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A B S T R A C T   

Background: Recombinant protein subunit vaccination is considered to be a safe, fast and reliable technique when 
combating emerging and re-emerging diseases such as coronavirus disease 2019 (COVID-19). Typically, such 
subunit vaccines require the addition of adjuvants to attain adequate immunogenicity. AS01, which contains 
adjuvants MPL and saponin QS21, is a liposome-based vaccine adjuvant system that is one of the leading can-
didates. However, the adjuvant effect of AS01 in COVID-19 vaccines is not well described yet. 
Methods: In this study, we utilized a mixture of AS01 as the adjuvant for an S1 protein-based COVID-19 vaccine. 
Results: The adjuvanted vaccine induced robust immunoglobulin G (IgG) binding antibody and virus-neutralizing 
antibody responses. Importantly, two doses induced similar levels of IgG binding antibody and neutralizing 
antibody responses compared with three doses and the antibody responses weakened only slightly over time up 
to six weeks after immunization. 
Conclusion: These results suggested that two doses may be enough for a clinical vaccine strategy design using 
MPL & QS21 adjuvanted recombinant protein, especially in consideration of the limited production capacity of 
COVID-19 vaccine in a public health emergency.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was 
first isolated from patients and identified at the end of 2019. It emerged 
to cause a major pandemic, spreading globally as coronavirus disease 
2019 (COVID-19). The infection progresses to cause respiratory failure 
and systemic inflammatory disease, with the elderly, the immunocom-
promised, and people with co-morbidities being at greatest risk of death 
(Zhou et al., 2020). Vaccination is one of the most effective strategies to 
control such pandemics and vaccine candidates that are easily scalable 
at high speed are required (Operation Warp Speed: imp, 2021; van Riel 
and de Wit, 2020). Up to March of 2021, 83 and 184 vaccine candidates 
based on diverse platform technologies are being evaluated in clinical 
and preclinical stages, respectively (Who. Draft landscape and, 2021). 

The use of recombinant protein sub-units of the infective agent as the 
candidate antigens for vaccine production is considered to be a safe and 

reliable technique. However, low immunogenicity, often due to poor 
presentation to the immune system or incorrect antigen folding, is one of 
the most important challenges for the development of recombinant 
protein vaccines (Khalaj-Hedayati, 2020). In response to this challenge, 
such vaccines usually incorporate adjuvants to enhance the immune 
system processes and result in greater vaccine efficacy. 

Aluminum adjuvant was first used in clinical trials in the 1930s and 
is still used in approximately 80% of the vaccines that are delivered with 
adjuvants (Bouazzaoui et al., 2021). Recently, it was reported that three 
doses of a dimeric RBD-based protein subunit vaccine adjuvanted with 
aluminum hydroxide were well-tolerated and immunogenic against 
COVID-19 in phase 1 and 2 trials (Yang et al., 2021). An alternative 
adjuvant, AS01 that contains MPL (3-O-desacyl–monophosphoryl lipid 
A) and saponin QS21 (Quillaja Saponaria Molina, fraction 21), is an 
effective liposome-based vaccine adjuvant system which was developed 
20 years ago. However, the use of MPL & QS21 in COVID-19 protein 

; SARS-CoV-2, Severe acute respiratory syndrome coronavirus 2; COVID-19, Coronavirus disease 2019; MPL, 3-O-desacyl–monophosphoryl lipid A; QS21, Quillaja 
SaponariaMolina, fraction 21; IgG, Immunoglobulin G. 
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vaccines has not been well described. 
In this study, we investigated vaccination schedules incorporating 

MPL & QS21 for induction of robust antibody responses to SARS-CoV-2 
antigen S1 in mice. We showed that two doses two weeks apart were 
sufficient to induce a strong neutralizing antibody response and antigen- 
specific IgG response that persisted for at least 10 weeks. These data 
might provide a useful guide for clinical strategies incorporating AS01 
adjuvanted vaccines. 

