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A B S T R A C T   

Background: The benefits and risks of adjuvant-associated COVID-19 vaccines (ACVs) are unclear. 
The study aimed to assess the immunogenicity and safety of ACVs compared with controls 
(placebo or the same vaccine without adjuvants [NACVs]). 
Methods: Randomized controlled trials sourced from PubMed, EMBASE, Web of Science, and 
Cochrane Library were systematically reviewed. Evaluators extracted information independently. 
The evidence quality was assessed using random-effects models. The risk of bias was assessed 
using the Cochrane Risk of Bias tool. 
Results: Of the 33 studies, 27 analyzed immunogenicity (n = 9069, ACVs group; n = 3757, 
control), and 26 analyzed safety (n = 58669, ACVs groups; n = 30733 control). Compared with 
controls, full vaccination with ACVs produced significant immune responses (relative risk [RR] of 
seroneutralization reaction, 12.3; 95 % confidence interval [95 % CI], 6.92–21.89; standardized 
mean deviation of geometric mean titer 3.96, 95 % CI, 3.35–4.58). Additionally, ACVs produced 
significant immunoreactivity compared with NACVs only (P < 0.05). Furthermore, full vacci
nation with ACVs significantly increased the risk of local and systemic adverse reactions (AEs) 
compared with controls. However, vaccination with ACVs did not significantly increase the risk of 
systemic and localized AEs compared with vaccination with NACVs only (P > 0.05). It was 
observed that ACVs had a lower risk of all-cause mortality than controls (RR, 0.51; 95 % CI 
0.30–0.87). It was further found that ACVs produced nAb response against all sublines of the 
Omicron variant, but the antibody titers were lower than those for the SARS-CoV-2 original 
strain. 
Conclusions: The findings of this meta-analysis demonstrate that ACVs may have a superior effect 
and an acceptable safety in preventing COVID-19. Although these results suggest the potential of 
ACVs, further studies are required.   
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1. Introduction 

The emergence of SARS-CoV-2 and the resulting coronavirus disease (COVID-19) pandemic has led to the development of various 
COVID-19 vaccines for the prevention and control of the disease [1–3]. Despite the effectiveness of current vaccines, the constant 
evolution of the virus poses a significant threat to public health [4,5]. Adjuvants have been identified as a promising strategy to 
improve vaccine efficacy by promoting, improving, and maintaining the immune response to the vaccine antigen [6–9]. Previous 
experiences with influenza and malaria vaccines have demonstrated the importance of adjuvants during pandemics and their potential 
to accelerate vaccine development [10,11]. 

Currently, several adjuvants, including AS03 [6,12], MF59 [13], CpG1018 [14–16], Matrix-M [17], and Alum, among others, are 
licensed or under clinical evaluation as potential SARS-CoV-2 vaccines. Nevertheless, a comprehensive systematic review or 
meta-analysis regarding the immunogenicity and safety of adjuvant COVID-19 vaccines (ACVs) is presently lacking. 

Therefore, this study aimed to provide a comprehensive evaluation of the efficacy and safety of ACVs based on existing randomized 
controlled trials. The findings of this study may provide further insight into understanding the immunogenicity and safety of the 

Fig. 1. Flow chart of the literature search.  
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various ACVs, offering reliable evidence for the development and optimization of COVID-19 vaccines. 

2. Methods 

2.1. The search strategy and selection criteria 

This systematic review adhered to the guidelines established by the Preferred Reporting Items for Systematic Reviews and Meta- 
Analyses (PRISMA) [18]. As of August 14, 2023, a systematic search was performed in PubMed, Embase, Cochrane Library, and Web of 
Science databases, using MeSH terms and free words. Search terms included (“COVID-19″ or “SARS-CoV-2″), (“adjuvanted vaccine” or 
“vaccination”), and (“immunogenicity” or “safety”). For more details on the search strategy, please refer to the supplementary 
material. 

Two investigators (CMQ and LR) screened the literature independently, and discrepancies were resolved via discussion with a third 
investigator (SG, or WZY). Fig. 1 illustrates the process of research screening. The following inclusion criteria were established: (1) 
only RCTs were included to assess the immunogenicity or safety of full or boost vaccination using ACVs (2) all controls contained a 
placebo arm (e.g., saline, PBS, etc.); or the same vaccine as the intervention group without the adjuvants (non-adjuvanted COVID-19 
vaccines [NACVs]); and (3) specific data for all results were available and confirmed by laboratory examinations. Unpublished, non- 
peer-reviewed, and non-English articles were excluded. 

2.2. Data extraction 

Using a pre-designed form, two investigators (CMQ and LR) independently extracted the data. Disagreements were resolved 
through discussions with the corresponding authors. If the doses of ACVs varied across multiple groups, only groups with the same dose 
as that of the NACVs groups were included. If two or more ACVs intervention groups in the same study met the inclusion criteria, the 
groups with more complete data were included. The graphic digitizing software GetData (version 2.20) is used to extract original data 
presented in graphic form. 

