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Abstract

Over the last decade, extensive research for development of new vaccine

adjuvants is being carried out. Present generation vaccines, particularly

those based on recombinant proteins and DNA, are not only less

reactogenic and also less immunogenic. Therefore, there is an urgent

need for the development of new and improved vaccine adjuvants.

Many novel adjuvants have been cleared for license, and many are in

late stages of clinical trials. Recent investigations in innate immunity have

offered new insights into immunostimulatory actions of adjuvants and

have facilitated a more rational selection of adjuvants. Despite the impres-

sive response of approved adjuvants in generating immunity against

pathogens, there remains a need for improved adjuvants that enhance

strong T-cell immunity and protective antibody response. The discovery

of more potent adjuvants will also allow engineering of vaccines against

infections that do not naturally elicit protective immunity. A logical

approach to the development of new and more effective vaccine adjuvants

requires a better understanding of the action of adjuvant-antigen

formulations. Here, we discuss these advances and the need for better

adjuvant development.

Introduction

The invention of smallpox vaccine by Edward

Jenner, in the year 1800 AD, brought a revolu-

tion in health-care techniques and engendered

new fields of vaccinology and immunology.

Today many vaccines are available in the

market for diverse immune interventions. The

fact is that many vaccines are developed in the

laboratory, but unfortunately never see the

light of the day as they have apparently no

immunogenecity at all, when tested alone. This

could virtually happen for any antigen, but it is

particularly true for small peptides that serve as

antigens [5]

In the process of recruiting the immune sys-

tem to produce specific or nonspecific immunity,

the antigen by itself may not be adequate as a

stimulatory agent to trigger an immune response.

This is the condition when immunologists look
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for an adjuvant, or an adjuvant strategy, in order

to elicit a more pronounced immune response.

The term adjuvant is derived from the Latin

adjuvāre, meaning “to help” – first described by

Ramon, while working with natural compounds,

as “substances in combination with a specific

antigen produced more robust and specific

immune response than the antigen alone” [108].

An adjuvant can be defined as a substance or

agent that serves as an immunological vehicle

to enhance the innate immune response, or stim-

ulate the adaptive immune response, to generate

the desired levels of immunity with minimal

toxicity or long-lasting immune effects on its

own [129].

The Need for Adjuvants

There is a dearth of potent adjuvants for various

vaccines. The demand for the development of

new adjuvants and strategies that are safe and

effective leads to continuing extensive research

in this field, and as a result, different types of

materials are being experimentedwith. This highly

heterogeneous group of agents is categorized

for rational selection of an adjuvant, with their

classification based on chemical action, and

mechanism of intervention.

Foreign invaders, e.g., bacteria, viruses, and

parasites, contain antigens which a host immune

system recognizes and mounts an immune

response to. They also contain inbuilt “adjuvants”

which trigger the immune system in a manner

resulting in directing its response along an effec-

tive pathway. Thus, a purified antigen, derived

from a bacterium, a virus, or a cancer cell, has a

reduced ability to stimulate the immune system

in the desired manner. Synthetic subunit vaccines

are expensive to produce; but addition of an adju-

vant will result in lesser quantity of antigen

required, with fewer injections, thereby saving

on the cost of vaccination. This will also help in

developing better combination vaccines, the

number of distinct vaccines, as well as the amount

of vaccination antigen required will be lesser.

This in turn may also reduce the competition of

antigens and carrier-specific epitope suppression.

For purified antigens, the importance of addition

of effective adjuvants to optimize the immune

response, is thus emphasized.

On the basis of quantum of adjuvanticity,

a huge number of candidate adjuvants have

been categorized (Table 1). However, such

Table 1 Types of adjuvants, based on their composition

Type Description

Mineral salt based

Alum Aluminum hydroxide;

aluminum phosphate

Calcium phosphate CaHPO4, commercially

available adjuvant

Bacteria derived

CpG

Oligodeoxynucleotides

(ODNs)

Synthetic ODN containing

unmethylated CpG motifs

[12, 70]

Monophosphoryl Lipid A

(MPL A)

Derived from LPS

AS04 TLR4-agonist MPL, with

aluminum salt [23]

Emulsions

MF59 Oil-in-water (o/w) emulsion

[86]

AS03 α-tocopherol and squalene in

an (o/w) emulsion[87]

Freund’s incomplete

adjuvant (FIA)

Water-in-oil emulsion

Montanide Water-in-oil emulsion

Adjuvant 65, Lipovant Water-in-oil emulsion

Carrier adjuvants

Liposomes Synthetic spheres of lipid layers

encapsulating antigens [98]

Immunostimulatory

complexes (ISCOMS)

Virus-like particles of

30–40 nm and dodecahedric

structure, composed by Quil

A, lipids, and cholesterol

Cytokines

GM-CSF, IL-2, IL-12,

Type 1 interferon, IFN-γ
Potentiate the immune

response to vaccination

Carbohydrate adjuvants

QS21 Saponin derived from a

mixture of soluble triterpene

glycosides purified from the

soap bark tree (Quillaja
saponaria)

Advax™ adjuvant A crystallized natural plant-

derived polysaccharide [94]

Acemannan A natural polysaccharide

extracted as a mucilaginous gel

of the Aloe barbadensis [98]

118 L. Ganju and D. Singh



classifications have inherent limitations though,

as a consequence of highly diverse individual

variation. Till date, there is no reliable algorithm

available which can reliably predict the inter-

action of an adjuvant, permitting the selection

of an antigen based on its physicochemical or

immunological properties [109]. Very often,

commercial aspects, viz. ease of production,

cost, toxicity, availability, etc., become difficult

deciding factors. The modal factors in the choice

of an adjuvant are the ability to cause additive

effects, or lower the quantity of antigens needed,

or qualitatively reduce the side effects and

enhance the safety of the adjuvant. A balance is

struck on the principles of “risk benefit analysis.”

