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A cell biological view of Toll-like
receptor function: regulation through
compartmentalization
Gregory M. Barton* and Jonathan C. Kagan‡

Abstract | An emerging paradigm in innate immune signalling is that cell biological context
can influence the outcome of a ligand–receptor interaction. In this Review we discuss how
Toll-like receptor (TLR) activation and signal transduction are regulated by subcellular compartmentalization of receptors and downstream signalling components. In particular, we
focus on the functional specialization of TLRs in the endosomal system. We discuss recent
studies that illustrate how basic aspects of the cellular machinery contribute to TLR function
and regulation. This emerging area of research will provide important information on how
immune signal transduction networks depend on (and in some cases influence) the generic
regulators that organize eukaryotic cells.
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The past decade has witnessed an incredible expansion
in our understanding of the molecular components of
innate immunity and their function in host defence1,2.
The recognition of microorganisms is mediated by several families of innate immune receptors that collectively
survey the extracellular space, endolysosomal compartments and the cytoplasm for signs of infection or tissue
damage. These receptors, the specificities of which are
fixed in the germline, can recognize diverse pathogenic
microorganisms by targeting highly conserved molecular
patterns that are common to broad pathogen classes3,4.
The Toll-like receptor (TLR) family is the best characterized group of innate immune receptors in terms of known
ligands, downstream signalling pathways and functional
relevance. There are 10 human TLR family members,
each with distinct ligands and functional properties. As
these receptors have a central role in linking pathogen
recognition to induction of innate immunity, inflammation and adaptive immunity, there is tremendous interest
in understanding how TLR activation is regulated.
TLRs recognize a bewildering range of microbial ligands, such as bacterial and fungal cell wall components,
bacterial lipoproteins, highly conserved microbial proteins, and bacterial and viral nucleic acids. The molecular basis of such diverse ligand binding remains poorly
understood, although the elucidation of several recent
structures of ligand–receptor complexes suggest that
not all TLRs use the same ligand-binding interface5–7.
Recognition of microorganisms is linked to a cascade of
events that promote inflammation, activation of innate

immune responses and priming of adaptive immune
responses. Key to this central role in host defence is the
expression of TLRs on antigen-presenting cells, especially macrophages and dendritic cells (DCs)8. When
these cells encounter microorganisms or microbial
products, TLR activation initiates signal transduction pathways that culminate in potent transcriptional
responses9 (BOX 1).
In addition to the induction of distinct signalling
pathways, TLRs sample different compartments within
cells. The cellular localization of these receptors has
important consequences for ligand accessibility and can
also affect downstream signalling events. Certain differences in subcellular localization are stable, whereas
others are more dynamic (see below). The TLRs involved
in the recognition of nucleic acids (TLR3, TLR7, TLR8
and TLR9) are localized within endolysosomal compartments, whereas other TLR family members (TLR1,
TLR2, TLR4, TLR5 and TLR6) are found at the cell
surface9. The precise nature of the compartment where
intracellular TLRs meet internalized ligands remains
poorly defined, and it is likely that features of the
compartment differ depending on the composition of
the internalized cargo and the cell type under consideration. TLRs that are normally present at the surface
can also enter the endocytic pathway following their
activation10–12. These receptors are rapidly recruited to
phagosomes or endosomes containing microbial cargo12.
The mechanisms that recruit TLRs to specific cellular
compartments are just now being described.
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Box 1 | Toll-like receptor signal transduction
Toll-like receptor (TLR) signal transduction is initiated by the recruitment of one or more adaptor proteins. These
adaptors (specifically, MYD88 (myeloid differentiation primary response protein 88), TIRAP (TIR domain-containing
adaptor protein), TRIF (TIR domain-containing adaptor
protein inducing IFNβ; also known as TICAM1) and TRAM
TLR2, TLR1
(TRIF-related adaptor molecule; also known as TICAM2))
or TLR6
TLR5
TLR4
associate with the cytoplasmic domains of TLRs through
homophilic interactions between Toll/IL-1 receptor (TIR)
Plasma
domains present in each TLR and each adaptor. All TLR
membrane
family members use the MYD88 adaptor, except TLR3,
which recruits TRIF (see the figure). TLR4 is the only family
MYD88
MYD88 TIRAP
MYD88
member that activates both MYD88-dependent and
TRIF-dependent signal transduction pathways. The
TIRAP
structural or conformational changes that facilitate
Endolysosome
Endosome
adaptor binding remain poorly defined, although it seems
likely that increased proximity between the cytoplasmic
TLR7, TLR8
domains of TLRs creates a binding interface for the
TLR4
or TLR9
TLR3
relevant TIR domain-containing adaptors38. Although the
signalling events downstream of MYD88 and TRIF differ,
the outcome of each pathway is conceptually similar:
nuclear factor-κB, interferon-regulatory factors (IRFs) and
MYD88
TRIF
other more general transcription factors are activated. In
TRAM
TRIF
certain cases differential activation of IRF family members
leads to distinct transcriptional responses.
