equally represent those considered healthy and
those at high risk of severe COVID-19 due to underlying co-morbidities
using the US Centers for Disease Control and Prevention (CDC) definitions
current at the time of the study'®. Exclusion criteria included any evidence of
an acute infection at the time of enrollment, any previous COVID-19
infection (including a positive result of RT-PCR), close contact with a

person known to be infected with SARS-CoV-2, or any known history of
anaphylactic reactions to vaccines. Women were not to be pregnant or
breastfeeding and were required to use an approved birth control method
for 2 months after vaccination. Detailed exclusion criteria are shown in
Supplementary information file.

Procedures and safety assessments

At enrollment on Day 1, after having the study explained to them and
signing an informed consent form, participants were randomized 1:1 via
Interactive Voice Response System (IVRS) to two study groups to receive
ARCT-154 or ChAdOxl1. Prior to randomization, participants were strati-
fied by the following factors: age <60 at high risk of severe COVID-19, age <
60 not at high risk of severe COVID-19, age 260 years of age (considered at
risk of severe COVID-19 by default). All study participants provided a pre-
vaccination blood sample before receiving a dose of their assigned study
vaccine. The procedure was repeated on Day 29 for the administration of the
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second vaccination. All subsequent procedures were done by study per-
sonnel blinded to study group. Participants were monitored for 30 minutes
for any immediate reactions after each vaccination and then supplied with
diary cards to record the occurrence and severity of solicited local reactions
and systemic adverse events (see Supplementary Tables 4 and 5) for 7 days
after each vaccination and to record any unsolicited adverse events within
28 days after each study vaccination. Data about the occurrence, severity,
and relatedness to vaccination of any serious adverse events (SAE) and
medically-attended adverse events (MAAE) were collected during the entire
study period (from Day 1 to Day 394). Sera were obtained from all parti-
cipants at baseline to measure the presence of antibodies against the SARS-
CoV-2 nucleocapsid protein (N-protein) to assess whether a recent natural
infection had occurred. Additional sera were collected from designated
participants in the immunogenicity subset on Days 1, 29, 57, 211 and 394 to
assess the initial immune response as well as antibody persistence.

Vaccines

The study vaccine was ARCT-154 (Batch 159568 A, Arcturus Therapeutics
Inc. San Diego, CA, USA) consisting of a replicon based upon Venezuela
equine encephalitis RNA virus in which the virus structural proteins seg-
ment is replaced with RNA coding for the full-length spike glycoprotein of
the SARS-CoV-2 D614G variant. ARCT-154 was supplied in vials con-
taining 100 pg active ingredient encapsulated in lipid nanoparticles stored at
—20 °C or lower. Immediately before use, the vial contents were diluted in
10 mL sterile saline, so each 0.5mL dose contained 5 pig of mRNA. The
comparator vaccine, ChAdOx1-S (Batches A1093 or ACA3094, AstraZe-
neca) is a chimpanzee adenovirus encoding the SARS-CoV-2 spike glyco-
protein and was prepared according to the manufacturer’s instructions.
Each 0.5 mL dose contains not less than 2.5x10° infectious units for intra-
muscular injection. Both vaccines were prepared in identical syringes and
administered by unblinded study personnel as intramuscular injections in
the deltoid muscle so the participant and other study personnel remained
blinded.

Immunogenicity

All baseline blood samples were tested for antibodies against the SARS-
CoV-2 nucleocapsid protein (N-protein), a positive result being considered
as indicative of previous infection as the N-protein was not included in any
vaccine administered in Vietnam during the study period. Sera from the
immunogenicity subset were sent to a central laboratory (VisMederi, Siena,
Italy) to measure neutralizing antibody titers using a validated virus cyto-
pathic effect (CPE)-based micro neutralization assay with results expressed
in titers (reciprocal of the lowest dilution causing 50% neutralization). The
primary analysis was done with the parental Wuhan-Hu-1 strain, but
additional characterizations were also done for Delta, Omicron BA.2,
XBB.1.5.6 and BA.2.86 subvariants in a subset of participants from the
ARCT-154 group. Group titers were expressed as geometric mean titers
(GMT), seroconversion rates (SCR; seroconversion being a four-fold
increase in titer over baseline), and geometric mean fold rises (GMFR) from
Day 1, with samples below the lower limit of quantitation (LLOQ, lower
than 1:20 dilution) being assigned a value of 10 (half the LLOQ). In addition,
all Day 394 samples from immunogenicity subset were tested for antibodies
against N-protein, to identify natural SARS-CoV-2 infection during the
study period.