2.3. Outcomes 

The main objectives of the study were to 1) identify differences in neutralizing antibody responses (nAb) or geometric mean titers 
(GMT) after full or boost vaccination with ACVs compared with the control (or NACVs) group and 2) identify differences in local or 
systemic adverse events (AEs) after full or boost vaccination with ACVs compared with the control (or NACVs) group. We expressed 
dichotomous outcomes as relative risk (RR), with 95 % confidence intervals (CIs), whereas continuous data were expressed as stan
dardized mean deviations (SMDs) after transformation by natural logarithms (Ln). AEs were evaluated as local and systemic adverse 
reactions and expressed as RR of dichotomous variables. In addition, serious AEs (grade ≥3) and all-cause mortality outcome in
dicators were included. 

2.4. Risk of bias assessment 

Two assessors (SG and CMQ) independently evaluated the risk of bias in the articles using the Cochrane Risk of Bias tool. Dis
agreements were resolved through discussions with the corresponding author (WZY). The following seven domains were addressed: 
random sequence generation, allocation concealment, participant and investigator blinding, outcome assessment blinding, incomplete 
outcome data, selective reporting, and other biases [19,20]. 

2.5. Data analysis and synthesis 

Outcomes were combined using DerSimonian and Laird random effects model [21]. A continuity correction of 0.5 was used in case 
of zero events in one group. Missing standard deviations (SD) were calculated for each group based on the confidence interval and 
sample size. Heterogeneity was assessed using the Q-statistic and I2 test [22]. Significant heterogeneity was indicated by Ph < 0.1 or 
I2>50 %. Subgroup analyses that took into consideration adjuvant types, vaccine types, study design, number of centers, and control 
group types were performed. Possible sources of heterogeneity in eligible studies were investigated by subgroup analysis. Sensitivity 
analyses were performed on >10 included studies to determine the impact of individual studies on the pooled assessments. P < 0.05 
was considered statistically significant, and statistical analyses were performed using Stata version 17.0. 

3. Results 

3.1. The search results and risk of bias 

A total of 10,266 records were retrieved from the databases. After screening the titles and abstracts, we identified 128 studies that 
potentially met the eligibility criteria and obtained the full-text reports of these studies. Among them, 33 studies were included in the 
final analysis. Additionally, 27 studies quantified the immunogenicity [12–14,16,17,23–44] and 26 studies assessed the safety [12, 
14–17,24–26,28–35,37,38,40–42,45–49] of ACVs (Table 1). Furthermore, Fig. S1 presents the risk of bias assessment for individual 
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studies. Of the 33 trials, 6 had a high risk of bias, 16 had some concerns regarding bias, and 11 had a low risk of bias (Table S1). 

3.2. Comparison of nAb response between ACVs and controls 

In 23 studies [12–14,16,23–28,30–36,38–42] comprising 8568 ACVs and 3568 controls, nAb data were described for aluminum (n 
= 5), Complex (n = 5), Matrix-M (n = 3), squalene oil-in-water (n = 7), TLR-9 agonist (n = 1), and others adjuvants (n = 2) 
(Tables S2–S3). Of these, 6 studies had a control group receiving NACVs while the remaining 17 had a placebo group. A significantly 
increased risk of nAb after ACVs vaccination compared with controls (RR, 11.26; 95 % CI, 6.50–19.51) was observed. However, there 
was a high degree of heterogeneity (I2 = 95.87 %) between studies (Table S3). Subgroup analysis showed significant differences 
between adjuvant types and control group types (P < 0.05). For adjuvant types, nAbs were relatively higher for Alum-adjuvants (RR, 
41.55; 95 % CI, 5.68–303.66) and lower for TLR-9 agonist adjuvants (RR, 1.14; 95 % CI, 0.95–303.66). Regarding control group types, 
there was a significant nAb response to ACVs compared with the NACVs group (RR, 2.05; 95 % CI, 1.30–3.22) (Table 2). Subgroup 
analysis showed a significant elevation of nAb response to the squalene oil-in-water adjuvant (RR, 2.54; 95 % CI, 1.57–4.10) (Fig. 2 A). 

3.3. Comparison of GMT of nAbs between ACVs and controls 

In 23 studies [12–14,17,23–30,32–39,41–44] comprising 8731 ACVs and 3569 controls (Table 3), GMT data were described for 
aluminum (n = 5), Complex (n = 4), Matrix-M (n = 5), squalene oil-in-water (n = 7), TLR-9 agonist (n = 1), and others adjuvants (n =
1). Of these, 5 studies had a control group receiving NACVs while the remaining 13 had a placebo group. A significantly increased GMT 
after ACVs vaccination compared with controls (RR, 3.61; 95 % CI, 3.04–4.19) was observed. However, there was a high degree of 
heterogeneity (I2 = 98.59 %) between studies. Subgroup analyses showed significant differences between adjuvant type, number of 
doses, and control type (P < 0.05). Regarding adjuvant type, all adjuvants except TLR-9 agonist (RR, 0.23; 95 % CI, − 0.12–0.58) and 
other adjuvants (RR, 0.38; 95 % CI, − 0.25–1.00) showed relatively high GMT of nAbs. Regarding the number of doses, vaccination 
with three doses produced higher GMT of nAbs (RR, 7.60; 95 % CI, 6.43–8.76). Regarding control group types, a significant GMT of 
nAbs to ACVs was observed compared with the NACVs group (RR, 2.53; 95 % CI, 1.38–3.67). A significant elevation of GMT of nAbs 
was observed for the squalene oil-in-water adjuvant (Fig. 2B). 

