
TRAM couples endocytosis of Toll-like receptor 4 to
the induction of interferon-b
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Toll-like receptor 4 (TLR4) induces two distinct signaling pathways controlled by the TIRAP-MyD88 and TRAM-TRIF pairs of

adaptor proteins, which elicit the production of proinflammatory cytokines and type I interferons, respectively. How TLR4

coordinates the activation of these two pathways is unknown. Here we show that TLR4 activated these two signaling pathways

sequentially in a process organized around endocytosis of the TLR4 complex. We propose that TLR4 first induces TIRAP-MyD88

signaling at the plasma membrane and is then endocytosed and activates TRAM-TRIF signaling from early endosomes. Our data

emphasize a unifying theme in innate immune recognition whereby all type I interferon–inducing receptors signal from an

intracellular location.

The mammalian immune system is notable for its ability to sense and
respond to a wide range of infectious microorganisms. Detection of
microbes is mediated by several families of pattern-recognition recep-
tors (PRRs), and this recognition leads to the activation of innate and
adaptive immune responses1. Toll-like receptors (TLRs) are the best
characterized PRRs and are linked to the control of bacterial and viral
infection2. After microbial detection, one or more adaptor protein(s)
containing a Toll–interleukin 1 (IL-1) receptor (TIR) domain bind(s)
to the cytosolic TIR domains of TLRs. Four TIR domain–containing
adaptors are involved in propagating TLR signaling: MyD88, TIRAP
(also called Mal), TRAM and TRIF. These adaptors link activated
TLRs with ‘downstream’ kinases of the IL-1 receptor–associated kinase
and mitogen-activated protein kinase families, as well as with mem-
bers of the TRAF family of E3 ubiquitin ligases. Activation of these
enzymes leads to the activation of transcriptional regulators such as
NF-kB, AP-1 and several interferon-regulatory factors (IRFs), which
induce hundreds of genes involved in immune defense3. Notably, not
all TLRs use the same set of adaptors, and adaptor ‘choice’ determines
the transcriptional response induced after microbial detection. For
example, the use of TIRAP and MyD88 by some TLRs induces the
production of proinflammatory cytokines, whereas the use of TRAM
and TRIF elicits a type I interferon response4–7.

Studies have identified a notable aspect of TLR biology: a link
between receptor localization, the type of transcriptional response
induced and the class of microbe detected1,8,9. For example, TLR2,
TLR4 (A002296) and TLR5 all recognize different components of a
bacterial cell wall and, appropriately, are found on the cell surface,
where they induce the production of proinflammatory cytokines after

the detection of microbes10,11. In contrast, TLR3, TLR7 and TLR9
detect viral nucleic acids and are found in endolysosomal compart-
ments, where they are poised to detect nucleic acids released after viral
degradation12–14. The latter group of TLRs induces a potent type I
interferon response that is critical for antiviral defense15. TLR7 and
TLR9 signal from an endolysosomal compartment, where they use
MyD88 to activate IRF7 (refs. 16,17), whereas TLR3 signals from a
distinct endosomal compartment, where it activates IRF3 through a
TRIF-dependent pathway18,19.

In several ways, TLR4 is unique among TLRs. First, TLR4 is the
only known TLR able to activate both MyD88-dependent induction of
genes encoding inflammatory molecules and TRIF-dependent pro-
duction of type I interferon20. Second, with the exception of TLR4, all
other known receptors that induce the production of type I interferon
are sensors of nucleic acids and induce activation of IRF3 or IRF7
from intracellular compartments. TLR3, TLR7 and TLR9 signal from
endolysosomes, whereas the RNA helicases RIG-I and MDA-5 and the
DNA sensor DAI signal from the cytosolic compartment21,22. Finally,
TLR4 is the only known TLR that engages all four TIR domain–
containing adaptors23. Those puzzling observations led us to question
some of the prevailing assumptions regarding the mechanism of
TLR4 signaling.

It is generally believed that TLR4 induces the TIRAP-MyD88–
dependent and TRAM-TRIF–dependent signaling pathways simulta-
neously from the plasma membrane. Unlike the signaling adaptor
MyD88, TIRAP functions as a sorting adaptor that recruits MyD88
to TLR4 through its ability to interact with phosphatidylinositol-4,
5-bisphosphate (PtdIns(4,5)P2)24. TIRAP also functions to recruit
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MyD88 to TLR2 (ref. 25). Thus, by analogy, TRAM may also function
as a sorting adaptor to recruit TRIF to TLR4 (ref. 24). TRAM is
targeted to the plasma membrane by myristoylation, and the present
model of TRAM function is that it recruits TRIF to the plasma
membrane, where TLR4 is located26,27.