2. Materials and methods 

Immunization of mice. Specific pathogen-free BALB/c female mice, 
aged six weeks, were randomly divided into groups. S1 protein was 
obtained from Sino Biological Inc. (Beijing, China) as a purified protein 
from recombinant HEK293 cells and carried a polyhistidine tag at the C- 
terminus. One, two, or three doses of 10 μg recombinant S1 protein 
which was suspended into MPL (5 μg/dose) and QS21 (5 μg/dose) were 
injected intramuscularly in each hind leg at 2-week intervals. Single 
doses of adjuvant, S1 protein without adjuvant, PBS were used as con-
trols. To compare the adjuvant effect between alum adjuvant and MPL/ 
QS21, 1 μg recombinant protein was mixed with alum adjuvant (20 μL/ 
dose, Aluminium hydroxide gel, InvivoGen) and the mice were immu-
nized with two doses. The IgG antibody levels were detected 2, 4, 6, 8, 
and 10 weeks after the final immunization. 

IgG antibody assay. Recombinant S1 protein at a concentration of 
0.5 μg/mL was coated onto 96-well plates at 4◦C overnight. The plates 
were washed and blocked before use. Whole blood was collected from 
immunized mice and incubated at 37◦C for 30 min then kept at 4◦C for 1 
h. The separated serum was serially diluted 10-fold in PBS and incubated 
at 37◦C for 1 h. After washing, the plates were incubated with HRP- 
labeled anti-mouse IgG at 37◦C for 1 h. TMB substrate solution was 
added and incubated for 10 min. The reaction was stopped by adding 2 
M H2SO4. The OD450 was measured on a microplate reader. The cut-off 
value was defined as twice the OD450 value of the buffer control. 

Neutralizing antibody assay. The virus-neutralizing antibody titers 
were determined according to the kit instructions (SARS-CoV-2 
Neutralizing Antibody Titer Assay Kit, ACROBiosystems). Briefly, the 
serum was serially diluted 2-fold and added into 96-well plates that were 
pre-coated with human ACE2 protein. HRP-SARS-CoV-2 Spike RBD was 
added and incubated at 37◦C for 1 h. After washing, the substrate so-
lution was added and incubated at 37◦C for 20 min. Stop solution was 
added and the OD450 was measured. Percent inhibition was calculated as 
(1 - Sample OD450/Negative control OD450) × 100%. The cut-off value 
was 20% signal inhibition. 

3. Results 

To optimize a short-duration protocol of immunization for the re-
combinant S1 protein vaccine delivered with adjuvant MPL & QS21 
(AS01), BALB/c mice were vaccinated with single, double or triple doses 
of recombinant S1 protein with adjuvant. Two weeks after the last dose, 
the mice were sacrificed to test S1-specific antibody responses and 
neutralizing-antibody titers against SARS-CoV-2 ACE2 protein (Fig. 1A). 
As shown in Fig. 1B, immunization induced S1-specific IgG in the serum 
that was detectable in the assay at dilutions down to 1:106 if the mice 
had received either 2 or 3 doses. In contrast, the specific IgG response to 
one dose was weak and undetectable at dilutions below 1:103 (Fig. 1B). 
The associated neutralizing antibody titer was also minimal after a 
single vaccination (1:10) whereas there were strong neutralization 
antibody titers after double or triple immunizations. A positive 
neutralization score was obtained even after dilution to 1:2560 as shown 
in Fig. 1C. These data suggested that two doses would be enough for 
strong antibody responses with this recombinant protein/adjuvant 
combination. 

In a separate experiment, the persistence of the responses was 
measured at intervals up to 6 weeks after a two-dose immunization 

(Fig. 2A). The S1-specific IgG responses remained at high levels for at 
least six weeks (Fig. 2B). Although the neutralizing titers were lower at 
four weeks compared to two weeks post-vaccination (1:320 and 1:2560 
respectively, Fig. 2C), they had not declined any further at six weeks 
(1:320). 

To compare the adjuvants effect between AS01 and alum, a separate 
experiment was conducted using a lower concentration of antigen (1 μg/ 
dose) adjuvanted with either AS01 or alum, and using adjuvant alone as 
control. As expected, the adjuvants alone showed negligible effects (data 
not shown). Importantly, the AS01 adjuvant induced slightly lower 
levels of IgG antibody responses at 2, 4, 6, 8, and 10 weeks after the final 
immunization (Table 1), supporting the conclusion that AS01 adjuvant 
could be used as an alternative adjuvant in the SARS-CoV-2 protein 
vaccine. 