3.4. nAb response to the SARS-CoV-2 original and Omicron variant 

Herein, four studies [12,17,23,32] that investigated the Omicron variant were analyzed. However, none of the studies had a control 
group. The results showed that ACVs produced nAb response against all sublines of the Omicron variant, but the antibody titers were 
lower than those for the SARS-CoV-2 original strain (Table S4). 

3.5. Comparison of risk of local AEs between ACVs and controls 

In 21 studies [12,14–17,24,26,28–30,33,34,37,38,40–42,45–47,49] comprising 55531 ACVs and 28530 controls, local AEs data 
were described for aluminum (n = 2), Complex (n = 5), Matrix-M (n = 7), squalene oil-in-water (n = 5), and TLR-9 agonist (n = 2) 
(Tables S5–S6). Of these, 3 studies had a control group receiving NACVs, while the remaining 18 had a placebo group. A significantly 

Table 1 
Summary of the number of studies on the immunogenicity and safety of ACVs.  

Adjuvant types Adjuvant-Vaccine types No. of doses No. of studies for immunogenicity No. of studies for safety 

Total   27 26 
Aluminum adjuvant  

Alum-Inactivated Virus 2 4 3  
Alum-Protein subunit 2 1 1 

Squalene-oil-in-water adjuvant  
AS03-Virus like particle 2 2 3  
AS03-Protein subunit 2 3 1  
MF59-Protein subunit 2 1 0  
a-910823-Protein subunit 2 1 1 

Matrix-M adjuvant  
Matrix-M1-Protein subunit 2 5 7 

TLR-9 agonist adjuvant      
CpG1018-Inactivated Virus 2 2 2 

Complex adjuvant  
CpG 1018/Alum-Protein subunit 2 3 4  
CpG55.2™/Advax-Protein subunit 2/3 2 3  
CpG ODN/Alum-Protein subunit 3 1 0 

Others adjuvants  
OMV-Protein subunit 2 1 0  
corpuscular adjuvant-Protein subunit 2 1 1 

Note：ACVs: adjuvant-associated COVID-19 vaccines; OMV, outer membrane vesicle. 
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increased risk of local AEs after two or three doses of ACVs compared with controls (RR, 3.26; 95 % CI, 2.76–3.84) was observed. 
However, a high degree of heterogeneity (I2 = 96.59 %) was observed between studies (Table S6). Subgroup analyses showed sig
nificant differences in the adjuvant types (P < 0.05). Regarding adjuvant types, the risk of developing local AEs was relatively low for 
TLR-9 agonists (RR, 1.39; 95 % CI 1.03–1.88), whereas it was relatively high for the remaining ACVs. Notably, vaccination with ACVs 
did not result in significant local AEs compared with the NACVs group (RR, 2.88; 95 % CI, 0.99–8.38; P > 0.05) (Table S6, Fig. 3 A). 

3.6. Comparison of risk of systemic AEs between ACVs and controls 

An analysis of 24 studies [12,14–17,24–26,28–31,33,34,37,38,40–42,45–47,49] comprising 56833 ACVs and 29395 controls 

Table 2 
Subgroup analysis of neutralizing antibody response to ACVs inoculation compared with controls.  

Subgroup No. of 
studies 

Reactions/total RR (95 % CI) Heterogeneity I2 

(%) 
Test of group differences 
(p value) 

ACVs 
(n) 

ACVs 
(N) 

Control 
(n) 

Control 
(N) 

Overall 23 8218 8568 376 3568 11.26 
(6.50–19.51) 

95.87 %  

Adjuvant types ＜0.001 
Aluminum adjuvants 5 3616 3730 144 938 41.55 (5.68, 

303.66) 
87.54 %  

Complex adjuvant 5 1534 1670 26 310 23.77 (3.56, 
158.73) 

80.88 %  

Matrix-M adjuvant 3 2072 2127 118 1967 24.00 (8.79, 
65.55) 

35.90 %  

Squalene-oil-in-water 
adjuvant 

7 944 964 57 276 6.09 (2.93, 
12.64) 

80.56 %  

TLR-9 agonist adjuvant 1 24 25 21 25 1.14 (0.95, 1.38) NA  
Other adjuvants 2 28 52 10 52 2.74 (1.43, 5.25) 7.45 %  
Age 0.68 
＜18 1 47 56 0 11 41.55 (5.68, 

