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Innate immunity confers an immediate nonspecific mechanism of microbial recognition through germ line-encoded pattern recognition
receptors (PRRs). Of these, Toll-like receptors (TLRs) and nucleotide-binding and oligomerization domain (NOD)-like receptors (NLRs) have
shaped our current understanding of innate regulation of adaptive immunity. It is now recognized that PRRs are paramount in instructing an
appropriate adaptive immune response. Their ligands have been the focus of adjuvant research with the goal of generating modern vaccine
combinations tailored to specific pathogens. In this review we will highlight the recent findings in the field of adjuvant research with
a particular focus on the potential of TLR and NLR ligands as adjuvants and their influence on adaptive immune responses.
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The term “adjuvant” originates from the
Latin word adjuvare meaning “to help,”
and is assigned to compounds that enhance
the host’s humoral and/or cellular immune
response toward a coadministered antigen.
Historically, traditional vaccination strate-
gies have relied on live attenuated path-
ogens, whole inactivated organisms, or
inactivated bacterial toxins. Due to their de-
sign, traditional vaccines possess inherent
adjuvant activity as they contain bacterial
components and impurities, which correlate
with high immunogenicity. However, atten-
uated and killed vaccines have also been
associated with occasional undesired reac-
togenicity (1). To avoid nonspecific immu-
nogenicity and toxicity, modern vaccine
development has turned toward the appli-
cation of distinct, purified, subunit, and
synthetic antigens as vaccines. These vac-
cines are typically poor immunogens and
require the assistance of adjuvants to
generate a robust and persistent immune
response.
Adjuvants have the additional benefit of

reducing the amount of antigen or injec-
tions required for protective immunity,
subsequently reducing the production cost
of vaccines. They are currently used for
both traditional and modern vaccines. To
date, aluminum adjuvants, including alumi-
num hydroxide and aluminum phosphate,
and squalene-based oil-in-water emulsions
are the most widely used adjuvants for
human vaccines. However, the mechanisms
of action of these compounds remain
largely unknown and controversial, often
referred to as the “immunologist’s dirty
little secret” (ref. 2, p 4480).

Recent progress in our understanding of
innate immunity and its potential in shap-
ing adaptive responses have influenced
the search for new generation adjuvants.
It is now widely believed that pattern
recognition receptors (PRRs) of the innate
immune system, particularly Toll-like re-
ceptors (TLRs) and nucleotide-binding and
oligomerization domain (NOD)-like recep-
tors (NLRs), can modulate and control the
generation of humoral and cellular immune
responses. Bacterial components, including
TLR and NLR ligands, are known to
be strong immunostimulants and have re-
ceived much attention in recent years. This
review will examine the current under-
standing of the mechanism of action behind
empirical adjuvants used in licensed vac-
cines and will explore the potential of
TLR and NLR ligands as adjuvants toward
new-generation vaccines.

Orchestrating an Immune Response
Vertebrates have evolved two interrelated
methods of resistance to protect the host
from infections: the innate and adaptive
immune systems. Innate immunity repre-
sents the first line of defense by providing
nonspecific means of bacterial detection.
Specifically, germ line-encoded PRRs rec-
ognize conserved pathogen-associated
molecular patterns (PAMPs) and danger-
associated molecular patterns (DAMPs) (2–5).
Several PRRs have been identified in

mammals, of which TLRs and NLRs are the
most studied and characterized. TLRs are
transmembrane receptors, whereas NLRs
are cytoplasmic receptors. Together, they
can survey the extracellular environment,

cytoplasm, and endosomal compartments
for PAMPs and DAMPs. Phagocytic cells,
particularly dendritic cells (DCs) and mac-
rophages, represent the main professional
antigen-presenting cells (APCs) and are
responsible for innate-adaptive cross-talk.
Upon recognition of infection, PRRs not
only initiate cellular defense mechanisms
resulting in the production of innate pro-
tective molecules and proinflammatory
cytokines, but also differentially activate
APCs to specifically modulate the adaptive
immune response toward the targeted
pathogen (5). One of the goals of modern
vaccinology is to harness the ability of TLRs
and NLRs to drive adaptive immunity to
ensure optimal pathogen clearance.
Innate immune activation through TLR