For routine childhood vaccines, mandatory

safety is the biggest concern, while adjuvanticity

may be restricted because these vaccines are

needed to develop lifelong immunity against spe-

cific diseases in a normal healthy body where any

risk of side effects is unacceptable; whereas for

a person with an infection like HIV or with a

disease like cancer, therapeutic vaccines with a

certain level of toxicity are acceptable, based

upon the accruing benefits.

Importance of Adjuvant Mediation
in Vaccines

Vaccines confer protection mainly through

humoral immunity [101]. But new-generation

vaccines, including recombinant, conjugated

or attenuated, polysaccharide subunit vaccines,

etc., are developed with the intention to provide

a stable and sustained protection. Despite the

enhanced effect of such vaccines, substantial

groups of people are not able to achieve adequate

protection. Addition of an effective adjuvant or a

switch from aluminum hydroxide (alum) – the

most widely used adjuvant – helps enormously

in boosting the immune response in such groups.

Adjuvants have been used with a variety of

vaccines to elicit safe, early, high, and long-

lasting immune response. This has been clearly

observed in aluminum adjuvants as compared to

un-adjuvanted preparations [6, 52].

For the last decade, adjuvants have received

much attention due to their ability to selectively

improve the humoral immune response and

stimulate the cellular immune response [7, 17,

47, 118]. Reports suggest this second role of

adjuvants become increasingly important: guid-

ing to the most effective adaptive response

against each specific pathogen [68, 105].

Recent findings suggest that characterizing the

immunostimulatory properties of an adjuvant

will help in understanding and predicting the

translational potential of a constrained or non-

immunogenic vaccine into an efficacious one

[104]. Besides generating strong antibody

response (humoral response), they also act as

immunomodulators by influencing the type and

character of the antibody generated and help in

seroconversion rates in the general population

(including nonresponders, elderly, infants, and

diseased) and generation of memory response

[36, 76, 127] and rapid initial response, which

is crucial during pandemic outbreaks of

infections [37, 61, 69].

The choice of the adjuvant is of critical impor-

tance for the isotype and subclass of IgG, pattern

of the cytokine production and recruitment of

T cells. At times, it also modifies the antigen

moieties in a controlled manner. Humoral

response leads to the generation of IgG antibody

subtypes, and increase their avidity and affinity.

T cells recognize the antigen which is presented

to it by antigen-presenting cells (APCs), through

major histocompatibility complex (MHC) [89].

At this juncture where antigen recognition by T

cell may get affected, adjuvants play an impor-

tant role in modulating the response [47, 80],

leading to elicit both T-helper cells and cytotoxic

T lymphocytes (CTLs).

Adjuvants help in modulating the immune

response, with regard to MHC class I or class II

[16, 112]. MHC class I response is usually

generated by an intracellular pathogen, e.g.,

virus, leading to cytotoxicity [97]. This type of

response is not usually obscured by proteins or

peptide antigens which elicit MHC class II

response. Adjuvants like ISCOMS and QS-21

can elicit CTL with protein [97, 112] and

peptides [7, 51].
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Adjuvants also contribute in modulating the

immune response to different T-helper cells as

Th1 or Th2. This is of prime importance for

generating a response against different types

of microbes or organisms. For intracellular

organisms, e.g., protozoa, viruses, invasive bac-

teria, and parasitic infections, Th1 type of

immune response is accompanied by secretion

of IL-2 and IFN-γ leading to cell-mediated

immune response and production of relatively

high levels of IgG2a antibodies. The Th1 type

response activates CTLs which induce death of

cells infected with intracellular pathogens and

natural killer cells (NK), playing a major role

in apoptosis in tumors and virus-infected cells.

Th2 type immune response is modulated by

IL-4 and IL-10 and is stimulated by extracellular

organisms, e.g., helminthes or toxins, protein

antigens, and inactivated pathogens. Th2 response

leads to antibody generation like IgG1 and IgE

[47]. Aluminum adjuvants are known to stimu-

late a Th2-type response [7, 17, 52, 53]. Recent

reports indicate that the combination of one or

more adjuvants helps in a dramatic shift from

Th2-type to Th1-type response [92, 129]. It has

also been suggested that the addition of one adju-

vant to another may modulate the adaptive

response of the immune system [88].

Safety Issues

The triggering of the immune response is

required only up to a level of immunogenicity.

Certain adjuvants have complex immunomodu-

latory activities [73, 74], and one of them is the

enhancement of IgE production [10] which could

turn out to be an unfavorable adjuvant effect.

At times, triggering of immune response in the

host can result in an unintended attack on the host

itself to which the host may react to save itself,

failing which it may end up in developing

adverse side effects or deterioration. Therefore

balancing the required and desirable effects of

an adjuvant becomes the most important safety

issue. The incorporation of an adjuvant in a vac-

cine has to be critically reviewed and observed so

as to guide the immune response in the most

desirable direction.

