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Summary
Background Vaccination has helped to mitigate the COVID-19 pandemic. Ten traditional and novel vaccines have
been listed by the World Health Organization for emergency use. Additional alternative approaches may better
address ongoing vaccination globally, where there remains an inequity in vaccine distribution. GBP510 is a recombi-
nant protein vaccine, which consists of self-assembling, two-component nanoparticles, displaying the receptor-bind-
ing domain (RBD) in a highly immunogenic array.
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Methods This randomised, placebo-controlled, observer-blinded phase 1/2 study was conducted to evaluate the
safety and immunogenicity of GBP510 (2-doses at a 28-day interval) adjuvanted with or without AS03 in adults aged
19−85 years at 14 hospital sites in Korea. This study was consisted of two stages (stage I, healthy adults aged 19−55
years; stage II, 240 healthy adults aged 19−85 years). Healthy participants who did not previously receive any vaccine
within 4 weeks (2 weeks for flu vaccine) prior to the study, no history of COVID-19 vaccination/medication, and were
naÿve to SARS-CoV-2 infection at screening were eligible for the study enrollment. Participants were block-random-
ized in a 2:2:1 ratio to receive 2 doses of 10 µg GBP510 adjuvanted with AS03 (group 1), 10 µg unadjuvanted GBP510
(group 2) or placebo intramuscularly in stage I, while they were block-randomized in a 2:2:1:1 ratio to receive 10 µg
GBP510 adjuvanted with AS03 (group 1), 25 µg GBP510 adjuvanted with AS03 (group 3), 25 µg unadjuvanted
GBP510 (group 4) or placebo in stage II. The primary safety outcomes were solicited and unsolicited adverse events,
while primary immunogenicity outcomes included anti-SARS-CoV-2 RBD IgG antibodies; neutralizing antibody
responses; and T-cell immune responses. Safety assessment included all participants who received at least 1 dose of
study intervention (safety set). Immunogenicity assessment included all participants who completed the vaccination
schedule and had valid immunogenicity assessment results without any major protocol deviations (per-protocol set).
This study was registered with ClinicalTrials.gov (NCT04750343).

Findings Of 328 participants who were enrolled between February 1 and May 28, 2021, 327 participants received at
least 1 dose of vaccine. Each received either 10 µg GBP510 adjuvanted with AS03 (Group 1, n = 101), 10 µg unadju-
vanted GBP510 (Group 2, n = 10), 25 µg GBP510 adjuvanted with AS03 (Group 3, n = 104), 25 µg unadjuvanted
GBP510 (Group 4, n = 51), or placebo (n = 61). Higher reactogenicity was observed in the GBP510 adjuvanted with
AS03 groups compared to the non-adjuvanted and placebo groups. The most frequently reported solicited local
adverse event (AE) was injection site pain after any vaccination: (88¢1% in group 1; 50¢0% in group 2; 92¢3% in group
3; 66¢7% in group 4). Fatigue and myalgia were two most frequently reported systemic AEs and more frequently
reported in GBP510 adjuvanted with AS03 recipients (79¢2% and 78¢2% in group 1; 75¢0% and 79¢8% in group 3,
respectively) than in the unadjuvanted vaccine recipients (40¢0% and of 40¢0% in group 2; 60¢8% and 47¢1% in
group 4) after any vaccination. Reactogenicity was higher post-dose 2 compared to post-dose 1, particularly for sys-
temic AEs. The geometric mean concentrations of anti-SARS-CoV-2-RBD IgG antibody reached 2163¢6/2599¢
2 BAU/mL in GBP510 adjuvanted with AS03 recipients (10 µg/25 µg) by 14 days after the second dose. Two-dose vac-
cination of 10 µg or 25 µg GBP510 adjuvanted with AS03 induced high titres of neutralizing antibody via pseudovi-
rus (1369¢0/1431¢5 IU/mL) and wild-type virus (949¢8/861¢0 IU/mL) assay.

Interpretation GBP510 adjuvanted with AS03 was well tolerated and highly immunogenic. These results support
further development of the vaccine candidate, which is currently being evaluated in Phase 3.

Funding This work was supported, in whole or in part, by funding from CEPI and the Bill & Melinda Gates Founda-
tion Investment ID OPP1148601. The Bill & Melinda Gates Foundation supported this project for the generation of
IND-enabling data and CEPI supported this clinical study.
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license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction
Since December 2019, more than 452 million individu-
als worldwide have been diagnosed with severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection, resulting in 6,029,852 deaths as of March 12,
2022.1 With global effort to control pandemics, several
SARS-CoV-2 vaccines based on different technologies
have been approved and play key roles to reduce this
ongoing health crisis. While these vaccines demon-
strated remarkable reduction in disease, there still
remain urgent and unmet needs for the vaccine
worldwide and development of new platform vaccines is
needed to resolve cold chain supply issues, disparity of
vaccination rate between countries, and emergence of
variants.2 In a situation in which the transition of
COVID-19 to an endemic disease and repeated surges
are expected, it is more important to develop a vaccine
that is easy to distribute and administer, safe and capa-
ble of mass production.

In response to these challenges, SK Bioscience Co.,
Ltd. (Korea) has been focusing on developing synthetic
protein-based vaccine candidates especially targeting
www.thelancet.com Vol 51 September, 2022
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Research in context

Evidence before this study

We searched PubMed for research articles published
between database inception and December 31, 2021,
using the terms “COVID-19” or “SARS-CoV-2,” “vaccine,”
and “clinical trial.” In previously reported randomized
clinical trials, we found that mRNA vaccines were more
immunogenic than adenovirus-vectored vaccines. Soli-
cited adverse events were more frequent and more
severe in intensity after the first dose compared to the
second dose for adenovirus-vectored vaccines, whereas
they increased after the second dose of mRNA or
recombinant spike-protein nanoparticle vaccines.