and NLR stimulation leads to a number of
pivotal events, ultimately leading to lym-
phocyte activation. For example, TLRs play
an important role in maturing DCs leading
to antigen presentation to lymphocytes (6).
The codelivery of antigen and TLR ligands
promotes the MHC class II pathway of an-
tigen presentation to CD4 T cells (7). TLRs
can also promote cross-presentation of an-
tigen on major histocompatibility complex
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(MHC) class I molecules to activate cyto-
toxic CD8+ T cells. NLRs are also associ-
ated with antigen presentation; NLR stim-
ulation of DCs up-regulates MHC class II
(8) and through autophagy, NOD2 was
shown to up-regulate MHC class II CD4+

T-cell responses in DCs (9).
The innate immune system can also mod-

ulate the adaptive immune response by
providing key signals to prime naïve CD4+

T cells toward specific T-helper (TH) pro-
files (Fig. 1). TH cells can be subdivided in
TH1, TH2, TH17, and Treg subsets according
to their production of signature cytokines
and are associated with protection against
certain classes of pathogens (10–12). Several
studies have demonstrated that NLR and
TLR stimulation can modulate the adaptive
immune response toward the different TH

profiles (Fig. 1) (8, 13–16). Understanding
the role of TLR/NLR agonists in selectively
directing the TH profile (TH1, TH17, or TH2)
during immunization will allow for the de-
velopment of adjuvants specifically tailored
for the desired immune outcome.

TLRs
TLRs are key pathogen sensors that modu-
late the host immune system and play a

fundamental role in response to microbial
infection in many species. The link between
Toll and pathogen sensing was first estab-
lished in Drosophila in 1996 (17), and then
extended to humans where nine TLRs have
been extensively characterized (18). TLRs
are transmembrane receptors and can be
individually split into two families accord-
ing to their cellular localization. TLRs 1, 2,
and 4–6 are expressed on the cell surface
and sense bacterial, fungal, and protozoal
products, whereas TLRs 3 and 7–9 are
expressed in endosomes and sense viral
nucleic acids.
All of the TLRs, with exception of TLR3,

signal via the recruitment of MyD88 to their
Toll/IL-1 receptor (TIR) domain, resulting in
the phosphorylation of NF-κB and mitogen-
activated protein (MAP) kinases (MAPKs).
Conversely, TLR3 signals via TIR-domain-
containing adapter-inducing IFN-β (TRIF)
to NF-κB and IRF1 and IRF3 transcription
factors, whereas TLR4 can also signal via the
TRIF-related adaptor molecule (TRAM)
adaptor pair (for a review, see ref. 19). The
two families of TLRs respond to a wide range
of stimuli and can modulate the adaptive
immune response by providing key cytokines

that shift the TH profiles. More precisely,
TLRs located on the cell surface are associ-
ated with the production of IL-6, IL-12, TNF,
and the chemokine IL-8, whereas endosomal
TLRs produce type I IFNs.

TLR Agonist Adjuvants Used in Licensed
Vaccines
Many preclinical and clinical studies using
purified TLR agonists demonstrated that they
could be exploited as adjuvants to enhance
adaptive responses during vaccination (20).
Despite extensive research in the field,
monophosphoryl lipid A (MPL), a TLR4
agonist purified from Salmonella minnesota
lipopolysaccharide (LPS), remains the only
adjuvant used in human licensed vaccines
preventing human papillomavirus (HPV)
and hepatitis B virus (HBV) infections
(Table 1). Clinical studies have shown
that HPV vaccination with the MPL/alum
adjuvant combination, commonly known
as AS04, enhances both humoral and
memory B-cell immunity compared with
alum alone. The use of AS04 resulted in
a faster increase in antibody titers, higher
neutralizing antibody titers, and enhanced
seroprotection rates while requiring less
vaccine doses (21, 22). In vitro studies have
shown that AS04 activates human DCs,
resulting in the production of IL-12 and
increased expression of MHC class II and
costimulatory molecules. Finally, experi-
ments conducted in mice have demon-
strated that AS04 increases ovalbumin
(OVA)-specific CD4+ T-cell priming and
TH1 adaptive responses (23).
Several studies have explored the potential