Nature Reviews | Immunology

Recent studies of innate immunity have been dominated by the identification of the components that define
TLR and other signalling pathways. Much less is known
about how TLR signalling pathways are integrated into
the cellular infrastructure in which they operate, and
future studies are likely to focus increasingly on this
aspect of TLR function. In this Review we highlight
examples of this new paradigm by discussing recent work
linking basic cell biological processes and regulation of
TLR function. A fundamental principle that seems to
govern all aspects of TLR signal transduction is that the
quality control mechanisms that ensure the fidelity of signalling initiation rely heavily on the spatial organization
of regulators of TLR signal transduction and on the TLRs
themselves. We focus on two aspects of TLR regulation
in this framework: the compartmentalized activation of
TLRs involved in the recognition of nucleic acids and
the activation of distinct signalling pathways based on the
compartmentalization of TLR signalling components.

Regulation by receptor compartmentalization
The cost of nucleic acid recognition by innate immune
receptors. The recognition of nucleic acids as a signature
of microbial infection has emerged as a general strategy of
mammalian innate immune detection. This specificity
is unexpected based on the general concept of innate
immune targets — that is, that they are uniquely foreign molecules. Clearly, nucleic acids are not exclusively
microbial; indeed, TLRs can be activated inappropriately
by self nucleic acids under abnormal circumstances13.
Considering this inherent risk of autoimmunity we
might ask how nucleic acid recognition provides a
selective advantage to the host despite the risk of self
reactivity. The answer probably lies with the difficulty in
recognizing viruses, which pose a particularly challenging target for recognition by innate immune receptors

for at least two reasons . First, unlike bacteria and fungi,
viruses lack unique metabolism or biochemistry because
they use host cell machinery to replicate. second, most
viral proteins (although there are notable exceptions)
are easily mutated while remaining functional, which
makes them poor targets for innate immune recognition. The solution to this dilemma is the recognition of
viral nucleic acids by TLR family members.
because of the risk of autoimmunity associated
with the detection of nucleic acids, regulatory mechanisms must exist to determine the origin of the DnA
or RnA encountered and to ensure that activation by
self nucleic acids is avoided. examples of breakdown in
tolerance illustrate one key mechanism that prevents
self recognition: TLRs that recognize nucleic acids are
intracellular. Indeed, the delivery of nucleic acids to
the intracellular subcompartments is frequently associated with autoimmune disorders15–17. For example,
DnA- or RnA-specific autoantibodies deliver nucleic
acid-containing immune complexes to intracellular
TLRs through Fc receptor-mediated uptake15 (FIG. 1).
The role of nucleic acid-sensing TLRs in autoimmune diseases such as systemic lupus erythematosus has been shown in mouse models and studies of
human patients18–23. These data and others support a
model in which the intracellular localization of nucleic
acid-sensing TLRs may limit access to self nucleic acids
and in this way establish the threshold for self and nonself discrimination by these receptors. Implicit to this
model is the exclusion of extracellular self nucleic acids
from these intracellular subcompartments; however,
the mechanisms that normally prevent self ligands from
reaching intracellular TLRs remain poorly defined. It
is possible that in autoimmune diseases, self nucleic
acids are protected from degradation by extracellular and endosomal DnAses by being part of immune
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Figure 1 | Toll-like receptor 7 and Toll-like receptor 9 trafficking and processing
regulates receptor activation. Toll-like receptor 7 (TLR7) Nature
and TLR9
are translated
into
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the endoplasmic reticulum (ER), pass through the Golgi and are sorted to the
endolysosomal system. The mechanisms responsible for these sorting steps remain
undefined, although UNC93B1 is known to have a role. Following its arrival in the
endolysosome, TLR9 (and most likely TLR7) is proteolytically cleaved. This cleavage
event generates a functionally competent receptor; as a result, receptor activation is
limited to these intracellular subcompartments. Delivery of potential ligands to the
TLR7- or TLR9-containing subcompartment seems to be a prerequisite for receptor
activation; viruses seem to be delivered efficiently, whereas self nucleic acids are
generally excluded. An exception to this paradigm is the delivery of self nucleic acids as
part of immune complexes through endocytosis mediated by Fc receptors on dendritic
cells and macrophages or directly by immunoglobulins on B cells.

