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A B S T R A C T   

Vaccination is the most cost-effective method for preventing various infectious diseases. 
Compared with conventional vaccines, new-generation vaccines, especially recombinant protein 
or synthetic peptide vaccines, are safer but less immunogenic than crude inactivated microbial 
vaccines. The immunogenicity of these vaccines can be enhanced using suitable adjuvants. This is 
the main reason why adjuvants are of great importance in vaccine development. Several novel 
human emulsion-based vaccine adjuvants (MF59, AS03) have been approved for clinical use. This 
paper reviews the research progress on emulsion-based adjuvants and focuses on their mechanism 
of action. An outlook can be provided for the development of emulsion-based vaccine adjuvants.   

1. Introduction 

Adjuvants are non-specific immune enhancers that enhance humoral immunity to a target antigen or alter the type of immune 
response when injected into the body simultaneously with or in advance of a specific antigen. Adjuvants have long been recognized as 
an effective means of enhancing the immunogenicity of inactivated influenza vaccines. Adjuvants can strongly enhance the immune 
responses to vaccines. Quantitative adjuvant enhancement results in an increased antibody response compared with the same dose of 
vaccine antigen without an adjuvant. An effect known as antigen dose retention means that a similar immune response can be pro-
duced using a smaller dose of the antigen [1,2]. 

Depending on their composition, emulsions can be classified into basic and compounded types. The basic types include oil-in-water 
(O/W) and water-in-oil (W/O) emulsions (Table 1), whereas the compound types include water-in-oil-in-water (W/O/W) and oil-in- 
water-in-oil (O/W/O) emulsions. Emulsions can be classified as ordinary emulsions, submicroemulsions, or nano-emulsions, based on 
the size of the emulsion droplets [3]. 

Although both W/O and O/W emulsions have strong adjuvant effects, O/W emulsions exhibit better safety and tolerability [4]. In 
addition, from a formulation point of view, W/O emulsions require emulsification of the antigen solution in water with an oil phase. 
O/W emulsions have the advantage of allowing an antigen solution in water to mix with a preformed emulsion. This allows the antigen 
and adjuvant to be stored separately and combined at the point of use before administration. This is particularly important in the 
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context of the pandemic prevention program for COVID-19 pneumonia as it allows the storage of large quantities of adjuvants. They 
can then be easily mixed with antigens prepared from any emerging pandemic strain. 

The mechanism of action of emulsion-based adjuvants is not fully understood, but recent advances in immunobiological research 
have revealed several underlying mechanisms of adjuvant action [5]. Based on the available evidence, immune adjuvants elicit an 
immune response through one or more of the following mechanisms: sustained release of antigen at the injection site (reservoir effect); 
upregulation of cytokines and chemokines; recruitment of immune cells at the injection site; increased antigen uptake and presentation 
to antigen-presenting cells (APCs); activation and maturation of APC cells (increased expression of major tissue compatible complex 
MHC II and co-stimulatory molecule expression); APC processing and exposure to an antigen; promotion of APC migration to draining 
lymph nodes; migration of mature APC to draining lymph nodes and interaction with antigen-specific B/T lymphocytes to activate 
potent antibody production or cytokine secretion [6–10]. 

2. Classification and mechanism of emulsion-based adjuvants 

2.1. Water-in-oil adjuvant: Freund’s adjuvant 

The use of Freund’s adjuvant in experimental and commercial influenza vaccines began with the development of the first water-in- 

Table 1 
Main components of the emulsion adjuvant.  

Type of emulsion Name of emulsion Formulation Examples of vaccine 

water-in-oil (W/O) emulsion Freund’s adjuvant Paraffin Oil; Lanolin; (Mycobacterium tuberculosis) Veterinary vaccine [11] 
oil-in-water (O/W) emulsions MF59 Squalene; Citrate buffer; 

Tween 80; Span85 
Flu vaccine [12] (Fluad®) 

AS03 Squalene; α-Tocopherol; 
PBS; Tween 80 

Malaria vaccine [11,13]; 
Flu vaccine [14,15] (Pandemrix®、Arepandix®) 

AF03 Squalene; PBS; Span 85; 
Poly-oxyethylene cetyl ether 

Flu vaccine [16] (Humenza) 

Pickering emulsion Squalene; water/Citrate buffer; Aluminium Malaria vaccine [17]; 
COVID-19 vaccine [18]  

Fig. 1. Mechanism of action of Freund’s adjuvant. Subcutaneous injection of Freund’s adjuvant triggers an efficient humoral immune response. First 
immunisation with complete Freund’s adjuvant (CFA) induces the production of Th1-type cytokines (e.g. IL-2, INF-γ, TNF-α, TNF-β, etc.) and 
mediates specific cellular immune responses. Booster shot with incomplete Freund’s adjuvant (IFA) induces the production of Th2 type cytokines (e. 
g. IL-4, IL-5, IL-6, IL-10, IL-13, etc.). However, the main side effects after inoculation with Freund’s adjuvant are prolonged residence of the oil 
phase, ulcers, aseptic septic, granulomas, and a tendency to trigger allergic reactions. 
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oil adjuvant by Freund in the 1940s. It is a stable water-in-oil emulsion prepared from paraffin oil and lanolin, in which complete 
Freund’s adjuvant (CFA) contains Mycobacterium tuberculosis, and incomplete Freund’s adjuvant (IFA) does not contain tuberculosis 
Mycobacterium [19]. CFA can significantly enhance humoral and cellular immunity, induce the production of Th1 cytokines (IL-2, 
INF-γ, TNF-α, TNF-β, etc.), and mediate specific cellular immune responses. IFA induces the production of Th2 cytokines (IL-4, IL-5, 
IL-6, IL-10, and IL-13). These cytokines activate B lymphocytes and mediate antibody-based humoral immunity [20,21](Fig. 1). 

Regarding the mechanism of action, Freund proposed the following three possibilities: the formation of an antigen reservoir at the 
injection site; efficient transport of antigens to the lymphatic system and lungs, where the adjuvant can promote the accumulation of 
cells associated with the immune response [22]; and some other mechanism, as yet unidentified [19,22]. Vaccines containing CFA are 
generally used as primary vaccines, whereas those containing IFA are generally used as adjuvant vaccines to avoid allergic reactions 
cause by Mycobacterium tuberculosis proteins. 