Added value of this study

This is the first human study evaluating the immunoge-
nicity and safety of recombinant SARS-CoV-2 protein
nanoparticle with and without adjuvant AS03, designed
to elicit functional cross-protective responses via recep-
tor-binding domain (RBD). Both 10 and 25 µg of
GBP510 with AS03 formulations were well tolerated
with an acceptable safety profile. Potent humoral
immune responses against the SARS-CoV-2 RBD were
induced and peaked by day 42 (14 days after the sec-
ond dose). In addition, GBP510 adjuvanted with AS03
elicited a noticeable Th1 response, with production of
IFN-g , TNF-a, and IL-2. IL-4 was inconsistent, and IL-5
showed nearly inexistant response across all groups.

Implications of all the available evidence

The results from this phase 1/2 trial indicate that
GBP510 adjuvanted with AS03 has an acceptable safety
profile with no vaccine-related serious adverse events.
Two-dose immunization with GBP510 adjuvanted with
AS03 induced potent humoral and cellular immune
responses against SARS-CoV-2.

Articles
RBD region as an antigen, which has potential advan-
tages on high production yield, temperature-stability,
and focusing immunity on key protective determinants,
anticipating that would help increasing population
immunity.2,3−5 GBP510 is a recombinant protein vac-
cine that consists of self-assembling, two-component
nanoparticles displaying the receptor-binding domain
(RBD) of the SARS-CoV-2 Spike protein in a highly
immunogenic array. Unlike traditional protein subunit
vaccines, which are easily degraded by various proteo-
lytic enzymes in the blood, GBP510 is designed to dis-
play SARS-CoV-2 RBD on nanoparticle scaffolds, hence
it could induce strong antibody responses with delayed
degradation.3,6 In addition, GBP510 can provide protec-
tive immunity against diverse escape mutants by induc-
ing antibodies targeting multiple, conserved, non-
overlapping RBD epitopes.3,6 Thus, in a mouse model,
vaccination with RBD nanoparticles elicited 10-fold
www.thelancet.com Vol 51 September, 2022
higher neutralising antibody titres compared to the pre-
fusion-stabilised spike ectodomain trimer, even at a
5-fold lower dose, and protected against mouse-adapted
SARS-CoV-2 challenge.3 Moreover, a multivalent RBD
nanoparticle vaccine elicited diverse polyclonal antibody
responses, thereby providing protection against hetero-
subtypic SARS-CoV-2.6,7

Here, we report the safety and immunogenicity data
until 4 weeks after the second dose from a randomised,
placebo-controlled, observer-blinded, phase 1/2 trial of
GBP510 adjuvanted with or without AS03 in healthy
younger and older adults.
Methods

Study design and participants
This randomised, placebo-controlled, observer-blinded,
dose-escalating phase 1/2 trial was conducted at 14
centres in South Korea. Healthy adults aged 19−85 years
were eligible for the study. Participants were excluded
from the study if they met any of the following criteria:
any clinically significant respiratory symptoms, febrile
illness, or acute illness within 72 h; previous diagnosis
of laboratory-confirmed COVID-19; previous diagnosis
of laboratory-confirmed SARS or middle east respiratory
syndrome (MERS); exposure to person with SARS-CoV-
2 infection; receipt of any medications or vaccinations
intended to prevent COVID-19; any positive test results
for hepatitis B virus, hepatitis C virus, or human immu-
nodeficiency virus at screening; an immunocompro-
mised condition; a history of autoimmune diseases; a
history of malignancy within 5 years; a history of bleed-
ing disorder or thrombocytopenia; receipt of immuno-
globulins and/or any blood products within the
previous 12 weeks; pregnancy or breast feeding.

The trial was designed by SK Bioscience with sup-
port from the Coalition for Epidemic Preparedness
Innovations (CEPI). The trial protocol (supplementary
material) was approved by the Institutional Review
Board (IRB) of each participating hospital and was per-
formed in accordance with the International Council for
Harmonization Good Clinical Practice guidelines. Writ-
ten informed consent was obtained from all partici-
pants. The reporting of this trial complies with the
current version of the Consolidated Standards of
Reporting Trials (CONSORT) 2010 Statement.
Randomisation and masking
This study consisted of two stages, and a stepwise
approach was adopted as a safety precaution (Figure
S1). In the first stage, 40 participants aged 19 to 55 years
in a low-dose cohort were initially block-randomised in
a 2:1:1 ratio to the 10 µg GBP510 adjuvanted with AS03
(group 1), 10 µg unadjuvanted GBP510 (group 2), or pla-
cebo on a two-dose schedule. Subsequently, an
3
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additional 40 participants aged 19 to 55 years in a high-
dose cohort were randomly assigned in a 2:1:1 ratio
to the 25 µg GBP510 adjuvanted with AS03 (group 3),
25 µg unadjuvanted GBP510 (group 4), or placebo. In
each dose level cohort, post-vaccination 7-day safety data
of the first sentinel eight participants were reviewed by
the independent data safety monitoring board (DSMB)
before vaccination of the remaining 32 participants. In
the second stage, 240 healthy younger and older adults
aged 19 to 85 years were enrolled, and they were ran-
domly assigned in a 2:2:1:1 ratio to 10 µg GBP510 adju-
vanted with AS03 (group 1), 25 µg GBP510 adjuvanted
with AS03 (group 3), 25 µg unadjuvanted GBP510
(group 4), or placebo on a two-dose schedule. At each
time point before dose escalation, second-dose vaccina-
tion, or advancement to the next stage, post-vaccination
7-day safety data were reviewed by the DSMB. Interac-
tive response technology system was used to randomly
allocate in each test group with stratification by age
(<65 or ≥65 years) and race. All participants and study
personnel involved in the study, other than the phar-
macy team and vaccinators, were masked to the treat-
ment assignments. All laboratory staff performing the
assays were masked to treatment.
Procedures
The study antigen GBP510 is a novel vaccine candidate,
which contains self-assembling, two-component nanopar-
ticles (RBD-16GS-I53-50) displaying the RBD of the SARS-
CoV-2 spike protein. It was developed by the Institute for
Protein Design at the University of Washington,
and advanced by SK bioscience using structure-based
vaccine design techniques. AS03 (a-tocopherol-containing
Figure 1. Trial
oil-in-water emulsion manufactured by GlaxoSmithKline)
was used as an adjuvant.8 GBP510 is expected to have an
enhanced ability to induce an immune response with adju-
vant, owing to its molecular structure enabling multivalent
antigen presentation.3,6 For each participant, two-
doses of GBP510 or placebo (0¢5 mL injection vol-
ume) were injected into the deltoid muscle of the
upper arm at a 28-day interval: SARS-CoV-2 RBD
nanoparticle antigen 10 mg or 25 mg per 0¢5 mL for
unadjuvanted GBP510; SARSCoV-2 RBD nanoparti-
cle antigen 10 mg or 25 mg per 0¢25 mL plus 0¢
25 mL of AS03 for adjuvanted GBP510. Blood sam-
ples were drawn from participants in all groups, and
clinical assessments for safety were performed
(Figure 1).

