Available online at www.sciencedirect.com

ScienceDirect #er@erﬁee

ELSEVIER Vaccine 25 (2007) 3752-3762

www.elsevier.com/locate/vaccine

Review

Vaccine adjuvants revisited

J.C. Aguilar*!, E.G. Rodriguez !

Division of Vaccines, Center for Genetic Engineering and Biotechnology,
P.O. Box 6162, La Habana 10600, Cuba

Received 16 January 2006; received in revised form 26 December 2006; accepted 29 January 2007
Available online 16 February 2007

Abstract

The development of new adjuvants for human vaccines has become an expanding field of research in the last thirty years, for generating
stronger vaccines capable of inducing protective and long-lasting immunity in humans. Instead of such efforts, with several adjuvant strategies
approaching to requirements for their clinical application, limitations like adjuvant toxicity remain to be fully surpassed. Here we summarize
the current status of adjuvant development, including regulatory recommendations, adjuvant requirements, and adjuvant categories like mineral
salts, tensoactive compounds, microorganism-derived adjuvants, emulsions, cytokines, polysaccharides, nucleic acid-based adjuvants, and a
section dedicated to particulate antigen delivery systems. The mechanisms of adjuvanticity are also discussed in the light of recent findings
on Toll-like receptors’ biology and their involvement on immune activation.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The goal of vaccination is to generate a strong immune
response providing long term protection against infection.
Unlike attenuated live vaccines, killed whole organism or
subunit vaccines generally require the addition of an adjuvant
to be effective [1]. Adjuvants are compounds that enhance
the immune response against co-inoculated antigens with the
word adjuvant coming from the latin word adjuvare, which
means to help or to enhance [2]. Adjuvants can be used
for various purposes: (1) to enhance the immunogenicity of
highly purified or recombinant antigens; (2) to reduce the
amount of antigen or the number of immunizations needed
for protective immunity; (3) to improve the efficacy of vac-
cines in newborns, the elderly or immuno-compromised
persons; or (4) as antigen delivery systems for the uptake
of antigens by the mucosa. The concept of adjuvants arose
from observations that an abscess at the innoculation site
assisted the generation of higher specific antibody titers [3,4].
Even an abscess generated by the injection of unrelated
substances increased the antigen specific antibody response
[3.4].

The adjuvant activity of aluminium compounds was first
demonstrated in 1926 with diphtheria toxoid absorbed to
alum [5]. So far, aluminium-based compounds (principally
aluminium hydroxide or phosphate) continue to monopolize
human vaccines [6]. Why this is the case? Despite the sub-
sequent discovery of many other considerably more potent
adjuvants, e.g. Freund’s complete adjuvant (FCA) [7,8] or
lipolysaccharide (LPS) [9], they are judged to be unsuitable
for human use due to local and systemic toxicity. This has
largely left the human adjuvant field to alum for the last 80
years. Will this stay the case for the next 80 years? Cer-
tainly, regulatory requirements have been raised since alum
development and, arguably, its toxicity and side effects may
preclude its registration for human use by regulatory bod-
ies if it were only newly discovered as an adjuvant today.
What chance for new and potentially more toxic adjuvants to
obtain approval in a regulatory environment where even rela-
tively mild or rare side effects may prevent drug registration?
Furthermore, the scale of late phase human trials required
to prove adjuvant safety makes adjuvant validation and reg-
istration increasingly expensive. Whereas once it may have
been sufficient to demonstrate efficacy and safety in a study
size of 200-500, now study populations of 5000-25,000 may
be required before a product can be registered. For these
reasons, relatively few adjuvants of the numerous under pre-
clinical development are likely to make it through to human
registration during the next 10-20 years.

2. The ideal adjuvant

Some of the features involved in adjuvant selection are:
the antigen, the animal species to be vaccinated, the route
of administration and the likelihood of side effects [10,11].
Ideally, adjuvants should be stable with long shelf life,
biodegradable, cheap to produce, immunologically inert and
promote an appropriate immune response, namely cellular or
antibody immunity depending on requirements for protection
[12]. There are marked differences in the efficacy of adjuvants
depending on the administration route, e.g. between mucosal
and parenteral routes. Hence, new vectors, antigen delivery
systems or adjuvant compounds need to take into account
the characteristics of the proposed administration route [13].
Although intradermal or subcutaneous immunization is far
more effective in stimulating immunity than the intramuscu-
lar route, due to local toxicity alum is generally only used
intramuscularly.

