
Adjuvants enhance the immune response to
an antigen with which they are mixed.

Thus, they often form an essential part of vac-
cines. The identification of new adjuvants is
therefore an important challenge for vaccine
development in the fight against the world’s
most common infectious killers, including
malaria and tuberculosis, for which even nat-
ural infection itself is insufficient to induce
protective immunity. The development of
adjuvants has traditionally been focused on
both modified microbial products and 
synthetic mimics of these molecules. An 

exceptionally large percentage of these
immunologically active microbial molecules
are ligands for the family of Toll-like receptors
(TLRs), archetypical activators of innate
immunity1. The most studied TLR ligand is
bacterial lipopolysaccharide (LPS; endotoxin),
the main component of the outer membrane
of Gram-negative bacteria. LPS activates ani-
mal cells through TLR4 in cooperation with its
coreceptor, MD-2 (ref. 1). Another TLR ligand
that has been studied intensively is poly(I:C),
considered to be a surrogate of viral double-
stranded RNA, which uses TLR3 (refs. 1,2). In
this issue of Nature Immunology, Hoebe and
colleagues3 address the mechanism behind the
adjuvant effect induced by these two com-
pounds, both ex vivo and in vivo.

This study follows earlier reports4,5 of
mice with a mutation in Trif (also known as
TICAM-1), one of five known adaptor 
proteins containing a Toll–interleukin 1
receptor–resistance domain6. Trif functions

as an adaptor protein for TLR3 and TLR4
signaling. Trif-deficient mice have a pro-
found defect in activation of the transcrip-
tion factor NF-κB and the related release of
proinflammatory cytokines after exposure
to poly(I:C) and LPS4,5. Complicating this
picture is the finding that Trif is not the sole
adaptor associated with TLR3 and TLR4 
(Fig. 1). MyD88, the first adaptor to be dis-
covered, has been believed to associate with
all the known TLRs to induce proinflamma-
tory cytokines6. MAL (also known as Tirap),
associates with MyD88 to mediate TLR2 and
TLR4 signaling6. Finally, the most recently
discovered adaptor protein, called TRAM,
mediates TLR4 signaling. Engagement of
TRAM leads to activation of NF-κB, and the
subsequent release of inflammatory cyto-
kines such as tumor necrosis factor (TNF)
and interleukin 6; it also induces cytokines
regulated by the transcription factors IRF-3
and IRF-7, such as interferon-β (IFN-β)7,8.
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TLR ligands mediate adjuvant effects. Unlike lipopolysaccharide, poly(I:C) is capable of using a TLR-
Trif–independent pathway to induce costimulatory molecule upregulation on antigen-presenting cells.
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that any differences that are observed in the
responses between the two groups of mast
cell–reconstituted mice do not reflect simply
a difference in the success of mast cell recon-
stitution. If for whatever reason the mast cells
with defined mutations are less capable of
surviving, locally migrating or maturing
than the adoptively transferred wild-type
mast cells, this would confound the interpre-
tation of experiments designed to compare
the functions of the two adoptively trans-
ferred mast cell populations.

Another point needing resolution is
whether the mast cell–dependent differences
observed in the McLachlan et al. study can be
associated with differences in the acquired
immune response to the bacterial infection
analyzed or in its clinical course (such as
morbidity and survival). In other words,
does the defect in lymph node enlargement
correlate with a demonstrable defect in host
defense? Finally, by what mechanisms do
mast cells orchestrate T cell recruitment and
lymph node enlargement in this model? The
authors suggest that mast cell– and TNF-
dependent enhancement of expression of
vascular cell adhesion molecule 1 mediates

these effects. But this may not be the entire
story, particularly given recent evidence that
mast cell–derived leukotriene B4 may also
contribute to T cell recruitment12.

Although McLachlan et al. have focused
on lymphocyte recruitment and lymph node
enlargement during experimental infections
with E. coli, studies with mast cell–reconsti-
tuted WBB6F1-KitW/KitW-v mice have linked
mast cells with the leukocyte recruitment
and/or tissue changes associated with a wide
variety of immunological and nonimmuno-
logical biological responses, including
mouse models of some very important
human diseases, such as asthma1 and rheu-
matoid arthritis2 (Fig. 1). The prior work as
well as the study by McLachlan et al. repre-
sent early efforts in a large general area for
future investigation: defining the impor-
tance of mast cells as regulators of remodel-
ing or other tissue changes during immune
responses and in many other settings.