Compared with the aluminium adjuvant, the first human vaccine adjuvant, Freund’s adjuvant is superior in improving antibody 
titres and immunity persistence. However, it can easily cause serious adverse reactions such as long-term retention of the oil phase in 
the tissue after injection. Adverse reactions are difficult to metabolise and excrete. It can cause ulcers at the injection site, sterile 
suppuration, granulomas, and easy to cause allergic reactions [5,23] (Fig. 1). Therefore, Freund’s adjuvant can presently only be used 
for animal immunisation. 

IFA has an improved safety profile compared with CFA, but its efficacy as an adjuvant is unsatisfactory. This has led to the 
development of improved versions of IFA: Montanide ISA 51 (containing mannitol monooleate) and Montanide ISA 720 (containing 
squalene) [21]. The combination of Montanide ISA 51 with an HIV- derived peptide antigen mixture (a mixture containing B- and 
T-cell peptide epitopes) has been shown to enhance the immunogenicity of antigenic peptides. However, these vaccine candidates have 
failed to meet the safety requirements in clinical trials. Healthy adults who develop stronger antibody responses are more likely to 
develop serious systemic or local adverse reactions [24]. Candidate vaccines are also more likely to cause serious systemic or local 
adverse reactions in healthy adults. When Montanide ISA 720 was combined with the malaria vaccine candidate, it induced a higher 
humoral immune response than the alum-derived adjuvant. Phase 1 clinical trials of Montanide ISA 720 formulated with the peptide 
antigen showed that it stimulated an effective immune response, although numerous local reactions, such as granulomas, tenderness, 
and erythema, have also been observed [25]. There is also a new water-in-oil adjuvant formulation called NH2, whose main com-
ponents are mineral oil and dehydrated sorbitan monooleate. NH2 is widely used as an adjuvant for peptide-based cancer vaccination 
and is superior to Montanide ISA 51 in inducing cellular immune responses in mice [26]. The effect of the vaccine with NH2-adjuvanted 
peptide was confirmed in a phase 1 clinical trial in patients with advanced cancer. It effectively increased the secretion of specific IgG 
antibody and IFN-γ in inoculated patients [27]. 

Fig. 2. The probable mechanism of action of oil-in-water emulsions. Following intramuscular injection, the oil-in-water emulsion creates an 
immunologically active environment at the injection site. Innate immune cells such as monocytes, dendritic cells, eosinophils, and neutrophils are 
recruited in large numbers in response to chemokines and subsequently recruited to the draining lymph nodes. Within the draining lymph nodes, 
DCs containing antigenic signals activate T and B lymphocytes, resulting in the production of Th1 and Th2 type cytokines and specific antibodies. 
The specific cytokines and antibodies then enter the bloodstream to produce a protective effect. 
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2.2. Oil-in-water adjuvants 

Oil-in-water emulsions, with their unique shape structure, adsorb antigens onto the emulsion surface via electrostatic adsorption 
and chimaerism [28]. In addition to the unique mechanism of action of each adjuvant, the overall mechanism of action of oil-in-water 
emulsions is broadly based on the following procedure. Following intramuscular injection, an oil-in-water emulsion induces the 
recruitment of inflammatory cells, such as monocytes, dendritic cells (DCs), eosinophils, and neutrophils, to the injection site and their 
subsequent recruitment to the draining lymph nodes. Chemokines mainly induce immune cell recruitment [14,29]. In draining lymph 
nodes, antigen-loaded dendritic cells activate T cells, resulting in Th1 and Th2 phenotypes and the secretion of cytokines such as IFN-γ, 
TNF-α, IL-4 and IL-13. B-lymphocytes activated by dendritic cells differentiate into plasma cells and secrete antibodies. The antibodies 
enter the bloodstream and are transported throughout the body [30] (Fig. 2). 

2.2.1. MF59 
MF59 is the second human vaccine adjuvant approved by the U.S. Food and Drug Administration (FDA) after the aluminium 

adjuvant developed by Novartis. MF59 has been widely used as an adjuvant in clinical trials of various subunit vaccines such as 
influenza, hepatitis B, hepatitis C, and HIV vaccines [31]. Commercial formulations include squalene (oil phase), citric acid (water 
phase), Tween80, and Span85 (surfactant) [32]. Squalene is a direct precursor of cholesterol or steroid hormones synthesised in the 
liver, and is easily degraded and metabolised in the body [33]. From a production standpoint, squalene is available in large quantities 
and outperforms a range of vegetable oils in terms of purity, consistency, safety, and efficacy [34]. 

Furthermore, because squalene is insoluble in water [35] (water solubility of 0.124 mg/L), the coalescence of emulsified droplets 
due to Ostwald ripening should be minimal [36]. MF59 was prepared by using a microfluidic technique. The average particle size of the 
emulsion droplets produced by this method is approximately 160 nm and it can be stored stably for at least three years [37,38]. 

The following mechanisms of action of MF59 have been demonstrated in current studies: Unlike W/O Freund’s adjuvant, MF59 
does not form an antigen pool at the injection site. Instead, the antigens and adjuvants are gradually cleared at different kinetic rates 
[39]. MF59 stimulates antigen presentation at the injection site. MF59 directly enhances phagocytosis and cytosolic drinking, and 
promotes antigen presentation by antigen-presenting cells (APC) [40]. MF59 can mobilize immune cells to the injection site, and the 
main cell type that MF59 acting mainly on monocytes [9], which can be recruited to the site of adjuvant action, absorb antigens, and 
participate in the adjuvant-induced differentiation of the dendritic cell phenotype [41]. MF59 recruits APC for antigen presentation 
and transport to draining lymph nodes [42] and promotes antigen retention in lymph nodes and follicular dendritic cells [43]. 