303.66) 
NA  

≥18 22 8171 8512 376 3557 20.00 (1.32, 
302.37) 

96.05 %  

Vaccine types 0.66 
Inactivated Virus 5 2811 2884 163 822 7.66 (2.55, 

22.96) 
96.98 %  

Protein subunit 16 4871 5141 185 2594 14.19 (6.70, 
30.06) 

93.83 %  

Virus like particle 2 536 543 28 152 12.40 (0.33, 
470.12) 

92.70 %  

Study design 0.72 
single-blind 11 6325 6501 339 3079 12.86 (5.63, 

29.37) 
71.86 %  

double-blind 12 1893 2067 37 489 10.46 (4.87, 
22.43) 

97.97 %  

Days of immunoassay after the last vaccination 0.28 
＜28 18 6235 6489 370 3208 2.24 (1.64, 2.84) 96.59 %  
≥28 5 1983 2079 6 360 3.47 (1.33, 5.61) 84.43 %  
no.of centers        0.63 
Single-center 10 1077 1235 52 437 9.21 (3.93, 

21.57) 
88.37 %  

Multicenter 13 7141 7333 324 3131 12.04 (6.16, 
23.54) 

95.95 %  

Phase 0.47 
＜3 19 5234 5428 233 2785 11.66 (5.83, 

23.32) 
96.51 %  

≥3 4 2984 3140 143 783 25.23 (3.51, 
181.21) 

80.11 %  

No. of doses 0.33 
2 22 8067 8369 375 3529 10.83 (6.19, 

18.94) 
96.02 %  

3 1 151 199 1 39 29.59 (4.27, 
205.16) 

NA  

Control group types ＜0.001 
NACVs 6 385 409 81 195 2.05 (1.30, 3.22) 83.56 %  
Placebo group 17 7833 8159 295 3373 20.99 (11.19, 

39.39) 
92.53 %  

Note: ACVs, adjuvant-associated COVID-19 vaccines; NACVs, Non-adjuvanted vaccine group; n, no. of neutralization reactions; N, Total number of 
vaccinations; RR, relative risk; CI, confidence interval; nAb, neutralizing antibody; NA, Not available. 
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showed that vaccination with ACVs was associated with an increased risk of systemic AEs compared with controls (RR, 2.68; 95 % CI 
2.29–3.14). Notably, vaccination with ACVs did not result in significant systemic AEs compared with the NACVs group (RR, 2.33; 95 % 
CI, 0.66–8.28, P > 0.05) (Table S7, Fig. 3 B). 

3.7. Comparison of risk of AEs ≥ grade 3 or mortality between ACVs and controls 

Regarding severe AEs (grade ≥ 3), this study showed that ACVs vaccination did not result in a significantly increased rate of severe 

Fig. 2. Subgroup analysis of immunogenicity of ACVs compared to NACVs. A) Neutralizing antibody response. B) Geometric mean titers of 
neutralizing antibodies. ACVs, adjuvant-associated COVID-19 vaccines; NACVs, no adjuvant-associated COVID-19 vaccines; RR, relative risk; SMD, 
standardized mean difference; CI, confidence interval; SD, standard deviation; YES/N, Number of incidents; NO, Number of incidents not occurring. 

M.-Q. Cheng et al.                                                                                                                                                                                                     



Heliyon 9 (2023) e22858

7

systemic AEs compared with controls (RR, 1.56; 95 % CI, 0.83–2.95; P = 0.17) (Table 4). Regarding all-cause mortality, our analysis of 
four studies [45,46,48,49] showed that vaccination with ACVs reduced the risk of all-cause mortality compared with controls (RR, 
0.51; 95 % CI, 0.30–0.87; P = 0.01) (Fig. 4). 

3.8. Publication bias and sensitivity analyses 

Inspection of the funnel plot and Egger’s test indicated potential publication biases. The trim-and-fill method was employed to 
obtain adjusted summary estimates in the presence of publication bias, and the results demonstrated a close alignment between the 
adjusted RR and the original findings (Figure S1 A-D). Furthermore, the results of the sensitivity analysis served to reinforce the 
robustness and reliability of our findings (Fig. S2 A-D). 

4. Discussion 

This systematic review and meta-analysis of 33 RCTs provide important insights into the safety and immunogenicity of ACVs that 
can aid vaccine development and decision-making during the COVID-19 pandemic. The findings suggest that a significant increase in 
immune responses elicited by ACVs compared with controls and a further enhancement of the existing response compared to NACVs 
were observed. Although vaccination with ACVs increased local and systemic AEs compared with controls, their impact was signifi
cantly reduced in comparison with the NACVs group, especially with regard to systemic AEs. Notably, vaccination with ACVs reduced 
the risk of all-cause mortality, and these findings demonstrated that ACVs might have superior effect in preventing COVID-19. 