Participants from each group were instructed to
complete a paper or electronic diary to record solicited
local and systemic adverse events (AEs) for 7 days after
each dose. Laboratory values (blood chemistry and
hematology tests) were monitored on baseline (day 0),
and 28th day after the second vaccination. Sentinel
groups were additionally evaluated on the 7th day after
the first vaccination for the laboratory values. In addi-
tion, participants were instructed to record all unsolic-
ited AEs that occurred during 28 days after each
vaccination, using the paper/electronic diary or tele-
phone contact. Serious AEs (SAEs), medically attended
AEs (MAAEs), AEs of special interest (AESIs) including
potential immune-mediated diseases (pIMDs)9 are col-
lected throughout the study, from the first dose vaccina-
tion (day 0) until 12 months after the after the second
dose (Tables S1 and S2). The results of the interim anal-
ysis are presented here including the safety data until
28 days after the second dose (Tables S3−S7). The
flowchart.

www.thelancet.com Vol 51 September, 2022



Articles
severity of solicited local and systemic AEs was assessed
using the US Food and Drug Administration (FDA) tox-
icity grading scale.10

The IgG antibody response to the SARS-CoV-2 RBD
was measured via enzyme-linked immunosorbent assay
(ELISA) before the administration (day 0) of vaccine or
placebo, at 28 days after the first dose (day 28), at
14 days after the second dose (day 42), and 28 days after
the second dose (day 56). The neutralising antibody
responses to SARS-CoV-2 were measured by pseudovi-
rus (at days 0, 28, 42 and 56) and wild-type virus neu-
tralisation assays (at days 0 and 42). Additionally, cell-
mediated responses were assessed at days 0, 28 and 42.

The pseudovirus-based neutralisation assay (PBNA)
is a lentiviral vector-based assay used to measure neu-
tralising antibody titres in polyclonal sera. Pseudovirus
containing the luciferase reporter gene was made with
spike protein (SARS-CoV-2/Wuhan-Hu-1/surface glyco-
protein), which is the surface proteins of the target
virus.5 After pseudovirus infection, the neutralising
antibody titre was calculated by measuring the 50%
inhibition level of reporter enzyme from infected cells.
In addition, a plaque reduction neutralisation test
(PRNT) was performed, in a subset of participants,
using wild-type SARS-CoV-2 (BetaCoV/Korea/
KCDC03/2020) to measure the 50% reduction plaque
level of neutralising antibodies against SARS-CoV-2 as
described previously.12

Cell-mediated immune responses were measured by
intracellular cytokine staining using SARS-CoV-2 RBD
to restimulate T cells. Type 1 helper T (Th1) cell
responses are characterised by the expression of inter-
feron (IFN)-g, tumor necrosis factor (TNF)-a, and inter-
leukin (IL)-2, while type 2 helper T (Th2) cell responses
are characterised by the expression of IL-4 and IL-5.
Outcomes
The primary safety outcomes were the reactogenicity
and safety profile of GBP510, which included frequency
and intensity of solicited local and systemic AEs during
7 days after each vaccination; frequency, intensity, and
relatedness of unsolicited AEs during 28 days after each
vaccination; and occurrence of SAEs, MAAEs, AESIs
and pIMDs during the interim analysis period until
28 days after the second dose. The primary immunoge-
nicity outcome includes, geometric mean concentra-
tion/titre and seroconversion rate of anti-SARS-CoV-2
RBD IgG and neutralising antibodies against SARS-
CoV-2 parental D614G strain, and T-cell immune
responses. The titres of ELISA and neutralisation assay
were converted to binding antibody unit (BAU)/mL and
international unit (IU)/mL using WHO international
standard (NIBSC 20/136)11 and compared with the HCS
of WHO representative panel. Those were expressed as
geometric mean concentration (GMC, BAU/mL for
ELISA), geometric mean titre (GMT, IU/mL for PRNT
www.thelancet.com Vol 51 September, 2022
or PBNA), geometric mean fold rise (GMFR) from base-
line, and seroconversion rates (percentage of partici-
pants with ≥4-fold increase from baseline). In addition,
both Th1 and Th2 cell-mediated immune responses
were measured.
Statistical analysis
This study was not designed to test any hypothesis.
Thus, sample size was calculated based on probability
of detecting rare AEs with pre-determined sample size.
Each test group in this study was planned to comprise
10, 50, or 100 participants, depending on the dose level
and presence of adjuvant. Assuming a dropout rate of
approximately 10%, at least 9, 45, or 90 evaluable partic-
ipants were anticipated for each test group. Safety out-
comes were analysed for participants in the safety set
who received at least one dose of the study intervention.
Safety outcomes were described as frequencies (%) with
95% confidence intervals (CIs). In contrast, immunoge-
nicity analyses were performed using the per-protocol
set. SARS-CoV-2 RBD IgG concentrations as geometric
mean concentrations (GMCs), and SARS-CoV-2 neu-
tralising antibody titres as geometric mean titres
(GMTs), are presented along with standard deviations.
The GMCs and GMTs were calculated as the mean of
the assay results after the logarithmic transformation
was made and exponentiated to the original scale. In
addition, geometric mean fold rise (GMFR) and sero-
conversion rate (percentage of participants with ≥ 4-fold
rise from baseline) were calculated at each time point
(at 28 days after the first dose, and at 14 days and
28 days after the second dose) compared to baseline.
For cell-mediated immunity, the percentage of CD4+ T
cells expressing each cytokine, median, and quartiles
were plotted. Two sample t-test were performed to com-
pare the GMTs and Chi-square test or Fisher’s exact test
were performed to compare the seroconversion rates
between groups using SAS version 9¢4. This study was
registered with ClinicalTrials.gov (NCT04750343).
Role of the funding source
The funders had no role in the study design, collection,
analysis, and interpretation of data, in the writing of the
report, or in the decision to submit the paper for publi-
cation. All authors had full access to all the data in the
study and responsibility for the decision to submit for
publication.
Results