The MF59 adjuvant vaccine is more likely to induce a Th2 immune-biased response [44,45]. Addition of the TLR9 agonist CpG or 
the TLR4 agonist E6020 to the MF59 adjuvant vaccine induces a more effective Th1 cell immune response, which is characterised by a 
higher IgG2a titre, enhanced interferon-gamma response, and similar or higher antibody titres [30,46]. HIV vaccines containing MF59 
and Carbopol-971P (synthetic polyanionic carbomers) have been shown to enhance binding and neutralising antibody titres and have 
higher affinity [47,48]. Infants vaccinated with MF59-adjuvanted trivalent inactivated influenza vaccine (TIV) exhibit higher antibody 
titers and production of multifunctional cytokine CD4+ T cells than children vaccinated with non-adjuvanted TIV [49,50]. 

Tests have shown the relative safety and reliability of MF59 vaccine adjuvant with no significant toxic effects in animal models or in 
human phase I-III clinical trials [51]. However, trials have also shown that the MF59 adjuvant can cause systemic reactions, including 
fever, headache, nausea, inflammation, and other symptoms. Another concern regarding the use of MF59 adjuvant is the relationship 
between oil-water emulsions and autoimmune diseases. Animal studies have shown that oil-water emulsions can cause autoimmune 
diseases such as autoimmune arthritis and autoimmune hepatitis, in susceptible subjects. However, further research is needed to 
determine whether humans and animal models have similar susceptibilities to oil-water emulsions [52,53]. 

2.2.2. AS02 
AS02 is composed of AS03 components and two strong immunostimulants, QS-21 and MPL, which enhance its immunogenicity 

[13]. Inoculation with the MF59 adjuvant resulted in a Th2-biased immune response and a weak induction of the Th1 response in vivo 
[45]. The presence of QS-21 and MPL in AS02 not only induces strong humoral immune responses, but also activates and enhances the 
activity of T cells, facilitating their recognition and elimination of infected cells, thereby enhancing the breadth and depth of immune 
responses [54]. AS02 adjuvant vaccines have been used in studies of malaria, tuberculosis, hepatitis B, and HIV vaccines, tumour 
immunotherapy, and other studies [54]. In addition, intramuscular injection is more advantageous than subcutaneous injection in 
enhancing the immunogenicity and safety of the RSV-F vaccine combined with AS02 adjuvant after enhanced immunisation compared 
with MF59 adjuvant [55]. 

2.2.3. AS03 
AS03 is a W/O adjuvant emulsion developed by GlaxoSmithKline Biologics with an average particle size of approximately 160 nm. 

In the commercial formula, the oil phase is squalene and α -tocopherol, the water phase is PBS buffer, and the surfactant is polysorbitol 
80 (Tween80) [56]. Alpha-tocopherol is the main component of AS03, distinguishing it from other O/W emulsions [14]. 
Alpha-tocopherol is a type of vitamin E widely distributed in natureand is an immune enhancer that can be easily absorbed in tissues 
[57]. Another component of the AS03 adjuvant is the surfactant Tween 80, whose role is to stabilize the emulsion [58,59]. 

The AS03 adjuvant induces the production of cytokines and chemokines in the injection site muscle and draining lymph nodes by 
increasing NF-kB transcript levels. It can also activate and recruit monocytes and macrophages to increase antigen uptake. In addition, 
it recruits monocytes, dendritic cells, and granulocytes into the draining lymph nodes and increases the ability of APC to present 
antigens to CD4+ T cells, which produce higher titres of antigen-specific antibody immune responses to B cells [56,60]. Like MF59, 
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AS03 generally induces Th2-biased immune responses and weakly affects Th1 responses [61]. Compared with MF59 adjuvant, 
α-tocopherol in AS03 adjuvant increases the level of induced cytokines, promotes the antigen uptake level of monocytes, and further 
increases the level of induced antibodies [56]. 

AS03 was first used in humans in a malaria vaccine [62]. More recently, this adjuvant has been used in human vaccines, partic-
ularly influenza vaccines. Clinical trials have shown that O/W adjuvants, such as AS03, induce a robust immune response when 
administered with influenza vaccines [63]. AS03 has been used in the HlN1 influenza virus vaccine (Pandemrix™), which induces a 
stronger humoral immune response than unadjuvanted vaccines [56]. AS03 has also been used in the H5N1 [64] and H7N9 influenza 
virus vaccines [65] in clinical trials. However, Pandemrix vaccination may increase the risk of narcolepsy [66]. Canadian Medicago 
and GlaxoSmithKline used the AS03 adjuvant in combination with a coronavirus-like particle (CoVLP) to prepare the CoVLP + AS03 
vaccine (Covifenz, Medicago, Quebec City, Canada), which was the world’s first approved plant-derived human vaccine. Canada was 
the first country to authorise the use of a plant-based COVID-19 vaccine [67]. Covifenz induces strong and long-lasting neutralising 
antibody levels and a balanced T cell response (IFN-γ and IL 4), both of which may help protect vaccinated individuals against 
COVID-19 [68]. Based on phase I and II clinical trial data, the level of neutralising antibodies produced by the Covifenz vaccine after 
vaccination is approximately 10 times higher than the serum antibody level of recovered COVID-19 patients, and the immune response 
of the cells can be detected in almost all vaccinated persons [69,70]. Phase III clinical trials showed that Covifenz was 69.5 % effective 
in the treatment of symptomatic volunteers infected with COVID-19, and it also had an effective preventive effect against COVID-19 
variant strains [68]. Although the incidence of side effects after Covifenz vaccination is high, the vast majority of cases are mild to 
moderate [68–70]. 

As with other O/W adjuvants, the AS03 adjuvant causes systemic symptoms such as fever, headache, nausea, diarrhoea, and joint 
pain, which are associated with its induced inflammatory response [71]. However, the exact mechanism underlying drowsiness re-
mains unknown. The inflammatory response induced by AS03 may also disrupt the body’s autoimmune tolerance, and the induction of 
IL-17 may be a major cause of AS03-induced autoimmune diseases [72]. 

2.2.4. AF03 
AF03 is an O/W vaccine adjuvant developed by Sanofi Pasteur. Its commercial formulation has a squalene oil phase, a PBS aqueous 

phase, and surfactants polyoxyethylene cetyl ether and Span85, with a Dv50 of approximately 90 nm [73]. Unlike the MF59 vaccine 
marketed by Novartis Vaccine Diagnostics and the AS03 influenza vaccine marketed by GlaxoSmithKline Biologicals, where the 
emulsion is prepared from squalene in water by micro-fluidization, AF03 is produced on an industrial scale through a phase in 
transition temperature (PIT) emulsification process [36,74]. 