complexes, similarly to how viral genomes are thought
to be protected by viral capsids. Alternatively, antibodymediated uptake might deliver ligands more efficiently
to TLRs, by simply concentrating otherwise scarce ligands or by accelerating endosomal maturation such that
self ligands are not degraded before TLR recognition.
Compared with fluid phase endocytosis or scavenger
receptor-mediated uptake, Fc receptors may simply
dictate a distinct fate for the engulfed cargo. of course,
these possibilities are not mutually exclusive and probably all contribute to the potent stimulatory capacity of
immune complexes.
Intracellular localization of nucleic acid-sensing TLRs.
As described above, the transport or protection of TLR
ligands can influence self and non-self discrimination
of nucleic acids, but the requirement for these mechanisms stems from the trafficking properties and subcellular localization of the TLRs themselves. Despite the
clear importance of receptor localization in maintaining
tolerance to self nucleic acids, the mechanisms controlling the trafficking and localization of TLRs were poorly
described until recently.

The distinct cell biology associated with the recognition of nucleic acids by innate immune receptors was
appreciated even before the TLRs responsible for their
recognition were identified24. specifically, oligodeoxynucleotides containing stimulatory CpG motifs were
known to enter cells by endocytosis, and the fact that
blocking endocytic maturation (with bafilomycin A1 or
chloroquine) prevents cells from responding to TLR3,
TLR7 and TLR9 ligands has been appreciated for several
years24. Identification of the TLR family members that
are responsible for nucleic acid recognition confirmed
that these receptors are not present on the cell surface but instead localize to endosomes and lysosomes.
Whether these receptors reside in specific endocytic
subcompartments remains unclear. In fact, reports of
the localization of endosomal TLRs vary, with descriptions of localization including the early endosomes, late
endosomes, multivesicular bodies, lysosomes, the endoplasmic reticulum (eR) and the plasma membrane24–29.
one explanation for these conflicting data might be that
the subcompartments where TLRs reside differ among
cell types and between TLR family members. Indeed,
whether TLR3, TLR7, TLR8 and TLR9 occupy the same
subcompartment or have distinct intracellular localizations remains unknown. The extent to which there is
dynamic movement between subcompartments is also
unexplored. More refined cell biological analyses will be
necessary to distinguish between these possibilities.
Most research on the localization of intracellular
TLRs has focused on TLR9, although the cell biology of TLR7 and TLR8 is probably similar. one of the
more perplexing observations made early in this field
was the apparent exclusive localization of TLR9 to the
eR in unstimulated cells27,28. The carbohydrates on the
mature TLR9 protein lack the modifications that are
typically acquired during transit through the Golgi,
and microscopy studies have suggested that TLR9
rapidly translocates from the eR to endolysosomes in
stimulated cells27,28,30. These data have been used to support a model in which TLR9 traffics from the eR to the
endolysosome via an unconventional route, bypassing
the Golgi completely 27,31. This possibility has been exciting, especially in light of the important role of localization for self and non-self discrimination by TLR7 and
TLR9, but the mechanistic details of this unusual process are lacking. perhaps the most troubling aspect of this
model has been the inability to detect the receptor in
the endolysosome before cell stimulation. If the model
is correct, what signal leads to the translocation of the
receptor in response to ligand binding?
