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Abstract

Toll-like receptor 3 (TLR3) recognizes double-stranded RNA and transmits signals to activate NF-jB

and the interferon (IFN)-b promoter via the newly identified adaptor, TICAM-1. The extracellular LRR

domain of TLR3 is engaged in the ligand recognition, while the intracellular TIR domain is crucial for

the adaptor binding and signal transduction upon ligand stimulation. Here, we analyzed TLR3

localization in human monocyte-derived immature dendritic cells (iDCs) and stable transfectants

expressing human TLR3 by immunofluorescence staining and confocal microscopy. TLR3 was

predominantly localized in specific but as yet unidentified intracellular vesicles where TLR3 signaling

was initiated. Expression analysis of TLR3-tail-truncated mutants revealed that the cytoplasmic

‘linker’ region (residues 730–755) determines the intracellular localization of TLR3. Site-directed

mutagenesis of the linker region allowed us to identify the relevant determinants as Arg740 and Val741

residues for intracellular expression of TLR3. Furthermore, alanine scanning of the linker region

demonstrated that the Phe732, Leu742 and Gly743 in the TLR3 cytoplasmic linker region are essential for

ligand-induced NF-jB and IFN-b promoter activation. Thus, the cytoplasmic linker region of TLR3

regulates receptor retention inside the organelle and signaling, which may be closely linked to TLR3

function in DCs.

Introduction

The innate immune system recognizes a wide variety of

pathogens and induces a number of anti-microbial and

inflammatory responses. Toll-like receptors (TLRs) recognize

pathogen-associated molecular patterns and initiate anti-

microbial immune responses (1–3). Ten members of the TLR

family (TLR1–10) have been identified in humans (4–6). The

TLR family proteins consist of an extracellular leucine-rich

repeat (LRR), a transmembrane region (TM) and a cytoplasmic

tail containing a Toll/IL-1 receptor homology (TIR) domain (7).

After stimulation by distinct microbial components, each TLR

elicits different, but sometimes overlapping, immune re-

sponses by recruiting specific adaptor molecules to the

intracellular TIR domain (8).

TLR3 recognizes double-stranded (ds) RNA by its ectodo-

main, and triggers downstream signals leading to interferon

(IFN)-b production (9,10). Recently, we and another group

independently identified a novel adaptor protein, TIR-contain-

ing adaptor molecule (TICAM)-1 (also called as TRIF), which

binds the TIR domain of TLR3 and activates NF-jB and the

IFN-b promoter in response to poly(I)�poly(C), a synthetic

analog of dsRNA (11–13). TICAM-1, when overexpressed,

activates NF-jB, AP-1 and interferon regulatory factor (IRF)-3,

a critically important transcription factor for IFN-b gene

expression (11,14,15).

Upon viral infection, many anti-viral responses, including

induction of IFN-inducing genes, are rapidly elicited in host

cells (16). dsRNA generated in the cytoplasm during viral

replication activates a cytoplasmic receptor, dsRNA-

activated protein kinase (PKR), resulting in the induction of

anti-viral responses (17,18). Although TLR3 is another

receptor for dsRNA and is thought to play an important role

in anti-viral immune responses through IFN-a/b production
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and dendritic cell (DC) maturation (19), how TLR3 recog-

nizes viral dsRNA is currently unknown. TLR3 is a typical

type I transmembrane protein, whose expression and

localization are regulated in a cell-type specific manner

(10,20–22). In human fibroblasts, TLR3 is localized both on

the cell surface and inside the cells. A mAb against human

TLR3 (TLR3.7) inhibits TLR3-mediated dsRNA-induced IFN-b

secretion by fibroblasts, suggesting that TLR3 acts on the

cell surface to sense viral infection (10). In contrast,

monocyte-derived immature DCs (iDCs) and CD11c+ blood

DCs express TLR3 inside the cells, and anti-TLR3 mAb does

not confer inhibition on dsRNA-induced IFN-b production by

DCs (22). The mechanisms by which intracellular TLR3

recognizes dsRNA in DCs are still unknown.

In this study, we found that TLR3 localized to specific

intracellular organelles in human monocyte-derived iDCs and

HEK293cells stablyexpressinghumanTLR3byusinganti-TLR3

mAb. Expression analysis of TLR3-tail-truncated mutants and

site-directed mutants revealed that the determinants for the

intracellular localization of TLR3 resided in the cytoplasmic

‘linker region’ (residues 730–755). Furthermore, we clearly

showed that the linker region, in addition to the TIR domain,

playsacritical role indsRNA-inducedTLR3-mediatedsignaling.

Methods

Reagents

Anti-human TLR2 mAbs (TLR2.45, TLR2.524) and anti-human

TLR3 mAb (TLR3.7) were raised in our laboratory (10,23). Anti-

human TLR3 mAb (IMG-315) was purchased from BioCarta

(San Diego, CA). Anti-Rab5a mAb (S-19) and anti-Rab7 mAb

(H-50a) were from Santa Cruz Biotechnology, Inc. (Santa Cruz,

CA). Anti-Lamp-2 pAb was from Affinity Bioreagents, Inc.