Characteristics of study participants
Between February 1 and May 28, 2021, a total of 353 par-
ticipants were screened at 14 clinical trial sites in South
Korea. Among them, 328 participants were randomly
assigned to group 1 (n = 101), group 2 (n = 10), group 3
5



GBP510 10 µg
with AS03
(N = 101)

GBP510 10 µg
(N = 10)

GBP510 25 µg
with AS03
(N = 104)

GBP510 25 µg
(N = 52)

Placebo
(N = 61)

Total
(N = 328)

Age (years)

Mean § SD 45¢0§ 14¢9 38¢7 § 8¢7 43¢9 § 14¢2 43¢2§ 15¢3 43¢3 § 14¢7 43¢9 § 14¢5
Median (range) 44¢0 (21¢0−76¢0) 40¢1 (24¢0−50¢0) 42¢0 (19¢0−74¢0) 42¢0 (19¢0−73¢0) 42¢0 (19¢0−80¢0) 42¢0 (19¢0−80¢0)

Age, n (%)

19−64 years 88 (87¢1) 10 (100) 92 (88¢5) 47 (90¢4) 56 (91¢8) 293 (89¢3)
65−85 years 13 (12¢9) 0 (0) 12 (11¢5) 5 (9¢6) 5 (8¢2) 35 (10¢7)

Sex, n (%)

Male 51 (50¢5) 3 (30¢0) 45 (43¢3) 23 (44¢2) 26 (42¢6) 148 (45¢1)
Female 50 (49¢5) 7 (70¢0) 59 (56¢7) 29 (55¢8) 35 (57¢4) 180 (54¢9)

BMI (kg/m2)

Mean § SD 24¢0§ 2¢8 23¢3 § 2¢3 24¢1 § 2¢6 23¢8§ 2¢9 23¢8 § 2¢6 23¢9 § 2¢7
Median (range) 24¢2 (18¢4−29¢9) 23¢0 (20¢2−26¢6) 23¢8 (18¢0−29¢6) 24¢2 (18¢4−29¢9) 24¢0 (18¢0−28¢2) 24¢1 (18¢0−29¢9)

Table 1: Demographic characteristics of participants at enrollment.
SD, standard deviation; BMI, body mass index.
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(n = 104), group 4 (n = 52), and placebo group (n = 61)
(Figures 1 and S2). Among 328 randomised partici-
pants, 320 participants (97¢56%) completed the 28-day
follow-up after the second dose vaccination, excluding
eight participants: due to AE (breast cancer diagnosed
after enrollment not related to vaccine, one in group 4),
lost to follow-up (one in group 1), discretion by the
investigator because of poor compliance (one in group
1), request for early termination by the participants (one
in groups 1, 3, and placebo group; two in group 4).
Among 328 randomised participants in the intention-
to-treat set (ITT set), one was excluded and 327 received
at least 1-dose vaccination, and those were included in
the safety set. Of the 327 participants in the safety set,
302 completed the vaccination schedule without major
protocol deviations, and these were included in the per-
protocol set (PP set).

The demographic characteristics are presented in
Table 1. The median age of the ITT set was 42 years.
89¢3% (293/328) of participants were aged 19−64 years
and 10¢7% (35/328) were elderly (≥65 years). Among
the 328 participants, 45¢1% (148) were men and 54¢9%
(180) were women. The mean body mass index (BMI) at
screening was 23¢9 (§ 2¢7) kg/m2. There was no imbal-
ance in terms of age, gender, and BMI between the
groups.
Safety outcomes
Of the 327 participants in the safety set, solicited local
AEs within 7 days after any vaccination occurred in 89¢
1% (90/101 participants) in group 1, 50¢0% (5/10 partici-
pants) in group 2, 92¢3% (96/104 participants) in group
3, 66¢7% (34/51 participants) in group 4, and 21¢3% (13/
61 participants) in the placebo group. Solicited systemic
AEs within 7 days after any vaccination occurred in
85¢2% (86/101 participants) of group 1, 70¢0% (7/10
participants) of group 2, 85¢6% (89/104 participants)
of group 3, 70¢6% (36/51 participants) of group 4, and
57¢4% (35/61 participants) of the placebo group. Both
local and systemic AEs were more common in the
groups receiving the AS03-adjuvanted formulation
(groups 1 and 3). Most local and systemic AEs were mild
(grade 1) to moderate (grade 2) in severity (Figure 2 and
Table 2) and transient. For solicited local reactions, the
frequency of pain at injection site was similar after the
first and second dose vaccination irrespective of vaccine
composition (Table 2), while redness tended to increase
post-dose 2 in groups 1 and 3. The ratio of Grade 3 soli-
cited local AEs were 1¢9% (2/103 events) only in group 3
after dose 1, but those accounted for 2¢1% (2/95 events)
and 1¢9% (2/107 events) for group 1 and 3 after dose 2.
In participants vaccinated with GBP510 adjuvanted with
AS03 (groups 1 and 3), the frequency and intensity of
systemic AEs was higher after the second dose as com-
pared to the first dose vaccination. No grade 3 solicited
systemic AEs were reported after the first dose, while
grade 3 systemic events were reported after the second
dose: The ratio of Grade 3 systemic AE were 2¢1% (6/
293 events) for group 1, 4¢7% (16/339 events) for group
3 and 1¢4% (1/71 events) for placebo. No grade 4 (poten-
tially life-threatening) AE was observed.

