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Abstract

Vaccines represent one of the most significant inventions in human history and have revolutionized 

global health. Generally, a vaccine functions by triggering the innate immune response and 

stimulating antigen-presenting cells, leading to a defensive adaptive immune response against 

a specific pathogen’s antigen. As a key element, adjuvants are chemical materials often 

employed as additives to increase a vaccine’s efficacy and immunogenicity. For over 90 years, 

adjuvants have been essential components in many human vaccines, improving their efficacy 

by enhancing, modulating, and prolonging the immune response. Here, we provide a timely 

and comprehensive review of the historical development and the current status of adjuvants, 

covering their classification, mechanisms of action, and roles in different vaccines. Additionally, 

we perform systematic analysis of the current licensing processes and highlights notable examples 

from clinical trials involving vaccine adjuvants. Looking ahead, we anticipate future trends in 

the field, including the development of new adjuvant formulations, the creation of innovative 

adjuvants, and their integration into the broader scope of systems vaccinology and vaccine 

delivery. The article posits that a deeper understanding of biochemistry, materials science, and 

vaccine immunology is crucial for advancing vaccine technology. Such advancements are expected 

to lead to the future development of more effective vaccines, capable of combating emerging 

infectious diseases and enhancing public health.

Introduction: The history of vaccine adjuvants

The field of vaccine adjuvant research has advanced significantly since its inception at 

the start of the 20th century (Figure 1)1–14. As infectious diseases have become more 

prevalent, immunization has emerged as the most effective method for limiting their spread 

and reducing the associated harm. However, early vaccines often proved ineffective because 

purified antigens alone were unable to elicit a strong enough immune response. To overcome 

*Correspondence to: yhu@seas.ucla.edu, yuanshi@mednet.ucla.edu. 

Competing financial interests
The authors declare no competing financial interests.

HHS Public Access
Author manuscript
J Mater Chem B. Author manuscript; available in PMC 2024 June 16.

Published in final edited form as:
J Mater Chem B. ; 12(17): 4118–4137. doi:10.1039/d3tb02861e.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



this challenge, the concept of adjuvants was introduced. Adjuvants are materials added to 

vaccines to boost their immunogenicity, thereby enhancing their effectiveness.

The development of modern adjuvants has been a slow and challenging process. Researchers 

aim to create vaccines that induce strong immune responses while maintaining safety. 

This effort involves selectively incorporating well-defined molecules and formulations, 

and exploring both natural and synthetic compounds. As summarized in Figure 1, the 

composition of adjuvants has evolved over time. It has progressed from early natural 

ingredients to contemporary synthetic compounds1, 2, 9, 10, 12, 14–22.

Despite the challenges in adjuvant development, over 30 licensed vaccines from various 

manufacturers currently contain adjuvants. Aluminum salts, the first discovered adjuvant, 

have been found to enhance the immune response to vaccines against diseases such as 

hepatitis B, tetanus, diphtheria, pertussis, and human papillomavirus. The effectiveness of 

aluminum salts is attributed to factors like their ability to form a depot at the injection 

site, induce inflammation, and activate dendritic cells and T cells3, 12, 13, 23–34. Although 

aluminum has been used in vaccines for over seven decades, its precise immune mechanism 

remains not fully understood.

Later adjuvant developments in the late 1990s included oil-in-water emulsions35–42. These 

emulsions facilitate the slow release of antigens over an extended period, activate the innate 

immune system, and induce both humoral and cellular immune responses. One of the first 

uses of such emulsions was in Fluad, a licensed seasonal influenza vaccine for adults 

over 65 years old43, 44. Other FDA-licensed adjuvants includeMF5913, 36 (an oil-in-water 

emulsion adjuvant containing squalene, a biodegradable oil, and a surfactant, used in the 

influenza vaccine) and AS0345–47 (comprising α-tocopherol, squalene, and a surfactant, 

used in H1N1 influenza vaccine and some pandemic influenza vaccines). AS012, 48(a mix of 

liposomes and monophosphoryl lipid A) has been used in the RTS,S/AS01 malaria vaccine 

and the Shingrix vaccine for shingles.

While many other adjuvants have shown high potency in preclinical models, most have not 

yet been licensed for human use due to safety or tolerability concerns. Additionally, the 

molecular mechanisms of how existing adjuvants, including alum, MF59, and the Adjuvant 

Systems AS0 adjuvants, work in humans are still not well understood.

Benefits and effects from adjuvants

Overall, vaccine adjuvants play crucial roles in enhancing the effectiveness and accessibility 

of vaccines, and in reducing the burden of infectious diseases globally. Their uses and other 

practical applications are detailed below (Figure 2):

1. Alleviating Limited Vaccine Supply: Adjuvants boost the immune response, 

allowing for fewer vaccine doses to achieve full protection. This eases healthcare 

system strain and increases accessibility for those unable to receive multiple 

doses15, 17, 49. Adjuvants can also lower the necessary antigen doses in vaccines, 

thereby potentially reducing side effects and increasing availability. For instance, 

recombinant vaccines offer significant manufacturing advantages but are often 
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weakly immunogenic on their own. Combining adjuvants with recombinant 

pandemic influenza protein can substantially reduce the amount of antigen 

needed to achieve target antibody levels, leading to a significant increase in 

manufacturing capacity. For example, AS03 is an oil-in-water emulsion adjuvant 

that has been used in vaccines such as the H1N1 influenza vaccine2, 45, 46. It 

has been shown to improve immune responses and allow for antigen sparing, 

meaning that smaller amounts of the vaccine antigen can be used while still 

generating a strong immune response which can help stretch the available 

vaccine supply.

2. Enabling Rapid Immune Response: Adjuvants stimulate a stronger, longer-

lasting response to vaccine antigens17, 24, 30, 34, 50–53, offering better protection. 

For instance, the addition of the AS04 adjuvant to hepatitis B antigen in 

GlaxoSmithKline’s (GSK’s) Fendrix enabled a reduction of a three-dose regimen 

to two. For example, Advax is a delta inulin-based adjuvant that has been shown 

to accelerate the immune response. It activates the innate immune system and 

promotes the production of cytokines and chemokines, which help enhance the 

adaptive immune response.

3. Broadening Antibody Response: Adjuvants expand the antibody response against 

pathogens with significant antigenic drift or strain variations54, 55, critical for 

diseases like influenza, human papillomavirus (HPV), and the malaria parasite. 

For example, MF59 is an oil-in-water emulsion adjuvant composed which 

has been shown to enhance both cellular and humoral immune responses and 

significantly increase antibody titers and improve the quality of the antibody 

response36, 56.

4. Enhancing Antibody Response Magnitude and Functionality: Adjuvants not 

only increase the magnitude of antibody responses but also their functionality, 

affinity, or number of functional antibodies produced by the immune system20, 

57, 58. For example, AS04 is an adjuvant that combines aluminum salts with 

monophosphoryl lipid A (MPLA), a Toll-like receptor 4 agonist. AS04 has been 

shown to enhance both the magnitude and functionality of antibody responses. It 

promotes the production of high-quality antibodies, including increased antibody 

titers and improved antibody affinity and avidity59.