The benefits of adjuvant incorporation into a vaccine
need to be balanced against the risk of adverse side effects
[14,15]. Local reactions include pain, local inflammation,
swelling, injection site necrosis, lymphadenopathy, granulo-
mas, ulcers and the generation of sterile abscesses. Systemic
reactions include nausea, fever, adjuvant arthritis, uveitis,
eosinophilia, allergy, anaphylaxis, organ specific toxicity and
immunotoxicity, i.e. cytokines release, immunosuppression
or autoimmune diseases [16,17]. Unfortunately, potent adju-
vant action is often correlated with increased toxicity, as
exemplified by the case of FCA. Thus, minimizing toxicity
remains as one of the major challenges in adjuvant research.
The supremacy of alum application reflects current limita-
tions for achieving this goal.

3. Regulatory barriers to adjuvant development

Adjuvants’ regulations for human use are far more rig-
orous than those applied to veterinary vaccines. In addition
to preclinical studies on the adjuvant itself, the combined
antigen-adjuvant formulation also requires toxicological
evaluation for entering phase 1 clinical trials [18]. Pre-clinical
toxicology is normally tested in small animal species such as
mice, rats or rabbits by the same administration route pro-
posed for human use, with dose and frequency of vaccination
similar to or higher than the proposed human dose to rule out
potential safety problems [19,20]. Amongst the biggest reg-
ulatory hurdles is the required size of population that needs
to be tested to prove efficacy and particularly safety of a
new adjuvant or vaccine. These numbers have dramatically
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increased in recent years, largely in reaction to the recogni-
tion that some approved drugs had rare serious and fatal side
effects that were not identified because of inadequate sample
sizes during the clinical drug development program.

The association of important adversed reactions with new
vaccines has resulted in their market withdrawal. This is the
case of the nasal inactivated influenza vaccine, associated
to an increase in the number of cases of Bell’s Palsy [21]
and also the higher probability to develop intussusception
related to oral vaccination with a rotavirus vaccine [22]. These
kind of adverse events have challenged the public perception
of safety associated to mucosal administration, and have an
impact on the regulatory field.

4. Adjuvant categories
4.1. Mineral salts

Since the days of Glenny et al. [5], aluminium salts, princi-
pally aluminium hydroxide or phosphate, have been the most
widely used adjuvants in humans [16]. Unfortunately, alum
salts are relatively poor adjuvants in many situations, partic-
ularly at inducing cellular immune responses [23-25]. The
mechanism whereby aluminium salts work remains unknown
although one suggestion is that they work by the formation of
an antigen depot at the inoculation site [26]. Other possible
mechanisms of action may involve complement activation,
or eosinophil or macrophage activation [27]. Granulomas
are common when alum is administered via the subcuta-
neous or intradermal rather than intramuscular route [28-30].
Other side effects of alum are increased IgE production,
allergenicity [25,28,29,31-33] and potential neurotoxicity.
Normally, aluminium is excreted by the kidneys, although
under certain conditions such as reduced renal function alu-
minium is accumulated in the body and can become toxic.
High aluminium levels in the body predominately affect the
brain and bone tissues causing fatal neurological syndrome
and dialysis-associated dementia. Aluminium intoxication is
also potentially linked to amyotrophic lateral sclerosis and
Alzheimer’s disease. Alternatively, the salts of calcium, iron
and zirconium have also been used to adsorb antigens [29]. In
particular, calcium phosphate has been used for diphtheria-
tetanus-pertussis vaccines [34-36].