In studies such as these, one must first
determine whether mast cells are important
in those aspects of the response under inves-
tigation. One then should have a try at
understanding how mast cells exert these

effects. Finally, one can consider whether
this better understanding of the patho-
genetic sequence in the model in question
indicates new therapeutic possibilities.
Given the large and growing spectrum of
disease processes and adaptive responses
with which mast cells have been associated,
this represents an enormous challenge to
the field, as well as a potentially large oppor-
tunity to reduce disease and improve health.

1. Williams, C.M. & Galli, S.J. J. Exp. Med. 192,
455–462 (2000).

2. Lee, D.M. et al. Science 297, 1689–1692 (2002).
3. McLachlan, J.B. et al. Nat. Immunol. 4, 1199–1205

(2003).
4. Nakano, T. et al. J. Exp. Med. 162, 1025–1043 (1985).
5. Tsai, M. et al. Proc. Natl. Acad. Sci. USA 97,

9186–9190 (2000).
6. Pfeffer, K. Cytokine Growth Factor Rev. 14, 185–191

(2003).
7. Gordon, J.R. & Galli, S.J. J. Exp. Med. 174, 103–107

(1991).
8. Wershil, B.K., Wang, Z.S., Gordon, J.R. & Galli, S.J. 

J. Clin. Invest. 87, 446–453 (1991).
9. Echtenacher, B., Mannel, D.N. & Hultner, L. Nature

381, 75–77 (1996).
10. Malaviya, R., Ikeda, T., Ross, E. & Abraham, S.N.

Nature 381, 77–80 (1996).
11. Biedermann, T. et al. J. Exp. Med. 192, 1441–1452

(2000).
12. Schoenberger, S.P. BLT for speed. Nat. Immunol. 4,

937–939 (2003).

1162 VOLUME 4 NUMBER 12 DECEMBER 2003  NATURE IMMUNOLOGY

©
20

03
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/w

w
w

.n
at

u
re

.c
o

m
/n

at
u

re
im

m
u

n
o

lo
g

y



It is becoming increasingly apparent that the
specificity and fine tuning of responses to
TLR ligands are determined by both the rel-
evant receptor and its ability to interact with
specific combinations of downstream adap-
tor molecules.

Hoebe et al. delve into the mechanisms
mediating upregulation of the costimulatory
molecules CD80, CD86 and CD40 after
poly(I:C) and LPS stimulation. Their study
focuses on the phenotype of Trif mutant mice
(which express a dominant negative version of
Trif known as Lps2), as well as mice deficient
in TLR3, MyD88, interferon receptor type I
(IFN-RI) and the double-stranded RNA–
interacting protein kinase (PKR). Hoebe et al.
show type I interferon, most likely IFN-β, is
crucial in the pathway leading to costimula-
tory molecule upregulation induced by both
LPS and poly(I:C). Distinct differences in
mechanisms between the adjuvant activity
induced by LPS and poly(I:C) emerged. Most
startling was the finding that poly(I:C)-
induced upregulation of the costimulatory
molecules was mediated in part by a TLR3-
Trif-independent pathway. Indeed, Hoebe et

al. identified a genetic locus on mouse 
chromosome 7 that is responsible for this.
This locus does not correspond to any of the
known TLRs. An earlier study9 supports the
idea of a central function for IFN-RI adjuvant
effects and agrees with the existence of a
TLR3-independent pathway for poly(I:C).
However, that earlier study9 suggests only lim-
ited involvement of type I interferon in LPS
adjuvant activity.

Despite the clear-cut demonstration of
involvement of type I interferons ex vivo, the
question remains as to whether IFN-RI signal-
ing is also essential for the in vivo adjuvant
effects of LPS, poly(I:C) and their mimetics. In
addition, certain issues will take time to be
resolved. For example, the Trif mutant mice
are clearly defective in the adjuvant effect
mediated by LPS, but so are MyD88-deficient
mice, which show normal upregulation of cos-
timulatory molecules. The accessibility of dif-
ferent TLR adaptors to their receptors in
different cell types and tissues, and the ability
of these adaptors to generate adjuvant signals
by TLR ligands, may prove a critical determi-
nant of the subsequent acquired immune

response. As four adaptor proteins seem to
cooperate to mediate the full response to LPS
and other TLR4 agonists7, additional studies
of adjuvanticity in mice with targeted dele-
tions in one or more of each of these adaptor
molecules are needed.

