
The immune system of
vertebrates has two
components: innate im-

munity and adaptive immu-
nity. The innate immune sys-
tem is phylogenetically ancient
and presumably exists in 
all multicellular organisms,
whereas the adaptive immune
system is approximately 500
million years old and is found
only in vertebrates. These two
systems utilize two very dif-
ferent mechanisms for host 
defense. The innate immune
system relies on a set of
germline-encoded receptors
that are expressed on a wide variety of cells, particu-
larly effector cells like macrophages and neutrophils,
as well as the surface epithelial cells situated at
host–environment boundaries. By contrast, the
adaptive immune system is critically dependent on a
sophisticated somatic gene rearrangement and diver-
sification process that generates millions of antigen
receptors with random specificities. These receptors
are expressed in a clonal fashion on two specialized
cell types of hematopoietic origin, T and B cells.

Although the field of innate immunity goes back 
as far as the end of the 19th century, when Elie
Metchnikoff made his first observations of phagocy-
tosis by starfish larvae cells in 1884, we still know
very little about the molecular mechanisms of innate
immune recognition and the receptors involved.
From the little that we do know, it is clear that innate
immune recognition is mediated by structurally and
functionally diverse receptors that can directly trigger
a variety of host defense mechanisms such as comple-
ment activation, phagocytosis and expression of pro-
inflammatory genes1–4. Innate immune recognition is
directed at conserved microbial structures that are
relatively invariant within a given class of micro-
organisms. These structures are called pathogen-
associated molecular patterns (PAMPs), and the 
receptors of the innate immune system that directly
recognize PAMPs are called pattern-recognition re-
ceptors (PRRs). PAMPs have several characteristic
features important for their immunogenic activities.
First, they are produced by microorganisms but not
by host cells, which allows the host organism to dis-
criminate between self molecules and microbial-asso-
ciated non-self. Second, they are usually essential for

the survival or pathogenicity
of the microorganism, and
have therefore been conserved
over the course of evolution of
the pathogen, even though
their recognition by the host
immune system creates a nega-
tive selective pressure. Finally,
PAMPs often, although not 
always, represent a ‘molecular
signature’ of a pathogen 
class. Therefore recognition of
PAMPs by the innate immune
system not only signals the
presence of infection, but also
provides valuable information
regarding the type of infecting

pathogen. These three characteristics of PAMPs have
a certain predictive value: microbial products that
have the first two features are likely to be the targets
of innate immune recognition. This is true of many 
of the best characterized PAMPs, which include
lipopolysaccharide (LPS), peptidoglycan and zymo-
san. It is worth noting that the number of antigens
recognized by the adaptive immune system is not fi-
nite; novel antigenic determinants are continuously
generated during evolution, particularly in the case of
viral pathogens. The number of PAMPs, however, is
finite and corresponds to the number of specificities
that can be recognized collectively by all the PRRs of
the host organism.

In the past ten years, a number of PRRs that medi-
ate microbial opsonization, complement activation
and phagocytosis have been characterized5,6. How-
ever, the receptors responsible for the induction of
immune and inflammatory genes have been unknown
until recently. This situation changed dramatically
with the discovery of the immune function of both the
Drosophila and mammalian Toll receptors.

The Toll pathway in Drosophila immunity
Components of the Drosophila Toll pathway
The first member of the Toll family was identified in
Drosophila during a screen for embryonic polarity
genes7. Cloning of the Toll gene revealed that it en-
codes a transmembrane protein with a large extra-
cellular domain consisting of so-called leucine-rich 
repeats and a cytoplasmic domain referred to as the
Toll/IL-1R domain or TIR domain because of its ho-
mology to the cytoplasmic domain of the mammalian
interleukin 1 receptor (IL-1R)7,8. Similar genetic screens
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have also led to the identification of several other sig-
naling components of the Toll pathway, which have
been ordered in a linear pathway9. Drosophila Toll is
activated by the endogenous protein ligand Spatzle,
which pre-exists in the vitelline fluid as an inactive
precursor. The proteolytic processing and activation
of Spatzle is induced by a spatially controlled cascade
of serine proteases that creates a gradient of active
Spatzle with the highest concentration at the ventral
side of the egg chamber. The active Spatzle is thought
to bind to Toll directly and to induce intracellular 
signaling events, many details of which are still un-
known. The receptor-proximal component of the
Toll pathway appears to be the adaptor protein Tube,
which recruits and activates the serine/threonine pro-
tein kinase Pelle. The activation of Pelle leads, by 
an unknown mechanism, to the degradation of the 
inhibitor of kB (IkB) family member Cactus. This, in
turn, results in the release of the Drosophila nuclear
factor kB (NF-kB) proteins Dorsal and Dif and their
translocation into the nucleus, where they activate
transcription of target genes.