5. Enhancing T Cell Responses: New vaccine candidates are being developed 

to improve T cell responses, which are not effectively induced by existing 

adjuvants approved for human use60–63. The goal is to elicit more effective 

engagement of T helper cells for optimizing the quality and durability of 

antibody responses, or to induce effector CD4+ or CD8+ T cells that can target 

and eliminate intracellular pathogens. Therefore, new vaccines may include 

agonists for Toll-like receptors (TLRs) and other innate immune receptors to 

facilitate the generation of T helper cell responses. This approach aims to 

overcome the limitations of traditional adjuvants and create more effective 

vaccines that can provide long-lasting protection against a wider range of 

pathogens. By improving T cell responses, these vaccines may also provide 
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benefits for individuals with weakened immune systems or those who may not 

respond well to traditional vaccines. For example, CpG ODNs are synthetic 

DNA molecules containing specific immunostimulatory sequences that act as 

Toll-like receptor 9 (TLR9) agonists which have been demonstrated to enhance T 

cell responses by promoting the activation and differentiation of antigen-specific 

CD4+ and CD8+ T cells12, 64–66. They induce a Th1-type immune response, 

resulting in increased T cell proliferation, cytokine production, and cytotoxic T 

cell activity.

6. Developing New Vaccines: Adjuvants are vital in developing vaccines for 

diseases where traditional vaccines are ineffective, enhancing immune responses 

and targeting multiple pathogen strains. They can enhance the immune response 

to a vaccine and help to target multiple strains of a pathogen2, 14, 15, 67. For 

example, in the case of the flu vaccine, adjuvants have been used to create 

vaccines that can provide better protection against different strains of the 

influenza virus36, 68. Additionally, adjuvants can be used to develop vaccines for 

diseases that are caused by pathogens for which there are no effective vaccines 

available yet, such as HIV or malaria. The development of adjuvants that can 

stimulate a strong and targeted immune response against these pathogens is an 

important area of research. For example, in virus-like particle (VLP) adjuvants, 

VLPs are self-assembled structures that mimic the overall structure of viruses but 

lack viral genetic material, making them non-infectious. VLPs can serve as both 

antigens and adjuvants69, 70. They have been used in the development of new 

vaccines to enhance immune responses, improve vaccine efficacy, and broaden 

the immune response to different viral strains or subtypes.

7. Improving Safety: By enhancing the immune response, adjuvants can reduce 

vaccine-associated adverse event risks. This is because the immune system 

is better able to target and eliminate the antigen, reducing the risk of an 

overactive immune response that can lead to side effects37, 45, 71. Therefore, the 

use of adjuvants in vaccines has become an important strategy for improving 

the efficacy, safety, and accessibility of vaccines. For example, virosomes 

are liposome-like particles that incorporate viral proteins, such as influenza 

hemagglutinin, into their structure. They have been used as adjuvants in vaccines 

to improve safety. Virosomes provide the antigenic properties of viruses without 

the infectious genetic material, reducing the risk of vaccine-associated adverse 

events. Virosomal adjuvants have been utilized in vaccines for diseases like 

influenza and hepatitis A.

Categories of adjuvants and their acting mechanisms

In this section, we discuss typical vaccine adjuvants, covering their components, functional 

mechanisms, applications in vaccines, and their advantages and disadvantages, as well as the 

challenges associated with them.
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Aluminum salts-based adjuvants.

Aluminum salt-based adjuvants, commonly known as alum, were the first adjuvants used in 

licensed human vaccines and continue to be the most widely used adjuvants. They consist 

of aluminum hydroxide, aluminum phosphate, or a combination of both and are known to 

form a depot at the injection site, slowly releasing the vaccine antigen over time, which 

results in a stronger and prolonged immune response3, 12, 13, 23–34, 40. They have been 

shown to enhance the immune response to a wide range of antigens, including those in 

vaccines for hepatitis B, human papillomavirus (HPV), and pneumococcal disease. Due to 

their proven safety record, wide-spectrum ability to strengthen immune responses, and ease 

of manufacture, they remain an attractive option for vaccine development. However, there 

have been some concerns about the potential for aluminum salts to cause adverse effects, 

such as local reactions at the injection site and rare cases of allergic reactions. The benefits 

of using aluminum salts as vaccine adjuvants generally outweigh the risks.

The exact mechanism by which aluminum salts-based adjuvants work is not fully 

understood, but there are several proposed theories (Figure 4a). One of the key reasons for 

the popularity of alum as an adjuvant is their ability to form a depot at the site of injection. 

This depot slowly releases the vaccine antigen over time, providing a prolonged exposure of 

the immune system to the antigen. This prolonged exposure helps to enhance the immune 

response, leading to stronger and more durable immunity.

In addition, alum is also believed to activate the innate immune system by inducing 

inflammation at the injection site. This inflammation is thought to be triggered by the 

activation of the inflammasome, a protein complex that plays a key role in the innate 

immune response. Activated inflammasomes release pro-inflammatory cytokines, which 

help to attract immune cells to the site of inflammation and activate them24, 25.

Aluminum salts-based adjuvants are also believed to activate dendritic cells, which are 

specialized immune cells that present the antigen to T cells, responsible for recognizing 

and attacking foreign invaders. Aluminum salts-based adjuvants activate dendritic cells by 

inducing the release of pro-inflammatory cytokines, such as IL-1β and TNF-α, which attract 

dendritic cells to the injection site and activate them. In turn, dendritic cells promote the 

differentiation of effector T cells, which play a key role in the induction of immunity29, 30, 

34, 72.

Alum is also believed to stimulate the differentiation of CD4+ T cell and induce the 

production of antibodies by B cells, which are critical for the induction of immunity. This 

process is mediated by the production of IL-1β and IL-18 by dendritic cells, which promote 

the differentiation of effector T cells. The slow release of antigen from the depot also helps 

to prolong the exposure of B cells to the antigen, which can enhance the production of 

antibodies.

In summary, aluminum salts-based adjuvants work by forming a depot at the injection site, 

activating the inflammasome, inducing the release of pro-inflammatory cytokines, attracting 

dendritic cells to the site of injection, and enhancing the production of antibodies by B cells. 
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These mechanisms work together to enhance the immune response to the antigen in the 

vaccine and improve protection against the target disease.

Inorganic nanoparticle-based adjuvants.

Inorganic nanoparticle-based vaccine adjuvants73–82, such as nano-aluminum82, layered 

double hydroxides (LDH)81, and nano/mesoporous-silica77, 78, nanodiamond80, quantum 

dots75, have been investigated for their potential to enhance the immune response to 

vaccines. Inorganic nanoparticles present a versatile platform for surface modifications, 

allowing for precise control over size and shape parameters. This versatility facilitates 

the engineering of tailored architectures aimed at eliciting specific immune responses. 

Furthermore, these nanoparticles typically exhibit robust chemical and physicochemical 

stability, ensuring prolonged shelf life without the need for refrigeration during storage and 

transportation. Such attributes are crucial for practical vaccine deployment and distribution 

scenarios, particularly in resource-limited settings, and render them ideal candidates for 

stockpiling vaccines to address future emergency needs.