Since the safety of adjuvants is the biggest

concern, particularly in neonatal and pediatric

vaccines, criteria have been set out to ensure the

safety of adjuvanted vaccines [26]. Guidelines

have been laid down by European Societies for

development of adjuvants defining the criteria of

an ideal adjuvant [29]. It is important to observe

the initiation, quality and magnitude of the

immune response which is influenced by many

nonspecific factors: important ones being the type

and dose of the antigen, route of immunization,

number of boosters, and shelf life of the vaccine as

well as of the adjuvant. The type of the vaccine

immensely affects the strategy of adjuvant admin-

istration, e.g., oral delivery, transcutaneous, or

intranasal route [35, 43, 48, 84, 111]. In addition

to safety with regard to local reactions, systemic

reactions (general toxicity and pyrogenicity),

hypersensitivity, autoimmune reactions, carcino-

genicity, teratogenicity, etc. need to be evaluated

at the time of development and production. Adju-

vant should be chosen based on the type of

immune response desired and formulated with

the antigen in such a way that both are optimally

distributed and presented to the relevant lymphatic

tissue. The most commonly used adjuvant, alum,

has apparently been reported to have adverse

reactions, and some of these events could be

because of apparent antigenicity of alum itself [30].

Properties for Safety

Adjuvants should be chemically defined so

as to get the consistent reproducibility while

manufacturing. The preparation should elicit a

protective immune response with weak and con-

jugated antigens, with a minimum of antigen

dosage and a reduced number of boosters. It

should be effective in neonatal infants, in

elderly and immunocompromised (diseased)

individuals. Adjuvants should be stable, with a

comparatively long shelf life and be biodegrad-

able and nonimmunogenic by itself. It should be

able to work in a synergistic manner when mixed

with other adjuvants in a formulation. These are

the factors that go in the making of an effective

adjuvant – eliciting an immune response which is

also safe.
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Mechanisms of Action

Research during the past two decades has offered

new insight into the mechanisms of action of

vaccine-adjuvant formulations. Evidence suggests

that adjuvants employ different mechanisms to

elicit different immune responses: (1) sustained

release of antigen at the site of injection, which

is also called the depot effect; (2) recruit-

ment of immune cells at the site of injection;

(3) increased antigen uptake and presentation to

APC; (4) activation and maturation of APCs,

which leads to increased MHC class II and co-

stimulatory molecules expression and migration

to the draining lymph nodes; (5) upregulation of

cytokines and chemokines; and (6) activation of

inflammasomes [18, 33, 58].

Till now, it was understood that vaccine

adjuvants stimulate only adaptive immune

response, but recent advances have identified

the basic role of the innate immune response

programming the protective immune response

in a better way [104]. It is now clear how

the innate immune response stimulates the adap-

tive immune response.

Decades of research have been spent in search of

good adjuvants that can enhance the immune

response to the desired levelwithout any side effect,

but very few adjuvants have been licensed for

human use. These include alum (aluminum salts),

ASO4 (combination of monophosphoryl lipid A,

i.e., TLR4 ligand, adsorbed to alum), and water-

in-oil emulsion (MF59) [15, 83]. The dearth of

adjuvants for human use probably can be fulfilled

by understanding their in-depth mechanism of

action.

The design of an adjuvant is the key that

stimulates the class of immune response, such

as antigen-specific helper T-cell subset, cytotoxic

T cells, or long-term sustenance and memory

T cells/B cells. These pathways of action depend

on how successfully antigens mediate their

immunogenicity through dendritic cells (DC)

and pattern recognition receptors (PRRs). The

major role of these PRRs is to recognize a large

group of microorganisms through their molecu-

lar structures.

In the last decade, various new families of

PRRs have been identified, including TLRs,

nucleotide oligomerization domain (NOD)-like

receptors (NLRs), C-type lectin-like receptors

(CLRs), and Retinoic acid-inducible gene 1

(RIG-1)-like receptors (RLRs). Sometimes par-

ticulate adjuvants are not recognized by specific

PRRs, but they still induce adaptive immune

responses [9]. The “Danger Hypothesis” [85]

proposed that danger signals from damaged

cells can also trigger activation of the immune

system, apart from self-/nonself-discrimination

against infection. Damaged cells at the injection

site release molecules associated such as uric

acid, nucleotides, adenosine triphosphate (ATP),

reactive oxygen intermediates, and cytokines

[117]. These noninfectious damage signals are

named as damage-associated molecular patterns

(DAMPs) to distinguish them from pathogen-

associated molecular patterns (PAMPs) [9].

Alum – composed of precipitates of aluminum

hydroxide and aluminum phosphate, to which the

antigen gets adsorbed – has been widely used in

most of the human vaccines for the last 90 years.

Despite the fact that it has many undesirable side

effects, it is used as a benchmark [51, 125, 126].

The mechanism of action – how on emulsification

with the antigen, alum enhances the Th2-biased

response – remained a “dirty little secret” until

recent past [64]. It was believed that alum

generates a depot effect where the emulsion

retains the antigen at the site of injection and

releases it slowly, which leads to sustained antigen

presentation. A little bit of the dirty secret was

revealed when it was reported that alum induces

antibody responses independent of TLR signaling

[40]. Very recently, it was also reported that

removal of the injection site two hours after anti-

gen and alum administration had no effect on

humoral- or cell-mediated immunity [62]. Fur-

thermore, it also acts on cells essential for clonal

expansion and production [65]. It is also reported

that alum works through NLRP-3 inflammasomes

[27, 71, 77] though it is still a matter of contro-

versy (Fig. 1). MF-59, an oil-in-water emulsion,

has been licensed for the influenza vaccine:

whereas other adjuvants work by promoting

the recruitment of APCs, MF-59 triggers CD11
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b + cells, induces cytokines, cytokine receptor,

and adhesion molecules. The microarray analysis

has revealed that adjuvants work at gene level as

MF-59, CpG DNA, and alum do induce a set of

168 genes at the site of immunization. Though the

role of the inflammasome in adjuvant activity of

MF-59 has also been evaluated [28, 115], yet the

PRR activation remains unknown [88]. Similarly,

another novel adjuvant, poly-[di-(sodium-

carboxylato-ethyl-phenoxy)-phosphazene]

(PCEP), induced stronger expression of adjuvant

core response genes compared to CpG at the site

of injection. Locally, PCEP-triggered production

of proinflammatory cytokines and chemokines,

like CCL2 [8].

