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Vaccines were first introduced more than 200 years ago and have since played a key role in
the reduction of morbidity and mortality caused by infectious diseases. Many of the safest
and most effective vaccines in use today are based on attenuated live viruses, as they
mimic a live infection without causing disease. However, it is not always practical to take
this approach, such as when it may not be safe to do so (e.g., for viruses that cause chronic
infections such as HIV) or may not be feasible to manufacture (e.g., for viruses that do not
grow well in cell culture such as HCV). In addition, it may preferable in some cases to target
immune responses toward specific antigens from the pathogen, rather than the entirety
of the genome. In these cases, subunit vaccines consisting of antigens purified from the
pathogen or produced by recombinant DNA technology are being developed. However,
highly purified proteins are typically not inherently immunogenic, as they usually lack the
means to directly stimulate the innate immune system, and often require the addition of
adjuvants to enhance vaccine potency. Despite more than a century of human use, only a
few adjuvants are licensed today. However many adjuvants have been tested in humans
and are in advanced stages of development. Much of the early work on adjuvants discov-
ery and development was empirical producing safe and effective products, but without a
clear understanding of how they worked. Recent insight into the functioning of the innate
immune system has demonstrated its important role in triggering and shaping the adaptive
immune response to vaccines.

Keywords: adjuvant, vaccine, human, innate immunity, toll-like receptor

INTRODUCTION
Adjuvants have been used in human vaccines for almost a cen-
tury, yet very few adjuvants are licensed for human use. This has
been due, in part, to a lack of understanding of their mechanism
of action. However, recent insights into the innate immune sys-
tem and its importance in initiating the adaptive immune response
have sparked the rational design and development the next genera-
tion of adjuvants. Several studies have validated one class of pattern
recognition receptors (PRRs) called Toll-like Receptors (TLRs) as
vaccine adjuvant targets. Various TLR agonists have been tested
in humans and the TLR4 agonist monophosphoryl-lipid A (MPL)
has been recently licensed in Europe and the USA for a vaccine
that prevents human papilloma virus (HPV) infection (Table 1).
This chapter will focus on both well established and exploratory
adjuvants to provide an overview of our current understanding of
vaccine adjuvant mechanism of action and how this information
may be used in the discovery of the next generation of products.

MODE OF ACTION OF ALUMINUM SALTS
Aluminum salts (aka alum) have been in wide use with human
vaccines for almost a century, with the first proof of concept stud-
ies in animal models published in 1926 (1). This class of adjuvants,
which includes aluminum phosphate, aluminum hydroxide, and
aluminum hydroxyphosphate, is a component of various viral and
bacterial vaccines such as diphtheria, tetanus, pertussis, hepatitis
A and B, rabies, anthrax, and others. Alum formulations are par-
ticulate in nature, to which the vaccine antigens are adsorbed,

albeit with distinct characteristics among the different forms of
alum salts (2). This adsorption can result in increased antigen
stability in vitro (3) and led to the initial assumption that alum
creates a depot in situ, thereby allowing slow release of antigen
over time and prolonged exposure to the immune system. How-
ever, four subsequent lines of evidence indicate that a depot effect
is likely not important for the adjuvant effect of alum. First, after
intramuscular injection,most of the antigen diffuses away from the
injection site within hours of administration (4). Second, adminis-
tration of antigen adsorbed to alum does not increase the half-life
of antigen in situ (2). Third, excision of the injection site within a
few hours after vaccine administration did not reduce the magni-
tude of the ensuing antigen-specific immune responses (5). Finally,
Munks et al. demonstrated that alum induces fibrin-dependent
nodules at the injection site, but that these nodules do not play a
part in the adjuvant effect (6). Taken together, these data strongly
rule out any role of antigen depot in alum’s mode of action.

It has long been known that physical interaction of the vaccine
antigen with alum is necessary for the full adjuvant effect (1), sug-
gesting that alum functions, at least in part, as a delivery system.
This could be accomplished by facilitating co-delivery of the anti-
gen and adjuvant to the appropriate physical location, thereby
ensuring that the inflammatory response to alum is directed
toward the co-administered antigen. Indeed, alum induces local
inflammation at the injection site, irrespective of whether antigen
has been adsorbed (7) and the enhancement of antigen-specific
immunity is often lost if the antigen and alum are administered at
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Table 1 | Adjuvants evaluated in humans.

Adjuvants Class Vaccine

TLR-DEPENDENT ADJUVANTS

AS04 Alum-adsorbed TLR4

agonist (31)

HBV, HPV
RC-529 HBV

CpG 7909 TLR9 agonist (39) HBV, Influenza, etc.

CpG1018 HBV, Cancer

IC31 TB

Imiquimod TLR7 agonist (43) Cancer

Flagellin TLR5 agonist (42) Influenza

AS01 Combo TLR4 Malaria

AS02 Combo TLR4 Malaria, TB, Cancer

AS15 TLR4 +TLR9 Cancer

TLR-INDEPENDENT ADJUVANTS

Alum Mineral salts (1), (2) Diphtheria, tetanus,

pneumococcus, etc.

MF59 Oil-in-water emulsion

(22), (29)

Influenza

AS03 Influenza

AF03 influenza

Virosomes Liposomes HAV

Iscomatrix Combination HCV, influenza, HPV, cancer

Montanide ISA51 Oil-in-water emulsion Malaria, HIV, cancer

Montanide ISA720 Malaria, HIV, cancer

LT Bacterial toxins Influenza, ETEC

LTK63 Influenza, TB, HIV

TLR-dependent and TLR-independent adjuvants have been tested in human clin-

ical trials. Those shown in green are components of licensed human vaccines,

while those in orange have been tested in clinical trials, but are not yet approved.

References cited are provided for those adjuvants discussed in detail in the text.

