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Double-stranded RNA (dsRNA) is produced during the
replication cycle of most viruses and triggers antiviral
immune responses through Toll-like receptor 3 (TLR3).
However, the molecular mechanisms and subcellular com-
partments associated with dsRNA-TLR3-mediated signal-
ing are largely unknown. Here we show that c-Src tyrosine
kinase is activated by dsRNA in human monocyte-derived
dendritic cells, and is recruited to TLR3 in a dsRNA-
dependent manner. DsRNA-induced activation of interfer-
on-regulatory factor 3 and signal transducer and activator
of transcription 1 was abolished in Src kinase-deficient
cells, and restored by adding back c-Src, suggesting a
central role of c-Src in antiviral immunity. We also provide
evidence that TLR3 is localized in the endoplasmic reticu-
lum of unstimulated cells, moves to dsRNA-containing
endosomes in response to dsRNA, and colocalizes with
c-Src on endosomes containing dsRNA in the lumen. These
results provide novel insight into the molecular mechan-
isms of TLR3-mediated signaling, which may contribute to
the understanding of innate immune responses during
viral infections.
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Introduction

Double-stranded RNA (dsRNA) is a molecular pattern pro-
duced during viral infections that stimulates production of
type I interferons (IFNs), thus initiating antiviral immune
responses (Jacobs and Langland, 1996). Also, endogenous
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RNAs forming secondary double-stranded structures that are
released after necrosis and tissue damage can activate cellu-
lar IFN production, thus representing host-derived inducers
of dsRNA-mediated inflammatory responses. In addition to
IFN production, other cellular effects of dsRNA that contri-
bute to antiviral defense mechanisms include termination of
protein synthesis and induction of apoptosis, processes partly
mediated by the IFN-inducible protein kinase PKR (Der et al,
1997). Certain viruses, such as Epstein-Barr virus, human
immunodeficiency virus type 1, and human adenovirus, have
evolved strategies to circumvent dsRNA-induced defense
reactions in the responding cells, for example, by producing
short, highly structured single-stranded RNAs and by inhibit-
ing the host cell death machinery to impair the antiviral
actions stimulated by dsSRNA (Jacobs and Langland, 1996).
Several eukaryotic proteins interact with dsRNA to regu-
late gene expression during viral infections, for example, the
dsRNA-activated protein kinase PKR, and the RNase III Dicer
acting in RNA interference. Believed to be more important for
mounting an antiviral innate immune response in response to
dsRNA are the RNA helicases RIG-I and MDAS, and Toll-like
receptor (TLR)3 (Tabeta et al, 2004; Kato et al, 2006). The
TLR family consists of at least 11 family members, where the
members sense the presence of microbial compounds ranging
from lipids such as LPS (TLR4) and lipoproteins (TLR2
heterodimerizing with TLR1 or TLR6), proteins (flagellin,
TLRS5) to viral and bacterial nucleic acids (ss/ds RNA/DNA,;
interacting with TLR3, TLR7, TLR8, TLR9). TLRs are type I
transmembrane receptors that contain an extracellular leu-
cine-rich repeat domain and a highly conserved cytoplasmic
Toll/IL-1 receptor (TIR) domain that is homologous to that of
the interleukin-1 receptor family (Akira and Takeda, 2004).
Signaling mediated by TLRs is initiated by recruitment and
homophilic interaction with the different cytosolic TIR
domain-containing TLR adapter proteins MyD88, TIRAP/Mal,
TRIF/TICAM, or TRAM/TICAM?2. Different TLRs can activate
distinct cellular responses to pathogens, and the specific
response of individual TLRs has been ascribed to differential
usage of TLR adapter proteins. TLR3 responds to dsRNA and
stimulates the IFN-B promoter, which is regulated by the
transcription factors interferon regulatory factor (IRF)-3,
NF-kB, and ATF-2/c-Jun (Oshiumi et al, 2003). Interestingly,
TLR3-mediated signaling utilizes the TLR adapter protein
TRIF and is independent of both the adapter protein MyD88
and the IL-1 receptor-associated protein kinases utilized by
other TLRs, thus demonstrating TLR3-specific signaling me-
chanisms (Oshiumi et al, 2003; Yamamoto et al, 2003; Jiang
et al, 2004). Both TLR3 and TRIF participate in the in vivo
defense against viral infections (Hoebe et al, 2003; Tabeta
et al, 2004). It has recently been found that TLR3-mediated
IFN-B production and NF-xB activation diverge at TRIF
(Jiang et al, 2004) and that TLR3 utilizes the adapter protein
TRIF to engage downstream signaling proteins, such as
TRAF3, the non-canonical IxkB kinases, TBK-1 and IKKe to
activate IRF-3, and TRAFG or receptor interacting protein-1
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(RIP-1) to stimulate NF-xB (Fitzgerald et al, 2003; Meylan
et al, 2004; Hoebe and Beutler, 2006). Recently, tyrosine
phosphorylation of TLR3 has been implicated in IRF-3 activa-
tion, but the identity of the tyrosine kinase involved in TLR3-
mediated signaling has not been established.