Though innate immunity plays an important

role in regulation of T-cell responses, evidence

also emphasizes its importance in regulating the

quality, function, magnitude, and persistence of

the antibody response [100]. The quality of the

antibody which protects against infection matters

most despite high antibody titers. Therefore,

again, an understanding of the mechanisms of

innate immunity regulation for the most appro-

priate quality of antibody response will help in

designing better adjuvants.

Another key factor is the persistence of anti-

body response. Some vaccines, such as carbohy-

drate or weak protein vaccines for children and

elderly people, induce short-lived immunity.

This has especially been demonstrated in some

viral vaccines [110]. It is critical to enhance

the persistence of such responses by internally

stimulating memory cells, which mediate and

facilitate in antibody-dependent cell-mediated

cytotoxicity and induce an antibody response

that lasts for several decades [16, 123]. A combi-

nation of adjuvants and vectors may be useful

sometimes – in developing a synergistic specific

response. This became clearly noticeable when a

combination of antigen plus a TLR4 ligand,

along with TLR7 ligand, induced synergistic

antigen-specific neutralizing antibodies [67].

This mechanism could be possible due to the

triggering of TLRs on a B cell and signaling

via MyD88 and TRIF in DCs. These findings

indicate that innate immunity regulates the

magnitude, quality, and persistence of anti-

body response and generate memory B-cell

development and persistence of plasma cells.

Besides, there are certain molecules, such as

CD40, CD95, BCL-6, IL-21, ICOS, BAFF, etc.,

known to enhance the number and survival of

plasma cells [78]. Studies are in progress to use a

combination of these molecules for enhanced

results of memory response. There are certain

adjuvants which work on this newly discovered

trend in the mechanism of action via TLRs, the

best example is ASO4 which works as a ligand

through TLR4 because of monophosphoryl lipid

A (MPL) and signals through TRIF [81]. Inter-

estingly, LPS – from where MPL is derived –

signals via both MyD88 and TRIF, which

results in enhanced proinflammatory cytokines

and toxicity. It is somewhat unanticipated to

know that alum induces Th2 type of immune

response, whereas ASO4, which has part of

alum, induces Th1 type of immune response

[23]. TLRs generally induce DCs to boost Th1

response, although it is also seen that mild

TLR ligands induce Th2 or T-regulatory cell

responses [105] and other Th17 responses [75].

Thus the design and selection of an effective

and appropriate adjuvant also depends on and

is influenced by the type of CD4 cells generated

or required for protection.

We can infer that the precise mechanism of

enhancing the protective response with adjuvant

and at the same time antibodies protecting against

pathogens, seems to prefer working via the innate

immune system. An understanding of the basic

levels and pathways of action of particular DC

or specific PRRs will be helpful in designing

adjuvants for the appropriate class of immune

response. At higher levels, the immune response

is also orchestrated by cell-to-cell interaction, e.g.,

between basophils and other immune cells and

DCs [55, 93, 113, 124], confirming the action of

adjuvants with multiple cell types; whereas at the

highest level, finally cytokines and chemokines

instruct the DCs to start functioning. It is also

important to understand the mechanisms of differ-

ent routes through which adjuvant may be

administered – which must be able to reprogram

the tissue-specific responses of DCs. The insight

into the process of decision-making by DCs

depends upon the various transcription factors,

which remain to be fully understood.
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Types of Adjuvants

Adjuvants represent different classes of

compounds across the spectrum of products

derived from microbes, oil emulsions, liposomes,

microparticles, natural, and synthetic substances.

These products function diversely and char-

acterize different mechanisms of action [33, 54,

96]. Studies demonstrate two types of adjuvants

based on their functional group – TLR-dependent

and TLR-independent [40, 90]. TLR-dependent

adjuvants act directly through DCs, causing them

to migrate to the T-cell area of lymph nodes, in

the process inducing the upregulation of MHC II,

cytokines, chemokines, and other co-stimulatory

molecules [33, 58], whereas TLRs independently

induce inflammatory response, increase T-cell

activation, and generate B-cell abundancy

[40, 130].

Alum, a conventional adjuvant, provokes a

strong Th2 response but ineffective against

pathogens that require cell-mediated immune

response. Furthermore, intraperitoneal adminis-

tration of alum recruits monocytes at the site

which uptakes the antigen and migrates to the

draining lymph nodes and then differentiate into

inflammatory DCs [71]. There is increase in

Nalp3 inflammasome activation and production

of IL1ß and IL-33 [77] which eventually leads to

increased activation of immune cells (Fig. 1).

Jules Freund in the 1930s proved that an

antigen contained in a water-in-oil emulsion

markedly enhanced immune response [34, 57].

Known as Complete Freund’s adjuvant (CFA),

it is unusable for humans – with whole-killed

mycobacteria in it. However, incomplete

Freund’s adjuvant (IFA), lacking mycobacteria,

has been used as a potent adjuvant for a diverse

number of vaccines [2, 19, 121]. Both Freund’s

adjuvants induce strong Th1 and Th17 responses,

depending upon the mycobacterial components

requiring host MyD88 or TRIF.

