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Vaccines have traditionally consisted of live attenuated pathogens,
whole inactivated organisms, or inactivated toxins. Although these
have proved successful in the past, several drawbacks have limited
their use against more challenging diseases such as hepatitis C or
AIDS. First, certain live-attenuated vaccines can cause disease in
immunosuppressed individuals by reverting to a more virulent phe-
notype. Second, whole inactivated vaccines (e.g., Bordetella pertus-
sis) contain reactogenic components that can cause undesirable side
effects. Third, some pathogens are difficult or even impossible to
grow in culture (e.g., hepatitis B, hepatitis C, and human papillo-
mavirus), making preparation of a vaccine problematic.

In the past decade, several new approaches to vaccine develop-
ment have emerged that may have significant advantages over tradi-
tional approaches. These new approaches include recombinant pro-
tein subunits, synthetic peptides, and plasmid DNA. Although they
offer advantages such as reduced toxicity, they are poorly immuno-
genic when administered alone. This is particularly true for vaccines
based on recombinant proteins or peptides. Traditional vaccines are
heterogeneous and contain many epitopes, some of which can pro-
vide additional T-cell help or function as adjuvants (e.g., bacterial
DNA in whole-cell vaccines). Therefore, a great need exists for
immunological adjuvants that are potent, safe, and compatible with
new-generation vaccines, including DNA vaccines.

Immunological adjuvants were originally described by Ramon1

as “substances used in combination with a specific antigen that
produce more immunity than the antigen alone.” This broad defin-
ition encompasses a very wide range of materials2. However,
despite extensive evaluation over many years, the only adjuvants
currently approved by the US Food & Drug Administration
(Rockville, MD) are aluminum-based mineral salts (generically
called alum). Alum has a good safety record, but comparative stud-
ies show that it is a weak adjuvant for antibody induction to pro-
tein subunits and a poor adjuvant for cell-mediated immunity3.
Moreover, alum adjuvants can induce immunoglobulin E (IgE)
antibody responses and have been associated with some allergic
reactions in human subjects3,4.

The most important issue in adjuvant development is safety,
which has restricted the development of adjuvants since alum was

first introduced more than 50 years ago5. Many experimental adju-
vants have advanced to clinical trials and some have demonstrated
high potency, but most have proved too toxic for routine clinical
use. For standard prophylactic immunization in healthy individu-
als, only adjuvants that induce minimal side effects will prove
acceptable. In contrast, for adjuvants that are designed to be used in
life-threatening situations (e.g., cancer), the acceptable level of
adverse events is likely to be higher. Additional issues that are
important for adjuvant development include biodegradability, sta-
bility, ease of manufacture, cost, and applicability to a wide range of
vaccines. Ideally, for ease of administration and patient compliance,
an adjuvant should allow a vaccine to be given by a mucosal route.
Examples of adjuvants that have been evaluated in clinical trials are
shown in Table 1. Although the mechanisms of action of adjuvants
are often poorly understood2,5, they can be broadly classified on the
basis of their principal mode of action. However, these classifica-
tions become more arbitrary as immunostimulatory adjuvants are
added to vaccine delivery systems and adjuvants are combined in
single formulations.

The role of adjuvants in vaccine development
Adjuvants can be used to improve the immune response to vaccine
antigens in many different ways: they can increase the immuno-
genicity of weak antigens; they can be used to enhance the speed and
duration of the immune response; they can modulate antibody avid-
ity, specificity, isotype, or subclass distribution; they can stimulate
cell-mediated immunity; they can promote the induction of mucos-
al immunity; they can enhance immune responses in immunologi-
cally immature, or senescent individuals; they can decrease the dose
of antigen and reduce vaccine costs; or they can help overcome anti-
gen competition in combination vaccines.

The mechanisms of adjuvant action are currently only poorly
understood, which has hampered rational design of new adjuvant
compounds. Immunization often activates several complex cascades
of immune effectors, only some of which are relevant to the induc-
tion of an antigen-specific response. Often, ascertaining the exact
effectors enhanced by a particular adjuvant is difficult to clearly
define in vivo.
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That said, adjuvants can mediate their effects by any of the fol-
lowing mechanisms: increasing cellular infiltration, inflammation,
and trafficking to the injection site—particularly for antigen-pre-
senting cells (APCs); promoting the activation state of APCs by
upregulating costimulatory signals or major histocompatibility
complex (MHC) expression; enhancing antigen presentation; or
inducing cytokine release for indirect effects. The most appropriate
adjuvant for a given vaccine antigen will depend to a large extent on
the type of immune response that is required for protec-
tive immunity. However, for many infectious diseases,
the types of responses required for protective immunity
have yet to be established. Unfortunately, in these situa-
tions, adjuvant selection becomes somewhat empirical.