Here we investigate the mechanism of TRAM function and find
that, similar to TIRAP, TRAM indeed functions as a sorting adaptor.
We show that TRAM contains a bipartite sorting signal that controls
its trafficking between the plasma membrane and endosomes. Notably,
we demonstrate that TRAM did not induce TRIF-dependent signaling
from the plasma membrane. Instead, delivery of TLR4 and TRAM to
endosomes was necessary for activation of the IRF3 signaling pathway.
Our results suggest a new model of TLR4 signaling whereby TLR4
activates the two signaling pathways in a sequential way from distinct
subcellular compartments. The TIRAP-MyD88 pathway is induced
from the plasma membrane, whereas the TRAM-TRIF pathway is
induced from endosomes. Our findings suggest that a unifying feature
of all PRRs that trigger the type I interferon response is their
localization in intracellular compartments. We suggest a possible
explanation for this notable phenomenon.

RESULTS

Dynamin controls TLR4 endocytosis

Although extensive functional studies have been done of TLR4,
the subcellular sites of TLR4-induced signal transduction remain
unclear. To assess this issue, we examined the localization of a tagged
construct of TLR4 in which the ectodomain of the receptor was
replaced with the ectodomain of CD4. TLR4 was present at the plasma
membrane and on intracellular vesicles that costained with the early
endosomal marker Rab5 (Fig. 1a). We obtained similar results with a
full-length hemagglutinin-tagged construct of TLR4 (Supplementary
Fig. 1a). We did not detect TLR4 staining on other subcellular

organelles such as the Golgi complex or the endoplasmic reticulum
(data not shown).

Published studies have established that lipopolysaccharide (LPS)
and CD14 are internalized from the plasma membrane into early
endosomes by a process dependent on the GTPase dynamin28.
Dynamin GTPases regulate endocytosis by controlling the ‘pinching
off’ of plasma membrane invaginations, which creates early endo-
somes29. To determine whether TLR4 is also internalized by a
dynamin-dependent process, we used an antibody (Sa15-21) that
recognizes TLR4 in the presence or absence of LPS30 and a highly
specific inhibitor of dynamin called ‘dynasore’31. The use of dynasore,
rather than dominant negative dynamin mutants, allowed us to bypass
the compensatory upregulation of other endocytic processes that can
occur after long-term inhibition of dynamin, a situation that has
confounded experimental interpretations in other systems32–34. These
reagents allowed us to examine the activity of endogenous TLR4
in primary cells. The antibody Sa15-21 specifically recognized TLR4,
as staining was lost in TLR4-deficient cells (Fig. 1b). Consistent
with published reports28,30, within 30 min of LPS treatment, TLR4
cell surface staining was lost, which indicated that TLR4 is interna-
lized after ligand binding. In contrast, treatment with dynasore
prevented the LPS-induced internalization of TLR4 (Fig. 1b). These
data indicate that like CD14 and LPS, TLR4 is internalized by a
dynamin-dependent process.

TRAM-TRIF signaling requires TLR4 endocytosis

LPS-induced TLR4 internalization is thought to result in downregula-
tion of TLR4 signaling and, consequently, macrophage desensitiza-
tion28,30. Alternatively, the internalization could be a requisite step in
TLR4 signaling. To determine the functional consequence of disrupt-
ing the LPS-induced internalization of TLR4, we examined signaling
events dependent on either TRAM-TRIF or TIRAP-MyD88 signaling.
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Figure 1 Inhibition of TLR4 endocytosis selectively disrupts TRAM-TRIF signaling. (a) Fluorescence microscopy of

macrophages transfected with plasmid encoding a TLR4 construct with the ectodomain of the receptor replaced with the

ectodomain of CD4 (CD4-TLR4) or Rab5 tagged with red fluorescent protein (RFP-Rab5). Outlined areas are enlarged in

bottom left corners. Scale bars, 5 mm. Data are representative of at least three independent experiments with over 500 cells per condition, in which over

95% of the cells had similar staining patterns. (b) Flow cytometry of TLR4 surface staining on wild-type or TLR4-deficient (TLR4-KO) macrophages left

untreated (left) or treated with dynasore (right) and left unstimulated (Untreated) or stimulated with LPS (100 ng/ml), assessed with the TLR4-specific

antibody Sa15-21. PE, phycoerythrin. Data are representative of two independent experiments. (c) Immunoblot analysis of macrophages treated for 0, 20 or
40 min with LPS (100 ng/ml) and either dimethyl sulfoxide (DMSO) or 80 mM dynasore and probed for phosphorylated (p-) or total IRF3 or p38. Data are

representative of two independent experiments. (d,e) RT-PCR analysis (d) and ELISA (e) of LPS-induced gene expression in macrophages left untreated or

treated with dynasore. Data are representative of three independent experiments.
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LPS-induced TRAM-TRIF-dependent phosphorylation of IRF3, a
transcription factor necessary for the expression of type I inter-
feron4,5,18,19,26, was abolished in dynasore-treated cells (Fig. 1c). In
contrast, LPS-induced phosphorylation of the mitogen-activated pro-
tein kinase p38 and degradation of the inhibitor protein IkBa, both
TIRAP-MyD88–dependent events6,7, proceeded normally in dynasore-
treated macrophages (Fig. 1c and Supplementary Fig. 1b).