C-Src is a member of the highly conserved Src family
of protein tyrosine kinases, which consists of nonreceptor
tyrosine kinases that display different expression patterns
and have been implicated in numerous cellular processes,
such as innate immune responses, and signaling induced by
integrins, cytokines, antigens, and growth factors. C-Src
contains an N-terminal myristoylation site targeting it to
cellular membranes, and Src-homology (SH)2 and SH3 do-
mains, which are implicated in its activation. The SH2 and
SH3 domains bind to phosphotyrosine and proline-rich mo-
tifs, respectively, and mediate the interaction of c-Src with its
upstream binding partners and its cellular substrates. C-Src is
tyrosine phosphorylated at the two major sites Tyr*!® and
Tyr®?, of which the autophosphorylation at Tyr*'® is required
for c-Src activity (Thomas and Brugge, 1997). Here we show
that c-Src is required for TLR3-mediated activation of the
transcription factors IRF-3 and signal transducer and activa-
tor of transcription 1 (STAT-1), indicating that c-Src is im-
plicated in antiviral defense mechanisms. Furthermore, we
show that TLR3 moves to endosomes upon dsRNA challenge,
where it interacts with c-Src.

Results

The tyrosine kinase c-Src is activated by dsRNA,
associates with TLR3, and is essential for dsRNA-elicited
IRF-3 and STAT-1 activation

Phosphorylation of two specific tyrosine residues in the
cytoplasmic domain of TLR3 has been shown to be essential
for dsRNA-elicited induction of the human 561 gene, which
depends on IRF-3 activation. However, the identity of the
tyrosine kinase involved has not been determined. Therefore,
we investigated if c-Src, a ubiquitously expressed member of
the Src tyrosine kinase family (Thomas and Brugge, 1997),
was involved in dsRNA-induced signaling. First, we found
that dsRNA induced a time-dependent activation of c-Src in
human monocyte-derived dendritic cells (mDCs) as assessed
by phosphorylation of Tyr*'® (Figure 1A), an event that is
required for its kinase activity. Next, we examined if c-Src
interacted with TLR3. Flag-tagged TLR3 was immunoprecipi-
tated from dsRNA-treated HEK-TLR3™% cells before immu-
noblotting for c-Src or activated Src (SrcpY*'®). Activated
c-Src was recruited to TLR3 in a dsRNA-dependent manner
(Figure 1B), suggesting that c-Src is involved in TLR3-
mediated signaling.

The transcription factor IRF-3 plays an essential role in
antiviral defense mechanisms through its regulation of IFN-f3
gene expression (Wathelet et al, 1998). To investigate the
functional significance of the c-Src tyrosine kinase in TLR3-
mediated signaling, we first examined the effect of pharma-
cological inhibitors of c-Src on dsRNA-induced activation of
IRF-3. IRF-3 activation was assessed in an assay in which the
yeast Gal4 DNA-binding domain (DBD) fused to IRF-3 lacking
its own DBD (Wathelet et al, 1998) and the Gal4 upstream
activation sequence coupled to luciferase were cotransfected
into HEK293 cells. The Src family kinase inhibitors PP2 and
SU6656 dose-dependently and significantly reduced dsRNA-
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elicited IRF-3 activation, whereas PP3, an inactive PP2 ana-
logue, had no significant effect (Figure 1C), indicating that
c-Src contributes to dsRNA-induced antiviral responses.