The mechanism of action of inorganic nanoparticle-based vaccine adjuvants involves their 

interaction with the immune system to enhance and modulate the immune response to 

antigens present in vaccines73. Inorganic nanoparticles serve as carriers for antigens, 

ensuring their efficient delivery to antigen-presenting cells (APCs). Nanoparticles are 

designed to be efficiently taken up by APCs, such as dendritic cells and macrophages. 

This uptake is facilitated by the size, surface charge, and surface modifications of the 

nanoparticles. Some inorganic nanoparticle adjuvants, such as aluminum-based adjuvants, 

induce localized inflammation at the injection site. This attracts immune cells to the site 

and promotes the recruitment of APCs. Inorganic nanoparticle adjuvants contribute to 

the development of long-lasting immune memory. This ensures that the immune system 

“remembers” the encountered antigens, providing protection upon subsequent exposure to 

the pathogen.

Among them, γ-phase aluminum oxyhydroxide nanoparticles (γ-AlOOH) with nanofiber 

morphology was prepared and used as a delivery system for the hydrothermal extract of 

human tubercle bacillus (HTB)82. Due to its distinctive mesoporous fiber structure, the 

synthesized γ-AlOOH significantly enhanced cellular uptake by macrophage-like cells, 

showing an approximately two-fold increase compared to commercial alum.

Mesoporous silica possesses an ordered porous structure with uniform-sized pores in the 

mesoscale range (2 to 50 nm)77, 78. This structure provides a large surface area and tunable 

properties, making it suitable for various applications, including drug delivery and vaccine 

adjuvants. The surface of mesoporous silica can be modified to tailor its properties for 

specific vaccine formulations and applications. Mesoporous silica can also be utilized 

to encapsulate immunomodulators, further enhancing the adjuvant effect. For example, 

amorphous silica can be used as a vaccine adjuvant to enhance immune response. Both 

nanoscale and microscale silica promoted NLRP3 inflammasome activation in myeloid cells, 

whereas only nanoscale silica activated the inflammasome in keratinocytes.
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LDHs are layered materials with a positively charged brucite-like layer and interlayer 

anions, providing a unique structure for various applications, including drug delivery and 

immunomodulation81. LDHs offer a high loading capacity for antigens due to their layered 

structure. LDHs can be designed to release antigens in a controlled manner, promoting a 

sustained and prolonged immune response. LDHs can be surface-modified to incorporate 

additional functionalities, such as targeting ligands or immunomodulatory agents, to further 

tailor their performance.

In summary, inorganic nanoparticle-based as vaccine adjuvants represents an active area of 

research, and their application in vaccine development holds promise for enhancing immune 

responses and improving the overall effectiveness of vaccines.

Emulsions adjuvants.

Emulsions are formed when two liquids are brought together that are unable to form a 

homogenous mixture. Antigen is contained in these water droplets and the oil acts as a 

depot, slowly releasing antigen and enhances the immune response by decreasing clearance 

time and prolonging antigen exposure. Emulsions are another type of vaccine adjuvant that 

have been developed to enhance the immune response to vaccines. Emulsions consist of 

two immiscible liquids, typically an oil phase and a water phase, that are stabilized by a 

surfactant. Emulsions work by forming small droplets of the antigen in the oil phase, which 

are then dispersed throughout the water phase2, 35, 36, 83.

One of the earliest oil-in-water adjuvants approved for human vaccines is MF59, which 

contains squalene, polysorbate 80, sorbitan trioleate, and trisodium citrate dehydrate. 

MF59 induces ATP release and upregulates cytokines and chemokines to enhance antigen-

specific immune responses at the vaccination site. It has been shown to be safe and well-

tolerated. Another oil-in-water emulsion-based adjuvant is AS03, which contains surfactant 

polysorbate 80 and two biodegradable oils, squalene, and DL-a-tocopherol. The European 

Commission granted marketing authorization for AS03-adjuvanted Pandemrix in 2009, and 

the AS03-adjuvanted influenza A (H5N1) monovalent vaccine was licensed by the FDA in 

2013. AS03 has been increasingly used in influenza and malaria vaccines84.

Emulsions have been used in various vaccines, including influenza, hepatitis B, and 

human papillomavirus (HPV) vaccines. They improve vaccine efficacy, particularly in 

populations that may not respond well to traditional vaccines, such as the elderly or 

immunocompromised individuals. Emulsion adjuvants work by enhancing the immune 

response to vaccines through several mechanisms. There are several proposed mechanisms 

to understand how the emulsion-based adjuvants work in Figure 4b41:

One of the primary mechanisms is the slow release of antigen over an extended period of 

time. The small size of the emulsion droplets allows for an extended surface area to volume 

ratio, which enhances antigen presentation and uptake by antigen-presenting cells. This slow 

release of antigen can activate the immune system over a longer period of time, resulting in a 

more robust and prolonged immune response.
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Emulsion adjuvants also activate the innate immune system. The emulsion droplets are 

recognized as foreign by the immune system, leading to the activation of antigen-presenting 

cells such as dendritic cells, macrophages, and monocytes. These cells then produce pro-

inflammatory cytokines and a complex of chemokineses, such as TNF-α and IL-1β, which 

further activate the immune system and attract immune cells to the site of injection and 

form an immunocompetent environment for enhanced antigen transportation to the draining 

lymph nodes.

Another important mechanism of emulsion adjuvants is their ability to induce both 

humoral and cellular immune responses. The emulsion droplets can be taken up by antigen-

presenting cells, which then present the antigen to T cells and B cells. T cells are responsible 

for directly attacks infected cells, while B cells produce antibodies that can neutralize 

pathogens. Emulsion adjuvants have been shown to activate both T cells and B cells, leading 

to a more comprehensive immune response.

In summary, emulsion adjuvants have become an important tool in the development of 

vaccines. They work by enhancing the immune response to vaccines through several 

mechanisms, including slow release of antigen, activation of the innate immune system 

and induce both humoral and cellular immune responses.

Toll-like receptor (TLR) agonists

Toll-like receptors (TLRs) are a type of pattern recognition receptors that play a crucial 

role in the innate immune response to invading pathogens85–90. TLRs are transmembrane 

receptors that are primarily expressed by cells of the innate immune system. These 

receptors are classified into two groups: cell surface TLRs (TLR1, TLR2, TLR4, TLR5, 

and TLR6) and intracellular TLRs (TLR3, TLR7, TLR8, and TLR9), which are expressed 

on endosomal membranes. Each TLR contains a transmembrane domain, a leucine-rich 

repeat (LRR) segment that recognizes pathogen-associated molecular patterns (PAMPs) and 

damage-associated molecular patterns (DAMPs), and a Toll/interleukin-1 receptor (TIR) 

domain that initiates downstream signal transduction and induces an inflammatory response. 

Thus, TLRs are attractive targets for adjuvants to stimulate an effective immune response 

that provides long-lasting protection against pathogens. Toll-like receptor (TLR) agonists are 

highly promising as adjuvants in vaccines against life-threatening and complex diseases such 

as cancer, AIDS, and malaria.