To corroborate those findings, we examined the effect of inhibiting
TLR4 endocytosis on LPS-induced transcriptional responses. Dyna-
sore treatment abolished the LPS-induced expression of the TRAM-
TRIF–dependent genes encoding interferon-b (IFN-b), the chemokine
RANTES (CCL5) and IL-6 (refs. 4,5; Fig. 1d,e). In contrast, IkBa
expression, which can be controlled by either the TIRAP-MyD88 or
the TRAM-TRIF pathway3, was still detectable, albeit to a diminished
degree (Fig. 1d).

The results presented above collectively suggested that rather than
simply serving the function of desensitizing cells, LPS- and dynamin-
dependent endocytosis of TLR4 is needed to induce TRAM-TRIF–
dependent signaling and production of type I interferon. In contrast,
dynasore did not interfere with p38 phosphorylation or IkBa expres-
sion, consistent with the idea that TLR4 induces the two signaling
pathways from two different locations: TIRAP-MyD88 from the plasma
membrane, and TRAM-TRIF from an intracellular compartment.

Next we sought to understand the mechanisms by which TLR4
triggers the production of type I interferon from endosomes. The
ability of TLR4 to induce TIRAP-MyD88–dependent signaling is
linked to the localization of TIRAP to PtdIns(4,5)P2-rich regions of
the plasma membrane by virtue of its amino-terminal PtdIns(4,5)P2-
binding domain24. Thus, we considered the possibility that the ability

of TLR4 to induce TRAM-TRIF–dependent signaling would be linked
to TRAM localization. Examination of the subcellular distribution of
TRAM showed that like TLR4, this adaptor was present at both the
plasma membrane and in Rab5+ early endosomes (Fig. 2a). In
contrast, TIRAP, although present at the cell surface, was not detect-
able on early endosomes (Fig. 2b).

In macrophages, true endosomes are able to rapidly accumulate
material internalized from the extracellular milieu35. To determine if
the TRAM+ vesicles were able to incorporate internalized materials, we
supplemented the macrophage culture medium with fluorescence-
labeled dextran and within minutes noted prominent accumulation
of these tracers in TRAM+ compartments (Fig. 2c). Similarly, TLR4+

vesicles costained with dextran (Fig. 2d). Thus, in contrast to TIRAP,
both TRAM and TLR4 were present at the plasma membrane and on a
true endosomal compartment. Notably, although dynasore interfered
with the endocytosis of TLR4, the localization of TRAM was insensi-
tive to dynasore (data not shown), which suggested that TRAM can
target endosomes directly, bypassing the plasma membrane. That
observation suggests that TLR4 and TRAM can traffic to endosomes
by different mechanisms and therefore may not need to be transported
together after internalization.

TRAM contains a bipartite localization motif

Next we did deletion analysis of TRAM to identify the cis-acting
regulatory sequences responsible for membrane targeting. A TRAM
mutant lacking the TIR domain had a subcellular distribution similar
to that of the wild-type protein (Fig. 3a,b). We obtained similar results
with TRAM mutants lacking all but the first 20 residues, which
indicated that although TRAM localized together with TLR4, it did
so independently of TIR-dependent interactions with this receptor
(Fig. 3c). These results confirm the idea that TRAM and TLR4 can use
distinct transport pathways to gain access to the organelles in which
they both reside. Notably, TRAM mutants containing only the first
seven amino acids had a unique subcellular distribution. Instead of
residing mainly at the plasma membrane with a minor population on
endosomes, such mutants were located exclusively on endosomes
(Fig. 3d). Thus, the minimum localization domain of TRAM is
defined as amino acids 1–20, but a subdomain from residue 1 to
residue 7 is sufficient for endosomal targeting. Examination of the
properties of the minimum localization motif showed a domain with a
higher isoelectric point than that of full-length TRAM. Residues 1–20
had a isoelectric point of nearly 10, whereas each successive set of
20 residues throughout the protein had a isoelectric point of less than 5
(Fig. 3e). The domain of residues 1–20 contains the previously
characterized myristoylation motif of residues 1–7 (ref. 27). The
region of positions 8–20 is enriched for basic and aromatic residues,
which explains the high isoelectric point of this domain (Fig. 3f).

To determine if this bipartite localization motif (consisting of
an amino-terminal myristate group followed by a polybasic domain)
is found in other proteins of known function, we searched the human
genome for proteins that share these physiochemical properties.

a MergeRFP-Rab5GFP-TRAM

b MergeRFP-Rab5GFP-TIRAP

c MergeDextranGFP-TRAM

d MergeDextranCD4-TLR4 Figure 2 Distinct subcellular distribution of TRAM and TIRAP.

(a,b) Fluorescence microscopy of macrophages transfected with plasmids

encoding GFP-TRAM (a) or GFP-TIRAP (b) and RFP-Rab5.

