

[image: The recent advances in vaccine adjuvants]
The recent advances in vaccine adjuvants





REVIEW

published: 13 May 2025

doi: 10.3389/fimmu.2025.1557415

[image: image2]


The recent advances in vaccine adjuvants


Jiayin Xing †, Xiangxiang Zhao †, Xiaotian Li, Ren Fang, Mingrui Sun, Yang Zhang and Ningning Song *


Weifang Key Laboratory of Respiratory Tract Pathogens and Drug Therapy, School of Life Science and Technology, Shandong Second Medical University, Weifang, China




Edited by: 

Daniela Hozbor, Institute of Biotechnology and Molecular Biology (IBBM), Argentina

Reviewed by: 

Salvador Iborra, Inmunotek SL, Spain

Soumik Barman, Boston Children’s Hospital and Harvard Medical School, United States

*Correspondence: 

Ningning Song
 songningning@sdsmu.edu.cn

†These authors share first authorship


Received: 08 January 2025

Accepted: 23 April 2025

Published: 13 May 2025

Citation:
Xing J, Zhao X, Li X, Fang R, Sun M, Zhang Y and Song N (2025) The recent advances in vaccine adjuvants. Front. Immunol. 16:1557415. doi: 10.3389/fimmu.2025.1557415



Vaccine adjuvants, as key components in enhancing vaccine immunogenicity, play a vital role in modern vaccinology. This review systematically examines the historical evolution and mechanisms of vaccine adjuvants, with particular emphasis on innovative advancements in aluminum-based adjuvants, emulsion-based adjuvants, and nucleic acid adjuvants (e.g., CpG oligonucleotides). Specifically, aluminum adjuvants enhance immune responses through particle formation/antigen adsorption, inflammatory cascade activation, and T-cell stimulation. Emulsion adjuvants amplify immunogenicity via antigen depot effects and localized inflammation, while nucleic acid adjuvants like CpG oligonucleotides directly activate B cells and dendritic cells to promote Th1-type immune responses and memory T-cell generation. The article further explores the prospective applications of these novel adjuvants in combating emerging pathogens (including influenza and SARS-CoV-2), particularly highlighting their significance in improving vaccine potency and durability. Moreover, this review underscores the critical importance of adjuvant development in next-generation vaccine design and provides theoretical foundations for creating safer, effective adjuvant.
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1 Introduction

The application of vaccines has significantly reduced the incidence and mortality rates of infectious diseases, highlighting their profound impact on public health. However, traditional vaccines have limitations in their protective efficacy against specific diseases, such as weak immunogenicity and challenges in eliciting robust immune responses, particularly in vaccines for influenza and Human papillomavirus (HPV) (1, 2). The currently approved acellular pertussis vaccines primarily provide protection by inducing antibody responses, but they weakly stimulate cellular immunity and Th1 responses. Furthermore, although the aP vaccine generates a strong antibody response initially, antibody levels decrease over time, leading to a gradual weakening of immune memory (3). To break above these limitations, adjuvants have been developed to enhance the immunogenic effects of vaccines. Effective adjuvants enable to improve vaccine efficacy via several mechanisms: eliciting specific immune responses, prolonging their duration, increasing the avidity and affinity of antibodies produced, stimulating cytotoxic T lymphocyte (CTL) responses, increasing response rates in individuals with lower responsiveness, and benefiting immunocompromised patients (4). Therefore, adjuvants adding into vaccines can stimulate the immune system to enhance the intensity and duration of the immune response (5), thereby broadening the application scope of vaccines.

Since 1920s, it has been discovered that aluminum adjuvants could significantly enhance the immune response to diphtheria and tetanus toxoids, marking a pivotal milestone in vaccine development (6) (Figure 1). For decades, aluminum adjuvants act as sole adjuvants by slowly releasing antigen from immune sites. However, their effectiveness is limited by lack of diversity and specificity (13). To meet the requirements for various vaccines, some novel adjuvants are developed to apply in approved human vaccines, such as MF59, AS01, AS03, AS04, and CpG 1018 (14) (Table 1). The introduction of these new adjuvants has broken the singular paradigm of using aluminum adjuvants as the sole adjuvant, significantly expanding and improving the types and functions of vaccines. Although limited adjuvants are approved for human, their development greatly promote the discover of new functional vaccines (20).




Figure 1 | Timeline of major events in the research history of vaccine adjuvants. Since the first use of aluminum salt adjuvants in diphtheria vaccines in 1926, adjuvant technology has gradually evolved (7). In 1940, the invention of Freund’s adjuvant provided a new direction for enhancing immune responses in vaccines (7). In 1956, the discovery of the adjuvant activity of lipopolysaccharide (LPS) endotoxins further expanded the range of available adjuvants. In 1997, the application of the MF59 adjuvant in the Fluad influenza vaccine marked the significant role of adjuvants in influenza prevention and treatment (7). In 2005, the AS04 adjuvant was first used in HBV and HPV vaccines (Fendrix and Cervarix) (8). In 2009, the AS03 adjuvant was used in the pandemic influenza vaccine Pandemrix (9). In 2017, the CpG-1018 and AS01 adjuvants were applied to the HBV vaccine (Heplisav-B) and malaria and shingles vaccines (Mosquirix and Shingrix), respectively (10, 11). In 2020, Pfizer’s BNT162b2 vaccine (Comirnaty) and Moderna’s mRNA-1273 vaccine (Spikevax) were approved, making a significant contribution to the fight against COVID-19. In 2021, the world’s first malaria vaccine RTS,S/AS01 began large-scale use, further proving the role of adjuvants in enhancing vaccine efficacy (12). This timeline illustrates the continuous innovation and breakthroughs of adjuvants in the field of vaccines.




Table 1 | Classification of adjuvants.



Vaccine adjuvants come in a wide variety, which can be classified based on criteria such as physicochemical properties, source, type, and mechanism of action, highlighting their importance in vaccine development (21). Based on their action mechanisms, the function of adjuvants can be categorized into delivery systems and immunostimulants (22). The adjuvants act as a delivery system that loads antigens and enhances the uptake and presentation of these antigens by antigen-presenting cells (APCs), primarily functioning to facilitate antigen presentation. The antigen presentation process involves the recognition, uptake, and internalization of antigens by APCs, followed by loading and presenting the antigens on the APC surface via major histocompatibility complex (MHC) molecules (23). The adjuvants act as immunostimulants to promote the maturation and activation of APCs by targeting specific receptors on these cells, thereby enhancing immune responses. Immunostimulants act as pathogen-associated molecular patterns (PAMPs), damage-associated molecular patterns (DAMPs), or their mimics, interacting with pattern recognition receptors (PRRs) on APCs to trigger innate immune responses and lead to APC activation and maturation (7). Mature APCs reduce the phagocytic activity toward antigens and enhance their ability to present antigens, provide co-stimulatory signals, and express cytokines, thereby initiating and amplifying adaptive immune responses (24).

This review categorized adjuvants based on their mechanisms of action, and summarized the distinct mechanisms and immunological characteristics of delivery systems, immunostimulants, and their combinations with classic adjuvants. We also discussed potential future directions for adjuvant development, including innovations in formulation and applications for emerging infectious diseases. This review aimed to provide valuable insights for further investigating the mechanisms of adjuvants and novel adjuvants for enhanced vaccine efficacy.




2 Delivery systems

The adjuvant delivery system significantly enhances vaccine immunogenicity by optimizing the efficient delivery of antigens, boosting immune cell activation, controlling antigen release rate, and prolonging the duration of immune responses. Adjuvant delivery platforms have become crucial immune-enhancing strategies in vaccine development, such as aluminum adjuvants, emulsions (e.g., MF59, AS03), and particles (e.g., virus-like particles, virosomes), serving as important tools to enhance immunogenicity.



2.1 Aluminum adjuvants

Aluminum adjuvants generally refer to a mixture of compounds such as aluminum hydroxide (Al(OH)3) and aluminum phosphate (AlPO4), which serve as adjuvants to enhance vaccine efficacy (25). As the most widely used adjuvants in human vaccines, they have been clinically approved (8). In the current clinical trial landscape, vaccines formulated with aluminum adjuvants are being utilized for protection against numerous infectious diseases including COVID-19, and pertussis (15). Aluminum adjuvants and antigens form the complexes through their interaction, thereby facilitating the delivery of antigens to APCs for enhancing uptake.

The action mechanism of aluminum adjuvant is as follows: 1) they directly bind to lipids on the membranes of dendritic cells (DCs), which enhances their ability to present antigens. 2) they form particles through adsorption with soluble antigens, promoting the phagocytic uptake of these antigens by APCs, thereby strengthening the immune response (26, 27). The phagocytosed alum-antigen complexes trigger the release of cathepsin B from lysosomes into the cytoplasm, activating the caspase-1-related NLRP3 inflammasome (28). Subsequently, caspase-1 catalyzes the production of pro-inflammatory cytokines, such as IL-1β, IL-18, and IL-33, which play crucial roles in mediating immune responses (20). Aluminum adjuvants activate several key signaling pathways through its interaction with DCs, including the phosphoinositide 3-kinase pathway and the calcineurin-nuclear factor of activated T cells (NFAT) pathway, which depend on spleen tyrosine kinase (Syk) activity (29, 30) (Figure 2). 3) As immunostimulants, they can induce the production of DAMPs, which activate PRRs in the innate immune pathway, leading to the secretion of cytokines such as IL-1β and the initiation of a Th2 immune response (7). Aluminum adjuvants promote humoral immunity by inducing a Th2 immune response, characterized by increased levels of IgG1, IgE, IL-4, IL-5, and eosinophils, which are crucial for effective antibody-mediated protection (32, 33). Therefore, aluminum adjuvants effectively facilitate the generation of high-titer and long-lasting antibody responses, contributing to its overall effectiveness in vaccines.




Figure 2 | The action mechanism of aluminum adjuvants. Aluminum adjuvants form microparticles by adsorbing soluble antigens, which promotes the phagocytosis of these antigens by APCs. The phagocytosed aluminum-adjuvant-antigen complexes indirectly promote the production of reactive oxygen species (ROS) (13), activate the release of cathepsin B in the lysosome, triggering the activation of the NLRP3 inflammasome and stimulating the production of IL-1β and IL-18, which play a role in regulating immune responses. At the same time, aluminum adjuvants stimulate the activation and differentiation of CD4+ T cells, increasing the levels of IgG1 and IgE. These cytokines and immune factors are essential for effective antibody-mediated immune protection. Additionally, dendritic cells can recruit and deposit antigen-adjuvant-antibody complexes through the CD35 receptor (31), further enhancing receptor signaling on both B cells and dendritic cells, thereby promoting immune effector functions.



However, aluminum adjuvants have limitations in effectively inducing robust cellular immune responses and may lead to adverse reactions such as erythema and allergic responses, primarily due to its low immunogenicity and irritability. Therefore, improving the formulation of aluminum adjuvants or developing them as nano-alum adjuvants could enhance their immunogenic effects and address current limitations, potentially leading to more effective vaccines (34, 35).




2.2 Emulsion

Emulsions, which are mixtures of two or more liquid phases, have a long history of use as vaccine adjuvants to enhance the immune response to antigens (4). These emulsions are two-phase systems that require surfactants to stabilize the oil-in-water composition. They can be categorized into several types, including water-in-oil (W/O), oil-in-water (O/W), and multiple emulsions (36).



2.2.1 Water-in-oil adjuvant: Freund’s adjuvant

Freund’s adjuvant is a stable water-in-oil emulsion made from paraffin oil and lanolin. Complete Freund’s Adjuvant (CFA) contains inactivated and dried Mycobacterium tuberculosis, while incomplete Freund’s adjuvant (IFA) does not (37). Both forms play a crucial role in enhancing immunogenicity (4). CFA acts as an adjuvant by prolonging the lifespan of the injected antigen and facilitating its effective delivery to the immune system (38). However, reports suggest that CFA can induce toxic effects, such as lesions at the injection site, granulomas, and inflammation (4). IFA functions as an adjuvant by forming an oily depot for the antigen, which allows for its continuous release at the injection site. This mechanism not only extends the antigen’s lifespan but also triggers a strong local immune response, including phagocytosis, leukocyte recruitment, infiltration, and cytokine production. Despite its effectiveness, the widespread use of IFA in vaccines is limited due to significant side effects, primarily caused by the toxicity of non-biodegradable oils of poor quality. A 2005 World Health Organization survey showed that among approximately 1 million people vaccinated with IFA-containing vaccines, 40,000 experienced severe side effects, such as aseptic abscesses (22).