4.1. Traditional adjuvant: alum 

Aluminum hydroxide is a traditional adjuvant commonly used in vaccines; however, its mechanism of action remains unclear 
[50–52]. This meta-analysis found that aluminum ACVs produced relatively high immunogenicity (RR, 41.55; 95 % CI, 5.68–303.66; 
SMD, 3.61; 95 % CI, 3.04–4.19). However, it was also associated with an increased risk of local AEs (RR, 3.43; 95 % CI, 2.90–4.06). The 
use of aluminum adjuvants in other vaccines does not produce such a pronounced immune response. The possible reason for this may 

Table 3 
Subgroup analysis of geometric mean titers of neutralizing antibodies inoculated with ACVs compared with controls.  

Subgroup No. of studies GMT-SMD (95%CI) Heterogeneity I2 (%) Test of group differences (p value) 

overall 23 3.61 (3.04, 4.19) 98.59 %  
adjuvant types    ＜0.001 
Aluminum adjuvants 5 3.75 (2.71, 4.78) 98.54 %  
Complex adjuvant 4 5.00 (2.03, 7.97) 99.40 %  
Matrix-M adjuvant 5 3.61 (2.37, 54.84) 98.13 %  
Squalene-oil-in-water adjuvant 7 3.62 (2.74, 4.50) 94.10 %  
TLR-9 agonist adjuvant 1 0.23 (-0.12, 0.58) NA  
Other adjuvants 1 0.38 (-0.25, 1.00) NA  
Age    0.23 
＜18 2 2.20 (-0.24, 4.63) 96.27 %  
≥18 21 3.74 (3.15, 4.33) 98.57 %  
Vaccine types    0.96 
Inactivated Virus 5 3.54 (1.86, 5.22) 99.31 %  
Protein subunit 16 3.73 (2.99, 4.47) 98.33 %  
Virus like particle 2 3.46 (1.37, 5.56) 98.07 %  
Study design    0.77 
single-blind 13 3.48 (3.04, 4.19) 98.59 %  
double-blind 10 3.74 (2.07, 5.40) 98.75 %  
Days of immunoassay after the last vaccination    0.14 
＜28 16 3.98 (3.47, 4.49) 97.24 %  
≥28 7 2.59 (0.81, 4.37) 99.37 %  
no.of centers    0.62 
Single-center 9 3.92 (2.58, 5.25) 98.09 %  
Multicenter 14 3.54 (2.90, 4.19) 98.65 %  
Phase    0.1 
＜3 19 3.88 (3.16, 4.60) 98.48 %  
≥3 4 2.55 (1.13, 3.98) 99.13 %  
No. of doses    ＜0.001 
2 22 3.45 (2.87, 4.03) 98.60 %  
3 1 7.60 (6.43, 8.76) NA  
Control group types    0.04 
NACVs 5 2.53 (1.38, 3.67) 94.91 %  
Placebo group 18 3.92 (3.26, 4.58) 98.82 %  

Note: ACVs: adjuvant-associated COVID-19 vaccines; NACVs, Non-adjuvanted vaccine group; SMD, standard mean difference; CI, confidence interval; 
GMT, Geometric mean titer of neutralizing antibody; NA, Not available. 
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Fig. 3. Subgroup analysis of AEs inoculated with 2 doses of ACVs compared with NACVs. A) Local adverse reaction. B) Systemic adverse reaction. 
ACVs, adjuvant-associated COVID-19 vaccines; NACVs, no adjuvant-associated COVID-19 vaccines; RR, relative risk; CI, confidence interval; YES, 
Number of incidents; NO, Number of incidents not occurring. 

Table 4 
Risk of severe AEs (grade ≥3) for ACVs compared with controls.  

AEs, ≥Grade 
3 

No. of 
studies 

Reactions/total RR (95 % CI) Heterogeneity I2 

(%) 
Test of heterogeneity (p 
value) 

Test of effect size (p 
value) 

ACVs Control 

Systemic 
AEs# 

19 3090/ 
47571 

490/ 
27394 

1.56 (0.83, 2.95) 95.04 ＜0.001 0.17 

Local AEs# 16 1885/ 
46269 

45/26529 10.77 (5.23, 
22.17) 

66.54 ＜0.001 ＜0.001 

Notes:ACVs:Adjuvant COVID-19 vaccines. Control: Non-adjuvanted COVID-19 vaccine group or Placebo group. #ACVs on second or third vaccina
tion; RR, relative risk; CI, confidence interval; AEs, Adverse events. 
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be that the controls for aluminum ACVs in this study were all placebo and not active vaccines. 

4.2. Novel adjuvants 

4.2.1. Squalene oil-in-water adjuvant 
Eight studies that used squalene-oil-in-water adjuvants, comprising a total of three adjuvants, AS03, MF59, and a-910823 were 

analyzed. Although MF59 and AS03 have been approved for use in influenza vaccines in Europe and have demonstrated safety in 
humans, their immunogenicity and safety in COVID-19 vaccines need to be further investigated [53,54]. This study demonstrated that 
vaccination with squalene oil-in-water adjuvants exhibited significantly enhanced immunogenicity compared with controls (RR, 6.09; 
95 % CI, 2.93–12.64; SMD, 3.62; 95 % CI, 2.74–4.50); however, it was also associated with a further increase in the risk of systemic and 
localized AEs. Of note, four of these eight studies had an NACVs control group, all utilizing the AS03 adjuvant. This suggests that the 
amplification effect of the control groups being placebos may not be as pronounced. Similar to the present study, previous studies have 
shown that AS03 further enhances humoral and cellular immune responses and has protective effects against influenza compared with 
vaccines without adjuvants [54]. 