of other TLR agonists as adjuvants and are
currently being tested for human vaccines
(Table 1). For example, synthetic TLR4
agonists have been used for HBV and in-
fluenza vaccines adsorbed to alum (RC529)
or incorporated in emulsions (GLA) and the
TLR5 agonist, flagellin, has been fused to
influenza HA. The agonists of TLR7/8, imi-
quimod and resiquimod, have thus far been
used as topical adjuncts to vaccination in
several phase 1 studies, including influenza
and cancer antigenic formulations. CPG
7909, a TLR9 agonist, has been extensively
tested as a therapeutic molecule for chronic
viral infections and cancer. The combination
of CPG 7909 with alum and nanoemulsions
has recently been proposed as a candidate
adjuvant for malaria, anthrax, and CMV
vaccines (20). Moreover, CPG 7909 was able
to boost the proportion of high responders in
HIV-infected individuals when added to
seven-valent pneumococcal conjugate and
HBV vaccines (24, 25). Continued research
into using TLR ligands as adjuvants, either

Fig. 1. Using PRR agonists to modulate the CD4 T-cell response. APCs expressing PRRs, such as TLRs and NLRs, can
take up the antigen and provide key cytokines to prime naïve CD4 T cells toward specific TH phenotypes characterized
by their cytokine profile. TH1 cells are induced by IL-12, and produce IFN-γ against viral, intracellular bacterial, or
parasitic infections. TH2 cells are induced by TSLP-expressing and IL-33–producing DCs and are characterized by the
production of IL-4, IL-5, IL-6, IL-10, and IL-13 against extracellular pathogens (10–12). Finally, TH17 cells producing
IL-17 are induced in the presence of IL-23 and IL-6. TLR stimulation mediates TH1 and TH17 responses (14), whereas
NOD1 and NOD2 stimulation within the nonhematopoietic compartment induces a predominant TH2 polarized re-
sponse in vivo. Interestingly, costimulation with TLRs and NLRs synergizes to elicit TH1 and TH17 immune responses
(8, 13, 16).
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individually or in combination, will help
discover new strategies for protection against
unsolved diseases as well as the development
of mucosal and therapeutic vaccines.

NLRs
NLRs are a family of 22 cytoplasmic innate
immune sensors characterized by a tripartite
structure, with a C-terminal leucine-rich
repeat domain, a central NOD, or NAIP,
CIITA, HET-E, TP1 (NACHT) domain,
and an N-terminal effector motif, respon-
sible for downstream signal transduction
(26–28). The NLRC/X subfamily of NLRs,
including NOD1 and NOD2, contains an
N-terminal caspase recruitment domain
involved in the induction of NF-κB and
MAPK signaling (for a review, see ref. 29).
NOD1 detects diaminopimelatic acid (DAP)-
containing muropeptide found primarily in
Gram-negative bacteria (30, 31). Specifically,
D-Glu-meso-DAP dipeptide (iE-DAP) was
identified as the minimal structural motif
required for NOD1 activation (32, 33).
Conversely, NOD2 recognizes muramyl
dipeptide (MDP) moieties universal to all
bacterial peptidoglycan (34, 35). Together,
NOD1 and NOD2 can detect an extensive
array of bacterial invasion and initiate an
innate inflammatory response to prevent
systemic infection.
Another NLR subfamily includes pyrin

domain-containing proteins (NLRPs), of
which NLRP3 is the best-characterized

member. NLRP3 can respond to an im-
pressive range of compounds, including
certain bacterial infections (36), ATP (36),
MDP (37), uric acid crystals (38), silica (39),
chitosan, and Quil-A (40). Because it is im-
probable that a single receptor can detect
so many diverse stimuli, it is thought that
NLRP3 rather responds to a secondary
danger-associated signal produced by these
compounds (41), possibly potassium efflux
(42) or reactive oxygen species generation
(43, 44). Following activation, NLRP3,
together with its adaptor ASC, forms the
caspase 1-dependent inflammasome. The
inflammasome is a multimolecular complex
involved in the cleavage of pro–IL-1β and
pro–IL-18 into their active and secretable
forms (29).

