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Abstract: This review discusses various issues regarding vaccines; what are they and how they work, safety
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INTRODUCTION

Vaccination is one of the major achievements of
modern medicine. Recent approaches to vaccine
design include the use of live attenuated microor-
ganisms, killed microorganisms, and recombinant
and non-recombinant protein subunit vaccines [1].
These vaccines differ in their mechanisms of action
and often have serious delivery problems [2]. The

Definitions: Antigen: a substance that provokes an immune
response. Antibody: soluble protein molecule produced and
secreted by B cells in response to an antigen and capable
of binding to that specific antigen. Epitope: a unique shape
carried on the antigen’s surface which triggers a corresponding
antibody response. Immunoadjuvant: a substance that enhances
the immune-stimulating properties of a vaccine. Peyer’s patches:
a collection of lymphoid tissues in the intestinal tract. Protective
immunity: complete resistance to disease, whether long lasting or
temporary. Virulent: toxic, causing disease.

* Correspondence to: Istvan Toth, School of Molecular and Micro-
bial Sciences and School of Pharmacy, University of Queensland,
Brisbane 4072; e-mail: i.toth@pharmacy.uq.edu.au

vaccines available today are used successfully
for protection against diseases such as smallpox,
rabies, measles, yellow fever, tetanus, diphtheria
and haemophilus influenza type B [3,4]. However,
there remains a lack of safe and efficacious vaccines
to protect against other infectious diseases includ-
ing malaria, AIDS, herpes, dengue fever and some
forms of viral hepatitis, which kill or maim millions
of people each year.

Immunization can be divided into two types: sys-
temic and mucosal immunization [5]. The systemic
immune system functions differently to the immune
system of the mucosal surfaces. Systemic immu-
nization aims to induce protective immunity. On
the other hand, mucosal immunity has the abil-
ity to produce pathogen-specific antibodies at the
primary mucosal site of pathogen exposure, and to
impede future infection at sites where the pathogen
might next present itself [6]. Mucosal immunization
is able to induce both mucosal and systemic immu-
nity simultaneously and hence provides the optimal
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immune protection in both systems. Mucosal immu-
nizations are currently under enormous investiga-
tion as an alternative to conventional parenteral
vaccination [7]. The gastrointestinal (GI), respiratory
and genital tracts which are part of the mucosal
surfaces, contain an abundance of immunocom-
petent cells such as B and T lymphocytes that
present to be the main components of the mucosal
immune system. Both the oral and intranasal routes
of administration have been investigated in several
studies with mixed results of success and failure.

The importance of childhood vaccination as one
of the most cost-effective public health interven-
tions has undeniably been demonstrated by the
global eradication of smallpox, which has saved
millions of lives. As part of the childhood vaccina-
tion regime, children are now routinely vaccinated
against pertussis (whooping cough), tetanus, diph-
theria, polio, measles, mumps, rubella (German
measles) and haemophilus influenza type B. There
is little doubt that disease prevention by vaccination
is the key to public health. In addition to infectious
diseases, autoimmune disorders and some cancers
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may also be amenable to prophylactic and thera-
peutic treatment by vaccines.

This review will discuss various issues regarding
vaccines; what are they and how they work, safety
aspects, the role of adjuvants and carriers in
vaccination, synthetic peptides as immunogens,
and new technologies for vaccine development
and delivery including the identification of novel
adjuvants for mucosal vaccine delivery. There has
been a recent increase of interest in the use of lipids
and carbohydrates as adjuvants, and so a particular
emphasis will be placed on adjuvants derived from
lipids or carbohydrates, or from both. Prior to a
discussion of vaccines, however, it is important to
review the general principles of how an immune
response is generated.