Dependent signaling pathways, independent

of inflammasome [116, 122], vary with the

experimental model [27, 40]. Emulsification of

antigens with surfactant or paraffin oil alone

without mycobacterium substantially boosts the

antibody response. Although the mechanism of

action is still unknown, one study suggested

the requirement of NOD2 receptor [86]. It is a

TH1

IL-1β, TNF-α, IFN-α

IL-1β

IL-18

IL-33

IL-6

Alum
Antigen

NF-kB

B-cell proliferation

TH2

T- cell

TLR2
Antibody

production

TLR 7/8

TLR 9

TLR4

MHC II
Inflammasome

Nucleus

Fig. 1 Mechanism of induction of immune response by adjuvants
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well-known fact that these emulsions upon injec-

tion cause cellular damage so it is speculated that

necrotic cell death may be contributing to their

adjuvant activity. Therefore, it becomes very

important to select an appropriate adjuvant

required for the protection.

MF59 a squalene-based oil-in-water emulsion

has got approval for use with influenza vaccine.

Squalene is an intermediate compound in the

human steroid biosynthetic pathway and is pre-

cursor to cholesterol. Unlike alum, it induces

increased CD8 response rather than CD4 T-cell

response. Because of its ability to induce higher

levels of hemagglutinin-inhibiting antibodies,

it shows its potential to be used for influenza

vaccines during pandemics [102, 107] along

with similar ASO3 (GSK Biologicals), a 10%

water-in-oil emulsion-based adjuvant, and both

have been licensed for vaccines against pan-

demic influenza and widely used for 2009 influ-

enza pandemic [88]. On comparison with other

adjuvants like CPG and alum, MF59 showed

the most efficient adjuvant activity by inducing

maximum number of genes and rapid influx

of CD11b + cells. Furthermore, it is a potent

inducer of gene encoding, cytokine receptor,

and cytokine adhesion molecules involved in

leukocyte migration. Post-administration, it is

internalized by APCs which migrate to the

lymph nodes, eliciting efficient response [25].

Another oil/water emulsion adjuvant in use is

MPL, a nontoxic derivative of LPS and a potent

stimulator of Th1 response. It activates T-cell

effector responses as part of HBV and HPV

vaccines [13, 99]. In this category, another adju-

vant giving rise to higher levels of specific anti-

body response with efficacy and fewer injections

is ASO4, a combination of aqueous formulation

of MPL and alum. Other forms of MPL-based

adjuvant including ASO1B and ASO2A have

undergone clinical trials for malaria [14].

Liposomes, the lipid membrane particles,

LPS, lipid A, etc. can serve as vehicles or deliv-

ery systems for antigens [1, 3, 4]. Liposomes

are usually made of biodegradable materials,

e.g., phospholipids, and originally developed as

carriers for drugs and biologically active

substances. However, they have some limitations

of causing sensitivity and instability. In addition,

their high cost of manufacturing and scale up

production limits their use. Instead, a superior

liposome adjuvant referred as virosomes are

prepared by inserting virus fusion protein into a

liposome bilayer [45, 103]. These virosomes have

proved to be potent adjuvants without any inflam-

matory reaction. They are membrane bound and

serve to amplify fusogenic activity which facili-

tate the uptake by APC and induce a natural

antigen-processing pathway. And this may be the

reason why virosome-based vaccines stand out

due to their excellent safety profile [44].

ISCOMS are particulate adjuvants composed

of saponins purified from bark of the South

American tree, Quillaja saponaria, formulated

with cholesterol and phospholipids. This adju-

vant doesn’t act through PRRs, rather enhance

antigen uptake and prolong retention by DCs in

the draining lymph nodes, where DC activation

leads to strong antibody and T-cell response [79].

They do not get biased about Th1 or Th2 cell

response; at the same time, they induce CD8+

and CD4+ T-cell responses, both in human and

animal vaccines [21].

Certain microspheres have also been evalu-

ated as adjuvant with better targeting of antigen

to APCs on mucosal surface or by reducing the

number of doses by controlling the release of

antigen. But there are still some issues related

to antigen stability during encapsulation, hydra-

tion of microspheres, and their storage.

The discovery of novel plant compounds with

immune system-modulating activities has become

an increasingly important area of research, partic-

ularly in the search for new-generation vaccine

adjuvants. Saponins are natural glycosides of ste-

roid or triterpene, able to activate the mammalian

immune system, which has led to significant

interest in their potential as vaccine adjuvants.

Their unique capacity to stimulate both the Th1

immune response and the production of CTLs

against exogenous antigens makes them ideal

for use in subunit vaccines and vaccines directed

against intracellular pathogens as well as for

therapeutic cancer vaccines. The most widely
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used saponin-based adjuvants are Quil A and

its derivatives QS-21. In some human vaccine

designs, improving immunogenicity of a synthetic

malaria peptide vaccine SPf66 was achieved by

using SPf66/QS-21 formulation [66]. Adjuvants

derived from Ginseng saponins (ginsenosides) –
the active substances in the root of Panax

ginseng – on bacterial antigens have shown a

marked enhancing effect on vaccinating pigs

against Erysipelothrix rhusiopathiae infection.

The saponins from the root of P. grandiflorum

increased a specific antibody and cellular

response against ovalbumin in mice and could

lead to the development of promising balanced

Th1- and Th2- directing immunological adjuvants

[131]. Advax™ adjuvant derived from inulin was

evaluated with influenza vaccine to enhance

immunogenicity and protection in mice [94].

The development of many other additional

adjuvants is the result of the shortcomings of

alum. Often, combinations of adjuvants in one

formulation have yielded better results in a syn-

ergistic manner. Adjuvants like Montanides,

MDP, etc. have been tried with various vaccines.

An increasing number of experimental adjuvants

are in developmental stages, such as squalene

and phosphate adjuvants, QS21 [42, 128].

