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Summary
Background Given the scale of the ongoing COVID-19 pandemic, the development of vaccines based on different 
platforms is essential, particularly in light of emerging viral variants, the absence of information on vaccine-induced 
immune durability, and potential paediatric use. We aimed to assess the safety and immunogenicity of an 
MF59-adjuvanted subunit vaccine for COVID-19 based on recombinant SARS-CoV-2 spike glycoprotein stabilised in 
a pre-fusion conformation by a novel molecular clamp (spike glycoprotein-clamp [sclamp]).

Methods We did a phase 1, double-blind, placebo-controlled, block-randomised trial of the sclamp subunit vaccine in 
a single clinical trial site in Brisbane, QLD, Australia. Healthy adults (aged ≥18 to ≤55 years) who had tested negative 
for SARS-CoV-2, reported no close contact with anyone with active or previous SARS-CoV-2 infection, and tested 
negative for pre-existing SARS-CoV-2 immunity were included. Participants were randomly assigned to one of five 
treatment groups and received two doses via intramuscular injection 28 days apart of either placebo, sclamp vaccine 
at 5 μg, 15 μg, or 45 μg, or one dose of sclamp vaccine at 45 μg followed by placebo. Participants and study personnel, 
except the dose administration personnel, were masked to treatment. The primary safety endpoints included solicited 
local and systemic adverse events in the 7 days after each dose and unsolicited adverse events up to 12 months after 
dosing. Here, data are reported up until day 57. Primary immunogenicity endpoints were antigen-specific IgG ELISA 
and SARS-CoV-2 microneutralisation assays assessed at 28 days after each dose. The study is ongoing and registered 
with ClinicalTrials.gov, NCT04495933.

Findings Between June 23, 2020, and Aug 17, 2020, of 314 healthy volunteers screened, 120 were randomly assigned 
(n=24 per group), and 114 (95%) completed the study up to day 57 (mean age 32·5 years  [SD 10·4], 65 [54%] male, 
55 [46%] female). Severe solicited reactions were infrequent and occurred at similar rates in participants receiving 
placebo (two [8%] of 24) and the SARS-CoV-2 sclamp vaccine at any dose (three [3%] of 96). Both solicited reactions 
and unsolicited adverse events occurred at a similar frequency in participants receiving placebo and the SARS-CoV-2 
sclamp vaccine. Solicited reactions occurred in 19 (79%) of 24 participants receiving placebo and 86 (90%) of 
96 receiving the SARS-CoV-2 sclamp vaccine at any dose.  Unsolicited adverse events occurred in seven (29%) of 
24 participants receiving placebo and 35 (36%) of 96 participants receiving the SARS-CoV-2 sclamp vaccine at any 
dose.  Vaccination with SARS-CoV-2 sclamp elicited a similar antigen-specific response irrespective of dose: 4 weeks 
after the initial dose (day 29) with 5 μg dose (geometric mean titre [GMT] 6400, 95% CI 3683–11 122), with 15 μg dose 
(7492, 4959–11 319), and the two 45 μg dose cohorts (8770, 5526–13 920 in the two-dose 45 μg cohort; 8793, 
5570–13 881 in the single-dose 45 μg cohort); 4 weeks after the second dose (day 57) with two 5 μg doses (102 400, 
64 857–161 676), with two 15 μg doses (74 725, 51 300–108 847), with two 45 μg doses (79 586, 55 430–114 268), only a 
single 45 μg dose (4795, 2858–8043). At day 57, 67 (99%) of 68 participants who received two doses of sclamp vaccine 
at any concentration produced a neutralising immune response, compared with six (25%) of 24 who received a 
single 45 µg dose and none of 22 who received placebo. Participants receiving two doses of sclamp vaccine 
elicited similar neutralisation titres, irrespective of dose: two 5 µg doses (GMT 228, 95% CI 146–356), two 15 µg doses 
(230, 170–312), and two 45 µg doses (239, 187–307).

Interpretation This first-in-human trial shows that a subunit vaccine comprising mammalian cell culture-derived, 
MF59-adjuvanted, molecular clamp-stabilised recombinant spike protein elicits strong immune responses with a 
promising safety profile. However, the glycoprotein 41 peptide present in the clamp created HIV diagnostic assay 
interference, a possible barrier to widespread use highlighting the criticality of potential non-spike directed 
immunogenicity during vaccine development. Studies are ongoing with alternative molecular clamp trimerisation 
domains to ameliorate this response.

Lancet Infect Dis 2021; 
21: 1383–94

Published Online 
April 19, 2021 
https://doi.org/10.1016/ 
S1473-3099(21)00200-0

See Comment page 1337

School of Chemistry and 
Molecular Biosciences 
(K J Chappell PhD, 
D K Wijesundara PhD, 
J A Lackenby MPhil, 
S T M Cheung BSc, 
N Modhiran PhD, 
M S Avumegah PhD, 

C L Henderson MBus, 

D Watterson PhD, 
Prof P R Young PhD, 
Prof T P Munro PhD), 
The Australian Institute for 
Biotechnology and 
Nanotechnology (K J Chappell, 
D K Wijesundara, J A Lackenby, 
M S Avumegah, C L Henderson, 
K Hoger BSc, D Watterson, 
Prof P R Young, Prof T P Munro), 
Australian Infectious Disease 
Research Centre (K J Chappell, 
D Watterson, Prof P R Young), 
and School of Medicine 
(P Griffin PhD), The University 
of Queensland, St Lucia, QLD, 
Australia; Department of 
Microbiology and 
Immunology, University of 
Melbourne (F L Mordant MSc, 
P Ellenberg PhD, L Hensen MSc, 
W Zhang BSc, T H O Nguyen PhD, 
S Marrero-Hernandez PhD, 
K J Selva PhD, A W Chung PhD, 
Prof P C Reading PhD, 
Prof K Kedzierska PhD, 
Prof D F J Purcell PhD, 
Prof K Subbarao MBBS), WHO 
Collaborating Centre for 
Reference and Research on 
Influenza (J Barnes BSc, 
Prof P C Reading, 
Prof K Subbarao) and Victorian 
Infectious Diseases Reference 
Laboratory, The Royal

http://crossmark.crossref.org/dialog/?doi=10.1016/S1473-3099(21)00200-0&domain=pdf