(c,d) Fluorescence microscopy of macrophages transfected with plasmid
encoding GFP-TRAM (c) or CD4-TLR4 (d) and treated for 30 min with

dextran labeled with Texas red. Outlined areas are enlarged in bottom left

corners. Scale bars, 5 mm. Data are representative of at least three

independent experiments with over 500 cells per condition, in which over

95% of the cells had similar staining patterns.
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This analysis yielded 36 proteins whose first 20 amino acid residues
have properties similar to those of TRAM and whose remaining
residues have a difference in isoelectric point of over 4 units relative
to that of the first 20 residues. The proteins identified by these criteria
do not contain a conserved sequence motif (except for the myristoyla-
tion consensus; Fig. 3g), yet all share the common physiochemical
properties of the bipartite motif of TRAM in that they contain a
putative site of myristoylation followed by a region enriched for basic
and aromatic residues. Indeed, even human and mouse sequences of
TRAM did not align perfectly, yet both contain this motif (Fig. 3f,g).

Notably, this group of 36 proteins included many regulators of
signal transduction that shuttle between the plasma membrane and
endosomes, such as TRAM, Src, Yes-1 and MARCKS, as well as
b-arrestins and members of the ARF family of GTPases. All of these
proteins are known to cycle between the plasma membrane and an
internal endosomal pool, regulating some aspect of signal transduc-
tion36–38. We therefore hypothesized that this bipartite motif is a
common localization domain used by proteins that control the
organization of signaling pathways that operate at both the plasma
membrane and an intracellular compartment.

Figure 4 TLR4 can induce the production of
type I interferon from early endosomes.

(a,b) Fluorescence microscopy of macrophages

transfected with plasmids encoding a GFP-tagged

TRAM construct with substitutions in the

polybasic domain (TRAM3X) and RFP-Rab5 (a) or

with a myristoylation-deficient TRAM mutant

(TRAMG2A; b). Outlined areas are enlarged in

the bottom left and top right corners (a). Scale

bars, 5 mm. Data are representative of at least

three independent experiments with over

500 cells per condition, in which over 95% of

the cells had similar staining patterns. (c) ‘PIP

strips’ of various lipids (identified at right)

overlaid with GST-tagged wild-type TRAM (left) or

TRAM with substitutions in the polybasic domain

(middle); lipid binding was identified by

standard protein-protein immunoblot

techniques. LPA, lysophosphatidic acid;
LPC, lysophosphatidylcholine; PE,

phosphatidylethanolamine; PC,

phosphatidylcholine; S1P, sphingosine

1-phosphate; PA, phosphatidic acid; PS,

phosphatidylserine. Data are representative of two independent experiments. (d) ELISA of IL-6 and RANTES in TRAM-deficient macrophages transduced

with retroviral vectors encoding GFP-tagged TRAM mutants (horizontal axes) and challenged with 1, 10 or 100 ng/ml (key) of LPS. The transduction

efficiency of each resulting macrophage population was determined to be 30–40% by flow cytometry and fluorescence microscopy. Data are representative

of three independent experiments.
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To assess the importance of the bipartite localization domain in
TRAM, we selectively substituted either the glycine at position 2 (to
eliminate myristoylation) or the polybasic motif by replacing three
conserved basic or aromatic residues with glutamic acid (underlined
residues, Fig. 3f; Fig. 4). As reported before27, a myristoylation-
deficient TRAM mutant was completely mislocalized and was uni-
formly distributed throughout the cell (Fig. 4b). In contrast, a TRAM
construct with substitutions in the polybasic domain had the same
localization as the TRAM mutant containing only the first seven
amino acids (Figs. 3d and 4a); both of these mutants lacked the
polybasic domain (by either substitution or deletion) and both were
exclusively located in early endosomes that costained with Rab5. These
results indicate that both halves of the bipartite motif are necessary for
plasma membrane targeting but only myristoylation is required for
endosomal localization.

Because the first half of the bipartite motif is the site of myristate
attachment, we investigated the biochemical interactions that occur
with the polybasic region of this motif. Polybasic motifs are commonly
found in proteins that are able to bind acidic phospholipids39. To
assess the ability of TRAM to bind to membrane lipids, we used ‘PIP
strips’, which are nitrocellulose filters that contain a variety of lipid
species commonly found in mammalian cells. A fusion protein of
glutathione S-transferase (GST) and TRAM bound detectably to many
acidic phospholipids, including most phosphoinositides, as well as to
phosphatidic acid (Fig. 4c). Liposome-binding assays further con-
firmed those results (data not shown). Notably, in neither assay did
TRAM show ‘preference’ for any particular lipid species (Fig. 4c and
data not shown). In contrast to wild-type TRAM, the TRAM construct
with substitutions in the polybasic domain did not bind detectably to
any lipid species, which indicated that the polybasic domain of TRAM
is necessary for binding to acidic phospholipids (Fig. 4c). Such
binding properties are distinct from results obtained before with
the polybasic domain of TIRAP, which binds ‘preferentially’ to
PtdIns(4,5)P2 (ref. 24). Because the polybasic regions of both
TIRAP and TRAM are necessary for plasma membrane targeting,
we hypothesize that the presence of the myristate group in TRAM
alleviates the need for a specific phospholipid-binding domain, like
that found in TIRAP. Thus, it is likely that both adaptors are recruited
to the plasma membrane by interactions with acidic phospholipids
but that the cis-acting sequences that mediate membrane targeting do
so by distinct mechanisms.