A simplified representation of the immune response
to an injected vaccine antigen is shown in Figure 1. Two
major subsets of CD4+ T cells (T-helper 1 [Th1] and
Th2) have been identified in mouse and human, based
on their secretion of different cytokine patterns6–8. Th1
responses are typically characterized by the induction of
delayed-type hypersensitivity responses, and secretion
of interferon-γ (IFN-γ), interleukin 2 (IL-2), and IL-12.
In contrast, Th2 responses are characterized by the
induction of circulating or secretory antibodies and the
secretion of IL-4, IL-5, IL-6, and IL-10. The different
cytokine secretion patterns are mutually antagonistic,
and upregulation of one type of response normally
results in downregulation of the alternative. In mice, the
production of the IgG2a antibody isotype is widely rec-
ognized as characteristic of a Th1 response9, whereas a
Th2 response is associated with the induction of IgG1.

Although different adjuvants may induce compara-
ble levels of functional antibodies, the respective
cytokine profiles and antibody isotypes may differ (M.
Singh, D. O’Hagan, unpublished data). In certain situa-
tions, the type of response induced (Th1 or Th2) may
have a significant impact on the protective efficacy of a
vaccine. Alternative adjuvants do tend to favor specific
types of responses, and this may provide some degree of

guidance in adjuvant selection. However, adjuvant choice is
complicated by commercial constraints and availability. In
addition, some adjuvants need to be manufactured using spe-
cialized techniques and equipment that are not generally avail-
able or suitable for all antigens (e.g., see Iscoms below).

Immunostimulatory adjuvants
Immunostimulatory adjuvants are thought to exert their effects
predominantly at the cytokine level through the activation of
MHC molecules, through costimulatory signals, or through
related intracellular signaling pathways. One class of immunos-
timulatory adjuvants is derived from the lipopolysaccharide
(LPS) of Gram-negative bacteria. The most extensively evaluat-
ed member of this family, monophosphoryl Lipid A (MPL), is
obtained from Salmonella minnesota. Although the mechanism
of action of MPL has not been clearly defined, it is likely to be
similar to LPS. Recent evidence suggests that LPS-mediated
immune activation occurs as a consequence of the interaction
of LPS with toll-like receptors (TLR), following binding to sol-
uble serum factors, including CD1410–12. Human TLR2 is
involved in activation by LPS11,12 and triggers cells to produce
proinflammatory cytokines via NF-κB, an important element
of the response of the innate immune system to infection.

In several preclinical studies, MPL has been shown to
induce the synthesis and release of cytokines, particularly IFN-
γ, which promotes the generation of Th1 responses13,14. As a
single adjuvant, MPL does not appear to be very potent for

antibody induction, although it appears effective for the induction
of CD4+ T-cell mediated immunity. Clinically, MPL has often been
used in complex formulations, including liposomes and emulsions,
and has also been used in adjuvant combinations with alum and
QS2115. One problem with such combination studies is that it is dif-
ficult to discriminate the contribution of MPL to the overall adju-
vant effect. Not only has MPL been clinically evaluated in more than
10,000 subjects (T. Ulrich, personal communication) combined with
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Figure 1. Following injection, vaccine antigens may (A) be directly taken up by
antigen-presenting cells (APC), (B) bind to the surface antibody on B cells, or (C)
undergo degradation. The pathway taken is largely dependent on the characteristics
of the antigen, but may also be influenced by the presence of adjuvants. Antigen
taken up by APCs is processed into peptide epitopes and directed through two
pathways to MHC molecules (class I and II), which present peptide for interaction
with either CD8+ or CD4+ T cells, respectively. The stimulated T cells may secrete
cytokines to upregulate the immune response, or act as cytotoxic T lymphocytes
(CTL). Antibodies are produced by B cells with help provided by the cytokines
produced by the CD4+ T cells. In this figure, the main element of the immune
response that is stimulated by different adjuvants is indicated by the presence of the
respective adjuvants in association with the specific responses.