To further examine the importance of c-Src for cellular
activation, we investigated dsRNA-elicited IRF-3 activation in
immortalized mouse embryonic fibroblasts lacking expres-
sion of the Src family kinases Src, Yes, and Fyn (SYF cells).
The dsRNA-elicited nuclear translocation of IRF-3 in SYF cells
was compared to SYF cells in which c-Src has been intro-
duced (Klinghoffer et al, 1999). Immunoblot analysis of
nuclear extracts showed that dsRNA stimulated nuclear
translocation of IRF-3 in Src-containing cells, but not in SYF
cells lacking c-Src expression (Figure 1D). Also, visualization
of IRF-3 localization in SYF and c-Src cells by confocal
microscopy confirmed that dsRNA-induced nuclear transloca-
tion of IRF-3 was dependent on c-Src (Figure 1E and F).

The transcription factor STAT-1 regulates gene expression
in response to type I IFNs and is essential for the ability to
combat viral infections (Durbin et al, 1996). We found that
dsRNA stimulated phosphorylation of Tyr’® on STAT-1 in
c-Src-containing cells, whereas STAT-1 phosphorylation in
cells devoid of c-Src could not be detected (Figure 1G).
DsRNA-induced STAT-1 activation is dependent on IFN-B
synthesis and subsequent signaling through the type I IFN
receptor. Both dsRNA and LPS fail to activate STAT-1 in
primary macrophages lacking the type I IFN receptor, show-
ing the importance of IFN-o;/f-mediated signaling for STAT-1
activation (Doyle et al, 2002). As a control, we checked that
treatment with IFN-p resulted in Tyr’® phosphorylation both
in SYF cells and in c-Src-expressing cells, thus showing that
signaling from the type I IFN receptor to STAT-1 is operational
in c-Src-deficient cells (Figure 1H). Taken together, these
results suggest that c-Src is essential for the dsRNA-induced
production of type I IFNs and activation of antiviral gene
expression through IRF-3 and STAT-1.

TRIF is an essential adapter protein in TLR3-mediated
signaling that is able to trigger IFN-B promoter activation
(Oshiumi et al, 2003). Transfection of kinase-inactive c-Src
(K297R) dose-dependently inhibited the induction of the IFN-
B gene reporter by TRIF (Figure 1I), indicating that c-Src
functions downstream of TRIF-elicited signaling.

C-Src regulates dsRNA-induced Akt kinase activation

To further evaluate the role of c-Src in TLR3-mediated dsRNA-
induced signaling, we determined the effect of pharmacolo-
gical inhibitors of Src family kinases on dsRNA-stimulated
kinase activation. Akt kinase, a downstream target of phos-
phoinositide 3-kinase (PI3-K), is regulated in response to viral
infections (Avota et al, 2001; Mannova and Beretta, 2005),
and has recently been implicated in IRF-3 activation (Sarkar
et al, 2004). First, we showed that Akt was activated by
dsRNA in human mDCs (Figure 2A). The dsRNA-dependent
Akt phosphorylation was not due to contaminating LPS, as
the LPS antagonist Rhodobacter sphaeroides lipid A did not
affect dsRNA-stimulated Akt activation or cytokine secretion
(Supplementary Figure 1). The Src family kinase inhibitor
PP2 markedly inhibited dsRNA-elicited Akt phosphorylation
in human mDCs, whereas the inactive PP2 analogue, PP3,
had no effect (Figure 2B). In contrast, PP2 failed to inhibit
dsRNA-induced activation of p38 and p42/44 MAP kinase or
JNK activation (Figure 2B). We also found that the p85
regulatory subunit of PI3-K, a critical upstream activator of
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Figure 1 The tyrosine kinase c-Src is activated by dsRNA, associates with TLR3 and is required for dsRNA-induced IRF-3 and STAT-1
activation. (A) Human mDCs were incubated with dsRNA (100 pg/ml) and activation of c-Src was analyzed by immunoblotting (IB) with an
antibody specific to activated phospho-Src. (B) HEK cells expressing Flag-tagged TLR3 were stimulated with dsSRNA (100 pg/ml) and lysates
were immunoprecipitated (IP) with anti-Flag or mouse IgG and immunoblotted (IB) for the indicated proteins. (C) HEK293 cells were
transiently cotransfected with plasmids encoding TLR3 and a luciferase reporter gene containing the Gal4 upstream activation sequence, and
expression vectors for Gal4-DBD or Gal4-IRF-3. After 24 h, cells were treated with PP2, PP3, or SU6656 before stimulation with dsRNA.
(D) Nuclear extracts were prepared from dsRNA-treated SYF and c-Src-expressing control cells and analyzed by immunoblotting (IB) with an
IRF-3 antibody. The blots were reprobed with the nuclear protein XRCC1 as a loading control. (E, F) Determination of IRF-3 localization in
c-Src-, Yes-, and Fyn-deficient cells and c-Src-expressing control cells (c-Src) by confocal microscopy. (E) Cells were treated or not with
dsRNA and stained intracellularly for IRF-3 (Alexa546). (F) Average percentages of IRF-3 nuclear translocation in SYF cells and c-Src-
expressing control cells with nuclear IRF-3 as assessed by confocal microscopy. A total of 200 cells were counted under the different conditions.
(G, H) DsRNA-elicited or IFN-B-induced activation of STAT-1 in SYF and c-Src-expressing cells was determined by immunoblotting with an
antibody specific to activated STAT-1 (Y”®!) and STAT-1. (I) HEK293 cells were transiently cotransfected with vectors encoding TRIF, 0.5, 2, or
20ng of kinase-inactive c-Src (K297R), and a luciferase reporter gene for IFN-B. Luciferase reporter gene activity was measured after 24 h.