Articles

1384 www.thelancet.com/infection   Vol 21   October 2021

 Melbourne Hospital 
(S Nicholson BSc, S Corby BSc, 

T Holgate BSc), The Peter 
Doherty Institute for Infection 

and Immunity, Melbourne, VIC, 
Australia; Department of 

Immunology and Infectious 
Disease, The John Curtin School 

of Medical Research, 
The Australian National 

University, Canberra, ACT, 
Australia (Z Li PhD, 

C Ranasinghe PhD); Nucleus 
Network Brisbane Clinic, 

Herston, QLD, Australia 
(P Griffin); Department of 

Infectious Diseases, Mater 
Health, QLD, Australia 

(P Griffin); Tanawell Nominees, 
Melbourne, VIC, Australia 

(J Bennet MSc); TetraQ, 
The University of Queensland, 

Herston, QLD, Australia 
(M H Tran PhD, P Tapley PhD); 

Immune Therapies Group, 
Burnet Institute, Melbourne, 
VIC, Australia (B D Wines PhD, 

Prof P M Hogarth PhD); 
Department of Clinical 

Pathology, The University of 
Melbourne, Parkville, VIC, 

Australia (Prof P M Hogarth); 
Department of Immunology 

and Pathology, Monash 
University, Alfred Health, 
Melbourne, VIC, Australia 

(Prof P M Hogarth)

Correspondence to: 
Associate Prof Keith J Chappell, 

School of Chemistry and 
Molecular Biosciences, The 
University of Queensland, 

St Lucia, QLD 4072, Australia 
k.chappell@uq.edu.au

Funding Coalition for Epidemic Preparedness Innovations, National Health and Medical Research Council, 
Queensland Government, and further philanthropic sources listed in the acknowledgments.

Copyright © 2021 Elsevier Ltd. All rights reserved.

Introduction
The COVID-19 pandemic is placing unprecedented 
pressure on patients, communities, health-care systems, 
and economies worldwide. As a result, accelerated 
development of safe and effective COVID-19 vaccines 
has become the focus of globally coordinated research 
activities. The desired attributes of a successful pandemic 
vaccine include the ability to confer long-term protection, 
demonstrated efficacy with an acceptable safety profile at 
a maximum of two doses, the ability for rapid and 
large-scale manufacturing, and widespread distribution 
using existing cold-chain infrastructure.1 The candidate 
COVID-19 vaccines under development can be broadly 
categorised into inactivated virus vaccines, protein 
subunit vaccines, nucleic acid vaccines, and viral vectors, 
each with specific advantages and disadvantages.2

The SARS-CoV-2 spike glycoprotein binds the human 
angiotensin-converting enzyme 2 (ACE2) receptor, 
which mediates cell entry and is the main target of the 
neutralising antibody response during infection.3 
The candidate SARS-CoV-2 spike glycoprotein-clamp 
(sclamp) vaccine is an adjuvanted protein subunit 
vaccine that comprises a recombinant SARS-CoV-2 
spike glycoprotein and squalene-oil-in-water adjuvant 
(MF59).4 A molecular clamp is used to stabilise the 
spike glycoprotein in the authentic pre-fusion con-
formation that preserves neutralising epitopes present 
on the virion surface. Immunisation with the stabilised 
antigen therefore stimulates neutralising antibodies 
against SARS-CoV-2, which mimics the response 
induced by natural infection and minimises the 
induction of potentially confounding non-neutralising 
antibodies.4 Similar to other vaccine platforms that 

stabilise the pre -fusion conformation of spike glyco-
protein,5–7 this approach is anticipated to generate 
vaccines with enhanced stability, immuno genicity, and 
safety profiles.8 In addition, MF59 is a commercially 
approved adjuvant with a well established safety record 
in children, adults, and older people9–11 and that elicits 
strong antibody responses, along with a balanced 
T-helper 1 (Th1) and T-helper 2 (Th2) cell response.12 
Although Alhydrogel (aluminium adjuvant) is widely 
available and recognised as safe in humans, it is noted 
for driving a predominantly Th2 immune response. 
A strong Th2 response has previously been associated 
with immunopathology in humans immunised with a 
candidate respiratory syncytial virus vaccine, and 
in preclinical animal studies for MERS-CoV and 
SARS-CoV.13–15 Early in the pandemic it was the recom-
mendation of regulators that Alhydrogel be avoided in 
human trials of SARS-CoV-2 vaccines. Due to the 
limited amount of information available at this early 
stage in the pandemic and the combination of the 
preferred immune stimulation, the established safety 
profile, and availability, the decision was made to focus 
on MF59 as the adjuvant of choice for this study. 
Preclinical data have shown that the SARS-CoV-2 
sclamp vaccine elicits a robust neutralising antibody 
response to wild-type SARS-CoV-2 virus, in cluding 
three of the currently dominant strains, and spike 
glycoprotein-specific T-cell immunity in animals that 
protects against SARS-CoV-2 infection.4

Here, we report the primary findings of our trial of the 
SARS-CoV-2 sclamp vaccine in healthy adults. We aimed 
to assess the safety, tolerability, and immunogenicity of 
5 µg, 15 µg, and 45 µg doses of vaccine compared with 

Research in context

Evidence before this study
We searched PubMed on Dec 22, 2020, for clinical trials of 
COVID-19 vaccines, using the search terms “SARS-CoV-2”, 
“vaccine”, and “clinical trial” with no language restrictions. 
Only peer-reviewed publications were included. Although 
many vaccines are in development, we found only one 
published trial of a vaccine based on the recombinant 
SARS-CoV-2 spike protein, packaged as a nanoparticle. 
In preclinical studies, an adjuvanted vaccine based on the 
recombinant spike protein stabilised in the pre-fusion 
conformation by a molecular clamp (spike glycoprotein-clamp 
[sclamp]) elicited strong, neutralising immune responses in 
mice, and reduced viral load and conferred protection 
against pulmonary disease in SARS-CoV-2-challenged 
hamsters.

Added value of this study
In this phase 1, double-blind, randomised, placebo-controlled 
trial, two doses of the SARS-CoV-2 sclamp vaccine elicited 
robust, highly correlated humoral and cellular immune 
responses, with very low rates of systemic reactions. However, 
sequences of the HIV-1 glycoprotein 41 used in the molecular 
clamp elicited antibodies that cross-reacted with rapid HIV 
diagnostic tests that included recombinant glycoprotein 41.