2.2.2 Oil-in-water adjuvant: MF59, AS03



2.2.2.1 MF59

MF59 is an oil-in-water emulsion primarily composed of 4.3% squalene, 0.5% Polysorbate 80 (Tween 80), and 0.5% Sorbitan trioleate (Span 85) (39). MF59 emulsion has dual functions of antigen delivery and immune stimulation. When used as an emulsion delivery system, MF59 slowly releasing antigens in the lymph nodes, which enhances the efficiency of antigen presentation. Meanwhile, it also reduces direct contact between antigens and the immune system, thereby improving the immune response (37, 40). This slow-release effect allows more antigen signals to be presented on the surface of APCs, leading to a stronger specific immune response (Figure 3). Additionally, MF59 acts as an immune stimulant that activates the immune system to enhance the immune response through various mechanisms. MF59 targets specific PRRs and induces the production of endogenous danger signals, thereby activating innate immune cells (41). The use of MF59 in muscle activates innate immune cells, such as macrophages and DCs, promoting the production of various chemokines, including CCL2, CCL4, CCL5, and CXCL8 (42, 43), which play crucial roles in recruiting additional innate immune cells to the injection site. These chemokines attract more innate immune cells to the injection site, thereby enhancing the local immune response. Additionally, they promote the migration of these cells to draining lymph nodes, activating B cells and T cells. However, MF59 does not engage NLRP3, but instead requires MyD88 to enhance bactericidal antibody-based responses (44). MF59 does not activate TLR-dependent signaling pathways in DCs in vitro; therefore, its immune-enhancing effects may rely on MyD88-mediated. In short, vaccination with MF59 adjuvant leads to mixed Th1/Th2 biased cellular response in vivo (45). Currently, MF59 is widely used in various human vaccines, demonstrating good safety and efficacy in practical applications, such as influenza and pandemic vaccines (46).




Figure 3 | The action mechanism of emulsion adjuvants. The adjuvant-antigen complex is taken up and processed by APCs, where it is recognized by MHC II molecules and presented to CD4+ T cells, initiating a specific immune response. Activated Th1 cells promote the activation of macrophages and NK cells, thereby enhancing cell-mediated immunity. Meanwhile, Th2 cells promote the differentiation of B cells into plasma cells and memory B cells, boosting antibody production and enhancing humoral immunity. Furthermore, adjuvants activate signaling pathways such as NF-κB, stimulating APCs to secrete chemokines, which attract additional immune cells (e.g., monocytes and DCs) to the site of local immune responses, further strengthening the intensity and persistence of the immune reaction.






2.2.2.2 AS03

AS03 is an oil-in-water emulsion adjuvant composed of the surfactant polysorbate 80, squalene and DL-α-tocopherol (47). Similar to MF59, AS03 also possesses a dual mechanism of action. Firstly, it acts as an antigen delivery system, enhancing the presentation of antigen signals on the surface of APCs through a slow-release mechanism. Secondly, AS03 exhibits immunostimulatory effects by activating the NLRP3 pathway (independently of ASC activation) and the TLR pathway (independently of MyD88 activation) (7). The α-tocopherol in AS03, as an immunostimulant, exerts its immunomodulatory effects by enhancing the secretion of chemokines and cytokines such as CCL2, CCL3, IL-6, and CXCL1, promoting antigen uptake by APCs, and increasing the recruitment of granulocytes to the draining lymph nodes (48). AS03 generally induces Th2-biased immune responses and weakly affects Th1 responses (45). AS03 was licensed by the EU during the 2009 H1N1 pandemic for use in the flu vaccine (Pandemrix™, GSK) and received FDA approval in 2013 for the H5N1 avian flu vaccine, demonstrating excellent safety, immunogenicity, and immune responsiveness (49). AS03 is primarily utilized in various influenza vaccines, significantly enhancing antibody levels and prolonging their persistence by bolstering the immune response mechanisms (50).






2.3 Particles



2.3.1 Virus-like particles

Virus-like particles (VLPs) are nanoscale polymer particles with a regular shape (51), formed by the self-assembly of viral capsid proteins. As delivery systems, advantages of VLPs include specific targeted and effective host-cell penetration, biocompatibility, and degradability (52). The diameter of VLPs typically ranges from 10 to 200 nm, enabling them to efficiently enter lymphatic vessels and target lymph nodes for uptake by specific cells (53). VLPs can induce the activation and proliferation of B cells, promoting class switch recombination (the process of changing antibody isotype) and somatic hypermutation (the enhancement of antibody affinity) (54). Additionally, VLPs can bind to and activate DCs, which capture them and trigger T cell immune responses (55). They can also increase CD8+ T cell activity and induced antibody responses (51). Therefore, VLPs can induce a broad range of humoral immunity (such as the production of neutralizing antibodies) and cellular immunity (including the activation of specific CD4+ T helper cells (Th) and cytotoxic CD8+ T cells), working together to enhance overall immune protection (56). Moreover, due to their highly ordered and repetitive spatial structure, they can show multivalent antigenic epitopes on their surface, thereby effectively cross-link B cell receptors (BCRs) and inducing a robust humoral immune response even in the absence of Th (19, 57). For example, the constructed porcine epidemic diarrhea virus-like particle (PED-VLP) could induce high levels of IgA and IgG and further elicited immune response skewing towards a Th2 type after immunization in mice (58).




2.3.2 Virosomes

Virosomes are a vaccine platform that closely resembles the structure of natural viruses, composed of envelope proteins derived from recombinant influenza viruses, which assemble into VLPs. These VLPs do not contain viral genetic material, yet their envelopes include hemagglutinin (HA), neuraminidase (NA), and phospholipids (such as phosphatidylethanolamine and phosphatidylcholine), effectively mimicking the appearance and structure of natural viruses (22). As an effective antigen delivery system, virosomes can induce strong humoral and cellular immunity, comparable to natural infection and other potent adjuvants (59). It can also efficiently transfer antigens into the cytosol of APCs, thereby facilitating antigen processing and presentation, which in turn induces a CTL immune response (60).

The significant advantage of virosomes delivery systems lies in their ability to effectively adsorb antigens onto both the surface and internal spaces of the virosomes through hydrophobic interactions, which enhance stability. These hydrophobic interactions improve the binding stability of the antigens to the virosomes, thereby significantly enhancing the immune response. Moreover, during vaccine preparation, virosomes offer greater advantages over VLPs due to their structural flexibility and ability to effectively deliver and present antigens. This is because the protein structural characteristics of VLPs impose limitations on their mobility and self-assembly, while the more flexible structure of virosomes allows for more effective participation in antigen delivery and presentation. Furthermore, the adsorption of antigens onto the fluid phospholipid bilayer surface of virosomes can enhance the interaction between antigens and host cell receptors, promoting immune activation. The fluidity and structural characteristics of the phospholipid bilayer facilitate more effective binding of antigens to receptors, thereby promoting antigen delivery and immune activation. The FDA has approved viral particles as nanocarriers for human use, primarily due to their demonstrated high tolerability and safety in multiple studies, including applications in vaccine and therapeutic development (61–63). These approvals encompass the development of vaccines and therapeutic agents, indicating that virosomes hold significant promise for a wide range of clinical applications.





2.4 Mannan-based adjuvants

Mannan-based adjuvants are polysaccharide compounds composed of linearly linked mannose residues (e.g., β-(1→4) or β-(1→2) configurations) derived from natural sources such as fungi, yeast, and bacterial cell walls (64, 65). These adjuvants exert immunomodulatory effects by binding to C-type lectin receptors (e.g., mannose receptor and DC-SIGN) on antigen-presenting cells, promoting dendritic cell maturation and skewing immune responses toward tolerance or Th1/regulatory T cell (Treg) differentiation (66, 67). Preclinical studies demonstrate that mannan-allergoid conjugates enhance antigen uptake by monocytes and dendritic cells, drive IgG2a/IgG4 antibody production, and suppress IgE-mediated hypersensitivity in murine models (68). Clinically, subcutaneous or sublingual administration of mannan-conjugated allergoids significantly improved allergic symptom scores, reduced medication use, and induced allergen-specific IgG4 antibodies in phase II/III trials (69). Recent innovations include covalent linkage of mannan derivatives (e.g., oxidized mannan) to antigens for targeted delivery, as exemplified in vaccines against Leishmania and Candida albicans, where they enhance both humoral and cellular immunity (70). The capacities of mannan-based adjuvants to modulate adaptive immunity favorable safety them as promising candidates for next-generation allergen-specific immunotherapy and infectious disease vaccines (68).





3 Immunostimulants

Immunostimulants are a class of important danger signal molecules that promote the maturation and activation of APCs by specifically targeting receptors on these cells. Different types of immunostimulants signal through various PRRs, triggering the secretion of different cytokines. These cytokines play a crucial role in adaptive immune responses, determining the nature and intensity of the immune reaction. Based on their ligand recognition and structural characteristics, PRRs can be classified into several major groups: TLRs, C-type lectin receptors, nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), and absent in melanoma-2 (AIM2)-like receptors (ALRs) (6, 71). Among these, TLRs are the most extensively studied and well-characterized PRRs. Compared to other PRRs, TLRs exhibit a broader ligand recognition spectrum. TLR1, TLR2, TLR5, and TLR6 are expressed on the cell surface and recognize external pathogens, while TLR3, TLR7, TLR8, and TLR9 are expressed in endosomes, primarily recognizing viruses and endogenous pathogens (7). TLR4 is expressed both on the cell surface and in endosomes (26). (Figure 4).




Figure 4 | The immune activation mechanisms by TLR agonists. TLR2 can form heterodimers with TLR1 or TLR6 (TLR1/2 or TLR2/6), recognizing lipopeptides and lipoteichoic acid, among other ligands. Upon activation, TLR2 recruits the adaptor protein MyD88, initiating downstream signaling pathways, including NF-κB and the MAPK family (ERK, JNK, p38), which leads to the induction of IL-12 and IL-10 expression (72, 73). TLR4 recognizes LPS and forms the TLR4/MD2/LPS complex with the bridging protein myeloid differentiation factor 2 (MD2). It activates the MyD88-dependent pathway, which in turn activates JNK, ERK1/2, p38, and the transcription factor NF-κB, inducing the expression of IL-1β and IL-12. Additionally, TLR4 also signals through the TRIF-dependent pathway, activating interferon regulatory factor 3 (IRF3) to promote the production of type I interferons (74, 75). TLR5 activates upon recognizing flagellin and similarly induces inflammation via the MyD88-dependent pathway (76). TLR7/8 and TLR9, located in endosomes, recognize ssRNA and CpG DNA, respectively. Through their TIR domains, they recruit MyD88, activating the NF-κB and MAPK (such as JNK and p38) pathways, leading to the expression of pro-inflammatory cytokines (such as IL-1β and IL-12). Moreover, TLR7/8 and TLR9 also activate interferon regulatory factor 7 (IRF7) through TRAF3, promoting the production of type I interferons (77–79). TLR3 recognizes dsRNA and signals through TRIF, recruiting IRF3 to induce the production of type I interferons. These TLRs play important roles in immune responses through their specific signaling pathways (80).





3.1 TLR3 Agonists

Toll-like receptor 3 (TLR3) is an endosomal receptor that detects viral dsRNA (81). Poly(I:C), a synthetic double-stranded RNA, mimics the characteristics of viral RNA and activates TLR3, thereby initiating an immune response (82). The interaction between TLR3 and Poly(I:C) promotes the production of type I interferons (IFNs), which are crucial for effectively activating conventional dendritic cells (cDCs) and further stimulating CD8+ T cell responses (83, 84). Type I IFNs enhance the antigen-presenting capabilities of dendritic cells, thereby boosting the activation and functionality of CD8+ T cells. Poly(I:C) either activate RIG-I and melanoma differentiation-associated protein 5 (MDA5), both of which recognize double-stranded RNA and initiate a series of immune responses, including the production of interferons and the release of cytokines. Therefore, the immunostimulatory effects of Poly(I:C) are not only attributed to the activation of TLR3 but also involve the collaborative actions of multiple receptors, including RIG-I and MDA5, which enhance the overall immune response (81, 85).