4.2. Tensoactive compounds

Quil A is a saponin derived from an aqueous extract from
the bark of Quillaja saponaria. Fractions purified from this
extract by reverse phase chromatography, such as QS-21,
have the ability to induce strong cellular responses against
HIV-1 and other pathogen-derived antigens [16,37,38]. Quil
A is a natural product composed of more than 23 differ-
ent saponins and is too toxic for human use. In addition
to severe local reactions and granulomas, toxicity includes
severe haemolysis [14,39-42]. The Quil A-derived saponin

QS-21, whilst less toxic than Quil A, has many of the same
problems and is similarly unsuitable for most human uses
other than cancer vaccines where higher toxicity may be
accepted [43] or at relatively low doses.

4.3. Microorganism-derived adjuvants

Given their potent immunostimulatory capacity, bacte-
rial or fungal substances constitute a productive source of
potential adjuvants. Bacterial cell wall peptidoglycan or LPS
enhances the immune response whilst themselves not being
highly immunogenic. This adjuvant activity is mediated
through activation of Toll-like receptors (TLRs) that medi-
ate the danger signals activating the host immune defence
system [31]. Different species of bacteria used as a source
of adjuvants include Mycobacterium spp., Corynebacterium
parvum, C. granulosum, Bordetella pertussis and Neisseria
meningitidis. As whole killed microorganisms these are too
toxic to be used as human adjuvants [25]. However, it appears
the major adjuvant activity of these bacteria is mediated
by N-acetyl muramyl-L-alanyl-D-isoglutamine, also called
muramyl dipeptide (MDP) [44]. In saline, MDP mainly
enhances humoral immunity [14,45,46], whilst when incor-
porated into liposomes or mixed with glycerol it induces
strong cellular immunity [47]. Compounds with adjuvant
activity derived from MDP include treonyl-MDP [17,48].

Another important group of compounds derived from the
cell wall of Gram-negative bacteria is LPS. The major struc-
tural element of LPS responsible for their adjuvant effect is
lipid A. In low acid conditions, lipid A can be hydrolysed to
obtain monophosphoryl lipid A (MPL), a compound which
retains the adjuvant activity of lipid A with reduced toxicity
[49]. Another extract from bacterial walls is trehalose dimy-
colate (TDM), an adjuvant which simulates both humoral and
cellular responses [50]. The demonstration that mycobacte-
rial DNA had adjuvant activity, led to the discovery that the
adjuvant activity correlated with a higher content of CpG
motifs present in bacterial nucleic acids. DNA containing
CpG motifs is one of the most potent cellular adjuvants and
acts via activation of a Toll receptor pathway (see below)
[51].

4.4. Emulsions

This class includes oil-in-water or water-in-oil emulsions
such as the Freund’s incomplete adjuvant (FIA), Montanide,
Adjuvant 65 [52-54], or Lipovant [11]. The mechanism of
action of adjuvant emulsions includes the formation of a
depot at the injection site, enabling the slow release of anti-
gen and the stimulation of antibody producing plasma cells
[55]. In general, these adjuvants are too toxic for routine
human prophylactic vaccine use, although they may be suit-
able for use in terminal conditions such as cancer where there
is a greater tolerance of side effects. Frequent side effects of
emulsions include inflammatory reactions, granulomas and
ulcers at the injection site. Various types of emulsions have
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been used, with different natural oils, in order to find more
stable, potent and less toxic formulations. Different emul-
sions like oil in water [56] and water in oil in water [57]
have shown been developed with the latter being as potent
as FIA but more stable, less viscous and easier to administer
with less resulting granulomas [58,59]. Montanide is a family
of oil-based adjuvants that have been used in trial vaccines
against HIV, malaria and breast cancer [60].

4.5. Particulate antigen delivery systems

Together with certain depot effect, it is the particulate
nature that primarily decides whether the antigen-delivery
system will be successful in inducing an immune response.
If this first requirement is fulfilled, the chemical composition
of the vaccine decides which type of immune response will
develop, e.g. which isotype of antibodies the B cells will pro-
duce, and which cytokines the T cells will secrete, and can
be controlled by combining the antigen with immunomodu-
latory or co-stimulatory molecules [61].

Several of the most studied adjuvants can be included
in the category of “particulate antigen delivery sys-
tems”: liposomes, polymeric microspheres, nano-beads,
immunostimulating complexes (ISCOMs), virus-like parti-
cles (VLPs), among the most important antigen delivery
systems. These adjuvants have been extensively used as car-
riers for protein subunit and DNA vaccines. There is an
extensive focus on understanding their biological interactions
and mechanisms of action related to their size and chemical
nature [62].