Implications of all the available evidence
Although this specific vaccine design will not be progressed 
further because of cross-reactivity with some HIV diagnostics, 
these first-in-human results validate the molecular clamp 
technology as a viable platform for vaccine development with 
potential for large-scale manufacturability and distribution.
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See Online for appendix

placebo. In addition, humoral and cellular responses to 
the vaccine are reported as exploratory outcomes.

Methods
Study design and participants
This phase 1, randomised, double-blind, placebo-
controlled, single and multiple-ascending dose trial was 
done at a single centre (Nucleus Network, Brisbane, QLD, 
Australia). This study comprised two populations: healthy 
adults (aged ≥18 to ≤55 years on Oct 21, 2020) and healthy 
adults aged 56 years and older (to be subsequently 
reported). All participants tested negative for SARS-CoV-2 
infection at screening or day 1, reported no close contact 
with anybody with active or previous SARS-CoV-2 
infection, and tested negative for pre-existing SARS-CoV-2 
immunity. Detailed information on inclusion and exclu-
sion criteria is provided in the appendix (p 2).

The protocol was approved by the Alfred Health 
Human Research Ethics Committee (2020001376/334/20). 
The study was done in accordance with the protocol, 
Good Clinical Practice, the Declaration of Helsinki, and 
all local regulations. All participants provided written 
informed consent before any study procedures were 
undertaken.

Randomisation and masking
Participants were randomly assigned to either a placebo 
group or one of four treatment groups (1:1:1:1:1): 
two 5 µg doses of vaccine; two 15 µg doses of vaccine; 
two 45 µg doses of vaccine; and one 45 µg dose of vaccine 
followed by one dose of placebo. Participants were 
administered vaccine or placebo according to a block 
randomisation scheme. Participants and study personnel 
were masked to treatment, except the dose administration 
personnel who were not otherwise involved in the study. 
After day 57, specific study personnel were unmasked to 
allow data analysis; participants will remain masked 
until the end of the study.

Procedures
The study comprised three cohorts in a step-wise dose-
escalation design. In cohort 1, participants received 
two 5 µg doses of vaccine on days 1 and 29. In cohort 2, 
participants received two 15 µg doses of vaccine on days 1 
and 29. In cohort 3, participants received one 45 µg dose 
of vaccine on day 1 followed by placebo on day 29, or 
participants received two 45 µg doses on days 1 and 29. In 
each cohort, a third of participants received placebo on 
days 1 and 29.

SARS-CoV-2 sclamp antigen (CSIRO Manufacturing, 
Clayton, VIC, Australia) was produced in Chinese 
hamster ovary cells and comprises a trimeric glycosylated 
SARS-CoV-2 spike glycoprotein ectodomain (GenBank 
accession number MN908947) fused to a molecular 
clamp. The recombinant protein was based on the 
sequence of the prototypic SARS-CoV-2 strain first 
detected in Wuhan, China. This protein includes the 

spike glycoprotein native signal peptide, replacement of 
the furin cleavage site of spike glycoprotein amino acids 
680–690 with a glycine-serine-glycine linker, and 
truncation at amino acid 1204 to remove the C-terminal 
domain and replace this with the molecular clamp 
trimerisation sequence (HIV-1 glycoprotein 41 heptad 
repeat [HR] elements, HR1 [amino acids 540–576], and 
HR2 [amino acids 619–656] separated by a glycine2-
serine-glycine2 linker).4 The SARS-CoV-2 sclamp antigen 
has been shown to adopt the native pre-fusion 
conformation and to bind to the human ACE2 receptor 
and SARS-CoV-2-specific monoclonal antibodies.4 The 
SARS-CoV-2 sclamp and MF59 adjuvant were stored 
at 2–8°C.

SARS-CoV-2 sclamp antigen and squalene adjuvant 
MF59C (Seqirus, Parkville, VIC, Australia) were mixed at 
the clinical site and 0·5 mL of suspension drawn into a 
syringe. Sterile 0·9% saline (0·5 mL) was used as 
placebo. Because physical masking of prepared syringes 
was not possible, doses were transported in a boxed 
blinding bag, and unmasked study personnel adminis-
tered each dose. All doses of vaccine and placebo were 
administered as a single intramuscular injection into the 
deltoid region. Within each cohort, immediate post-
vaccination (≥24 h after first dose); safety data from the 
first two participants (so-called sentinels; one vaccine, 
one placebo) were reviewed by the safety review 
committee before proceeding with dosing of the 
remaining participants in the cohort. Cumulative safety 
data from the first 7 days after the first vaccination of 
each cohort were reviewed by the safety review committee 
before proceeding to the next higher-dose cohort.

Outcomes
The primary safety endpoints included the frequency, 
duration, and intensity of solicited local and systemic 
adverse events for 7 days after each dose; the frequency, 
duration, intensity, and relatedness of unsolicited adverse 
events up to 12 months; and the frequency of serious 
adverse events and adverse events leading to study 
discontinuation throughout the study. The toxicity 
grading system for solicited local and systemic adverse 
events are detailed in the appendix (pp 5–6).

The primary immunogenicity endpoints included the 
geometric mean of the serum antibody response to 
SARS-CoV-2 sclamp vaccine compared with placebo by 
antigen-specific ELISA at day 29 and day 57, and the 
geometric mean of the serum neutralising antibody titres 
to SARS-CoV-2 virus compared with placebo at day 29 
and day 57 by microneutralisation assay.

Secondary immunogenicity endpoints included the 
geometric mean of antigen-specific serum antibody 
response on day 43, and seroconversion rate (the 
proportion of participants with a four times or more 
increase above baseline) for antigen-specific serum 
antibody response at days 29, 43, and 57. Additional 
exploratory humoral and cellular immuno genicity 
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endpoints were examined. Detailed information on all 
methods is provided in the appendix (pp 2–5).