INDUCTION OF AN IMMUNE RESPONSE

The body continually encounters many different
antigens; those that are present within the body
are classified as ‘self’ antigens whereas those that
are foreign to the body, such as contained within
a virus or bacterium, are classified as ‘non-self’
antigens. During the development of the immune
system, the immune system learns to discriminate
between these two type of antigens, a process called
self–non-self discrimination, such that an immune
response is generated when the body is exposed to
foreign antigens, whereas self antigens are essen-
tially ignored due to immunological tolerance. The
immune response generated involves the induction
of protective antibodies by B cells (humoral immu-
nity) and the activation of cytotoxic T cells (CTL) (cell-
mediated immunity) [reviewed in [8–10]]. Following
exposure to a foreign antigen, the first step in the
generation of an immune response is the recognition
of antigen by a specific cell surface immunoglobulin
(Ig) receptor, followed by internalization by antigen-
presenting cells (APC) and B cells. The antigen is
subsequently broken down into small peptides con-
taining epitopes, some of which become bound by
class II molecules of the major histocompatibility
complex (MHC) and are transported to the APC and
B cell surface. Helper T cells express T cell recep-
tors (TCR) which interact with the epitope/class II
MHC complex on the APC. Additional cell–cell inter-
actions involving co-stimulatory molecules allow the
T cell to become fully activated. Once activated,
the T cell recognizes B cells with the same specific
epitope/class II MHC complex on the cell surface.

This interaction between T cells and B cells trig-
gers the B cell to differentiate into a plasma cell
which produces antibody of the same specificity as
that of the original Ig receptor. The antigen therefore
must contain a helper T cell epitope, a short linear
sequence recognized by the TCR, and a B cell epi-
tope, usually a three-dimensional conformational
structure that is recognized by the Ig receptor, to
elicit an antibody response. Immunocompetent cells
also produce cytokines which influence the type of
immune response elicited.

The activation of CTL and cell-mediated immunity
is required for protection against viral infections
and in many cases of cancer. Similar to helper T
cells, CTLs become activated following interaction
with APC that have a specific epitope on the cell
surface, but in this case the epitope is presented
in association with MHC class I molecules. In a
complex of cellular interactions, helper T cells also
stimulate the APC to increase the expression of
co-stimulatory molecules. The fully activated CTL
recognizes cells bearing the specific epitope/class
I MHC complex and causes the virus-infected or
cancer cell to undergo apoptosis and cell death.

Vaccines: What are they and How do they Work?

Vaccines essentially mimic an attack on the body by
an infectious agent which results in immunological
memory that provides protection following a natural
infection. They do this by inducing the immune
system to recognize a non-virulent form of a
pathogen (for example a virus or bacterium), that
is contained within the vaccine, or a small portion
of the pathogen such that when the immune system
encounters the natural pathogen, a strong immune
response is rapidly stimulated to prevent infection
and subsequent illness. This complex immune
defence system leads to the production of pathogen-
specific antibodies (humoral immunity) and CTL
(cell-mediated immunity) specific for epitopes within
the native antigen, as described above in the
recognition of foreign antigens, which are the body’s
armament against infections agents. A detailed
review of the mechanisms of action, however, leading
to protective immunity is beyond the scope of this
review. In brief, antibodies bind to complement C3b
receptors on the surface of a bacterial infectious
agent. This activates the complement cascade which
leads to the activation of the terminal complement
membrane attack complex and bacterial lysis, prior
to clearance by phagocytosis. In the case of viral
infections and in many cases of cancer, the immune
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system responds by inducing CTL which kill the
virus-infected or cancer cell.

The design of vaccines is often complicated by
the polymorphism of MHC molecules [11] — which
present antigens to the immune system — and the
variability of pathogenic antigens [12]. Ideally, a
vaccine should provide coverage against all host
MHC types as well as multiple pathogenic serotypes.
Conventional vaccine preparations consist of live
attenuated or killed organisms or components of
these organisms. As vaccine candidates, antigens
or parts of antigens may be represented in several
forms which include recombinant proteins, purified
proteins or synthetic peptides (reviewed in [13]).

Vaccines: Are they Safe?

Vaccines are one of the safest disease prevention
measures and usually only cause minor side effects
such as a local inflammatory reaction at the site of
administration. Very serious adverse effects result-
ing from vaccination are extremely rare and it is
clear that the benefits of vaccination outweigh the
potential health risks to the individual. Cessation
of mass vaccination campaigns due to unsubstanti-
ated health concerns could have disastrous effects
on public health and disease eradication efforts.
There has been some concern regarding an associ-
ation with the measles-mumps-rubella (MMR) vac-
cine and autism and the potential for triggering
autoimmunity, although epidemiological studies do
not support such associations [14,15]. The use of
defined antigenic determinants that play an impor-
tant role in protective immunity is often preferable
to the whole organism or whole antigen for several
reasons, one of which is to eliminate the possibility
of the induction of autoimmunity due to immuno-
logical cross-reactivity between foreign and host self
antigens [16].