In addition to Poly(I:C), other TLR3 agonists include Poly(I:C12 U) (Ampligen, Rintatolimod), Poly(ICLC) (Hiltonol), and PIKA, each with unique properties and applications. Poly(I:C12 U) reduces the toxicity of Poly(I:C) by introducing mismatches between uridine and guanosine residues, which is important for enhancing safety in clinical applications (86, 87). Poly(I:C12 U) has been explored in early clinical studies as an adjuvant for influenza vaccines, anti-HIV therapeutics, and cancer vaccines, highlighting its potential across various applications (88, 89).

Poly(ICLC) is a complex formed from carboxymethylcellulose and poly-L-lysine, with similar structure to Poly(I:C), and effectively stimulates IFN production (90) while exhibiting high resistance to serum nucleases, ensuring stability and a sustained immune response in vivo. It can also induce the expression of genes related to innate immune pathways, including inflammasomes and the complement system, mimicking the immune responses elicited by live viral vaccines (91). The evidence supports that Poly(ICLC) has the potential to enhance immune responses as a vaccine adjuvant in various infectious diseases, including malignant malaria, HIV, and cancer (92–94). Additionally, when administered intranasally in combination with chimeric antibodies containing HIV-p24 protein, it effectively induces gastrointestinal immune responses, enhancing protection against HIV (95).




3.2 TLR4 Agonists

Toll-like receptor 4 (TLR4) is a key component of the innate immune system responsible for the recognition of pathogens. It activates immune responses upon binding to monophosphoryl lipid A (MPL), a low-toxicity derivative of lipopolysaccharide (LPS) obtained by dephosphorylation of LPS from Gram-negative bacteria, such as Salmonella R595. The toxicity of MPL is approximately 0.1% of that of native LPS (96). MPL preferentially activates the TRIF signaling pathway that triggers different cytokine production when compared to LPS that activates MyD88 and produces high amounts of TNFα (97). Specifically, MPL induces the production of interleukin-12p40 (IL-12p40), CXCL10 and TNF, which are crucial for promoting Th1 immune responses and enhancing the immune reaction against pathogens (98). A subcutaneous four-injection immunotherapy for allergic rhinitis (Pollinex Quattro), comprising specific allergoids and MPL, has demonstrated clinical efficacy and good tolerability in children (99). In addition to their use in licensed vaccines against HPV, HBV, malaria, and herpes zoster, MPL-containing adjuvants have been employed in clinically investigated vaccines for tuberculosis, Clostridium difficile, HIV, herpes simplex virus, Norwalk virus, and respiratory syncytial virus (RSV) (6, 31, 100).




3.3 TLR5 Agonists

Toll-like receptor 5 (TLR5) is a receptor that recognizes bacterial flagellin, primarily expressed in immune cells such as macrophages, dendritic cells, and epithelial cells, playing a crucial role in initiating immune responses. Upon binding with its ligand, TLR5 activates downstream inflammatory signaling pathways, leading to the release of various inflammatory mediators, including TNF-α, IL-1β, IL-6, and nitric oxide (26). The binding of flagellin to NAIP5 triggers the interaction of NAIP5 with NLRC4, leading to the activation of NLRC4. Upon detecting flagellin, NAIP5 and NLRC4 form a heterooligomeric inflammasome, which subsequently activates caspase-1. The activated caspase-1 then mediates the proteolytic processing of pro-IL-1β and pro-IL-18 (101). Even in populations with impaired immune function, such as HIV-positive individuals, flagellin maintains its effective adjuvant properties (102). Research indicates that flagellin can fuse with target antigens, allowing for co-delivery to the same APCs, enhancing vaccine efficacy. Influenza vaccines made from flagellin-hemagglutinin fusion proteins (such as VAX 128 and VAX 125) and flagellin-matrix proteins (like VAX 102) have completed preliminary clinical trials (6). Currently, at least three vaccines using flagellin as an adjuvant are in clinical trials, including two targeting influenza viruses and one for Yersinia pestis (6, 103, 104).




3.4 TLR7/8 Agonists

Current research indicates that TLR7/8 agonists can induce Th1-type immune responses and exert potent immune modulation, particularly in populations with significant immunological differences (105). Moreover, the adjuvant activity of TLR7/8 agonists can be enhanced through chemical modifications such as lipidation and phosphorylation. For instance, lipidated TLR7/8 agonists can bind more effectively to aluminum adjuvants, thereby extending their retention at the injection site, reducing systemic side effects, and boosting immune responses (106). Ligands combining with TLR7/8 can induce high levels of IFN, IL-12, tumor necrosis factor-alpha (TNF-α), and interleukin-1β (IL-1β), all of which play key roles in enhancing Th1 immune responses. Moreover, TLR7/8 and TLR9 agonists are unique in their ability to simultaneously activate and promote the clonal expansion of cDCs and plasmacytoid dendritic cells (pDCs), which are essential for enhancing immune responses. TLR7/8 agonists include imiquimod (R837) and resiquimod (R848), which are synthetic small molecules of imidazoquinoline with significant immunostimulatory effects (107). Recent study shows that imidazoquinoline can mimic single-stranded RNA (ssRNA) recognized by TLR7/8 in endosomes, triggering immune responses through the MyD88 signaling pathway (108).

Imiquimod (Aldara) has been approved for the treatment of actinic keratosis, basal cell carcinoma (108) and genital warts caused by HPV (109), demonstrating its broad clinical application through its immune-modulating properties. Additionally, resiquimod has been tested in clinical trials for the treatment of lesions caused by human herpesvirus (HSV) (110, 111), with results indicating its effectiveness in achieving significant therapeutic outcomes. When these molecules are directly conjugated with aluminum adjuvants, they can significantly enhance vaccine immunogenicity by improving antigen presentation and immune responses (112). Previous studies have shown that the direct conjugation of imidazoquinoline with HIV Gag protein or inactivated influenza virus significantly enhances Th1 immune responses and increases the quantity of antigen-specific T cells (108, 113). Additionally, conjugating imidazoquinoline with synthetic polymer scaffolds, lipid polymer amphiphiles, polyethylene glycol (PEG), nanogels, and aluminum adjuvants have significantly improved delivery efficiency and maturation of dendritic cells and antigen-specific T cells (114). Previous research indicates that combining imidazoquinoline with other TLR agonists such as MPL (TLR4) and MPL + CpG ODN (TLR4 and TLR9) can significantly enhance innate immune responses, leading to increased production of antigen-specific neutralizing antibodies and improved Th1 responses (115–117). Bharat Biotech used a gelatin-adsorbed TLR7/8 agonist (Algel-IMDG) as an adjuvant in its whole virus particle inactivated SARS-CoV-2 vaccine BBV152 (COVAXIN) (118–120). The BBV152 vaccine is able to enhance both humoral and Th1-skewed cellular immune responses after immunization by optimizing the inactivated vaccine formulation (121). These innovative studies highlight the exceptional potential of TLR7/8 agonists as adjuvants, demonstrating significant advantages in enhancing immune responses and vaccine efficacy.




3.5 TLR9 Agonists

Toll-like receptor 9 (TLR9) is localized intracellularly in endosomal membranes and detects single-stranded unmethylated CpG oligodeoxynucleotides (CpG-ODN) of bacterial and viral DNA (122). CpG ODN is a synthetic, short, single-stranded DNA molecule that can be flexibly synthesized. It can mimic bacterial CpG DNA, achieving a highly similar immunostimulatory effect. By directly activating B cells and plasmacytoid dendritic cells (pDCs), CpG ODNs induce both innate and adaptive immune responses. As a result, they serve as potent TLR9 agonists (123). TLR9 transmits signals via MyD88, IRAK, and TRAF-6 (99), ultimately leading to the upregulation of co-stimulatory molecules (CD40, CD80, and CD86) as well as pro-inflammatory cytokines (IL-6, IL-12, IL-18, and TNF-α) (55). To date, three classes of CpG-ODN ligands (A-C) have been developed, but only Class B CpG-ODN has been used as an adjuvant in clinical trials (123). CpG-B ODN primarily localizes in endosomes, triggering the maturation of pDCs, thereby enhancing immune responses (77). Additionally, CpG-B ODN can bind directly to B cells, stimulating their proliferation and enhancing antibody production. Also, the immunogenicity of aluminum-based vaccines can be enhanced by CpG ODN, including those for hepatitis B, anthrax, and influenza (124). Meanwhile, it enables to vaccines to exert its immune effect in vivo via intramuscular, subcutaneous, oral, and intranasal routes (125). The licensed CpG 1018 is an oligonucleotide with high chemical stability and potent adjuvant properties, inducing Th1-type immune responses and used as an adjuvant in the hepatitis B vaccine Heplisav-B (10). Overall, these studies indicate that CpG ODN, particularly Class B ligands and CpG 1018, hold significant potential for enhancing immune responses and vaccine efficacy, providing crucial scientific evidence for the development and optimization of future vaccine adjuvants.





4 Combination of adjuvants

Recently, using various combinations of adjuvants to activate different signaling pathways in order to optimize vaccine immune responses has proven to be a promising approach (2). These observations stem from studies investigating the activation of different PRRs induced by effective live attenuated vaccines, such as the yellow fever vaccine (126). Based on these findings, using different TLR agonists to activate distinct signaling pathways, such as MyD88 and TRIF, is a good strategy (127) Previous studies tested various combinations of TLR agonists in human peripheral blood mononuclear cells (PBMCs) and assessed their impact on cytokine and chemokine production (127). The combination of TLR7 and TLR9 agonists induces the production of IFN-I; TLR4 combined with TLR7/8 synergistically upregulates levels of IFN-γ and IL-2; while TLR2 and TLR7/8 together significantly enhance levels of cytokines such as IFN-γ (55). The combined use of MF59 and Carbopol-971 P significantly increased the specific antibody titers against HIV (128), indicating a positive role of this adjuvant combination in enhancing immune responses. However, not all combinations enhance the strength of the immune response; for instance, immunizing mice with recombinant HIV gp 140 in combination with MPL and aluminum adjuvants or Muramyl dipeptide (MDP) enhance the magnitude and quality of humoral immune responses, though the effects vary depending on the combinations used. When mixtures include MDP with poly(I:C) or resiquimod, there is no significant effect on antibody titers, but notable differences in the distribution of IgG subclasses are observed (129).

Another study indicated that using nanoparticles containing both antigen and TLR4 and TLR7 ligands significantly enhances the production of antigen-specific neutralizing antibodies compared to the use of nanoparticles containing only the antigen and a single TLR ligand (130). The effects of different TLR ligand combinations on the activation of DCs were also evaluated. It is suggested that the combination of TLR3 and TLR4 agonists with TLR8 agonists effectively synergized, inducing higher levels of IL-12 and IL-23 than the optimal concentrations of the agonists used individually in human dendritic cell (55). This synergy enhances the polarization capacity of Th1-type immune responses and prolongs their duration. This optimization strategy, by precisely combining different TLR agonists with other adjuvants, can more effectively enhance vaccine immune responses, thereby improving vaccine efficacy.

The adjuvant systems developed by GlaxoSmithKline over the past thirty years are designed based on combinations of classic adjuvant molecules, such as aluminum adjuvants, emulsions, and liposomes, used in conjunction with immunostimulatory molecules (e.g., TLR ligands) to achieve optimal adjuvant effects while ensuring good tolerability (5). Currently, GlaxoSmithKline has developed several adjuvant systems, including AS01, AS02, AS03, and AS04, with AS01, AS03, and AS04 widely applied in commercial vaccines, while some systems remain in clinical trial phases. The continued development and evaluation of these adjuvant systems may provide new avenues for enhancing vaccine efficacy and safety (131).