Akt, was recruited to TLR3 in response to dsRNA (Figure 2C). signaling. Taken together, our results show that (i) dsRNA
This is in accordance with a previous report (Sarkar et al, elicits Akt activation, as previously shown to occur only
2004) and indicates that PI3-K transmits TLR3-mediated through TLR2 and TLR4 (Arbibe et al, 2000; Bozinovski
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Figure 2 The tyrosine kinase c-Src conveys dsRNA-induced Akt
activation. (A) Human mDCs were left untreated or treated with
100 pg/ml dsRNA for various times or 0.5 pg/ml LPS for 20 min. (B)
Human mDCs were pretreated or not with PP2 or 25 uM PP3 before
addition of 100 pg/ml dsRNA and treatment for 50 min. Cell lysates
were immunoblotted (IB) for the indicated proteins. (C) HEK cells
expressing Flag-tagged TLR3 were stimulated with dsRNA (100 pg/
ml) for the indicated time periods and cell lysates were immuno-
precipitated (IP) with anti-Flag, anti-p85, or control IgG and
immunoblotted (IB) for the indicated proteins.

et al, 2002), (ii) c-Src regulates dsRNA-elicited Akt activation,
which has not been reported earlier for any TLR-dependent
Akt activation; and (iii) Akt and MAP Kkinase activation
in response to dsRNA occurs through separate signaling
pathways that diverge upstream of c-Src.

DsRNA is endocytosed through a clathrin-mediated
pathway

The exact localization of TLR3 and dsRNA interactions and
subsequent signaling events remains unclear. To examine
potential cellular compartments for dSRNA/TLR3/c-Src asso-
ciations, we first investigated the dynamics of viral dsSRNA
internalization and the subcellular localization of dsRNA
in human mDCs. Cells were incubated with fluorescently
labeled dsRNA corresponding to a sequence from human
rhinovirus before imaging of the cells with confocal micro-
scopy. The fluorescently labeled dsRNA stimulated an IFN-f
reporter gene in TLR3-transfected cells, whereas no activa-
tion was observed in cells transfected with the TLR3 control
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vector. Also, the rhinovirus dsRNA induced IFN-f and TNF in
human mDCs (Supplementary Figure 2), thus showing that
the fluorescently labeled dsRNA is biologically active, acting
through TLR3 to elicit immunomodulatory cytokines. DsSRNA
was internalized in vesicles that were transported from the
cell periphery towards the center of the cell, coalesced in
juxtanuclear areas (after 30 min; Figure 3A) and subsequently
trafficked into tubular compartments that extended intracel-
lularly (after 45 min; Figure 3A). To examine the subcellular
identity of the tubular compartments, mDCs were incubated
with  Cy5-labeled dsRNA and fluorescent dextran.
Fluorescently labeled dextran has previously been used to
identify and position lysosomes (Astarie-Dequeker et al,
2002; Latz et al, 2004). As judged from the significant overlap
between Cy5-labeled dsRNA and fluorescently labeled dex-
tran (Figure 3B), the tubular compartments were identified
as lysosomes. The tubular lysosomes were highly dynamic
structures that altered morphology and individual tubules
extended towards the cell periphery and subsequently re-
tracted back to the center of the cell every 10-15s (data not
shown). Indeed, lysosomes and MHC class II compartments
have been shown to undergo large structural changes and
form tubular structures in macrophages, B cells, and DCs in
response to certain stimuli (Kleijmeer et al, 2001; Chow et al,
2002). This event may facilitate, for example, phagosome-
lysosome fusion and MHC class II transport to the cell
surface.