The Role of Adjuvants and Carriers in Vaccination

The administration of a vaccine formulation requires
both an adjuvant and a carrier to induce effective
stimulation of the immune system and protec-
tive immunity. This is a critical issue particularly
with newer generation vaccines such as subunit,
recombinant and synthetic peptide vaccines which,
despite containing purer antigens, tend to be poorly
immunogenic when compared with live attenuated
vaccine formulations [17,18]. The actions of an
adjuvant are the depot formation of antigen within

tissues, the activation of macrophages, and the facil-
itated targeting of antigen to APC resulting in the
induction of an enhanced antigen-specific immune
response [17]. Thus, an adjuvant is designed to facil-
itate effective uptake and presentation of antigens
by APC. The most effective experimental adjuvants
have an immunostimulatory component such as
killed bacteria or a bacterial cell wall component
such as bacterial lipopeptide, the lipid A portion of
bacterial lipopolysaccharide or muramyl dipeptide
from bacterial peptidoglycan. These components are
potent activators of macrophages [19,20]. The effi-
cacy of conventional vaccine formulations, admin-
istered parenterally and mucosally in experimental
animal models has required the use of adjuvants
such as FCA [21] and cholera toxin [22], respectively,
that are not suitable for use in humans due to their
toxicity. Current vaccine formulations licensed for
human use mainly contain alum-based adjuvants
(as aluminium hydroxide or phosphate) [23]. This
limited choice of adjuvants for human vaccination
reflects a compromise between a requirement for
adjuvanticity and an acceptable low-level of toxic-
ity. In addition, not all adjuvants are effective for
all antigens, and there are currently no mucosal
adjuvants licensed for human use. Therefore, recent
research has focused on the identification of new
adjuvants for human vaccination and the improve-
ment of existing ones.

As discussed in the induction of an immune
response to a foreign antigen, a helper T cell epitope
is required, in addition to a B cell epitope, in order
to stimulate T cells which are required to help
the antigen-specific B cell mature into a plasma
cell and produce antibody of the correct specificity.
Essentially, a carrier provides a source of helper
T cell epitopes which are necessary for successful
vaccine efficacy. The most common carriers are large
carrier proteins although recent studies indicate the
potential of using synthetic helper T cell epitopes
in vaccines.

Carrier Proteins

Unlike whole organisms and antigens, small syn-
thetic peptides usually do not contain an appro-
priate helper T cell epitope to induce an antibody
response and are therefore not effective vaccines
by themselves. Such peptides, however, can be
rendered immunogenic by conjugation to a car-
rier molecule which contains helper T cell epitopes.
Carrier proteins are traditionally used as a source
of helper T cell epitopes, but there are significant
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disadvantages to their use including epitope sup-
pression [24] and modification of the antigenic deter-
minant(s) due to the chemical coupling reaction [25].

Synthetic Helper T Cell Epitopes

The assembly of vaccines containing synthetic T
cell epitopes may solve some of the problems
associated with the use of carrier proteins as a
source of helper T cell epitopes. Immune responses
to peptide-based immunogens have been achieved
in experimental models using a number of different
strategies including non-specific polymerization of
peptides [26] and assembly of linear tandem (T cell
epitope) — (B cell epitope) constructs [27]. There
is the potential, however, for antibodies to be
generated against epitopes formed at the T cell and
B cell epitope junctions [28]. The use of synthetic
peptides representing T cell epitopes, however, may
alleviate the problem of carrier protein-induced
epitope suppression [29] and the use of universal
T cell epitopes that bind to different MHC molecules
could potentially overcome MHC polymorphism and
pathogenic antigen variability [30].