CpG oligodeoxynucleotides (ODNs) are synthetic DNA molecules with a phosphorothioate 

backbone that contains unmethylated CpG motifs64–66. Figure 4c describe how the TRL 

-based adjuvants acting: CpG ODN is a potent adjuvant that induces type 1 helper T (Th1) 

responses and promotes the generation of cytotoxic T lymphocytes (CTLs) and secretion of 

interferon-gamma (IFN-γ). Activation of TLR9 by CpG ODN enhances specific humoral 

and cellular immune responses to antigens. Due to its unique characteristic, CpG ODN can 

be used as an adjuvant for vaccination via intramuscular, subcutaneous, oral, and intranasal 

routes. As effective vaccine adjuvants, CpG ODN can promote the immunostimulatory 

effect of antigens, activate antigen-presenting cells (APCs), and accelerate immune 

responses. CpG ODNs facilitate the expression of major histocompatibility complex (MHC), 

Cui et al. Page 8

J Mater Chem B. Author manuscript; available in PMC 2024 June 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CD40, and CD86 on plasmacytoid dendritic cells (pDCs) and enhance antigen processing, 

leading to a robust and sustained immune response.

Liposomes

Liposomes, a type of vaccine adjuvant, are composed of phospholipids and cholesterol and 

are small, spherical structures that can encapsulate antigens and other immunostimulatory 

molecules91–93. They are biodegradable, biocompatible, and allow for versatile structure 

modifications that enable adjustable characteristics and toxicity. Liposomes can be used 

to deliver antigens to antigen-presenting cells, such as dendritic cells, which can activate 

the immune system. Additionally, liposomes are able to enhance both humoral and 

cellular immune responses, inducing a Th1-biased response that is important for clearing 

intracellular pathogens and enhancing antibody responses, making them an attractive 

adjuvant for vaccine development. One of the unique characteristics of liposomes is their 

ability to be modified to target specific cell types. They can be modified with antibodies 

or peptides that target specific receptors on dendritic cells, increasing the uptake of the 

liposome-encapsulated antigen. Liposomes can also be used to co-deliver multiple antigens 

or immunostimulatory molecules, leading to a more robust immune response, particularly 

for complex pathogens that may require multiple antigens to induce a protective immune 

response.

AS01, an adjuvant system based on liposomes, contains two immunostimulatory agents, 

3-O-desacyl-4′-monophosphoryl lipid A (MPL) and QS-212, 48. Vaccines that use AS01 

adjuvant include the newly developed malaria vaccine RTS, S (Mosquirix), as well as 

vaccine candidates against herpes zoster (HZ/su), HIV, and tuberculosis. AS01 can promote 

the production of both antigen-specific antibodies and antigen-specific CD4+ T cells, which 

distinguishes it from other adjuvants.

Other adjuvants

Cytokines—Cytokines are a diverse group of signaling molecules that play important roles 

in the immune response94, 95. They are secreted by various cells of the immune system and 

act on specific receptors to mediate a range of biological functions, such as inflammation, 

cell proliferation, and differentiation. Cytokines can be divided into different categories 

based on their structure and function, including interleukins, interferons, tumor necrosis 

factors, and chemokines.

Polymers—Polymers, on the other hand, are compounds that consist of repeating units 

joined together by covalent bonds. They can be either natural or synthetic and have a wide 

range of applications in materials science, medicine, and biotechnology96, 97. In the context 

of vaccines, polymers can be used as carriers to create slow-release depots that entrain 

antigens and other immunomodulatory agents in their large, cross-linked structure. This 

results in sustained antigen presentation and activation of the immune system, which can 

lead to stronger and longer-lasting immune responses.

Saponins—Saponins are naturally occurring compounds that have amphipathic properties, 

meaning they have both hydrophilic and hydrophobic regions52, 98, 99. They have been used 
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in traditional medicine for centuries and have many potential pharmaceutical applications, 

including as adjuvants in vaccines. Saponins can enhance the immune response by 

stimulating antigen-presenting cells such as dendritic cells and by promoting the production 

of cytokines and chemokines. One example of a saponin-based adjuvant is QS-21, which 

is used in combination with MPL (monophosphoryl lipid A) in the AS01 adjuvant system. 

AS01 is an effective adjuvant that has been used in the development of vaccines against 

malaria, tuberculosis, and herpes zoster, among other diseases.

Virosomes—Virosomes are composed of phospholipids and viral envelope proteins, which 

are typically derived from viruses that do not cause disease in humans100, 101. The viral 

envelope proteins provide an immunogenic surface that can activate the immune system, 

while the phospholipids help to stabilize the virosome structure and increase its uptake by 

antigen-presenting cells.

Various vaccines and their adjuvants roles.

In this section, we discuss the roles of adjuvants in various vaccines. Figure 5 summarizes 

the major confirmed vaccines and approaches currently under development. These include 

whole-virus vaccines (such as live-attenuated, inactivated, and viral-vector vaccines), 

subunit vaccines, and nucleic acid vaccines (including pDNA and mRNA).

Inactivated vaccines

Inactivated vaccines are usually produced from virus-infected cells and are inactivated, 

which ensures that the viruses are no longer infectious but retain their antigenic properties, 

making them useful for generating an immune response102, 103. Adjuvants can be added to 

inactivated vaccines to enhance the immune response. Aluminum salts, such as aluminum 

hydroxide and aluminum phosphate, are the most commonly used adjuvants in inactivated 

vaccines. They enhance the immune response by adsorbing the antigen onto their surface, 

which allows for slow release of the antigen and stimulation of the immune system over a 

longer period of time. Other adjuvants used in inactivated vaccines include MF59, AS03, 

and AS04. MF59 is an oil-in-water emulsion that enhances the immune response by creating 

an antigen depot at the injection site, and also by stimulating the innate immune system. 

These adjuvants have been used in vaccines such as the H1N1 influenza vaccine and the 

human papillomavirus (HPV) vaccine. In one study, the CoronaVac inactivated vaccine with 

alum adjuvant demonstrated highly effective neutralizing effects against SARS-CoV-2104.

Live-attenuated-virus vaccine

Live-attenuated virus vaccines have been a successful immunization strategy due to 

their ability to rapidly expand in the host system after injection, resulting in effective 

immunization49, 105. Live-attenuated virus vaccines are weakened forms of the virus that are 

able to replicate within the body but do not cause disease. As such, they can elicit a strong 

and long-lasting immune response. Adjuvants are not typically used with live-attenuated 

virus vaccines because the vaccine itself is already a strong stimulant of the immune 

system. However, some studies have explored the use of adjuvants with live-attenuated 

virus vaccines to potentially enhance their effectiveness. One example is the use of the 
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oil-in-water emulsion MF59 as an adjuvant with a live-attenuated influenza vaccine, which 

has been shown to improve the immune response in elderly individuals36. However, more 

research is needed to determine the safety and effectiveness of adjuvants with live-attenuated 

virus vaccines.