ETEC, enterotoxigenic E. coli; HAV, hepatitis A virus; HBV, hepatitis B virus, HCV,

hepatitis C virus; HIV, human immunodeficiency virus; HPV, human papilloma

virus; LT, labile toxin; TB, tuberculosis.

separate locations (8). Particulate vaccine formulations generally
are more readily internalized by antigen-presenting cells (APCs)
than are soluble antigens and the same is true for alum-adsorbed
antigens. The mechanism by which antigen uptake is facilitated is
not yet clear, but a recent study suggested that this may occur in the
absence of uptake of alum by APCs. Crystalline alum was shown
to bind lipids on the surface of APCs and trigger a cellular acti-
vation cascade leading to initiation of an immune response, but
without itself being internalized by the cells (9), suggesting an indi-
rect role in delivering antigen into the antigen processing pathway.
These results are in contrast with a previous study using confocal
microscopy showing that alum was internalized by APCs (10). In
addition, alum crystals can be found in the endosomes of blood
cells using electron microscopy (Latz, personal communication).

The innate immune system is a complex network of sensing
pathways that function to rapidly alert the host to infections,

cancers, and cellular dysfunction. In the context of vaccines, it
has become clear that signaling the innate immune system is an
important early aspect in the development of an effective antigen-
specific immune response and is one of the key roles for a vaccine
adjuvant. In vitro studies have shown that alum can facilitate
activation of DCs, as measured by increased surface expression
of co-stimulatory molecules CD80 and CD86, and secretion of
cytokines (11). It is not known whether this is the result of direct
cellular signaling and a molecular target, if one exists, has not
yet been identified. Injection of vaccines containing alum elicits
profound broad local effects on the immune system. Within a few
hours after injection, pro-inflammatory cytokines are released and
there is an influx of inflammatory monocytes followed by dendritic
cells (DCs), natural killer (NK) cells, neutrophils, and eosinophils
by 24 h (12, 13). During this time, a constellation of genes are up-
regulated, including those encoding cytokines and chemokines (7)
which may function to facilitate the recruitment and activation of
APCs at the site of injection. These APCs may then internalize vac-
cine antigens and migrate to the draining lymph node to prime
lymphocytes (14).

The molecular mechanisms involved in the response to alum
are being elucidated, but more than one pathway may be involved
and there are some conflicting results. Unlike the immune stim-
ulatory properties of TLR agonists, which require the adaptor
molecules MyD88 and TRIF, the adjuvant effects of alum are not
impaired in the absence of these proteins (15), suggesting that
alum does not signal in a TLR-dependent fashion. Several studies
performed in vitro on mouse and human cells have demonstrated
that alum can activate the Nlrp3 inflammasome complex, which
is required for the processing of several key pro-inflammatory
cytokines including IL1. The molecular mechanism of activation
of Nlrp3 is not clear, however one report has shown that alum after
internalization destabilizes the endosome releasing proteases that
are required for Nlrp3 inflammasome activation and IL1 release
(10). Consistent with these in vitro studies, others have shown
Nlrp3 to be required for alum adjuvanticity in mice (16, 17).
However, studies performed in other laboratories using different
antigens and immunization protocols demonstrated that in some
cases Nlrp3 may not be implicated [(18–20)]. Indirect effects of
alum can be induced via the release of certain molecules by cells,
which then can elicit subsequent adjuvant activity. For example,
alum stimulates the induction of uric acid (12), which is produced
normally as a damage-associated molecular pattern (DAMP) by
injured cells. Released uric acid is then internalized by and activates
APCs via the inflammasome, thereby providing a downstream,
secondary immunostimulatory signal in response to immuniza-
tion with alum-containing vaccines. In a similar manner, alum
stimulates the release of dsDNA from dying cells and this DAMP
seems to play a role in adjuvant activity by promoting antigen
presentation to helper T cells (20, 21). In summary, the immunos-
timulatory effects of alum are broad, rapid, and seem to involve
multiple pathways, both direct and indirect. More investigation
will be required to fully elucidate these pathways.

MODE OF ACTON OF OIL-IN-WATER EMULSIONS
Oil-in-water emulsions are licensed for use in human influenza
vaccines. These include MF59, which was originally licensed in
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1997 for influenza vaccines for the elderly, and AS03, which like
MF59 was recently approved for pandemic influenza vaccines.
MF59 consists of uniform particles ∼160 nm in size generated
by microfluidics technology and its main constituents are the nat-
urally occurring oil squalene and the non-ionic surfactants Tween
80 and Span 85. There is a large human clinical experience with
MF59, with almost 100 million doses administered over the past
15 years, demonstrating that the adjuvant is safe, well tolerated,
effective at increasing vaccine potency, able to reduce the dose of
antigen required, and elicits broad-based immunity (22).

Like alum,MF59 was initially thought to exert its adjuvant effect
by the formation of an antigen depot. However, studies conducted
with labeled MF59 have shown that the adjuvant is quickly drained
from the injection site, that only ∼10% of the adjuvant remains
at the injection site 6 h after intramuscular administration (23),
and that the presence of MF59 does not influence the distribution
or the half-life of the co-administered antigen (24). In addition,
unlike alum, the adjuvant effects of MF59 can be maintained even
when the antigen alone is administered up to 24 h after injection
of MF59 at the same site (23). Taken together, these data are not
consistent with the hypothesis that MF59 acts as an antigen depot,
rather MF59 appears to create an “immunocompetent environ-
ment” within the muscle that could facilitate the development of
antigen-specific immune responses.

Subsequent work has suggested that MF59 can function as
an antigen delivery system, albeit in an indirect fashion. Stud-
ies conducted on cells in vitro demonstrated that MF59 increased
phagocytosis and pinocytosis, and promoted antigen uptake by
APCs (25). In that study, neither monocyte-derived DCs (Mo-
DCs) nor myeloid DCs (mDCs) isolated from human blood were
directly activated by MF59. Rather, MF59 stimulated monocytes,
macrophages, and granulocytes to produce the chemokines CCL2,
CXCL8, CCL3, and CCL4. In addition, stimulated monocytes
underwent phenotypic changes in accordance with their differ-
entiation toward DCs. These data suggested that MF59 does not
directly target DCs to internalize antigen, but may act upstream
by inducing recruitment of DC precursors and their subsequent
differentiation (25).