Synthetic Peptides as Immunogens

Synthetic peptides representing individual B cell epi-
topes are generally short sequences of amino acids
that are recognized by an antibody and are poorly
immunogenic, either because (1) they may be rapidly
degraded before recognition by the immune system;
(2) they do not contain an appropriate helper T
cell epitope required for antibody production; or (3)
conformational integrity, that is the correct three-
dimensional structure, is lacking in the B cell epi-
tope. Approaches to mimicking the conformational
integrity of peptides have proved successful. An
example of a conformational-dependent epitope is
found in the M protein of group A streptococci (GAS)
[31]. The immunogenicity of peptide vaccine candi-
dates can be enhanced with an adjuvant. Recent
advances in peptide vaccine technology, however,
indicate the potential of novel delivery systems that
are self-adjuvanting and hence do not require the
addition of toxic adjuvants. This will be discussed
later in this review.

The route of vaccination is an important deter-
minant of success [32]. The parenteral route has
several disadvantages, such as acceptance, systemic
immunity coverage and most importantly, the route
of administration may not follow the route of entry
of many pathogens. Parenteral immunization, while

effectively inducing systemic responses and clear-
ing systemic infections, fails to provide protection
at the mucosal surface where the majority of infec-
tions occur. Induction of mucosal responses after
local exposure of antigens to the mucosal-associated
lymphoid tissues, especially those in the upper res-
piratory tract and the gastrointestinal tract, leads
to the production of secretory IgA (sIgA) antibod-
ies which are not usually produced by systemic
immunization.

Oral and nasal delivery are the most desirable
means of drug and vaccine administration [32,33]
but are not widely used due to the many barri-
ers — mechanical (e.g. epithelial cells) and chem-
ical (e.g. mucins) — posed by the gastrointestinal
tract. In addition, preexisting secretory antibodies
complex with antigens at mucosal surfaces and
this further reduces antigen uptake [34]. Immuno-
genic sequences on protein molecules are mostly
hydrophilic. Hydrophilicity prevents the immuno-
genic proteins from undergoing passive transcellular
absorption across the GIT epithelium and from inter-
acting with the lipid bilayer of the epithelium cell
membrane, making transcellular absorption very
difficult [35,36]. An additional serious problem of
peptide-based vaccines is rapid proteolytic degra-
dation. The GIT has evolved to breakdown dietary
peptides and proteins into smaller amino acids.
Vaccines must be protected from this proteolytic

Table 1 Different Vaccine Types and Problemsa

Vaccine type Problems

Live vaccine Controlled attenuation normally
required
Risk of reversion to pathogenicity
Certain risk of transmission
Poorly defined composition

Inactivated vaccine Multiple doses normally required
Poorly defined composition
Antigen must be produced by
cultivation of a pathogen
Mainly humoral responses
Adjuvants normally needed

Subunit vaccine and
nucleic acid vaccine

Antigen must be produced and
purified by cultivation of a
pathogen
Multiple doses normally required
Adjuvants needed

a Adapted from Hansson M, Nygren Pre-Ake, Stahl S.
Biotechnol. Appl. Biochem. 2000; 96.
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degradation in the GIT in order to ensure an ade-
quate dose of antigen for effective immunization
(Table 1).

Research is focused on the development of vaccine
adjuvants with improved immunogenicity, reduced
toxicity, universal efficacy, and the potential for
delivery via other routes, particularly mucosal deliv-
ery for vaccination against many pathogens that
infect mucosal surfaces. Recent advancements in
vaccine immunology have seen progress in the devel-
opment of sophisticated antigen delivery systems
and the development of alternative adjuvants for
vaccine delivery.

VACCINE-ADJUVANT SYSTEMS

Oil-in-Water Emulsions

Freund’s incomplete adjuvant (FIA) is one of the
oldest adjuvants used for immunization. It is
composed of approximately 85% mineral oil and 15%
emulsifier (mannide monooleate). This is then mixed
in equal quantities with an aqueous antigen phase to
give a water-in-oil emulsion ready for immunization.
FIA is to be differentiated from Freund’s complete
adjuvant (FCA), an extremely potent adjuvant that
additionally contains heat-killed mycobacteria. FIA
produces good stimulation of humoral immunity,
but is less reactogenic than FCA. FIA was used
as an adjuvant in humans in Britain, up until
the early 1960s [37]. The main disadvantages of
Freund’s incomplete adjuvant is its relatively weak
adjuvanticity, and the occurrence of possible side
effects including abscesses, muscle indurations and
granulomas at the site of injection.