To examine the uptake pathways of dsRNA, human mDCs
were incubated with fluorescently labeled dsRNA and stained
intracellularly with protein markers of early (EEA1) and late
(lysosome-associated membrane protein 1 (LAMP1)) endo-
somes. DsRNA consecutively colocalized with EEA1 and
LAMP1 (Figure 4A and B). We found that the internalization
of dsRNA followed that of transferrin (Figure 5A), known
to be internalized through a clathrin-mediated mechanism
(Conner and Schmid, 2003). In contrast, endocytosed
dsRNA failed to show significant overlap with albumin
(Figure 5B), which is taken up by a caveolin-dependent
pathway (Conner and Schmid, 2003). In support of these
data, dsRNA was not found in caveolin-1-positive vesicles
(Figure 5C).

Transfection of a dominant negative version of Epsl5,
a scaffolding molecule that is necessary for clathrin-mediated
coat assembly and endocytosis (Benmerah et al, 1999),
impaired the dsRNA-induced IFN-B and NF-xB activation
(Figure 5D). Moreover, cells expressing a GFP-tagged version
of Eps15DN failed to internalize dsRNA, whereas cells lack-
ing Eps1SDNS” or cells transfected with pEGFP readily
endocytosed dsRNA (Figure SE). Taken together, these results
show that dsRNA-elicited immune responses depend on
internalization of dsRNA by clathrin-mediated, caveolin-
independent endocytosis. CpG DNA was recently found to
be internalized by similar mechanisms (Latz et al, 2004), and
indeed we observed extensive overlap between fluorescently
labeled dsRNA and CpG DNA when human mDCs were
incubated with these nucleic acid species for various intervals
(Supplementary Figure 3).

C-Src is recruited to dsRNA-containing endosomes

To determine the cellular localization of c-Src in relation to
dsRNA endocytosis, we utilized a c-Src-GFP fusion protein.
The subcellular localization of the c-Src-GFP fusion protein
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Figure 3 DsRNA is internalized in vesicular compartments and traffics to tubular lysosomes. Confocal images of human mDCs incubated with
(A) Cy5-labeled dsRNA and (B) Cy5-labeled dsRNA and Alexa543-labeled dextran for 45 min.

o-LAMP1

Figure 4 DsRNA sequentially colocalizes with early and late endosome marker proteins. (A, B) Confocal images of human mDCs incubated
with Cy5-labeled dsRNA as indicated and stained intracellularly for EEA1 (FITC; A) or LAMP1 (Alexa647; B).

follows that of endogenously expressed c-Src and Src®F” has
been found to retain normal activity (Sandilands et al, 2004).
HEK293 cells were transfected with GFP-tagged c-Src and
EEA1™™3%© a5 a marker for early endosomes, and treatment
with dsRNA clearly induced colocalization of c-Src® with
EEA1™™2 in live cells (Figure 6A). Also, a high degree of
colocalization of c-SrcF® with LAMP1-positive endosomes
was observed after intracellular staining of dsRNA-treated
HEK293 cells with anti-LAMP1 (Figure 6B). Hence, c-Src
localizes to the membranes of early and late endosomes in
dsRNA-treated cells. Similarly, upon treatment of mDCs with
fluorescently labeled dsRNA, c-Src associated with LAMP1-
positive, late endosomes containing dsRNA (Figure 6C), thus
confirming our results in primary cells. Moreover, c-Src
localized to endosomes was activated, as assessed by
staining with antibodies to phosphorylated c-Src (data not
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shown). C-Src was also present on the plasma and nuclear
membranes. Taken together, our results demonstrate that
c-Src and TLR3 associate in a dsRNA-dependent manner
(Figure 1B), and that c-Src is recruited to dsRNA-containing
endosomes.