4.2.2. Matrix-M adjuvant 
Matrix-M adjuvant is made from Quillaja saponin and has a dual role in immunomodulation and antigen delivery [55]. A study 

showed that vaccines based on nanoparticle/Matrix-M1 adjuvant technology have an acceptable safety profile in specific populations 
such as children, pregnant women, and older adults. During COVID-19, the saponin-based adjuvant (Matrix-M) was co-formulated 
with the SARS-CoV-2 vaccine NVX-CoV2373 (Novavax) as a nanoparticle vaccine. Similar to other ACVs, Matrix-M adjuvant signif
icantly enhanced immunogenicity, albeit with some safety concerns. However, the controls for the Matrix-M adjuvant were all 
placebos. Further studies are needed to confirm the observations and eliminate the placebo amplification effect. 

4.2.3. Complex and TLR-9 agonist adjuvants 
Recently, combining two adjuvants has become a trend in adjuvant development [56,57]. The studies included in this review 

focused on the combination of CpG with alum or the Advax™ adjuvant. The results showed that the immunogenicity of the Complex 
AVC was significantly enhanced compared with the control group. Similarly, in terms of safety, the risk of AEs was significantly 
increased with the Complex adjuvant vaccine (P < 0.05). Of note, the TLR-9 receptor agonist CpG 1018 adjuvant had a favorable safety 
profile but elicited a weak nAb response. Due to the small sample size of the current study, concrete conclusions cannot be drawn. 
Further evidence is required to support the observations. 

4.3. Limitations 

This study had some limitations. First, it was limited by the relatively small number of studies with the NACVs group, which 
precluded direct one-to-one comparisons with ACVs. In addition, monitoring of AEs primarily assessed recruitment AEs, which may 
not capture rare and long-term AEs. Unfortunately, the number of studies with relevant variants was small and no control group was 
available, allowing only descriptive analysis. Future studies should aim to conduct large-scale clinical trials to better assess the 
immunogenicity and safety of ACVs. Toll-like receptor agonists, such as TLR-9 (CpG 1018), may be a safer class of vaccine adjuvants, 
and further studies are needed to confirm their immunogenicity. Despite some limitations of the current meta-analysis, it provided 
valuable insights into the immunogenicity and safety of ACVs. 

5. Conclusion 

The findings of this meta-analysis demonstrate that ACVs may have a superior effect and an acceptable safety in preventing COVID- 

Fig. 4. Risk of all-cause death with ACVs vaccination compared with controls. ACVs, adjuvant-associated COVID-19 vaccines; NACVs, no adjuvant- 
associated COVID-19 vaccines; RR, relative risk; CI, confidence interval; n, number of all-cause mortality; N, total number of vaccinations. 
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19. Although these results suggest the potential of ACVs, further studies are required. 
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A. Fréchette, M.-A. D’Aoust, N. Landry, B.J. Ward, Safety and Immunogenicity of an AS03-adjuvanted Plant-Based SARS-CoV-2 Vaccine in Adults with and 
without Comorbidities, 7, Npj Vaccines, 2022, https://doi.org/10.1038/s41541-022-00561-2. 

[13] K.J. Chappell, F.L. Mordant, Z. Li, D.K. Wijesundara, P. Ellenberg, J.A. Lackenby, S.T.M. Cheung, N. Modhiran, M.S. Avumegah, C.L. Henderson, K. Hoger, 
P. Griffin, J. Bennet, L. Hensen, W. Zhang, T.H.O. Nguyen, S. Marrero-Hernandez, K.J. Selva, A.W. Chung, M.H. Tran, P. Tapley, J. Barnes, P.C. Reading, 
S. Nicholson, S. Corby, T. Holgate, B.D. Wines, P.M. Hogarth, K. Kedzierska, D.F.J. Purcell, C. Ranasinghe, K. Subbarao, D. Watterson, P.R. Young, T.P. Munro, 
Safety and immunogenicity of an MF59-adjuvanted spike glycoprotein-clamp vaccine for SARS-CoV-2: a randomised, double-blind, placebo-controlled, phase 1 
trial, Lancet Infect. Dis. 21 (10) (2021 Oct) 1383–1394, https://doi.org/10.1016/S1473-3099(21)00200-0. 