Another oil-in-water emulsion adjuvant is MF59.
In this formulation the oil component is squa-
lene, to which polyoxyethylene sorbitan monooleate
(Polysorbate 80) and sorbitan trioloeate are added.
Administration of MF59 as an adjuvant has been
shown to lead to the recruitment of antigen-
presenting cells to the site of injection, and to
increase the uptake by these cells of soluble anti-
gen. MF59 has recently been approved for use in an
influenza vaccine in Italy [38].

Lipopeptides

Lipopeptides derived from bacterial lipoprotein have
been shown in several animal species to be
potent immunoadjuvants, macrophage activators
and polyclonal B-lymphocyte stimulators [39]. For

example, the lipopeptide P3CSK4 was shown to
function as an adjuvant when administered to mice
parenterally, nasally or orally, leading to marked
increases in serum immunoglobulin responses
[40,41].

The immunogenicity of antigenic peptide sequen-
ces can often be greatly enhanced by the incorpo-
ration of simple lipidic groups into the construct.
For example, the incorporation of a palmitic acid
onto the ε-amino group of a lysine residue on
synthetic lipopeptides derived from Plasmodium fal-
ciparum has been shown to induce B cell, T-helper
cell and CTL responses without additional adjuvant.
Mucosal delivery (intranasal and sublingual) of these
lipopeptides induces high serum antibody levels,
and strong specific T-helper cell responses from the
spleen and the inguinal lymph nodes [42]. Lipidated
synthetic peptides derived from Plasmodium falci-
parum were shown to induce strong B- and T-helper
cell responses in chimpanzees when administered
without adjuvant [43], and lipopeptide formulations
have been shown to induce antiviral cytotoxic lym-
phocyte responses in animals and in human clinical
trials [44].

The mechanisms of the adjuvant activities of these
lipopeptides is unclear, but it is likely that the
long lipidic tails of the lipopeptides embed in the
cell membranes, allowing access for the antigenic
peptides into the cytoplasm [42].

Lipid A

The toxicity and immunomodulating activity of
the cell-surface lipopolysaccharide (endotoxin) from
gram-negative bacteria have been long recognized
[45]. It possesses the unusual property of acting as
an adjuvant even when administered at a different
site and at a different time than the antigen. The
active agent of lipopolysaccharide has been shown
to be lipid A. This is a disaccharide composed
of two glucosamine units, two phosphate groups
and five or six fatty acid chains (generally C12

to C16 in length). Lipid A is a potent adjuvant
for both protein and carbohydrate antigens, and
can lead to marked increases in both humoral
and cell-mediated immunity. However, lipid A can
induce a sepsis-like systemic inflammatory response
syndrome, and so the high toxicity and pyrogenicity
of lipid A has precluded its use as an adjuvant in
human vaccines [46,47].

Monophosphoryl Lipid A (MPL)

Monophosphoryl lipid A is related to lipid A,
but lacks the 1′-phosphate group. It is prepared
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from the lipopolysaccharide of Salmonella minnesota
R595 by acid hydrolysis. Subsequent mild alkaline
treatment leads to specific removal of the fatty acid
at position 3, resulting in the product known as
MPL, which has even lower toxicity but strong
immunostimulatory activity [48]. MPL is much
less toxic than lipopolysaccharide, and yet leads
to enhanced antibody and T cell responses. Like
lipopolysacharide, MPL possesses the ability to
enhance the generation of specific immunity without
being directly associated with the antigen [49].
MPL has been used extensively as an adjuvant in
human clinical trials for several infectious diseases
and cancer. It is well tolerated and produces little,
if any, local tissue reaction at the injection site.
Its side effect profile is similar to aluminium salt
adjuvants [46]. In mice, MPL has been shown to be
an effective mucosal adjuvant for influenza vaccine,
when administered both intranasally and orally [46].
MPL shows some heterogeneity of the lengths of
the fatty acid sidechains. The major component is
shown below (1).

Lipid A and MPL are thought to act via interactions
with a particular member of the Toll-like receptor
family, TLR-4, leading to induction of the innate
immune response [50].