Endosomal TRAM-TRIF signaling

The endosomal localization of the TRAM construct with substitutions
in the polybasic domain provided us with a tool for studying the
importance of endosomal residence of this adaptor in terms of TLR4
signal transduction. For this, we reconstituted TRAM-deficient mouse
bone marrow–derived macrophages with retroviral vectors encoding
wild-type TRAM, the myristoylation-deficient TRAM mutant or the
TRAM construct with substitutions in the polybasic domain and
assessed the ability of each construct to complement the signaling
defect intrinsic to TRAM-deficient cells. Macrophages ‘mock’ infected
or infected with virus encoding the myristoylation-deficient TRAM
mutant were unable to produce the cytokines IL-6 and RANTES
after LPS treatment, which indicated that membrane localization of
TRAM is necessary for the initiation of signal transduction (Fig. 4d).
In contrast, cells reconstituted with the TRAM construct with sub-
stitutions in the polybasic domain produced substantial amounts of
those cytokines (Fig. 4d), which suggested that endosomal residence
of TRAM is sufficient to induce TLR4-mediated TRAM-TRIF signal-
ing. Similarly, a TRAM mutant in which the entire bipartite localiza-
tion domain was replaced with the analogous region from Src was able
to support TLR4 signaling when expressed in TRAM-deficient
macrophages (Supplementary Fig. 1c,d). These data provide func-
tional evidence of the importance of the proteins we identified
containing bipartite localization motifs. To assess whether delivery
of TRAM to endosomes is necessary for TLR4 signaling, we replaced
the localization domain of TRAM with the plasma membrane–
targeting domain from the tyrosine kinase Fyn. The localization
motif of Fyn is a Src homology 4 domain, which differs from the
localization domains of TRAM and Src because the Src homology 4
domain is a dual-acylation motif rather than a bipartite motif 38.
Dual-acylation motifs bind tightly to the plasma membrane, which
precludes their efficient delivery to endosomes. Notably, the
chimera of the TRAM with its localization domain replaced with
the plasma membrane–targeting domain of Fyn only weakly pro-
moted TLR4 signaling in reconstituted macrophages (Supplementary
Fig. 1c,d), which suggested that efficient endosomal delivery of
TRAM is required for optimal TLR4 signaling. These data, along
with the observation that dynasore disrupted TLR4 internalization
and TRAM-TRIF–dependent signaling, show that residence of
TRAM on endosomes is both necessary and sufficient to induce
TLR4 signaling and support a model whereby LPS induces the
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only, wild-type TRAF3 or the chimera of PLC-d1 and TRAF3, plus a luciferase reporter dependent on ISRE (c) or NF-kB (d). Values are relative to those of

the GFP vector, set as 1. Data are representative of three independent experiments. (e) RT-PCR analysis of the expression of genes encoding IFN-b, IL-1b or

HPRT by RAW267 macrophage-like cells stably expressing either wild-type TRAF3 (left) or the chimera of PLC-d1 and TRAF3 (right), left untreated (None)

or treated for 4 h with the TLR4 agonist LPS (100 ng/ml; TLR4) or the TLR2 agonist PAM3CSK (1 mg/ml; TLR2). Data are representative of three

independent experiments done in duplicate.
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internalization of TLR4 into endosomes where the TRAM-TRIF–
dependent signaling pathway is activated.

TRAF3 localization dictates interferon-producing ability

Before this report, TLR4 was the only apparent exception to the
rule that induction of type I interferon by PRRs occurs from the
intracellular compartments and not from the plasma membrane. Our
results, however, indicated that TLR4 triggers TRAM-TRIF–dependent
signaling for IFN-b induction from an endosomal compartment.
Thus, no known PRR can trigger the production of type I interferon
from the cell surface. The mechanistic explanation for this phenome-
non is unknown at present. One possibility is that a key regulator of
the production of type I interferon is anchored in an intracellular
location and is therefore inefficiently delivered to the plasma mem-
brane. The requirement for intracellular localization applies to TLR7
and TLR9, which signal by MyD88-dependent IRF7 activation16,17,
and to TLR3 and TLR4, which signal by TRIF-dependent IRF3
activation18,19. The only known component shared by these two
pathways is TRAF3 (A002309), which is critically involved in the
induction of type I interferon by both mechanisms40,41. Therefore, we
considered the possibility that accessibility to TRAF3 may account for
the requirement for intracellular localization for the induction of type I
interferon. Unlike TIRAP and TRAM, we did not detect TRAF3 at the
plasma membrane; instead, pleomorphic structures scattered through-
out the cytosol were enriched for TRAF3 (Fig. 5a). Treatment with
LPS did not induce any detectable change in the subcellular distribu-
tion of TRAF3 (data not shown).