Many of these confusing aspects of the TLR9 cell
biology can be resolved by recent work. biochemical
analyses of TLR9 in macrophages and DCs led to the
discovery of a processed form of the receptor that is
exclusively present in endolysosomes 32,33. Analysis
of the carbohydrates on the receptors suggest that, unlike
the eR-resident full-length mature TLR9 protein, the
cleaved receptor passes through the Golgi32. Additional
experiments have confirmed that the full-length TLR9
protein is sorted in the eR, traffics through the Golgi
and is routed to the endolysosome, where it is cleaved
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by resident proteases (FIG. 1). similar results have been
reported for TLR7 (reF. 32), although another group
has reported that TLR7 is not processed33. This processing event has interesting implications for the regulation
of receptor function, which we discuss in the following section. For the purpose of understanding TLR7
and TLR9 localization and trafficking, the discovery of
this processed receptor resolves many of the troubling
issues surrounding unconventional trafficking and ligand accessibility. First, the truncated receptor is present
in endolysosomal subcompartments in unstimulated
cells, obviating the need for receptor translocation to
detect ligand. second, the receptor exits the eR and
traffics through the Golgi via the conventional secretory pathway. Indeed, based on these data, the trafficking and localization of TLR7 and TLR9 are similar to
other immunologically relevant proteins that ultimately
localize in endosomes and/or lysosomes, such as MHC
class II molecules or the invariant chain. one notable
exception to the typical nature of TLR7 and TLR9 trafficking is the requirement for unC93b1, a 12-membranespanning protein that resides in the eR31,34,35. TLR3,
TLR7 and TLR9 signalling is defective in mice or cells
that lack unC93b1 function, and unC93b1 associates with TLRs in the eR and facilitates their transport
to the endolysosome31,34. Currently, unC93b1 is the
only unique trafficking factor identified for intracellular TLRs. of course, additional characterization of the
machinery controlling trafficking of these receptors may
reveal specialized mechanisms, but for now the most
surprising feature of this trafficking pathway is how
typical it has turned out to be.
Proteolytic regulation of TLR activation. The discovery that TLR7 and TLR9 are proteolytically processed
has not only established the localization and trafficking
routes of these receptors, but also has contributed to our
understanding of how receptor activation is controlled.
several lines of evidence indicate that the cleaved form
of TLR9 (and presumably TLR7) is functional and that
this depends on its processing. First, protease inhibitors or inhibitors of endosomal acidification prevent
the activation of TLR7 and TLR9 (reFs 32,33). second, the
processed form of the receptor can bind CpG-containing
oligodeoxynucleotides32,33. Third, MYD88 (myeloid
differentiation primary response protein 88) is selectively recruited to the processed receptor, but not the
full-length receptor 32. Finally, a retrovirus encoding the
truncated receptor is sufficient to complement TLR9
deficiency when expressed in DCs33.
The proteases responsible for the cleavage of TLR7
and TLR9 have not been definitively identified, in
part owing to disagreement between several reports.
Inhibitors of cathepsin b, cathepsin L and cathepsin K
were reported to block TLR9 signalling, and overexpression of cathepsin b, cathepsin s, cathepsin L and
cathepsin H could rescue TLR9 responsiveness in baF3
cells36,37. However, there are conflicting data regarding
the phenotype of mice or cells lacking these proteases.
Mice deficient in each individual cathepsin do not seem
to be markedly impaired in TLR9 function, although

one report describes a partial defect in TLR9 signalling in cathepsin L- and cathepsin s-deficient mice33. In
the case of cathepsin K, two groups report no defect in
TLR9 function and a third group describes a crucial
role for this enzyme but only in DCs32,33,36. These differences may be due, at least in part, to differences in
methodology, as the third group used a new cathepsin K
inhibitor instead of gene-targeted mice. In any case, even
if cathepsin K has a role in TLR9 processing, its relevance seems to be restricted to DCs. setting aside the
controversy regarding specific proteases, most work supports the view that the role of any individual protease for
processing of TLR9 is largely redundant. In vitro, several
lysosomal proteases can cleave TLR9 to generate a truncated receptor of similar size to the receptor observed in
cells32. Furthermore, only protease inhibitors with broad
specificity or pooled inhibitors of individual proteases
block TLR9 processing 32,33. Assessing the contribution of
individual or even different classes of proteases is complicated by the observation that two distinct processing
steps seem to be necessary to generate the final truncated
TLR9 receptor 33.
The rationale behind TLR7 and TLR9 proteolytic
regulation is conceptually analogous to the synthesis and
activation of endolysosomal enzymes. In this instance,
the destructive potential of proteases is restricted to the
endolysosome because enzymes are translated as inactive
pro-enzymes that are only processed after arriving in the
proteolytic environment of the endolysosome. similar
reasoning may explain the requirement for processing
of TLR7 and TLR9. Compartmentalized proteolysis
may prevent receptors that leak out to the cell surface
from responding inappropriately to self nucleic acid ligands32. In this sense, regulation of these innate receptors
is achieved by co-opting a basic cell biological pathway.