As for each local AE, injection site pain was the most
frequently reported solicited local AE after any vaccina-
tion, but was mostly mild in severity, lasting for a mean
of less than 3 days across groups. It was more frequent
in GBP510 adjuvanted with AS03 recipients (88¢1% of
participants in group 1 and 92¢3% of participants in
group 3) than in the unadjuvanted vaccine recipients
(50¢0% of participants in group 2 and 66¢7% of partici-
pants in group 4) and one case was reported as Grade 3
in group 3 after the first dose only. Injection site redness
and swelling were rarely reported (less than 15% of par-
ticipants across groups after any vaccination), which
www.thelancet.com Vol 51 September, 2022



Figure 2. Solicited local (A) and systemic (B) adverse events within 7 days after first-dose and second-dose vaccination. Data
on adverse events were recorded in a paper or an electronic diary for 7 days after each injection. Group 1, 10 µg GBP510 adjuvanted
with AS03; group 2, 10 µg unadjuvanted GBP510; group 3, 25 µg GBP510 adjuvanted with AS03; group 4, 25 µg unadjuvanted
GBP510. Each adverse event was graded as mild (grade 1, does not interfere with activity), moderate (grade 2, interferes with activ-
ity), severe (grade 3, prevents daily activity), or potentially life-threatening (grade 4, led to an emergency department visit or hospi-
talization). Redness and swelling were graded as mild (2¢0 to 5¢0 cm in diameter), moderate (>5¢0 to 10¢0 cm in diameter), severe
(>10¢0 cm in diameter), or potentially life-threatening (necrosis or exfoliative dermatitis for redness and necrosis for swelling). Fever
was graded as mild (38¢0−38¢4°C), moderate (38¢5−38¢9°C), severe (39¢0−40¢0°C), or potentially life-threatening (>40¢0°C).

Articles
persisted for a mean of 1¢4−2¢7 days after the first dose
and a mean of 2¢9−3¢7 days after the second dose vacci-
nation, respectively. (Figure 2 and Table S3). For the
solicited systemic AEs, fatigue was the most common,
followed by myalgia and headache (Figure 2 and Table
S4). Fatigue and myalgia were two most frequently
reported systemic AEs and more frequently reported in
GBP510 adjuvanted with AS03 recipients (79¢2% and
78¢2% of participants in group 1; 75¢0% and 79¢8% of
participants in group 3, respectively) than in the unadju-
vanted vaccine recipients (40¢0% and of 40¢0% of par-
ticipants in group 2; 60¢8% and 47¢1% of participants
in group 4) after any vaccination. Headache was also
more common in GBP510 adjuvanted with AS03 group
however, it was less frequent than fatigue and myalgia
(53¢47% in group1 and 56¢73% in group 3 after any vac-
cination). Of note, most solicited systemic AEs were
mild and moderate in severity after the first dose, while
more moderate and severe solicited AEs occurred after
the second dose (Table S4).

As for the laboratory values, there was no clini-
cally significant change until 7 days after the first
dose vaccination in sentinel group participants.
Through 28 days after the second dose vaccination,
www.thelancet.com Vol 51 September, 2022
clinically significant abnormalities occurred in two
participants (one in group 1 and one in the placebo
group) with hematologic test and nine participants
(one in group 1, three in group 3, one in group 4,
and four in placebo group) with blood biochemistry
test among all study participants (Tables S5 and S6).
Four abnormal laboratory values showed causal rela-
tion with GBP510 administration (mild leukopenia, 1
case; change in triglyceride level, 3 cases). Abnormal
laboratory values were not associated with any clini-
cal manifestations.

Unsolicited AEs within 28 days after any vaccination
were reported in 19¢8% (20/101, 26 events) in group 1,
20¢0% (2/10, 3 events) in group 2, 18¢3% (19/104, 31
events) in group 3, 19¢6% (10/51, 16 events) in group 4,
and 16¢4% (10/61, 16 events) in the placebo group
(Table S7). Most of them were mild and few were
related to GBP510 vaccination: 6¢93% (7/101 partici-
pants) in group 1, 0% (0/10 participants) in group 2, 4¢
81% (5/104 participants) in group 3, 1¢96% (1/51 partici-
pants) in group 4, and 3¢28% (2/51 participants) in the
placebo group. MAAEs within 28 days after any vaccina-
tion were reported in 8¢9% (9/101 participants, 12
events) in group 1, 20¢0% (2/10 participants, 2 events)
7



GBP510 10 µg
with AS03
(N = 101)

GBP510 10 µg
(N = 10)

GBP510 25 µg
with AS03
(N = 104)

GBP510 25 µg
(N = 51)

Placebo
(N = 61)

Total No. of local AEs after any vaccine injection 185 6 210 51 16

Maximum severity, No. of AEs, n (%)

Grade 1 (mild) 157 (84¢9) 6 (100) 168 (80¢0) 50 (98¢0) 16 (100)

Grade 2 (moderate) 26 (14¢1) 0 (0) 38 (18¢1) 1 (2¢0) 0 (0)

Grade 3 (severe) 2 (1¢1) 0 (0) 4 (1¢9) 0 (0) 0 (0)

Grade 4 (life threatening) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Total No. of local AEs after the 1st vaccination 90 2 103 27 8

Maximum severity, No. of AEs, n (%)

Grade 1 (mild) 84 (93¢3) 2 (100) 89 (86¢4) 27 (100) 8 (100)