Table 1. Selected examples of vaccine adjuvantsa

Mineral salts Aluminum hydroxide*
Aluminum phosphate*
Calcium phosphate*

Immunostimulatory adjuvants Cytokines (e.g., IL-2, IL-12, GM-CSF)
Saponins (e.g., QS21)
MDP derivatives
CpG oligos
LPS
MPL
polyphosphazenes

Lipid particles Emulsions (e.g., Freund’s, SAF, MF59*)
Liposomes
Virosomes*
Iscoms
Cochleates

Microparticulate adjuvants PLG microparticles
Poloxamer particles
Virus-like particles

Mucosal adjuvants Heat-labile enterotoxin (LT)
Cholera toxin (CT)
Mutant toxins (e.g., LTK63 and LTR72)
Microparticles
Polymerized liposomes

aWith the exception of CpGs, cochleates, and polymerized liposomes, all of these adju-
vants have been evaluated in clinical trials. However, only those marked with an asterisk
are currently included as adjuvants in approved vaccine products for human use.
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vaccines for both cancer (melanoma and breast) and infectious dis-
ease vaccines (herpes, hepatitis B virus, malaria, or human papillo-
ma virus), with an acceptable profile of adverse effects, but it has also
been used as an adjuvant for DNA vaccines16.

A second group of immunostimulatory adjuvants are the triter-
penoid glycosides, or saponins, derived from Quillaja saponaria
(Chilean soap bark tree). Saponins have been used as adjuvants for
many years in veterinary vaccines. However, they are surface-active
agents and cause hemolysis of red blood cells in vitro, although
hemolysis does not appear to correlate with adjuvant activity17. In
1995, Kensil and colleagues18 isolated a pure fraction of Quil A
saponin with low toxicity (QS21) and defined the structural moieties
responsible for adjuvant activity. QS21 has been shown to be a
potent adjuvant for cytotoxic T-lymphocyte (CTL) induction,
inducing Th1 cytokines (IL-2 and IFN-γ) and antibodies of the
IgG2a isotype17.

Saponins have been shown to intercalate into cell membranes,
through interaction with cholesterol, forming pores19. Although it
is not known whether the adjuvant effect of saponins is related to
pore formation, this seems a likely means to allow antigens to gain
access to the cytoplasm for CTL induction. A number of clinical tri-
als have been performed using QS21 as an adjuvant, initially for
cancer vaccines (melanoma, breast, and prostate) and subsequently
for infectious diseases (HIV-1, influenza, herpes, malaria, or hepati-
tis B)20. Doses of 200 µg or higher of QS21 have been associated
with significant local reactions15, but lower doses appear to be better
tolerated. More than 1,600 volunteers have been immunized with
QS21-containing vaccines, the most common side effect being
pain/tenderness at the injection site, which is dose related and usu-
ally of short duration20,21.

QS21 is likely to prove optimally effective as an adjuvant for vac-
cines against pathogens that require a potent CTL response as an
important component of protective immunity. However, the balance
of potency versus adverse events is key for this adjuvant, and an
effective adjuvant dose that is tolerable needs to be established in
humans for each vaccine indication. QS21 has also been used as an
adjuvant for DNA vaccines, following both systemic and mucosal
administration22.

Bacterial DNA, but not vertebrate DNA, also has direct
immunostimulatory effects on immune cells in vitro23,24. The
immunostimulatory effect is due to the presence of unmethylated
CpG dinucleotides25, which are underrepresented and methylated in
vertebrate DNA26. Unmethylated CpGs in the context of selective
flanking sequences are thought to be recognized by cells of the
immune system to allow discrimination of pathogen-derived DNA
from self DNA26. Bacterial DNA and CpGs trigger cells of the innate
immune system, including macrophages and dendritic cells (DCs),
to upregulate MHC class II and costimulatory molecules, transcribe
cytokine mRNAs, and secrete proinflammatory cytokines27.

The exact mechanism of cellular uptake and activation for CpGs
remains unclear, although nonspecific endocytosis may be involved
and endosomal maturation appears necessary for the activation of
stress kinase pathways, resulting in the release of proinflammatory
cytokines28. Hence, CpGs bring about conversion of immature DCs
into mature APCs and therefore represent a
promising new adjuvant29. CpG is most
potent for the induction of Th1 responses,
mainly through stimulating tumor necrosis
factor α (TNFα), IL-1, IL-6, and IL-12, and
through the expression of costimulatory
molecules29,30.