4.1 AS01

AS01, as a liposome-based adjuvant, contains monophosphoryl lipid A and a saponin known as QS-21, which act synergistically to induce strong antibody and helper T cell responses (132). It is included in the approved varicella-zoster virus vaccine Shingrix, which was specifically designed for individuals aged 50 and has demonstrated an efficacy was up to 97.2% (133). QS-21 is a purified component (component 21) extracted from the bark of Quillaja Saponaria Molina, containing water-soluble triterpene saponins that play a crucial role in stimulating the immune system. In AS01, MPL and QS-21 are formulated with cholesterol in liposomes, where cholesterol aids in the binding of QS-21 to the liposomes and reduces its potential reactivity. MPL activates the innate immune system by binding to TLR4, primarily functioning through a TRIF-dependent signaling pathway (5).

Furthermore, mouse model studies have shown that QS-21 can activate caspase-1 in subcapsular sinus macrophages (SSM) within draining lymph nodes, which plays a critical role in regulating immune responses (134). When formulated in liposomes, QS-21 enters cells through a cholesterol-dependent endocytosis mechanism, inducing lysosomal destabilization and further activating the tyrosine kinase SYK (135). In summary, AS01 combines two established adjuvant molecules within a novel delivery system (liposomes) to produce synergistic innate immune effects, leading to a significantly superior adaptive immune response compared to the individual components used alone. It can be attributed to the two combined effects. On the one hand, an innate cell exposed to MPL and QS-21 enable to occur complex signal integration due to the common signaling pathways. On the other hand, MPL and QS-21 enable the creation of a network of innate effector functions by activating different cell types. Under the above two mechanisms, the signal produced by innate cells can be amplificated, thereby resulting in an improved response to vaccine antigens (136).




4.2 AS02

The adjuvant AS02, as an oil in water emulsion composed of MPL and QS-21 (4), has been widely used in tumor immunotherapy, tuberculosis, hepatitis B, and malaria (17). Under the action of synergy between QS-21 and MPL, high levels of IFN-γ is produced, which is a typical cytokine for CD4-type cellular response, further stimulating both humoral and cellular immune responses (16). In addition, intramuscular injection offers greater advantages over subcutaneous injection in enhancing the immunogenicity and safety of the RSV-F vaccine when combined with the AS02 adjuvant following enhanced immunization, particularly in comparison to the MF59 adjuvant (137).

In the two adjuvant systems AS01 and AS02, they respectively employ different mechanisms of action to stimulate the immune response (5, 138). AS01 combines MPL and QS-21 via a liposomal delivery system, triggering a strong Th1-biased immune response that has been shown to be effective in several vaccines, such as Shingrix, RTS,S/AS01E, and RSVPreF3-AS01E (136, 139). In contrast, AS02, formulated with an oil-in-water emulsion, promoted a humoral immune response to Th2 migration by extending antigen retention at the injection site, showing potential against certain antibody-dependent diseases. The two adjuvant systems, both developed by GSK, differ in their mechanisms due to differences in their components and immune activation pathways. While AS01 has been successful in licensed vaccines due to its liposomal delivery and dual-pathway synergies, and AS02 is still in the experimental phase, early trial results have highlighted its potential value in the treatment of diseases such as malaria and tuberculosis (140).




4.3 AS04

AS04 contains 3-O-desacyl-4′-monophosphoryl lipid A (MPL), a detoxified form of LPS derived from Salmonella. MPL is adsorbed onto aluminum adjuvants, enhancing the immune response through its immunostimulatory properties. Compared to adjuvants that contain only aluminum adjuvants, AS04 significantly enhances the durability and efficacy of the immune response in HPV vaccines (141).

Research has shown that when AS04 is used as an adjuvant, cytokines such as IL-6 and TNF-α are rapidly produced at the injection site and in the draining lymph nodes within 3–6 hours, recruiting various immune cells, such studies demonstrate that MPL is a key component mediating the early immune response in vaccines by activating innate immune pathways (16). Although the combination of aluminum adjuvants and MPL do not show a synergistic effect, aluminum adjuvants can prolong the duration of the cellular response initiated by MPL at the vaccination site. Thus, the results indicate that the AS04 adjuvant induces an innate immune response primarily through the activation of TLR4 (142).

Compared to the use of aluminum hydroxide alone, the AS04 adjuvant significantly increased IFN-γ levels after binding with HPV-16 and HPV-18 VLP antigens, indicating a stronger Th1-skewed response since IFN-γ is a key marker of this type of immune response. These results suggest that AS04 is more effective in inducing the proliferation and differentiation of CD4+ T cells, further promoting a Th1-skewed immune response (142). The HBV vaccine containing AS04 significantly enhances the innate immune response in humans, which is crucial for initiating a robust adaptive immune response (143). Compared to the HBV vaccine (Engerix-B) with aluminum adjuvant, the HBV vaccine (FENDrix) with AS04 adjuvant triggers a stronger immune response in both humoral and cellular immunity. In the immune serum with AS04 adjuvant, IL-6 and C-reactive protein levels are significantly elevated, indicating a stronger inflammatory response, which is generally associated with enhanced immune system activation. Additionally, AS04 adjuvant induces higher levels of hepatitis B virus surface antigen (HBsAg)-specific T cells and antibodies, demonstrating its clear advantage in activating specific immune responses and enhancing immune memory (143). Furthermore, compared to the aluminum adjuvant vaccine, the HBV and HPV vaccines formulated with AS04 adjuvant induce a stronger humoral immune response, highlighting the crucial role of the TLR4 agonist MPL adjuvant in enhancing immune responses (16, 144, 145).





5 Conclusions and prospects

Adjuvants play a crucial role in vaccine development by significantly enhancing the immune response elicited by vaccines, thereby improving their overall efficacy. With significant advancements in adjuvant research over the past two decades, scientists can now select the most suitable adjuvants from classic options (such as aluminum adjuvants) and immunostimulants (such as TLR agonists) or their combinations to enhance vaccine efficacy. This article firstly summarizes the potential benefits and key characteristics of adjuvants, then categorizes them into delivery systems and immunostimulants based on their mechanisms of action, providing detailed explanations of the mechanisms and applications of them. Finally, we summarize the adjuvant systems formed by the combination of classic adjuvant molecules and immunostimulatory agents, exploring the practical applications of these innovative combinations in vaccine design. These systems offer diverse options that aid in optimizing vaccine design, exploring new adjuvant formulations, and facilitating the effective development of vaccines against diseases. There are still several questions that need to be investigated in the future study.

Selecting the appropriate adjuvant is crucial in the development of new vaccines, as adjuvants significantly enhance the immune response elicited by vaccines, thereby improving their overall efficacy. Since no single adjuvant is suitable for all types of antigens, it is essential to select the most appropriate adjuvant based on the immune system’s specific responses to different vaccines. For example, to effectively control intestinal pathogens, oral vaccines must overcome degradation and immune tolerance issues that antigens may encounter in the gastrointestinal tract, presenting significant challenges for vaccine design and development (146). To address these challenges, it is necessary to utilize biodegradable micro- or nanoparticles that can withstand low pH environments and target antigens to M cells in the intestine, thereby enhancing antigen stability and immune responses. U-Omp 19, a bacterial protease inhibitor extracted from Brucella abortus, serves as an adjuvant for oral subunit vaccines by inhibiting proteases in the stomach and intestine, delaying antigen digestion in lysosomes, thus enhancing antigen presentation efficiency and promoting the recruitment of immune cells in the gastrointestinal mucosa (147). Additionally, selecting the appropriate adjuvant must take into account individual factors such as the recipient’s age, medical history, and genetics, as these factors can significantly influence the immune system’s response to vaccines (148–151). The cost of production varies greatly among different types of adjuvants. For example, some adjuvants aluminum salt-based adjuvants are relatively inexpensive and widely available, while some newer adjuvants, such as water-in-oil emulsions or genetically engineered adjuvants are usually expensive to manufacture. Therefore, the safety and cost of the adjuvant must be comprehensively considered, as these factors not only affect the practical application of the adjuvant but also potentially influence the overall efficacy of the vaccine.

Furthermore, in practical applications, adjuvants may present various adverse effects. For example, while immunostimulants can effectively induce immune responses, they may also lead to adverse reactions, such as autoimmune diseases (7, 152, 153). Adjuvants not only enhance the immune response to antigens, especially certain adjuvants that can boost specific CTL responses, but they may also cause short-term side effects (such as fever, headache, or flu-like symptoms) (125) and serious side effects (such as sterile abscesses, granuloma formation, and local swelling at the injection site) (4, 154). Moreover, many adjuvants are limited in clinical applications due to their complex production processes, poor stability, and potential to induce immune tolerance. An ideal adjuvant should possess a broad safety profile, be easy to produce and use, effectively activate both humoral and cellular immune responses, and avoid adverse reactions. Therefore, in-depth research on the mechanisms of adjuvants and a comprehensive understanding of their effects on the immune system are essential. Additionally, structure-activity relationship analyses of immune adjuvants are crucial for enhancing their efficacy and safety.

A number of studies have indicated that synergistic combinations of multiple adjuvants can significantly enhance vaccine efficacy, offering advantages such as reduced dosage, lower side effects, decreased toxicity, and cost-effectiveness. For example, the two key components in AS01, MPL and QS-21, play essential roles in enhancing immune responses. MPL, a TLR4 agonist, induces T cells to produce IFN-γ and promotes antibody isotype switching to IgG2a/c in mouse models. QS-21, on the other hand, is capable of inducing neutralizing antibodies and helper T cell responses (132). AS01 relies on the synergistic effects of MPL and QS-21 to achieve optimal adjuvant efficacy. When used in conjunction with malaria antigens, AS01 can induce a rapid and transient innate immune response at the injection site and in the draining lymph nodes. It activates immune cells, including antigen-presenting cells, and generates antibody titers that are 20 times higher than those from natural exposure (155). The combination of multiple adjuvants in AS01 not only significantly enhances the immune efficacy of vaccines but also demonstrates the crucial role of synergistic effects in boosting immune responses, providing new ideas and strategies for future vaccine development.

With advancements in science and technology, particularly in the widespread use of subunit and recombinant vaccines, the demand for effective adjuvants is expected to grow. Through the development of interdisciplinary, continuous innovation and improvement, future adjuvants will be safer and more effective. In summary, selecting and developing appropriate adjuvants is crucial for achieving more efficient vaccine design, and ongoing research in this field will have a profound impact on public health.





Author contributions

JX: Writing – original draft, Writing – review & editing. XZ: Writing – review & editing. XL: Conceptualization, Methodology, Writing – original draft. RF: Conceptualization, Methodology, Writing – original draft. MS: Conceptualization, Visualization, Writing – original draft. YZ: Conceptualization, Visualization, Writing – original draft. NS: Funding acquisition, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by Shandong Provincial Natural Science Foundation (ZR2024MC10), the National Natural Science Foundation of China (No.32401252, 31873014), Youth Innovation Team Project for Talent Introduction and Cultivation in the Universities of Shandong Province, China (No.05430201), Weifang Special expert talent program (No.00000710), and by Weifang science and technology development program (No.2024JZ0014).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

1. Wang, Z-B, and Xu, J. Better adjuvants for better vaccines: progress in adjuvant delivery systems, modifications, and adjuvant-antigen codelivery. Vaccines (Basel). (2020) 8:128. doi: 10.3390/vaccines8010128

2. Lee, S, and Nguyen, MT. Recent advances of vaccine adjuvants for infectious diseases. Immune Netw. (2015) 15:51–7. doi: 10.4110/in.2015.15.2.51

3. Alghounaim, M, Alsaffar, Z, Alfraij, A, Bin-Hasan, S, and Hussain, E. Whole-cell and acellular pertussis vaccine: reflections on efficacy. Med Princ Pract. (2022) 31:313–21. doi: 10.1159/000525468

4. Moni, SS, Abdelwahab, SI, Jabeen, A, Elmobark, ME, Aqaili, D, Ghoal, G, et al. Advancements in vaccine adjuvants: the journey from alum to nano formulations. Vaccines (Basel). (2023) 11:1704. doi: 10.3390/vaccines11111704

5. Pulendran, B, Arunachalam P, S, and O’Hagan, DT. Emerging concepts in the science of vaccine adjuvants. Nat Rev Drug Discov. (2021) 20:454–75. doi: 10.1038/s41573-021-00163-y