Muramyl Dipeptide

N-Acetyl muramyl-L-alanine-D-isoglutamine (2, mu-
ramyl dipeptide, MDP) is the adjuvant component of
a peptidoglycan extracted from mycobacteria. MDP
has a variety of physiological effects, including adju-
vanticity, pyrogenicity and leucocytopoietic activity
[51]. MDP and its derivatives induce the production
of interleukin-1 [52].

MDP and its analogues have potent in vivo
adjuvant activity when administered as water-in-
oil emulsions, but MDP itself is a poor adjuvant
when administered as an aqueous solution, due to
its rapid excretion in the urine [45]. As a result, a
number of lipophilic derivatives of MDP have been
prepared, and their bioactivities have been reviewed
[53]. MDP and its derivatives have been shown to
be potent inducers of the cytokines interleukin-1,
interleukin-6, interferon-γ and colony-stimulating
factors (CSFs) in mice [54].

Trehalose-6-6′-dimycolate

The structure of the so-called cord factor from
Mycobacterium tuberculosis has been shown to
be the 6,6-dimycolate ester of trehalose (3) [55].
This compound has a number of biological activ-
ities, including high toxicity, antitumour activ-
ity and stimulation of host resistance against
infections. A number of analogues of trehalose-
6-6′-dimycolate have been synthesized for struc-
ture–activity studies using mycolic acid isolated
from Mycobacterium tuberculosis. Some attenuation
of the toxicity was possible, while retaining adjuvant
activity [45].

Saponins

Triterpenoid glycosides (saponins) from the bark
of Quillaja saponaria (the South American soap
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tree) have a long history of use as vaccine adju-
vants for animals [56]. The crude extracts are
complex mixtures of glycosylated triterpenoids, tan-
nins and polyphenols, but the adjuvant activ-
ity is associated with the saponin fractions [57].
Partially purified saponins (Quil A and Spiko-
side) and defined entities or mixtures (QS-21
(StimulonTM

) and ISCOPREPTM 703) are avail-
able [52]. The water-soluble QS-21 in particular,
has been the subject of much study, because
of its low toxicity and potent adjuvant activity,
in particular its ability to induce the T-helper
1 cytokines (IL-2 and IFN-γ ) and IgG2a antibod-
ies [58,59]. It has also been used as an adju-
vant for DNA vaccines, via both intramuscular and

intranasal administration [60]. Sjölander and Cox
have reviewed the use of saponins as adjuvants for
orally delivered vaccines [61].

QS-21 (4) has been used successfully in a number
of animal vaccination experiments, with a range of
antigens. It was shown to elicit higher antibody
responses than aluminium hydroxide, and similar
antibody responses to FCA [62]. More recently it has
been the subject of human Phase I and Phase II
clinical trials as an adjuvant for vaccines, including
cancer immunotherapeutics (breast, prostate and
melanoma), HIV recombinant envelope, influenza,
herpes, hepatitis B and malarial antigens. It is
currently in Phase III trials as an adjuvant for
the ganglioside portion of the GM2-KLH melanoma
antigen conjugate. Typical doses are 50–100 µg
per patient, administered either subcutaneously or
intramuscularly. The major problems associated
with QS-21 and other saponins appears to be their
ability to cause haemolysis of red blood cells, and
dose-dependent short-term pain at the injection
site experienced by some participants in clinical
trials [63].

Saponins are known to intercalate into cell
membranes, leading to the formation of pores.
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Although it is not known whether this phenomenon
is related to the ability of saponins to act as
adjuvants, O’Hagan et al. have suggested that this
mechanism may allow antigens to access the
cytoplasm, and so promote the endogenous pathway
for antigen presentation, for CTL induction [64].

A delivery system for antigens and Quillaja
saponin adjuvants, called immune stimulating com-
plexes (ISCOMS) has been described [65–67].
ISCOMS are supramolecular structures, about
30–40 nm in diameter, and are composed of Quillaja
saponins, cholesterol and phospholipid in a molar
ratio of approximately 1 : 1 : 1. Antigens may be inte-
grated into these structures by mixing antigens and
saponins with detergent-solubilized cholesterol and
phospholipid, followed by removal of the detergent
by dialysis or ultracentrifugation, resulting in the
spontaneous formation of ISCOMS. A defined com-
position called Iscoprep 703 is in human clinical
trials [68]. The advantages of this formulation of
the saponin adjuvant are that lower doses of both
antigen and adjuvant are required to achieve the
same immunological response, and local reactions
at the site of injection can be avoided, and the
haemolytic activity of the saponins is significantly
reduced. Iscoms induce good T-helper 1 and T-
helper 2 responses, and strong CTL responses [52].