The AF03 adjuvant was first used in the H5N1 influenza vaccine, and although the Humenza™ vaccine was never marketed, 
hundreds of volunteers were recruited for clinical trials. The AF03-adjuvanted vaccine demonstrated significant specific immune 
protection compared with the adjuvant-free vaccine, provided that it contained fewer antigens [75]. In addition, vaccination with the 
AF03 adjuvant significantly reduced the incidence and severity of interstitial pneumonia and prevented pulmonary and upper res-
piratory tract infections [76]. Although systemic adverse reactions did not differ significantly from those of non-adjuvanted vaccines, 
AF03-adjuvanted vaccines caused local adverse reactions more frequently than non-adjuvanted vaccines [75]. Recently, AF03 has 
been tested in Phase I/II clinical trials to develop a SARS-CoV-2 vaccine [77]. Manufactured by a unique method described in the 
article, AF03 also constitutes a delivery system for another emulsion adjuvant, AF04, a formulation containing a synthetic molecule 
(E6020) that purportedly mimics the properties of the natural product monophosphoryl lipid A (MPL) [78]. As previously observed in a 
glucopyrano-based lipid adjuvant (GLA)-stabilised emulsion (SE), the TLR4 agonist E6020 acted synergistically with the emulsion to 
enhance antibody and cellular immune responses in mice [78,79]. GLA and second-generation lipid adjuvants (SLAs) are substitutes 
for synthetic MPL-like molecules and TLR4 agonists. GLA and SLA adjuvants in emulsion formulations (SE) are being evaluated in 
clinical trials of vaccines against tuberculosis, schistosomiasis, leishmaniasis, and leprosy; however, they have also been evaluated in 
H5 influenza vaccines [80,81]. 

The use of emulsion adjuvants in the formulation of pandemic influenza vaccines has resulted in significant savings in the dose of 
haemagglutinin (HA) antigen, which facilitates the broad coverage of influenza vaccines. Although the frequency of injection site 
reactions to emulsion-adjuvanted influenza vaccines is generally higher than that of non-adjuvanted vaccines, these reactions are mild 
and limited to the first 2–3 days after injection [75]. 

2.2.5. Pickering emulsion 
The Pickering emulsion used as a vaccine adjuvant is a microgel (alum) stabilised aqueous squalene emulsion. Its major difference 

fromtraditional surfactant emulsions is that the system does not contain a surfactant but uses nano-particles with certain hydrophilic 
and lipophilic properties as an emulsion stabiliser. By adjusting the particle properties and oil-water phase parameters, emulsions 
stabilised by particles were obtained by ultrasonic treatment [82]. Pickering emulsions have the advantages of being surfactant-free, 
less toxic, and more stable. They have a wide range of applications in the food, pharmaceutical, and cosmetic industries [32,83]. 

Some studies have shown that the Pickering emulsion is promising as a SARS-CoV-2 vaccine adjuvant to enhance humoral im-
munity against the novel coronavirus [84,85]. Alum adjuvants adhere more to the cell membrane than to dendritic cell (DC), resulting 
in a lack of intracellular transfer and antigen processing, thus limiting the Th1 cell-mediated cellular immune response [18,86,87]. To 
address this problem, alum is adsorbed onto oil-phase squalene using water as the continuous phase, resulting in an alum-stabilised 
Pickering Emulsion (PAPE). Owing to its main components, alum and squalene, PAPE has a good biosafety profile. 

Furthermore, with the dense arrangement of alum at the oil/water interface, PAPE not only adsorbs large amounts of SARS-CoV-2 
antigen, but the Pickering emulsion also has a higher affinity for DCs, thus triggering uptake and cross-presentation of the delivered 
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antigen [88]. As T-cell activation is determined by the amount of antigen present, APCs can adsorb and present more antigens, and the 
more T-cells are activated, the more pronounced the specific cellular immune response [89,90]. In the absence of a surfactant, the 
micron-sized particles and rough surface morphology of Pickering emulsions provide a large specific surface area for antigen 
adsorption and cellular interactions, allowing more effective antigen accumulation [91]. In addition, the PAPE group induced more 
than 6-fold higher titres of antigen-specific antibodies and 3-fold more IFN-γ-secreting T cells than the aluminium adjuvant group, 
indicating effective activation of humoral and cellular immunity [18]. 

Similar to the MF59 adjuvant, the adjuvant effect of the Pickering emulsion is due to the O/W emulsion formulation, and none of 
the individual components induce adjuvant-like effects [92]. Owing to the presence of alum particles, the Pickering emulsion forms an 
antigen pool at the injection site for approximately three days after injection, which then attracts DC cell infiltration and antigen 
uptake. Based on the available literature, the safety of Pickering emulsion as an adjuvant was assessed by immunopathology in serum 
and vaccine-related tissue damage; no significant side effects were detected at the injection site for several days after administration 
[93,94], and no cytokine storm production was detected [95]. However, these evaluations are only preliminary tests demonstrating 
the adjuvant properties and safety of PAPE. Although the side effects associated with the alum dose in Pickering emulsions are 
currently limited, whether the clinical neurotoxicity of aluminium will affect the widespread use of PAPE requires further study [18]. 

2.2.6. Syntex Adjuvant formulation (SAF) 
SAF is an oil-in-water emulsion with squalane as the oil phase, developed by Syntex in the 1980s [38] to reduce the toxicity of CFA 

(W/O) emulsions with mineral oil as the oil phase, while still inducing an effective cell-mediated immune response. In PBS (pH 7.4), 
the final SAF composition before the addition of muramyl dipeptide was 5 % w/v squalane, 2.5 % w/v Pluronic L121, and 0.2 % w/v 
Tween 80 [96]. The final concentration of these components for injection is obtained after mixing with the antigen and/or muramyl 
dipeptide and diluting the stock solution by a factor of two [97,98]. The average particle size of SAF is 150–160 nm [98,99]. SAF 
emulsions (before the addition of cell wall acyl dipeptides) are very stable and can be stored at room temperature for six years without 
destruction, even under freezing conditions [96]. SAF emulsion stimulates the Th1 cell-mediated immune response, mainly manifested 
by increased IgG2a antibody level and increased secretion of cytokine IFN-γ [38,100]. SAF also activates the alternative complement 
pathway as another possible auxiliary mechanism of action [100]. Many different antigens are used in combination with SAF and 
exhibit good immune activity [38]. SAF has little muscle stimulation effect on the human body [96], but has shown high reactivity in 
clinical trials; therefore, it is no longer used as an immune adjuvant product, which may be related to the addition of muramyl di-
peptides [38,101,102]. 