[14] S.-M. Hsieh, M.-C. Liu, Y.-H. Chen, W.-S. Lee, S.-J. Hwang, S.-H. Cheng, W.-C. Ko, K.-P. Hwang, N.-C. Wang, Y.-L. Lee, Y.-L. Lin, S.-R. Shih, C.-G. Huang, C.- 
C. Liao, J.-J. Liang, C.-S. Chang, C. Chen, C.E. Lien, I.-C. Tai, T.-Y. Lin, Safety and immunogenicity of CpG 1018 and aluminium hydroxide-adjuvanted SARS- 

M.-Q. Cheng et al.                                                                                                                                                                                                     

https://doi.org/10.1016/j.heliyon.2023.e22858
https://doi.org/10.1038/s41579-020-00459-7
https://doi.org/10.1038/s41579-020-00459-7
https://doi.org/10.1038/s41392-022-00996-y
https://doi.org/10.1016/s0140-6736(21)02718-5
https://doi.org/10.1016/j.smim.2018.05.001
https://doi.org/10.1016/j.cmi.2021.10.005
https://doi.org/10.1016/j.vaccine.2019.04.048
https://doi.org/10.1016/j.meegid.2020.104502
https://doi.org/10.1038/s41573-021-00163-y
https://doi.org/10.1038/s41573-021-00163-y
https://doi.org/10.1371/journal.pone.0269823
https://doi.org/10.1371/journal.pone.0269823
https://doi.org/10.1016/j.smim.2020.101426
https://doi.org/10.1016/j.smim.2020.101426
https://doi.org/10.1080/21645515.2017.1415684
https://doi.org/10.1080/21645515.2017.1415684
https://doi.org/10.1038/s41541-022-00561-2
https://doi.org/10.1016/S1473-3099(21)00200-0


Heliyon 9 (2023) e22858

11

CoV-2 S-2P protein vaccine MVC-COV1901: interim results of a large-scale, double-blind, randomised, placebo-controlled phase 2 trial in Taiwan, Lancet Respir. 
Med. 9 (2021) 1396–1406, https://doi.org/10.1016/s2213-2600(21)00402-1. 

[15] P. Tabarsi, N. Anjidani, R. Shahpari, M. Mardani, A. Sabzvari, B. Yazdani, H. Kafi, N. Fallah, A. Ebrahimi, A. Taheri, N. Petrovsky, S. Barati, Evaluating the 
efficacy and safety of SpikoGen®, an Advax-CpG55.2–adjuvanted severe acute respiratory syndrome coronavirus 2 spike protein vaccine: a phase 3 randomized 
placebo-controlled trial, Clin. Microbiol. Infection 29 (2023) 215–220, https://doi.org/10.1016/j.cmi.2022.09.001. 

[16] P. Tabarsi, N. Anjidani, R. Shahpari, M. Mardani, A. Sabzvari, B. Yazdani, K. Roshanzamir, B. Bayatani, A. Taheri, N. Petrovsky, L. Li, S. Barati, Safety and 
immunogenicity of SpikoGen®, an Advax-CpG55.2-adjuvanted SARS-CoV-2 spike protein vaccine: a phase 2 randomized placebo-controlled trial in both 
seropositive and seronegative populations, Clin. Microbiol. Infection 28 (2022) 1263–1271, https://doi.org/10.1016/j.cmi.2022.04.004. 
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G. Bergado-Báez, F. Pi-Estopiñán, G.-W. Chen, Y. Valdés-Balbín, D. García-Rivera, V. Verez-Bencomo, A randomized, double-blind phase I clinical trial of two 
recombinant dimeric RBD COVID-19 vaccine candidates: safety, reactogenicity and immunogenicity, Vaccine 40 (2022) 2068–2075, https://doi.org/10.1016/j. 
vaccine.2022.02.029. 

M.-Q. Cheng et al.                                                                                                                                                                                                     

https://doi.org/10.1016/s2213-2600(21)00402-1
https://doi.org/10.1016/j.cmi.2022.09.001
https://doi.org/10.1016/j.cmi.2022.04.004
https://doi.org/10.1001/jamanetworkopen.2023.9135
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1136/bmj.d5928
https://doi.org/10.1136/bmj.l4898
https://doi.org/10.1136/bmj.l4898
https://doi.org/10.1016/0197-2456(86)90046-2
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1016/j.vaccine.2023.02.017
https://doi.org/10.1016/j.vaccine.2023.02.017
https://doi.org/10.1016/j.vaccine.2022.04.078
https://doi.org/10.1016/j.vaccine.2021.09.052
https://doi.org/10.1371/journal.pmed.1003769
https://doi.org/10.1016/s1473-3099(21)00147-x
https://doi.org/10.1016/j.vaccine.2022.04.054
https://doi.org/10.1056/nejmoa2026920
https://doi.org/10.1056/nejmoa2026920
https://doi.org/10.1016/j.eclinm.2022.101526
https://doi.org/10.1016/j.eclinm.2022.101526
https://doi.org/10.3390/vaccines11020326
https://doi.org/10.1080/21645515.2023.2206359
https://doi.org/10.1080/21645515.2023.2206359
https://doi.org/10.1016/s2352-3018(22)00041-8
https://doi.org/10.1016/j.vaccine.2022.04.035
https://doi.org/10.1016/j.vaccine.2022.10.093
https://doi.org/10.1016/j.vaccine.2022.02.029
https://doi.org/10.1016/j.vaccine.2022.02.029