As with all important findings, Hoebe et
al.3 cover exciting new territory but leave cer-
tain issues unresolved. How important is the
TLR3-Trif-independent pathway that is sug-
gested? This pathway is not sensitive to inhibi-
tion by the drug 2-aminopurine, in contrast
to the Trif pathway. Although this drug is
thought to be an inhibitor of PKR, PKR-null
mice upregulated CD80 and CD86 indistin-
guishably from wild-type mice, indicating
that 2-aminopurine works by an alternative
mechanism to suppress Trif signaling. In vivo
testing of mice that seem to lack the TLR-
independent pathway of adjuvanticity should
answer questions related to this pathway.
Earlier studies showed a severe impairment of
poly(I:C)-induced cytokine release in cells
from MyD88-deficient mice2, whereas Hoebe
et al. provide unequivocal data against this
conclusion. Although several lines of evi-
dence indicate that MyD88 has limited, if any,
interaction with TLR3, this question needs to
be resolved definitively. If MyD88 is dispens-
able for TLR3 signaling, it will shake the com-
mon belief that it is a ‘core’ adapter for all TLR
signaling pathways. It has also been suggested
that a TLR3-independent, PKR-dependent
pathway induces IFN-α by intracellular
(transfected) poly(I:C)10. Finally, a mystery
well worth addressing is how different TLRs
induce similar effects with different sets of
adaptor molecules. For example, CpG oligo-
deoxynucleotides apparently induce all of
their known effects through TLR9 and
MyD88 alone.

The experiments of Hoebe et al. emphasize
the potential for TLR ligands as future con-
stituents of human vaccines, but simultane-
ously warn against simplistic conclusions. Few
compounds have been licensed as adjuvant
components of human vaccines, and improve-
ments in the pharmacopoeia of adjuvants can
be anticipated in the near future. Nevertheless,
a key feature for a successful adjuvant is its
safety for widespread use. Development of
TLR ligands with a reasonable therapeutic
index may prove challenging; after all, these are
the very same molecules that cause fever and
end-organ damage in septic patients.

What is the future for TLR ligands as 
vaccine adjuvants? Deciphering the compli-
cated signaling pathways for the TLRs 
will undoubtedly lead to new ideas for 
how to manipulate this family of recep-
tors for a maximal beneficial response. The 
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Figure 1 Innate immune signaling pathways that enhance antigen presentation. After LPS or poly(I:C)
(double-stranded RNA; dsRNA) challenge, both TLR-dependent and TLR–independent signaling
pathways lead to upregulation of costimulatory molecules (such as CD80 and CD86) and adjuvant
effects, as suggested by Hoebe3 and others9. In this issue, Hoebe et al.3 suggest Trif (TICAM-1) as the
common adapter molecule in TLR3- and TLR4-mediated responses leading to upregulation of CD80 and
CD86, whereas a new locus (which they call dsRNA1) may be responsible for a non-TLR response to
poly(I:C). Furthermore, IFN-RI signaling apparently is central in a feedback loop leading to upregulation
of CD80 and CD86. Of the other TLR adapters, MyD88 interacts with MAL (Tirap), mediating the release
of proinflammatory cytokines through TLR4, whereas it is unclear whether MyD88 interacts with TLR3 at
all. A new adapter called TRAM7 seems to pair with Trif, mediating MyD88-independent signals through
TLR4. Some TLRs may function as intracellular receptors.
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The innate immune system is characterized
by rapid responses to pathogens and is

mediated mainly by macrophages, dendritic
cells, granulocytes and natural killer (NK)
cells. In contrast, the acquired immune sys-
tem, composed of T and B lymphocytes, is
characterized by memory or secondary anti-
gen-specific immune responses. Among the
cell types that have been postulated to link the
two arms of the immune system, CD1d-
restricted NKT cells are compelling candi-
dates, being able to respond rapidly and
subsequently to activate other cell types1,2.
However, the detailed mechanism of NKT cell
activation is unclear at present. In this issue of
Nature Immunology, Brigl et al. provide evi-
dence for the important functional involve-
ment of self ligands in the activation of NKT
cells during infection, and thus add to our
understanding of NKT cells as a ‘bridging sys-
tem’ between innate and acquired immunity3.

Because of their apparent self-reactivity
and ability to quickly release large quantities
of cytokines such as interferon-γ (IFN-γ),
NKT cells are hypothesized to be important
in the initiation and regulation of various
immune responses1,2. Accordingly, the func-
tion of self ligand in the activation of NKT
cells and the function of NKT cells in the
immune system have been subjects of much

recent research, debate and speculation.
Although the invariant Vα14 receptor
expressed by NKT cells specifically recognizes
an unusual glycolipid, α-galactosylceramide
(α-GalCer), in conjunction with CD1d4, α-
GalCer is an exogenous ligand. Thus, the
presence of endogenous self ligands and their
physiological importance continues to be a
source of much speculation. This speculation
is fueled by the observation that NKT cells
seem to be constantly activated in vivo; freshly
isolated NKT cells express activation markers
such as CD69 and CD44. In addition, the use
of the TCR Vβ8 chain by NKT cells is
restricted to one or two invariant sequences
that are distinct in different tissues1. Finally,
because no NKT cells develop in the absence
of CD1d, it seems that developing NKT cells
that recognize self ligands presented on CD1d
are positively selected5.