2.2.7. DETOX 
Components of DETOX include bacterial cell wall skeleton (CWS) and monophosphoryl lipid A (MPL) in squalane (1 %) and Twain 

80 (0.2 %) preparations [103,104]. DETOX, also known as Melacine, has good adjuvant activity and has been approved as a thera-
peutic vaccine for melanoma [105,106]. However, the side effects of DETOX adjuvants are obvious; they are reactive at the injection 
site and can lead to the formation of local granulomas [103,107]. 

2.2.8. CoVaccine HT 
The CoVaccine HT adjuvant is an oil-in-water emulsion composed of 8 % w/v squalane, 2 % w/v Tween 80, and 2 % w/v 

immunostimulant (sucrose fatty acid sulphate ester) in PBS. It has been found to be effective in inducing humoral and cellular re-
sponses in pigs [105,108,109]. However, the CoVaccine HT antihypertensive vaccine was terminated in 2010, after serious 
dose-related adverse reactions occurred in a Phase II clinical trial in 2008 [110,111]. Recent studies have shown that the recombinant 
protein subunit SARS-CoV-2 vaccine formulated with the CoVaccine HT adjuvant can induce a broad-spectrum IgG response and 
high-titre neutralising antibodies (NtAbs) against the original and mutated strains of SARS-CoV-2 in mice. It also produces an 
antigen-specific IFN-γ secretion response in distant mice [112]. 

2.2.9. PROVAX 
PROVAX is a squalane emulsion developed by IDEC Pharmaceuticals, which is formulated similarly to SAF, but reduces the 

concentration of Pluronic L121 to 1.25 % w/v when injected and removes muramyl dipeptides [104]. PROVAX is a triple concentrate 
composed of 15 % w/v squalane, 3.75 % w/v Pluronic L121, and 0.6 % w/v Tween 80, which can induce antibodies and cytotoxic T 
cells [38,113]. 

2.2.10. Stable emulsion (SE) 
SE is an emulsion adjuvant originally developed by Edgar Ribi and subsequently developed by the US Institute of Infectious Dis-

eases. It is similar to MF59 but contains lower squalene content, a phospholipid emulsifier, and a lower concentration of alpha- 
tocopherol (0.01%v/v) [104,114]. The specific formula of SE is 10 % v/v squalene, 1.9 % w/v lecithin, 0.091 % w/v Pluronic F68, 
0.05 % w/v α-tocopherol, and 1.8 % v/v glycerol in 25 mM ammonium phosphate buffer (pH 5.1) [115,116]. The addition of MPL to 
SE can produce MPL-SE, a potent adjuvant that, as an adjuvant for leishmaniasis vaccine, exhibits Ag-specific Th1 immune responses 
characterised by powerful IFN-γ production upon specific Ag re-exposure in vitro [117]. This is similar to the effect of MF59 in 
inducing a mixed Th1/Th2 cell response [61]. SE was evaluated in clinical studies of pandemic H1N1 influenza but was never licenced. 
However, the Infectious Disease Research Institute (IDRI) continues to develop SE and other adjuvant emulsions [4,117,118]. The 
manufacturing process of SE has successfully moved to other locations to facilitate local vaccine production [114], and manufacturing 
innovation continues with a view to eventually produce a pandemic vaccine globally. 
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3. Discussion and conclusion 

Emulsion-adjuvant vaccines are safe, and their efficacy and immune effects are better than those of non-adjuvant vaccines for 
influenza [12,14,15]. They can save antigen doses and be mass-produced to cope with growing demand; in addition, emulsion vaccines 
respond to homologous and heterologous strains through a cross-immune response [61]. Given the characteristics of emulsion ad-
juvants, their inclusion in protein-based vaccines is currently being investigated as a medium-to long-term response to the SARS-CoV-2 
pandemic [119,120]. The combination of emulsion adjuvants and subunit vaccines can meet the needs of the pandemic response 
because they can significantly reduce the antigen content, save vaccine doses, and be rapidly manufactured. Emulsion adjuvants can 
bind to recombinant proteins, engineered nanoparticles, and whole inactivated viruses. However, their effects on antigenic integrity 
need monitoring on a case-by-case basis [61]. SARS-CoV-2 vaccines based on MF59 and AS03 adjuvants are currently in an advanced 
stage of development [69,120]. Therefore, emulsion-adjuvant SARS-CoV-2 vaccines are expected to play an important role in the 
global pandemic. 

In the context of the ongoing SARS-CoV-2 pandemic, where viral mutations and antigenic transfer are prominent, the potential of 
emulsion adjuvants to induce a broad, potentially cross-protective immune response could provide considerable coping advantages. 
Although current preliminary data are encouraging [121], careful evaluation of the immune response induced by emulsion adjuvant 
vaccines relative to alternative vaccine approaches is needed. The design of optimal antigen structures using bioinformatics methods 
and protein engineering is also critical for successful vaccine preparation [120,122]. Decades of experience with the application of 
emulsion adjuvants, including their critical role in responding to an influenza pandemic, have provided a solid foundation for the 
establishment of an emulsified adjuvant vaccine platform. Owing to their long history of safe use in humans and known modes of 
action, emulsion adjuvants represent a benchmark for the development of novel vaccine adjuvants. Emulsion adjuvants are the ad-
juvants of choice for treating pandemic diseases, including those caused by influenza and other emerging pathogens. 