Serum samples for immunological assessments were 
taken at screening and on days 1 (pre-dose on day of first 
dose), 8, 15, 29 (pre-dose on day of second dose), 36, 43, 
and 57. Serum samples collected with written informed 
consent from 67 Australian adults between 14 and 
90 days after recovery from mild-to-moderate 
SARS-CoV-2 infection were used as a reference. The 
demographics of this patient cohort have been previously 
described.16,17

Antigen-specific serum antibody responses against the 
SARS-CoV-2 sclamp or clamp-specific Nipah virus 
Fclamp vaccines were measured by ELISA. Detection of 
neutralising antibodies against infectious SARS-CoV-2 
(CoV/Australia/VIC01/2020)18 was assessed with a 
traditional microneutralisation assay19 and the neutra-
lising antibody titre, expressed as 50% micro-
neutralisation titre (MN50), was calculated using the 
Reed–Muench method as previously described.19 The 
limit of detection was the reciprocal of the highest 
concentration of serum tested and any values falling 
below the limit of detection were reported as half that of 
the limit of detection. National Institute for Biological 
Standards and Control reference serum 130/20 was 
included as an internal control for assay variation. Each 
patient serum sample was assayed twice on different 
days and in the event that the repeat MN50 differed by 
more than two times, the sample was analysed a third 
time. MN50 titres are reported as the geometric mean of 
the two or three assay repeats.

Neutralising antibodies were also assessed against 
pseudotype viruses encoding the spike glycoprotein from 
the reference Wuhan sequence (GenBank accession 
number NC_045512), as well as circulating SARS-CoV-2 
virus spike glycoprotein variants (mutations Ser477Asn 
and Asp614Gly, Gly485Arg and Asp614Gly, and Asn501Tyr 
and Asp614Gly; GenBank accession numbers 519263, 
456508, and 480701).20–22 HIV reporter virus pseudotyped 
with SARS-CoV-2 spike glycoprotein was produced by 
lipofectamine co-transfection, and pseudovirus neutral-
isation was measured and expressed as the reciprocal titre 
of the participant serum sample required for 50% reduction 
of relative luciferase units compared with controls.

A blocking ELISA was used to measure neutralising 
antibodies against SARS-CoV-2, which block the inte-
raction between the spike glycoprotein and ACE2 
receptors (SARS-CoV-2 surrogate virus neutralisation 
test, GenScript, Piscataway, NJ, USA) as previously 
described.23 The absorbance at 450 nm is inversely 
proportional to the titre of anti-SARS-CoV-2 neutralising 
antibodies.

The potential for the immune response directed to the 
HIV glycoprotein 41 sequences, which comprised the 
clamp, to cause diagnostic interference was assessed 
(Queensland Health Pathology Services, Brisbane QLD, 
Australia) using a three-tiered routine procedure (Abbot 

Architect Ag/Ab Combo Quantitative Assay, Abbot, 
Chicago, IL, USA; MP Diagnostics HIV Blot 2, 2 Western 
Blot assay, MP Biomedicals, Santa Ana, CA, USA; and 
nucleic acid testing). Cross-reactivity was assessed with 
nine additional HIV diagnostic platforms (laboratory-
based, point-of-care, and self-test diagnostics).

A custom multiplex bead array was done to examine the 
elicited antibody response, including analysis of antibody 
isotypes and subclasses; specificity to SARS-CoV-2 sclamp, 
S1 (amino subunit), S2 (carboxyl subunit), spike receptor 
binding domain, and clamp; as well as cross-reactivity to 
human coronaviruses (229E, NL63, HKU1, OC43).

Fresh whole blood was used to measure spike-specific 
CD4+ and CD8+ T cells, T follicular helper (Tfh) cells, and 
antibody secreting cells using flow cytometry to detect 
cytokine expression after stimulation with a SARS-CoV-2 
spike peptide library as described previously.24–27

Statistical analysis
No sample size calculations for statistical power were 
done due to the absence at the time of any pre-existing 
data on effect size or SD for SARS-CoV-2 neutralisation 
in humans, and an enrolment of 120 participants (n=32 
in cohorts 1 and 2, n=56 in cohort 3) was planned. 
Baseline demographic and safety data are summarised 
using descriptive statistics. Safety data are presented for 
all randomly assigned participants (intention-to-treat 
population); immunogenicity data are presented for the 
per-protocol population. Detailed information on all the 
statistical analyses is provided in the appendix (p 5). This 
study is registered with ClinicalTrials.gov, NCT04495933.

Role of the funding source
Coalition for Epidemic Preparedness Innovations 
provided advice on the study design but had no role in 
data collection, data analysis, data interpretation, or 
writing of the report.

Results
Between June 23, 2020, and Aug 17, 2020, of 314 healthy 
volunteers screened, 120 met eligibility criteria (mean age 
32·5 years [SD 10·4], 65 [54%] male, 55 [46%] female) and 
were randomly assigned to treatment (figure 1). Of the 
randomly assigned participants, 114 (95%) completed the 
study (day 57). The six participants who discontinued 
(two each in the placebo, two dose 15 μg, and two dose 
45 μg vaccine groups) decided to withdraw. One participant 
in the placebo group who withdrew was excluded from the 
per-protocol population due to early withdrawal (day 9) 
without at least one post-dose immunogenicity assessment. 
Participant demographics at baseline were similar across 
each of the treatment groups (table). The trial is ongoing at 
the time of writing, with 12-month follow-up planned for 
participants in treatments reported here concluding 
September, 2021.

Overall, the SARS-CoV-2 sclamp vaccine was well 
tolerated. Solicited adverse events occurred in 19 (79%) 
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participants in the placebo group, 22 (92%) partici  pants 
in the 5 μg group, 23 (96%) participants in the 
15 μg group, 20 (83%) participants in the single-dose 
45 μg group, and 21 (88%) participants in the 
two-dose 45 μg vaccine group. Unsolicited adverse events 
occurred in seven (29%) participants in the placebo 
group, 13 (54%) participants in the 5 μg group, 
seven (29%) participants in the 15 μg group, eight (33%) 
participants in the single-dose 45 μg group, and seven 
(29%) participants in the two-dose 45 μg vaccine group. 
Vaccine-related unsolicited adverse events occurred in 
one (4%) participant in the placebo group, four (17%) 
participants in the 5 μg group, three (13%) participants in 
the 15 μg group, four (17%) participants in the single-dose 
45 μg group, and one (4%) participant in the two-dose 
45 μg vaccine group (appendix pp 8–9). No severe 
treatment-emergent adverse events or serious unsolicited 
adverse events, discontinuations due to an adverse event, 
or deaths occurred in any group.