4.5.1. Liposomes

Liposomes are synthetic spheres comprised by lipid bilay-
ers that can encapsulate antigens and act as both a vaccine
delivery vehicle and adjuvant. The potency of liposomes
depends on the number of lipid layers [63], electric charge
[64], composition [65] and method of preparation [65—67].
Recent results have suggested that, by choosing lipid com-
ponents for liposomes, surface-coupled liposomal antigens
might be applicable for the development of tumor vaccines
to present tumor antigens to antigen-presenting cells (APC)
and induce antitumor responses. The ability to induce cross-
presentation of an Ag coupled to liposomes was higher in
those consisting of unsaturated fatty acid. It was further con-
firmed by in vivo induction of CTL and tumor eradication in
mice [68].

Although liposomes constitute one of most studied anti-
gen delivery systems, they are still the subject of novel results
on enhancing strategies. The synergistic effect of liposoma-
lly co-entrapped DNA and protein has been shown to exceed
the well-known adjuvant effects of plasmid DNA and lipo-
somes. This new approach to vaccination has been termed
‘codelivery’ and it may derive from the simultaneous presen-
tation of antigen via MHC class-I (DNA) and MHC class-11
(protein) pathways to CD8+ and CD4+ cells at the same
antigen presenting cell -a mode of presentation that would

commonly occur with live viral pathogens, opening new
uses for this technology [69]. However, stability, manufac-
turing and quality assurance problems seem to have been
major factors hampering the use of liposomes as adjuvants in
humans.

4.5.2. Polymeric microspheres

Among particulated and polymeric systems, poly(DL-
lactide-co-glycolide) microspheres have been extensively
studied. These are biocompatible and biodegradable micro-
spheres of nanometer-micrometer size able to incorporate
different antigens. One of their advantages is the capacity
to manipulate the degradation kinetics by varying the rela-
tive concentration of their components, thereby controlling
the time of antigen release [70,71].

It has been recently shown that an alternative approach
involving charged polylactide co-glycolide (PLG) micropar-
ticles with surface adsorbed antigen(s) can also be used to
deliver antigen into APC. The preparation of cationic and
anionic PLG microparticles which have been used to adsorb
a variety of agents, including plasmid DNA, recombinant
proteins and immunostimulatory oligonucleotides resulted in
the induction of significantly enhanced immune responses in
comparison to alum. The surface adsorbed microparticle for-
mulation offers an alternative and novel way of delivering
antigens in a vaccine formulation [72].

4.5.3. Nano-beads

Solid inert beads with a surface-adsorbed antigen have pre-
viously been used to stimulate CD8+ T cell responses, with an
optimal bead diameter size of 1 wm, and <0.5 pm reported
as inferior in targeting antigens for MHC class I-restricted
presentation to T cells [73]. Recently, the use of solid inert
beads of nanometric size (0.04—0.05 pum) was reported as a
very promising strategy to achieve efficient antigen deliv-
ery to APC, generating potent and combined humoral and
CD8+ T cell immunity [74]. In this sense, they have been
considered similar to leading adjuvants for activating each
arm of the immune response. The unusual potency of this
novel nano-vaccine approach was demonstrated by the abil-
ity of the antigen-conjugated beads to protect from tumors in
a tumor challenge model and also to clear large established
tumor masses within 2 weeks after a single injection [74].

The nano-bead adjuvant, in contrast to alum, induced
substantial cell mediated responses along with moderate
humoral responses after large-scale testing in animals. Thus,
nano-bead adjuvants are potentially useful for intracellular
pathogens in humans as well as animals with immunogens in
both therapeutic and prophylactic scenarios [75].

4.5.4. ISCOMs® and ISCOMATRIX® adjuvants

ISCOMs® are 40 nm large particles made up of saponins
(Quil A), lipids, cholesterol and antigen, held together by
hydrophobic interactions between the first three components.
Cholesterol is the ligand that binds to saponin forming 12 nm
rings. These rings are fixed together by lipids to form the
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spherical nanoparticles. Hydrophobic or amphipathic anti-
gens can be incorporated into this complex. They are versatile
and flexible delivery systems with increased efficiency of
antigen presentation to B cells and uptake by the APC
(reviewed in [76]).