Grade 2 (moderate) 6 (6¢7) 0 (0) 12 (11¢7) 0 (0) 0 (0)

Grade 3 (severe) 0 (0) 0 (0) 2 (1¢9) 0 (0) 0 (0)

Grade 4 (life threatening) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Total No. of local AEs after the 2nd vaccination 95 4 107 24 8

Maximum severity, No. of AEs, n (%)

Grade 1 (mild) 73 (76¢8) 4 (100) 79 (73¢8) 23 (95¢8) 8 (100)

Grade 2 (moderate) 20 (21¢1) 0 (0) 26 (24¢3) 1 (4¢2) 0 (0)

Grade 3 (severe) 2 (2¢1) 0 (0) 2 (1¢9) 0 (0) 0 (0)

Grade 4 (life threatening) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Total No. of systemic AEs after any vaccine injection 473 21 531 131 133

Maximum severity, No. of AEs, n (%)

Grade 1 (mild) 315 (66¢6) 19 (90¢5) 336 (63¢3) 115 (87¢8) 112 (84¢2)
Grade 2 (moderate) 152 (32¢1) 2 (9¢5) 179 (33¢7) 16 (12¢2) 20 (15¢0)
Grade 3 (severe) 6 (1¢3) 0 (0) 16 (3¢0) 0 (0) 1 (0¢8)
Grade 4 (life threatening) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Total No. of systemic AEs after the 1st vaccination 180 13 192 69 62

Maximum severity, No. of AEs, n (%)

Grade 1 (mild) 160 (88¢9) 13 (100) 145 (75¢5) 58 (84¢1) 58 (93¢6)
Grade 2 (moderate) 20 (11¢1) 0 (0) 47 (24¢5) 11 (15¢9) 4 (6¢5)
Grade 3 (severe) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Grade 4 (life threatening) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Total No. of systemic AEs after the 2nd vaccination 293 8 339 62 71

Maximum severity, No. of AEs, n (%)

Grade 1 (mild) 155 (52¢9) 6 (75¢0) 191 (56¢3) 57 (91¢9) 54 (76¢1)
Grade 2 (moderate) 132 (45¢1) 2 (25¢0) 132 (38¢9) 5 (8¢1) 16 (22¢5)
Grade 3 (severe) 6 (2¢1) 0 (0) 16 (4¢7) 0 (0) 1 (1¢4)
Grade 4 (life threatening) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Table 2: Solicited local and systemic adverse events by severity (safety set).
AE, adverse event.

%: n / (No. of AEs in Safety Set by group) * 100.

n = Number of adverse events.
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in group 2, 8¢7% (9/104 participants, 9 events) in group
3, 9¢8% (5/51 participants, 8 events) in group 4, 6¢6%
(4/61 participants, 5 events) in the Placebo group. SAEs
within 28 days after vaccination were reported in 1¢0%
(1/104 participants) in group 3 and 3¢9% (2/51 partici-
pants) in group 4; they were not considered related to
the vaccine. No AESI, including pIMDs, was reported
within 28 days after any vaccination. Compared with
the whole safety set, reactogenicity profile was higher in
younger adults aged 19−64 years than in elderly aged
65 years or older (Figure S3).
Immunogenicity outcomes
Immunogenicity was analysed in 302 participants in the
PP group. GMCs of anti-SARS-CoV-2-RBD IgG anti-
body ranged from 11¢0 to 16¢3 BAU/mL at baseline (day
0), and those increased to 111¢9/129¢0 BAU/mL in
GBP510 adjuvanted with AS03 recipients (group 1/
group 3) and 37¢7/28¢6 BAU/mL in unadjuvanted
GBP510 recipients (group 2/group 4) by 28 days after
the first dose, respectively (Figure 3 and Table S8). By
day 42 (14 days after second dose), GMCs of anti-SARS-
CoV-2-RBD IgG antibody had further increased to 2163¢
www.thelancet.com Vol 51 September, 2022



Figure 3. Anti-SARS-CoV-2 receptor-binding domain (RBD) IgG antibody response. Geometric mean concentrations of anti-
SARS-CoV-2 RBD IgG were compared from baseline (day 0) to day 56 (28 days after the second dose). BAU, binding antibody unit;
GMC, Geometric mean concentration; SD, standard deviation; SCR, seroconversion rate; NIBSC, National Institute for Biological
Standards and Control; HCS, human convalescent serum.
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6/2599¢2 BAU/mL in GBP510 adjuvanted with AS03
recipients (group 1/group 3) and 155¢3/112¢4 BAU/mL in
unadjuvanted GBP510 recipients (group 2/group 4).
GMCs of GBP510 adjuvanted with AS03 recipients
(group 1 and group 3) were 3¢0−4¢5 times higher than
those of unadjuvanted GBP510 recipients (group2 and
4) at days 28 and these ratios increased to 13.9 and
23.1 times at 42, respectively (P <0.0001 for group 1 vs
2 and group 3 vs 4 at days 28 and 42). Seroconversion
rates of IgG antibody were also higher in GBP510 adju-
vanted with AS03 recipients than in the non-adjuvanted
GBP510 recipients at day 28 and reached 100% (group
1), 100% (group 2), 100% (group 3), and 64¢4% (group
4) on day 42.

As for the neutralising antibody titres by PBNA,
GMTs ranged from 18¢1 to 21¢0 IU/mL at baseline (day
0), and those increased to 40¢0/40¢9 IU/mL in GBP510
adjuvanted with AS03 recipients (group 1/group 3) and
www.thelancet.com Vol 51 September, 2022
32¢8/21¢2 IU/mL in unadjuvanted GBP510 recipients
(group 2/group 4) by 28 days after the first dose, respec-
tively (P<0¢0001 for group 3 vs. group 4; Figure 4 and
Table S9). At day 42 (14 days after the second dose vacci-
nation), the GMTs were more than 10 times higher in
GBP510 adjuvanted with AS03 recipients (group 1/
group 3) compared to unadjuvanted GBP510 recipients
(group 2/group 4): 1369¢0/1431¢5 IU/mL versus 83¢5/
63¢9 IU/mL (P <0¢0002 for group 1 vs. group 2 and
P<0¢0001 for group 3 vs. group 4). Two-dose vaccina-
tion with 10 µg or 25 µg GBP510 adjuvanted with AS03
induced similar magnitudes of neutralising antibody
response and seroconversion rates (100% in group 1;
99¢0% in group 3).