In vivo studies have shown that fluorescently labeled MF59
was found to be co-localized together with the co-administered
antigen in immature DCs (DEC205+ MHCII+) infiltrating the
mouse muscle at 48 h after injection There was a strong influx of
mononuclear cells to the injection site, with a significant pro-
portion of the cells identified as macrophages (F4/80-positive
cells) and a minor population of DCs (CD11c-positive cells).
This cellular influx induced by MF59 was significantly impaired
in CCR2-/- knockout mice, suggesting that MF59 triggers cell
recruitment events, at least partially mediated by CCR2, that are
required for adjuvanticity(25). In agreement with this hypoth-
esis, microarray analysis demonstrated that MF59 activates the
expression of genes encoding cytokines (IL-1b, IL-2), chemokines
(Ccl2, Ccl4, Ccl5, Ccl12, Ccl10), and adhesion molecules in the
mouse muscle. MF59 also induced the up-regulation of genes
coding for Ccr2 and its ligands (7). Furthermore, MF59 pro-
moted a more rapid influx of CD11b+ cells in the muscle
compared to other adjuvants (such as alum and CpG oligonu-
cleotides). Some of the genes up-regulated rapidly after MF59

administration were used as biomarkers to identify MF59 tar-
get cells. Confocal microscope analysis showed that two of these
biomarkers, JunB and Pentraxin 3, were up-regulated in muscle
fibers following MF59 treatment, demonstrating that muscle cells
are a target of MF59 in vivo (7). A subsequent study in mice
by Calabro et al. characterized in detail the kinetics and phe-
notype of the immune cells recruited by MF59 to the injection
site (26). Infiltration of granulocytes, such as neutrophils and
eosinophils, and potential APCs, such as monocytes, macrophages,
and DCs were observed. MF59 was found to be a much stronger
activator of cell recruitment than alum and promoted a more
efficient uptake of vaccine antigen at injection site. In addi-
tion, MF59 significantly increased the number of antigen-loaded
APCs in draining LNs compared to alum or non-adjuvanted
vaccine (26).

In a recent study, the effects of TLR-independent (alum and
MF59) and TLR-dependent (R848, CpG, and Pam3CSK4) adju-
vants were characterized using DNA microarray in vitro and
in vivo (27). The transcription profiles from adjuvant-treated cells
in vitro and injected mouse muscles and their draining lymph
nodes (LN) in vivo were quite different for the two different adju-
vant classes. In contrast to TLR agonists, MF59 and alum did
not modulate transcription of cytokine mRNAs by splenocytes
in vitro. After intramuscular injection, MF59-induced a localized
immunostimulatory environment in the muscle but did not mod-
ulate the transcriptome in the draining LN and did not induce
any antigen-independent activation of B and T cells. In contrast,
some of the TLR agonists (such as R848) elicited effects distant
from the injection site and modulated gene transcription in LNs
in an antigen-independent matter leading to polyclonal T and B
cell activation. Finally, immune responses enhanced by MF59 to
tetanus and influenza antigens were found to be independent of
the presence of interferon type I, unlike R848 which displayed
dependency on this cytokine (27).

It has been proposed that adjuvanticity of some particulate
adjuvants (including alum) depends on the activation of a protein
complex called the Nlrp3 inflammasome that processes certain
pro-inflammatory cytokines like pro-IL1β through Caspase 1 (12,
16). Two independent studies have demonstrated that MF59-
induced adjuvant effects are independent of Nlrp3 and Caspase
1 (19, 28). However, it was shown that the effects of MF59
depend on the apoptosis-associated speck-like protein contain-
ing CARD (ASC), which is a common adaptor of inflammasome
complexes (28). Hence, it is possible that ASC might also have
an inflammasome-independent function or that inflammasomes
different from Nlrp3 might play a role. Experiments conducted
using mice deficient in innate immune pathways have shown that
enhancement of immune responses to a recombinant meningo-
coccus B vaccine by MF59 required the adaptor molecule MyD88
(19). Yet, MF59 has not been shown to be an agonist of any of the
TLR that depend on MyD88 for signaling. Possible explanations
include that MF59 induces the release of endogenous TLR agonists
at the injection site or that MF59 targets other MyD88-dependent
pathways involving the receptors for IL1 family cytokines (IL1R,
IL18R, IL33R) or the TACI receptor. As is the case for alum, fur-
ther studies are required to better understand the mode of action
of MF59.
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AS03 is another squalene-based emulsion, but differs from
MF59 in the absence of the Span85 surfactant and, more impor-
tantly, in the presence of α-tocopherol. These differences in the for-
mulation markedly affect the biological activity of the emulsions,
mainly due to the immunostimulatory activity of α-tocopherol.
Unlike MF59, which activates innate immunity only locally at
the injection site, AS03 triggers innate immune responses in the
injected muscle and in the draining LN of immunized mice. This
activation of the lymph node is independent of the antigen but
depends on the presence of α-tocopherol (29).

MODE OF ACTION OF TOLL-LIKE RECEPTOR AGONISTS
In addition to alum and oil-in-water emulsions, which have been
used extensively in human vaccines, various other adjuvants have
been evaluated in human clinical trials (see Table 1). Many of
these experimental adjuvants are known to target elements of
innate immune signaling pathways, in particular the TLRs but
also Nod-like receptors, RIG-I-like receptors, and C-type lectin
receptors. These PRRs function to provide a first line of immune
defense against incoming pathogens by interacting with molec-
ular signatures commonly found in microbes but not in host
cells (so called pathogen associated molecular patterns or PAMPs).
Examples include, but are not limited to, dsRNA and ssRNA from
viruses, CpG motifs from bacterial DNA, certain lipids, lipopep-
tides and glycans from bacterial cell wall components, flagellin
from bacteria, zymosan from yeast, and profilin from protozoa.
The importance of the innate immune system in potentiating the
adaptive immune response is well established and the critical role
this signaling plays in adjuvant function is becoming appreciated.
It is likely that the potency of vaccines based on whole organisms
is due, at least in part, to stimulation of TLRs. For example, the
Yellow fever vaccine, which is based on an attenuated live virus,
has been shown to interact with at least four TLRs (30). For this
reason, agonists of TLRs and other PRRs are attractive targets as
vaccine adjuvants. Following is a brief summary of the key aspects
of the TLR agonists that have been achieved proof of concept in
humans.