6. Yang, J-X, Tseng, J-C, Yu, G-Y, Luo, Y, Huang, C-YF, Hong, Y-R, et al. Recent advances in the development of toll-like receptor agonist-based vaccine adjuvants for infectious diseases. Pharmaceutics. (2022) 14:423. doi: 10.3390/pharmaceutics14020423

7. Zhao, T, Cai, Y, Jiang, Y, He, X, Wei, Y, Yu, Y, et al. Vaccine adjuvants: mechanisms and platforms. Signal Transduct Target Ther. (2023) 8:283. doi: 10.1038/s41392-023-01557-7

8. Verma, SK, Mahajan, P, Singh, NK, Gupta, A, Aggarwal, R, Rappuoli, R, et al. New-age vaccine adjuvants, their development, and future perspective. Front Immunol. (2023) 14:1043109. doi: 10.3389/fimmu.2023.1043109

9. Cohet, C, van der Most, R, Bauchau, V, Bekkat-Berkani, R, Doherty, TM, Schuind, A, et al. Safety of AS03-adjuvanted influenza vaccines: A review of the evidence. Vaccine. (2019) 37:3006–21. doi: 10.1016/j.vaccine.2019.04.048

10.A two-dose hepatitis B vaccine for adults (Heplisav-B). Med Lett Drugs Ther. (2018) 60:17–8. doi: 10.1001/jama.2018.1097

11. Garçon, N, and Van Mechelen, M. Recent clinical experience with vaccines using MPL- and QS-21-containing adjuvant systems. Expert Rev Vaccines. (2011) 10:471–86. doi: 10.1586/erv.11.29

12. Björkman, A, Benn, CS, Aaby, P, and Schapira, A. RTS,S/AS01 malaria vaccine-proven safe and effective? Lancet Infect Dis. (2023) 23:e318–22. doi: 10.1016/S1473-3099(23)00126-3

13. Danielsson, R, and Eriksson, H. Aluminium adjuvants in vaccines - A way to modulate the immune response. Semin Cell Dev Biol. (2021) 115:3–9. doi: 10.1016/j.semcdb.2020.12.008

14. Iwasaki, A, and Omer, SB. Why and how vaccines work. Cell. (2020) 183:290–5. doi: 10.1016/j.cell.2020.09.040

15. Goetz, M, Thotathil, N, Zhao, Z, and Mitragotri, S. Vaccine adjuvants for infectious disease in the clinic. Bioeng Transl Med. (2024) 9:e10663. doi: 10.1002/btm2.10663

16. Del Giudice, G, Rappuoli, R, and Didierlaurent, AM. Correlates of adjuvanticity: A review on adjuvants in licensed vaccines. Semin Immunol. (2018) 39:14–21. doi: 10.1016/j.smim.2018.05.001

17. Garçon, N, and Di Pasquale, A. From discovery to licensure, the Adjuvant System story. Hum Vaccin Immunother. (2017) 13:19–33. doi: 10.1080/21645515.2016.1225635

18. Lövgren Bengtsson, K, Morein, B, and Osterhaus, AD. ISCOM technology-based Matrix M™ adjuvant: success in future vaccines relies on formulation. Expert Rev Vaccines. (2011) 10:401–3. doi: 10.1586/erv.11.25

19. Collett, S, Earnest, L, Carrera Montoya, J, Edeling, MA, Yap, A, Wong, CY, et al. Development of virus-like particles with inbuilt immunostimulatory properties as vaccine candidates. Front Microbiol. (2023) 14:1065609. doi: 10.3389/fmicb.2023.1065609

20. Fan, J, Jin, S, Gilmartin, L, Toth, I, Hussein, WM, and Stephenson, RJ. Advances in infectious disease vaccine adjuvants. Vaccines (Basel). (2022) 10:1120. doi: 10.3390/vaccines10071120

21. Crothers, JW, and Norton, EB. Recent advances in enterotoxin vaccine adjuvants. Curr Opin Immunol. (2023) 85:102398. doi: 10.1016/j.coi.2023.102398

22. Facciolà, A, Visalli, G, Laganà, A, and Di Pietro, A. An overview of vaccine adjuvants: current evidence and future perspectives. Vaccines (Basel). (2022) 10:819. doi: 10.3390/vaccines10050819

23. Roche, PA, and Furuta, K. The ins and outs of MHC class II-mediated antigen processing and presentation. Nat Rev Immunol. (2015) 15:203–16. doi: 10.1038/nri3818

24. Hafner, AM, Corthésy, B, and Merkle, HP. Particulate formulations for the delivery of poly(I:C) as vaccine adjuvant. Adv Drug Delivery Rev. (2013) 65:1386–99. doi: 10.1016/j.addr.2013.05.013

25. Brito, LA, Malyala, P, and O’Hagan, DT. Vaccine adjuvant formulations: a pharmaceutical perspective. Semin Immunol. (2013) 25:130–45. doi: 10.1016/j.smim.2013.05.007

26. Ong, GH, Lian, BSX, Kawasaki, T, and Kawai, T. Exploration of pattern recognition receptor agonists as candidate adjuvants. Front Cell Infect Microbiol. (2021) 11:745016. doi: 10.3389/fcimb.2021.745016

27. Ghimire, TR, Benson, RA, Garside, P, and Brewer, JM. Alum increases antigen uptake, reduces antigen degradation and sustains antigen presentation by DCs. vitro. Immunol Lett. (2012) 147:55–62. doi: 10.1016/j.imlet.2012.06.002

28. Zhang, T, He, P, Guo, D, Chen, K, Hu, Z, and Zou, Y. Research progress of aluminum phosphate adjuvants and their action mechanisms. Pharmaceutics. (2023) 15:1756. doi: 10.3390/pharmaceutics15061756

29. Mori, A, Oleszycka, E, Sharp, FA, Coleman, M, Ozasa, Y, Singh, M, et al. The vaccine adjuvant alum inhibits IL-12 by promoting PI3 kinase signaling while chitosan does not inhibit IL-12 and enhances Th1 and Th17 responses. Eur J Immunol. (2012) 42:2709–19. doi: 10.1002/eji.201242372

30. Khameneh, HJ, Ho, AWS, Spreafico, R, Derks, H, Quek, HQY, and Mortellaro, A. The syk-NFAT-IL-2 pathway in dendritic cells is required for optimal sterile immunity elicited by alum adjuvants. J Immunol. (2017) 198:196–204. doi: 10.4049/jimmunol.1600420

31. Shi, S, Zhu, H, Xia, X, Liang, Z, Ma, X, and Sun, B. Vaccine adjuvants: Understanding the structure and mechanism of adjuvanticity. Vaccine. (2019) 37:3167–78. doi: 10.1016/j.vaccine.2019.04.055

32. Lindblad, EB. Aluminium adjuvants–in retrospect and prospect. Vaccine. (2004) 22:3658–68. doi: 10.1016/j.vaccine.2004.03.032

33. Reed, SG, Tomai, M, and Gale, MJ. New horizons in adjuvants for vaccine development. Curr Opin Immunol. (2020) 65:97–101. doi: 10.1016/j.coi.2020.08.008

34. Moyer, TJ, Kato, Y, Abraham, W, Chang, JYH, Kulp, DW, Watson, N, et al. Engineered immunogen binding to alum adjuvant enhances humoral immunity. Nat Med. (2020) 26:430–40. doi: 10.1038/s41591-020-0753-3

35. Gan, J, Du, G, He, C, Jiang, M, Mou, X, Xue, J, et al. Tumor cell membrane enveloped aluminum phosphate nanoparticles for enhanced cancer vaccination. J Control Release. (2020) 326:297–309. doi: 10.1016/j.jconrel.2020.07.008

36. Nooraei, S, Sarkar Lotfabadi, A, Akbarzadehmoallemkolaei, M, and Rezaei, N. Immunogenicity of different types of adjuvants and nano-adjuvants in veterinary vaccines: A comprehensive review. Vaccines (Basel). (2023) 11:453. doi: 10.3390/vaccines11020453

37. Huang, Z, Gong, H, Sun, Q, Yang, J, Yan, X, and Xu, F. Research progress on emulsion vaccine adjuvants. Heliyon. (2024) 10:e24662. doi: 10.1016/j.heliyon.2024.e24662

38. Lazarevic, M, Stanisavljevic, S, Nikolovski, N, Dimitrijevic, M, and Miljkovic, D. Complete Freund’s adjuvant as a confounding factor in multiple sclerosis research. Front Immunol. (2024) 15:1353865. doi: 10.3389/fimmu.2024.1353865

39. Zhang, W, Cui, H, Xu, J, Shi, M, Bian, L, Cui, L, et al. Biodistribution and mechanisms of action of MF59 and MF59-like adjuvants. J Control Release. (2025) 378:573–87. doi: 10.1016/j.jconrel.2024.12.044

40. Cantisani, R, Pezzicoli, A, Cioncada, R, Malzone, C, De Gregorio, E, D’Oro, U, et al. Vaccine adjuvant MF59 promotes retention of unprocessed antigen in lymph node macrophage compartments and follicular dendritic cells. J Immunol. (2015) 194:1717–25. doi: 10.4049/jimmunol.1400623

41. Vono, M, Taccone, M, Caccin, P, Gallotta, M, Donvito, G, Falzoni, S, et al. The adjuvant MF59 induces ATP release from muscle that potentiates response to vaccination. Proc Natl Acad Sci U S A. (2013) 110:21095–100. doi: 10.1073/pnas.1319784110

42. Ko, E-J, and Kang, S-M. Immunology and efficacy of MF59-adjuvanted vaccines. Hum Vaccin Immunother. (2018) 14:3041–5. doi: 10.1080/21645515.2018.1495301

43. Seubert, A, Monaci, E, Pizza, M, O’Hagan, DT, and Wack, A. The adjuvants aluminum hydroxide and MF59 induce monocyte and granulocyte chemoattractants and enhance monocyte differentiation toward dendritic cells. J Immunol. (2008) 180:5402–12. doi: 10.4049/jimmunol.180.8.5402

44. Lee, W, and Suresh, M. Vaccine adjuvants to engage the cross-presentation pathway. Front Immunol. (2022) 13:940047. doi: 10.3389/fimmu.2022.940047

45. O’Hagan, DT, van der Most, R, Lodaya, RN, Coccia, M, and Lofano, G. World in motion” - emulsion adjuvants rising to meet the pandemic challenges. NPJ Vaccines. (2021) 6:158. doi: 10.1038/s41541-021-00418-0

46. Chappell, KJ, Mordant, FL, Li, Z, Wijesundara, DK, Ellenberg, P, Lackenby, JA, et al. Safety and immunogenicity of an MF59-adjuvanted spike glycoprotein-clamp vaccine for SARS-CoV-2: a randomized, double-blind, placebo-controlled, phase 1 trial. Lancet Infect Dis. (2021) 21:1383–94. doi: 10.1016/S1473-3099(21)00200-0

47. Chen, X. Emerging adjuvants for intradermal vaccination. Int J Pharm. (2023) 632:122559. doi: 10.1016/j.ijpharm.2022.122559

48. Short, KK, Lathrop, SK, Davison, CJ, Partlow, HA, Kaiser, JA, Tee, RD, et al. Using dual toll-like receptor agonism to drive th1-biased response in a squalene- and α-tocopherol-containing emulsion for a more effective SARS-coV-2 vaccine. Pharmaceutics. (2022) 14:1455. doi: 10.3390/pharmaceutics14071455

49. Caserta, LC, Frye, EA, Butt, SL, Laverack, M, Nooruzzaman, M, Covaleda, LM, et al. Spillover of highly pathogenic avian influenza H5N1 virus to dairy cattle. Nature. (2024) 634:669–76. doi: 10.1038/s41586-024-07849-4

50. Sobolev, O, Binda, E, O’Farrell, S, Lorenc, A, Pradines, J, Huang, Y, et al. Adjuvanted influenza-H1N1 vaccination reveals lymphoid signatures of age-dependent early responses and of clinical adverse events. Nat Immunol. (2016) 17:204–13. doi: 10.1038/ni.3328

51. Nooraei, S, Bahrulolum, H, Hoseini, ZS, Katalani, C, Hajizade, A, Easton, AJ, et al. Virus-like particles: preparation, immunogenicity and their roles as nanovaccines and drug nanocarriers. J Nanobiotechnol. (2021) 19:59. doi: 10.1186/s12951-021-00806-7