The Contribution of NOD Signaling to
Adjuvanticity
Bacterial cell wall peptidoglycans represent
a major source of adjuvants given their
strong immunostimulatory potential. In fact,
MDP was recognized in 1974 as the minimal
mycobacterial component responsible for the
potent adjuvanticity of complete Freund’s
adjuvant (CFA) (45, 46). More than 30 y
later, the adjuvanticity of MDP was revealed
to require NOD2 to optimally mount hu-
moral and cellular immune responses. The
immunization of NOD2-deficient mice
using the standard immunopotentiator
CFA resulted in a severely altered antigen-

specific TH1- and TH2-mediated immunity
and a reduced production of IgG1 and
IgG2c antibodies. Moreover, immunization
with antigen and MDP alone was shown to
elicit a predominant TH2 immune response
characterized by elevated expression of IL-6
and keratinocyte-derived chemokine, and
of MCP-1, a TH2-promoting cytokine (13).
These results suggest that NOD2 plays
a critical role in priming CD4+ T cells toward
distinct TH profiles and subsequently shaping
systemic adaptive immunity. Nonetheless,
the use of MDP as an adjuvant has been
restricted to veterinary vaccines as it was
deemed too pyrogenic for human use (47,
48). This motivated the field of adjuvant re-
search to design MDP derivatives that are
less pyrogenic, but also maintain their adju-
vanticity and immunomodulatory potential.
Several studies have illustrated that the

chemical structure of MDP can be modu-
lated to enhance its adjuvant activity while
limiting its pyrogenic side effects. For
example, the acylation of MDP-derived
compounds is believed to facilitate cellular
entry via improved endocytosis, resulting
in strong cellular immunity (49, 50). In
accordance with this, lipohilic derivatives
and lipohilic carrier systems, such as oil-
in-water emulsions or liposomes, used to
deliver MDP have strikingly increased ad-
juvant activity. Indeed, the synthetic lipo-
philic glycoprotein, muramyl-tripeptide-
phosphatidylethanolamine (MTP-PE), in

Table 1. Clinically tested human vaccine adjuvants

Name Components Receptor/pathway Disease target

Alum* Aluminum salts (aluminum hydroxide,
aluminum phosphate)

NLRP3 uric acid, DNA Diphteria, tetanus, pneumococcus, HAV,
HBV, anthrax, tick-borne encephalitis, MenC,
MenB, HPV

MF59*, AS03*, AF03, SE Oil-in-water emulsion squalene oil
plus surfactants

MyD88, ASC ATP Seasonal and pandemic influenza

Virosomes* Liposomes plus influenza HA Unknown HAV
AS04* Alum, MPL TLR4 HBV, HPV
RC-529* Alum, TLR4 agonist TLR4 HBV
Imiquimod Small molecule Imidazoqinoline TLR7 Cancer
CpG Synthetic DNA alone or formulated with Alum TLR9 HBV, malaria, influenza, anthrax, cancer
Poly ICLC Synthetic double strand RNA TLR3, MDA5 Cancer, HIV
Flagellin Linked to HA TLR5 Influenza
AS01 Liposomes, MPL, QS21 TLR4 Malaria
AS02 Oil-in-water emulsions, MPL, QS21 TLR4 Malaria, TB, cancer
AS15 Liposomes, MPL, CpG, QS21 TLR4 and TLR9 Cancer
Iscomatrix Saponins, cholesterol Unknown HCV, influenza, HPV, cancer
IC31 DNA, peptides TLR9 agonist TB
CAF01 Trehalose-dibehenate, cationic liposomes C-type lectins Mincle and MCL TB
GLA-SE Oil-in-water emulsion, synthetic MPL TLR4 Influenza
Montanide (ISA51, ISA720) IFA Water-in-oil emulsion mineral oil,

surfactants
Unknown Malaria, HIV, cancer, influenza

CT, LT, LTK63 Bacterial toxins GM1 Influenza (intranasal), ETEC (patch), cholera (oral)