Toll proteins in Drosophila innate immunity
Drosophila Toll was identified as a gene product 
involved in the control of dorso-ventral polarity in
developing embryos. Remarkably, however, the intra-
cellular events of the Toll pathway show a high 
degree of similarity with the mammalian NF-kB 
pathway initiated by the IL-1R (Ref. 9), suggesting 
that the Toll receptor could also be involved in
Drosophila immunity. This idea was further sup-
ported by the finding that a number of antimicrobial
peptides rapidly induced in response to infection are
encoded by genes containing NF-kB-binding sites in
their promoters10. Indeed, a series of elegant experi-
ments performed by Jules Hoffmann and associates
has demonstrated that the block of the entire Toll
pathway, starting from Spatzle and going down to
Cactus, is involved in the induction of immune re-
sponses in Drosophila11. Even more surprisingly, the
loss-of-function mutations in the Toll gene specifi-
cally affected only antifungal responses, whereas an-
tibacterial responses remained relatively intact. The
susceptibility to fungal infection in Toll mutant flies
was found to be owing to a selective failure to induce
the expression of the major antifungal peptide dro-
somycin11. These studies convincingly demonstrated
the essential role of the Toll pathway in fly immunity.
Moreover, at least in flies, Toll-mediated recognition
appeared to discriminate between different types of
infection. Antimicrobial peptides, a major compo-
nent of the host defense of flies, mediate their micro-
bicidal effects by interactions with the cell walls of
pathogens. Because the structure of the cell wall is
quite different between different classes of microor-
ganisms (e.g. Gram-positive versus Gram-negative
bacteria), particular peptides are most efficient
against a particular class of pathogen. For example,
drosomycin has antifungal activity, whereas attacin
kills Gram-negative bacteria most effectively10. Infec-
tion of Drosophila with different classes of pathogens

– Gram-positive or Gram-negative bacteria, or fungi –
leads to the predominant induction of peptides that
have activity against the class of pathogen used for in-
fection, such that fungal infection leads to the induc-
tion of drosomycin, for example, but not of attacin12.
This remarkable observation suggests that the im-
mune system of Drosophila can discriminate between
different classes of pathogenic microorganisms.
Moreover, analysis of fly strains that carry mutations
in various components of the Toll pathway suggested
that the discrimination between pathogen class is
mediated by the Toll and Toll-like receptors12,13. In a
different system, analysis of fly mutants has revealed
that the specificity of the target genes (antimicrobial
peptides) induced upon infectious challenge is deter-
mined, at least in part, by the selective activation of
different members of the NF-kB family, Dif versus
Dorsal, both of which are downstream components
of the Toll pathway14. Taken together, these findings
suggest that Toll and other members of the
Drosophila Toll family not only play a major role in
pathogen detection, but also distinguish between dif-
ferent types of infection to induce only the appropriate
effector responses.

The molecular mechanism of pathogen recognition
by members of the Toll family in Drosophila is
presently unknown. The Toll receptor itself does not
appear to recognize fungal pathogens directly; rather,
the active form of Spatzle is generated in response to
fungal infection, which leads to the activation of
Toll11,15. This mechanism is similar to that of Toll
regulation during development, except that a differ-
ent set of serine proteases is triggered upon infec-
tion11. The identity of these proteases is currently un-
known, but the protein(s) that functions upstream of
the protease cascade is presumably endowed with the
capacity of pattern recognition, perhaps similar to the
mechanism by which mannan-binding lectin induces
the lectin pathway of complement activation in mam-
mals. Whether other members of the Drosophila Toll
family are regulated in a similar manner is currently
unknown.

Toll-like receptors in mammalian immune
recognition
Toll proteins in mammalian innate immunity
The innate immune system in mammals and other
vertebrates plays two crucial roles. First, it contains
the infection prior to the induction of adaptive im-
mune responses, which can take four to five days.
Second, the innate immune system controls the acti-
vation of adaptive immunity and determines the type
of effector responses that are appropriate for the in-
fecting pathogen1. Both functions critically depend on
the ability of the innate immune system to detect the
presence of infectious microorganisms and to induce
a set of endogenous signals, such as inflammatory 
cytokines and chemokines. These signals, in turn, re-
cruit and activate antigen-specific lymphocytes and
induce their differentiation into effector cells. Based
on studies performed in the past two years it is 
becoming increasingly clear that a family of Toll-like 
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receptors (TLRs) plays such a crucial role in the 
induction of adaptive immunity in mammals.

The Toll signaling pathway
The first characterized member of the mammalian
Tolls, now referred to as TLR4, has been shown to 
induce the NF-kB signaling pathway, similar to its
Drosophila homolog16. A constitutively active mu-
tant of TLR4 was shown to induce the expression of
inflammatory cytokines and chemokines. Moreover,
the co-stimulatory molecules of the B7 family, which
are required for activation of naive T cells by antigen-
presenting cells, were also induced by constitutive 
signaling via TLR4 (Ref. 16). Therefore, mammalian

TLRs represent a crucial link between pathogen detec-
tion and the induction of adaptive immune responses.