Realizing the need for a novel adjuvant,

Defense Institute of Physiology and Allied

Sciences (DIPAS), DRDO, India, has developed

an adjuvant, DIP-HIP, derived from a high alti-

tude medicinal plant, Seabuckthorn (Hippophae

rhamnoides L. (SBT)). SBT, a unique and valu-

able plant from the family Elaeagnaceae, has

recently gained worldwide attention, mainly for

its medicinal and nutritional potentials [11, 38,

63, 95, 132]. In a comparative study, animals

administered with DIP-HIP in formulation

with different types of antigens – recombinant,

conjugated, or native proteins, etc., evaluating an

extensive range of different adjuvant systems –

significantly and consistently enhanced the

safe, stable, and efficacious antigen-specific

response with minimum amount of antigen and

reduced boosters with a long-term antibody

sustenance. DIP-HIP was found to be consis-

tently superior to alternative adjuvants when

adjudged collectively by bioactive qualities,

manufacturability, syringeability, stability,

safety, and immunopotency criteria. This adju-

vant can be produced as “point-of-use” by simple

physical mixing procedure to generate an emul-

sion that is stable and homogenous. Alterna-

tively, DIP-HIP has been produced in different

batches stable at 2–8 �C for at least 3 years. The

shelf life of DIP-HIP in the extract form and

as formulation with antigens at 4 �C is quite

reasonable.

A relative contribution of Th1/Th2 type of

immune response was indicated by substantially

enhanced titers of IgG1 and IgG2a antibody

subtypes. The cytokine profile of IFN-γ and

IL-4 correlated well with the Th1 and Th2 types

of immune responses which are also supported

by higher DTH response, indicating thereby the

overall magnitude of humoral- and cell-mediated

immune response generated by DIP-HIP and its

ability to amplify both the arms of immune sys-

tem. Interestingly, using different strains and

species of animals, DIP-HIP responded equally

well. Local tolerance evaluated by immunization

through different routes like intramuscular or

intraperitoneal using scoring systems, both mac-

roscopically and histologically, did not show

any variation nor caused any muscular damage,

granulomatous reaction, or dystrophy. There was

no hemolysis caused on treatment of both

humans and animal erythrocytes with DIP-HIP.

The herbal adjuvant developed by DIPAS is

safe, effective, and comparable with commer-

cially available adjuvants like CFA and alum.

The product is being tested for commercial

antigens to qualify for the license. The extract

is in crude form and is being fractionated into

various components using supercritical CO2

extraction procedure followed by HPTLC and

HPLC analyses. The bioactive fractions are

being analyzed for their adjuvant activity.

Model Development

The most important part of adjuvant develop-

ment is selection of a good model that can predict

immune responses in humans. There are many

limitations in developing a model relevant to
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adjuvant development and evaluation. The most

commonly used tools are activation of APCs

in vitro and immunity in experimental animal

models which could be inbred strains of mice,

including knockout and transgenic mice. Despite

many similarities, the immune responses of mice

and humans differ in many aspects [41, 105]

which lead to a failure of promising formulations

in clinical confirmation trials. Different animal

strains and species even behave differently to

various adjuvants [56, 82]. In mouse studies,

the route of immunization used is intraperitoneal

or intravenous injections, whereas in humans, it

is subcutaneous or intramuscular. It is understood

that different routes affect activation of specific

dendritic subsets. Sometimes, the choice of anti-

gen itself can also affect the outcome of the

study. Similarly, in vitro studies using blood

cells have limitations in evaluating the adjuvant.

Cell cultures are not reliable for studying the

vaccine-adjuvant formulations that rely on

inflammatory cytokine responses from noncir-

culating tissue cells. An adjuvant acts in part

by altering the distribution of antigen or its

presentation at the injection site, which may

not give confirmatory results in cell culture.

These differences pose an obstacle in rapid

translation of findings from mice to humans or

cell culture to humans. Some time ago, guinea

pigs and rabbits were suggested to be better

models for evaluating the adjuvanticity and

toxicity of adjuvant formulations [46, 119].

To avoid these shortcomings, the possible

approaches could be to use humanized mice

or develop mice that have similar cell-specific

expressions or finally use nonhuman primates.

But all these approaches are very costly for

maintaining such animals and cell culture

conditions, which often limit the interest of devel-

opment of a good adjuvant. Therefore, if one

has to follow the traditional way of evaluating

the adjuvanticity, then it is recommended that

the evaluation may be performed in at least two

strains of mice with different haplotypes or

guinea pigs and/or rats for studying the immuno-

logical effect of adjuvant and its effective

adjuvanticity.

Therefore, the present approach of systems

biology has been considered of utmost impor-

tance to focus on the study of vaccine adjuvant

formulations in humans [39, 106]. A consortium

has been set up to analyze the human immune

responses to vaccine formulations and infections

by high-throughput approaches. This approach

will benefit in systemically understanding and

characterizing the immune response in humans

to accelerate the studies in the field of human

biology and vaccinology.

The age group distribution of the world popula-

tion gives a deep insight into the vaccine adjuvant-

induced immunity problems in humans, e.g., in the

very young and very old, the immunocompromised,

or the diseased. Therefore, whenever a new adju-

vant is developed, there is a need to reexamine and

reevaluate the clinical trials in which multiple

parameters of both innate and adaptive immune

responses can be evaluated by cutting-edge

technologies [39, 105, 106]. Thus, systems biology

is a needed and powerful modeling approach.

Novel Adjuvants and Approaches

Three-dimensional virtual screening, whereby

a large number of small molecules are docked

into the three-dimensional model of a protein

receptor, is an important tool in the field of drug

discovery and optimization. The identification of

potential lead compounds from databases of small

molecules significantly reduces the time spent on

experimental screening and is therefore now an

integral part of drug design. Within vaccinology,

structure-based virtual screening is an approach of

unprecedented power and scope.