Efficacy assessment

From three days after the first vaccination participants with potential
symptoms and clinical signs of COVID-19 (fever, chills, cough,
shortness of breath or difficulty breathing, fatigue, muscle or body
aches, headache, new loss of taste or smell, sore throat, congestion or
runny nose, nausea, vomiting or diarrhea) were evaluated for the
presence of COVID-19. Where possible, participants visited their
respective study centers where nasal swabs were taken for RT-PCR
testing and clinical symptoms/signs and associated medications were
recorded. A protocol-defined COVID-19 case had to have virological

confirmation (by RT-PCR or, in a few cases by Rapid antigen test) of
SARS-CoV-2 and at least one of the symptoms or clinical findings
listed above. Case definitions to evaluate the severity of COVID-19
were based on US FDA recommendations; severe COVID-19 included
any of the following: clinical signs at rest indicative of severe systemic
illness, acute respiratory failure, evidence of shock, cardiac, renal,
hepatic, or neurologic dysfunction; admission to an intensive care unit,
or death (Supplementary Table 6). An internal, blinded review of all
suspected COVID-19 cases was performed and concluded on whether
the case met the protocol-defined COVID-19 case criteria and whether
the case met the criteria of severe COVID-19 according to the US FDA.
Only virologically confirmed, protocol-defined and independently
evaluated cases were included in the vaccine efficacy (VE) analysis.

Statistics

Safety assessments were analyzed in the safety analysis set (SAS), com-
prising all participants who received at least one dose of assigned vaccine,
and reactogenicity analysis sets (RAS), consisting of all SAS participants
who completed diary cards. The primary safety endpoints were any
solicited local or systemic AEs starting within 7 days after each vaccination
by severity grade and any unsolicited AE starting within 28 days after each
vaccination, summarized by severity and relationship to study vaccine as
well as any medically-attended adverse event (MAAE), serious adverse
event (SAE), or AE leading to withdrawal or discontinuation up to the end
of the study. There was no primary hypothesis for safety testing, com-
parisons being made with estimates and 95% confidence intervals (CI).
With a sample size of approximately 2400 participants and approximately
1200 participants randomized to receive ARCT-154 or ChAdOx1-S for
the safety analysis, based upon the following formula, if the incidence rate
of an AE was 0.1%, the probability to detect one event in 1200 vaccinated
participants would be 69.9% and if the incidence rate was 1.0% the
probability would be more than 99%: p = 1—(1—R)" for an incidence rate
of R and sample size of N.

The population for the immunogenicity analysis subset (IAS) consisted
of the first 1500 participants enrolled. The primary immunogenicity end-
point was the neutralizing antibody response evaluated on Day 57 as the
geometric mean titer (GMT) for each study group and the geometric mean
titer ratio (GMR) of ARCT-154 vs. ChAdOx1-S groups. Assuming a
GMR = 0.9 and a coefficient of variation of 4.6, a sample size of 800 parti-
cipants would provide greater than 90% power to exclude a noninferiority
boundary of 0.67 based on the use of a one-sided test at the alpha = 0.025
level of significance, accounting for a dropout rate of approximately 20-25%
due to the national COVID-19 vaccination campaign in Vietnam. Immu-
nogenicity analyses were performed on both SARS-CoV-2-naive and SARS-
CoV-2-exposed cohorts based on history of exposure to SARS-CoV-2
evidenced by N-protein serology and medical history of confirmed symp-
tomatic COVID-19 during the study.

The exploratory efficacy objective, relative Vaccine Efficacy
(rVE), was calculated in the modified Intention to Treat (mITT) set
defined as all participants who received both doses of the assigned
study vaccine and had no clinical or serologic evidence of SARS-CoV-
2 infection up to Day 36, 7 days after the second study injection. The
main endpoint was the first occurrence of confirmed, protocol-defined
COVID-19 with onset after Day 36 and rVE was defined as % reduc-
tion in the hazard rate of the COVID-19 events (ARCT-154 vs ChA-
dOx1-S)=1 — h (ARCT-154)/h (ChAdOx1-S)=1— HR, where
h(ARCT-154) and h(ChAdOx1-S) are hazard rates of COVID-19
events among those in ARCT-154 and ChAdOx1-S groups, respec-
tively. A Cox proportional hazard model was used to assess the
magnitude of the study group difference (i.e., Hazard Ratio) between
ARCT-154 and ChAdOx1-S at a 1-sided 0.025 significance level.
Factors used as covariates in the Cox proportional hazard regression
included: Risk group: =18 to <60 years and “healthy”, >18 and <60
years and “at risk of severe COVID-19” and > 60 years and study site
region.
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Data availability

After the final study report is prepared, the data generated in this study will
be made available to suitably qualified scientific researchers who make a
request to the senior investigator or study sponsor with a appropriate
protocol for a valid research project.
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