CpGs also appear to have significant
potential as mucosally administered adju-
vants31,32. Their adjuvant effect appears to be
maximized by conjugation to protein anti-

gens33. Importantly, CpGs also appear to have significant potential
for the modulation of existing immune responses, which may be
useful in various clinical settings, including allergies34. Nevertheless,
to date, CpGs have mainly been evaluated only in rodent models and
with murine cells; thus their potency and safety in humans remains
to be established. Although it is too early to know in which situations
CpGs might prove most advantageous, their apparent ability to
selectively manipulate immune responses is intriguing.

As an alternative to the use of cytokine-inducing adjuvants,
cytokines may also be used directly. Most cytokines have the ability
to modify and redirect the immune response. Molecules that have
been evaluated most extensively as adjuvants include IL-1, IL-2,
IFN-γ, IL-12, and granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF)35. All of these molecules exhibit dose-related toxicity
and, because of their proteinaceous nature, have stability problems,
a short in vivo half-life, and a relatively high cost of manufacture.
Therefore, it is unlikely that cytokines will ever prove feasible as
adjuvants in routine vaccination. Nevertheless, considerable
progress has been made in the use of cytokines for the immunother-
apy of cancer36.

Particulate adjuvants
The use of particulate adjuvants as alternatives to immunostimula-
tory adjuvants has been evaluated by several groups. Particulate
adjuvants (e.g., emulsions, microparticles, Iscoms, liposomes, viro-
somes, and virus-like particles [VLPs]) have comparable dimensions
to the pathogens that the immune system evolved to combat (Table
2). Therefore, particulate adjuvants are naturally targeted for uptake
by APCs to facilitate the induction of potent immune responses.
Immunostimulatory adjuvants may also be included to enhance the
level of immune activation, or to focus the response through a
desired pathway (e.g., Th1 or Th2).

In the 1980s, a potent oil-in-water (o/w) adjuvant formulation
(SAF)37 was developed using a biodegradable oil (squalane). This
proved too toxic for widespread use in humans, however, because of
the presence of a muramyl dipeptide (MDP) derivative5.
Subsequently, a squalane o/w emulsion has been developed (MF59)
without the presence of additional immunostimulators, and this for-
mulation has proved to be a potent adjuvant with an acceptable safe-
ty profile38,39. MF59 enhances the immunogenicity of influenza vac-
cine40–42 and has been shown to be a more potent adjuvant than alum
for hepatitis B vaccine in baboons43. MF59 has also been shown to be
an effective adjuvant for a polysaccharide–protein conjugate in
infant baboons44. Studies with labeled MF59 have confirmed the
ability of the adjuvant to target macrophages and dendritic cells,
both at the site of injection and in local lymph nodes45.

Experience in the clinic (to date, >30,000 subjects have been
immunized) with several vaccines (including HIV, herpes simplex
virus, cytomegalovirus, hepatitis B virus and influenza) has shown
that MF59 is safe and well tolerated in humans46,47. MF59 was judged
to be sufficiently safe to allow the vaccination of newborn infants in
a HIV vaccine trial. In summary, MF59 is an effective adjuvant in
humans and can be recommended for the induction of potent anti-
body responses. It has recently been included in a licensed vaccine

REVIEW

Table 2. A comparison of the relative dimensions of pathogens and particulate adjuvants.

Natural pathogens Particulate adjuvants

Bacteria ∼0.5–3 µm Microparticles 100 nm–10 µm

Poxvirus ∼250 nm Liposomes
Herpesvirus Virosomes 50 nm–10 µm
HIV ∼100 nm MF59 ∼200 nm
Influenza virus
Poliovirus 20–30 nm Iscoms ∼40 nm
Parvovirus Virus-like particles ∼20–50nm
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product in Europe and is expected to be included in additional vac-
cines under development.

