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   A vaccine adjuvant known as Adjuvant System 01 (AS01) consists of liposomes containing a mixture of natural congeners of monophosphoryl lipid A (MPL®) obtained from bacterial lipopolysaccharide, and a tree saponin known as QS21. Two vaccines containing AS01 as the adjuvant have been licensed, including a malaria vaccine (Mosquirix®) approved by World Health. Organization and European Medicines Agency for use in sub-Saharan Africa, and a shingles vaccine (Shingrix®) approved by the U.S. Food and Drug Administration. The success of the AS01 vaccine adjuvant has led to the development of another liposomal vaccine adjuvant, referred to as Army Liposome Formulation with QS21 (ALFQ). Like AS01, ALFQ consists of liposomes containing monophosphoryl lipid A (as a synthetic molecule known as 3D-PHAD®) and QS21 as adjuvant constituents, and the polar headgroups of the liposomes of AS01 and ALFQ are similar. We compare here AS01 with ALFQ with respect to their similar and different liposomal chemical structures and physical characteristics with a goal of projecting some of the likely mechanisms of safety, side effects, and mechanisms of adjuvanticity. We hypothesize that some of the side effects exhibited in humans after injection of liposome-based vaccines might be caused by free fatty acid and lysophospholipid released by enzymatic attack of liposomal phospholipid by phospholipase A2 at the injection site or systemically after injection.
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   1. Introduction.

 In 1986, scientists at the Walter Reed Army Institute of Research (WRAIR), together with collaborators, reported that liposomes containing lipid A derived from Gram-negative bacterial lipopolysaccharide (LPS) exhibited potent adjuvant activity for inducing antibodies to a human malaria sporozoite antigen; because of this it was proposed that liposomes containing lipid A might be developed as the adjuvant element of a malaria vaccine (1). Nine fundamental strategies and advantages of using liposomes as carriers of antigens and adjuvants for vaccines were summarized later by WRAIR scientists (2, 3).

  1.1. Adjuvant system 01.

 Commercial development of a liposomal malaria vaccine, known as RTS,S/AS01 (or Mosquirix®), was originally created as part of a collaboration initiated in 1984 between SmithKline Beecham (now known as GlaxoSmithKline, or GSK), and WRAIR (and other collaborators) to develop a vaccine to malaria (4). Inventive activity by GSK subsequently resulted in emergence of a novel liposomal vaccine adjuvant formulation known as AS01, which comprises liposomes containing both several congeners of monophosphoryl lipid A (MPLA) derived from bacterial lipopolysaccharide (MPL®) and a saponin fraction (QS21, also known as QS-21) extracted from the bark of the soap bark tree (Quillaja saponaria) (5–7). It should be noted that MPLA is used in this article as an abbreviation for “monophosphoryl lipid A”, but as described later, different chemical structures of MPLA compounds are known by trademarked terms, including MPL® (GSK) or 3D-PHAD® (Avanti Polar Lipids). The AS01 formulation is now an integral part of two approved vaccines, a malaria vaccine (Mosquirix®) approved by the European Medicines Agency and the World Health Organization, which is directed against Plasmodium falciparum malaria in sub-Saharan Africa (8–10), and a shingles vaccine (Shingrix®) licensed by the U.S. Food and Drug Administration for commercial use in the U.S., and which is also licensed in other countries. AS01 has also been used as the adjuvant in a phase 2b vaccine trial against tuberculosis (11).

 
  1.2. Army liposome formulation with QS21.

 During the period from 1986 until now, scientists at WRAIR continued to utilize liposomes containing MPLA, which were referred to as Walter Reed liposomes, but are now known as Army Liposome Formulation (ALF), as an adjuvant platform for different types of vaccines, including malaria, HIV-1, and several types of cancer [reviewed in (12)]. However, the emergence of the innovative and successful creation by GSK of AS01 as a commercial adjuvant platform for multiple vaccines led the WRAIR scientists to explore whether liposomes containing MPLA and QS21, but with bulk liposomal lipid compositions that differed from AS01, could lead to the creation of unique adjuvant formulations. It was reasoned that fundamental differences in ALF-type liposomal lipid composition compared to AS01 might enable the use of liposomes containing MPLA and QS21 by WRAIR as unique adjuvants for military vaccine development.