4. Discussion 

In a public health emergency, vaccines that are recombinant protein, 
nucleic acid-based or viral-vectored tend to be favored because of 
shorter vaccine production timeframes (Operation Warp Speed: imp, 
2021; van Riel and de Wit, 2020). Although the production technology 
of inactive virus vaccines is mature, low amplification speeds and 
bio-safety concerns may impede emergency use to combat emerging and 
re-emerging diseases such as COVID-19. In contrast, the construction of 
recombinant protein vaccines is faster but may need the addition of an 
adjuvant as described here. 

AS01 is an advanced adjuvant that contains both MPL and QS21 
adjuvants which act synergistically to enhance the antigen presentation 

Fig. 1. The optimization of dosage schedule. (A) The vaccination schedule. 
BALB/c mice were vaccinated intramuscularly with vaccines in groups of six as 
indicated, then the mice were sacrificed at 2 weeks after the final vaccination 
for assays of IgG binding antibody and neutralizing antibody responses. (B) The 
S1-specific antibody responses. (C) The neutralizing antibody titer. Data are 
shown as mean values (mean ± SD) for each group of six mice. 
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ability of antigen-presenting cells and induce antigen-specific adaptive 
responses (Didierlaurent et al., 2017). AS01 was employed in the leading 
candidate malaria vaccine RTS,S/AS01 that was shown in a phase 3 trial 
to induce robust IgA responses in peripheral blood against the vaccine 
antigens (Suau et al., 2021). AS01 was also included in the M72/AS01 
tuberculosis subunit vaccine that gave high protection against disease 
progression in a phase 2b trial (Tait et al., 2019). Recently, it was shown 
that liposomes containing MPL and QS21 potently enhanced the anti-
body response to recombinant SARS-CoV-2 RBD antigen in mice and 
rabbits (Huang et al., 2020) and the addition of QS21 to a liposomal 
adjuvant (GLA-LS) formulated with tuberculosis recombinant 
poly-antigen ID93 enhanced IgG responses in mice (Baldwin et al., 
2021). 

Coronavirus SARS-CoV-2 antigen S1 is widely accepted as a key 
target for vaccines against COVID-19. Indeed, it is the key antigen in 
vaccines that are currently achieving some success in vaccine trials and 
roll-outs (Samrat et al., 2020; Arashkia et al., 2020). Herein, we show 

that when the recombinant S1 protein is adjuvanted in an MPL & QS21 
vaccine strategy design, two doses are sufficient to induce robust and 
sustained S1-specific IgG responses and neutralizing-antibody titers. 
These data provide some guidance for the use of AS01 adjuvant (MPL & 
QS21) in vaccine design. 

The main limitations of this study are i) the dosing interval between 
prime and boost is relatively short. At the time of designing the original 
experiment, the dosing interval between prime and boost in clinical use 
with inactivated COVID-19 vaccine was 14 days in China. Now the in-
terval has been changed to 21 days. Longer dosing intervals might be 
needed to guide the AS01-based COVID-19 vaccine design. ii) A 
competitive ELISA assay kit was used to detect the levels of neutralizing- 
antibody against human ACE2 protein in the serum, which is only an 
indirect indicator of neutralizing activity in vivo. 
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Table 1 
The comparison of antibody responses with different adjuvanted S1 vaccination.   

Serum IgG binding endpoint titers 

Week 4 Week 6 Week 8 Week 10 Week 12 

S1/AS01 1:210 1:213 1:213 1:213 1:213 

S1/Alum 1:210 1:214 1:214 1:214 1:214 

BALB/c mice were immunized with 1 μg recombinant protein mixed with 
adjuvant with two doses two weeks apart. The adjuvants without antigen were 
used as controls. The plasma was collected at weeks 4, 6, 8, 10, and 12. The 
serum IgG binding endpoint titers are shown as mean values (mean ± SD) for 
each group of six mice. 
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