Research on adjuvants, especially promising emulsion-based adjuvants, is essential for the development of modern subunit and 
peptide vaccines. The fact that MF59 is the second adjuvant to be successfully marketed after the aluminium adjuvant, and that AS03 
emulsion-based adjuvants have already been marketed for use in influenza vaccines shows that emulsion-based adjuvants have a 
promising future for the development of vaccine adjuvants. In addition, an in-depth study of the molecular mechanism of action of 
emulsion-based adjuvants in inducing protective immune responses in hosts will open new pathways for the design and improvement 
of vaccine adjuvants, which will help accelerate the development of vaccines against novel coronaviruses and even chronic infectious 
diseases such as AIDS, hepatitis C, and tumours. 

The use of different adjuvants in combination with the same vaccine to enhance immune response may be a promising direction for 
future research. Recently, measures such as mixing and matching vaccinations, developing new vaccines such as nanoparticle vac-
cines, and optimising immune adjuvants are expected to improve vaccine safety and efficacy [123]. For example, co-loading the TLR4 
agonist MPLA and the TLR9 agonist CpG into synthetic HDL nanodiscs resulted in an adjuvant system (ND-MPLA/CpG) that signifi-
cantly enhanced dendritic cell activation compared with the non-adjuvanted group, and mixing with the OVA antigen significantly 
enhanced humoral immunity in mice [124]. This suggests that mixing adjuvants with different mechanisms of action can enhance the 
immune response through different immune pathways or different parts of the immune response, and can even alter the type of 
immune response. 

Future studies on vaccines and adjuvants should adequately evaluate their safety and efficacy. They should be effective in inducing 
strong cellular and humoral immune responses and forming relevant memory cells, while simultaneously balancing the safety of 
vaccines and adjuvants, ideally with their availability and accessibility to special populations including pregnant women, the elderly, 
immunodeficient patients, transplant recipients, and cancer patients. Only in this way can the cause of human immunisation be taken 
to the next level, and even to the next milestone. 
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[13] A. Facciolà, et al., An Overview of vaccine adjuvants: current evidence and future perspectives, Vaccines (Basel) 10 (5) (2022). 
[14] S. Morel, et al., Adjuvant System AS03 containing α-tocopherol modulates innate immune response and leads to improved adaptive immunity, Vaccine 29 (13) 

(2011) 2461–2473. 
[15] I. Sarkar, R. Garg, S. van Drunen Littel-van den Hurk, Selection of adjuvants for vaccines targeting specific pathogens, Expert Rev. Vaccines 18 (5) (2019) 

505–521. 
[16] A. Mendes, J. Azevedo-Silva, J.C. Fernandes, From Sharks to Yeasts: squalene in the development of vaccine adjuvants, Pharmaceuticals 15 (3) (2022). 
[17] Q. Chen, et al., Alum pickering emulsion as effective adjuvant to improve malaria vaccine efficacy, Vaccines (Basel) 9 (11) (2021). 
[18] S. Peng, et al., Particulate alum via pickering emulsion for an enhanced COVID-19 vaccine adjuvant, Adv Mater 32 (40) (2020) e2004210. 
[19] J. Freund, The mode of action of immunologic adjuvants, Bibl. Tuberc. (10) (1956) 130–148. 
[20] O.P. Joffre, et al., Cross-presentation by dendritic cells, Nat. Rev. Immunol. 12 (8) (2012) 557–569. 
[21] F. Azmi, et al., Recent progress in adjuvant discovery for peptide-based subunit vaccines, Hum Vaccin Immunother 10 (3) (2014) 778–796. 
[22] P.J. Van der Heijden, et al., Separate application of adjuvant and antigen: the effect of a water-in-oil emulsion on the splenic plaque-forming cell response to 

sheep red blood cells in mice, Immunobiology 171 (1–2) (1986) 143–154. 
[23] R. Vulliet, Improved technique for the preparation of water-in-oil emulsions containing protein antigens, Biotechniques 20 (5) (1996) 797–800. 
[24] B.S. Graham, et al., Immunization with cocktail of HIV-derived peptides in montanide ISA-51 is immunogenic, but causes sterile abscesses and unacceptable 

reactogenicity, PLoS One 5 (8) (2010) e11995. 
[25] J.A. Langermans, et al., Effect of adjuvant on reactogenicity and long-term immunogenicity of the malaria Vaccine ICC-1132 in macaques, Vaccine 23 (41) 

(2005) 4935–4943. 
[26] R. Audran, et al., Phase I malaria vaccine trial with a long synthetic peptide derived from the merozoite surface protein 3 antigen, Infect. Immun. 73 (12) 

(2005) 8017–8026. 
[27] K. Iseki, et al., Evaluation of a new oil adjuvant for use in peptide-based cancer vaccination, Cancer Sci. 101 (10) (2010) 2110–2114. 
[28] H.F. Staats, D.J. Burkhart, Vaccine adjuvants: softness makes it better, Nat. Mater. 17 (2) (2018) 113–114. 
[29] F. Mosca, et al., Molecular and cellular signatures of human vaccine adjuvants, Proc Natl Acad Sci U S A 105 (30) (2008) 10501–10506. 
[30] A. Wack, et al., Combination adjuvants for the induction of potent, long-lasting antibody and T-cell responses to influenza vaccine in mice, Vaccine 26 (4) 

(2008) 552–561. 
[31] D.T. O’Hagan, Vaccine Adjuvants: Preparation Methods and Research Protocols, 2000. 
[32] Nan Wu, Jie Wu, M.I.A.O. Chunyu, et al., Preparation of Pickering emulsion based on alumina hydroxide nanoparticles, Chin. J. Process Eng. 19 (6) (2019) 8. 
[33] D.T. O’Hagan, et al., The history of MF59(®) adjuvant: a phoenix that arose from the ashes, Expert Rev. Vaccines 12 (1) (2013) 13–30. 
[34] M. Montana, et al., Safety review: squalene and thimerosal in vaccines, Therapie 65 (6) (2010) 533–541. 
[35] C.B. Fox, et al., Immunomodulatory and physical effects of oil composition in vaccine adjuvant emulsions, Vaccine 29 (51) (2011) 9563–9572. 
[36] T. Tadros, et al., Formation and stability of nano-emulsions, Adv. Colloid Interface Sci. 108–109 (2004) 303–318. 
[37] Zhuofan Li, Weidong Li, Research progress of MF59 adjuvant, International Journal of Laboratory Medicine 37 (18) (2016) 3–30. 
[38] A.C. Allison, Squalene and squalane emulsions as adjuvants, Methods 19 (1) (1999) 87–93. 
[39] M. Dupuis, D.M. McDonald, G. Ott, Distribution of adjuvant MF59 and antigen gD2 after intramuscular injection in mice, Vaccine 18 (5–6) (1999) 434–439. 
[40] M. Dupuis, et al., Dendritic cells internalize vaccine adjuvant after intramuscular injection, Cell. Immunol. 186 (1) (1998) 18–27. 
[41] E. Monaci, et al., MF59- and Al(OH)3-Adjuvanted Staphylococcus aureus (4C-staph) vaccines induce sustained protective humoral and cellular immune 