Viral vector vaccine

Replication competent and incompetent adenoviral vectors have been commonly used to 

express the antigens of other viral proteins for immunization49, 106. Adjuvants can be used 

in conjunction with viral vector vaccines to enhance the immune response generated by the 

vaccine. For example, the Oxford-AstraZeneca COVID-19 vaccine is a viral vector vaccine 

that uses a weakened version of a chimpanzee adenovirus to deliver the genetic material for 

the SARS-CoV-2 spike protein107. This vaccine contains an adjuvant called AS03, which is 

a combination of squalene (a natural oil), polysorbate 80 (a detergent), and vitamin E.

Virus-like particles vaccine

In this strategy, structural viral proteins are co- expressed to form non- infectious particles 

as the vaccine immunogen. They resemble real virions but they lack the virus genome. 

Production of VLPs in the cells with further reconstruction into the stable and immunogenic 

forms is a multi-stage process. Adjuvants can be used in virus-like particles vaccines to 

enhance the immune response and improve vaccine efficacy32, 69, 70. Commonly used 

adjuvants for virus-like particles vaccines include aluminum salts, MF59 (an oil-in-water 

emulsion), and CpG oligonucleotides (TLR-9 agonists). These adjuvants stimulate the 

immune system to produce a stronger and more long-lasting response to the VLP vaccine. 

In some cases, the VLP itself can act as an adjuvant, as it has been shown to stimulate the 

immune system through multiple pathways. Overall, the use of adjuvants in VLP vaccines 

can help to increase their potency, reduce the required dose, and improve vaccine coverage.

DNA vaccines

DNA-based vaccines utilize DNA plasmids as a vector to transfer genes encoding an antigen 

into host cells, specifically antigen-presenting cells106, 108, 109. The underlying mechanism 

of these vaccines relies on the delivery of genetic material to the cell nucleus, activating the 

mammalian promoter in the vector and initiating transcription of the target genes through 

the host cellular mechanism. However, DNA vaccines often have limited immunogenicity 

compared to other vaccine types, which can limit their effectiveness. Adjuvants can help to 

overcome this limitation by enhancing the immune response to the encoded antigen. Various 

adjuvants have been tested in DNA vaccines, including alum, CpG oligodeoxynucleotides 

(CpG ODNs), and liposomes. Alum has been shown to enhance the immune response to 

DNA vaccines in mice, but has had limited success in human trials. CpG ODNs are synthetic 

molecules that mimic bacterial DNA, and can activate the immune system by interacting 

with toll-like receptors (TLRs) on immune cells. Liposomes are small lipid vesicles that can 

encapsulate the DNA and adjuvant, and deliver them directly to antigen-presenting cells. 

Liposome-based adjuvants have shown promise in preclinical studies of DNA vaccines.
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mRNA vaccines

mRNA vaccines involve direct injection of the mRNA molecule into the host cell, 

which is then translated into the target protein in the cytoplasm110–112. These vaccines 

typically contain an open reading frame (ORF) with a 3′ poly-adenylated tail that can 

stimulate both cellular and humoral immune responses. Compared to conventional vaccines, 

mRNA vaccines offer numerous advantages, such as safety, flexibility, scalability, and cost-

effectiveness. mRNA vaccines do not typically require adjuvants as the mRNA molecules 

themselves stimulate the immune system. The mRNA vaccines against COVID-19, for 

example, use a lipid nanoparticle delivery system to protect the mRNA and facilitate its 

entry into cells, but this delivery system is not considered an adjuvant in the traditional 

sense. However, some research is being conducted to explore the use of adjuvants in mRNA 

vaccines to enhance their effectiveness, especially for certain populations that may have 

weaker immune responses to the vaccines, such as the elderly.

Protein subunit-based vaccine

Protein subunit-based vaccines contain only a specific protein or proteins from a pathogen, 

rather than the entire pathogen2, 113, 114. Adjuvants are often used with protein subunit 

vaccines to enhance their effectiveness by increasing the immune response to the protein 

antigen. Aluminum salts (such as aluminum hydroxide) are the most commonly used 

adjuvants for protein subunit-based vaccines, as they have been shown to enhance the 

antibody response to the antigen. Other adjuvants, such as MF59 (oil-in-water emulsion), 

AS03 (squalene oil-in-water emulsion), and AS04 (aluminum hydroxide and MPL), 

have also been used in protein subunit-based vaccines to improve their immunogenicity. 

Additionally, novel adjuvants, such as Toll-like receptor agonists, are being studied for use 

with protein subunit-based vaccines to further enhance their immune response.

Clinical trials and licensing of vaccine adjuvants

Developing a vaccine with an adjuvant is a difficult task that can take years as it is 

important to ensure that each component of the vaccine is compatible both alone and in 

combination. The Center for Biologics Evaluation and Research (CBER), a division of 

the US Food and Drug Administration, has released a guide to facilitate the development 

of new vaccine formulations in response to the urgent need to develop vaccines against 

infectious diseases (Figure 6)10, 71, 115. The guide recommends starting with preclinical 

tests using an appropriate animal model to evaluate the safety and immunogenicity of 

the formulation, including the adjuvant effect on the immune response. It is essential to 

include control groups consisting of adjuvant and antigen alone to provide evidence for the 

adjuvant effect. Immunogenicity evaluation may include humoral and cellular responses, and 

initial protective efficacy information can be obtained if an animal model for the disease is 

available. After preclinical testing and good manufacturing practice (GMP) production of 

the vaccine formulation, human clinical trials begin.

Phase I studies evaluate safety and dosage in healthy individuals, with initial 

immunogenicity information obtained. Phase IIa trials involve hundreds of volunteers to 

evaluate immunogenicity, tolerability, and safety. When tests reach Phases IIb/III, the focus 
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is on ascertaining immunogenicity and efficacy in the vaccine target population, with the 

study duration increasing as the number of volunteers involved increases.

After confirming the safety and efficacy of the vaccine, it can be licensed and marketed. 

However, the formulation undergoes postmarket safety monitoring in Phase IV to evaluate 

additional rare adverse reactions. These activities aim to ensure that appropriate actions 

are taken based on the results of safety monitoring. Regulatory authorities rigorously apply 

pharmacovigilance processes to evaluate potential safety signals that arise after licensure. 

However, evaluating studies attempting to establish a causal association with vaccination 

can be complex and inconclusive, despite the wealth of safety information that comes after 

licensure.

There have been instances in which vaccines have been withdrawn after licensure due 

to demonstrated causal associations between the vaccine and adverse events, or due to 

poor efficacy that changes the benefit-risk ratio. While there have been examples where 

alleged causal relationships between vaccination and adverse events have been shown to 

be unfounded. Vaccine manufacturers and regulatory agencies take prompt actions when 

evidence arises from safety signal monitoring or new important adverse events are reported. 

They communicate the evidence rapidly to healthcare professionals and the public to allow 

informed decision-making about the most current benefit-risk profile.

Clinical trials examples of vaccine adjuvants

Emulsions.