In addition to PBNA, PRNT was performed for
selected 76 participants, including 23 participants in
group 1, 4 participants in group 2, 21 participants in
group 3, 9 participants in group 4, and 19 participants
9



Figure 4. Neutralising antibody response measured by pseudovirus-based neutralisation assay (PBNA). Geometric mean neu-
tralising antibody titres were compared from baseline (day 0) to day 56 (28 days after the second dose). The serum neutralisation
titres were defined as the 50% maximal inhibitory concentration (IC50). The titres of neutralisation assay were converted to interna-
tional unit (IU)/mL using WHO international standard (NIBSC 20/136) and compared with the HCS of WHO representative panel.
GMT, Geometric mean titre; SD, standard deviation; SCR, seroconversion rate; NIBSC, National Institute for Biological Standards and
Control; HCS, human convalescent serum.
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in the placebo group. GMTs ranged from 4¢3 to
9¢0 IU/mL at baseline (day 0), and those increased to
949¢8/861¢0 IU/mL in GBP510 adjuvanted with AS03
recipients (group 1/group 3), 34¢1/58¢1 IU/mL in unad-
juvanted GBP510 recipients (group 2/group 4), and
4¢8 IU/mL in the placebo group by day 42, respectively
(Figure 5 and Table S10). Two-dose vaccination with
GBP510 adjuvanted with AS03 induced higher magni-
tudes of neutralising antibody response and seroconver-
sion rates compared to unadjuvanted GBP510 (100% in
group 1, 50¢0% in group 2, 100% in group 3, and 77¢8%
in group 4).

Cell-mediated immune responses were evaluated in
randomly selected 60 participants (group 1, 19; group 2,
2; group 3, 17; group 4, 7; placebo group, 15) in a blinded
manner. GBP510 adjuvanted with AS03 induced
stronger CD4+ T-cell responses with higher percentages
of IFN-g, TNF-a, and IL-2 expression compared to
unadjuvanted GBP510. However, IL-4 was inconsistent
and IL-5 was nearly inexistent across all groups (Figure
S4 and Table S15). Thus, data suggest noticeable level of
Th1 response in GBP510 adjuvanted with AS03 how-
ever, additional experiments are needed.
Discussion
The interim analyses (data until 4 weeks after the sec-
ond dose) of safety and immunogenicity showed
that GBP510 adjuvanted with AS03 had an acceptable
safety profile and induced high immunogenicity after
two-dose vaccination with either a low (10 mg) or high
(25 mg) antigen dose. Most AEs were mild and moderate
www.thelancet.com Vol 51 September, 2022



Figure 5. Neutralising antibody response measured by plaque reduction neutralisation test (PRNT). Geometric mean neutral-
ising antibody titres were compared from baseline (day 0) to day 42 (14 days after the second dose). The serum neutralisation titres
were defined as the median neutralising titre (ND50). The titres of neutralisation assay were converted to international unit (IU)/mL
using WHO international standard (NIBSC 20/136). GMT, Geometric mean titre; SD, standard deviation; SCR, seroconversion rate.
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in severity and self-limiting. No vaccination-related
SAEs and AESIs were observed. Both low- and high-
dose GBP510 adjuvanted with AS03 induced potent
immune response with neutralising antibodies
approaching 99% seroconversion. Similar to other
COVID-19 vaccines, injection site pain, fatigue, myalgia
and headache were the most common solicited
AEs.13−15 Reactogenicity tended to increase in frequency
and intensity after the second dose as compared to the
first-dose14,15 and in younger adults as compared to
older adults, also in line with what is observed with
other COVID-19 vaccines.16

Although a threshold of immune correlates of pro-
tection against COVID-19 have not yet been established,
neutralising antibodies play an essential role in prevent-
ing COVID-19, while cellular immunity is beneficial to
limit disease severity. In this trial, we found that two-
dose of 10 mg or 25 mg GBP510 adjuvanted with AS03
www.thelancet.com Vol 51 September, 2022
induced high-level of neutralising antibodies assessed
by both PBNA and PRNT. In this study, the GMTs mea-
sured by PBNA was higher than PRNT. However, it
should be considered that neutralising antibody result
varies by reactivity/specificity in different assay systems
and assay types. Even with the same assay method per-
formed, results can vary by laboratory environments.
Therefore, immunogenicity of GBP510 adjuvanted with
AS03 groups were compared with WHO representative
anti-SARS-CoV-2 antibody titres of human convalescent
serum (HCS, NIBSC code low: 20/140, mid: 20/148,
and high: 20/150) calibrated against the WHO Interna-
tional Standard for anti-SARS-CoV-2 immunoglobulin
(NIBSC code 20/136), and the result was also higher
than the HCS of WHO representative panel.

When comparing the GMTs by PBNA, the titres for
10 mg or 25 mg GBP510 adjuvanted with AS03 on day
42 were 5¢7-fold and 6¢0-fold higher than the GMT of
11
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the WHO representative HCS (low: 44 IU/mL; mid: 210
IU/mL; and high: 1473 IU/mL; calculated GMT value:
239 IU/mL), respectively (Figure 4).11 Likewise, GMTs
of 10 mg or 25 mg GBP510 adjuvanted with AS03 by
PRNT were 4¢0-fold and 3¢6-fold higher than the GMT
of the WHO representative human convalescent serum
on day 42 (same GMT value of WHO representative
HCS was used for PBNA and PRNT; 239 IU/mL). The
GMCs of Anti-SARS-CoV-2-RBD IgG antibody were
also 11.0-fold and 13¢3-fold higher in 10 mg or 25 mg
GBP510 adjuvanted with AS03 recipients on day 42
when compared to that of the WHO representative
panel (low: 45 BAU/mL; mid: 205 BAU/mL; and high:
817 BAU/mL; calculated GMC: 196 BAU/mL)
(Figure 3).11 Thus, GBP510 adjuvanted with AS03 is
highly immunogenic and may provide high-level protec-
tion against COVID-19.