The ISCOMATRIX® adjuvant is identical to ISCOMs®
except that it does not contain antigen. This adjuvant can
be mixed with antigens and has some of the advantages of
ISCOMS® such as the preferential targeting of antigen to
APC. The ISCOMATRIX® has been analyzed in mucosal
immunization in animals [77] and induced good mucosal IgA
responses. However, the response obtained differed from that
of ISCOMs® vaccination in that the ISCOMATRIX® induced
a Th2-like response, whereas the ISCOMs®-based vaccine
induced a mixed Th1/Th2 response.

The use of saponins in ISCOMs®-based vaccines retains
the adjuvant activity of the saponin component but with
a reduced toxicity. Saponin-adjuvanted particulate vaccines
have significant potential as a novel strategy in vaccine devel-
opment. Very recent reviews have addressed the practical
aspects related to this antigen delivery system [78,79].

4.5.5. Virus-like particles

Virus-like particles are inert, empty capsids of viruses,
which contain no DNA/RNA from the virus itself. However
they retain the structure of a virus and they can be engineered
to have antigens attached. Particles with similar size and
shape to viruses and obtained by genetic engineering contain-
ing antigens from viral or non-viral sources are also regarded
as VLPs. VLPs-displayed antigens are efficiently taken up
by dendritic cells (DC) and induce potent immune responses
after parenteral, mucosal and transcutaneous immunizations
[80-82].

Several strategies have been directed to produce a given
antigen with capacity to form VLPs, or to obtain it as
part of a recombinant protein forming VLPs, for improv-
ing its immunogenicity. Antigens repeated on VLPs, like
those naturally found in viral capsids, efficiently cross-link
B-cell receptors and, therefore, induce strong IgG responses.
Recent studies have shown the improvement in the immuno-
genicity of covalently coupled peptides from the allergen
Der p 1 to a virus-like particle derived from the bacterio-
phage Qbeta (Qbeta-Der p 1), demonstrating that this strategy
can be used to enhance the efficiency of allergen-specific
immunotherapy and validating the approach in humans
[83].

One of the most relevant examples of antigens in the his-
tory of vaccinology has been the recombinant hepatitis B
surface antigen, produced as VLPs in Saccharomyces cere-
visiae and Pichia pastoris yeasts. It has been used during
more than 15 years as a very effective antigen in the pre-
ventive Hepatitis B vaccine. Recently, on June 8th, 2006,
the U.S. Food and Drug Administration (FDA) approved an
human papilloma virus (HPV) vaccine for clinical use, con-
sisting in the recombinant VLPs of HPV 6, 11, 16, 18 mixed
with an aluminum-containing adjuvant. In this sense, this is a

very positive advancement for accepting the use of antigens
as VLPs to develop new vaccines.

A new VLPs-based formulation has been developed since
1998 as a nasal therapeutic vaccine candidate for chronic hep-
atitis B therapy under the name of NASVAC, based on the
surface and core hepatitis B virus (HBV) antigens (HBsAg
and HBcAg, respectively). Pre-clinical experiments in mice
induced higher immunogenicity and enhanced capacity to
promote cellular and humoral (superior IgG2a) responses
than the commercial vaccine. These results support ther-
apeutic expectations as this Thl-prone immune response
correlates with HBV control [84,85]. A double blinded, ran-
domized and placebo controlled phase I clinical trial was
recently concluded in healthy volunteers, evidencing safety
and immunogenicity of this nasal vaccine candidate with a
relatively low amount of antigen administered (50 pg each)
[86]. This is the first nasal candidate for hepatitis B therapy,
taking advantage of the cross-adjuvanting effect of the VLPs
included in the formulation [84-86].