(Golden, CO), anti-Syntaxin 7 pAb was from Synaptic Systems

(Gottingen, Germany), and anti-Calnexin pAb was from

Stressgen (Victoria, Canada). Anti-FLAG M2 mAb, anti-HA

pAb, lipopolysaccharide (LPS) and chloroquine were pur-

chased from Sigma (St. Louis, MO). Anti-CD46 pAb was

produced in our laboratory (24). MitoTracker (R) Red CMXRos

and wheat germ agglutinin, Texas Red(R)-X conjugate (WGA-

TR) and anti-dinitrophenyl-KLH, fluorescenine conjugate were

purchased from Molecular Probes (Eugene, OR). DAMP

[3-(2,4-denitroanilino)-39-amino-N-methyldipropylamine] was

purchased from Oxford Biomedical Research, Inc. (Oxford,

MI). Bafilomycin A1 was from Wako Pure Chemical industries,

Ltd (Osaka, Japan) and poly(I)�poly(C) was from Amersham

Bioscience (Buckinghamshire, UK).

Cell cultures

HEK293 cells were maintained in Dulbecco’s modified Eagle’s

medium (Invitrogen, Carlsbad, CA) supplemented with 10%

heat-inactivated FCS (JRH Biosciences, Lenexa, KS). The IL-

3-dependent murine Ba/F3 cells were maintained in RPMI

1640 supplemented with 10% heat-inactivated FCS, 5 ng/ml

mouse IL-3, 100 lM 2-ME and antibiotics. CD14+ human

monocytes were isolated from human PBMCs using the MACS

system (Mlitenyi Biotec, Germany). The monocytes were

cultured for 6 days in RPMI 1640 supplemented with 10%

heat-inactivated FCS and antibiotics in the presence of

500 U/ml GM-CSF (Peprotech EC Ltd, London, UK) and 100

U/ml IL-4 (Peprotech) to obtain monocyte-derived iDCs (22).

Plasmids

cDNAs for human TLR2, TLR3 and TLR4 were cloned in our

labolatory by RT–PCR from mRNA of monocyte-derived iDCs

and were ligated at the cloning site of the expression vector

pEF-BOS (25). Various truncated TLR3 constructs (Fig. 3a)

were generated by PCRwith human TLR3 cDNA as a template.

HA-tag was inserted to C-terminus of signal sequence of

human TLR3delTIR (see Fig. 3a) by PCR with appropriate

primers. Alanine-substituted constructs were generated by

site-directed mutagenesis (Figs 4a and 5a). The mutated

cDNAs were cloned and inserted into pEF-BOS. The N-

terminal Flag-tagged TLR3 expression vector was constructed

by inserting the cDNA fragment into the mammalian expres-

sion vector pFLAG-CMV-1 (Sigma). The expression vectors for

MD-2 and CD14 were provided from K. Miyake and H.

Nishimura, respectively. The TLR3-fluorescent protein chimera

consists of the N-terminal signal sequence from TLR3 (1–26

aa) followed by the EGFP moiety fused to the N-terminus of

TLR3 lacking its signal sequence (27–904 aa).

Stable transfectants

Stable transfectants expressing the various mutated con-

structs of human TLR3 were prepared as described previously

(10). Briefly, HEK293 cells were transfected in 24-well plates

using Lipofectamine 2000 reagent (Invitrogen) with the in-

dicated expression vector together with pSV2neo plasmid

(Riken GenBank, Tsukuba). The transfectants were selected

with G418 (Sigma, final 600 lg/ml) for 2–3 weeks. Ba/F3 cells

were transfected with the indicated expression vector together

with pSV2neo plasmid by electroporation, and selected with

G418 (final 750 lg/ml) for 10 days.

Flow cytometry

Cells were incubated with the indicated mAbs (0.5–1 lg) for

30 min at 4�C in FACS buffer (DPBS containing 0.1% BSA and

0.1% sodium azide). After the cells were washed twice with the

above buffer, FITC-labeled secondary antibody (American

Fig. 1. Expression profiles of human TLR3 and TLR2 in HEK293 cells.
Human TLR3 and TLR2 were stably expressed in HEK293 cells.
TLR3.7 and TLR2.45 mAbs (10 lg/ml) were used for TLR3 and TLR2
detection, respectively (thick line). Mouse IgG1 was used as a control
antibody (thin line). For intracellular staining, cells were treated in
permeabilizing solution for 10 min before antibody treatment. Non-
transfected HEK293 cells were stained with TLR3.7 as a control
labeling. Inset values indicate the mean fluorescent intensities specific
for the anti-TLR3 mAb or anti-TLR2 mAb. Upper panels, cell surface
staining; lower panels, intracellular staining.
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Qualex, San Clemente, CA) was added and the cells were

further incubated for 30 min at 4�C. For intracellular staining,

cells were pretreated with permeabilizing solution (BD

Bioscience, San Jose, CA) for 10 min at room temperature,

washed once with FACS buffer and then incubated with the

indicated mAbs (0.5–1 lg) for 30 min at room temperature.