TLR3 associates with c-Src on dsRNA-containing
endosomes

The localization of TLR3 and its ligand, viral dsRNA, has not
been unambiguously shown. To examine the localization of
TLR3 and to determine the cellular site of interaction between
dsRNA, TLR3, and c-Src, we first generated HeLa cells stably
expressing a chimera of the yellow fluorescent protein (YFP)
fused to the carboxy terminus of human full-length TLR3.
HeLa-TLR3""" cells were incubated with the cholera toxin B
subunit, which binds to the glycosphingolipid GM-1 on the
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Figure 5 DsRNA follows a clathrin-dependent uptake pathway. (A, B) Human mDCs were coincubated with Cy5-labeled dsRNA and
transferrin (A) or albumin (B) and analyzed by confocal microscopy. (C) HEK cells expressing CFP-tagged caveolin-1 were incubated with
Cy5-labeled dsRNA and analyzed by confocal microscopy. (D) HEK cells were transfected with plasmids encoding E-GFP (60, 50, 40, 20, 0ng),
Eps15DNCFP (0, 10, 20, 40, 60 ng), Flag-tagged TLR3 (40 ng) and a human IFN-p (40 ng) or an NF-kB (40 ng) luciferase reporter gene. After 36 h,
cells were stimulated or not with dsRNA (100 pg/ml) for 6h and luciferase gene activity was measured. (E) Confocal images of HEK cells
expressing Eps15DNS® or pEGFP incubated with fluorescently labeled dsRNA.

plasma membrane, or a nuclear stain before analysis by
confocal microscopy. TLR3 was not expressed at the plasma
membrane or in the nucleus, but was abundantly expressed
on interconnecting membranes in the cytoplasm that ex-
tended from the nuclear membrane to the plasma membrane
(Figure 7A and B). Transient expression of the CFP-tagged
sequence of calreticulin, an endoplasmic reticulum (ER)-
resident protein, or a CFP-tagged Golgi-resident protein

3340 The EMBO Journal VOL 25 | NO 14 | 2006

(B-galactosyl transferase) in HeLa-TLR3"'® cells revealed
near-complete coexpression of TLR3 with the ER marker
protein (Figure 7D), whereas TLR3 was not expressed in
the Golgi apparatus (Figure 7C). Likewise, complete coloca-
lization of TLR3Y*® with the ER-associated protein calnexin
was observed after staining of HeLa-TLR3Y"" cells with anti-
calnexin (Figure 7E). Complete colocalization was also ob-
served when TLROFF, recently shown to be expressed in the

©2006 European Molecular Biology Organization
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Figure 6 The tyrosine kinase c-Src colocalizes with dsRNA on endosomes. HEK cells were transfected with c-SrcCf? (A, B) and EEA1™™at (A),
treated with dsRNA and directly visualized by confocal microscopy (A) or stained intracellularly with LAMP1 (Alexa546; B). (C) Human mDCs
were stimulated with Cy5-labeled dsRNA and stained intracellularly with anti-Src (Alexa546) and anti-LAMP1 (FITC) before confocal

microscopy.

ER (Latz et al, 2004), was transfected in HeLa-TLR3'" cells
(Supplementary Figure 4). It is possible that the ER localiza-
tion observed for TLR3YF¥ was due to overexpression of the
protein chimera, as overexpressed membrane proteins may
accumulate in the ER owing to misfolding. However, YFP-
tagged TLR4 did not localize to the ER even though over-
expressed to similar extents as TLR3Y™" (Supplementary
Figure 5). Also, TLR3"™" was fully functional in mediating
dsRNA-induced NF-«xB activation (data not shown) and IFN-
promoter activation (Supplementary Figure 6), suggesting
that TLR3Y™ is expressed at a subcellular site where it
binds its ligand and transmits signaling. Nevertheless, to
confirm the expression pattern of TLR3 in primary cells,
human mDCs were stained with antibodies recognizing
TLR3 and the ER protein calnexin. The fluorescent signals
for TLR3 and calnexin broadly colocalized (Figure 7F), con-
firming the results obtained in HeLa-TLR3Y' cells and sug-
gesting that endogenously expressed TLR3 localizes to the ER
of unstimulated human mDCs. An isotype-matched control
antibody did not stain mDCs (data not shown).

To establish the cellular site of interaction between dsRNA
and TLR3, fluorescently labeled dsRNA was added to HeLa
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cells stably expressing TLR3'F. Interestingly, upon addition
of dsRNA, TLR3Y™ encircled the surface of vesicles that
carried dsRNA in their lumen (Figure 8A). These TLR3-
containing vesicles were identified as early endosomes, as
they expressed the PI-3 phosphate-binding module FYVE
(Figure 8B), which is expressed on early endosomes. It
should be noted that ectopic expression of the FYVE finger
domain has been shown to modulate the size of endosomes,
resulting in somewhat larger endosomes, possibly owing to
FYVE-mediated displacement of endogenous PI-3 phosphate-
binding proteins involved in defining the early endosome
(Gillooly et al, 2000). Moreover, addition of dsSRNA to human
mDCs resulted in LAMP1-positive endosomes that contained
TLR3 (Figure 8C). Importantly, we also found that TLR3
colocalized with c-Src on these vesicular structures in
mDCs (Figure 8D). These results show that TLR3 moves
from the ER to endosomes, thus associating with dsRNA
and c-Src on endosomes.