4.6. Cytokines

As a general rule, cytokines are included in the modern
classification of adjuvants. For example, granulocyte-
macrophage colony stimulating factor (GM-CSF) enhances
the primary immune response by activating and recruiting
APC [87]. However, the practical application of GM-CSF as
an adjuvant has been limited by the requirement for multi-
ple doses, toxicity and the immunogenicity of heterologous
cytokines [11]. Cytokines may have particular potential in
DNA vaccines where the cytokine can be co-expressed with
the antigen by the same vector [88]. On the other hand, the
direct application of IL-12 and other cytokines as soluble
proteins has proven effective as mucosal adjuvants [89,90].

4.7. Polysaccharides

Inulin, a carbohydrate derived from plant roots of the
Compositae family, when constituted into a micro-particulate
form, is a potent humoral and cellular immune adjuvant.
Micro-particulate inulin (MPI) is a potent activator of the
alternate complement pathway and thereby activates the
innate immune system [91]. MPI is particularly effective at
boosting cellular immune responses without the toxicity nor-
mally exhibited by other adjuvants such as FCA, Montanide
or QS21. MPI can be combined with a variety of other adju-
vant components to produce a range of tailormade adjuvants
with varying degrees of Thl and Th2 activity. For example,
algammulin is a combination of MPI and aluminium hydrox-
ide, also considered as an adjuvant formulation. Algammulin
exhibits a higher ratio of Th2 to Th1 activity than MPI alone,
it’s overall effect being equivalent to alum despite having
a lower overall alum content [92,93]. MPI-based adjuvants
have been successful in many animal models including diph-
theria, tetanus toxoid, respiratory syncytial virus, E7 protein
of HPV, herpes virus 2 glycoprotein D, HBsAg, influenza
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haemagglutinin, Haemophilus influenzae and Plasmodium
falciparum [91-93]. MPI advantageously induces both Th1
and Th2 immune responses, does not induce IgE, and is not
associated with any significant local or systemic toxicity [94].
Inulin is metabolized into the simple sugars fructose and glu-
cose in the body and, therefore, does not suffer from the safety
concerns of alum-based adjuvants.

4.8. Nucleic acid-based adjuvants

The discovery of the immunostimulatory capacity of
DNA [95] led to an impressive development of immunos-
timulating DNA-based molecules. CpG motifs are six
deoxynucleotides-long DNA sequences with a central CpG
dinucleotide, and normally occur in bacterial DNA twenty
times more often than within mammalian DNA. They could
be immunostimulatory [96] or immunosuppressive (certain
motifs present on mammalian [97] or viral [98] DNA),
depending on the CpG’s cytosine methylation state [99]
(unmethylated corresponding to immunostimulatory) or the
flanking sequences. CpG motifs are recognized by the Toll-
like receptor (TLR) 9 [100] in mammalian cells in an
evolutionary fashion (see section TLRs and adjuvant activ-
ity), inducing the secretion of type I interferons (a and ()
and IL-12 by cells of the innate immune system, promoting
a Thl cellular response and preventing allergic responses.
Therefore, CpG-containing DNA-based molecules would be
useful for therapeutic applications and also for adjuvanting
other types of vaccines [101].

Three main approaches are under intense investiga-
tion: immunostimulatory deoxynucleotides (ODNs), ODN-
antigen conjugates and DNA vaccine vectors with enhanced
immunostimulatory sequences. All of them act through the
specific binding of CpG motifs to the TLR9 molecule. ODN's
are short synthetic single-stranded DNA molecules with
a modified backbone (phosphorothyoate instead of phos-
phodiester linkage), bearing one or more CpG motifs and
variable flanking sequences, with a preferential activation of
APC subsets and patterns of cytokine secretion depending
on the specific sequence combination [96,102], in a dose-
dependent manner. Due to their lower molecular size, they
show enhanced bioavailability and affinity for biological
membranes (in part due to the phosphorothyoate modifi-
cation), their main effect resulting from the interaction of
the CpG sequence with the TLR9 molecule. Several vac-
cine strategies are under clinical evaluation with this kind
of adjuvant, mainly in the field of cancer and viral infec-
tions [102]. However, toxicity may be related to the dose,
treatment intervals, and the route of administration of CpG-
ODN. Although no side effects have been reported to date
in humans, results obtained in animal models of autoim-
mune diseases raise considerable concern about the safety of
CpG-ODN therapy in systemic lupus erythematosus patients
[103,104].