responses, with a critical role for effector CD4 T cells at low antibody titers, Front. Immunol. 6 (2015) 439. 
[42] A. Nouri, F. Laraba-Djebari, Enhancement of long-lasting immunoprotective effect against Androctonus australis hector envenomation using safe antigens: 

comparative role of MF59 and Alum adjuvants, Vaccine 33 (43) (2015) 5756–5763. 
[43] R. Cantisani, et al., Vaccine adjuvant MF59 promotes retention of unprocessed antigen in lymph node macrophage compartments and follicular dendritic cells, 

J. Immunol. 194 (4) (2015) 1717–1725. 
[44] E.J. Ko, S.M. Kang, Immunology and efficacy of MF59-adjuvanted vaccines, Hum Vaccin Immunother 14 (12) (2018) 3041–3045. 
[45] T. Zhao, et al., Vaccine adjuvants: mechanisms and platforms, Signal Transduct Target Ther 8 (1) (2023) 283. 
[46] M. Singh, et al., MF59 oil-in-water emulsion in combination with a synthetic TLR4 agonist (E6020) is a potent adjuvant for a combination Meningococcus 

vaccine, Hum Vaccin Immunother 8 (4) (2012) 486–490. 
[47] R.P. Lai, et al., Mixed adjuvant formulations reveal a new combination that elicit antibody response comparable to Freund’s adjuvants, PLoS One 7 (4) (2012) 

e35083. 
[48] A.K. Dey, et al., Use of a polyanionic carbomer, Carbopol971P, in combination with MF59, improves antibody responses to HIV-1 envelope glycoprotein, 

Vaccine 30 (17) (2012) 2749–2759. 
[49] T. Vesikari, et al., Oil-in-water emulsion adjuvant with influenza vaccine in young children, N. Engl. J. Med. 365 (15) (2011) 1406–1416. 
[50] H.I. Nakaya, et al., Systems biology of immunity to MF59-adjuvanted versus nonadjuvanted trivalent seasonal influenza vaccines in early childhood, Proc Natl 

Acad Sci U S A 113 (7) (2016) 1853–1858. 
[51] A. Podda, G. Del Giudice, MF59-adjuvanted vaccines: increased immunogenicity with an optimal safety profile, Expert Rev. Vaccines 2 (2) (2003) 197–203. 
[52] J.T. Van Dissel, et al., A novel liposomal adjuvant system, CAF01, promotes long-lived Mycobacterium tuberculosis-specific T-cell responses in human, Vaccine 

32 (52) (2014) 7098–70107. 
[53] H.F. Stills Jr., Adjuvants and antibody production: dispelling the myths associated with Freund’s complete and other adjuvants, ILAR J. 46 (3) (2005) 280–293. 

Z. Huang et al.                                                                                                                                                                                                         

http://refhub.elsevier.com/S2405-8440(24)00693-5/sref1
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref1
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref2
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref2
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref3
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref4
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref5
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref6
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref7
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref8
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref9
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref10
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref11
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref12
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref13
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref14
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref14
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref15
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref15
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref16
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref17
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref18
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref19
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref20
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref21
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref22
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref22
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref23
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref24
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref24
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref25
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref25
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref26
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref26
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref27
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref28
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref29
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref30
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref30
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref31
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref32
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref33
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref34
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref35
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref36
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref37
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref38
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref39
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref40
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref41
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref41
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref42
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref42
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref43
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref43
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref44
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref45
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref46
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref46
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref47
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref47
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref48
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref48
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref49
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref50
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref50
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref51
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref52
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref52
http://refhub.elsevier.com/S2405-8440(24)00693-5/sref53


Heliyon 10 (2024) e24662

9

[54] N. Garçon, P. Chomez, M. Van Mechelen, GlaxoSmithKline Adjuvant Systems in vaccines: concepts, achievements and perspectives, Expert Rev. Vaccines 6 (5) 
(2007) 723–739. 

[55] L. Bian, et al., Intramuscular inoculation of AS02-adjuvanted respiratory syncytial virus (RSV) F subunit vaccine shows better efficiency and safety than 
subcutaneous inoculation in BALB/c mice, Front. Immunol. 13 (2022) 938598. 

[56] N. Garçon, D.W. Vaughn, A.M. Didierlaurent, Development and evaluation of AS03, an Adjuvant System containing α-tocopherol and squalene in an oil-in- 
water emulsion, Expert Rev. Vaccines 11 (3) (2012) 349–366. 