 In 2015, basic research on liposomal membrane structures revealed that dramatic differences in the visibility of membrane-associated cholesterol and MPLA, and even different sizes of liposomes containing both MPLA and QS21, could be achieved by changes in the composition of liposomal bulk phospholipids and cholesterol (13, 14) ( Figure 1 ).

  

 Figure 1 | Schematic illustration of the hypothetical process of formation of ALFQ. Liposomes (known as ALF55) containing DMPC, DMPG, 55 mol% cholesterol relative to the phospholipids, and MPLA, are mixed with soluble QS21 to form ALFQ. The triterpenoid region of QS21 approaches the surface of ALF55 (left oval with arrow) and then binds directly to cholesterol where it forms channels, and the flexible hydrocarbon region between fucose and arabinose (right oval with arrow) approaches and then becomes embedded in an unknown manner in the hydrophobic region of ALF55. Due to a subsequent fusion event, large (micron sized) unilamellar vesicles are formed by cannibalization of ALF55 nanoparticles. 

 

 The invention and patenting of Army Liposome Formulation with QS21 (ALFQ) (15) has enabled the testing of numerous different completed, ongoing, or projected human trials utilizing ALFQ as the vaccine adjuvant (16). Seven current ongoing or planned vaccine trials containing ALFQ as an adjuvant include two different vaccines to Plasmodium falciparum malaria (17–19), two different HIV-1 vaccines (20, 21), a vaccine to traveler’s diarrhea caused by Campylobacter jejuni (22), a vaccine to SARS-CoV-2 which targets multiple variants to prevent COVID-19 (23), and a phase 1 trial which is planned to test a universal influenza vaccine candidate utilizing unconjugated peptides as antigens (24).

 
 
  2. Discussion.

  2.1. Mechanisms of adjuvanticity.

 Among the many possible mechanisms of adjuvanticity that are common to AS01 and ALFQ, several proposed mechanisms stand out: first, binding of one or more of the ten sugars at the polar regions of the MPLA and QS21 molecules to any of numerous glycan-binding lectin receptors, such as C-type lectins, leading to cellular uptake and various types of intracellular activity (25–28); second, binding of the liposomal MPLA to toll-like receptor 4 (TLR4), possibly serving as a TLR4 agonist with activation of TLR4 on dendritic cells and other cells (29); third, high affinity binding of the triterpene ring of saponins, such as QS21, to cholesterol causes dramatic changes in the nanoarchitecture of liposomes or other particles containing cholesterol, including punching of permeability channels in the cholesterol region and causes creation of unusual shapes that might be viewed as danger (or damage) associated molecular patterns (DAMPs) (13, 14, 30–32); and fourth, QS21 and lipid A each is associated with complex intracellular immunomodulatory effects, including induction of inflammasomes and caspases (33, 34).

 With regard to the above theoretical mechanisms, it should be noted that although liposomal MPLA is known to have potent adjuvant activity, and exhibits considerable safety in humans (12, 16, 35–38), it might (or might not) serve as a TLR4 agonist as mentioned above. The precise role of the head-group of liposomal MPLA by itself, as opposed to the hydrophobic region of liposomal MPLA, as a TLR4 agonist is still under investigation (39). In addition, it is not clear how the entire liposomal lipid A molecule could interact directly with the TLR4-MD-2 receptor complex on a target cell because liposomal lipid A is firmly and deeply embedded in the liposomes, and interactions with the TLR4-MD-2 complex presumably would require complicated interactions with the entire lipid A molecule independently of the liposomal membrane (39–41). It has been further reported that intracellular bacterial lipopolysaccharide (which includes lipid A as the major active site) binds to an unknown intracellular receptor other than TLR4, leading to activation of noncanonical caspase-11 (42–44). As with binding and TLR4-MD-2 receptor activation by liposomal lipid A, the possible intracellular recognition of liposomal MPLA, which is deeply embedded in the liposomal membrane, by the intracellular MPLA receptor has not been investigated.

 With respect to the roles of the sugars in the hydrophilic polar region of QS21, there are seven different individual sugars (galactose, two of xylose, glucose, fucose, rhamnose, apiose, and arabinose), and these are individually located at eight different sites on the polar region of the QS21 portion of the framework of both AS01 and ALFQ; and MPLA contributes two additional polar sugars (in the form of a disaccharide consisting of glucosamine connected through a β(1–6) linkage to glucosamine-4’-phosphate). These ten carbohydrates constitute a sort of sugar lawn at the surfaces of AS01 or ALFQ particles, and the sugars thus might enable the binding and uptake of the liposomeembedded adjuvants and associated antigens by immune cells, such as macrophages, dendritic cells, and other cells that display sugar-specific mammalian lectins on their surfaces that recognize pathogens as foreign objects (45).