When analysed by age group, neutralising antibody
titres by PBNA and IgG antibody response by ELISA
were relatively lower in older adults (≥65 years) com-
pared to the younger, as seen with other COVID-19 vac-
cines (Tables S11−S14).10,11 Although there was not big
difference between group 1 (10mg GBP510 with AS03)
and group 3 (25mg GBP510 with AS03) (Table S8−10)
in post-vaccination immunogenicity, we observed
advantages for the higher dosage; when analysed for all
participants, 25 mg GBP510 adjuvanted with AS03,
which is currently being tested in the following phase
III clinical trials, resulted in higher neutralising anti-
body titres by PBNA and IgG antibody response by
ELISA compared to that of the 10 µg GBP510 adju-
vanted with AS03 at the peak (two weeks after dose 2)
and this trend was consistent through four weeks post-
vaccination. In addition, neutralising antibody titres (by
PBNA) in elderly participants (≥65 years) in the high-
dose adjuvanted group (group 3) was higher and
showed the tendency of slower decrease until 4
weeks after a primary series compared to low-dose
adjuvanted group (group 1) (see Table S14 in supple-
mentary appendix). Safety profile was comparable
irrespective of the dosage.

Owing to the recombinant synthetic protein vaccine
platform, GBP510 adjuvanted with AS03 is temperature
stable and it can be distributed and stored at refrigerated
temperatures; therefore, it has the advantage of being
widely usable in developing countries where it is diffi-
cult to establish a cold chain for cryogenic distribution
and storage (�80 to �20°C). GBP510 is a self-assem-
bling, two component nanoparticle that displays 60 cop-
ies of SARS-CoV-2 RBD.2,14 RBD not only shares the
multiple positive attributes with parental full-length
spike protein inducing >6 months antibody persistency
and high neutralising activity, but also has more advan-
tages on high-yielding manufacturing potential and
affordable cost.2,17 As reported previously, RBD contains
multiple conformational and conserved neutralising
epitopes, so vaccines targeting the RBD will likely
induce cross-neutralisation against variant viruses,
including B¢1¢1¢7 and B¢1¢617.3,6,17 In addition, AS03
might broaden protection with cross-reactive immuno-
genicity against variant viruses as experienced with
AS03-adjuvanted influenza vaccines.18,19,7 PRNT was
performed to evaluate the cross-neutralising antibody
immunity against the delta variant virus (SARS-CoV-2/
GK clade, B¢1¢617¢2 lineage) for 11 randomly selected
25 mg GBP510 adjuvanted with AS03 recipients. The
neutralising antibody titre against the delta variant
showed a 2¢4-fold decrease compared to the wild type
virus similar to other COVID-19 vaccines (Figure
S5).20,21 Similar results were also shown with 11 partici-
pants limited to the age of 65 years or older who were
randomly selected (Figure S5).

AS03-adjuvanted SARS-CoV-2 subunit vaccine
induced durable robust neutralising-antibody response
in non-human primates up to 180 days after vaccina-
tion.7 Depending on the presence or absence of AS03,
the immunogenicity of GBP510 showed a 10−30-fold
difference in neutralising antibody titres in this study.
AS03 is an adjuvant system containing two biodegrad-
able oils (a-tocopherol and squalene) in an oil-in-water
emulsion.8 AS03 activates the innate immune response
at the injection site and enhance adaptive immune
responses (antibody and T-cell) to the vaccine antigen.
Unlike MF59, another squalene-based adjuvant, AS03
additionally contains a-tocopherol, which modulates the
expression of diverse cytokines, increases antigen load-
ing in monocytes and the recruitment of granulocytes
into the draining lymph nodes. Thus, a-tocopherol is an
essential component of AS03 for achieving the highest
antibody response.19 Similar to our results, AS03-adju-
vanted influenza vaccines showed a superior immuno-
genicity compared to unadjuvanted influenza vaccines
in a meta-analysis.22 In addition, an increased reactoge-
nicity post-dose 2 as compared to post-dose 1
was observed with other AS03-containing COVID-19
vaccines.23,24

The limitations of this study include the small sam-
ple size, especially for older adults, and short follow-up
period. However, sample size was calculated based on
probability of detecting rare AEs, and sufficient number
of participants were enrolled to achieve the objectives of
the study as planned. In addition, age stratification was
performed to reasonably interpret demographics of
enrolled participants. Nevertheless, the sample size pro-
vides a meaningful initial assessment of the frequency
and intensity of the solicited AEs. As of January 31,
2022 (6 months post-vaccination), no AESI nor SAE
related to vaccine have been reported.

In conclusion, GBP510 adjuvanted with AS03 was
well-tolerated with an acceptable safety profile, and
highly immunogenic. The phase 1/2 trial has been
extended to the homologous booster study, which assess
the impact of a third dose (25µg GBP510 adjuvanted with
AS03) on durability and breadth of neutralising antibody
www.thelancet.com Vol 51 September, 2022
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responses. Based on the results of this phase 1/2 trial, a
phase 3, randomised, observer-blind trial is underway to
compare the immunogenicity and safety of 25 mg
GBP510 adjuvanted with AS03 to ChAdOx1 in adults
18 years of age and older (initiated August 30, 2021). In
addition, a Phase 2, heterologous GBP510 adjuvanted
with AS03 booster trial began on January 6, 2022, to
assess the merits of this immune-focused antigen as a
universal booster to already licensed CoV-2 vaccines.
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