Oil/water emulsions have also been  used as delivery systems for
immunostimulatory adjuvants (MPL and QS21) in a malaria vac-
cine trial. This approach allowed immunostimulatory adjuvants to
be targeted for enhanced uptake by APCs. The level of protection
induced in mice by the adjuvants was comparable to, or better than,
the levels of protection induced with the Plasmodium yoelii antigen
in Freund’s complete adjuvant, which, though potent, is too toxic for
human use48. One adjuvant formulation subsequently showed pro-
tective efficacy against an experimental challenge in human volun-
teers with infected mosquitoes (Plasmodium falciparum)49.
Nevertheless, the safety of this adjuvant formulation in humans
remains to be further evaluated.

Another class of particulate compounds, the liposomes, has been
evaluated both as adjuvants and as delivery systems for antigens and
adjuvants50,51. It has been difficult to determine their contribution to
the overall adjuvant effect because they are often used in complex
formulations, for example when in combination with MPL.
Nevertheless, a liposomal hepatitis A vaccine (virosome), without
additional immunostimulators, has been extensively evaluated in the
clinic and is currently undergoing commercial development in
Europe52. In addition, a virosome-based influenza vaccine has
already been introduced onto the market. Modified liposomal struc-
tures termed “cochleates” are also being evaluated as systemic and
mucosal adjuvants in small-animal models53. The development of
polymerized liposomes, which show enhanced stability in the gut,
also offers potential for the development of mucosal vaccines54.

The immunostimulatory fractions from Q. saponaria (Quil A)
have been incorporated into lipid particles, comprising cholesterol,
phospholipids, and cell membrane antigens termed Iscoms55. The
mechanism of activity of the adjuvant Quil A is thought to be very
similar to QS21, which, as previously discussed, is a purified single
fraction from Quil A. In a study in macaques, an influenza Iscom
vaccine was more immunogenic than a classical subunit vaccine and
induced enhanced protective efficacy56. A similar formulation is cur-
rently being evaluated in a human clinical trial.

The principal advantage of the preparation of Iscoms is to allow a
reduction in the dose of the hemolytic Quil A adjuvant and to target
the formulation directly to APCs. A recent study has indicated that
the adjuvant effect of Iscoms is mediated by the induction of IL-1257.
At present, Iscoms are generally considered to be the most potent
adjuvant for the induction of CTL responses in preclinical models.
However, their efficacy and safety needs to be established in humans.
An added problem with Iscoms is that inclusion of antigens into the
adjuvant is often difficult, and may require extensive modification
for many antigens.

An alternative approach to target antigens to APCs is represented
by the synthesis of biodegradable polymeric microparticles, or the
use of polymers or proteins that self-assemble into particulates.

The biodegradable and biocompatible polyesters, poly(lactide-
co-glycolides) (PLGs), are the primary candidates for the develop-
ment of microparticles as adjuvants, as they have been used in
humans for many years as suture material and as controlled-release
delivery systems58,59. However, the adjuvant effect achieved through
the encapsulation of antigens into PLG microparticles has been
demonstrated only relatively recently60–63. Microparticles appear to
mediate their effects largely as a consequence of their uptake into
DCs, macrophages, and local lymph nodes following intramuscular
injection (M. Dupuis, unpublished data). In contrast to alum, PLG
microparticles are effective for the induction of CTL responses in
rodents64–66. Microparticles also appear to have significant potential
as an adjuvant for DNA vaccines67.

A particularly attractive feature of microparticles is their ability
to control the rate of release of entrapped antigens68,69. Controlled

release of antigen may allow the development of single-dose vac-
cines, which would result in improved vaccine compliance, particu-
larly in the developing world, an area where PLG microparticles
probably have their greatest long-term potential. However, much
more work is needed on the issue of the stability of antigens in
microparticles. Alternative polymers that self-associate into particu-
lates (poloxamers)70, or soluble polymers (polyphosphazenes)71 may
also be used as adjuvants, but the safety of these compounds remains
to be further evaluated. The adjuvant effect of polyphosphazene
polymers has recently been reported in a clinical trial72.

Recombinant proteins that naturally self-assemble into particu-
lates can also enhance delivery of antigens to APCs. The first recombi-
nant protein vaccine that was developed, based on hepatitis B surface
antigen (HBsAg), was expressed in yeast as a particulate73.
Recombinant HBsAg is potently immunogenic and can be used to
prime CTL responses in vivo74. HBsAg and other VLPs can also be
used as adjuvants for coexpressed proteins. For example, recombinant
Ty VLPs from Saccharomyces cerevisiae carrying a string of up to 15
CTL epitopes from Plasmodium species have been shown to prime
protective CTL responses in mice following a single immunization75.
In addition, Ty VLPs have also been shown to induce CTL activity in
macaques against coexpressed simian immunodeficiency virus (SIV)
p2776. Clinical trials of Ty VLPs have shown them to be safe and
immunogenic in humans77. Nevertheless, the scale-up, manufacture,
and purification of VLPs as adjuvants presents formidable difficulties.