The most common solicited local adverse events 
occurring within 7 days of vaccination were injection 
site pain and tenderness. Pain was reported by 
88 (54%) of 163 participants who received any dose of 
SARS-CoV-2 sclamp vaccine compared with eight 
(17%) of 46 participants who received placebo. Tenderness 
was reported in 91 (56%) participants who received any 
dose of SARS-CoV-2 sclamp vaccine compared with five 
(11%) of 45 participants who received placebo (figure 2A; 

appendix p 10). Most local adverse events were mild or 
moderate. After the first dose, grade 3 (severe) pain was 
reported by one participant each in the placebo and the 
5 μg groups; after the second dose, grade 3 pain was 
reported by one participant in the two-dose 45 μg group.

The rates of solicited systemic adverse events were 
similar in placebo and experimental groups (figure 2B; 
appendix pp 11–12). The most common solicited systemic 
adverse event was headache, followed by fatigue and 
malaise. Grade 3 systemic adverse events after the first 

32 randomised to treatment A or placebo

Review by safety
review committee

24* received
         2 doses of
         5 µg
         sclamp

7* received
      2 doses of
      placebo
      1 withdrew
         after first
         dose

32 randomised to treatment B or placebo

120 participants enrolled and randomised

22* received
         2 doses of
         15 µg
         sclamp
         2 withdrew
             after first
             dose

8* received
      2 doses of
      placebo

56 randomised to treatment C, treatment D, or placebo

22* received
         2 doses of
         45 µg
         sclamp
        2 withdrew
            after first
            dose 

7* received
      2 doses of
      placebo
      1 withdrew
           after first
         dose

24 received
       one dose of
      45 µg sclamp
       and one dose
       of placebo

24 in the
      pooled 
      placebo
      group 

22 completed
      day 57

24 completed
      day 57

2 withdrew

22 completed
      day 57

2 withdrew

22 completed
      day 57

24 completed
      day 57

2 withdrew

Review by safety
review committee

Figure 1: Trial profile
*Includes one sentinel participant whose immediate post-dose safety data were reviewed by the safety review committee before proceeding with dosing of the rest of the cohort. †Cumulative safety 
data from the first 7 days after the first dose of each cohort were reviewed by the safety review committee before proceeding to the next higher-dose cohort.

Placebo 
(n=24)

Two doses of 
5 μg vaccine 
(n=24)

Two doses of 
15 μg vaccine 
(n=24)

Two doses of 
45 μg vaccine 
(n=24)

One dose of 
45 μg vaccine 
(n=24)

Age, years 32·6 (11·0) 34·1 (11·9) 31·0 (10·6) 32·6 (10·2) 32·0 (8·7)

Sex

Female 13 (54%) 13 (54%) 13 (54%) 11 (46%) 5 (21%)

Male 11 (46%) 11 (46%) 11 (46%) 13 (54%) 19 (79%)

Body-mass 
index, kg/m²

24·3 (3·8) 25·0 (4·1) 25·6 (4·6) 25·0 (3·7) 25·8 (4·0)

Ethnicity

White 21 (88%) 21 (88%) 19 (79%) 16 (67%) 17 (71%)

Asian 3 (13%) 3 (13%) 4 (17%) 8 (33%) 6 (25%)

Other* 0 0 1 (4%) 0 1 (4%)

Data are mean (SD) or n (%). *Other refers to people of mixed heritage and Indigenous Australians.

Table: Baseline characteristics
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dose included vomiting reported by one (4%) participant 
in the placebo group, severe headache reported by one 
participant who received a 45 μg dose; and severe chills, 
myalgia, headache, fatigue, and malaise, which were 
each reported by one participant who received a 45 μg 
dose. One (4%) participant reported grade 3 headache 
after the second dose of placebo, and one (4%) participant 
reported malaise after the second 45 μg dose. There were 
no reports of fever (temperature >38°C) in any group 
after the first dose; one participant reported moderate 
fever (38·5–38·9°C) after the second dose of the 5 μg 
vaccine. Severe solicited reactions were infrequent and 
occurred in a similar proportion of patients receiving 
placebo (two [8%] of 24) and the SARS-CoV-2 sclamp 
vaccine at any dose (three [3%] of 96).

At day 57, 67 (99%) of 68 participants who received two 
doses of sclamp at any concentration produced a 
neutralising immune response, compared with six (25%) 
of 24 who received a single 45 µg dose and none of 
22 who received placebo. At day 57, 66 (100%) of 
66 samples tested from participants who received two 
doses of sclamp vaccine were reactive in the Abbott 
Architect HIV Ag/Ab Combo assay, compared with 
seven (29%) of 24 participants who received a single 
45 µg dose, and none of 21 participants who received 
placebo.

 Serum antibody responses to SARS-CoV-2 sclamp 
vaccine increased in a similar manner in all two-dose 
groups, irrespective of dose concentration (figure 3A, 
appendix p 13). No significant differences were seen 
between the dosing groups for serum antibody responses. 
Geometric mean antigen-specific responses were 
significantly greater than placebo for all dose groups at 
days 15, 29, and 43, and for the two-dose groups at day 57 
(figure 3A). At day 29, geometric mean reciprocal titres 
were 6400 (95% CI 3683–11 122) for two doses of 5 µg, 
7492 (4959–11 319) for two doses of 15 µg, 8770 (5526–13 920) 
for two doses of 45 µg vaccine, 8793 (5570–13 881) for the 
single 45 µg dose, and 55 (49–61) for placebo. At day 57, 
geometric mean reciprocal titres were 102 400 (95% CI 
64 857–161 676) for two doses of 5 µg, 74 725 (51 300–108 847) 
for two doses of 15 µg, 79 586 (55 430–114 268) for 
two doses of 45 µg vaccine, 4795 (2858–8043) for the 
single 45 µg dose, and 59 (50–69) for placebo. The 
seroconversion rate for two doses of 5 µg vaccine was 96% 
(23 of 24), and it was 100% (44 of 44) for two doses of 
either the 15 µg and 45 µg vaccine at days 43 and 57. 
Seroconversion for the single 45 µg dose was 
13% (three of 24) on both days 43 and 57. 