TLR4 is a cell surface PRR that recognizes several PAMPs,
including lipopolysaccharides (LPS) from bacteria, and is the tar-
get for the well-established adjuvant MPL. Normally, LPS is toxic
and not appropriate for use in human vaccines. However, MPL
is based on the TLR4-active element of LPS from Salmonella and
its toxicity is ∼1000-fold lower than LPS. MPL is an active and
safe component of licensed vaccines against hepatitis B and HPV
(see Table 1), and more than 100,000 human doses have been
administered (31). This TLR4 agonist is typically used in combi-
nation with alum and as a consequence enhances both protective
antibody responses, as well as promoting a Th1-type of helper T
cell response (32). Preclinical and clinical evaluation of MPL and
MPL-like synthetic analogs has demonstrated its broad utility as
a vaccine adjuvant in animal models of infectious (33, 34) and
non-infectious diseases, including allergy (35) and cancer (36).

TLR9 is an endosomal PRR that recognizes DNA with certain
motifs containing unmethylated CpG residues more often found
in microbial than eukaryotic DNA. Adjuvants directed toward this
TLR are perhaps the best studied and most complex of the TLR
agonists. For example, there are various types of these CpG motifs,

all of which are dependent upon TLR9 but have different quali-
tative and quantitative effects on the immune response (37) In
addition, CpG motifs exhibit species-specific differences (38) that
have complicated development of this class of adjuvants. Nev-
ertheless, TLR9 agonists are being evaluated in the later stages of
clinical development for infectious disease and allergy indications.
For example, a commercial hepatitis B virus (HBV) vaccine formu-
lated with CpG enhanced vaccine potency in humans, as measured
by higher levels of protective antibodies with more rapid kinet-
ics and with fewer immunizations than the vaccine alone (39).
Although the currently licensed HBV vaccines are very effective, a
major limitation is that certain individuals (∼5–10% of the general
population depending on geography) do not respond to vaccina-
tion even after multiple administrations. The addition of CpG
to the vaccine reduces the proportion of these non-responders
(40), demonstrating that adjuvants may provide a solution to this
limitation. CpG can be effective as a vaccine adjuvant by simple
mixing with antigen, but increased potency and lower require-
ments for antigen dose can be achieved by conjugation of CpG
directly to antigen. This approach has been particularly useful for
modulation of immune responses to allergens and human trials
are underway as a potential therapeutic intervention for treatment
of allergic responses (41).

TLR5 is a cell surface PRR that recognizes a particular bacterial
protein called flagellin. Because this TLR agonist is proteinaceous
in nature, it offers the possibility of creating recombinant fusion
proteins containing both an antigen and adjuvant. This approach
has been shown to be effective in animal models for influenza
using a fusion between flagellin and the hemagglutinin protein.
Early human clinical trials have demonstrated proof of concept for
the safety and utility of this strategy (42), and opens the possibility
of exploring the use of other protein-based TLR agonists such as
zymosan and profilin. One potential pitfall of this methodology
is the uncertain effects on structural integrity and preservation of
important B cell epitopes in the antigen.

TLR7 and 8 are related PRRs found in the endosomes of
various immune cells and function to recognize certain ssRNA
molecules rich in uridine residues, as is found in viral RNA.
Interaction with these TLRs can be mimicked using synthetic
compounds, such as imidazoquinolines and the guanosine ana-
log Loxoribine (43). TLR7 activation by the imidazoquinoline
imiquimod is an effective topical treatment approved for human
use against HPV-induced genital warts and basal cell carcinoma.
Imiquimod and a potent related molecule resiquimod have been
shown to function as vaccine adjuvants enhancing both antibody
and T cell responses in various models including non-human
primates (44). Some human vaccine clinical trials have been con-
ducted using topical application of TLR7 agonists at the vaccine
injection site, but so far there has been no observed adjuvant
effect (45).

TLR3 is an endosomal PRR that recognizes dsRNA, such as is
produced during cytoplasmic viral replication. Poly(I:C), which
is composed of a mixture of dsRNA species varying considerably
in size, has been demonstrated to be an effective vaccine adjuvant
in various animal models and for cancer immunotherapy (46). A
synthetic dsRNA of defined size and sequence is under develop-
ment for use as an adjuvant for an mRNA-based vaccine. This two
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component RNA vaccine (mRNA to mediate antigen expression
in situ and non-coding dsRNA to stimulate the innate immune
system via TLR3) is efficacious in animal models of influenza and
cancer (47), and has been shown to be safe and immunogenic as a
cancer vaccine strategy in humans (48).