Stearyl Tyrosine

Stearyl tyrosine (5), the octadecyl ester hydrochlo-
ride salt of the amino acid tyrosine, is a synthetic,
low molecular weight adjuvant. It was designed as
a mimic of surface-active adjuvants, with the aim of
reducing the toxicity associated with this detergent-
like class of molecule, while retaining or improving
the adjuvanticity [69]. Stearyl tyrosine retains a
cationic charge and a lipophilic tail, and its poor
water solubility (<0.01% w/w) allows it to adsorb
soluble antigens to form insoluble complexes, thus
functioning as a depot, or slow-release system.

Stearyl tyrosine is biocompatible and biodegrad-
able. It has very low acute or chronic toxicity, and is
composed of two naturally occurring and non-toxic
components: stearyl alcohol and tyrosine. It has

been studied in a number of animal models, without
any observable toxicity [69].

Gupta and Siber compared the adjuvant activities
of stearyl tyrosine and aluminium phosphate for
tetanus toxoid. They found that while aluminium
phosphate elicited higher toxin-neutralizing and IgG
antibodies after primary immunization, this differ-
ence was no longer present after secondary immu-
nization. They further showed that stearyl tyrosine
adsorbed toxoid induced relatively higher IgG2a and
IgG2b responses than aluminium phosphate, which
induced the highest IgE antibodies [70]. Stearyl tyro-
sine has also been shown to stimulate T-helper 1
responses [71].

Liposomes

Liposomes are another class of oil-in-water emulsion
that can transport antigens to lymphoid tissues
following local injection. When given orally, they
are also able to be endocytosed by M cells, allowing
the antigen to be transported to the lymph cells
in the Peyer’s patches [72]. Liposomes are single
or multilamellar bilayer membrane vesicles that
can vary in size from 20 nm to 3 µ m. The lipid
components are usually phospholipids or other
amphiphiles, often supplemented with cholesterol
and other charged lipids [73]. Liposomes can entrap
both hydrophobic and water-soluble antigens, either
within, or between the lipid bilayers [74,75].

The first description of the use of liposomes as
immunological adjuvants was reported by Allison
and Gregoriadis, who showed that diphtheria tox-
oid encapsulated in liposomes elicited a stronger
humoral immune response after injection into mice,
than the free toxoid [76]. Gregoriadis [77] has since
presented a great deal of work that has demon-
strated the ability of liposomes (phospholipid vesi-
cles) to produce humoral and cell-mediated immu-
nity to a large collection of antigens. Liposomes are
poorly immunogenic themselves, but are useful for
presenting antigens to the immune system, either
encapsulated within the liposome, or adsorbed on
the surface [78]. Zigterman et al. have shown for
example, that the attachment of simple sugars
to liposomes led to an increase in the humoral
immune response to these antigens. The liposomes
most probably act by supplying macrophages with
a steady supply of entrapped antigens, at a rate to
favour its efficient processing [79].

Related to the liposomes are the ‘immunopo-
tentiating reconstituted influenza virosomes’ (IRIVs)
which function as both carrier and adjuvant. IRIVs
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are similar to liposomes, but contain influenza-
derived neuraminidase and haemagglutinin on their
outer surface which makes them much more fuso-
genic than ordinary liposomes, and thus able to
deliver antigen to host cells more efficiently. This
approach to vaccine development has been very
successful, with two virosomal vaccines currently
on the market. The first is effective against influenza
(Inflexal BERNA) while the second offers protec-
tion against hepatitis A (Epaxal BERNA) [80]. In
addition, veterinary vaccines based on liposomes
have been approved for Newcastle disease virus and
avian rheovirus [72].

Polysaccharides

The adjuvant activities of the polysaccharides
mannan and glucan have been studied, and
these have been shown to up-regulate T-helper 1
responses [81,52]. High-molecular weight sulfated-
and diethylaminoethyl-dextrans have been used as
veterinary adjuvants [82].