Using virtual screening, CCR4 antagonists

have been identified that act as adjuvants for

both cellular and humoral immune responses.

These molecules were tested in vivowith vaccines
in mice; enhanced immunogenicity was observed

with SP50. The enhancing effects observed in

these experiments are particularly striking given

that the vaccine vectors employed are known to be

intrinsically immunogenic [20].
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Cyclic-diguanylate (c-di-GMP), a bacterial

signaling molecule, possesses protective immuno-

stimulatory activity. In a study, c-di-GMP was

evaluated as a vaccine adjuvant and compared to

LPS, CpG oligonucleotides, and a conventional

aluminum salt-based adjuvant. It elicited a more

potent activator of both humoral- and Th1-like

immune responses as evidenced by the robust

IgG2a antibody response and the strong IFN-γ,
TNF-α, and IP-10 responses in mice and in vitro

in nonhuman primate peripheral blood mononu-

clear cells. Further, compared to LPS or CpG,

c-di-GMP demonstrated a more pronounced

ability to induce germinal center formation, a

hallmark of long-term memory, in immunized

mice. Together, these data add to the growing

body of evidence supporting the utility of c-di-

GMP as an adjuvant in vaccination for sustained

and robust immune responses and provide a ratio-

nale for further evaluation in appropriate models

of immunization [24].

Receptor-targeted small molecule adjuvants

(SMA) are among the most under-explored

type of immunomodulatory adjuvants. Examples

include imidazoquinolines (Imiquimod and

Resiquimod) which target toll-like receptors

(TLRs) (specifically TLR-7 and TLR-8) and

were developed as nucleoside analogues for

antiviral or antitumor therapy; Bestatin, a tumor

adjuvant acting as an inhibitor of amino-

peptidase N [CD13]; and Levamisole and

Bupivacaine (DNA vaccine adjuvants). Other

examples of non-macromolecular adjuvants

include monophosphoryl-lipid A, muramyl

dipeptide, QS21, PLG, Seppic ISA-51, and CpG

oligonucleotides. Optimized CpG oligonucleo-

tides, which target TLR-9, are now entering late

phase trials as adjuvants for the poorly immuno-

genic hepatitis B vaccine [22].

Evaluation of Novel Adjuvants
and Delivery Systems

The use of repository adjuvants like mineral salts

is accompanied by the formation of an inflamma-

tory focus at the site of injection which may lead

to the synthesis of proinflammatory cytokines

and stimulation of innate immunity important

for the initial steps of the immune response.

Quality evaluation of a vaccine-adjuvant for-

mulation therefore covers aspects such as dem-

onstration of the compatibility of the adjuvant(s)

with the antigenic component(s) present in the

vaccine, proof of an adequate and consistent

association of the antigen with the adjuvant,

demonstration that no significant de-association

takes place in the course of the shelf life, degree

of association throughout the shelf life, and

effect of the adjuvant on the ability to assay

components, biochemical purity, and pyrogenic-

ity. As an example of association, adsorption is

specific for aluminum hydroxide gels, aluminum

phosphate gels, calcium phosphate gels, and

ISCOMS, while ionic interaction occurs with

charged dimethyldioctadecylammonium (DDA)

micelles. For emulsions or liposomes, the mech-

anism is encapsulation. With saponin derivatives

or other extracts, interactions with antigens are

lipophilic/hydrophilic or ionic [29].

Adjuvants alone are evaluated for their local

tolerance (inflammation, consideration of route

of administration), induction of hypersensitivity

and anaphylaxis (IgE antibody), antigen species

(rabbit), pyrogenicity, validated in vitro models,

systemic toxicity to tissues/organs (histopathol-

ogy), pharmacodynamic studies (adsorption/

elimination from tissues), and reproductive

toxicity (reflecting intended schedule of use).

Regulatory Issues

The response generated by antigen-adjuvant

formulations is vaccine specific and multifacto-

rial. Thus, data cannot even be interpolated to

another distinct antigen, a similar antigen with

the same adjuvant or even the same antigen-

adjuvant formulation administered via a different

route. Therefore, the regulatory guidelines for

issuing a license for one formulation would be

inapplicable for other formulations [114]. This

makes the task for the license-issuing authorities

more difficult and vulnerable to wrong applica-

tion of guidelines. However, the Center for

Biologics Evaluation and Research (CBER)
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of the US FDA has developed a new regulatory

approach to vaccine adjuvants and adjuvanted

preventive vaccines for infectious disease indi-

cations. The Committee for Medicinal Products

for Human Use, of the European Medicines

Evaluation Agency (EMEA), has also published

a guide on similar issues [29].

Safety and tolerability are two critical

considerations impacting early introduction of

new adjuvants for human use and pose the

greatest barrier to regulatory approvals for new

adjuvants. Use of novel adjuvants demands

extensive preclinical studies, including local

reactogenicity and systemic toxicity testing,

because vaccines are administered to healthy

individuals including infants and children, and

there are potential safety concerns. WHO has

also suggested nonclinical evaluations to help in

proceeding with the clinical development of new

adjuvant-antigen formulations (WHO Guidelines

on Nonclinical Evaluation of Vaccines, 2003).

Applying for a license approval for any new

adjuvant or vaccine development falls in the

category of “Investigational New Drug Applica-

tion,” and it becomes mandatory to furnish a full

report on the parameters evaluated – including its

toxicology, pharmacology, biochemistry, and

comparison with other similar adjuvanted and

non-adjuvanted vaccines – and any incidental or

clinical data obtained on human use with full

justification – which will add value to the

existing adjuvant, etc. All the clinical data should

be fully justified.