SUMMARY
The beneficial effects of vaccine adjuvants can be manifest in vari-
ous ways, including (1) increasing vaccine potency to attain higher
levels of immunogenicity and protective efficacy (e.g., alum for
various viral and bacterial vaccines), (2) reducing the dose of anti-
gen required for effectiveness (e.g., MF59 for influenza vaccines),
(3) increasing the speed and reducing the number of immuniza-
tions required to achieve effectiveness (e.g., AS04 for hepatitis B
vaccine), (4) broadening the repertoire of antibody responses (e.g.,
MF59 for influenza vaccines), and (5) modulating the phenotype
of T cell responses. Adjuvants have been in use for these purposes
for most of the past century, but until relatively recently adjuvant
development has been predominated by empiricism. However, our
growing insight into innate immune signaling pathways and the
key roles PRRs play in the recognition of microbial signatures
provides an opportunity to take rational approaches in the design
and optimization of new vaccine adjuvants (as demonstrated in
the preceding section). Knowledge of the molecular target (e.g.,
a specific TLR) enables vaccine developers to harness the power

of drug discovery tools, such as (1) high throughput screening to
mine large libraries of small molecular compounds for a partic-
ular property or activity, (2) medicinal chemistry to design and
synthesize families of related compounds, and (3) computational
approaches to elucidate structure activity relationships and aid
in the optimization of adjuvant candidates (49). However, this
process of optimization will create strong pro-inflammatory mol-
ecules, hence it will be important to strike the correct balance
between potency and safety. To this end, these small molecule
immune potentiators can be designed not only to maximize ben-
eficial immunologic effects, but also to minimize undesirable side
effects by (1) manipulating pharmacokinetic properties that affect
biodistribution of the compounds (e.g., limit systemic exposure)
and (2) facilitating interaction with formulations designed to
ensure localized co-delivery of the antigen and immunostimu-
latory compound. This balance will be further influenced by the
relative risks versus benefits of including an adjuvant in a vac-
cine. For example, the tolerance for added risk of side effects by
inclusion of an adjuvant in a vaccine will be very different for pre-
vention of a low likelihood event in healthy people (e.g., anthrax
exposure) compared to treatment of an ongoing life-threatening
condition (e.g., cancer). The breadth of molecular targets for small
molecule compounds coupled with the diversity of disease targets
and patient populations for vaccines has created a fertile area for
novel adjuvant discovery and development.

REFERENCES
1. Glenny A, Pepe C, Waddington H.

Immunological notes: XVII-XXIV.
J Pathol Bacteriol (1926) 29:31–40.
doi:10.1002/path.1700290106

2. Hem SL, Hogenesch H. Relation-
ship between physical and chemical
properties of aluminum-containing
adjuvants and immunopotentia-
tion. Expert Rev Vaccines (2007)
6:685–98. doi:10.1586/14760584.6.
5.685

3. Hem SL, White JL. Structure and
properties of aluminum-containing
adjuvants. Pharm Biotechnol (1995)
6:249–76. doi:10.1007/978-1-4615-
1823-5_9

4. Gupta RK, Chang AC, Griffin P,
Rivera R, Siber GR. In vivo dis-
tribution of radioactivity in mice
after injection of biodegradable
polymer microspheres containing
14C-labeled tetanus toxoid. Vac-
cine (1996) 14:1412–6. doi:10.1016/
S0264-410X(96)00073-4

5. Hutchison S, Benson RA, Gibson
VB, Pollock AH, Garside P, Brewer
JM. Antigen depot is not required
for alum adjuvanticity. FASEB J
(2012) 26:1272–9. doi:10.1096/fj.
11-184556

6. Munks MW, Mckee AS, Macleod
MK, Powell RL, Degen JL, Reis-
dorph NA, et al. Aluminum
adjuvants elicit fibrin-dependent

extracellular traps in vivo. Blood
(2010) 116:5191–9. doi:10.1182/
blood-2010-03-275529

7. Mosca F, Tritto E, Muzzi A, Monaci
E, Bagnoli F, Iavarone C, et al. Mol-
ecular and cellular signatures of
human vaccine adjuvants. Proc Natl
Acad Sci U S A (2008) 105:10501–6.
doi:10.1073/pnas.0804699105

8. Gupta RK, Varanelli CL, Grif-
fin P, Wallach DF, Siber GR.
Adjuvant properties of non-
phospholipid liposomes (Nova-
somes) in experimental animals for
human vaccine antigens. Vaccine
(1996) 14:219–25. doi:10.1016/
0264-410X(95)00182-Z

9. Flach TL, Ng G, Hari A, Desrosiers
MD, Zhang P, Ward SM, et al.
Alum interaction with dendritic
cell membrane lipids is essential
for its adjuvanticity. Nat Med
(2011) 17:479–87. doi:10.1038/nm.
2306

10. Hornung V, Bauernfeind F, Halle A,
Samstad EO, Kono H, Rock KL, et al.
Silica crystals and aluminum salts
activate the NALP3 inflammasome
through phagosomal destabi-
lization. Nat Immunol (2008)
9:847–56. doi:10.1038/ni.1631

11. Sokolovska A, Hem SL, Hogenesch
H. Activation of dendritic cells and
induction of CD4(+) T cell differ-
entiation by aluminum-containing

adjuvants. Vaccine (2007) 25:4575–
85. doi:10.1016/j.vaccine.2007.03.
045

12. Kool M, Soullie T, Van Nimwe-
gen M, Willart MA, Muskens F,
Jung S, et al. Alum adjuvant boosts
adaptive immunity by inducing
uric acid and activating inflam-
matory dendritic cells. J Exp Med
(2008) 205:869–82. doi:10.1084/
jem.20071087

13. Seubert A, Monaci E, Pizza M,
O’Hagan DT, Wack A. The adju-
vants aluminum hydroxide and
MF59 induce monocyte and
granulocyte chemoattractants and
enhance monocyte differentiation
toward dendritic cells. J Immunol
(2008) 180:5402–12.

14. Fierens K, Kool M. The mechanism
of adjuvanticity of aluminium-
containing formulas. Curr Pharm
Des (2012) 18:2305–13. doi:10.
2174/138161212800166004

15. Gavin AL, Hoebe K, Duong B, Ota T,
Martin C, Beutler B, et al. Adjuvant-
enhanced antibody responses in the
absence of toll-like receptor signal-
ing. Science (2006) 314:1936–8. doi:
10.1126/science.1135299

16. Eisenbarth SC, Colegio OR,
O’Connor W, Sutterwala FS, Flavell
RA. Crucial role for the Nalp3
inflammasome in the immunos-
timulatory properties of aluminium

adjuvants. Nature (2008) 453:1122–
6. doi:10.1038/nature06939

17. Kool M, Petrilli V, De Smedt T, Rolaz
A, Hammad H, Van Nimwegen M,
et al. Cutting edge: alum adju-
vant stimulates inflammatory den-
dritic cells through activation of the
NALP3 inflammasome. J Immunol
(2008) 181:3755–9.