After washing, FITC-labeled secondary antibody (American

Qualex) was added and the cells were further incubated for

30 min at room temperature. Ten percent goat serum was

added to each reaction mixture to prevent non-specific

Fig. 2. Subcellular localization of TLR3 in human monocyte-derived iDCs and HEK293 transfectants. (a) TLR3 localizes in intracellular
compartments in stable HEK293 transfectants. For intracellular staining, cells were fixed with 3% formaldehyde in PBS, permeabilized with 0.5%
saponin in BSA–PBS, stained with TLR3.7 (20 lg/ml) followed by FITC-conjugated secondary antibody, and analyzed by confocal microscopy (C
and D). For surface staining, cells were fixed with 0.5% paraformaldehyde after antibody treatment (A and B). Mouse IgG1 was used as an isotype
control (data not shown). The nuclei (N) are marked in (D). Bar, 10 lm. (b) Confocal microscopic analysis of the subcellular localization of TLR3 in
HEK293 cells. Fixed and permeabilized cells were stained with TLR3.7 mAb (green, A, D and M; red, G and J) and WGA-TR (red, B), anti-syntaxin
7 (red, E), or anti-Rab5a (green, H), followed by FITC-, rhodamine B- or Alexa-conjugated secondary antibody. For acidic organelle staining, cells
were treated with DAMP (30 lM) for 60 min before fixation (green, K). For plasma membrane staining, cells were stained with anti-human CD46
pAb and Alexa 594-conjugated secondary antibody before fixation (red, N). The merged color (yellow) is indicative of co-localization. Bar, 10 lm.
(c) TLR3 does not co-localize with well-characterized organelles in monocyte-derived iDCs. Fixed and permeabilized cells were stained with
TLR3.7 mAb (green, A and M; red, D, G and J) and WGA-TR (red, B), anti-lamp-2 (green, E), anti-HLA-DR (green, K), or anti-calnexin (red, N)
followedbyFITC-, rhodamineB-, orAlexa594-conjugatedsecondaryantibodies. For acidicorganelle staining, cellswere treatedwithDAMP(30lM)
for 60 min before fixation (green, H). Anti-syntaxin 7 and anti-lamp-2 antibodies are used for late endosome and lysosome staining. Anti-Rab5a
antibody was used for early endosome staining, and anti-calnexin antibody was for ER staining. The strong spot-like fluorescent signal observed in
TLR3-staining of iDCs (part c, arrowheads in A, D, G, J andM) indicates that some unknown centrosomal molecule shares the relevant epitope with
TLR3 (22). Bar, 10 lm.
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binding. Cells were then analyzed using a FACS Calibur flow

cytometer (BD Bioscience).

Confocal microscopy

Monocyte-derived iDCs attached to glass slides were pre-

pared using Cytospin (Thermo Shandon, Cheshire, UK).

HEK293 cells were cultured on glass coverslips coated with

poly-L-lysine (BD Bioscience). The adherent cells were fixed

for 30 min with 3% formaldehyde in PBS and permeabilized

with 0.5% saponin in 1% BSA/PBS for 30 min, and then

washed four times with PBS. After the cells were soaked in 1%

BSA/PBS, they were treated for 1 h at room temperature with

anti-TLR3 mAb (TLR3.7) or normal mouse IgG (Sigma) (final

20 lg/ml) in 1% BSA/PBS. The cells were then washed with 1%

BSA/PBS and treated for 30 min at room temperature with

FITC-labeled goat anti-mouse IgG (American Qualex) (1:100),

rhodamine B-conjugated goat anti-mouse IgG (Biosource)

(1:100) or Alexa 488/594-conjugated goat anti-mouse IgG

(Molecular Probes) (5 lg/ml) in PBS containing 10% (w/v)

Block Ace (Yukijirushi, Sapporo, Japan). For dual staining with

various organelle markers, after TLR3.7 staining, cells were

treated with antibodies against organelle marker proteins

and then FITC-, rhodamine B- or Alexa 488/594-conjugated

secondary antibody. For mitochondoria and acidic organelle

staining, cells were pretreated with Mytotracker (final 500 nM)

for 45 min and DAMP (final 30 lM) for 60 min, respectively,

before fixation. For plasma membrane staining, the adherent

cells were stained with anti-CD46 pAb and Alexa 594-

conjugated secondary antibody at 4�C before fixation and

then stained with TLR3.7. For dual staining of epitope-tagged

TLR3, transfected cells were harvested and plated on glass

coverslips coated with poly-L-lysine. After fixation and

Fig. 3. The cytoplasmic linker region of TLR3determines intracellular localization of TLR3. (a) Constructs of truncated form of TLR3. Each truncated
constructwas stably expressed inHEK293cells. TLR3proteins expressed inHEK293cellsweredetectedby immunoblottingwith anti-TLR3peptide
mAb (2 lg/ml). Lane 1, full-length TLR3; lane 2, delTIR; lane 3, delCYT, lane 4, un-transfected HEK293 cells. Open arrowheads indicate intact and
truncated formsof TLR3proteins. (b) Expressionprofilesof TLR3delTIRandTLR3delCYT inHEK293cells. Localizationpatternsof truncated formsof
TLR3were analyzed by flow cytometry using anti-TLR3mAb (TLR3.7) as described in Fig. 1, and comparedwith intact TLR3. (c) Expression profiles
of TLR3delTIR and TLR3delCYT in Ba/F3 cells. Full-length TLR3 and each truncated construct were stably expressed in Ba/F3 cells. Localization
analysis was performed as described above. Inset values indicate the mean fluorescent intensities specific for the anti-TLR3mAb. (d) TLR3delTIR
co-localizes with full-length TLR3. Immunofluorescence staining of HEK293 cells stably expressing TLR3delCYTor TLR3delTIR was performed as
described in Fig. 2(a). Left panel, cell-surface staining of TLR3delCYT; center panel, intracellular staining of TLR3delTIR. Right panel, HEK293 cells
were transiently co-transfected with pCMV-FLAG-TLR3 and pEFBOS-HA-TLR3delTIR. After 24 h, transfected cells were harvested and plated on
glass coverslips coated with poly-L-lysine. FLAG-TLR3 was stained with anti-FLAG mAb followed by Alexa 488-conjugated secondary antibody
(green)andHA-TLR3delTIRwasstainedwith rabbit anti-HApAb followedbyAlexa594-conjugatedsecondaryantibody (red). Thestainedcellswere
analyzed by confocal microscopy. TLR3delTIR co-localized with full-length TLR3 (indicated as yellow). Bar, 10 lm.
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permeabilization, cells were stained with anti-FLAG mAb (final

10 lg/ml) and anti-HA pAb (2.5 lg/ml). The stained cells

were visualized at 360 magnification under a FLUOVIEW

(Olympus, Tokyo, Japan). Images were captured using the

attached computer software, FLUOVIEW.