Heliyon 9 (2023) e22858

12

[37] P. Pitisuttithum, V. Luvira, S. Lawpoolsri, S. Muangnoicharoen, S. Kamolratanakul, C. Sivakorn, P. Narakorn, S. Surichan, S. Prangpratanporn, S. Puksuriwong, 
S. Lamola, L.D. Mercer, R. Raghunandan, W. Sun, Y. Liu, J.M. Carreño, R. Scharf, W. Phumratanaprapin, F. Amanat, L. Gagnon, C.-L. Hsieh, R. Kaweepornpoj, 
S. Khan, M. Lal, S. McCroskery, J. McLellan, I. Mena, M. Meseck, B. Phonrat, Y. Sabmee, R. Singchareon, S. Slamanig, N. Suthepakul, J. Tcheou, N. Thantamnu, 
S. Theerasurakarn, S. Tran, T. Vilasmongkolchai, J.A. White, N. Bhardwaj, A. Garcia-Sastre, P. Palese, F. Krammer, K. Poopipatpol, P. Wirachwong, R. Hjorth, B. 
L. Innis, Safety and immunogenicity of an inactivated recombinant Newcastle disease virus vaccine expressing SARS-CoV-2 spike: interim results of a 
randomised, placebo-controlled, phase 1 trial, eClinicalMedicine 45 (2022), 101323, https://doi.org/10.1016/j.eclinm.2022.101323. 

[38] P. Richmond, L. Hatchuel, M. Dong, B. Ma, B. Hu, I. Smolenov, P. Li, P. Liang, H.H. Han, J. Liang, R. Clemens, Safety and immunogenicity of S-Trimer (SCB- 
2019), a protein subunit vaccine candidate for COVID-19 in healthy adults: a phase 1, randomised, double-blind, placebo-controlled trial, Lancet 397 (2021) 
682–694, https://doi.org/10.1016/s0140-6736(21)00241-5. 

[39] J.Y. Song, W.S. Choi, J.Y. Heo, J.S. Lee, D.S. Jung, S.-W. Kim, K.-H. Park, J.S. Eom, S.J. Jeong, J. Lee, K.T. Kwon, H.J. Choi, J.W. Sohn, Y.K. Kim, J.Y. Noh, W. 
J. Kim, F. Roman, M.A. Ceregido, F. Solmi, A. Philippot, A.C. Walls, L. Carter, D. Veesler, N.P. King, H. Kim, J.H. Ryu, S.J. Lee, Y.W. Park, H.K. Park, H. 
J. Cheong, Safety and immunogenicity of a SARS-CoV-2 recombinant protein nanoparticle vaccine (GBP510) adjuvanted with AS03: a randomised, placebo- 
controlled, observer-blinded phase 1/2 trial, eClinicalMedicine 51 (2022), 101569, https://doi.org/10.1016/j.eclinm.2022.101569. 

[40] P. Tabarsi, N. Anjidani, R. Shahpari, K. Roshanzamir, N. Fallah, G. Andre, N. Petrovsky, S. Barati, Immunogenicity and safety of SpikoGen®, an adjuvanted 
recombinant SARS-CoV-2 spike protein vaccine as a homologous and heterologous booster vaccination: a randomized placebo-controlled trial, Immunology 167 
(2022) 340–353, https://doi.org/10.1111/imm.13540. 

[41] C.Y. Wang, K.-P. Hwang, H.-K. Kuo, W.-J. Peng, Y.-H. Shen, B.-S. Kuo, J.-H. Huang, H. Liu, Y.-H. Ho, F. Lin, S. Ding, Z. Liu, H.-T. Wu, C.-T. Huang, Y.-J. Lee, M.- 
C. Liu, Y.-C. Yang, P.-L. Lu, H.-C. Tsai, C.-H. Lee, Z.-Y. Shi, C.-E. Liu, C.-H. Liao, F.-Y. Chang, H.-C. Chen, F.-D. Wang, K.-L. Hou, J. Cheng, M.-S. Wang, Y.- 
T. Yang, H.-C. Chiu, M.-H. Jiang, H.-Y. Shih, H.-Y. Shen, P.-Y. Chang, Y.-R. Lan, C.-T. Chen, Y.-L. Lin, J.-J. Liang, C.-C. Liao, Y.-C. Chou, M.K. Morris, C. 
V. Hanson, F. Guirakhoo, M. Hellerstein, H.-J. Yu, C.-C. King, T. Kemp, D.G. Heppner, T.P. Monath, A multitope SARS-CoV-2 vaccine provides long-lasting B cell 
and T cell immunity against Delta and Omicron variants, J. Clin. Invest. 132 (2022), e157707, https://doi.org/10.1172/jci157707. 
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