18. Franchi L, Nunez G. The Nlrp3
inflammasome is critical for alu-
minium hydroxide-mediated IL-
1beta secretion but dispensable for
adjuvant activity. Eur J Immunol
(2008) 38:2085–9. doi:10.1002/eji.
200838549

19. Seubert A, Calabro S, Santini L,
Galli B, Genovese A, Valentini S,
et al. Adjuvanticity of the oil-
in-water emulsion MF59 is inde-
pendent of Nlrp3 inflammasome
but requires the adaptor protein
MyD88. Proc Natl Acad Sci U S A
(2011) 108:11169–74. doi:10.1073/
pnas.1107941108

20. McKee AS, Burchill MA, Munks
MW, Jin L, Kappler JW, Fried-
man RS, et al. Host DNA released
in response to aluminum adjuvant
enhances MHC class II-mediated
antigen presentation and prolongs
CD4 T-cell interactions with den-
dritic cells. Proc Natl Acad Sci U S A
(2013) 110:E1122–31. doi:10.1073/
pnas.1300392110

www.frontiersin.org July 2013 | Volume 4 | Article 214 | 5

http://dx.doi.org/10.1002/path.1700290106
http://dx.doi.org/10.1586/14760584.6.5.685
http://dx.doi.org/10.1586/14760584.6.5.685
http://dx.doi.org/10.1007/978-1-4615-1823-5_9
http://dx.doi.org/10.1007/978-1-4615-1823-5_9
http://dx.doi.org/10.1016/S0264-410X(96)00073-4
http://dx.doi.org/10.1016/S0264-410X(96)00073-4
http://dx.doi.org/10.1096/fj.11-184556
http://dx.doi.org/10.1096/fj.11-184556
http://dx.doi.org/10.1182/blood-2010-03-275529
http://dx.doi.org/10.1182/blood-2010-03-275529
http://dx.doi.org/10.1073/pnas.0804699105
http://dx.doi.org/10.1016/0264-410X(95)00182-Z
http://dx.doi.org/10.1016/0264-410X(95)00182-Z
http://dx.doi.org/10.1038/nm.2306
http://dx.doi.org/10.1038/nm.2306
http://dx.doi.org/10.1038/ni.1631
http://dx.doi.org/10.1016/j.vaccine.2007.03.045
http://dx.doi.org/10.1016/j.vaccine.2007.03.045
http://dx.doi.org/10.1084/jem.20071087
http://dx.doi.org/10.1084/jem.20071087
http://dx.doi.org/10.2174/138161212800166004
http://dx.doi.org/10.2174/138161212800166004
http://dx.doi.org/10.1126/science.1135299
http://dx.doi.org/10.1038/nature06939
http://dx.doi.org/10.1002/eji.200838549
http://dx.doi.org/10.1002/eji.200838549
http://dx.doi.org/10.1073/pnas.1107941108
http://dx.doi.org/10.1073/pnas.1107941108
http://dx.doi.org/10.1073/pnas.1300392110
http://dx.doi.org/10.1073/pnas.1300392110
http://www.frontiersin.org
http://www.frontiersin.org/Immunotherapies_and_Vaccines/archive


De Gregorio et al. Vaccine adjuvants: mode of action

21. Marichal T, Ohata K, Bedoret D,
Mesnil C, Sabatel C, Kobiyama K,
et al. DNA released from dying host
cells mediates aluminum adjuvant
activity. Nat Med (2011) 17:996–
1002. doi:10.1038/nm.2403

22. Durando P, Icardi G, Ansaldi F.
MF59-adjuvanted vaccine: a safe
and useful tool to enhance and
broaden protection against sea-
sonal influenza viruses in sub-
jects at risk. Expert Opin Biol
Ther (2010) 10:639–51. doi:10.
1517/14712591003724662

23. Ott G, Barchfeld GL, Chernoff D,
Radhakrishnan R, Van Hoogevest P,
Van Nest G. MF59. Design and eval-
uation of a safe and potent adjuvant
for human vaccines. Pharm Biotech-
nol (1995) 6:277–96. doi:10.1007/
978-1-4615-1823-5_10

24. Dupuis M, Mcdonald DM, Ott
G. Distribution of adjuvant MF59
and antigen gD2 after intra-
muscular injection in mice. Vac-
cine (1999) 18:434–9. doi:10.1016/
S0264-410X(99)00263-7

25. Dupuis M, Denis-Mize K, Labar-
bara A, Peters W, Charo IF,
Mcdonald DM, et al. Immuniza-
tion with the adjuvant MF59
induces macrophage trafficking
and apoptosis. Eur J Immunol
(2001) 31:2910–8. doi:10.1002/
1521-4141(2001010)31:10<2910:
:AID-IMMU2910>3.0.CO;2-3

26. Calabro S, Tortoli M, Baudner BC,
Pacitto A, Cortese M, O’Hagan
DT, et al. Vaccine adjuvants alum
and MF59 induce rapid recruit-
ment of neutrophils and monocytes
that participate in antigen transport
to draining lymph nodes. Vaccine
(2011) 29:1812–23. doi:10.1016/j.
vaccine.2010.12.090

27. Caproni E, Tritto E, Cortese M,
Muzzi A, Mosca F, Monaci E, et al.
MF59 and Pam3CSK4 boost adap-
tive responses to influenza subunit
vaccine through an IFN type I-
independent mechanism of action.
J Immunol (2012) 188:3088–98. doi:
10.4049/jimmunol.1101764

28. Ellebedy AH, Lupfer C, Ghoneim
HE, Debeauchamp J, Kanneganti
TD, Webby RJ. Inflammasome-
independent role of the apoptosis-
associated speck-like protein con-
taining CARD (ASC) in the adju-
vant effect of MF59. Proc Natl Acad
Sci U S A (2011) 108:2927–32. doi:
10.1073/pnas.1012455108