ETEC, enterotoxigenic Escherichia coli; HAV, hepatitis A virus; HBV, hepatitis B virus; HCV, hepatitis C virus; HIV, human immunodeficiency virus; HPV, human papillomavirus;
MenB, Meningococcal B, MenC, Meningococcal C; Mincle, macrophage inducible Ca2+-dependent (C-type) lectin; TB, tuberculosis.
*Adjuvants in licensed vaccines.
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conjunction with the oil-in-water emulsion
MF-59 (MTP-PE/MF-59) received much
interest in the late 1990s as a promising
adjuvant toward an HIV-1 vaccine (51).
Murabutide has also been suggested for
HIV-1 immunotherapy. The ester derivate
of MDP is apyrogenic and was shown to
possess immunomodulatory potential in
individuals infected with HIV-1 (52). Ac-
tivation of HIV-infected APCs by mur-
abutide treatment, lead to the production
of HIV-suppressive chemokines that pre-
vented viral replication within macro-
phages and DCs (53).
Recently, Rubino et al. reexplored the

adjuvant activity of several synthetic MDP
derivatives, shedding light on their structural/
chemical requirements for NOD2 activation.
Out of a library of 36 MDP-derived com-
pounds, those with enhanced NOD2 stimu-
latory capacity typically bared modifications
at the first or second amino acid of MDP.
One particular peptide, MDP(D-Glu2)-OCH3,
revealed higher immunomodulatory activity
than MDP itself. Conversely, MDP deriva-
tives modified at the D-lactoyl group of
MurNAc, a sugar residue required for NOD2
activation, exhibited impaired stimulatory
activity (54). Supporting this notion, MDP
(D-Val1) was unable to induce an innate and
adaptive immune response in mice, regard-
less of its previously reported adjuvant po-
tential. Nonetheless, two MDP-derivatives
identified stood out, namely MDP(L-Val1)
and MDP(L-Ser1). These compounds were
able to activate NOD2 to a lesser extent than
MDP while maintaining their adjuvanticity
(55). It was suggested that these compounds
could potentially maintain their adjuvant
activity while minimizing the pyrogenicity
of MDP. Further studies are required to
determine whether MDP(L-Val1) and MDP
(L-Ser1) can function as adjuvants in hu-
man vaccines.
The use of NOD2 ligands as adjuvants has

been studied in greater depth compared with
NOD1 ligands. Nonetheless, peptidoglycans
containing DAP motifs have also been shown
to have adjuvant activity and to contribute to
CFA’s adjuvanticity (56–58). Indeed, NOD1-
deficient mice immunized with OVA and
CFA were more recently reported to mount
compromised T- and B-cell immunity to-
ward OVA. Specifically, NOD1 deficiency
resulted in significantly less TH1-dependent
IgG2b, IgG2c, and IgG3 antibody produc-
tion. Moreover, NOD1 stimulation in com-
bination with TLR agonists was shown
to drive an adaptive immune response with
a TH1 and TH17 profile, whereas NOD1
stimulation with the synthetic peptide FK-
156 alone was sufficient to prime a TH2

response. Surprisingly, the NOD1-dependent
induction of TH2 immunity required key
early signals from the nonhematopoietic lin-
eage (16). The authors further demonstrated
that NOD1 and NOD2 stimulation within
the stromal compartment alone was sufficient
to induce TH2 immunity, whereas CD11c+

cells were required for optimal immunity (8).
Together, these observations suggest that, in
the setting of NLR signaling, TH cell polari-
zation does not necessarily occur through
DCs (Fig. 1). Trans-activation is gaining at-
tention in the field of mucosal immunity,
where fibroblasts and epithelial and stromal
cells are believed to produce key cytokines
that can influence the immune response.
It remains unclear, however, how NLR
activation in different cell populations
modulates the adaptive immune response.
This is a particular challenge when studying
the immunomodulator potential of NLRs,
as is the case with the NLRP3 inflamma-
some (see next section).

Empirical Adjuvants and the
Controversial Role of NLRP3 in Their
Mode of Action
With the exception of MPL, which is known
to target TLR4, all other vaccine adjuvants
used in licensed human vaccines have been
empirically identified and act on unknown
molecular targets. In recent years, extensive
work has been performed to elucidate the
mechanism of action of two classes of
adjuvants: aluminum salts and oil-in-water
emulsions.
Numerous subunit vaccines in use today