Although this model of compartmentalized proteolysis may be teleologically satisfying, it does not explain
why activation of the receptor requires removal of the
amino-terminal half of its ectodomain. Interestingly,
both the full length and processed receptors can bind
ligand32,33. It remains possible that the truncated receptor binds ligand with higher affinity than the full-length
receptor and that this increased affinity is required
for receptor activation32. Alternatively, receptor cleavage
may not regulate ligand binding at all. Recent work
examining conformational changes associated with
TLR9 signalling indicates that preassembled dimers
of TLR9 undergo further modifications following activation38. perhaps truncation of the ectodomain allows
receptors to adopt a conformation that is required for
signal initiation.
on the basis of either of these tentative models, it
is interesting to consider whether other nucleic acidsensing TLRs are subject to similar regulation. There
are conflicting data regarding TLR7 processing and no
data on TLR3 or TLR8. As TLR7, TLR8 and TLR9 are
similar both in terms of amino acid sequence and potential for self ligand recognition, it would not be surprising if all these receptors were regulated in a comparable
manner. by contrast, TLR3 has not been implicated
in autoimmune pathology as a result of recognition
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of self double-stranded RnA. Furthermore, the structure of TLR3 bound to polyinosinic–polycytidylic acid
together with mutational analyses implicate residues in
the n-terminal region of the ectodomain in ligand binding 7,39. These data suggest that the active form of TLR3
is the full-length receptor, although it remains possible
that a cleaved form may still be identified.

Distinct signalling through compartmentalization
In search of a comprehensive model to explain TLR
signal transduction. A key early discovery in TLR research
was the observation that ligand specificity is not the only
distinguishing feature of each TLR. In addition to recognizing distinct classes of microorganisms, individual
TLRs trigger different signal transduction pathways.
For example, some receptors (such as TLR3 and TLR4)
induce both a pro-inflammatory and a type I interferon
TLR4
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Figure 2 | Schematic of the sorting–signalling adaptor paradigm. The Toll/IL-1
receptor (TIR) domain-containing adaptors have one of two roles. MYD88 (myeloid
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differentiation primary response protein 88) and TRIF (TIR domain-containing adaptor
protein inducing IFNβ) function as signalling adaptors that biochemically link Toll-like
receptors (TLRs) that are found in several organelles to the downstream kinases that
define a given signalling pathway. The recruitment of MYD88 to plasma membrane TLRs
and of TRIF to endosomal TLRs depends on the sorting adaptors TIRAP (TIR domaincontaining adaptor protein) and TRAM (TRIF-related adaptor molecule). Sorting
adaptors do not directly engage downstream kinases but instead directly engage
signalling adaptors, promoting their delivery to activated receptors. The recruitment of
sorting adaptors to specific subcellular locations is controlled by their intrinsic phosphoinositide-binding activity, which restricts their localization to a subset of organelles that
contain TLRs. As such, TIRAP and TRAM can recruit their signalling adaptor partners to
a subset of organelles. Whether additional sorting adaptors exist to recruit signalling
adaptors to the other subcompartments of the cell is currently unknown. IL-1R,
interleukin-1 receptor; LPS, lipopolysaccharide; PtdIns(4,5)P2, phosphatidylinositol-4,5bisphospate; TRAF3, TNFR-associated factor 3.

(IFn) response, whereas others (such as TLR2 and TLR5)
induce only the pro-inflammatory response40. These differences in signalling output were explained by the discovery of multiple Toll/IL-1R (TIR) domain-containing
adaptor proteins, which link activated receptors to
the downstream kinases that define a given signalling
pathway 41–48 (BOX 1). Different adaptors engage different
receptors, and the particular adaptor used determines
which signalling pathway will be activated. For example,
TIRAp (TIR domain-containing adaptor protein) and
MYD88 function to induce the activation of a mitogenactivated protein kinase (MApK)- and nuclear factor-κb
(nF-κb)-dependent pro-inflammatory response, whereas
TRAM (TRIF-related adaptor molecule; also known as
TICAM2) and TRIF (TIR domain-containing adaptor
protein inducing IFnβ; also known as TICAM1) activate TbK1 (TAnK-binding kinase 1) and Iκb kinase-ε
(IKKε), which are responsible for type I IFn production. Thus, receptors that induce a type I IFn response
engage a TRIF-dependent signalling pathway, whereas
those that induce a pro-inflammatory response engage a
MYD88-dependent signalling pathway. Although these
data provide a generic model to explain TLR signalling,
not all available data can be interpreted by this model.