MF59 is an example for the development of a vaccine eliciting HIV-specific humoral and 

cellular immune responses, which is desirable for the prevention of HIV infection36. A 

combination vaccine regimen consisting of priming with DNA followed by boosting with a 

recombinant envelope glycoprotein adjuvanted in MF59 has been investigated in the phase 

I clinical trial to study the safety of and immune response to a combination HIV vaccine 

regimen in HIV uninfected adults116. Besides, inactivated influenza A/H9N2 vaccine with 

and without MF59 adjuvant in ambulatory adults are in the in the phase 2 clinical 

trial to assess the safety of 4 different dosages of purified monovalent surface antigen 

(SA) influenza A/H9N2 virus vaccine with or without MF59 adjuvant and administered 

intramuscularly to ambulatory adults117. Montanide ISA 51 and Montanide ISA 720 are two 

examples of water-in-oil emulsion adjuvants that have been investigated in clinical studies. 

They have different oil to water ratios118. Montanide ISA 51 has been assessed in malaria 

vaccines in phase 1 and influenza vaccines in phase 2 studies, and it has been licensed 

in a therapeutic lung cancer vaccine in Cuba. Montanide ISA 720 has been tested in a 

phase 2 clinical trial for a malaria vaccine. Both adjuvants have been shown to promote 

effective immune responses, particularly enhanced specific cytotoxic T-lymphocyte (CTL) 

responses. However, transient side effects have been observed, such as fever, headache, 

or flu-like symptoms, although both appear to be well-tolerated. AS03 adjuvant in sanofi 

H1N1 influenza vaccine administered at different dose levels in healthy adult and elderly 

populations to see how the body reacts to different strengths of the H1N1 flu shot when it 

is given with or without an “adjuvant.” This study will also compare how age affects the 

body’s response to the H1N1 flu shot119.
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Aluminum-based adjuvant.

In a phase 1 clinical trial, the safety, tolerability, and immunogenicity of a single dose of 

Merck 0657nI staphylococcus aureus vaccine with or without merck aluminum adjuvant 

has been evaluated. Besides, to extend the evaluation of safety and immunogenicity of MN 

recombinant soluble gp120/HIV-1 (MN rsgp120/HIV-1) in combination with QS21 with or 

without alum has been evaluated in a phase 1 trial120.

Lipid-based adjuvants.

lipid-based material has been used as a vaccine adjuvant since its unique vesicle structure 

was found to be extremely suitable for encapsulating various biologically active materials, 

such as DNA and fatty acids90, 121. At the early stage, scientists focused on Lipid A, 

the hydrophobic anchor of LPS, which was believed to be a potent adjuvant that could 

significantly increase both the humoral and cellular immune response. However, Lipid-A 

based adjuvant was not considered suitable for human vaccines due to its high toxicity. 

Instead, GLA-SE and GLA-AF, which are both Lipid A analogues, have been found to be 

particularly effective in enhancing protection against H5N1 with low toxicity and limited 

side effects. GLA-AF has also been tested as an alternative to emulsions in many vaccines, 

most notably in pandemic influenza122.

TLR agonist-based.

TLR3 agonist Poly-ICLC has been studied for safety study of adjuvant vaccine to treat 

Melanoma patients. This is a Phase I open label dose escalation study of the TLR3 agonist 

Poly-ICLC as an adjuvant for NY-ESO-1 protein vaccination in patients with high risk 

melanoma. The goal of adjuvant vaccine therapy is to train the endogenous immune system 

to recognize and target minimal residual disease123.

Saponin.

Saponin-based OPT-821 has been used in trivalent ganglioside in aetastatic aarcoma patients 

who are rendered disease free in clinical phase 3 trial. If the trivalent vaccine can stimulate 

the patient’s immune system to develop antibodies which recognize and target the GM2, 

GD2 and GM3 sugars, then the patient’s antibodies could attack and kill any remaining 

sarcoma cells potentially preventing the recurrence of sarcoma124, 125. MatrixMTM has also 

been tested in phase 1 and phase 2 clinical trials for pandemic influenza and RSV vaccines, 

and has shown to be safe and well tolerated, with enhanced humoral and cellular immune 

responses. Other saponin-based adjuvants, such as QS-21, have been evaluated in clinical 

trials for cancer vaccines and infectious disease vaccines, and have shown to induce strong 

immune responses and improve vaccine efficacy126. However, their complex structure and 

variable composition may affect their consistency and reproducibility, and their potential 

toxicity and hemolytic activity need to be carefully evaluated in preclinical and clinical 

studies in dLNs. AS02, composing of MPL and QS-21, is undergoing phase 2 trial in a 

malaria vaccine.
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Nucleotide.

Adjuvant components such as CpG ODN, dsRNA, and IL-12 DNA are examples of 

nucleotide-based adjuvants that activate PRRs to stimulate the immune response65, 66. For 

instance, dsRNA can secrete cytokines like IFN-a and IFN-c, signal through TLR3, MDA-5, 

and NLRP3 inflammasome, and is currently undergoing clinical trials in influenza and 

rabies vaccines127. DNA vaccines adjuvanted with IL-12 DNA are introduced to provide 

efficient protection against a wide range of HIV variants, and recent trials have shown that 

they are well tolerated and can enhance the immune response128. Pika adjuvant is another 

nucleotide-based adjuvant that is a synthetic analogue of dsRNA stabilized with kanamycin 

and calcium, which promotes the production of interferon, IL-2, and IL-12. This adjuvant 

can transform preventive vaccines that mainly produce humoral immunity into therapeutic 

vaccines with strong cellular immunity129.

Cytokines.

In recent research, molecular adjuvants have been shown to effectively stimulate immune 

response, particularly in subunit vaccines. Cytokines such as IL-2 and GM-CSF have been 

studied in vaccines targeting foot and mouth disease, and GM-CSF is currently being 

evaluated for use in Hepatitis B and HIV vaccines. Its adjuvant effect is attributed to 

its capacity to promote macrophage differentiation and proliferation, and activate antigen 

presenting cells130. Similarly, IL-12 and IL-15 have been employed as adjuvants in an HIV 

vaccine undergoing phase 1 clinical trial. These cytokines have demonstrated the ability to 

stimulate both NK cells and T-cell proliferation.

Virosomes

Virosomes, which are enveloped virus-like particles, have been licensed in Europe for use 

in vaccines against Hepatitis A and influenza and have been used in clinical trials for 

Falciparum Malaria and Chronic Hepatitis C vaccine131.

Peptide

Peptide, MUC1 - poly-ICLC vaccine is being tested in a phase II trial designed to assess 

antibody and T cell responses to MUC1 vaccine among subjects at increased risk for 

colorectal cancer by virtue of a history of advanced adenoma. The MUC1 - poly-ICLC 

vaccine is being developed to prevent polyps from advancing into colon cancer and to 

prevent polyps from recurring, which help the immune system in the body identify the 

changes in MUC1 that accompany the progression to cancer and eliminate the abnormal 

cells that make abnormal MUC1132.

Other.