are adsorbed to aluminum hydroxide or
aluminum phosphate (Table 1). These adju-
vants are thought to create an antigen depot
at the inoculation site leading to the gradual
release of antigen and increased antigen de-
livery to immune cells. In vitro studies have
indeed demonstrated that alum adsorption
increased antigen uptake by DCs (59). Ad-
ditionally, alum injection recruits monocytes
at the site of injection, which then migrate to
the draining lymph nodes to differentiate
into inflammatory DCs capable of priming T
cells (60). Collectively, these findings suggest
that alum’s adjuvant activity is twofold: pro-
moting antigen uptake and stimulation of
innate immunity at the injection site. How-
ever, it remains unclear how alum activates
innate immunity and which innate immune
receptors are responsible for its adjuvanticity.
There is evidence that alum internalization
by immune cells leads to phagosomal de-
stabilization resulting in the activation of
NLR protein NLRP3 (61). Nonetheless, it
remains controversial how NLRP3 contrib-
utes to alum adjuvanticity in vivo. Although

some studies conducted in NLRP3-deficient
mice have shown a requirement for NLRP3
activation for the adjuvant activity of alum
(60, 62), other studies using different im-
munization models have challenged this no-
tion (63–65). Adding to the confusion on the
role played by NLRP3 on alum’s mechanism
of action in vivo, Kool et al. suggested that
aluminum hydroxide mediates its adjuvant
activity by inducing the production of en-
dogenous uric acid, which in turn activates
NLRP3 within APCs (39). It has also been
proposed that alum activates innate immu-
nity by inducing the release of host DNA
from dying cells. DNA can act as a danger
signal with the potential to activate several
innate immune cells including APCs. Recent
studies have demonstrated that DNA-medi-
ated activation of STING and IFN regulatory
factor 3 (IRF3) is involved, at least partially,
in alum adjuvanticity in mice (66, 67).
Oil-in-water emulsions are liquid dis-

persions of oil droplets stabilized by surfac-
tants. The first oil-in-water emulsion to be
approved for human use in a seasonal in-
fluenza vaccine was MF59, composed of
squalene oil emulsified with two surfactants
(Tween80 and Span85). More recently,
a second squalene-based oil-in-water emul-
sion called AS03, composed of squalene,
Tween80, and a-tocopherol, has been ap-
proved for use in a licensed pandemic in-
fluenza vaccine (Table 1). Similarly to alum,
MF59 acts as an antigen delivery system,
enhancing antigen uptake by DCs in mouse
muscle (68) and in vitro in human peripheral
blood mononuclear cells (69). Moreover, the
intramuscular injection of fluorescently la-
beled MF59 and antigen revealed that muscle
APCs internalize antigen and MF59 and
migrate to the draining lymph node where
they can prime an adaptive response (70).
Nonetheless, the innate immune pathways
activated by oil-in-water emulsions remain
poorly characterized. Unlike alum, MF59
does not activate NLRP3 in vitro and its
adjuvant activity is not dependent on NLRP3
or caspase-1 in mouse immunization studies
(71). Rather, MF59 adjuvanticity was shown
to require the inflammasome adaptor protein
ASC, but did not depend on the other
inflammasome components. The exact role
of ASC in the mechanism of action of MF59
is still unknown. Adding to the complexity,
MF59’s adjuvanticity was shown to require
an additional signal transduction adaptor
protein, namely MyD88. However, MF59
does not have any TLR agonist activity and
the MyD88-dependent pathway required for
its adjuvanticity remains unidentified (72). A
recent study revealed that injection of MF59
results in the local, transient release of
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extracellular ATP at the site of injection,
which acts as a danger signal and contrib-
utes to the adjuvant activity of MF59 (73).
In summary, empirical particulate adju-
vants share common features in their abil-
ity to promote antigen uptake and to
induce the activation of innate immunity,
at least in part, through the release of
DAMPs: endogenous DNA and/or uric
acid in the case of alum and extracellular
ATP in the case of MF59. Importantly,
these findings suggest that the adjuvant
activity of alum and MF59 is mediated in
response to a secondary danger-associated
signal, highlighting a role for innate PRRs
and/or transduction proteins downstream of
their signaling pathways. Further inves-
tigation is required to fully understand
these pathways for the more rational
design of vaccine adjuvants.