For example, this model does not clarify why some TLRs
require TIRAp to induce a MYD88-dependent signalling response (for example, TLR2 and TLR4) whereas
others do not (for example, TLR5, TLR7 and TLR9)49,50.
similarly, in the IFn-inducing signalling pathway, TLR4
requires TRAM and TRIF, whereas TLR3 requires only
TRIF46,47. Why do some receptors require two adaptors
to induce a given signalling pathway when others require
only one? Furthermore, why can MYD88 induce type I
IFn production downstream from some TLRs (TLR7
and TLR9) but not others51,52. In the following sections,
we discuss how the cell biological features of certain TLR
signalling components can address these questions.
Spatial control of TLR signalling by sorting adaptor
proteins. All TIR domain-containing adaptors were
initially considered to be soluble cytoplasmic proteins.
The TIR domains in each adaptor were thought to serve
as localization motifs by facilitating adaptor delivery to
membranes through interactions with the TIR domain
of a TLR. This model was challenged by several recent
articles showing that TIRAp and TRAM are found on
intracellular membranes before the initiation of signal
transduction53,54 (FIG. 2). TIRAp mainly localizes in the
plasma membrane, although a small pool is found on
endosomes that are controlled by the GTpase ADpribosylation factor 6 (reF. 53). TRAM is also found at the
plasma membrane but is enriched on RAb5-positive
early endosomes that act as a conduit to the lysosomal
system54. TIRAp and TRAM have a similar domain structure; both contain a carboxy-terminal TIR domain and
an n-terminal localization motif. Within the localization domain of TIRAp is a phosphoinositide-binding
module that selectively interacts with phosphatidylinositol-4,5-bisphospate (ptdIns(4,5)p2). ptdIns(4,5)p2
is concentrated at actin-rich regions of the plasma membrane and functions to recruit TIRAp to this location53.
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The n-terminus of TRAM is more complex, consisting of a bipartite localization motif that contains both
a myristoylation site and a phosphoinositide-binding
domain54. In both adaptors, the localization domains
are necessary and sufficient to imitate the localization of the wild-type proteins. These data indicate that
in the case of TIRAp and TRAM, the TIR domains
are not necessary for membrane binding and are therefore
not localization motifs. Indeed, in contrast to MYD88,
the TIR domain of which is required for recruitment
to membrane-associated TIRAp, the localization of
TIRAp to the plasma membrane is mediated by its
ptdIns(4,5)p2-binding domain.
What is the importance of MYD88 recruitment
to the plasma membrane? using biochemical assays and
the MAppIT system (a variant of the two hybrid assay),
it was shown that TIRAp promotes interactions between
MYD88 and TLR2 and TLR4 (reF. 55). Moreover, the
recruitment of MYD88 to the plasma membrane is functionally important, as an allele of MYD88 that is directed
to the plasma membrane (generated by the addition of
an n-terminal ptdIns(4,5)p2-binding domain) restored
lipopolysaccharide (Lps) responsiveness in TIRApdeficient macrophages and in fibroblasts deficient for
both TIRAp and MYD88 (reF. 53). The finding that
simply relocalizing MYD88 to the cell surface is sufficient to bypass the genetic requirement for TIRAp shows
that the main function of TIRAp is to recruit MYD88
to the appropriate TLRs. so, rather than acting independently to engage different downstream signalling
events, MYD88 and TIRAp act as a functional pair to
induce the activation of a single signalling pathway. In
this context, TIRAp is unlikely to operate as a signalling
adaptor, but instead probably functions to sort a cytoplasmic pool of MYD88 to plasma membrane-bound
TLR2 and TLR4. TIRAp can therefore be considered a
sorting adaptor protein that recruits its signalling adaptor partner to participate in signal transduction at the
plasma membrane53. The classification of TIRAp and
MYD88 as sorting and signalling adaptors explains why
TIRAp never functions without MYD88, as it requires
its signalling adaptor partner to engage the enzymes that
define the pathway.