Either MyD88 or TRIF can engage TRAF3 (ref. 41), which suggests
that any TLR should be able to induce expression of type I interferon
through MyD88. However, only intracellular TLRs induce TRAF3-
dependent type I interferon. If one of the reasons why plasma
membrane–resident TLRs are unable to induce type I interferon is
the spatial separation of these receptors from TRAF3, then targeting
TRAF3 to the plasma membrane should permit TLRs located in the
plasma membrane, such as TLR2, to induce the production of type I
interferon. To test that prediction, we generated a plasma membrane–
targeted mutant of TRAF3 by attaching the pleckstrin homology
domain of phospholipase C-d1 (PLC-d1) to the amino terminus of
TRAF3. This chimeric protein efficiently localized to the plasma
membrane of transfected primary macrophages (Fig. 5b). Although
many TRAF family members can induce the activation of NF-kB-
dependent reporter genes when overexpressed, TRAF3 is unable to do
so42. Notably, whereas wild-type TRAF3 was unable to induce
expression of luciferase reporter constructs driven by NF-kB or an
interferon-stimulated response element (ISRE), the chimera of PLC-
d1 and TRAF3 induced the activation of each reporter after over-
expression (Fig. 5c,d). Thus, simple alteration of the subcellular
distribution of TRAF3 can alter signaling potential. To determine if
targeting TRAF3 to the plasma membrane could promote the produc-
tion of type I interferon by TLR2, which does not normally induce
such production11, we generated stable RAW264.7 macrophage cell
lines expressing either wild-type TRAF3 or the chimera of PLC-d1 and
TRAF3. Both LPS and the TLR2 ligand PAM3CSK induced robust
expression of a MyD88-dependent gene encoding IL-1b in cells
expressing either TRAF3 construct. Notably, TLR2 induced IFN-b in
cells transfected with the PLC-d1–TRAF3 chimera but not those
transfected with wild-type TRAF3 (Fig. 5e). Thus, relocalization of
TRAF3 to the plasma membrane allowed TLR2-mediated induction of
IFN-b expression, which indicates that localization TRAF3 is one of
the critical factors responsible for dictating the requirement for
intracellular localization of type I interferon–inducing PRRs.

DISCUSSION

The identification of many families of microbe-detection receptors has
led to an explosion of interest in understanding the organization of
these innate immune signaling pathways. Although genetic analysis of
innate immunity has progressed rapidly, much is unclear about how
these pathways have been integrated into the more general cellular
infrastructure in which they operate. TLR4 represents a good model
system for understanding the cellular organization of the initiation of
signal transduction, as TLR4 signaling is well characterized genetically,
yet many cell-biological questions remain unanswered.

TLR4 induces two independent signaling pathways that are regu-
lated by the TIRAP-MyD88 and TRAM-TRIF adaptor pairs1,23. The
TIRAP-MyD88–dependent signaling pathway induces the rapid acti-
vation of serine-threonine kinases such as p38 and IKKb, whereas the
TRAM-TRIF pathway induces the activation of interferon-regulatory
factors such as IRF3. It is generally believed that the two signaling
pathways are induced simultaneously and from the plasma membrane.
Here we have made a side-by-side comparison of the activity of these
pathways and found that the TRAM-TRIF–dependent signaling path-
way was induced mainly from an endosomal location, after LPS-
induced endocytosis of TLR4. Two independent lines of evidence
supported that conclusion. First, disrupting TLR4 endocytosis by
interfering with dynamin GTPases disrupted the TRAM-TRIF–depen-
dent phosphorylation of IRF3 and, consequently, IFN-b expression.
Second, TRAM mutants that resided specifically on early endosomes
(and were thus absent from the cell surface) retained the ability to
transmit TLR4 signals resulting in type I interferon induction. The
simplest interpretation of these two complementary experiments is
that although TLR4 and TRAM can be found with TIRAP at the cell
surface, TRAM-TRIF–dependent signaling occurs after internalization.
The observation that TIRAP-MyD88–dependent signaling seemed
intact in dynasore-treated cells is consistent with work showing that
TIRAP recruits MyD88 to PtdIns(4,5)P2-rich regions of the plasma
membrane, where signaling is initiated24.

These results suggest a new model of the initiation of TLR4
signaling. We propose that LPS induces assembly of the ligand-binding
complex consisting of CD14, MD-2 and TLR4 at the plasma mem-
brane. It is at this initial site of ligand binding that the TIRAP-MyD88
complex interacts ‘preferentially’ with the TIR domain of TLR4. From
this location, which is probably a PtdIns(4,5)P2-rich subdomain of
the plasma membrane, signaling is initiated and the receptor is
endocytosed by a dynamin-dependent process. During endocytosis,
PtdIns(4,5)P2 concentrations on the invaginating membrane drop
precipitously43, thereby releasing the TIRAP-MyD88 complex from
the invaginating membrane, which will ultimately become an early
endosome. Loss of the TIRAP-MyD88 complex allows the TRAM-
TRIF complex to engage the TIR domain of TLR4 on early endosomes
and induce the second phase of signaling from an intracellular
location, ultimately leading to the induction of the gene encoding
IFN-b. This model helps to provide a plausible explanation for
published data suggesting that both adaptor pairs can bind to the
same site on the TIR domain of TLR4 (ref. 44), as these adaptor pairs
do not bind simultaneously but instead bind sequentially. The sequen-
tial triggering of these two pathways is coordinated around endocytosis
of the receptor, which raises many questions about the regulation of
this system that should be the focus of future investigations.