A related approach includes the chemical conjugation of
an ODN to an antigen [105]. The adjuvant activity of this

kind of compounds comes from targeting the antigen by the
ODN to the TLR9-bearing APC, receiving at the same time
the antigen and the co-stimulatory signals.

Another strategy relates to the DNA vaccine technol-
ogy, based on engineering the CpG motifs into the plasmid
DNA sequences. Since DNA vaccines have shown lim-
ited efficacy in large animals and humans, the insertion
of these motifs would increase the immune activation of
the administered DNA molecule, providing at the same
time both the gene for antigen expression, processing and
presentation to the immune system and the co-stimulation
required. Engineering would also include the selective
removal of immunosuppressive DNA sequences, contribut-
ing to the overall immunostimulatory capacity of the whole
molecule [98]. This could additionally favor novel anti-
gen strategies that use only protective or relevant fragments
of natural antigens in a new molecular array, focusing
the response in the context of a less structured molecule
like a multiepitopic polypeptide [106]. Moreover, new vac-
cine approaches employing DNA vaccines in combination
with subunit or viral immunogens would benefit from
the immunoenhancing potential of plasmid DNA, like the
prime-boost strategy [107]. Further analyses are required,
with second generation DNA vaccines entering clinical
trials.

4.9. Adjuvant formulations

New adjuvant formulations have resulted from the mixture
of two or more adjuvants with different action mechanisms.
The aim of this strategy is to further enhance and/or modulate
the immune response against a given antigen compared to
the adjuvants alone and in some cases, to combine delivery
improvement and modulation.

A remarkable adjuvant formulation comprising MPL and
alum has been recently included in the approved vaccine
formulation Fendrix®, used for preventive immunization
against hepatitis B in patients with renal diseases, including
haemodialysis patients. This vaccine develops a more rapid,
intense and long lasting immune response compared with the
control vaccine in these high-risk groups, showing safety and
clinically acceptable local reactions similar to other licensed
hepatitis B vaccines. [108]. The AS04 adjuvant formulation
has been tested also as part of a promising HPV vaccine
development [109,110].

Additionally, some of the abovementioned adjuvant
approaches were developed per se as adjuvant formulations,
as in the case of ISCOMs® and Algammulin (see sections
ISCOMs® and ISCOMATRIX® adjuvants and Polysaccha-
rides, respectively). Several studies have shown the efficient
stimulation of the immune responses using these adjuvant
formulations [76,94,111,112].

Other formulations have been designed to take advantage
of antigen delivery systems and the stimulating effect of bac-
terial compounds, such as CpG-ODN and MDP encapsulated
into liposomes [113,114].
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Table 1

Toll-like receptors (TLR), their ligands and related adjuvants

TLR Natural ligand Related adjuvant References

TLR1 Bacterial/mycoplasmal lipopeptides (with E. coli type II heat-labile enterotoxins, [117,118]
TLR2) triacylated lipopeptides

TLR2 Peptidoglycan, Lipoteichoic acid MDP? derivatives, E. coli type II heat-labile [117,119,120]

enterotoxins, lipopentapeptide derivatives

TLR3 Bacterial and viral dsSRNAP Polyinosinic—polycytidylic acid [121,122]

TLR4 Host hsp60/70°, LPSY, RSV® fusion MDP derivatives, synthetic MPL# [123]
protein, MMTV envelope protein

TLRS Flagellin Flagellin fusion proteins [124]

TLR6 Bacterial/mycoplasmal lipopeptides (with Diacylated lipopeptides (macrophage-activating [125]
TLR2) lipopeptide-2)

TLR7 Bacterial, viral and host ssRNAP Imiquimod, R-848, ssSRNA [126-128]

TLRS8 Bacterial, viral and host ssRNA R-848, ssSRNA [127,128]

TLRY9 Bacterial and viral CpG DNA, DNA-IgG CpG ODNs [96,127]
complexes, malarial hemozoine

TLR10 NR! NR -

2 MDP: muramyl dipeptide.

® dsRNA: double-stranded RNA.