The signaling pathway initiated by human TLR4 is
remarkably similar, although presumably not identi-
cal, to that of IL-1R (Fig. 1). Both TLR4 and IL-1R
recruit an adapter protein, MyD88, upon ligation17–20.
MyD88 consists of an amino-terminal death domain
and a carboxy-terminal TIR domain. MyD88 is asso-
ciated with a serine/threonine protein kinase IRAK
(IL-1R-associated kinase), which contains an amino-
terminal death domain17,19. A homophilic interaction
between MyD88 and IRAK death domains recruits
IRAK to the receptor complex and leads to IRAK 
autophosphorylation. Autophosphorylated IRAK, in
turn, forms a complex with another adaptor protein,
TRAF6, which results in TRAF6 oligomerization21.
Although the mechanism of TRAF6 action is not well
understood, its oligomerization leads to the acti-
vation of TAK-1, a member of the mitogen-activated
protein (MAP) 3-kinase family22. The events follow-
ing TAK-1 activation are not fully understood, but
the net result is the activation of the IkB kinases IKK1
and IKK2 (Ref. 22). Activated IKKs phosphorylate
the IkB protein and induce its degradation through
the proteasome pathway, thus releasing NF-kB,
which is then free to translocate to the nucleus where
it cooperates with other transcription factors to in-
duce the expression of a wide variety of target genes23.
This pathway parallels, to an extent, that of Drosophila
Toll, except that a mammalian Tube homolog has not
yet been identified, and it appears that mammalian
MyD88 is functionally analogous to Tube.

Ligand specificity of mammalian TLRs
The ligands for most mammalian TLRs are currently
unknown, although two members of the Toll family,
TLR2 and TLR4, have been implicated in recognition
of a variety of microbial products. The first indication
that human TLRs are involved in PAMP recognition
came from in vitro studies in which transfection of
TLR2 conferred LPS responsiveness to an otherwise
unresponsive cell24,25. However, subsequent studies
revealed that, although in Chinese hamsters TLR2 is
non-functional owing to a frameshift mutation, cells
derived from the hamsters are fully responsive to LPS
(Ref. 26). The first convincing proof of the involve-
ment of TLRs in microbial recognition came from the
analysis of the LPS-unresponsive C3H/HeJ mouse
strain, which was shown by positional cloning to har-
bor a mutation in the gene that encodes mouse TLR4
(Refs 27,28). TLR4-mediated LPS recognition was
later found to depend on an additional protein called
MD-2, which lacks a transmembrane domain but
forms a complex with the ectodomain of TLR4
(Ref. 29). These findings were further confirmed by
experimental deletion of TLR4 in mice, which re-
sulted in a complete loss of LPS responsiveness30. De-
letion of TLR2, alternatively, resulted in the loss of
peptidoglycan recognition and responsiveness, with
no impairment in LPS responses31. In vitro studies
have also implicated TLR2 in the recognition of a
wide variety of other microbial products, including
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Fig. 1. Toll signal transduction pathway. Ligation of the Toll receptor
results in recruitment of the adaptor protein, MyD88. MyD88 consists of
an amino-terminal death domain and a carboxy-terminal TIR domain. The
TIR domain of MyD88 is recruited through a homophilic interaction with
the TIR domain of Toll. The death domain of MyD88 interacts with the
death domain of the serine/threonine kinase IRAK. Recruitment of IRAK
to the receptor complex results in its autophosphorylation and associ-
ation with another adaptor protein, TRAF6. TRAF6, in turn, associates
with and activates a MAP kinase kinase kinase, TAK-1. Via one or more
intermediate steps TAK-1 activation leads to the phosphorylation and
activation of the IkB kinases (IKK). IKKs phosphorylate the NF-kB
inhibitor, IkB, inducing its degradation and release of NF-kB. Upon
release from IkB, NF-kB translocates to the nucleus where it activates
transcription of a wide variety of immune and inflammatory genes.
Abbreviations: IkB, inhibitor of kB; IL-1R, interleukin 1 receptor; IRAK, 
IL-1R-associated kinase; MAP, mitogen-activated protein; NF-kB, nuclear
factor kB; TIR, Toll/IL-1R.