Other forms of adjuvants are also being investigated in clinical trials. A phase I clinical 

study for an investigational PIKA (Polyinosinic-Polycytidylic Acid Based Adjuvant) rabies 

vaccine comprising inactivated and purified rabies virus and the PIKA adjuvant was to 

assess the clinical safety of the vaccine composition in healthy adult volunteers and to 

evaluate the vaccine’s efficacy based on an accelerated vaccine regimen133. Mayo Clinic 

in conjunction with Agri-King Corporation has developed a novel synbiotic called AKSB 
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(Agri-King Synbiotic). A phase I placebo-controlled trial of AKSB in normal human 

volunteers, over 65 years of age, is designed to study the safety of this probiotic when 

patients are also receiving an influenza vaccine134. Calcium phosphate, in the form of 

hydroxyapatite, has been licensed for use in vaccines for diphtheria, tetanus, pertussis, and 

poliomyelitis in France. Calcium phosphate is believed to be a natural compound in the 

human body and well-tolerated, making it a potential substitute for aluminum adjuvants 

which can have undesirable side effects135. Bacterial flagellin, a ligand for TLR5, has also 

shown adjuvant effects that lead to mixed Th1 and Th2 responses. In a clinical trial, a 

bivalent P. aeruginosa flagella adjuvanted vaccine helped patients with cystic fibrosis lower 

their risk for infection with P. aeruginosa136. Polysaccharides are another potential adjuvant 

that can enhance the immune response of vaccines and promote cellular immunity, humoral 

immunity, and mucosal immunity. There are also novel adjuvants that combine several 

types of adjuvants listed above, with the effective components synergizing to create optimal 

immune responses64.

Vaccine adjuvants against COVID-19

The COVID-19 pandemic has highlighted the need for a safe and effective vaccine to 

control the spread of the SARS-CoV-2 virus. The development of an ideal vaccine requires 

extensive research and resources to ensure that it meets the demands of the current situation. 

Vaccines aim to induce a protective immune response that can prevent or reduce the severity 

of a viral infection137–141.

Benefits of adjuvants in COVID-19 vaccines.

There are several reasons/motivations using adjuvants in COVID-19 vaccines: 1) One of 

the main requirements of an effective COVID-19 vaccine is its ability to stimulate a robust 

immune response that can produce high levels of neutralizing antibodies. To achieve this, a 

vaccine may require multiple doses or adjuvants. Adjuvants can help to reduce the amount 

of antigen needed in the vaccine and, therefore, reduce its cost. 2) Incorporating a suitable 

adjuvant in a SARS-CoV-2 vaccine can address these requirements by reducing the amount 

of antigen needed to produce a protective immune response. The vaccine’s production and 

distribution should be cost-effective and scalable to meet the overwhelming demand. With 

the pandemic affecting most countries worldwide, there is an immense need for a vaccine 

that can be produced and distributed quickly and efficiently. 3)Furthermore, adjuvants 

can also enhance the vaccine’s efficacy by providing a prolonged immune response and 

broadening its range of protection against different strains of the virus. Therefore, research 

and development of adjuvanted vaccines against COVID-19 are crucial to develop a safe, 

effective, and cost-effective vaccine to control the pandemic103, 106, 137–140, 142–147.

Licensed adjuvants and candidates for Covid-19.

NVX-CoV2373 is a promising vaccine candidate developed by Novavax for the prevention 

of COVID-19. It is a protein-based vaccine that is created using the genetic sequence of 

the first strain of SARS-CoV-2, the virus that causes COVID-19147. The S protein is a 

key target for COVID-19 vaccines because it is the primary means by which the virus 

attaches to and infects human cells. To enhance the immune response and stimulate high 
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levels of neutralizing antibodies, NVX-CoV2373 is formulated with Novavax’s patented 

saponin-based Matrix-M™ adjuvant126. This adjuvant has been extensively tested and 

has demonstrated a potent and well-tolerated effect by stimulating the entry of antigen-

presenting cells into the injection site and enhancing antigen presentation in local lymph 

nodes, thereby boosting the immune response. This protein-based vaccine candidate is 

designed to teach the immune system how to recognize and fight the SARS-CoV-2 virus, 

providing protection against COVID-19. Clinical trials have shown that NVX-CoV2373 is 

highly effective in preventing COVID-19, with an overall efficacy rate of over 90%. After 

being approved, NVX-CoV2373 could play a critical role in the fight against COVID-19, 

particularly in areas where other vaccines may not be as readily available or effective. 

Several other COVID-19 vaccines have been authorized for emergency use around the 

world, and some of them utilize adjuvants. For examples, AstraZeneca COVID-19 vaccine 

uses an adjuvant MF59, which is an oil-in-water emulsion of squalene oil to enhance the 

immune response to the vaccine. Sinovac COVID-19 vaccine uses an adjuvant alum, which 

is an aluminum salt that helps to enhance the immune response107.

Emerging developments of new vaccine adjuvants

Design principles of novel adjuvants

In order to develop effective adjuvant vaccines, it is important to understand how 

adjuvants work and follow some design principles. The problem-oriented principle involves 

considering four main issues: (1) the required immune response to prevent disease from a 

specific pathogen, (2) the relevant innate immune cells that can induce the required immune 

response, (3) the localization of these innate cell subsets within the body, and (4) the 

expression of pattern recognition receptors (PRRs) on these cells. Based on these issues, 

four steps need to be considered when designing a vaccine adjuvant6, 9, 13, 67, 68, 106. Firstly, 

the type of immune effector elements needed for vaccine efficacy in the host should be 

identified. This should take into account the antigen type, target cell subsets and phenotype, 

and immunization routes to guide the choice of delivery system and immune stimulators. As 

PRRs are key targets for producing effective vaccine generation, it is important to evaluate 

the localization of relevant innate immune cells within the body and PRR expression on 

target cells in designing vaccine adjuvants. Different PRR signaling pathways may be used 

to develop customized responses to different aggressions. Secondly, the identification of a 

suitable vaccine antigen should be based on an understanding of the molecular mechanisms 

of immune recognition and protection. The suitable antigen should also enable targeting 

of the vaccine-induced response within the intended target population. In addition, the 

vaccine must present sufficient amounts of the right antigen in the right conformation to the 

appropriate cell populations to induce the immune response protection, while considering 

the tolerability and safety ramifications of the induced inflammatory response. Thirdly, 

adjuvants need a delivery system, whether synthetic or natural. This requires the design 

of an appropriate delivery mode of the antigen of interest, in combination with relevant 

immune stimulators. Fourthly, the preparation process of both vaccines and adjuvants should 

be simple. For example, if no special emulsifier is required, the production process is 

simpler. If the ratio of adjuvant to antigen is low, it may increase the scope for vaccine 

improvement.
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Adjuvant formulations for new vaccines

Several formulation approaches have already been established for adjuvants included in 

licensed products12, 69, 148. These include insoluble aluminum salts used as an adsorbent, 

low oil content that is easy to inject, oil-in-water emulsions, and liposomal delivery systems. 

While compositionally different, these systems share some significant similarities, as they 

are all fabricated as nanoparticles. Additionally, these systems can function as effective 

“delivery systems” for both antigens and immune potentiators, including TLR agonists. 

The proper selection of both the immunostimulant and formulation components of an 

adjuvant is crucial for inducing an appropriate immune response tailored to control the target 

pathogen149. Different formulations of the same immunomodulatory molecules may induce 

substantially different immune responses, as demonstrated in the malaria vaccine program. 