The spatial separation of signaling pathway engagement is not
unique to TLR4 but is noted for other signaling receptors such
as the epidermal growth factor receptor, the tumor necrosis factor
receptor and several G protein–coupled receptors37,45,46. Notably,
cytosolic regulators of epidermal growth factor receptor and
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G protein–coupled receptor signaling, such as c-Src and b-arrestins,
contain a bipartite localization motif similar to that present in TRAM.
The function of the bipartite localization motif is to control the
distribution of TRAM between the plasma membrane and endosomes.
We have shown here that disruption of either the first (myristate
group) or second (phosphoinositide-binding) half of this motif
substantially altered the subcellular distribution of TRAM. The finding
that the bipartite motif controls the localization of TRAM raises the
possibility that natural alterations in this domain (such as those
induced by other signals) would alter the localization and signaling
potential of TRAM. We propose that the use of bipartite localization
modules may be a general strategy for controlling receptors capable of
inducing signaling pathways from distinct subcellular locations.

Our conclusion that TLR4 induces TRAM-TRIF–dependent signal-
ing from an intracellular location eliminates the only PRR thought to
activate the production of type I interferon from the plasma mem-
brane. Although it is unclear why PRRs should induce type I
interferon exclusively from intracellular compartments, our proof-
of-principle experiments with TRAF3 have provided a potential
mechanistic explanation for how type I interferon–inducing ability
is restrained. TRAF3 is somehow unable to be recruited to the cell
surface to participate in TLR signaling, which precludes it from
interacting with TLR-MyD88 complexes at the cell surface. In support
of that hypothesis, bypassing that restriction by targeting TRAF3 to
the plasma membrane was sufficient to allow TLR2 to induce IFN-b
expression. A likely explanation for why TLR2 does not normally
induce IFN-b is that its expression is restricted to the plasma
membrane, where TRAF3 is absent. Furthermore, even if TLR2 were
to be internalized during ligand binding, we expect that the TIRAP-
MyD88 adaptor pair would be lost from the receptor complex as it
reached an endosomal location. TLR4 seems to have evolved a way of
bypassing this problem by engaging the TRAM-TRIF complex after
receptor internalization; this complex, like MyD88, can interact with
TRAF3. This model also readily explains how TLR3, which is located
in endosomes, can trigger the TRIF pathway without the requirement
for TRAM. Indeed, TRAM seems to be necessary for coupling of the
TLR4 located on the cell surface to the endosomal activation of TRIF-
TRAF3. We note, however, that it is unlikely that TRAF3 is completely
incapable of being recruited to the plasma membrane, as it seems to
function at the plasma membrane ‘downstream’ of CD40 activa-
tion47,48. Notably, however, CD40 does not induce the production
of type I interferon47,48, which suggests that TRAF3 engaged by CD40
has a function distinct from that of TRAF3 engaged by TLRs. Never-
theless, because the main site of TRAF3 residence is an intracellular
locale, it is unclear at present what regulates the recruitment of TRAF3
to the cell surface or any other subcellular location. In conclusion, our
study has established a connection between the subcellular localization
and signaling specificity of TLR4 and has identified a bipartite sorting
motif in TRAM. Thus, like TIRAP, TRAM functions as a sorting
adaptor that controls the initiation of TRIF-dependent signaling
pathway from an endosomal compartment.

METHODS
Cell culture, immunofluorescence and transfection. Fugene-6 was used

according to the manufacturer’s instructions (Roche) to transfect human

embryonic kidney 293T cells; cells were incubated for 24 h at 37 1C. Luciferase

production by transfected 293T cells was measured with the Luciferase Assay

System according to the manufacturer’s instructions (Promega). Macrophages

were transfected by nucleofection (AMAXA) with the mouse macrophage

transfection reagent or by retroviral transduction as described49. Macrophages

were stained 4 h after nucleofection. Where indicated, dextan proteins labeled

with Texas red (10 mg/ml; Molecular Probes) were added to the cells 30 min

before fixation. For immunostaining, cells were fixed for 20 min at 25 1C in 2%

(vol/vol) paraformaldehyde and were made permeable for 10 min with 50 mM

digitonin. Samples were treated for 30 min with blocking buffer (1% (wt/vol)