The sorting and signalling adaptor concept in TLR
signalling also applies to TRAM and TRIF. TRIF is a
signalling adaptor, whereas TRAM functions as a sorting adaptor 54. evidence in support of this conclusion
was the demonstration that TRAM interacts directly
with TRIF and TLR4, whereas TRIF cannot interact
strongly with TLR4 (reF. 56). so, TRAM is an obligate
intermediate that links the signalling adaptor TRIF
to activated TLR4. subsequent studies revealed that
the membrane-binding activity of TRAM was necessary for TRIF-dependent signal transduction by TLR4
(reFs 54,57). Mutations that abolish myristoylation of
TRAM result in a protein that is mislocalized to the
cytoplasm and unable to participate in signal transduction. Interestingly, a splice variant of TRAM has been
described recently in which the bipartite localization
motif has been replaced with exons encoding a GoLD
(Golgi dynamics) domain (which may be involved in

protein–lipid interactions)58. This splice variant, known
as TAG, is distinct from TRAM in both subcellular distribution and function. During TLR4 signalling, TAG
is recruited to RAb7-positive late endosomes, where it
promotes the degradation of TLR4 and the inactivation
of the TRAM–TRIF signalling pathway. A TLR adaptor
that contains both pro- and anti-inflammatory splice
variants is not without precedent. In fact, a splice variant of MYD88, known as MYD88s, is a negative regulator of TLR signalling 59. Therefore, splice variants may
be a common means of diversifying the functions of
adaptor proteins in TLR signalling.
Regarding TAG, it is currently unknown whether
the GoLD domain of this protein binds to phosphoinositides, similarly to the bipartite localization motif
of TRAM. We speculate that this is a true possibility, as a common feature of both TIRAp and TRAM
is that their localization domains can bind lipids53,54.
The reason for this similarity may be due to the need
to restrict the type of TLR-induced signalling pathway to particular intracellular subcompartments. For
example, the ability of TIRAp to bind to ptdIns(4,5)p2
allows this protein to be enriched at the site of TLR4
internalization (as ptdIns(4,5)p2 is important for all
endocytic events)60. However, unlike the plasma membrane, endosomes have little or no ptdIns(4,5)p2, and
as such, once TLR4 is internalized TIRAp is likely
to be released, resulting in the cessation of MYD88dependent signalling. Thus, although lipid binding
promotes the concentration of TIRAp at the initial
site of ligand–receptor interactions (the plasma membrane), the specificity for a particular lipid ensures that
signal transduction can only occur from this location.
once the receptor is transported to a region of the cell
that is not occupied by the adaptor, signalling can no
longer take place. This last point may become more
relevant in the future, as scientists may be inclined to
use the colocalization of a TLR and its cognate ligand
as an experimental read-out to identify the subcellular
site of signal transduction. However, if the receptor
and ligand are in a location that does not contain the
downstream regulators, then a signalling event cannot
occur. An example of this situation (the TRAM–TRIF
signalling pathway) is discussed below.
Endolysosomes as unique IFN-inducing organelles.
Although the parallels between the TIRAp–MYD88
and TRAM–TRIF pairs of sorting and signalling adaptors are striking, further studies of TLR4 revealed an
intriguing aspect of TLR biology. TLR4 does not induce
the simultaneous activation of both MYD88- and
TRIF-dependent pathways; instead, TLR4 induces its
signalling pathways sequentially 54. First, Lps binding
to TLR4 at the plasma membrane probably promotes
the rapid activation of phosphatidylinositol 5-kinases
(by triggering β2 integrins and perhaps other cofactors)
that induce the local production of ptdIns(4,5)p2.
ptdIns(4,5)p2 mediates the recruitment of TIRAp to the
plasma membrane and helps to promote interactions
between TIRAp–MYD88 and TLR4, which triggers
pro-inflammatory signal transduction. Lps also induces
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the endocytosis of TLR4, resulting in the internalization
of the receptor complex and its delivery to endolysosomes10,11. Interestingly, although receptor endocytosis
downregulates the TIRAp–MYD88 signalling pathway 11, TLR4 internalization promotes TRAM–TRIF
signalling 54. This was shown by using inhibitors of
dynamin GTpases that abolish Lps-induced receptor endocytosis. In macrophages, dynamin inhibitors
completely abolish TRIF-dependent activation of the
transcription factor IFn-regulatory factor 3 (IRF3)
and consequently the expression of IRF3-dependent
genes. The finding that TLR4 internalization promotes
TRAM–TRIF signalling was further demonstrated by
the observation that a TRAM mutant which localizes
to the endosomes retains the ability to participate in
TLR4 signal transduction54.
The requirement for delivery to endosomes before
TRAM–TRIF signalling indicates that TLR4 is not the
only pattern recognition receptor to induce type I IFn
production by signalling from the plasma membrane.