Although the molecular basis of self ligands
for NKT cells remains unclear, their self-
reactivity seems to constitute an important
step in the initiation of protective immunity.
The first cells in the innate system to be acti-
vated during an infection are dendritic cells.
This activation is mediated by Toll-like recep-
tors (TLRs), which sense bacterial products6,
leading to activation of the transcription fac-
tor NF-κB and the production of proinflam-
matory cytokines (interleukin 1 (IL-1), IL-6
and tumor necrosis factor-α), IL-12 and the
upregulation of costimulatory molecules
(CD80 and CD86) on dendritic cells (Fig. 1).
Most importantly, IL-12 is essential for the
activation of NKT cells and their subsequent
production of IFN-γ during infection3,7.
Indeed, only NKT cells, but not other cells
such as naive T cells or NK cells, express 

substantial amounts of IL-12 receptor com-
ponents1, and NKT cells are primary targets
for IL-12 for inducing antitumor activity 
in vivo8,9. However, although IFN-γ produc-
tion by NKT cells is crucial for the induction
of efficient protective immunity against
pathogens, the precise mechanisms and the
initial trigger events are unclear.

Brigl et al. now provide an answer to this
important question3. During the first 2 or 3
days after infection, weak responses by NKT
cells to self ligands are amplified by dendritic
cell–derived IL-12 in response to TLR activa-
tion by microbial products, resulting in the
production of IFN-γ. Thus, both IL-12-
induced signaling and NKT cell activation by
self ligands are necessary to initiate pathogen-
specific immune responses. However, the
recognition of a pathogen-derived cognate
antigen is not required for NKT cell activa-
tion. Despite the ability of CD1d to present
glycolipid antigen and the recognition of this
presentation by Vα14 receptor, pathogens do
not seem to activate NKT cells directly.
Instead, microbial products seem to be
important only in stimulating dendritic cells
through TLR signaling to produce IL-12.

Although recognition of self ligands and
the subsequent weak responses of NKT cells
are essential at the initial phase of bacterial
infection, this self-reactivity does not elicit
any effector functions of NKT cells in vivo.
In addition, in the absence of dendritic cells,
IL-12 alone does not activate NKT cells.
Thus, the recognition of self ligand–CD1d 
is required for IL-12-mediated NKT cell 
activation. In contrast, the recognition of 
α-GalCer induces signals to activate NKT
cells efficiently even in the absence of IL-12,
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Although natural killer T cells are activated during infection, it is not clear how this process occurs. Closer
examination indicates that recognition of endogenous ligands and interleukin 12, rather than bacterial products, 
may drive the activation process.
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achievement of additional insights into sig-
naling events that are mediated by each of
the TLRs and their adaptors, and the delin-
eation of non-TLR-mediated pathways with
similar effects, seem a certain road to travel
to achieve our goal of developing safe and
powerful vaccine adjuvants.

1. Takeda, K., Kaisho, T. & Akira, S. Annu. Rev.
Immunol. 21, 335–376 (2003).

2. Alexopoulou, L., Holt, A.C., Medzhitov, R. & Flavell,
R.A. Nature 413, 732–738 (2001).

3. Hoebe, K. et al. Nat Immunol. 4, 1223–1229
(2003).

4. Hoebe, K. et al. Nature 424, 743–748 (2003).
5. Yamamoto, M. et al. Science 301, 640–643

(2003).

6. O’Neill, L.A., Fitzgerald, K.A. & Bowie, A.G. Trends
Immunol. 24, 286–290 (2003).

7. Fitzgerald, K.A. et al. J. Exp. Med. 198, 1043–1055
(2003).

8. Yamamoto, M. et al. Nat. Immunol. 4, 1144–1150
(2003).

9. Honda, K. et al. Proc. Natl. Acad. Sci. USA 100,
10872–10877 (2003).

10. Diebold, S.S. et al. Nature 424, 324–328 (2003).

1164 VOLUME 4 NUMBER 12 DECEMBER 2003  NATURE IMMUNOLOGY

©
20

03
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/w

w
w

.n
at

u
re

.c
o

m
/n

at
u

re
im

m
u

n
o

lo
g

y


	Adjuvants and their signaling pathways: beyond TLRs
	References