Reporter gene assay

HEK293 cells (1 3 106 cells/well) in 6-well plates were

transiently transfected with p-125 luc (IFN-b promoter)

(0.5 lg) or NF-jB reporter plasmid (0.5 lg; Stratagene,

La Jolla, CA), pCMVb or phRL-TK (internal control vector,

0.025 lg) and the indicated expression vectors (11). The total

amount of DNA (4 lg) was kept constant by adding empty

vector. In some experiments, HEK293 cells (2 3 105 cells/

well) in 24-well plates were transfected with reporter plasmid

(0.1 lg), internal control vector (2.5 ng) and indicated

expression vectors. The total amount of DNA (0.8 lg) was

kept constant by adding empty vector. After 24 h, cells were

Fig. 4. The Arg740 and Val741 in the linker region are critical for intracellular localization of TLR3delTIR in HEK293 transfectants. (a) Constructs of
various alanine-substituted mutants and one deletion mutant of TLR3delTIR. (b) Mutant 6 of TLR3delTIR (delTIRMut6) is transported to the cell
surface in HEK293 transfectants. Upper panel, relative cell surface localization of TLR3delTIR mutants. Each mutant was stably expressed in
HEK293 cells and the localization profiles were analyzed by flow cytometry. Cell surface expression of each mutant was quantified as a ratio of
mean fluorescence intensity of cell surface vs that of cytoplasm. Flow cytometric analysis was performed on 3–10 separate clones in each mutant.
Lower panel, expression profile of delTIRMut6 in HEK293 transfectants. Thick line, TLR3 staining; thin line, control mouse IgG1. Inset values
indicate the mean fluorescence intensities specific for the anti-TLR3 mAb. Representative data from a minimum of three separate clones are
shown. (c) Mutant 8 and Mutant 9 of TLR3delTIR (delTIRMut8 and delTIRMut9) are largely expressed on the cell surface in Ba/F3 transfectants.
Upper panel, relative cell surface localization of TLR3delTIRmutants. Eachmutant was stably expressed in Ba/F3 cells and the localization profiles
were analyzed by flow cytometry. Lower panel, expression profiles of delTIRMut8 in Ba/F3 transfectants. Representative data from a minimum of
three separate clones are shown.
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Fig. 5. Cytoplasmic linker region of TLR3 is involved in TLR3-mediated signaling. (a) Constructs of various alanine-substituted TLR3 mutants. (b)
Mutant 2 (Mut2) and Mutant 7 (Mut7) completely lost ability to mediate poly(I)�poly(C)-induced IFN-b promoter activation. HEK293 cells were
transiently transfected with plasmids encoding empty vector, TLR3, or various alanine-substituted mutants, together with p-125 luc (IFN-b
promoter) reporter plasmid. After 24 h, the cells were treated with PBS or poly(I)�poly(C) (2 lg/ml). Luciferase activities are shown as mean relative
stimulation plus S.D. Representative data from a minimum of three separate experiments are shown. (c) Localization profiles of dysfunctional
alanine-substituted TLR3 mutants in HEK293 cells. HEK293 cells stably expressing dysfunctional TLR3 mutants (Mut2 and Mut7) were prepared.
Localization of these TLR3mutants was analyzed by flow cytometry using anti-TLR3mAb (TLR3.7) as described in Fig. 1. Thick line, TLR3 staining;
thin line, control mouse IgG1. Inset values indicate the mean fluorescent intensities specific for the anti-TLR3mAb. Lower panel, immunoblotting of
intact and mutated TLR3 expressed in HEK293 cells using anti-TLR3 peptide mAb. (d) Phe732 is essential for TLR3-mediated IFN-beta promoter
activation. The luciferase assay was performed as in (b). Lower panel, immunoblotting of intact and mutated TLR3 expressed in HEK293 cells
using anti-TLR3 peptide mAb. (e) The cytoplasmic linker region plays an important role in TLR3-mediated NF-jB activation. HEK293 cells were
transiently transfected with plasmid encoding empty vector, TLR3, Mut2, Mut7, F732A, together with NF-jB reporter plasmid. The luciferase assay
was performed as in (b). (f) Binding activity of dysfunctional TLR3 mutants to TICAM-1. HEK293 cells were transiently transfected with plasmids
encoding empty vector, TLR3 or various alanine-substituted TLR3 mutants, together with HA-TICAM-1 expression plasmid. Intact and mutated
TLR3 were immunoprecipitated with TLR3.7, and subjected to SDS–PAGE followed by immunoblotting. Co-precipitated TICAM-1 was detected by
anti-HA pAb (upper panel). The membrane was reprobed with anti-TLR3 peptide antibody (middle panel). TICAM-1 expression was confirmed by
immunoblotting of whole-cell lysates (lower panel).
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harvested, added to 24-well plates (2 3 105 cells/well) and

stimulated with PBS, poly(I)�poly(C) (2 lg/ml), or LPS (100

ng/ml) for 6 h. Cells were then lysed in lysis buffer (Promega)

and assayed for dual luciferase activities (Firefly and Renilla

luciferase activities) and b-galactosidase activity (internal

control). Luciferase activity was normalized by b-galactosi-

dase or Renilla luciferase activity and expressed as the fold

stimulation relative to the activity in vector-transfected cells or

PBS-stimulated cells.