29. Garcon N, Vaughn DW, Didier-
laurent AM. Development and

evaluation of AS03, an adjuvant
system containing alpha-tocopherol
and squalene in an oil-in-water
emulsion. Expert Rev Vaccines
(2012) 11:349–66. doi:10.1586/erv.
11.192

30. Querec T, Bennouna S, Alkan S,
Laouar Y, Gorden K, Flavell R, et
al. Yellow fever vaccine YF-17D acti-
vates multiple dendritic cell sub-
sets via TLR2, 7, 8, and 9 to stim-
ulate polyvalent immunity. J Exp
Med (2006) 203:413–24. doi:10.
1084/jem.20051720

31. Casella CR, Mitchell TC. Putting
endotoxin to work for us:
monophosphoryl lipid A as a
safe and effective vaccine adjuvant.
Cell Mol Life Sci (2008) 65:3231–40.
doi:10.1007/s00018-008-8228-6

32. Didierlaurent AM, Morel S,
Lockman L, Giannini SL, Bis-
teau M, Carlsen H, et al. AS04,
an aluminum salt- and TLR4
agonist-based adjuvant system,
induces a transient localized
innate immune response leading
to enhanced adaptive immunity.
J Immunol (2009) 183:6186–97.
doi:10.4049/jimmunol.0901474

33. Bertholet S, Ireton GC, Ordway
DJ, Windish HP, Pine SO, Kahn
M, et al. A defined tuberculo-
sis vaccine candidate boosts BCG
and protects against multidrug-
resistant Mycobacterium tuberculo-
sis. Sci Transl Med (2010) 2:53ra74.
doi:10.1126/scitranslmed.3001094

34. Coler RN, Bertholet S, Moutaftsi
M, Guderian JA, Windish HP, Bald-
win SL, et al. Development and
characterization of synthetic glu-
copyranosyl lipid adjuvant sys-
tem as a vaccine adjuvant. PLoS
ONE (2011) 6:e16333. doi:10.1371/
journal.pone.0016333

35. Pfaar O, Barth C, Jaschke C,
Hormann K, Klimek L. Sublin-
gual allergen-specific immunother-
apy adjuvanted with monophos-
phoryl lipid A: a phase I/IIa
study. Int Arch Allergy Immunol
(2011) 154:336–44. doi:10.1159/
000321826

36. Cluff CW. Monophosphoryl lipid
A (MPL) as an adjuvant for anti-
cancer vaccines: clinical results. Adv
Exp Med Biol (2010) 667:111–
23. doi:10.1007/978-1-4419-1603-
7_10

37. Vollmer J, Weeratna R, Payette P,
Jurk M, Schetter C, Laucht M, et
al. Characterization of three CpG
oligodeoxynucleotide classes with

distinct immunostimulatory activi-
ties. Eur J Immunol (2004) 34:251–
62. doi:10.1002/eji.200324032

38. Liu J, Xu C, Liu YL, Matsuo H, Hsieh
RP, Lo JF, et al. Activation of rab-
bit TLR9 by different CpG-ODN
optimized for mouse and human
TLR9. Comp Immunol Microbiol
Infect Dis (2012) 35:443–51. doi:10.
1016/j.cimid.2012.03.008

39. Halperin SA, Dobson S, Mcneil S,
Langley JM, Smith B, Mccall-Sani
R, et al. Comparison of the safety
and immunogenicity of hepati-
tis B virus surface antigen co-
administered with an immunostim-
ulatory phosphorothioate oligonu-
cleotide and a licensed hepati-
tis B vaccine in healthy young
adults. Vaccine (2006) 24:20–6. doi:
10.1016/j.vaccine.2005.08.095

40. Cooper CL, Davis HL, Angel JB,
Morris ML, Elfer SM, Seguin
I, et al. CPG 7909 adjuvant
improves hepatitis B virus vaccine
seroprotection in antiretroviral-
treated HIV-infected adults. AIDS
(2005) 19:1473–9. doi:10.1097/01.
aids.0000183514.37513.d2

41. Marshall JD, Abtahi S, Eiden JJ,
Tuck S, Milley R, Haycock F, et al.
Immunostimulatory sequence DNA
linked to the Amb a 1 allergen
promotes T(H)1 cytokine expres-
sion while downregulating T(H)2
cytokine expression in PBMCs
from human patients with rag-
weed allergy. J Allergy Clin Immunol
(2001) 108:191–7. doi:10.1067/mai.
2001.116984

42. Taylor DN, Treanor JJ, Strout C,
Johnson C, Fitzgerald T, Kavita
U, et al. Induction of a potent
immune response in the elderly
using the TLR-5 agonist, flagellin,
with a recombinant hemagglutinin
influenza-flagellin fusion vaccine
(VAX125, STF2.HA1 SI). Vaccine
(2011) 29:4897–902. doi:10.1016/j.
vaccine.2011.05.001

43. Akira S, Hemmi H. Recognition
of pathogen-associated molecular
patterns by TLR family. Immunol
Lett (2003) 85:85–95. doi:10.1016/
S0165-2478(02)00228-6

44. Wille-Reece U, Flynn BJ, Lore K,
Koup RA, Kedl RM, Mattapallil JJ,
et al. HIV Gag protein conjugated
to a Toll-like receptor 7/8 agonist
improves the magnitude and quality
of Th1 and CD8+ T cell responses
in nonhuman primates. Proc Natl
Acad Sci U S A (2005) 102:15190–4.
doi:10.1073/pnas.0507484102

45. Roukens AH,Vossen AC, Boland GJ,
Verduyn W, Van Dissel JT, Visser
LG. Intradermal hepatitis B vaccina-
tion in non-responders after topical
application of imiquimod (Aldara).
Vaccine (2010) 28:4288–93. doi:10.
1016/j.vaccine.2010.04.029