Alternative routes of immunization
Although most vaccines have traditionally been administered by
intramuscular injection, mucosal administration of vaccines offers
several important advantages. These include easier administration,
reduced side effects, and the potential for frequent boosting. In
addition, local immunization induces mucosal immunity at the
sites where the majority of pathogens initially establish infection of
hosts. Oral immunization would be particularly advantageous in
isolated communities, where access to health care professionals is
difficult. Moreover, this route of immunization would avoid the
potential problem of infection due to the re-use of needles. A wide
range of approaches are currently being evaluated for the mucosal
delivery of vaccines78.

In mice, oral immunization with PLG microparticles has been
shown to induce potent mucosal and systemic immunity to
entrapped antigens79–82. Furthermore, mucosal immunization with
microparticles induced protection against challenge with Bordetella
pertussis83–85, Chlamydia trachomatis86, and Salmonella typhimuri-
um87. In primates, mucosal immunization with inactivated SIV in
microparticles induced protective immunity against intravaginal
challenge88. Also in primates, mucosal immunization with
microparticles induced protection against aerosol challenge with
staphylococcal enterotoxin B89.

Comparative studies have indicated that microparticles are one
of the most potent adjuvants available for mucosal delivery of vac-
cines90. In recent studies, microparticles also have shown some
promise for the oral delivery of DNA91,92. However, optimal respons-
es are likely to be achieved with microparticle formulations that have
been modified to maintain the integrity of entrapped DNA93. The
ability of microparticles to perform as effective adjuvants following
mucosal administration is largely a consequence of their uptake into
the specialized mucosal associated lymphoid tissue (MALT)94. While
microparticles have significant potential for mucosal delivery of vac-
cines, their potency may be improved by their combination with
additional adjuvants.

Many alternative adjuvants have been evaluated for mucosal
delivery of vaccines, including the toxins from Vibrio cholerae (CT)
and Escherichia coli (LT), which are the most potent mucosal adju-
vants available. However, since CT and LT are too toxic for use in
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humans, they have been genetically manipulated to reduce toxici-
ty95–97. Single amino acid substitutions in the enzymatic A subunit of
LT allowed the development of mutant toxins that retained potent
adjuvant activity, but showed negligible or dramatically reduced tox-
icity98–100. Recent studies have shown that LT mutants can induce pro-
tective immunity in mice against challenge with Helicobacter pylori101.
Moreover, intranasal delivery of HIV-1 p24 gag with a nontoxic LT
mutant induced potent CTL activity in mouse splenocytes. In con-
trast, several alternative adjuvants were ineffective for CTL induction
in the same study (M. Singh, D. O’Hagan, unpublished data).
Although the mechanisms of action of CT and LT mutants remain to
be fully defined, it appears that there are important contributions to
the adjuvant effect from the B binding domain, from the presence of
an intact A subunit, which interacts with regulatory proteins inside
cells, and also from the enzymatic activity of the A1 subunit102.

Recent studies have indicated that potent mucosal adjuvants
such as CT may also allow vaccination following topical application
to the skin103. In another recent development, mucosal immuniza-
tion may also be achieved through the ingestion of transgenic plants
expressing antigens and adjuvants104.

Application to therapeutic vaccines
It seems likely that novel adjuvants may prove sufficiently potent to
allow the development of therapeutic vaccines. Rather than prevent
infection, therapeutic vaccines would be designed to eliminate or
ameliorate existing diseases, including chronic infectious diseases
(e.g., those caused by herpes simplex virus (HSV), HIV, hepatitis B
virus, hepatitis C virus, human papilloma virus, or H. pylori),
tumors (e.g., melanoma, breast, or colon cancer), and allergic or
autoimmune disorders (e.g., multiple sclerosis, type I diabetes, and
rheumatoid arthritis). For example, a preliminary clinical study in
subjects infected with HSV-2 showed a therapeutic benefit following
vaccination with an adjuvanted recombinant vaccine105.