 
  2.2. Differences between the liposomes and liposomal adjuvants in AS01 and ALFQ.

 Despite the above similarities, the liposomes in AS01 and in ALFQ have dramatically different chemical compositions and physical properties; these differences involve important areas, namely, liposomal phospholipid composition and fatty acyl saturation, total and relative amounts of cholesterol content, and liposome size (16). The bulk phospholipid of AS01 liposomes consists of a net neutral zwitteronic unsaturated phospholipid, dioleoyl phosphatidylcholine (DOPC); in contrast, ALFQ contains two different phospholipids, both of which contain saturated fatty acyl groups: neutral zwitterionic dimyristoyl phosphatidylcholine (DMPC) and anionic dimyristoyl phosphatidylglycerol (DMPG). The cholesterol (CHOL) differences between AS01 and ALFQ depend in part on the injection volume of AS01 when compared to ALFQ, but the total CHOL content of ALFQ is at least >20-fold higher by weight when compared to AS01, and the mole percent ratios of liposomal CHOL to phospholipid are greatly different, 33.7% for AS01 and 55% for ALFQ (16). With respect to size, the median diameter of AS01 liposomal particles is uniformly approximately 100 nm (46). In contrast, addition of QS21 to nano-sized ALF55 liposomes containing 55% CHOL to form ALFQ results in a remarkable liposomal fusion event, leading to a polydisperse final size distribution of unilamellar liposomes ranging from approximately 50 nm to as large as 30,000 nm (14). The fate of AS01 particles after intramuscular injection in mice has been reported previously (47), and studies on the effects of particle size on tissue distribution of polydisperse ALFQ vs. AS01-like nanoparticles containing 3D-PHAD® instead of MPL® (32) are planned in animal models. Effects, if any, of the size of ALFQ on vaccine safety have not yet been directly determined, but results from the seven ongoing or planned clinical vaccine trials with ALFQ described earlier might provide some guidance in the future.

 Another notable difference between AS01 and ALFQ lies in the chemical structures of the MPLA adjuvants. MPL®, which is obtained by GSK by extraction of multiple congeners of MPLA from Salmonella minnesota R595 lipopolysaccharide, contains hexa-acylated, and penta-acylated MPLA (each of which can serve as a TLR4 agonist based on human monocyte model cell culture studies), and also tetra-acylated MPLAs (which can serve as a TLR4 antagonist in human model cell cultures) and tri-acylated MPLAs (which can serve as a TLR4 antagonist in human model cell culture) (48). In contrast, ALFQ contains 3D-PHAD® (from Avanti Polar Lipids), which is a pure penta-acylated synthetic lipid A (which can serve as a TLR4 agonist in human model cell culture) (47). Although the disaccharide polar headgroups are identical in MPL® and 3D-PHAD®, the above authors note that the presence of both TLR4 agonists and antagonists that exist in the hydrophobic regions of the multiple MPLA congeners in MPL® differentiate it from 3D-PHAD® (48). The later paper further suggested, based on human model cell culture studies, that differences in the hydrophobic regions of MPLA might explain differences of immunostimulatory or inflammatory activities of different forms of liposomal MPLA after intramuscular injection as vaccine adjuvants in humans.

 From all of this, it is clear that the physical and chemical characteristics of the hydrophobic regions of AS01 and ALFQ are quite different, with regard both to the bulk liposomal lipids and to the chemical structures of the hydrophobic regions of MPLA. Here we propose some ways in which differences in the liposomal phospholipid and cholesterol compositions might influence functional characteristics of AS01 and ALFQ as vaccine adjuvants.