the components of Gram-positive bacterial cell walls,
zymosan and bacterial lipoproteins, as well as myco-
bacteria and glycolipids derived from mycobacterial
cell walls32–42. It will be important to confirm these
findings using primary cells derived from TLR-
knockout mice, as it is highly unlikely that TLR2 me-
diates recognition of all these structurally unrelated
microbial products. So far, using macrophages 
derived from TLR2-deficient mice, Gram-positive 
bacteria, peptidoglycan and bacterial lipoproteins
have been shown to signal in a TLR2-dependent 
manner31,43. Lipoteichoic acid (LTA), however, was
shown to signal through TLR4, similar to LPS
(Ref. 31). It should be emphasized that neither
in vitro transfection studies nor targeted deletion of
individual TLRs allows us to assign a specificity of
recognition to a single Toll receptor, because it is very
likely that at least some TLRs form heterodimers that
influence or determine ligand specificity. Neverthe-
less, based on what has already been established, one
can draw some significant conclusions. First, it 
appears that, unlike Drosophila Tolls, which seem to
discriminate between different classes of pathogens,
members of the mammalian Toll family can be in-
volved in recognition of PAMPs derived from diverse
classes of microorganisms. TLR4, for example, medi-
ates recognition of both LPS and LTA, components 
of Gram-negative and Gram-positive bacterial cell
walls, respectively. Second, a given TLR can be in-
volved in recognition of structurally unrelated stim-
uli. For example, TLR2 is required for recognition of
the chemically distinct peptidoglycan and lipoproteins.
This probably reflects the possibility that TLR2 can
form heterodimers with other TLRs, the combination
of which confers a particular specificity.

TLRs and phagocytosis
Another interesting aspect of TLR function was un-
covered when the cellular localization of TLR2 was
monitored following macrophage stimulation with
zymosan, a presumed TLR2 ligand. In these studies,
TLR2 was shown to localize first to phagocytic cups
and subsequently to phagosomes upon phagocytosis
of zymosan44. This striking observation suggests that
macrophages use TLRs to determine the content of
phagosomes. In addition to phagocytosis of micro-
organisms, macrophages also play a major role in
phagocytosis and clearance of apoptotic cells. How-
ever, unlike bacteria and zymosan, apoptotic cells do
not induce an inflammatory reaction when phago-
cytosed by macrophages. Depending on the nature of
the phagocytosed material, TLRs can be differentially
recruited into phagosomes. It will be important to in-
vestigate whether other TLRs are similarly recruited
to the phagosomes, and whether the recruitment is
dependent on the TLR specificities.

Conclusions and perspectives
Although the characterization of mammalian TLR
functions is in its very early stages, it is already becoming
clear that this receptor family plays a central role 
in innate immune recognition. The mechanism of

TLR-mediated recognition of microbial products is
currently unknown. Genetic complementation stud-
ies suggest that, at least in the case of TLR4, recogni-
tion of LPS might involve direct binding between
TLR4 and LPS (Refs 45,46). It is important to deter-
mine whether MD-2 associates, in addition to TLR4,
with other TLRs, and whether TLRs can form hetero-
dimers that dictate ligand specificities. It is assumed
that, in addition to TLR2 and TLR4, other TLRs are
involved in microbial recognition, and research in the
near future will undoubtedly uncover the specificities
of all TLRs for their corresponding microbial prod-
ucts. It would be interesting to correlate TLR specifici-
ties with their expression profiles as this information
could shed some light on the logic of innate immune
recognition. 

Once the specificities of all the TLRs for their 
microbial ligands are established, we will face a new
set of questions. First, how does the immune system
distinguish between pathogenic and commensal mi-
croorganisms? The answer to this question is not at
all obvious at the moment, as TLR ligands (PAMPs)
appear to be shared by all microorganisms, patho-
genic or otherwise. Second, how is the recognition of
PAMPs by TLRs translated into the induction of ap-
propriate effector responses? The effector responses
of the adaptive immune system are determined by the
nature of the infecting microorganisms. For example,
intracellular pathogens induce so-called T helper 
type 1 (Th1) effector responses, whereas extracellular
pathogens usually induce Th2 responses. PAMPs rec-
ognized by TLRs can be found in either category of
pathogens and therefore recognition of PAMPs by
TLRs, by itself cannot distinguish between the differ-
ent types of infection. The third, related question is
do different TLRs activate identical signaling path-
ways and cellular responses? This does not seem to be
the case in Drosophila, and it is important, therefore,
to decipher the logic behind the signaling networks
that translates the detection of pathogens into a coor-
dinated set of defense responses. There are obviously
many more questions that will need to be addressed
in the future. It is safe to predict that functional char-
acterization of the Toll receptor family will bring our
understanding of host–pathogen interactions to a
new level.
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Questions for future research

• What are the specificities of different TLRs?
• What is the mechanism of TLR-mediated recognition? Do TLRs

recognize microbial products directly, or is recognition mediated
by an endogenous ligand?

• Can TLRs distinguish between intracellular and extracellular
pathogens?

• Can TLRs distinguish between pathogenic and commensal micro-
organisms? What is the mechanism?

• How is TLR-mediated recognition translated into effector responses
of the host immune system?

• Did pathogenic microorganisms evolve strategies to avoid
recognition by TLRs?
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