The level of toxicity acceptable for an adjuvant to be used in a
therapeutic situation is likely to be higher than for a prophylactic
vaccine designed to be used in healthy individuals, especially if the
vaccine is designed to treat cancer or a life-threatening infectious
disease. However, the acceptable safety profile for any new vac-
cine–adjuvant combination needs to be established in the clinic.
Many adjuvants, including MPL106, QS2121, and cytokines107, are
currently being evaluated for the development of cancer vaccines.

Therapeutic vaccines may also be developed for mucosal admin-
istration, since an LT mutant has been shown to eradicate an estab-
lished infection with H. pylori in mice108. In addition, preliminary
studies indicate that oral administration of antigens can result in the
amelioration of autoimmune diseases109.

Future developments
A desirable feature of an adjuvant is that it should specifically enhance
the immune response to the vaccine antigen with which it is coadmin-
istered. An adjuvant with broad nonspecific effects has more potential
for the induction of adverse immunological events. To achieve a spe-
cific effect, site-specific delivery, or adjuvant targeting may be advan-
tageous. Targeting may be achieved at several different levels to
include organ-specific delivery to local lymph nodes, cell-specific tar-
geting to APCs within lymph nodes or in the peripheral tissues, or tar-
geting to subcellular compartments (e.g., the proteosome to promote
class I presentation or the nucleus for DNA vaccines).

Microparticles are “passively” targeted to MALT following mucos-
al delivery because of their particulate nature110. However, “active” tar-
geting has also been achieved through the use of lectins, which have
successfully targeted antigens111, liposomes112, and microparticles113 to
the M cells of MALT. In addition, lectin targeting has also been used to
enhance the extent of uptake of microparticles following oral deliv-
ery114. This is a potentially important approach, as it is clear that the

extent of particle uptake is low and targeting may improve the effi-
ciency of mucosal delivery of vaccines. Particulate adjuvants are also
passively targeted to APCs following systemic immunization, as one of
the natural roles of these cells is to recognize and process pathogen
particles. Even so, more effective targeting to APCs may be achieved
through the use of specific ligands. For example, the mannose recep-
tor has recently been used to target liposomes to APCs115.

Further developments in the delivery of adjuvants will be
achieved through the identification of specific receptors on APCs
(e.g., the recently identified TLR), which are thought to provide a
link between the innate and adaptive immune responses116. As
described, CpGs have been shown to promote the activation and
maturation of DCs27,28. Although CpGs are reportedly taken up by
nonspecific endocytosis, their possible interaction with an intracel-
lular receptor offers another opportunity for site-specific delivery117.

Agren et al.118,119 have described an approach for targeting APCs
that involves coexpression of two linked proteins with a targeting
component and an adjuvant signal. They created a gene fusion of the
A1 subunit of CT and the immunoglobulin binding domain of pro-
tein A from Staphylococcus aureus118,119. The construct was shown to
be a potent adjuvant, following both mucosal and systemic adminis-
tration, because of its ability to both bind B cells and upregulate
CD86 and costimulatory signals. In addition, the approach promot-
ed B-cell proliferation and prevented apoptosis. This gene construct
illustrates a new strategy for the targeted delivery of adjuvant activi-
ty to a selected group of cells. However, a possible limitation of this
approach is that targeting of antigen to a specific subset of APCs (B
cells) may not induce a sufficiently broad immune response. For
example, it remains to be determined whether CTL responses are
also induced by targeting to B cells.

An alternative approach to vaccine targeting for CTL induction
has also been described using a fusion protein of antigen with a bac-
terial toxin to deliver the antigen specifically to the MHC class I pro-
cessing pathway120. Targeting of adjuvants to a subset of APCs has
also been achieved through the topical application of vaccines,
which allows antigen to gain access to the Langerhans cells in the
superficial layers of the skin103.

Future adjuvants will probably exploit more site-specific delivery
systems for both mucosal and systemic administration. In addition,
the identification of specific receptors on APCs is likely to allow tar-
geting of adjuvants for the optimal induction of potent and specific
immune responses. However, further developments in novel adju-
vants will likely be driven by a better understanding of the mecha-
nism of action of currently available adjuvants, and this is an area of
research that requires much additional work.
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