Immunoprecipitation

HEK293 cells in 6-well plates were transfected with expression

vectors containing various mutated TLR3 constructs (3 lg)

together with TICAM-1-HA expression vector (0.5 lg) (11). The

total amount of DNA (4 lg) was kept constant by adding empty

vector. After 24 h, the cells were lysed in lysis buffer (20 mM

Tris–HCl, pH 7.5, containing 150 mM NaCl, 1% NP-40, 10 mM

EDTA, 25 mM iodoacetamide and 2 mM PMSF). TLR3 was

immunoprecipitated with anti-TLR3 mAb (TLR3.7) and sub-

jected to SDS–PAGE (7.5%) under reducing conditions,

followed by immunoblotting with anti-HA pAb (Sigma) or

anti-TLR3 mAb (BioCarta).

Results

TLR3 localizes to specific intracellular organelles

The localization of TLR3 was first analyzed by flow cytometry of

HEK293cells stably expressinghumanTLR3 (293-TLR3). TLR3

was predominantly present inside the cells and only slightly

expressed on the cell surface (Fig. 1). In contrast, TLR2 was

surface-expressed in HEK293 cells stably expressing human

TLR2 (293-TLR2), as previously reported (Fig. 1) (26,27).

To identify the intracellular compartment where TLR3 is

enriched, we performed immunofluorescence analysis using

anti-TLR3 mAb, TLR3.7, in 293-TLR3. TLR3 was found to

localize to the perinuclear compartment and scattered endo-

some-like vesicles (Fig. 2a). Cell-surface TLR3 could not be

detected by this method, reflecting its low level. Dual staining

and confocal microscopic analysis revealed that organelle

markers, MytoTracker for mitochondria (data not shown) and

Rab5a for early endosomes did not co-localize with TLR3-

enriched compartments (Fig. 2b) (28). WGA, a marker for TGN

and trans-Golgi, syntaxin 7 for late endosomes, and DAMP for

an acidic organelle were only partly merged with TLR3-

enriched compartments (29,30). To directly visualize TLR3

localization, we engineered a green fluorescent protein (GFP)–

TLR3 chimeric construct and established stable HEK293

transfectants expressing GFP-fused TLR3. The localization

pattern of the GFP–TLR3 fusion receptor in HEK293 cells

matched that of wild-type TLR3 (data not shown).

Next, we analyzed the subcellular localization of endoge-

nous TLR3 in monocyte-derived iDCs by immunofluorescence

staining and confocal microscopy. Endogenous TLR3 was

confined in scattered vesicles and did not co-localize with

WGA-stained Golgi apparatus in iDCs (Fig. 2c). Interestingly,

EEA-1 [early endosome marker, (31)] (data not shown), Lamp-

2 [late endosome/lysosome marker, (32)] and DAMP did not

co-localize with TLR3-positive vesicles. HLA-DR, which is

highly expressed in the endosomal compartment in iDCs,

did not co-localize with TLR3-positive vesicles. Recently, Latz

et al. reported that endogenous and fluorescently tagged

TLR9 are expressed in the endoplasmic reticulum (ER) of

resting cells (33). In the case of TLR3, co-localization of TLR3

with calnexin, an ER-resident protein, was not observed in

iDCs (Fig. 2c). These results suggest that TLR3 resides in as

yet uncharacterized organelles in iDCs and 293-TLR3. The

partial co-localization of transfected-TLR3 with WGA, syntaxin

7 and DAMP in HEK293 cells probably reflects overexpressed

status in which TLR3 may overflow the transported pathway

besides the targeted vesicles (Fig. 2b).

The cytoplasmic linker region determines intracellular

localization of TLR3

The cytoplasmic tail of TLR3 contains 179 residues (725–904

aa) including the TIR domain (756–904 aa). To analyze the role

of the cytoplasmic tail in the subcellular localization of TLR3,

various truncated forms of TLR3 were stably expressed

in HEK293 cells (Fig. 3a). Both TLR3delCYT lacking the

cytoplasmic tail and TLR3delTIR lacking the TIR domain but

retaining the proximal 31 amino acids were expressed with the

expected molecular sizes to similar extents as intact TLR3

(Fig. 3a). Flow cytometric analysis showed that TLR3delCYT

was predominantly expressed on the cell surface, while

TLR3delTIR was expressed intracellularly, like intact TLR3

(Fig. 3b). Other truncated forms with a partially deleted TIR

domain resided inside the cells (data not shown). Similar

localization patterns were also observed in mouse B cell line

Ba/F3 stably expressing the same constructs (Fig. 3c). The

different distribution of TLR3delCYT and TLR3delTIR in

HEK293 transfectants was confirmed by immunofluorescene

staining (Fig. 3d, left and center panels). The localization

pattern of TLR3delTIR matched that of full-length TLR3. Dual

staining and confocal microscopic analysis of HEK293 cells

transiently expressing TLR3delTIR and full-length TLR3 clearly

showed the co-localization of TLR3delTIR with full-length TLR3

(Fig. 3d, right panel). Thus, the 26 amino acid residues (730–

755) of the cytoplasmic tail outside the TIR domain (named the

cytoplasmic ‘linker’ region) are critical for specifying the

intracellular localization of TLR3.