At baseline, serum neutralising antibodies to live 
SARS-CoV-2 virus were lower than the limit of 
detection for all participants (figure 3B, appendix p 13). 
At day 29, geometric mean neutralisation titres were not 
significantly different from placebo in any dose group. At 
days 43 and 57, geometric mean neutralisation titres 
were significantly greater (p<0·0001 for each) than 
placebo for the two-dose groups, but not for the single 

45 µg dose group. At day 57, participants receiving 
two doses of sclamp vaccine elicited similar geometric 
mean neutralisation titres (normalised against the 
internal assay control), irrespective of dose; two 5 µg doses 
(geometric mean titre [GMT] 228, 95% CI 146–356), 
two 15 µg doses (GMT 230, 170–312), and two 45 µg doses 
(GMT 239, 187–307). Of the participants receiving a 
single 45 µg dose, six (25%) of 24 had a detectable 
neutralising titre and no participants receiving placebo 
had a neutralising immune response.

For comparison, a panel of serum samples collected 
from a cohort of adults between 14 and 90 days after 
recovery from mild-to-moderate SARS-CoV-2 infection 
had a GMT of 156 (95% CI 117–207, figure 3B). At day 57, 
of the participants in the two-dose groups, 75% (51 of 68) 
had a neutralising response greater than the geometric 
mean for convalescent patient serum samples, and 38% 
(26 of 68) had a response that was more than twice the 
geometric mean.

In the surrogate virus neutralisation test, partial 
inhibition of attachment of the spike glycoprotein 
receptor binding domain to the ACE2 receptor was 
achieved after the first dose in all dose groups; inhibition 
increased to more than 80% for 23 (96%) of 24 participants 
receiving two doses of the 5 µg vaccine and 100% of 
participants receiving two doses of the 15 µg and 45 µg 
vaccines (figure 3C).

Neutralising antibody responses against pseudovirus 
spike glycoprotein variants, including the index Wuhan 
and variant Asn501Tyr strains, were similar to responses 
seen against live SARS-CoV-2 (figure 3D). At day 57, 
geometric mean neutralisation was significantly greater 
than placebo for the two-dose groups (p<0·0001). 
Pseudovirus neutralisation responses appeared to be 
consistent across each of the spike glycoprotein variants 
in all dose groups.

Serum antibody responses were elicited to the S1, S2, 
and receptor binding domain spike glycoprotein 
sub domains and the clamp domain (appendix p 14). 
SARS-CoV-2 sclamp induced primarily IgG1 and IgG3, 
indicative of a strong Th1 response (appendix p 14). 
Antigen-specific IgG responses were boosted by the 
second vaccine dose, which also contri buted to enhanced 
engagement of Fc gamma receptor ectodomain dimers. 
IgA responses were elevated at the first dose, then rapidly 
waned, despite a second dose (appendix p 14). IgG 
responses to the S1 subunit of the spike protein of human 
betacoronaviruses increased after vaccination; however, it 
was not possible to ascertain whether this increase 
was through boosting of pre-existing responses or the 
induction of new cross-reactive antibodies (appendix p 15).

The clamp-specific serum antibody response to the 
SARS-CoV-2 sclamp vaccine was assessed with an 
unrelated, similarly clamped antigen comparator, the 
Nipah virus Fclamp. The geometric mean antibody 
response at day 57 was significantly greater for 
SARS-CoV-2 sclamp than Nipah virus Fclamp for all 
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two-dose groups (p<0·0001 for 5 µg dose, p=0·0063 for 
15 µg dose, and p<0·0001 for 45 µg dose; figure 3E). 
For most participants (72 [80%] of 90), the percentage of 
the geometric mean antibody response that was specific 
for the clamp trimerisation domain ranged from 10–40% 
(figure 3E).

The potential for an immune response elicited by the 
HIV-1 glycoprotein 41 sequences that comprise the clamp 
to cause HIV screening diagnostic assay interference was 
assessed (figure 3F). At day 57, all participants in the 
two-dose SARS-CoV-2 sclamp groups produced a result 
that was considered indeterminate (figure 3F). The 

amount of reactivity was more variable for the single 
45 µg dose, with some samples showing similar 
cross-reactivity to participants in the two-dose groups. 
P24 antigen and nucleic acid testing confirmed that 
all participants were negative for HIV infection 
(appendix pp 16–17). Cross-reactivity for participant 
samples at day 57 was also evident in eight of the 12 HIV 
screening immuno assay diagnostic platforms assessed 
(appendix p 18). In summary, samples assessed with 
diagnostic platforms that used recombinant glyco-
 protein 41 as a detection reagent were reactive, whereas 
those using glycoprotein 41 peptides were non-reactive, a 

Figure 2: Adverse events
Percentage of (A) solicited local adverse events and (B) solicited systemic adverse events within 7 days of first and second dose. Data for the first dose of treatment C (two doses of 45 μg SARS-CoV-2 
sclamp) and D (one dose of 45 μg SARS-CoV-2 sclamp, followed by one dose of placebo) were pooled (n=48), whereas data for the second dose are shown separately. Sclamp=spike glycoprotein-
clamp vaccine. *Solicited adverse events after saline dosing in the single 45 μg dose cohort.
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finding consistent with the immuno dominant sequences 
used in the peptide-based assays not being present in the 
molecular clamp.

SARS-CoV-2 sclamp elicited robust SARS-CoV-2 spike-
specific CD4+ T-cell responses including poly functional 
Th1 and Th2 responses. Analysis of interferon γ, tumour 