For example, the RTS,S vaccine candidate formulated with AS02 protected six out of seven 

vaccine recipients from infection, whereas the same antigen with AS03 or AS04 protected 

only two out of seven or one out of eight recipients, respectively150. To build improved 

adjuvants, it is essential to ensure that each component is necessary and adds clear value, 

while not introducing significant unjustified liabilities. AS01 is currently the most successful 

adjuvant included in a licensed product, with efficacy >97% against varicella zoster151. The 

development of the AS01 adjuvant was based on the insight that the two key components, 

MPL and QS-21, resulted in a synergy of innate activation when used together. This synergy 

could not be achieved with either molecule alone, and a liposomal delivery system was 

developed to co-deliver the two immune potentiators to the same immune cell populations. 

Additionally, the liposomal formulation was effective in reducing the potential of QS-21 

to induce significant local and systemic reactogenicity. However, novel system vaccinology 

approaches could be used to identify novel adjuvant pathways and formulations that could 

be harnessed to design the next generation of adjuvants.

Advancing systems vaccinology

Bali et al9 proposed an approach for accelerating adjuvant discovery and development in 

the clinic is an interdisciplinary approach based on systems vaccinology, which involves 

the early use of human studies to generate ‘omics’ data that can be used to formulate 

novel hypotheses about the mechanisms by which candidate adjuvants stimulate robust 

and durable antigen-specific T and B cell responses9. These hypotheses can then be 

retested in animal models, and the mechanistic insights that ensue can be used to design 

novel adjuvant concepts. The proposed framework for adjuvant development places greater 

emphasis on testing many potential adjuvant concepts in small clinical trials (phase 

0/I) early in their developmental pipeline, which can rapidly test novel adjuvants and 

obtain mechanistic insights using systems vaccinology approaches. Additionally, systems 

vaccinology approaches can be used to define not only the mechanisms of action of 

adjuvants but also the underlying mechanisms by which formulations work, the underlying 

mechanisms of adverse reactions that occur soon after vaccination, and the rational design of 

optimal formulations for vaccine delivery. Overall, this interdisciplinary approach based on 

systems vaccinology has the potential to transform the science of adjuvants and revitalize the 

development of novel adjuvants for use in vaccines.
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Non-invasive vaccine delivery

Research on non-invasive vaccine delivery is a key focus that could have a significant impact 

on global mass vaccination campaigns145, 152–154. Developing safe, effective, and low-cost 

vaccine formulations with adjuvants that result in desired immune responses and long-term 

immunity is a priority. Extensive research has already led to the development of several 

novel adjuvants that are currently being evaluated in clinical trials or licensed. One area of 

focus has been on developing lipid-containing adjuvants that are safe and improve vaccine 

efficacy for non-invasive delivery. However, more information is needed regarding the 

interactions between cell surface receptors after stimulation by adjuvant molecules and the 

compatibility of these adjuvants with existing or novel formulations. As our understanding 

of the molecular mechanisms involved in immune protection improves and new methods in 

synthetic chemistry are developed, breakthroughs in vaccine development are anticipated. 

Novel technologies, such as new glycol-conjugation methods, reverse vaccinology, and 

next-generation sequencing techniques, should lead to novel vaccine strategies for diseases 

such as HBV, pertussis toxin, Lyme borreliosis, and HPV, with or without adjuvants. 

The research community aims to ensure high levels of broad protection by introducing 

new immunostimulants and novel delivery systems that combine efficacy with long-lasting 

memory immune responsiveness and safety. This new approach will no longer rely solely on 

structural vaccinology due to the variability of target epitopes and the constant emergence of 

new pathogens and tumor antigens.

Conclusion and perspectives

Adjuvants have played a crucial role in vaccine development for nearly a century, enhancing 

immunogenicity. Initially, adjuvant selection was largely empirical, but recent advancements 

have led to a more targeted and rational approach. A deeper understanding of the immune 

system has enabled the development of more effective vaccine formulations. This review 

provided an overview of adjuvants used in vaccines, ranging from traditional to COVID-19 

vaccines, focusing on their types, mechanisms of action on immune responses, and their role 

in vaccine formulations. These insights lay the groundwork for selecting suitable adjuvants 

for both traditional and coronavirus vaccines.

Understanding the impact of various adjuvants on immune responses, their synergies 

with different antigen types and vaccine platforms, and comprehensive analyses of these 

adjuvants will aid in choosing those that offer the necessary immunological protection. 

Adjuvants like aluminum-based salts, TLR agonists, emulsions, and other novel options 

have unique physicochemical properties that significantly influence the strength, duration, 

and type of immune responses. Such novel adjuvants have already enhanced influenza 

vaccines and those for hepatitis B and HPV.

With the ongoing challenge of emerging diseases such as COVID-19 and the search for 

more definitive cures, the development of safe and effective vaccines is imperative. A 

more informed selection of adjuvants and antigens could not only enhance protection for 

populations that respond poorly to traditional vaccines but also open new avenues beyond 

preventive applications. This approach could be pivotal in addressing current and future 

global health challenges.
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Figure 1. 
Timeline of major events in vaccine adjuvant development. This timeline illustrates the 

progressive advancement of vaccine adjuvants, evolving from natural components like RNA 

and DNA to synthetically engineered adjuvants.
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Figure 2. 
Potential benefits of adjuvants.
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Figure 3. 
Types of vaccine adjuvants.
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Figure 4. 
Acting mechanisms of vaccine adjuvants. a) Aluminum salt-based adjuvants. b) Emulsion 

adjuvants. c) TLR agonist-based adjuvants.
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Figure 5. 
Summar of various vaccines with their adjuvants.
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Figure 6. 
The evolving stages of vaccine development.

Cui et al. Page 34

J Mater Chem B. Author manuscript; available in PMC 2024 June 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction: The history of vaccine adjuvants
	Benefits and effects from adjuvants
	Categories of adjuvants and their acting mechanisms
	Aluminum salts-based adjuvants.
	Inorganic nanoparticle-based adjuvants.
	Emulsions adjuvants.
	Toll-like receptor TLR agonists
	Liposomes
	Other adjuvants
	Cytokines
	Polymers
	Saponins
	Virosomes


	Various vaccines and their adjuvants roles.
	Inactivated vaccines
	Live-attenuated-virus vaccine
	Viral vector vaccine
	Virus-like particles vaccine
	DNA vaccines
	mRNA vaccines
	Protein subunit-based vaccine

	Clinical trials and licensing of vaccine adjuvants
	Clinical trials examples of vaccine adjuvants
	Emulsions.
	Aluminum-based adjuvant.
	Lipid-based adjuvants.
	TLR agonist-based.
	Saponin.
	Nucleotide.
	Cytokines.
	Virosomes
	Peptide
	Other.

	Vaccine adjuvants against COVID-19
	Benefits of adjuvants in COVID-19 vaccines.
	Licensed adjuvants and candidates for Covid-19.

	Emerging developments of new vaccine adjuvants
	Design principles of novel adjuvants
	Adjuvant formulations for new vaccines
	Advancing systems vaccinology
	Non-invasive vaccine delivery

	Conclusion and perspectives
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.