52. Qian, C, Liu, X, Xu, Q, Wang, Z, Chen, J, Li, T, et al. Recent progress on the versatility of virus-like particles. Vaccines (Basel). (2020) 8:139. doi: 10.3390/vaccines8010139

53. Zhang, L, Xu, W, Ma, X, Sun, X, Fan, J, and Wang, Y. Virus-like particles as antiviral vaccine: mechanism, design, and application. Biotechnol Bioprocess Eng. (2023) 28:1–16. doi: 10.1007/s12257-022-0107-8

54. Zhang, L, Pasquale, D, Le, M, Patel, R, and Mehdi, S. Isolated splenic metastasis in a patient with two distinct genitourinary Malignancies. J Community Support Oncol. (2015) 13:229–30. doi: 10.12788/jcso.0143

55. Apostólico J de, S, Lunardelli, VAS, Coirada, FC, Boscardin, SB, and Rosa, DS. Adjuvants: classification, modus operandi, and licensing. J Immunol Res. (2016) 2016:1459394. doi: 10.1155/2016/1459394

56. Smith, DM, Simon, JK, and Baker, JR. Applications of nanotechnology for immunology. Nat Rev Immunol. (2013) 13:592–605. doi: 10.1038/nri3488

57. Zabel, F, Kündig, TM, and Bachmann, MF. Virus-induced humoral immunity: on how B cell responses are initiated. Curr Opin Virol. (2013) 3:357–62. doi: 10.1016/j.coviro.2013.05.004

58. Kim, J, Yoon, J, and Park, J-E. Construction of porcine epidemic diarrhea virus-like particles and its immunogenicity in mice. Vaccines (Basel). (2021) 9:370. doi: 10.3390/vaccines9040370

59. Brai, A, Poggialini, F, Pasqualini, C, Trivisani, CI, Vagaggini, C, and Dreassi, E. Progress towards adjuvant development: focus on antiviral therapy. Int J Mol Sci. (2023) 24:9225. doi: 10.3390/ijms24119225

60. Ali, H, Akbar, M, Iqbal, B, Ali, F, Sharma, NK, Kumar, N, et al. Virosome: An engineered virus for vaccine delivery. Saudi Pharm J. (2023) 31:752–64. doi: 10.1016/j.jsps.2023.03.016

61. Criscuolo, E, Caputo, V, Diotti, RA, Sautto, GA, Kirchenbaum, GA, and Clementi, N. Alternative methods of vaccine delivery: an overview of edible and intradermal vaccines. J Immunol Res. (2019) 2019:8303648. doi: 10.1155/2019/8303648

62. Emadi, F, Emadi, A, and Gholami, A. A comprehensive insight towards pharmaceutical aspects of graphene nanosheets. Curr Pharm Biotechnol. (2020) 21:1016–27. doi: 10.2174/1389201021666200318131422

63. Borzouyan Dastjerdi, M, Amini, A, Nazari, M, Cheng, C, Benson, V, Gholami, A, et al. Novel versatile 3D bio-scaffold made of natural biocompatible hagfish exudate for tissue growth and organoid modeling. Int J Biol Macromol. (2020) 158:894–902. doi: 10.1016/j.ijbiomac.2020.05.024

64. Singh, S, Singh, G, and Arya, SK. Mannans: An overview of properties and application in food products. Int J Biol Macromol. (2018) 119:79–95. doi: 10.1016/j.ijbiomac.2018.07.130

65. Baek, K-R, Rani Ramakrishnan, S, Kim, S-J, and Seo, S-O. Yeast cell wall mannan structural features, biological activities, and production strategies. Heliyon. (2024) 10:e27896. doi: 10.1016/j.heliyon.2024.e27896

66. Tong, C, Cui, Z, Sun, X, Lei, L, Feng, X, Sun, C, et al. Mannan derivatives instruct dendritic cells to induce th1/th2 cells polarization via differential mitogen-activated protein kinase activation. Scand J Immunol. (2016) 83:10–7. doi: 10.1111/sji.12369

67. Geijtenbeek, TBH, and Gringhuis, SI. C-type lectin receptors in the control of T helper cell differentiation. Nat Rev Immunol. (2016) 16:433–48. doi: 10.1038/nri.2016.55

68. Benito-Villalvilla, C, Pérez-Diego, M, Angelina, A, Kisand, K, Rebane, A, Subiza, JL, et al. Allergoid-mannan conjugates reprogram monocytes into tolerogenic dendritic cells via epigenetic and metabolic rewiring. J Allergy Clin Immunol. (2022) 149:212–222.e9. doi: 10.1016/j.jaci.2021.06.012

69. Ojeda, P, Barjau, MC, Subiza, J, Moreno, A, Ojeda, I, Solano, E, et al. Grass pollen allergoids conjugated with mannan for subcutaneous and sublingual immunotherapy: a dose-finding study. Front Immunol. (2024) 15:1431351. doi: 10.3389/fimmu.2024.1431351

70. Gupta, A, and Gupta, GS. Applications of mannose-binding lectins and mannan glycoconjugates in nanomedicine. J Nanopart Res. (2022) 24:228. doi: 10.1007/s11051-022-05594-1

71. Li, D, and Wu, M. Pattern recognition receptors in health and diseases. Signal Transduct Target Ther. (2021) 6:291. doi: 10.1038/s41392-021-00687-0

72. Naghib, M, Kariminik, A, and Kazemi Arababadi, M. TLR2, as a pathogen recognition receptor, plays critical roles in hepatitis B outcome. Viral Immunol. (2022) 35:15–23. doi: 10.1089/vim.2021.0141

73. Dalton, R, and Doyle, S. Current perspectives of TLR2 signaling in the retina. Adv Exp Med Biol. (2025) 1468:127–31. doi: 10.1007/978-3-031-76550-6_21

74. Kim, HJ, Kim, H, Lee, JH, and Hwangbo, C. Toll-like receptor 4 (TLR4): new insight immune and aging. Immun Ageing. (2023) 20:67. doi: 10.1186/s12979-023-00383-3

75. Zhang, Y, Liang, X, Bao, X, Xiao, W, and Chen, G. Toll-like receptor 4 (TLR4) inhibitors: Current research and prospective. Eur J Med Chem. (2022) 235:114291. doi: 10.1016/j.ejmech.2022.114291

76. Feng, S, Zhang, C, Chen, S, He, R, Chao, G, and Zhang, S. TLR5 signaling in the regulation of intestinal mucosal immunity. J Inflammation Res. (2023) 16:2491–501. doi: 10.2147/JIR.S407521

77. Jin, Y, Zhuang, Y, Dong, X, and Liu, M. Development of CpG oligodeoxynucleotide TLR9 agonists in anti-cancer therapy. Expert Rev Anticancer Ther. (2021) 21:841–51. doi: 10.1080/14737140.2021.1915136

78. Sun, H, Li, Y, Zhang, P, Xing, H, Zhao, S, Song, Y, et al. Targeting toll-like receptor 7/8 for immunotherapy: recent advances and prospectives. Biomark Res. (2022) 10:89. doi: 10.1186/s40364-022-00436-7

79. Zhou, Y, Fang, L, Peng, L, and Qiu, W. TLR9 and its signaling pathway in multiple sclerosis. J Neurol Sci. (2017) 373:95–9. doi: 10.1016/j.jns.2016.12.027

80. Chen, Y, Lin, J, Zhao, Y, Ma, X, and Yi, H. Toll-like receptor 3 (TLR3) regulation mechanisms and roles in antiviral innate immune responses. J Zhejiang Univ Sci B. (2021) 22:609–32. doi: 10.1631/jzus.B2000808

81. Komal, A, Noreen, M, and El-Kott, AF. TLR3 agonists: RGC100, ARNAX, and poly-IC: a comparative review. Immunol Res. (2021) 69:312–22. doi: 10.1007/s12026-021-09203-6

82. Móvio, MI, Almeida, GWC, Martines, IDGL, Barros de Lima, G, Sasaki, SD, Kihara, AH, et al. SARS-coV-2 ORF8 as a modulator of cytokine induction: evidence and search for molecular mechanisms. Viruses. (2024) 16:161. doi: 10.3390/v16010161

83. Schulz, O, Diebold, SS, Chen, M, Näslund, TI, Nolte, MA, Alexopoulou, L, et al. Toll-like receptor 3 promotes cross-priming to virus-infected cells. Nature. (2005) 433:887–92. doi: 10.1038/nature03326

84. Durand, V, Wong, SYC, Tough, DF, and Le Bon, A. IFN-alpha/beta-dependent cross-priming induced by specific toll-like receptor agonists. Vaccine. (2006) 24 Suppl 2:S2-22–3. doi: 10.1016/j.vaccine.2005.01.115

85. De Waele, J, Verhezen, T, van der Heijden, S, Berneman, ZN, Peeters, M, Lardon, F, et al. A systematic review on poly(I:C) and poly-ICLC in glioblastoma: adjuvants coordinating the unlocking of immunotherapy. J Exp Clin Cancer Res. (2021) 40:213. doi: 10.1186/s13046-021-02017-2

86. Engel, AL, Holt, GE, and Lu, H. The pharmacokinetics of Toll-like receptor agonists and the impact on the immune system. Expert Rev Clin Pharmacol. (2011) 4:275–89. doi: 10.1586/ecp.11.5

87. Martins, KAO, Bavari, S, and Salazar, AM. Vaccine adjuvant uses of poly-IC and derivatives. Expert Rev Vaccines. (2015) 14:447–59. doi: 10.1586/14760584.2015.966085

88. Flamar, A-L, Contreras, V, Zurawski, S, Montes, M, Dereuddre-Bosquet, N, Martinon, F, et al. Delivering HIV gagp24 to DCIR induces strong antibody responses In Vivo. PloS One. (2015) 10:e0135513. doi: 10.1371/journal.pone.0135513

89. Overton, ET, Goepfert, PA, Cunningham, P, Carter, WA, Horvath, J, Young, D, et al. Intranasal seasonal influenza vaccine and a TLR-3 agonist, rintatolimod, induced cross-reactive IgA antibody formation against avian H5N1 and H7N9 influenza HA in humans. Vaccine. (2014) 32:5490–5. doi: 10.1016/j.vaccine.2014.07.078

90. Sultan, H, Salazar, AM, and Celis, E. Poly-ICLC, a multi-functional immune modulator for treating cancer. Semin Immunol. (2020) 49:101414. doi: 10.1016/j.smim.2020.101414

91. Caskey, M, Lefebvre, F, Filali-Mouhim, A, Cameron, MJ, Goulet, J-P, Haddad, EK, et al. Synthetic double-stranded RNA induces innate immune responses similar to a live viral vaccine in humans. J Exp Med. (2011) 208:2357–66. doi: 10.1084/jem.20111171

92. Kastenmüller, K, Espinosa, DA, Trager, L, Stoyanov, C, Salazar, AM, Pokalwar, S, et al. Full-length Plasmodium falciparum circumsporozoite protein administered with long-chain poly(I·C) or the Toll-like receptor 4 agonist glucopyranosyl lipid adjuvant-stable emulsion elicits potent antibody and CD4+ T cell immunity and protection in mice. Infect Immun. (2013) 81:789–800. doi: 10.1128/IAI.01108-12

93. Flynn, BJ, Kastenmüller, K, Wille-Reece, U, Tomaras, GD, Alam, M, Lindsay, RW, et al. Immunization with HIV Gag targeted to dendritic cells followed by recombinant New York vaccinia virus induces robust T-cell immunity in nonhuman primates. Proc Natl Acad Sci U S A. (2011) 108:7131–6. doi: 10.1073/pnas.1103869108

94. Ohlfest, JR, Andersen, BM, Litterman, AJ, Xia, J, Pennell, CA, Swier, LE, et al. Vaccine injection site matters: qualitative and quantitative defects in CD8 T cells primed as a function of proximity to the tumor in a murine glioma model. J Immunol. (2013) 190:613–20. doi: 10.4049/jimmunol.1201557

95. Ruane, D, Do, Y, Brane, L, Garg, A, Bozzacco, L, Kraus, T, et al. A dendritic cell targeted vaccine induces long-term HIV-specific immunity within the gastrointestinal tract. Mucosal Immunol. (2016) 9:1340–52. doi: 10.1038/mi.2015.133