[57] M. De la Fuente, et al., Vitamin E ingestion improves several immune functions in elderly men and women, Free Radic. Res. 42 (3) (2008) 272–280. 
[58] A.L. Wilkins, et al., AS03- and MF59-adjuvanted influenza vaccines in children, Front. Immunol. 8 (2017) 1760. 
[59] T. Vesikari, et al., Influenza vaccination in children primed with MF59-adjuvanted or non-adjuvanted seasonal influenza vaccine, Hum Vaccin Immunother 11 

(8) (2015) 2102–2112. 
[60] A. Poder, et al., An observer-blind, randomized, multi-center trial assessing long-term safety and immunogenicity of AS03-adjuvanted or unadjuvanted H1N1/ 

2009 influenza vaccines in children 10-17 years of age, Vaccine 32 (9) (2014) 1121–1129. 
[61] D.T. O’Hagan, et al., "World in motion" - emulsion adjuvants rising to meet the pandemic challenges, NPJ Vaccines 6 (1) (2021) 158. 
[62] J.A. Stoute, et al., A preliminary evaluation of a recombinant circumsporozoite protein vaccine against Plasmodium falciparum malaria. RTS,S Malaria Vaccine 

Evaluation Group, N. Engl. J. Med. 336 (2) (1997) 86–91. 
[63] J. Díez-Domingo, et al., Immunogenicity and Safety of H5N1 A/Vietnam/1194/2004 (Clade 1) AS03-adjuvanted prepandemic candidate influenza vaccines in 

children aged 3 to 9 years: a phase ii, randomized, open, controlled study, Pediatr. Infect. Dis. J. 29 (6) (2010) e35–e46. 
[64] P. Izurieta, et al., Assessment of prime-boost vaccination using an AS03B-adjuvanted influenza A (H5N1) vaccine: a randomized trial in children of three to less 

than eighteen years of age, Pediatr. Infect. Dis. J. 35 (2) (2016) e35–e47. 
[65] L.A. Jackson, et al., Effect of varying doses of a monovalent H7N9 influenza vaccine with and without AS03 and MF59 adjuvants on immune response: a 

randomized clinical trial, JAMA 314 (3) (2015) 237–246. 
[66] J. Stowe, et al., Risk of narcolepsy after AS03 adjuvanted pandemic A/H1N1 2009 influenza vaccine in adults: a case-coverage study in england, Sleep 39 (5) 

(2016) 1051–1057. 
[67] Medicago, Medicago and GSK Announce the Approval by Health Canada of COVIFENZ®, an Adjuvanted Plant-Based COVID-19 Vaccine, 2022. https://www. 

newswire.ca/news-releases/medicago-and-gsk-announce-the-approval-by-health-canada-of-covifenz-r-an-adjuvanted-plant-based-covid-19-vaccine- 
816297237.html. 

[68] K.J. Hager, et al., Efficacy and safety of a recombinant plant-based adjuvanted covid-19 vaccine, N. Engl. J. Med. 386 (22) (2022) 2084–2096. 
[69] B.J. Ward, et al., Phase 1 randomized trial of a plant-derived virus-like particle vaccine for COVID-19, Nat Med 27 (6) (2021) 1071–1078. 
[70] S.P. Philipe Gobeil, Iohann Boulay, et al., Phase 2 Randomized Trial of an AS03 Adjuvanted Plant-Based Virus-like Particle Vaccine for Covid-19 in Healthy 

Adults, Older Adults and Adults with Comorbidities, medRxiv, 2021, 05.14.21257248. 
[71] A. Crucitti, T.F. Tsai, Explorations of clinical trials and pharmacovigilance databases of MF59®-adjuvanted influenza vaccines for associated cases of 

narcolepsy: a six-month update, Scand. J. Infect. Dis. 43 (11–12) (2011) 993. 
[72] L. Cosmi, et al., Th17 and non-classic Th1 cells in chronic inflammatory disorders: two sides of the same coin, Int. Arch. Allergy Immunol. 164 (3) (2014) 

171–177. 
[73] M.F. Klucker, et al., AF03, an alternative squalene emulsion-based vaccine adjuvant prepared by a phase inversion temperature method, J Pharm Sci 101 (12) 

(2012) 4490–4500. 
[74] K.S.a.H. Arai, The correlation between phase invemion temperature in emulsion and cloud point in solution of nonionic emulsifier, Adv. Colloid Interface Sci. 

108–109 (1964) 303–318. 
[75] K. Levie, et al., An adjuvanted, low-dose, pandemic influenza A (H5N1) vaccine candidate is safe, immunogenic, and induces cross-reactive immune responses 

in healthy adults, J. Infect. Dis. 198 (5) (2008) 642–649. 
[76] C. Ruat, et al., Vaccination of macaques with adjuvanted formalin-inactivated influenza A virus (H5N1) vaccines: protection against H5N1 challenge without 

disease enhancement, J. Virol. 82 (5) (2008) 2565–2569. 
[77] P.A. Goepfert, et al., Safety and immunogenicity of SARS-CoV-2 recombinant protein vaccine formulations in healthy adults: interim results of a randomised, 

placebo-controlled, phase 1-2, dose-ranging study, Lancet Infect. Dis. 21 (9) (2021) 1257–1270. 
[78] J. Haensler, et al., Design and preclinical characterization of a novel vaccine adjuvant formulation consisting of a synthetic TLR4 agonist in a thermoreversible 

squalene emulsion, Int J Pharm 486 (1–2) (2015) 99–111. 
[79] R.S. Rudicell, et al., Comparison of adjuvants to optimize influenza neutralizing antibody responses, Vaccine 37 (42) (2019) 6208–6220. 
[80] S.G. Reed, et al., Correlates of GLA family adjuvants’ activities, Semin. Immunol. 39 (2018) 22–29. 
[81] J.J. Treanor, et al., Evaluation of safety and immunogenicity of recombinant influenza hemagglutinin (H5/Indonesia/05/2005) formulated with and without a 

stable oil-in-water emulsion containing glucopyranosyl-lipid A (SE+GLA) adjuvant, Vaccine 31 (48) (2013) 5760–5765. 
[82] M.H. Kwok, Z. Li, T. Ngai, Controlling the synthesis and characterization of micrometer-sized PNIPAM microgels with tailored morphologies, Langmuir 29 (30) 

(2013) 9581–9591. 
[83] Runze Zhou, Liujie Zhang, Jiang, Pickering emulsion principle, material and application in pharmacy field, Chin. J. Pharm. 52 (4) (2021) 12. 
[84] J.W. Yufei Xia, Yiqun Du, Chunyu Miao, Zhiguo Su, Ma Guanghui, Bridging Systemic Immunity with Gastrointestinal Immune Responses via Oil-In-Polymer 

Capsules, 2018. 
[85] Y. Xia, et al., Exploiting the pliability and lateral mobility of Pickering emulsion for enhanced vaccination, Nat. Mater. 17 (2) (2018) 187–194. 
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