 
  2.3. Potential differential susceptibility of AS01 and ALFQ to attack by phospholipase A.2 

 There are many different groups and types of phospholipase A2 (PLA2), including secreted PLA2, cytosolic PLA2, calcium-independent PLA2, lipoprotein-associated PLA2, lysosomal PLA2, and adipose PLA2. Despite the diversity, all types of PLA2 enzymatically remove the sn-2 fatty acyl chain of the phospholipid, resulting in generation of free fatty acid (FFA) and lysophospholipid (lysoPL) (49, 50). Among the many types of PLA2 described in mammalian tissues, some may cause release of saturated as well as unsaturated fatty acids. However, liposomes that contain unsaturated phospholipids (such as in AS01) have less tightly arranged fatty acyl chains than saturated chains (such as in ALFQ) because of kinks in the chains at the double bonds; these discontinuities diminish the ability to form strong van der Waals bonds which weaken exponentially with the distance between the chains (51). Liposomes having greater phospholipid fatty acyl fluidity due to unsaturated fatty acyl chains may have greater susceptibility to enzymatic attack by PLA2. However, addition of cholesterol in the liposomal bilayer can increase the stability of the liposomes and might harden the particles against PLA2 attack (52). As an example, inclusion of 35 mol% cholesterol in liposomes containing DMPC (the phospholipid in ALFQ), or with other similar saturated phospholipids, completely inhibited enzymatic attack by pancreatic PLA2 (53). In addition, liposomes containing cholesterol together with unsaturated plant phospholipids were more susceptible to tumor cell-associated PLA2 attack than were liposomes having saturated plant phospholipids, and liposomes containing purified FFA or lysoPL exhibited direct cytotoxic activities against cultured human tumor cells or normal cells (54–57). Lysophosphatidylcholine (LPC) is recognized as a DAMP (58), and interestingly, with macrophages from mice injected with LPS (TLR primed macrophages), but not with non-TLR primed macrophages, it was reported that LPC promoted inflammatory cytokines and cytotoxicity that were dependent on the release of extracellular ATP (another DAMP) from the cells (59).

 From a practical standpoint, one theoretical effect of using liposomes containing unsaturated phospholipids, such as in AS01, when compared to liposomes containing saturated DMPC phospholipids, such as in ALFQ, might be that AS01 is more susceptible to attack and degradation by certain types of PLA2 than ALFQ ( Figure 2 ). Injection of liposomes containing a substrate for attack by PLA2 might result in local cytotoxic effects due to local accumulation of FFA and lysoPL, and it seems likely that this could lead to local inflammatory reactions at the site of injections. Although, the actual existence and degree of such reactions, if they occur, can only be observed directly after human injection, but mitigation, if needed, could be considered with inhibitors of PLA2 (60).

  

 Figure 2 | Theoretical comparative vulnerabilities of AS01 and ALFQ to toxic effects of MPLA and to attack by PLA2. Unsaturated phospholipid fatty acids disrupt van der Waals interactions and cause greater fluidity of hydrophobic region of liposomes containing DOPC than those containing DMPC and DMPG. The endotoxic activity of MPLA resides exclusively in the hydrophobic region of the MPLA (16). Increased fluidity of DOPC liposomes in AS01 (box in AS01 image) could provide access to the toxic hydrophobic region of MPLA and to attack by PLA2 (oval with arrow in AS01 image). Tight binding of saturated phospholipid fatty acids (DMPC and DMPG) caused by strong van der Waals interactions in ALFQ (box in ALFQ image) might prevent exposure of the hydrophobic region of MPLA (oval with arrow in ALFQ image). 

 

 
  2.4. Effects of AS01 and ALFQ as constituents of human vaccines.

 Although AS01 has been utilized as an adjuvant constituent in numerous human clinical trials, it is most noted for achieving regulatory approval as a constituent in a shingles vaccine (Shingrix®) in adults, and a P. falciparum malaria vaccine (Mosquirix®) in infants. As previously mentioned, ALFQ is being tested as an adjuvant in seven phase 1 trials, but there are no direct studies underway to compare the potency of AS01 vs. ALFQ as an adjuvant constituent in a vaccine containing the same antigen. As noted earlier, although AS01 and ALFQ both comprised liposomes containing QS21 and different types of MPLA compounds as adjuvants, it has been suggested that a mixture of natural congeners serving either as TLR4 agonists or antagonists in MPL®, as opposed to synthetic PHAD® serving only as a TLR4 agonist, might reflect some differences of adjuvanticity and safety aspects of AS01 when compared to ALFQ (48). However, in view of the previously mentioned differences in the chemistry and structure of the bulk phospholipids of liposomes between AS01 and ALFQ, it seems reasonable also to speculate on the possibility of certain safety and reactogenicity aspects related to liposomal bilayer membrane fluidity and nanoarchitecture that might be observed in humans.