96. Duthie, MS, Windish, HP, Fox, CB, and Reed, SG. Use of defined TLR ligands as adjuvants within human vaccines. Immunol Rev. (2011) 239:178–96. doi: 10.1111/j.1600-065X.2010.00978.x

97. Mata-Haro, V, Cekic, C, Martin, M, Chilton, PM, Casella, CR, and Mitchell, TC. The vaccine adjuvant monophosphoryl lipid A as a TRIF-biased agonist of TLR4. Science. (2007) 316:1628–32. doi: 10.1126/science.1138963

98. van Haren, SD, Ganapathi, L, Bergelson, I, Dowling, DJ, Banks, M, Samuels, RC, et al. In vitro cytokine induction by TLR-activating vaccine adjuvants in human blood varies by age and adjuvant. Cytokine. (2016) 83:99–109. doi: 10.1016/j.cyto.2016.04.001

99. Luchner, M, Reinke, S, and Milicic, A. TLR agonists as vaccine adjuvants targeting cancer and infectious diseases. Pharmaceutics. (2021) 13:142. doi: 10.3390/pharmaceutics13020142

100. Laupèze, B, Hervé, C, Di Pasquale, A, and Tavares Da Silva, F. Adjuvant Systems for vaccines: 13 years of post-licensure experience in diverse populations have progressed the way adjuvanted vaccine safety is investigated and understood. Vaccine. (2019) 37:5670–80. doi: 10.1016/j.vaccine.2019.07.098

101. Rhee, JH, Khim, K, Puth, S, Choi, Y, and Lee, SE. Deimmunization of flagellin adjuvant for clinical application. Curr Opin Virol. (2023) 60:101330. doi: 10.1016/j.coviro.2023.101330

102. Dos Reis, EC, Leal, VNC, Soares JL da, S, Fernandes, FP, Souza de Lima, D, de Alencar, BC, et al. Flagellin/NLRC4 pathway rescues NLRP3-inflammasome defect in dendritic cells from HIV-infected patients: perspective for new adjuvant in immunocompromised individuals. Front Immunol. (2019) 10:1291. doi: 10.3389/fimmu.2019.01291

103. Hong, SH, Byun, Y-H, Nguyen, CT, Kim, SY, Seong, BL, Park, S, et al. Intranasal administration of a flagellin-adjuvanted inactivated influenza vaccine enhances mucosal immune responses to protect mice against lethal infection. Vaccine. (2012) 30:466–74. doi: 10.1016/j.vaccine.2011.10.058

104. Treanor, JJ, Taylor, DN, Tussey, L, Hay, C, Nolan, C, Fitzgerald, T, et al. Safety and immunogenicity of a recombinant hemagglutinin influenza-flagellin fusion vaccine (VAX125) in healthy young adults. Vaccine. (2010) 28:8268–74. doi: 10.1016/j.vaccine.2010.10.009

105. Soni, D, Borriello, F, Scott, DA, Feru, F, DeLeon, M, Brightman, SE, et al. From hit to vial: Precision discovery and development of an imidazopyrimidine TLR7/8 agonist adjuvant formulation. Sci Adv. (2024) 10:eadg3747. doi: 10.1126/sciadv.adg3747

106. Dowling, DJ, Barman, S, Smith, AJ, Borriello, F, Chaney, D, Brightman, SE, et al. Development of a TLR7/8 agonist adjuvant formulation to overcome early life hyporesponsiveness to DTaP vaccination. Sci Rep. (2022) 12:16860. doi: 10.1038/s41598-022-20346-w

107. Kieffer, ME, Patel, AM, Hollingsworth, SA, and Seganish, WM. Small molecule agonists of toll-like receptors 7 and 8: a patent review 2014 - 2020. Expert Opin Ther Pat. (2020) 30:825–45. doi: 10.1080/13543776.2020.1825687

108. Kaushik, D, Kaur, A, Petrovsky, N, and Salunke, DB. Structural evolution of toll-like receptor 7/8 agonists from imidazoquinolines to imidazoles. RSC Med Chem. (2021) 12:1065–120. doi: 10.1039/d1md00031d

109. Schüller, SS, Barman, S, Mendez-Giraldez, R, Soni, D, Daley, J, Baden, LR, et al. Immune profiling of age and adjuvant-specific activation of human blood mononuclear cells in vitro. Commun Biol. (2024) 7:709. doi: 10.1038/s42003-024-06390-4

110. Mark, KE, Corey, L, Meng, T-C, Magaret, AS, Huang, M-L, Selke, S, et al. Topical resiquimod 0.01% gel decreases herpes simplex virus type 2 genital shedding: a randomized, controlled trial. J Infect Dis. (2007) 195:1324–31. doi: 10.1086/513276

111. Fife, KH, Meng, T-C, Ferris, DG, and Liu, P. Effect of resiquimod 0.01% gel on lesion healing and viral shedding when applied to genital herpes lesions. Antimicrob Agents Chemother. (2008) 52:477–82. doi: 10.1128/AAC.01173-07

112. Wu, TY-H, Singh, M, Miller, AT, De Gregorio, E, Doro, F, D’Oro, U, et al. Rational design of small molecules as vaccine adjuvants. Sci Transl Med. (2014) 6:263ra160. doi: 10.1126/scitranslmed.3009980

113. Holbrook, BC, Aycock, ST, Machiele, E, Clemens, E, Gries, D, Jorgensen, MJ, et al. An R848 adjuvanted influenza vaccine promotes early activation of B cells in the draining lymph nodes of non-human primate neonates. Immunology. (2018) 153:357–67. doi: 10.1111/imm.12845

114. Bhagchandani, S, Johnson, JA, and Irvine, DJ. Evolution of Toll-like receptor 7/8 agonist therapeutics and their delivery approaches: From antiviral formulations to vaccine adjuvants. Adv Drug Delivery Rev. (2021) 175:113803. doi: 10.1016/j.addr.2021.05.013

115. Fox, CB, Sivananthan, SJ, Duthie, MS, Vergara, J, Guderian, JA, Moon, E, et al. A nanoliposome delivery system to synergistically trigger TLR4 AND TLR7. J Nanobiotechnol. (2014) 12:17. doi: 10.1186/1477-3155-12-17

116. Moody, MA, Santra, S, Vandergrift, NA, Sutherland, LL, Gurley, TC, Drinker, MS, et al. Toll-like receptor 7/8 (TLR7/8) and TLR9 agonists cooperate to enhance HIV-1 envelope antibody responses in rhesus macaques. J Virol. (2014) 88:3329–39. doi: 10.1128/JVI.03309-13

117. Goff, PH, Hayashi, T, Martínez-Gil, L, Corr, M, Crain, B, Yao, S, et al. Synthetic Toll-like receptor 4 (TLR4) and TLR7 ligands as influenza virus vaccine adjuvants induce rapid, sustained, and broadly protective responses. J Virol. (2015) 89:3221–35. doi: 10.1128/JVI.03337-14

118. Ella, R, Vadrevu, KM, Jogdand, H, Prasad, S, Reddy, S, Sarangi, V, et al. Safety and immunogenicity of an inactivated SARS-CoV-2 vaccine, BBV152: a double-blind, randomized, phase 1 trial. Lancet Infect Dis. (2021) 21:637–46. doi: 10.1016/S1473-3099(20)30942-7

119. Ella, R, Reddy, S, Jogdand, H, Sarangi, V, Ganneru, B, Prasad, S, et al. Safety and immunogenicity of an inactivated SARS-CoV-2 vaccine, BBV152: interim results from a double-blind, randomized, multicenter, phase 2 trial, and 3-month follow-up of a double-blind, randomized phase 1 trial. Lancet Infect Dis. (2021) 21:950–61. doi: 10.1016/S1473-3099(21)00070-0

120. Bansal, SB, Rana, AS, Manhas, N, and Rana, A. Post COVID vaccination (COVAXIN™ -BB152 V) pauci-immune crescentic glomerulonephritis. Indian J Nephrol. (2022) 32:495–7. doi: 10.4103/ijn.ijn_352_21

121. Li, J-X, and Zhu, F-C. Adjuvantation helps to optimize COVID-19 vaccine candidate. Lancet Infect Dis. (2021) 21:891–3. doi: 10.1016/S1473-3099(21)00094-3

122. Kaur, A, Baldwin, J, Brar, D, Salunke, DB, and Petrovsky, N. Toll-like receptor (TLR) agonists as a driving force behind next-generation vaccine adjuvants and cancer therapeutics. Curr Opin Chem Biol. (2022) 70:102172. doi: 10.1016/j.cbpa.2022.102172

123. Chen, W, Jiang, M, Yu, W, Xu, Z, Liu, X, Jia, Q, et al. CpG-based nanovaccines for cancer immunotherapy. Int J Nanomed. (2021) 16:5281–99. doi: 10.2147/IJN.S317626

124. Lu, W, Cui, C, Wang, Y, Sun, X, Wang, S, Yang, M, et al. CpG ODN as an adjuvant arouses the vigor of B cells by relieving the negative regulation of surface TLR9 to enhance the antibody response to vaccine. Appl Microbiol Biotechnol. (2021) 105:4213–24. doi: 10.1007/s00253-021-11316-9

125. Cui, Y, Ho, M, Hu, Y, and Shi, Y. Vaccine adjuvants: current status, research and development, licensing, and future opportunities. J Mater Chem B. (2024) 12:4118–37. doi: 10.1039/d3tb02861e

126. Querec, T, Bennouna, S, Alkan, S, Laouar, Y, Gorden, K, Flavell, R, et al. Yellow fever vaccine YF-17D activates multiple dendritic cell subsets via TLR2, 7, 8, and 9 to stimulate polyvalent immunity. J Exp Med. (2006) 203:413–24. doi: 10.1084/jem.20051720

127. Ghosh, TK, Mickelson, DJ, Fink, J, Solberg, JC, Inglefield, JR, Hook, D, et al. Toll-like receptor (TLR) 2–9 agonists-induced cytokines and chemokines: I. Comparison with T cell receptor-induced responses. Cell Immunol. (2006) 243:48–57. doi: 10.1016/j.cellimm.2006.12.002

128. Lai, RPJ, Seaman, MS, Tonks, P, Wegmann, F, Seilly, DJ, Frost, SDW, et al. Mixed adjuvant formulations reveal a new combination that elicit antibody response comparable to Freund’s adjuvants. PloS One. (2012) 7:e35083. doi: 10.1371/journal.pone.0035083

129. Apostólico J de, S, Boscardin, SB, Yamamoto, MM, de Oliveira-Filho, JN, Kalil, J, Cunha-Neto, E, et al. HIV envelope trimer specific immune response is influenced by different adjuvant formulations and heterologous prime-boost. PloS One. (2016) 11:e0145637. doi: 10.1371/journal.pone.0145637

130. Kasturi, SP, Skountzou, I, Albrecht, RA, Koutsonanos, D, Hua, T, Nakaya, HI, et al. Programming the magnitude and persistence of antibody responses with innate immunity. Nature. (2011) 470:543–7. doi: 10.1038/nature09737

131. Ellis, R, and Weiss, A. Human vaccines & immunotherapeutics: News March 2023. Hum Vaccin Immunother. (2023) 19:2200636. doi: 10.1080/21645515.2023.2200636

132. Martin, LBB, Kikuchi, S, Rejzek, M, Owen, C, Reed, J, Orme, A, et al. Complete biosynthesis of the potent vaccine adjuvant QS-21. Nat Chem Biol. (2024) 20:493–502. doi: 10.1038/s41589-023-01538-5

133. Lal, H, Cunningham, AL, Godeaux, O, Chlibek, R, Diez-Domingo, J, Hwang, S-J, et al. Efficacy of an adjuvanted herpes zoster subunit vaccine in older adults. N Engl J Med. (2015) 372:2087–96. doi: 10.1056/NEJMoa1501184

134. Detienne, S, Welsby, I, Collignon, C, Wouters, S, Coccia, M, Delhaye, S, et al. Central role of CD169+ Lymph node resident macrophages in the adjuvanticity of the QS-21 component of AS01. Sci Rep. (2016) 6:39475. doi: 10.1038/srep39475