Figure 3: Serum antibody response to vaccine
Circles represent geometric mean and error bars represent the geometric mean SD at each timepoint. (A) Anti-SARS-CoV-2 sclamp IgG ELISA responses in trial participants. The dotted line represents 
the limit of detection. Adjusted p values compare treatment versus placebo (two-way ANOVA Dunnett’s multiple comparison test). (B) Live SARS-CoV-2 microneutralisation in trial participants and 
from serum of convalescent patients with COVID-19 infected with SARS-CoV-2 during the first outbreak of the pandemic in Victoria, Australia. Dashed line represents the geometric mean MN50 of 
convalescent serum of patients with COVID-19 and the dotted line represents the limit of detection. Adjusted p value versus placebo (two-way ANOVA Dunnett’s multiple comparison test). (C) 
Surrogate virus neutralisation assay results in trial participants at each timepoint. The dotted line represents 20% inhibition below which readings are considered negative. Adjusted p value versus 
placebo (two-way ANOVA Dunnett’s multiple comparison test). (D) SARS-CoV-2 pseudovirus neutralisation in trial participants at day 57. The dotted line represents the limit of detection. Adjusted 
p value versus placebo (one-way ANOVA Dunn’s multiple comparison test). (E) Anti-SARS-CoV-2 sclamp IgG ELISA responses in trial participants; titres of antibodies specific for the SARS-CoV-2 sclamp 
and Nipah Fclamp antigens at day 57 and the percentage of the anti-SARS-CoV-2 sclamp IgG ELISA response that was specific to the clamp trimerisation domain are shown. The dotted line represents 
the limit of detection. Adjusted p value of sclamp versus clamp (two-way ANOVA Sidak’s multiple comparison test). (F) Reactivity of trial participants’ serum at day 57. For comparison of reactivity, 
samples from 50 patients with HIV are shown (pink). ACE2=angiotensin-converting enzyme 2. MN50=50% microneutralisation. Sclamp=spike glycoprotein-clamp vaccine. RBD=receptor binding 
domain. psNT50=50% pseudovirus neutralisation titre. *p<0·0001.
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necrosis factor α (TNFα), and IL-2 production of 
CD4+ T cells after peptide stimulation showed that 
spike-specific responses were significantly elevated in all 
four treatment groups at days 15, 36, 43, and 57 compared 
with placebo and baseline (day 1; figure 4A, appendix 
pp 19–27). A single dose in all SARS-CoV-2 sclamp 
vaccination regimens reproducibly elicited CD4+ T-cell 
responses, but the two-dose regimens were the most 
effective compared with placebo (figure 4A). Analysis of 
the polyfunctionality of responding spike-specific CD4+ 
T cells showed that the two-dose regimens elicited 
polyfunctional Th1 and Th2 (IL-4 and IL-13) responses, 
although the increase in the IL-4 or IL-13 expressing Th2 
cells was subtle (figure 4B). Notably, the TNFα+IL-2+ Th1 
subset was highly elevated compared with other 

poly functional subsets (figure 4B). SARS-CoV-2 sclamp 
vaccine had no effect on regulating CD8+ T-cell subsets. 
Detailed analysis of CD4+ and CD8+ T-cell responses is 
included in the appendix (pp 19–27).

Two doses of SARS-CoV-2 sclamp induced elevated 
antibody-secreting cells (ASCs) and type-1 Tfh cells (Tfh1; 
figure 4). Activity appeared to be dose-dependent. After 
the first dose, a very modest and non-significant increase 
in ASCs and activated circulating Tfh1 cells, along with a 
signi ficant increase in activated inducible co-stimulator 
(ICOS)+CD38+ Th1 was observed in the 15 µg and 45 µg 
groups but not the 5 µg group. After the second dose, the 
frequency of ASCs and activated ICOS+CD38+ Th1 cells 
increased significantly in the 5 µg and 15 µg groups 
compared with placebo, but not the 45 µg group.

Figure 4: SARS-CoV-2 spike-specific cytokine expression by CD4 + T cells, antibody-secreting cells, and Tfh1 responses in peripheral blood
Summation analysis of SARS-CoV-2 spike-specific Th1 cytokine (IFNγ, TNF, and IL-2) expression by CD4+ T cells at each timepoint (A). SARS-CoV-2 spike-specific Th1 and Th2 cytokine expression by 
CD4+ T cells at day 43 (B). Fold-change in the frequency of CD3–D19+CD27hiCD38hi antibody-secreting cells (C), activated ICOS+PD-1+CXCR5+CXCR3+CCR6–CD4+ circulating Tfh1 cells (D), and activated 
ICOS+CD38+CCR5–CD4+ Th1 cells (E), at day 8 and 36. Bars and lines and error bars indicate the median (IQR). Statistical significance between different groups was determined using a fitted mixed-model 
two-way ANOVA. Tfh1=type 1 T follicular helper cells. Sclamp=spike glycoprotein-clamp vaccine. Th=T-helper. TNF=tumour necrosis factor. ICOS=inducible T cell costimulator. *p<0·0001.
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CD4+ T-cell activation strongly correlated with robust 
humoral responses, as assessed using Spearman’s 
correlation. For most timepoints in the two-dose groups, 
strong correlation (rs=0·8–1·0) was detected across all 
antibody assays, including ELISAs, surrogate virus 
neutralisation tests, neutralisation assays, IgG multi plex 
serology assays, and reactivity against divergent 
SARS-CoV-2 strains via the pseudovirus assay (appendix 
pp 28–29). Importantly, these antibody responses positively 
correlated with broad CD4+ T-cell activation (intracellular 
flow cytometry assay) in the two-dose groups, although 
there were fewer correlations in the single 45 µg group, 
indicating that robust cellular vaccine responses benefit 
from a two-dose vaccine regimen (appendix pp 28–29). 
The highest correlations between antibody and cellular 
responses occurred in the two-dose 15 µg group, with 
antibodies strongly correlating with activated CD38+ 

human leucocyte antigen (HLA)-DR+CD4+ T cells and 
CD38+ICOS+ Th1 cells on day 7, followed by additional 
correlations with other CD4+ Th and Tfh cell subsets on 
day 36. Increase of CD38+ICOS+ Th1 cells on day 7 
correlated strongly for all groups, except the two-dose 
5 µg group, with antibody responses up to day 57 and could 
be a potential early predictor of both robust humoral and 
cellular vaccine responses (appendix pp 28–29). This 
finding is important, given that Th1 activation has been 
associated previously with durable immune responses 
induced by vaccination in mice.28 No correlations were 
seen between the humoral response and cellular ASC, Th, 
or Tfh responses at day 7 in the two-dose 5 µg group; 
activated CD38+HLA-DR+CD4+ T cells and CD38+ICOS+ 
Th2 cells were negatively correlated, but positive 
correlations with ASCs were found on day 36 (7 days after 
the second dose). The two groups receiving one or two 
doses of 45 µg showed good antibody correlation with 
ASC, Th, and Tfh responses on day 7, but weaker 
correlation on day 36, even after the second dose. 
Notably, the highest correlation with cellular and antibody 
responses was observed for the neutralisation assay on day 
57 in the two-dose 15 µg group (appendix pp 28–29). 
Multiple comparisons factoring in all antibody and cellular 
data compared with the placebo group showed that the 
later antibody titres (days 43 and 57) were enriched in 
the two-dose groups (>1024 fold change) compared with 
the single 45 µg dose (appendix pp 28–29).