The presence of TLR3 on endosomes could result from
transport from the ER through the trans-Golgi secretory
pathway or from direct recruitment from the ER, as recently
shown to occur for ER-resident proteins during phagocytosis
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Figure 7 TLR3 is localized in the ER in resting cells. (A, B) HeLa cells expressing YFP-tagged TLR3 were stained with cholera toxin subunit B

(A) or draq 5 (B) and visualized by confocal microscopy. (C-E) HeLa cells expressing TLR

3YFP protein chimera (red) transiently transfected

with a CFP-tagged Golgi protein marker (C), a CFP-tagged ER protein marker (D), or stained intracellularly for the ER-resident protein calnexin
(E). (F) Untreated human mDCs were permeabilized and stained with anti-TLR3 (TLR3.7; Alexa647) and anti-calnexin (FITC) and examined by

confocal microscopy.

(Gagnon et al, 2002; Guermonprez et al, 2003). To examine
this aspect, we utilized peptide-N-glycosidase F (PNGase F),
which cleaves complex as well as neutral glycoproteins,
that is, proteins that have been modified both in the ER
and in the Golgi, and endoglycosidase H (Endo H), which
is unable to deglycosylate proteins that have been glyco-
sylated in the Golgi apparatus. Immunoprecipitated TLR3,
both from untreated and dsRNA-stimulated cells, as well
as TLRY, was sensitive to both PNGase F and Endo H. In
contrast, TLR4 was resistant to Endo H (Figure 8E) as
expected from its presence in the Golgi and at the plasma
membrane (Latz et al, 2002). Similar changes in migration
patterns after deglycosylation were observed for YFP- and
Flag-tagged TLR3. Thus, the glycosylation observed is intrin-
sic to TLR3 and independent of the molecular tags associated
with TLR3. Hence, our results suggest that TLR3 residing on
endosomes is recruited from the ER, and not through the
Golgi apparatus.

3342 The EMBO Journal VOL 25| NO 14 | 2006

Discussion

Establishing innate immune responses to pathogens requires
a series of coordinated events, including recognition and
binding of pathogen-associated molecular patterns, uptake
and elimination of pathogens in the endosomal/lysosomal
compartments, as well as signal transduction leading to the
induction of immune response genes. In this study, we show
that c-Src is necessary for antiviral gene expression by IRF-3
and STAT-1, that activated c-Src associates with TLR3 in
response to dsRNA, and that the cellular site of interaction
between c-Src and TLR3 is dsRNA-containing endosomes.
These results reveal novel features about the TLR3 signaling
pathway. Regarding the mechanism by which c-Src signals
to IRF-3, we do not presently know at which exact step in
the TLR3-mediated IRF-3 activation pathway c-Src exerts
its function or the direct downstream target that is phos-
phorylated by c-Src. However, c-Src appears to function
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Figure 8 TLR3 colocalizes with dsRNA and c-Src on endosomes. (A, B) Confocal images of HeLa cells expressing TLR3Y"? incubated with (A)
Cy5-conjugated dsRNA for 10 min or (B) transfected with CFP-tagged FYVE and treated with CyS-labeled dsRNA for 10 min. (C, D) Human
mDCs were treated with dsRNA or not and stained intracellularly for TLR3 (Alexa546) and LAMP1 (Alexa647; C) or TLR3 (Alexa546) and c-Src
(Alexa647; D). (E) Whole-cell lysates of HEK cells expressing TLR3™38 | TLR9®™®, and TLR4S™, and HeLa cells expressing TLR3Y™" were
immunoprecipitated with anti-GFP or anti-Flag. Imnmunoprecipitates were left untreated (—) or were incubated with Endo H (H) or PNGase F

(F) and immunoblotted for GFP or TLR3 as indicated.