BSA and 50 mM ammonium chloride in PBS) and were treated with the

appropriate antibodies diluted in blocking buffer. Hemagglutinin-specific anti-

bodies (3F10) were from Roche; CD4-specific antibodies (L3T4) were from R&D

Systems; and Sa15-21, an antibody that recognizes TLR4, was provided by

K. Miyake. For microscopy, antibody binding was detected with Alexa Fluor 488–

conjugated antibody to mouse immunoglobulin G (anti–mouse IgG; A-21202)

or anti–rat IgG (A-11006; both from Molecular Probes) and was visualized with

an Axioplan 2 epifluorescence microscope (Carl Zeiss). Images of sections 0.1 mm

in thickness were captured with a Axiocam HRm digital camera and were

processed with Adobe Photoshop. Bone marrow–derived macrophages were

prepared as described24. C57BL/6 mice were from Jackson Labs, and TRAM-

knockout mice were provided by S. Akira. Mice were bred and maintained at the

Yale Animal Resources Center at Yale University and all experiments were done

with the approval of and in accordance with regulatory guidelines and standards

set by the Institutional Animal Care and Use Committee of Yale University.

Dynasore treatment. Primary macrophages at day 7 or 8 were plated at 70%

confluency in 96-well tissue culture plates for enzyme-linked immunosorbent

assay (ELISA), in 6-well tissue culture plates for biochemical studies, or in

24-well plates for RT-PCR analysis. At 24 h after being replated, cells were

washed once with PBS to remove serum and were ‘refreshed’ for 2 h in serum-

free RPMI medium. The medium was replaced again with serum-free RPMI

medium containing recombinant LPS-binding protein and 80 mM dynasore

(provided by T. Kirchhausen) or dimethyl sulfoxide (control). Cells were

incubated for 30 min and were treated with various concentrations of LPS

for various times.

Flow cytometry. Wild-type or TLR4-deficient bone marrow–derived macro-

phages, pretreated with dynasore or not, were left unstimulated or were

stimulated for 30 min at 37 1C with LPS, then were washed with flow

cytometry buffer (0.1% (vol/vol) FCS and 2 mM EDTA in PBS). Sa15-21

conjugated to biotin (EZ-Link NHS-SS-Biotin; Pierce) was used for staining.

Cells were incubated for 20 min on ice with the primary antibody, followed by

streptavidin-phycoerythrin, and staining was assessed with a FACSCalibur

(Becton Dickinson).

Lipid-binding assays. ‘PIP strips’ (Echelon Biosciences) were immersed for 1 h

in blocking buffer (10 mM Tris, pH 8.0, 150 mM NaCl, 0.1% (vol/vol) Tween-

20 and 0.1% (wt/vol) ovalbumin). Strips were probed for 2 h at 25 1C with GST

fusion protein (50 ng/ml) in the presence of the GST-specific antibody GST-2

(Sigma). Blots were then washed in blocking buffer three times for 10 min each

and were probed for 30 min in blocking buffer with horseradish peroxidase–

conjugated anti–mouse IgG (NXA931; Amersham). Bound protein was

detected with ECL (Amersham).

Plasmids and protein purification. Plasmids encoding the TLR4 construct

with the ectodomain of the receptor replaced with the ectodomain of CD4 and

the luciferase reporters dependent on NF-kB or ISRE have been described50.

TRAF3 or TRAM cDNA was isolated from a mouse cDNA library and was used

as a template to clone TRAF3 into pCDNA3-flu or TRAM into pEGFP-N1

(Clontech). All mutants of TRAM were generated by PCR with green

fluorescent protein–tagged TRAM (GFP-TRAM) as a template and cloning

of the product into pEGFP-N1. Fusions of GST with mutant TRAM were

generated by cloning of cDNA from pEGFP-N1 into pGEX-4Ti (Amersham).

Retroviral vectors encoding various TRAM cDNA constructs were generated by

subcloning of the GFP-tagged cDNA from pEGFP-N1 into pMSCV2.2. Rab5

plasmids were provided by C. Roy. The PLC-d1 cDNA has been described24.

GST fusion proteins were purified from the BL21 derivative of Escherichia coli

with glutathione Sepharose 4B according to the manufacturer’s instructions

(Amersham). The purity of each GST preparation was confirmed by SDS-PAGE

and silver staining.

RT-PCR and ELISA. For RT-PCR, cells were collected into RNA-Bee (Teltest).

RNA was reverse-transcribed with Superscript II (Invitrogen) and cDNA was
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used for PCR. The abundance of each cytokine mRNA was compared with the

expression of Hprt1 (‘housekeeping’ gene encoding hypoxanthine guanine

phosphoribosyl transferase), which was used confirm that similar amounts of

RNA were used for each sample. Macrophage supernatants from a 96-well

tissue culture plate were used for ELISA to detect expression of IL-6 or

RANTES with reagents from R&D Systems; this was done according to the

manufacturer’s instructions.

Accession codes. UCSD-Nature Signaling Gateway (http://www.

signaling-gateway.org): A002296 and A002309.

Note: Supplementary information is available on the Nature Immunology website.
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