Discussion
These phase 1 findings in healthy adults show that 
two doses of the SARS-CoV-2 sclamp vaccine were well 
tolerated with a similar frequency of adverse events to 
placebo, irrespective of dose concentration. In addition, 
two doses of SARS-CoV-2 sclamp vaccine, at all dose 
concentrations studied (5, 15, and 45 µg), induced a 
robust neutralising immune response and a spike 
glycoprotein-specific T-cell response presumed to be 
indicative of protection against SARS-CoV-2 infection. 
Analyses of more than 100 immune features showed 

strong corre lations between antibody responses detected 
across all antibody assays, with the highest correlations 
observed with two doses of the 15 µg SARS-CoV-2 sclamp, 
which was also strongly correlated with activated ASCs, 
CD4+ Th, and Tfh cell subsets. These findings are the first 
to show the viability of the molecular clamp trimerisation 
motif for human vaccine development.

The molecular clamp platform of SARS-CoV-2 sclamp 
was designed based on the well characterised and highly 
stable six-helix bundle of HIV-1 glycoprotein 41, which 
comprises two heptad repeat regions, HR1 (amino 
acids 540–576) and HR2 (amino acids 619–656).4 Inclusion 
of these sequences enables the manufacture and 
purification of a highly stable pre-fusion confor mation of 
the SARS-CoV-2 spike glycoprotein.4 Because immuno-
dominant epitopes of glycoprotein 41 are not present in the 
HR1 and HR2 regions, it was considered possible but 
unlikely that these regions would cause HIV diagnostic 
interference.29 All participants who received two doses of 
SARS-CoV-2 sclamp elicited a humoral response that was 
detected by several commonly used HIV diagnostic tests. 
Although the geometric mean for vaccine cross-reactivity 
was 30 times lower than the geometric mean for samples 
from a randomly selected set of 50 patients with HIV, it 
was within the range of nine of these patients with HIV. 
Therefore, widespread use of this vaccine would have the 
potential to impact existing HIV screening programmes 
and processes and could ultimately delay timely diagnosis 
for a subset of patients with HIV. Additionally, where a 
climate of vaccine hesitancy exists, the potential negative 
effects of miscommunication and misunderstanding of 
this issue, and the potential for societal misconception 
around the inclusion of HIV-1 glycoprotein 41 regions 
within a SARS-CoV-2 vaccine, could not be ignored and 
further development of this vaccine is currently paused.

The candidate SARS-CoV-2 sclamp vaccine was shown 
to be safe and well tolerated. Most adverse events were 
injection-site related, mild, and transient. In contrast to 
other SARS-CoV-2 vaccines,6,7,30,31 only a single participant 
had a fever (>38°C) and the frequency of solicited systemic 
adverse events was low and similar to placebo. These safety 
findings are notable as a first-in-human test of the 
molecular clamp platform and highlight the benefits of 
using a subunit vaccine with a well understood and 
commercially licensed adjuvant.

Studies of several nucleic acid and vectored vaccines 
in non-human primates have shown that neutralising 
antibodies against the full-length spike glycoprotein confer 
protection against SARS-CoV-2 infection.32–34 In this study, 
we showed that neutralising antibody titres after the 
second dose of SARS-CoV-2 sclamp were similar to those 
of patients with SARS-CoV-2, with 75% of participants 
having a neutralising response greater than that of 
convalescent patient serum samples. Importantly, the 
immunogenicity of the lower doses was similar to that of 
the highest dose, which is important for antigen sparing 
and scalability of manufacture. Moreover, the neutralising 
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antibody responses across several spike glycoprotein 
variants were similar to the responses seen against live 
SARS-CoV-2, suggesting that SARS-CoV-2 sclamp vaccine 
is likely to confer protection against divergent strains. This 
finding is promising given that novel (and potentially 
more infectious or dangerous) variants will continue to 
emerge, which might affect the immuno genicity and 
efficacy of existing and candidate vaccines.

Our findings showed that two doses of SARS-CoV-2 
sclamp were required to elicit a strong SARS-CoV-2-
specific polyfunctional CD4+ T-cell response. The response 
had a predominantly Th1 phenotype that was consistent 
with the ASC, Tfh1, and neutralising antibody responses. 
Poor CD8+ T-cell and non-cytotoxic T-cell responses were 
not unexpected as the MF59 adjuvant is well understood to 
preferentially drive a CD4+ T-cell antibody response in 
humans,35 and spike-specific CD8+ T-cells have not been 
observed in humans with similar adjuvanted subunit 
SARS-CoV-2 vaccines.7

Findings from studies in acute and convalescent patients 
with COVID-19 suggest that ASCs, and particularly activated 
circulating Tfh1 cells, are important for recovery from 
COVID-19.17,27,36 In this study, ASCs and activated Tfh1 cells 
were significantly elevated after two doses of either 5 µg or 
15 µg vaccine. The requirement for two doses is not 
surprising given that ASCs are predominantly derived from 
memory B cells,37,38 and circulating Tfh1 cells are known to 
assist memory B-cells, but not B-cell differentiation into 
ASCs.39,40 Unexpectedly, the 45 µg dose led to less activation 
in the cellular compartments analysed here, possibly 
indicating that the interplay between antibodies and cellular 
immunity vary with vaccine dose.41 A range of vaccine 
platforms that are commercially licenced and available for 
COVID-19 are needed. The SARS-CoV-2 sclamp vaccine 
was derived from Chinese hamster ovary cells, a mainstay 
of the biotechnology industry for which there is extensive 
global manu facturing capacity. The results of this study 
provide confidence that mammalian cell-derived spike 
protein-based vaccines have a safety and immunogenicity 
profile consistent with other vaccine platforms that 
have shown very promising efficacy data. Furthermore, 
adjuvanted protein-based vaccines are known to confer a 
durable immune response, and the combination with 
MF59 in this study is of particular importance given its 
extensive safety and large-scale manufacturing track record.

In conclusion, this study has shown the safety and 
potential efficacy that can be achieved in humans with 
molecular clamp-stabilised vaccines and MF59 adjuvant. 
Coupled with the high thermostability and manu factu-
rability previously shown,4 these vaccines would make 
a valuable addition to the global COVID-19 response. 
Further development is underway to identify an alternate 
molecular clamp stabilisation domain that does not 
include HIV-1 glycoprotein 41 sequences.
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