Adjuvant Combinations
As the mechanisms behind NLR and TLR
activation continue to be elucidated, the in-
teraction between the two families of innate
PRRs have received great attention and re-
spect over the years. It is now widely sup-
ported that NLR-mediated peptidoglycan
recognition synergizes with TLRs to elicit
an optimal and successful adaptive immune
response. NOD1-deficent mice immunized
with CFA, an adjuvant preparation contain-
ing both NLR and TLR ligands, have a se-
verely reduced adaptive response due to
weakened NOD1–TLR cross-talk (16). Ad-
ditionally, several adjuvants, believed to
function through TLR-dependent mecha-
nisms, were shown to maintain diminished
adjuvanticity in TLR-signaling-deficient mice
(74, 75). These results support the idea that
NLRs and TLRs exhibit complementary
functions in modulating adaptive immu-
nity (13).
Researchers have recently explored the

possibility of combining different immunos-
timulatory ligands to target specific receptors
to generate new adjuvants with tailored TH1
and TH2 activity (76). This is of particular
relevance for designing vaccines that require
a predominant cellular TH1 response to tar-
get viruses (77). However, combining ligands
can be challenging as some adjuvants can
annul each other and/or result in anergy (78).
An optimal adjuvant–vaccine formulation
should combine synergistic immunosti-
mulants such that their potency and
adjuvanticity is enhanced while limiting their
pyrogenicity. The copresentation of antigen
and adjuvant has also been shown to be
crucial in shaping the adaptive immune re-
sponse (7). For instance, the adjuvanticity
of MDP was shown to depend on the

administration context. MDP primarily
induces a humoral response when delivered
in saline solutions, but evokes a potent
cellular response when delivered with li-
pophilic carrier systems (49). As such, the
antigen has to be strategically coformulated
with an appropriate adjuvant to obtain
a vaccine with a desired TH profile. One
category of vaccines being developed in-
volves combining adjuvants with carrier
systems, such as liposomes, oil-in-water
emulsions, lipophilic derivatives and the
novel biodegradable polymer micro-
spheres. A recent paper has highlighted the
use of biodegradable polymer microspheres
to optimize adjuvant/antigen delivery to
APCs on mucosal surfaces. The authors used
poly (lactic acid) nanoparticles carrying Gag
p24 HIV-1 antigen to encapsulate NOD
ligands and efficiently target DCs. The coin-
jection of encapsulated NOD ligands with the
antigen resulted in a mark increased antibody
response compared with the common adju-
vant alum (79).
There are several examples of adjuvant

combinations including TLR agonists tested
in humans. AS01 and AS02 are combinations
of MPL, the saponin QS21 and liposomes or
oil-in-water emulsions, respectively, and have
been tested in phase 2 and 3 clinical trials
with malaria and tuberculosis vaccines (Table
1). More recently phase 2 clinical studies
revealed that a vaccine based on the tumor
antigen MAGE-3 formulated with the adju-
vant AS15 (a combination of MPL, QS21,
CpG, and liposomes) can improve disease-
free intervals in a subset of melanoma
patients better than the same antigen for-
mulated with AS02 (80). These results sup-
port the theory that synergy between
different TLR agonists can be exploited to
improve vaccine efficacy. At least in this case,
a vaccine formulated with a mix of TLR4 and
TLR9 agonists was more efficient than a vac-
cine targeting TLR4 alone (81).

Conclusions
Currently, the adjuvants that are used for
human vaccines are relatively few and have
a number of drawbacks. For example, alu-
minum-based compounds enhance TH2
humoral immune responses, but fail to
stimulate cellular TH1 immune responses
(82). Oil-in-water emulsions induce a more
balanced immune response, but remain weak
inducers of TH1 immunity. In addition, all
adjuvants used in licensed products fail to
induce CD8 responses in humans. Conse-
quently, there is a growing need for new, safe,
and nontoxic adjuvants that are more effec-
tive in inducing long-lasting protective
responses to vaccination and CD8 cellu-
lar immunity (Box 1). Our increasing un-
derstanding of the innate immune system,
particularly of TLRs and NLRs, has shed light
on the mechanisms of current adjuvants and
has unveiled potential new targets for adju-
vant development. The large number of
successful clinical studies conducted with
new adjuvants suggests that a panel of novel
immune modulators, targeting different arms
of the innate immune systems, will be avail-
able for human vaccine formulations in a
near future. The availability of these adju-
vants in various combinations will greatly
help the rational design of vaccines adapted
to a specific disease. The same tools may also
be useful to develop therapeutic vaccines
against chronic infections and cancer.
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