All other IFn-inducing TLRs signal from endolysosomes40. At least some of these receptors are cleaved
to form a signalling-competent receptor by endosomal
proteases, a process that helps to restrict their activity to
the appropriate cellular subcompartment. What constitutes an appropriate subcompartment? The question of
appropriateness can be explained by the obvious benefit
of rapid ligand recognition by a TLR. As nucleic acids
are not accessible to TLRs until the microorganism is
degraded in lysosomes, the appropriate compartments
for TLR9 signalling are endolysosomes, as this is the first
locale where the ligand is released. However, if ligand
access is the only factor that determines where signalling can occur, then what prevents TLR4 from inducing
TRAM–TRIF signalling at the plasma membrane? TLR4
clearly encounters its ligand at the plasma membrane
and is capable of inducing signal transduction from
this location (for example, through TIRAp–MYD88).
Again, cell biological studies suggest that there is more
to this story.
signalling proteins that act downstream from receptors are typically considered mobile and capable of
being recruited to multiple cellular subcompartments
to engage active receptors. Interestingly, the ubiquitin
ligase TnFR-associated factor 3 (TRAF3), which is used
by all IFn-inducing TLRs, seems to be restricted in its
mobility 54. This protein is not detected at the plasma
membrane, but is restricted to an intracellular location
(FIG. 2). Lps treatment does not result in the recruitment of TRAF3 to the plasma membrane but induces
the internalization of TLR4, TRAM and TRIF into
endosomes61. only after internalization do TRAM and
TRAF3 colocalize, and this colocalization occurs at time
points that coincide with the production of type I IFns.
so, instead of inducing the recruitment of IFn-inducing
proteins to an immobile receptor, TLR4 is mobilized to
enter the cell and engage the immobile signalling proteins. TLR4 can therefore be grouped with growth factor receptors and several G protein-coupled receptors,
which are also transported to locations where immobile
signalling proteins are present 62.

The spatial restriction of TRAF3 to an intracellular
locale helps to explain why nucleic acid-sensing TLRs
such as TLR7 and TLR9 can use MYD88 to induce
type I IFn production, whereas TLR2, which also uses
MYD88, cannot. Depending on the site where MYD88
is accessed, different downstream effector responses can
be induced. As TRAF3 is most easily accessed in endosomes, endosomal TLR7 and TLR9 can most easily use
MYD88 to induce type I IFn production. When MYD88
is recruited to receptors found at the plasma membrane,
this signalling adaptor is less likely to engage TRAF3
and, consequently, cannot induce the production of
type I IFns. Interestingly, TRAF3 can be recruited to the
plasma membrane to interact with tumour necrosis factor
receptor (TnFR) family members (such as CD40), but its
function in CD40 signalling is different from its function
in TLR signalling 63. Rather than promoting type I IFn
production, as it does for TLRs, TRAF3 acts as a negative
regulator of MApK activation downstream from CD40.
How the function of TRAF proteins in TLR signalling
relates to their function in other signalling pathways, and
how this relates to the subcellular positioning of these
enzymes are questions that are being investigated.

Concluding remarks
The examples discussed in this Review illustrate how
TLRs have evolved within the cell biological framework
such that basic aspects of the cellular machinery contribute to receptor function and regulation. We have tried
to highlight how this intrinsic feature of TLR biology
serves to promote efficient signalling in certain examples and restrict receptor function in others. Future work
will undoubtedly reveal further examples of this paradigm. In the meantime, we highlight a few important
questions the answers to which will shape the direction
of the emerging field of innate cell biology. How does
the localization of TLR signalling proteins relate to the
sites of signalling complex assembly? The answer to this
question depends on the development of more reliable
tools to study the biochemistry of TLR signalling. How
common is the sorting–signalling adaptor paradigm? Do
sorting adaptors control the recruitment of MYD88 or
TRIF to all TLRs? How are self nucleic acids prevented
from activating endosomal TLRs, and what is the cost of
triggering type I IFn production from the plasma membrane? Can cell-type-specific differences in the subcellular positioning of TLR signalling proteins explain the
cell-type-specific responses to TLR ligands? If so, is this
the only means of tailoring TLR signalling responses or
do cell-type-specific factors exist as well? How do pathogenic microorganisms influence the activity of TLR signalling proteins and is there a common strategy that they
use to interfere with these processes? These questions
have emerged mainly from cell biological studies of TLR
signalling but may also apply to the operation of nonTLR innate signalling pathways that detect microbial
infection. As such, we propose that the study of innate
immune cell biology extends beyond that of TLRs and
should encompass all innate receptors with the goal of
understanding how they are integrated into the cellular
infrastructure in which they operate.
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