135. Welsby, I, Detienne, S, N’Kuli, F, Thomas, S, Wouters, S, Bechtold, V, et al. Lysosome-dependent activation of human dendritic cells by the vaccine adjuvant QS-21. Front Immunol. (2016) 7:663. doi: 10.3389/fimmu.2016.00663

136. Roman, F, Burny, W, Ceregido, MA, Laupèze, B, Temmerman, ST, Warter, L, et al. Adjuvant system AS01: from mode of action to effective vaccines. Expert Rev Vaccines. (2024) 23:715–29. doi: 10.1080/14760584.2024.2382725

137. Bian, L, Zheng, Y, Guo, X, Li, D, Zhou, J, Jing, L, 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. (2022) 13:938598. doi: 10.3389/fimmu.2022.938598

138. Yihunie, W, Kebede, B, Tegegne, BA, Getachew, M, Abebe, D, Aschale, Y, et al. Systematic review of safety of RTS,S with AS01 and AS02 adjuvant systems using data from randomized controlled trials in infants, children, and adults. Clin Pharmacol. (2023) 15:21–32. doi: 10.2147/CPAA.S400155

139. Didierlaurent, AM, Laupèze, B, Di Pasquale, A, Hergli, N, Collignon, C, and Garçon, N. Adjuvant system AS01: helping to overcome the challenges of modern vaccines. Expert Rev Vaccines. (2017) 16:55–63. doi: 10.1080/14760584.2016.1213632

140. Van Der Meeren, O, Hatherill, M, Nduba, V, Wilkinson, RJ, Muyoyeta, M, Van Brakel, E, et al. Phase 2b controlled trial of M72/AS01E vaccine to prevent tuberculosis. N Engl J Med. (2018) 379:1621–34. doi: 10.1056/NEJMoa1803484

141. Romanowski, B, Schwarz, TF, Ferguson, L, Peters, K, Dionne, M, Behre, U, et al. Sustained immunogenicity of the HPV-16/18 AS04-adjuvanted vaccine administered as a two-dose schedule in adolescent girls: Five-year clinical data and modeling predictions from a randomized study. Hum Vaccin Immunother. (2016) 12:20–9. doi: 10.1080/21645515.2015.1065363

142. Didierlaurent, AM, Morel, S, Lockman, L, Giannini, SL, Bisteau, M, Carlsen, H, et al. AS04, an aluminum salt- and TLR4 agonist-based adjuvant system, induces a transient localized innate immune response leading to enhanced adaptive immunity. J Immunol. (2009) 183:6186–97. doi: 10.4049/jimmunol.0901474

143. Burny, W, Callegaro, A, Bechtold, V, Clement, F, Delhaye, S, Fissette, L, et al. Different adjuvants induce common innate pathways that are associated with enhanced adaptive responses against a model antigen in humans. Front Immunol. (2017) 8:943. doi: 10.3389/fimmu.2017.00943

144. Giannini, SL, Hanon, E, Moris, P, Van Mechelen, M, Morel, S, Dessy, F, et al. Enhanced humoral and memory B cellular immunity using HPV16/18 L1 VLP vaccine formulated with the MPL/aluminium salt combination (AS04) compared to aluminium salt only. Vaccine. (2006) 24:5937–49. doi: 10.1016/j.vaccine.2006.06.005

145. Leroux-Roels, G, Marchant, A, Levy, J, Van Damme, P, Schwarz, TF, Horsmans, Y, et al. Impact of adjuvants on CD4+ T cell and B cell responses to a protein antigen vaccine: Results from a phase II, randomized, multicenter trial. Clin Immunol. (2016) 169:16–27. doi: 10.1016/j.clim.2016.05.007

146. Heuler, J, Chandra, H, and Sun, X. Mucosal Vaccination Strategies against Clostridioides difficile Infection. Vaccines (Basel). (2023) 11:887. doi: 10.3390/vaccines11050887

147. Risso, GS, Carabajal, MV, Bruno, LA, Ibañez, AE, Coria, LM, Pasquevich, KA, et al. U-Omp19 from Brucella abortus Is a Useful Adjuvant for Vaccine Formulations against Salmonella Infection in Mice. Front Immunol. (2017) 8:171. doi: 10.3389/fimmu.2017.00171

148. Sasaki, S, Sullivan, M, Narvaez, CF, Holmes, TH, Furman, D, Zheng, N-Y, et al. Limited efficacy of inactivated influenza vaccine in elderly individuals is associated with decreased production of vaccine-specific antibodies. J Clin Invest. (2011) 121:3109–19. doi: 10.1172/JCI57834

149. Weinberger, B. Adjuvant strategies to improve vaccination of the elderly population. Curr Opin Pharmacol. (2018) 41:34–41. doi: 10.1016/j.coph.2018.03.014

150. Dowling, DJ, van Haren, SD, Scheid, A, Bergelson, I, Kim, D, Mancuso, CJ, et al. TLR7/8 adjuvant overcomes newborn hyporesponsiveness to pneumococcal conjugate vaccine at birth. JCI Insight. (2017) 2:e91020. doi: 10.1172/jci.insight.91020

151. Collins, N, and Belkaid, Y. Do the microbiota influence vaccines and protective immunity to pathogens? Engaging our endogenous adjuvants. Cold Spring Harb Perspect Biol. (2018) 10:a028860. doi: 10.1101/cshperspect.a028860

152. Sharma, Y, Arora, M, and Bala, K. The potential of immunomodulators in shaping the future of healthcare. Discov Med. (2024) 1:37. doi: 10.1007/s44337-024-00029-3

153. Seida, I, Alrais, M, Seida, R, Alwani, A, Kiyak, Z, Elsalti, A, et al. Autoimmune/inflammatory syndrome induced by adjuvants (ASIA): past, present, and future implications. Clin Exp Immunol. (2023) 213:87–101. doi: 10.1093/cei/uxad033

154. Habib, A, Anjum, KM, Iqbal, R, Jaffar, G, Ashraf, Z, Khalid, MS, et al. Vaccine adjuvants: selection criteria, mechanism of action associated with immune responses and future directions. Iran J Immunol. (2023) 20:1–15. doi: 10.22034/iji.2023.94097.2284

155. Riley, EM, and Stewart, VA. Immune mechanisms in malaria: new insights in vaccine development. Nat Med. (2013) 19:168–78. doi: 10.1038/nm.3083




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Xing, Zhao, Li, Fang, Sun, Zhang and Song. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1557415-g004.jpg
@ Lipopeptide @ Lipoteichoicacid @ LPS @ Flagelin @CPGDNA @ ssRNA @ dsRNA
@ MPL @ CpG 1018 ® Poly(:C)
TLRe TLRS :

TLR2

TLR1 TLR2 TLRS
3 . Plasma membrane

mnm«mi.mmﬁsﬂmmHm%mmmﬁﬁﬂmzmm
i Cytoplasm

S

TRIE

Nucleus.

XQXFQX
!

Antiinflammatory Pro-inflammatory Pro-nflammatory Type | interferons
cytokines (IL-10) cytokines (IL-12) cytokines(IL-12, IL-16) (IFNa, IFNB)






OEBPS/Images/fimmu-16-1557415-g001.jpg
Johnson found that
lipopolysaccharide (LPS)
endotoxin from Gram-
negative bacteria adjuvant

has adjuvant activity AS04 in HBV Vaccine

(Fendrix) and HPV

Aluminium salts first
used in human
diphtheria vaccine

Vaccine (Cervarix)

2009

/ASO1 in Malaria
. vaccine (Mosquirix)
and herpes zoster
vaccine (Shingrix)

2020 2021

1926 1956
Freund's adjuvant
invented by Jules i
Freund was widely Fluad, an MF59-
used adjuvanted vaccine

licensed against Flu

2005

AS03 in pandemic.
influenza vaccine

(Pandemrix)

2017

The world's first
malaria vaccine
Mosquirix was
usedinlarge scale

Plizer's BNT16202 (Comimaty) and
Moderna's mRNA-1273 (Spikevax)
Vaccines were approved in the fight
against COVID-19.





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

    		Cover



  		

        The recent advances in vaccine adjuvants

      

        		

          1 Introduction

        



        		

          2 Delivery systems

        

          		

            2.1 Aluminum adjuvants

          



          		

            2.2 Emulsion

          

            		

              2.2.1 Water-in-oil adjuvant: Freund’s adjuvant

            



            		

              2.2.2 Oil-in-water adjuvant: MF59, AS03

            

              		

                2.2.2.1 MF59

              



              		

                2.2.2.2 AS03

              



            



            



          



          



          		

            2.3 Particles

          

            		

              2.3.1 Virus-like particles

            



            		

              2.3.2 Virosomes

            



          



          



          		

            2.4 Mannan-based adjuvants

          



        



        



        		

          3 Immunostimulants

        

          		

            3.1 TLR3 Agonists

          



          		

            3.2 TLR4 Agonists

          



          		

            3.3 TLR5 Agonists

          



          		

            3.4 TLR7/8 Agonists

          



          		

            3.5 TLR9 Agonists

          



        



        



        		

          4 Combination of adjuvants

        

          		

            4.1 AS01

          



          		

            4.2 AS02

          



          		

            4.3 AS04

          



        



        



        		

          5 Conclusions and prospects

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-16-1557415-g002.jpg
) Adjuvant
070 Antigen

Antigen-Adjuvant

Lysosome

Cathepsin B z } \\\

release
NLRP3
inflammasome

Complement
activation

g 2
Y o

B cell activation
19G 1 CD4* T cell





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-16-1557415-g003.jpg
Thi cell f
o — ®

Macrophage

Adjuvant-antigen

NK

! CD4* T el
processing
Secrete =
chemokines L
to recruit,
cells
APC ®
G
(
Mopeeve \. Th cel

NF-kB

Memory
B cell






OEBPS/Images/fimmu.2025.1557415_cover.jpg
& frontiers | Frontiers in Immunology

The recent advances in vaccine adjuvants





OEBPS/Images/table1.jpg
Adjuvant Class

Aluminum sdjuvants

Emsions

Panices

Mis

As03

vir

Virosomes

Mannan-bssed sdjovants

TLRS sgoniss

TLRS agonist

TLRS sgonist

Combintion
of sdjovants

Poy(C)

Flagelin

oG 018

Aso

A

Ao

Immune Responses

promes atigen uptake by APCs, acthates NLRPS
inflmmasome, and indoces Th2 fype immune response.

Eahances recruitment of APCs and thei acivation.
promates antigen uptake snd migrtion of immune el 0
Iymph nodes, modulates humoral nd cellar
mmune responss.

Tducescyokine production and rcrutment of immune
als modulte humoral nd celuar mmaniy.

Direct actvtion of Bcells,simulaton of DCs,and
nduction of cross-presntation 0 CDS” T clls|

Promotes uptke of vacine anigen by APC and interacts
with B el leading 0 Tl e

Promotes DC maturtion ad skews immune responses
tovsard toleance o the diffeentation of Thlegulsory T
clls (Tregs)

Enkances anibods e, ThT type immunty and CDS" T
<el-medisod immuniy.

Enhances Thi and Th2 immune responses, ctivtes
patern recogation recptors (PRR). induces trong
mocosal IGATH/TRI7 esponses.

Boaststhe humoral mmune response, Th type immunity,
CDS' T el meditedimmunity.

Augments the antbody tr, Thi type ofimmune
response, and CDN' T el mdisted immunity

Enhances anibody ter and Thi ype immuniy.

Stmulaes TLR, ncresses APC mstration,cnhances Thi
typeimmune responses, and improves humoraland celluar
immune responss.

sed vaccines

Hepatits A vacine:
Hepati B vaccin: Diphtheriaictamuspertusss
OTP) vacine.

Scasonal influcnza vaceoe; Pandermic influcnzs
vaceine; Avian inflenza vaceine.

Pre pandemic HSNI vacine Pandemic HINI
inflacnza vacine

Hepatii B vaceine (HeplisavB).

Malaria vaceine (RTS,$ o Mosquirin): Herpes
soser vaceine (HZsu or Shinges)

HPY vaceine
(Cervarv):
Hepaiis B vacene (Fendi).

as

a©

)

)

®

)

@

)

w0

ay

@

®