¢ hsp60/70: heat shock proteins 60 and 70.
4 LPS: lipopolysaccharide.

¢ RSV: respiratory sincitial virus.

f MMTV: mouse mammary tumor virus.

€ MPL: monophosphoryl lipid A.

h ssRNA: single-stranded RNA.

 NR: not reported.

4.10. TLRs and adjuvanticity

As previously mentioned in this review, activators of TLRs
have already been used as adjuvants to boost the immune
responses of vaccines (see Table 1).

TLRs are transmembrane signaling proteins expressed by
cells of the mammalian immune system, showing high spe-
cific binding to different ligands of varied molecular nature
[115]. Those ligands are evolutionary signatures of invad-
ing pathogens, commonly known as pathogen-associated
molecular patterns (PAMPs)(Table 1). TLRs derived from
the Drosophila Toll, ten of them been described so far in
humans. TLRs 1, 2 and 6 are triggered as homo or het-
erodimers by peptidoglicans and other bacterial products,
TLR3 by dsRNA, TLR4 by LPS, TLRS by flagellin, TLR7
and 8 by imidazoquinolines and ssDNA molecules, and TLR9
by unmethylated CpG DNA motifs [116] In the case of TLR3
recognition, it is not mediated by any specific RNA sequence
motifs as characterized so far. Ligands for TLR10 still remain
to be identified. After TLR engagement and depending on the
specific ligand (interaction), a signaling pathway becomes
activated, resulting in expression of genes associated with
inducing host immune and inflammatory responses that abro-
gate or control the infection.

TLRs became fundamental for vaccine strategies due to
their distribution mainly in monocyte/macrophage and den-
dritic cell populations. Instead of individual TLR stimulation,
the success of the vaccination regime depends in part on
proper activation of the appropriate TLR in the immunolog-
ically relevant subset of APC. It is also related to the route
and delivery methods employed, according to the APC pop-

ulations stimulated, either through TLRs or other immune
receptors. Not all adjuvant families act through the same cell
type and in the same manner depending on receptors and
cellular processing. Therefore, the abovementioned consid-
erations are mostly for adjuvants mimicking or sharing the
structure and/or activating potential of the natural PAMPs,
like microorganism-derived adjuvants and vaccine antigens
with adjuvant capacity. They can be included in the formu-
lation for triggering significant immune responses against a
vaccine antigen if activating a co-stimulatory signal relevant
for the model under study.

Special attention should be given to the stimulating capac-
ity of PAMPs derived from the host cell employed for
producing recombinant vaccine antigens, as in the case of
the HBcAg. This antigen normally carries unrelated bac-
terial RNA molecules with immunomodulatory capacity
[129]. This property of the HBcAg has been successfully
exploited for modulating the immune response against other
co-formulated antigens, such as HBsAg and the human
immunodeficiency virus (HIV)-based CR3 protein [84,130].

On the other hand, over-stimulation through several TLRs
can also generate undesired toxic effects, as the case for the
FCA. Thus, adjuvant dose and mechanism of action have to
be carefully considered for preventing such drawbacks while
not compromising the adjuvant effect.

5. Five years view

Despite an explosion of immunology knowledge over
recent decades, there remains a surprising reliance on
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aluminium-based compounds as the dominant adjuvants in
human vaccines. This aspect will not change in the near
future for already established vaccines with good efficacy
and also in the scenery of prophylactic pediatric vaccines
where safety issues are paramount. However, the introduc-
tion of new recombinant subunit and synthetic antigens in
HIV, hepatitis C virus, Malaria and other “difficult” diseases
as well as the development of therapeutic vaccines for chronic
diseases and cancer will introduce new adjuvants to clinical
trial pipelines.

New adjuvant formulations can be especially relevant for
developing new vaccines against infectious agents causing
pathological conditions characterized by immunodeficiency,
low responders and high-risk groups. Further steps to gener-
alize their applications seem to be affordable in a near future
starting from these high-risk groups.

The study on new action mechanisms will further clar-
ify molecular interactions behind adjuvant activity and this
aspect, along with the development of bioinformatics, will
improve the predictive capacity for scientists working on new
adjuvant development.
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