46. Jasani B, Navabi H, Adams
M. Ampligen: a potential
toll-like 3 receptor adjuvant
for immunotherapy of can-
cer. Vaccine (2009) 27:3401–4.
doi:10.1016/j.vaccine.2009.01.071

47. Fotin-Mleczek M, Duchardt KM,
Lorenz C, Pfeiffer R, Ojkic-Zrna
S, Probst J, et al. Messenger RNA-
based vaccines with dual activ-
ity induce balanced TLR-7 depen-
dent adaptive immune responses
and provide antitumor activity. J
Immunother (2011) 34:1–15. doi:
10.1097/CJI.0b013e3181f7dbe8

48. Fotin-Mleczek M, Zanzinger K, Hei-
denreich R, Lorenz C, Thess A,
Duchardt KM, et al. Highly potent
mRNA based cancer vaccines rep-
resent an attractive platform for
combination therapies supporting
an improved therapeutic effect. J
Gene Med (2012) 14:428–39. doi:10.
1002/jgm.2605

49. Flower DR. Systematic identifi-
cation of small molecule adju-
vants. Expert Opin Drug Dis-
cov (2012) 7:807–17. doi:10.1517/
17460441.2012.699958

Conflict of Interest Statement: The
authors are employees of Novartis Vac-
cines and Diagnostics.

Received: 05 April 2013; paper pending
published: 29 April 2013; accepted: 12
July 2013; published online: 31 July 2013.
Citation: De Gregorio E, Caproni E
and Ulmer JB (2013) Vaccine adjuvants:
mode of action. Front. Immunol. 4:214.
doi: 10.3389/fimmu.2013.00214
This article was submitted to Frontiers
in Immunotherapies and Vaccines, a spe-
cialty of Frontiers in Immunology.
Copyright © 2013 De Gregorio, Caproni
and Ulmer. This is an open-access article
distributed under the terms of the Cre-
ative Commons Attribution License (CC
BY). The use, distribution or reproduc-
tion in other forums is permitted, pro-
vided the original author(s) or licensor
are credited and that the original publica-
tion in this journal is cited, in accordance
with accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology | Immunotherapies and Vaccines July 2013 | Volume 4 | Article 214 | 6

http://dx.doi.org/10.1038/nm.2403
http://dx.doi.org/10.1517/14712591003724662
http://dx.doi.org/10.1517/14712591003724662
http://dx.doi.org/10.1007/978-1-4615-1823-5_10
http://dx.doi.org/10.1007/978-1-4615-1823-5_10
http://dx.doi.org/10.1016/S0264-410X(99)00263-7
http://dx.doi.org/10.1016/S0264-410X(99)00263-7
http://dx.doi.org/10.1002/1521-4141(2001010)31:10<2910::AID-IMMU2910>3.0.CO;2-3
http://dx.doi.org/10.1002/1521-4141(2001010)31:10<2910::AID-IMMU2910>3.0.CO;2-3
http://dx.doi.org/10.1002/1521-4141(2001010)31:10<2910::AID-IMMU2910>3.0.CO;2-3
http://dx.doi.org/10.1016/j.vaccine.2010.12.090
http://dx.doi.org/10.1016/j.vaccine.2010.12.090
http://dx.doi.org/10.4049/jimmunol.1101764
http://dx.doi.org/10.1073/pnas.1012455108
http://dx.doi.org/10.1586/erv.11.192
http://dx.doi.org/10.1586/erv.11.192
http://dx.doi.org/10.1084/jem.20051720
http://dx.doi.org/10.1084/jem.20051720
http://dx.doi.org/10.1007/s00018-008-8228-6
http://dx.doi.org/10.4049/jimmunol.0901474
http://dx.doi.org/10.1126/scitranslmed.3001094
http://dx.doi.org/10.1371/journal.pone.0016333
http://dx.doi.org/10.1371/journal.pone.0016333
http://dx.doi.org/10.1159/000321826
http://dx.doi.org/10.1159/000321826
http://dx.doi.org/10.1007/978-1-4419-1603-7_10
http://dx.doi.org/10.1007/978-1-4419-1603-7_10
http://dx.doi.org/10.1002/eji.200324032
http://dx.doi.org/10.1016/j.cimid.2012.03.008
http://dx.doi.org/10.1016/j.cimid.2012.03.008
http://dx.doi.org/10.1016/j.vaccine.2005.08.095
http://dx.doi.org/10.1097/01.aids.0000183514.37513.d2
http://dx.doi.org/10.1097/01.aids.0000183514.37513.d2
http://dx.doi.org/10.1067/mai.2001.116984
http://dx.doi.org/10.1067/mai.2001.116984
http://dx.doi.org/10.1016/j.vaccine.2011.05.001
http://dx.doi.org/10.1016/j.vaccine.2011.05.001
http://dx.doi.org/10.1016/S0165-2478(02)00228-6
http://dx.doi.org/10.1016/S0165-2478(02)00228-6
http://dx.doi.org/10.1073/pnas.0507484102
http://dx.doi.org/10.1016/j.vaccine.2010.04.029
http://dx.doi.org/10.1016/j.vaccine.2010.04.029
http://dx.doi.org/10.1016/j.vaccine.2009.01.071
http://dx.doi.org/10.1097/CJI.0b013e3181f7dbe8
http://dx.doi.org/10.1002/jgm.2605
http://dx.doi.org/10.1002/jgm.2605
http://dx.doi.org/10.1517/17460441.2012.699958
http://dx.doi.org/10.1517/17460441.2012.699958
http://dx.doi.org/10.3389/fimmu.2013.00214
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Immunotherapies_and_Vaccines
http://www.frontiersin.org/Immunotherapies_and_Vaccines/archive

	Vaccine adjuvants: mode of action
	Introduction
	Mode of action of aluminum salts
	Mode of acton of oil-in-water emulsions
	Mode of action of toll-like receptor agonists
	Summary
	References