Sometimes, the pressure of a looming pan-

demic also helps in streamlining the licensure

mechanisms, which happened in the case of

avian flu H5N1 influenza vaccine [32]. Some-

times, separate guidelines are set for frequent

pandemic vaccines such as pandemic influenza

vaccines, which advice clinical development

approaches to help in expediting the licensing

procedures. For more benefit of the society, for

value addition of these pandemic vaccines,

certain approaches have been demonstrated and

briefly described in two FDA guidance

documents [49, 50].

Presently, studies on specific projects on

new adjuvant and their dose optimization are

given much attention. Many funding agencies

are releasing substantial amount of funds in

developing the new adjuvants. The matter is

being taken seriously as a global issue, more so

for basic research on pandemic diseases and

early product development of novel adjuvants,

including both immunopotentiators and delivery

systems. Research should be focused on the

rational design of an adjuvant, founded upon a

clear understanding of its mode of action on

innate immune system, thus allowing for the

enhancement of beneficial aspects and reduction

of toxic side effects.

With the goal of new adjuvant discovery

and development, multiple contracts for “Innate

Immune Receptors and Adjuvant Discovery”

have been awarded, including Development of

Vaccines, Adjuvants, Immunotherapeutics, and

Diagnostics for Biodefense, under “Adjuvant

Development Program.” This program also

includes the designing of special units to assure

availability of experienced individuals for rapid

evaluation of new vaccines and novel adjuvant

and use of high-throughput library screens.

Other programs have encouraged both public

and private sectors to participate in vaccine and

adjuvant research in high-priority areas to help

combat a wide variety of complex diseases.

Such programs develop the strategies for dose

reduction [31, 72, 91] using various appropriate

technologies for enhancing the immunogenicity

and effectiveness of vaccine-adjuvant formula-

tions in collaboration with various industries

and academia for use in the developing world

and mass campaigns and in disseminating

knowledge in this field to the scientific commu-

nity [59, 60, 120].

Future

Advances in the newer technologies like recom-

binant DNA, genomics, proteomics, metabolo-

mics, etc. have speeded up the synthesis of

newer vaccines, but at the same time demand

a need for improved and well-characterized

adjuvants and formulations. There is more

emphasis on vaccines for neonates and
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immunocompromized individuals for a better

understanding of mechanism of action of adju-

vant and consequent immune response.

Several barriers have to overcome to meet

the requirement of development of newer

adjuvants. The first and foremost concern is the

side effects and toxicity, particularly with the

pediatric vaccines. In addition, the regulatory

issues for approval of adjuvant have substantially

raised the concerns. Adjuvants do not get

FDA clearance as stand-alone compounds/

products, but as a formulation of a registered

vaccine adjuvant – antigen formulation. But this

requires huge cost and effort for trying various

combinations of untested antigens and adjuvants.

Moreover, new antigen-adjuvant formulations

become proprietary until the adjuvant evaluated

is registered. All these regulations limit the

development of new adjuvants and thus lead to

slow development of novel adjuvants. The

strategies to accelerate the development of

adjuvants would be to create an organization

for standardized evaluation of vaccine-adjuvant

formulations capable of inducing safe, strong,

stable, and long-lasting humoral and cellular

immune responses, with a reduced number of

protective boosters, for humans.

While investigating the mechanisms, contri-

bution of TLR pathway has been significant in

understanding how and why adjuvant used dur-

ing vaccinations are important in augmenting

adaptive immune responses to specific vaccine

antigen. However, with the upcoming knowledge

and the research findings, it is gathered that TLR

activation is not necessarily required for enhanc-

ing the immunogenicity by adjuvant. Therefore,

it can be concluded that there could be other

receptors besides TLRs that have not yet been

characterized, thus opening the door to future

research.

Finally, development of candidate adjuvant

should focus more on establishing easy, modular,

reproducible, stable, and transferable standard

operating procedures and fingerprint records

for processing and production, which eventually

will allow sustainable formulations with long

shelf lives without major changes in large-scale

manufacturing and sourcing.

Conclusion

Learning how to enhance the persistence of

immune responses with relevant adjuvants is criti-

cal. Recent in-depth research related to the possi-

ble mechanisms of action of few adjuvants has

significantly progressed our understanding of the

immunology and biochemistry of these adjuvants.

However, does the new research explain the mech-

anism of action of clinically approved adjuvant?

Probably the answer is “no,” as the appropriate

experiments performed particularly in humans do

not give the clear indications, be it individual vari-

ation or behavior of adjuvant in humans. More-

over, advances in technologies have accelerated

the development of newer vaccines which has

increased the need for improved adjuvant and

formulations beyond those currently available.

The foregoing considerations exigently lead to

development of new adjuvants which can selec-

tively modulate the immune response to the

desired level and type. An adjuvant with potent

properties is required for eliciting both – humoral

and cell mediated – immune responses against all

types of antigens, such as purified, subunit, com-

bination, or synthetic vaccines. In addition, an

adjuvant that helps in enhancing plasma cells,

leading to generation of antigen-specific B-cell

memory response, is a useful objective. This

leads to the fact that the magnitude, quality,

type, and persistence of antibody response are

regulated by innate immunity. The intracellular

signaling pathway, and transcription factors that

control the innate immunity, are concepts cur-

rently under appreciation and investigation.

Incorporating the foregoing essential aspects,

many new adjuvants are in the research pipeline.

Further, based on preclinical and clinical obser-

vations, a number of adjuvants with some of the

above properties are expected in the coming

years.
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