Chitosan, a polymer of D-glucosamine and N-
acetyl-D-glucosamine, obtained by partial deacety-
lation of chitin, exhibits a range of effects on the
immune system. It has been shown to activate
macrophages, induce cytokines, and increase anti-
body production [83]. Nevertheless chitosan has very
low toxicity, is non-allergenic, and is biodegradable.

Inulin is the term used to describe a family of low
molecular weight unbranched polymers of fructose
and glucose. It is found in Compositae where
it serves as the storage carbohydrate, replacing
the normal starch as a reserve food. Gamma
inulin, an insoluble inulin polymorph, acts as an
immune modulator by initiating the production of
the complement protein C3. This protein then acts
as an effector molecule, leading to the enzymatic
cascade of the alternative complement pathway [84].

Multiple Antigenic Peptides

The multiple antigenic peptide (MAP) system [85]
allows the assembly of multiple, but usually
identical, peptide sequences attached to a core of
branching lysine residues to yield a multivalent
construct. Significantly higher antibody titres have
been obtained by coupling immunogenic peptides to
a polylysine core to form a MAP when compared with
carrier protein-conjugated peptides in the presence
of adjuvant [85].

Lipid Polylysine Core Peptides

The lipid polylysine core peptide (6, LCP) system
essentially combines the MAP and tripalmitoyl-S-
glyceryl cysteine (Pam3Cys) [86] systems. The LCP
system incorporates lipoamino acids coupled to
a polylysine core containing up to two different
antigenic peptides [87], and is uniquely designed to
incorporate antigen, carrier and adjuvant in a single
molecular entity. Tam has also described a variation
of his MAP system (‘lipidated MAP’) that incorporates
lipids in order to boost mucosal immunization [88].

LCP-based vaccine candidates incorporating vari-
able domains of Chlamydia trachomatis outer mem-
brane protein have been shown to significantly
enhance peptide immunogenicity when compared
with peptide monomers given alone in adjuvant
[87], and an LCP compound incorporating a foot-
and-mouth disease viral peptide was immunogenic,
resulting in the induction of anti-peptide antibod-
ies in the absence of additional adjuvant [89].
Recently we investigated [90] the LCP system as a
vaccine delivery strategy for group A streptococci
(GAS) — the causative agents of rheumatic fever
(RF) and subsequent rheumatic heart disease (RHD)
[91] — diseases for which currently no available vac-
cine exists. The bacterial surface anti-phagocytic M
protein [12] and major GAS vaccine candidate, was
the targeted antigen. Mice immunized parenterally,
in the absence of conventional adjuvant, with an
LCP formulation containing a protective C-region
determinant of the GAS M protein elicited high-
titre, heterologous opsonic antibodies that did not
cross-react with human heart tissue proteins [90],
indicating the potential of such a vaccine in inducing
broadly protective immune responses.

Proteosomes

The use of proteosomes is a promising approach
for vaccine delivery. Proteosomes are based on
the outer membrane proteins of bacteria such as
meningococci to which peptides can be incorporated
forming vesicular structures which facilitate antigen
recognition by the immune system (reviewed in [92]).
Proteosomes serve as both a carrier and adjuvant,
and have been used to enhance the immunogenicity,
particularly at the mucosal level, of a variety of
vaccine antigens including proteins, peptides and
lipopolysaccharides [93,94]. They are also suitable
for human use [95,96].
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CONCLUSION

The development of synthetic peptide-based immu-
nogens is emerging as a possible approach for
human vaccination in the future, as a replacement
for conventional vaccines that use killed or attenu-
ated whole microorganisms. The advantages of such
synthetic vaccines (high potency, low adverse reac-
tions, low cross-reactivity and high stability) are
offset somewhat by the poorer inherent immuno-
genicity of these constructs. There is a greater need
therefore to develop adjuvant/carrier systems to
increase the immunogenicity of these newer vaccine
candidates. Lipids and carbohydrates, used either
separately or in the same construct, have a long
history of high adjuvanticity and (often) low toxicity.
Recent advances in carrier adjuvant have demon-
strated the potential for such systems as effective
immunopotentiators, as indicated by several com-
pounds now in clinical trials.
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