To identify the residues determining intracellular localization

of TLR3, we performed alanine scanning of the linker region. As

shown in Fig. 4(a), alanine-substituted mutants of TLR3delTIR

(Mutant 1~Mutant 10, Q750A) were stably expressed in

HEK293 cells and their localization profiles were analyzed.

Strikingly, Mutant 6 (RV740,741AA) appeared on the cell

surface (Fig. 4b). Other TLR3 mutants behaved like the wild-

type delTIR, being expressed inside the cells (Fig. 4b, upper

panel). The C-terminal acidic residues (TExxE) in the linker

region, a possible targeting signal for the endosomal mem-

brane, is independent of TLR3 targeting, since the truncated

mutant lacking these residues (del 751–904) was expressed

intracellularly (Fig. 4b). These data demonstrated that the

residues Arg740 and Val741 in the linker region are crucial for

retaining TLR3 in the intracellular organelle. An interesting

findingwas that the critical residues for intracellular localization

of TLR3 in Ba/F3 transfectants were different from those in 293

transfectants. When alanine-substituted mutants were stably

expressed in Ba/F3 cells, Mutant 8 (FK744,745AA) and Mutant

9 (EI746,747AA) were surface-expressed (Fig. 4c). In Ba/F3
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Fig. 6. TLR3-mediated signaling is initiated in the intracellular compartment that is enriched in TLR3. (a) Alanine-substituted mutants inhibit TLR3-
mediated IFN-b promoter activation. HEK293 cells were transiently transfected with plasmids encoding TLR3 (0.5 lg) together with increasing
amounts of expression vector for TLR3, Mut2, Mut7, F732A, delTIR, TLR2 (0.5 or 3.0 lg) and p-125 luc reporter plasmid. Luciferase activities are
shown as mean relative stimulation plus S.D. Representative data from a minimum of three separate experiments are shown. (b) Chloroquine and
bafilomycin A1 inhibit TLR3-mediated IFN-b promoter activation. HEK293 cells transiently transfected with plasmids encoding empty vector, TLR3
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transfectants, TLR3 largely accumulated in the multivesicular

bodies (MVBs), a subcellular compartment situated in endo-

cytic trafficking pathways (22), which differed from TLR3

localization in iDCs and HEK293 transfectants. The residues

FKEI at 744–747 in the linker regionmay specifically function as

a sorting signal to MVBs in Ba/F3 transfectants, and the RV-

containing region participates in sorting TLR3 to other vesicles.

TLR3 cytoplasmic linker region is essential for

TLR3 signaling

To analyze the possible role of the linker region in TLR3

signaling, we prepared a series of alanine-substituted mutants

of full-length TLR3 (Fig. 5a). All these mutants were normally

expressed with the expected molecular sizes at similar levels

as intact TLR3 (data not shown). First, we performed reporter

gene assays in HEK293 cells transiently transfected with

each mutated construct. Two mutants, Mutant 2 (Mut2;

FY732,733AA) and Mutant 7 (Mut7; LG742,743AA), com-

pletely lost the ability to activate NF-jB and the IFN-b promoter

upon poly(I)�poly(C) stimulation (Fig. 5b and e). These dys-

functional mutants localized intracellularly in stable HEK293

transfectants (Fig. 5c). The other mutants showed similar

activity compared to wild-type TLR3 except Mutant 6, which

had lower activity, presumably due to lower expression in the

intracellular compartment.

Sarkar et al. reported that cytoplasmic tyrosine phosphor-

ylation, especially Tyr759 in the TIR domain, affected dsRNA-

TLR3 mediated signal transduction (34). As Tyr733 was

substituted by alanine in Mut2 (FY732,733AA), we made

additional single amino acid-substituted mutants, Y733F,

Y733A and F732A, to identify the role of Tyr733 in TLR3

signaling (Fig. 5a). Western blot analysis showed that these

mutated proteins were expressed to similar extents as

wild-type TLR3 in HEK293 cells (Fig. 5d). Consistently with

a previous report (34), the Y733F mutant had the ability to

activate the IFN-b promoter, while the Y733A mutant had less

such ability (Fig. 5d). The Tyr733 must not be a phospho-

acceptor but partly contribute to steric organization of the

linker region. Surprisingly, the F732A mutant did not activate

NF-jB or the IFN-b promoter when expressed in HEK293 cells,

indicating that the Phe732 is essential for TLR3-mediated NF-

jB and IFN-b promoter activation by poly(I)�poly(C) stimulation

(Fig. 5d and e).

The TIR domain of TLR3 is crucial for adaptor binding and

signaling. The A795Hmutant of TLR3, in which Ala795 in the TIR

domain is substituted by histidine, has lost TICAM-1-binding

ability (11). In reporter gene assays, the A795H mutant could

not activate NF-jB or the IFN-b promoter upon poly(I)�poly(C)

stimulation (11). We therefore investigated whether dysfunc-

tional TLR3 mutants have the ability to bind to TICAM-1.

Immunoprecipitation study using HEK293 cells revealed that

all mutants could associate with TICAM-1 (Fig. 5f). Thus,

mechanisms of the defectiveness ofMut2, Mut7 and F732A are

completely different from that of A795H mutant.