 
  2.5. Predicted side effects in humans after intramuscular injection of vaccines containing AS01 or ALFQ.

 As most of us know, intramuscular injection can sometimes be uncomfortable. Indeed, in one double-blinded study, among 1312 individuals aged 50-59 who were injected intramuscularly with a placebo consisting of 0.5 ml of saline, 14% experienced pain, 15% myalgia, 20% fatigue, 22% headache, 7% shivering, 3% fever, and 11% gastrointestinal symptoms within 1-7 days of the injection (61). However, certain individuals who are injected with a vaccine containing a recombinant protein antigen and AS01 as an adjuvant instead of saline alone, sometimes experience more discomfort. In the above double-blinded study, a separate parallel group of 1315 individuals among those in the same age range who were injected with a vaccine to shingles containing a recombinant protein and AS01 adjuvant (Shingrix®, GSK), 88% experienced pain, 57% myalgia, 57% fatigue, 51% headache, 36% shivering, 28% fever, and 24% gastrointestinal symptoms (61). After a phase 1 trial with another antigen (HBsAg) adjuvanted with AS01, increased reactogenicity also occurred when compared to placebo injection, especially after two vaccine injections, and it was concluded that “Adjuvants like AS01B increase the immunogenicity of vaccines and generally cause increased transient reactogenicity compared with Alum.” (62). In the latter study, it was further speculated that “…similar innate immune signals may underlie adjuvant reactogenicity and immunogenicity.” It occurs to us that it seems unlikely that strongly increased reactogenicity is necessarily required in order for a vaccine to display strongly increased potency. For example, in a phase 1 vaccine trial comparing seven different adjuvants, each vaccine utilizing a recombinant gp120 envelope antigen, alum-adsorbed ALF-type liposomes containing MPLA evoked no greater local or systemic toxicity than alum alone (37), but induced much stronger immune responses to the gp120 antigen than with alum alone (38).

 In the first-in-human trial utilizing ALFQ as an adjuvant (FMP013/ALFQ) in ten adult subjects, the antigen consisted of a soluble circumsporozoite recombinant malaria protein that was adjuvanted with ALFQ (17, 18). Two different vaccine doses were used: five subjects were given a low injection dose of 0.5 ml having 20 µg of antigen and ALFQ containing 100 µg of MPLA and 50 µg of QS21; and five subjects were given a higher injection dose of 1.0 ml with 40 µg of antigen, 200 µg of MPLA, and 100 µg of QS21. The low dose side effects were quite mild: the most severe effect was moderate redness at injection site and headache in one individual at one visit. The high dose was slightly more reactogenic, but all observed events were graded mild or moderate and there were no severe adverse events. The RTS,S recombinant protein antigen in the Mosquirix® (GSK) malaria vaccine also contains circumsporozoite repeat sequence epitopes that were present in the FMP013/ALFQ vaccine, and it was further concluded in the FMP013/ALFQ study: “Both groups [low and high dose] exhibited robust humoral and cellular immunological responses, and compared favorably with historical responses reported for RTS,S/AS01” (17). In other words, the FMP013/ALFQ vaccine might have immunogenicity against malaria that is similar or greater than that exhibited by RTS,S/AS01 malaria vaccine in clinical studies in adults.

 It should be noted that when AS01 is used for the shingles vaccine (Shingrix®), a single 0.5 ml dose contains 50 µg of MPLA and 50 µg of QS21. However, because of the low degree of reactogenicity of ALFQ found in the FMP013/ALFQ study, higher levels of MPLA (200 µg) and QS21 (100 µg) are currently being employed for certain other vaccines, and we anticipate that this higher dose of adjuvant might enable higher immunogenicity of the vaccine without causing increased side effects.

 In summary, based on the above physical and chemical similarities and differences between the liposomes, we conclude that AS01 and ALFQ probably have similar adjuvant potency. However, we also hypothesize that ALFQ liposomes are more rigid due to stronger van der Waals forces between the fatty acyl chains in the hydrophobic region of the lipid bilayer, and are thus less permeable than AS01 liposomes. With ALFQ this might restrict access to the phospholipid fatty acyl chains by PLA2, leading to decreased release of toxic FFA and lysoPL; and it also might result in less visibility of fatty acyl chains that might promote toxic inflammatory activity in ALFQ. Overall, we predict that the initial low reactogenicity observed with the FMP013/ALFQ vaccine will also be observed with other future vaccines containing ALFQ.
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