TLR3-mediated signaling is initiated in the intracellular

compartment in HEK293 transfectants

To clarify the role of the linker region in TLR3 function,

experiments were performed using dominant–negative dys-

functional mutants, TLR3delTIR, Mut2, Mut7 and F732A.

Poly(I)�poly(C)-induced IFN-b promoter activation mediated

by wild-type TLR3 was inhibited by simultaneous expression

of these mutants (Fig. 6a), suggesting that these mutated

proteins were located in the same place as wild-type TLR3 and

exhibited inhibitory function. Indeed, confocal microscopic

analysis revealed that these TLR3 mutants co-localized with

wild-type TLR3 in HEK293 cells (data not shown). The Phe732,

Leu742 and Gly743 in the TLR3 cytoplasmic linker region may

play an important role in poly(I)�poly(C)-induced receptor di-

merization followed by the recruitment of adaptor molecules.

In monocyte-derived iDCs, endosomal maturation is re-

quired for poly(I)�poly(C)-induced cytokine production (22).

We tested the effects of chloroquine and bafilomycin A1,

which inhibit endosomal maturation by different mechanisms,

on TLR3-mediated IFN-b promoter activation in HEK293 cells

expressing human TLR3. As shown in Fig. 6(b), poly(I)�
poly(C)-induced IFN-b promoter activation was completely

inhibited in the presence of chloroquine or bafilomycin A1. In

contrast, LPS-induced IFN-b promoter activation was not

affected, since TLR4/MD-2 complex was surface-expressed in

HEK293 cells and mediated LPS signaling at the cell-surface

(35). Furthermore, function-blocking mAb against TLR3,

TLR3.7, did not block poly(I)�poly(C)-induced IFN-b promoter

activation in HEK293 cells transiently or stably expressing

human TLR3 (Fig. 6c). These results indicate that TLR3-

mediated signaling occurs in the intracellular compartment,

but not on the cell surface, in HEK293 transfectants, although

a small number of TLR3 molecules were expressed on the cell

surface (Fig. 1).

Discussion

The novel points we showed in the present study are that:

(i) in monocyte-derived iDCs and HEK293 transfectants, TLR3

localizes to specific intracellular organelles where TLR3

signaling is initiated; (ii) the cytoplasmic linker region (residues

730–755) determines intracellular localization of TLR3; (iii) the

determinants are within several amino acid residues in the

linker region; (iv) Phe732, Leu742 and Gly743 in the TLR3

cytoplasmic linker region are essential for ligand-induced

NF-jB and the IFN-b promoter activation. Thus, the linker

(left panels) or TLR4 + CD14 + MD-2 (right panels) were pretreated with chloroquine (5 lg/ml) for 15 min or 2 h (upper panels) or bafilomycin A1
(1 lM) for 1 h (lower panels) and stimulated with PBS, 2 lg/ml of poly(I)�poly(C), or LPS (100 ng/ml) for 6 h. Luciferase activities are shown as mean
relative stimulation plus S.D. Representative data from a minimum of three separate experiments are shown. (c) Anti-TLR3 mAb does not inhibit
TLR3-mediated IFN-b promoter activation in HEK293 cells. HEK293 cells transiently transfected with plasmid encoding TLR3 together with p-125
luc reporter plasmid (left panel) or 293-TLR3 (see Fig. 1) transfected with only p-125 luc reporter plasmid (right panel) were pretreated with 20 lg/
ml of TLR3.7 or TLR2.524 for 1 h, and stimulated with PBS or 2 lg/ml of poly(I)�poly(C) for 6 h. Luciferase activities are shown as mean relative
stimulation plus S.D.
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region of TLR3 plays an important role in receptor localization

and signaling, suggestive of the presence of new modes for

regulation of signal and distribution in TLRs.

Receptor localization and the nidus for signaling have been

extensively studied with TLR4 and TLR9. TLR4, in association

with MD-2, localizes to the plasma membrane and the Golgi

apparatus in monocytes, macrophages and HEK293 cells

stably expressing fluorescent TLR4 (35), and to the Golgi

apparatus in intestinal epithelial cells (36). The TLR4-CD14-

MD-2 complex signals the presence of LPS at the cell surface

in stable HEK293-transfected cells, but this occurs instead at

the Golgi apparatus in intestinal epithelial cells (35,36). On the

other hand, TLR9, known to be a receptor for bacterial

CpG-DNA (37), localizes to the lysosomal compartment where

CpG-induced signaling starts (38). Endosomal acidification

inhibitors such as bafilomycin A1 and chloroquine completely

block CpGDNA-induced cytokine production in macrophages

(39,40), indicating that TLR9-mediated signaling requires

endosomal maturation. According to a recent report, TLR9 is

expressed in the ER of resting cells and redistributes to the

endosomal compartment in response to CpG DNA stimulation

(33). The molecular mechanism of intracellular localization of

TLR9, however, remains elusive.

In the case of TLR3, expression and localization are

regulated in a cell-type specific manner. TLR3 localizes to

the plasma membrane and intracellular compartment in

human fibroblasts, while monocyte-derived iDCs and CD11c+

myeloid blood DCs express TLR3 intracellularly, not on the

cell surface (10,22). Immunoelectron microscopic analysis

revealed that human TLR3, when stably expressed in mouse

B-cell line Ba/F3, largely accumulated in MVBs (22). Here we

showed by immunofluorescence analysis that TLR3 selectively

accumulates in specific but as yet unidentified vesicles in DCs

and 293-TLR3.

As expected, the function-blocking mAb against TLR3

(TLR3.7) could not inhibit TLR3-mediated signaling in these

cells. In addition, dsRNA-induced cytokine production in iDCs

and IFN-b promoter activation in HEK293 transfectants were

completely blocked by pretreatment of the cells with chloro-

quine or bafilomycin A1 (22, Fig. 6b). These reagents are

known to inhibit endosomal maturation by neutralizing the pH

of endocytic organelles or specifically inhibiting vacuolar type

H+-ATPase, respectively (41). Thus, TLR3 signaling in iDCs

and HEK293 transfectants occurs intracellularly in conjunction

with endosomal maturation, as observed for TLR9 signaling.

However, based on the fact that TLR3 does not localize in

the late endosomes/lysosomes or ER in iDCs and 293-TLR3

before or after poly(I)�poly(C) stimulation (Fig. 2c, data not

shown), signaling mechanisms between TLR3 and TLR9 must

be different. Although how intracellular TLR3 recognizes

dsRNA remains unknown, our preliminary data suggest the

presence of another receptor that recognizes dsRNA on the

cell surface in iDCs (M. Matsumoto, S. Nishikawa, K. Funami

and T. Seya, unpublished data). Chloroquine treatment may

affect the accessibility of internalized dsRNA to intracellular

TLR3 by disturbing endosomal maturation. Further character-

ization of TLR3-enriched compartment will be needed to clarify

how TLR3 recognizes dsRNA.

We first demonstrated in this study that the cytoplasmic

linker region of TLR3 directed a receptor to intracellular

compartment. Targeting signals placed in the cytoplasmic tail

determine the localization of many transmembrane receptors.

A tyrosine-basedmotif and dileucine-basedmotif are known to

be endocytic/lysosomal targeting signals (42). TLR3 has no

reported targeting sequences in its cytoplasmic tail except for

the tyrosine-based motif (733–736, YWNV) in the linker region.

However, these residues were not critical for the intracellular

localization of TLR3, as their mutations in TLR3delTIR did not

affect receptor localization (Mut2 and Mut3 in Fig. 4b). In

contrast, mutations of Arg740 and Val741 altered localization

of TLR3delTIR in HEK293 transfectants (Mut6 in Fig. 4b),

indicating that these residues are critical for retaining TLR3

inside the cells. Notably, these amino acids are not included in

any kind of motif found in proteins with subcellular localization,

which suggests the presence of novel mechanism for

distribution of TLR3.

In Ba/F3 transfectants, human TLR3 predominantly resides

on the internal membrane of MVBs and a small number of

TLR3 molecules were detected on the limiting membrane of

MVBs (22). Recent studies have defined the MVB-sorting

pathway, in which ubiquitin was identified as a signal for the

efficient sorting of membrane proteins into inner vesicles of

MVBs (43). One possible mechanism of intracellular localiza-

tion of TLR3 in Ba/F3 cells is that Lys745 in the linker region

may be ubiquitinated, resulting in sorting to the MVB pathway.

Indeed, substitution of the residues FKEI at 744–747 in the

linker region by alanines affected the intracellular localization

of TLR3delTIR in Ba/F3 cells (Fig. 5c). Although the precise

mechanisms of the intracellular localization of TLR3 in DCs

and HEK293 cells are still unclear, unidentified molecules must

be specifically associated with the linker region and control the

intracellular localization of TLR3.

The functional roles of the TIR domain in TLR-mediated

signaling have been well characterized. In contrast, the roles of

the cytoplasmic region outside the TIR domain in TLR signaling

have not been clarified.We found that Phe732, Leu742 andGly743

in the linker region were essential for TLR3-mediated signaling,

since mutants of these residues could not transmit signals upon

poly(I)�poly(C) stimulation. They possessed TICAM-1 binding

ability but exhibited a dominant-negative effect. One possible

interpretationof thisfinding is that themutations in these residues

result in abrogation of ligand-induced receptor dimerization

secondary to TICAM-1 recruitment. Co-immunoprecipitation of

these mutants and TICAM-1 observed when they were ex-

pressed in HEK293 cells may reflect the interaction between

mutants-TIR and TICAM-1-TIR. Interestingly, essential residues

for signaling (FY732,733; LG742,743) are conserved across

human, mouse and Fugu rubripes TLR3 (44).

Among the TLR family proteins, there is less sequence

similarity in the cytoplasmic linker region than in the TIR

domain. TLR7, TLR8 and TLR9, however, have highly-

conserved linker regions, which differ from that of TLR3. The

different TLR linker regions may have different functions, as

observed for TLR2, in which tyrosine phosphorylation was

important for TLR2 signaling (45). Identification of molecules

associated with the TLR3 cytoplasmic linker region is currently

in progress in our laboratory and should yield insight into the

molecular mechanism as to how TLR3 is targeted to the

intracellular compartment and where TLR3 recognizes virus-

derived dsRNA in DCs.
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Abbreviations

DAMP 3-(2,4-denitroanilino)-39-amino-N-methyldipropylamine
DCs dendritic cells
GFP green fluorescent protein
iDC immature DC
HA hemagglutinin
IRF interferon regulatory factor
LRR leucine-rich repeat
MVB multivesicular body
PKR dsRNA-activated protein kinase
TICAM-1 TIR-containing adaptor molecule-1
TIR Toll-IL-1 receptor homology
TLR Toll-like receptor
TM transmembrane
TRIF TIR domain-containing adaptor-inducing IFN
WGA wheat germ agglutinin
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