downstream of or at the level of the adapter protein TRIF, as
kinase-inactive c-Src abrogated TRIF-induced IFN-B promoter
activation. TRIF has been suggested to function as a docking
platform that interacts with several signaling proteins in
addition to TLR3, for example, TBK-1, TRAF3, RIP-1, and
RIP-3, to initiate divergent signaling pathways leading to IRF-
3 or NF-kB activation (Fitzgerald et al, 2003; Jiang et al, 2004;
Meylan et al, 2004). C-Src could associate directly with TLR3
or through TRIF by hitherto unidentified mechanisms such as
tyrosine phosphorylation of TRIF and association with the
¢-Src SH2 domain. Also, TRIF harbors proline-rich motifs that
might associate with the SH3 domain of c-Src. However, as
only the N-terminal part of TRIF appears to be able to activate
the IFN-B promoter, c-Src would be expected to associate with
the N-terminal part of TRIF, thus mediating IFN-f synthesis.
Hence, it is possible that c-Src forms a complex with TLR3

©2006 European Molecular Biology Organization

and TRIF with its associated partners that modulate TBK-1/
IKKe-mediated phosphorylation of IRF-3. Recently, TLR3 was
shown to be phosphorylated in response to dsRNA treatment
(Sarkar et al, 2004), but whether c-Src phosphorylates TLR3
is not known. Upon transient transfection of Src wild type
together with hnRNP K, a known substrate of c-Src (Ostareck-
Lederer et al, 2002), we were indeed able to detect Src-elicited
phosphorylation of hnRNP K. Immunoblot analysis con-
firmed that both c-Src and TLR3 were overexpressed, yet
we were not able to detect c-Src-dependent TLR3 phosphor-
ylation (data not shown). We found that Akt is activated in
response to dsRNA and that c-Src mediates Akt activation,
but not dsRNA-elicited activation of p38, p42/44 MAP ki-
nases, or JNKs. This illustrates that c-Src differentially reg-
ulates TLR3-mediated signaling. Hence, c-Src phosphorylates
a protein(s) that mediates Akt activation, but is not required
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for activation of p38, p42/44 MAP Kkinases, or JNKs.
Interestingly, c-Src has recently been shown to directly phos-
phorylate Akt to control its activation (Chen et al, 2001), and
this mechanism might also be functional in response to
dsRNA.

The involvement of c-Src in TLR-induced Akt activation
has not previously been reported. In this context, a recent
study by Sarkar et al (2004) showed that the PI3-K-Akt
pathway is necessary for maximal phosphorylation and acti-
vation of IRF-3 in response to dsRNA. Hence, our results
extend these findings and show that triggering of IRF-3
activation through the PI3-K-Akt pathway is dependent on
c-Src.

Although their role has been debated, Src family kinases
have previously been implicated in the regulation of immune
responses induced by LPS. Mice deficient for the Src family
kinases Hck and Fgr are resistant to endotoxic shock,
whereas mice expressing constitutively active Hck display
enhanced immune responses to LPS (Lowell and Berton,
1998; Ernst et al, 2002). However, the molecular mechanisms
underlying these immunoprotective effects of Src-family
kinases are not understood.

It is generally believed that the nucleic acid recognizing
TLRs, TLR3, TLR7, TLR8, and TLRY, reside in the endosomal
membrane and that binding to their ligands occurs in the
endosomal lumen. However, it is only TLR9 that has unam-
biguously been shown to localize to endosomes (Ahmad-
Nejad et al, 2002; Latz et al, 2004). Our study is the first to
show that TLR3 associates with viral dsSRNA in endosomes.
The intracellular localization of TLR9 was recently found to
depend on its transmembrane region (Barton et al, 2006).
Regarding possible molecular determinants that could direct
TLR3 to endosomal/lysosomal compartments, it has pre-
viously been found that the linker region in TLR3 is asso-
ciated with intracellular localization of TLR3 (Funami et al,
2004). TLR3 also contains several tyrosine-based sorting
signals (YXX@) within its cytosolic domain, which generally
direct transmembrane proteins to endosomal-lysosomal
organelles. Also, ubiquitination of the cytosolic domain of
transmembrane proteins may serve as an endosome-lyso-
some sorting signal, and TLR3 has indeed been found to be
ubiquitinated (Chuang and Ulevitch, 2004).

We found that c-Src is essential for TLR3-mediated anti-
viral gene expression and is recruited to TLR3 on endosomes,
thus leading to the assembly of an active signaling complex
on the cytoplasmic tail of TLR3. Hence, TLR3 and c-Src
transmit antiviral signaling from endosomes containing
dsRNA as their cargo. Our results are based on colocalization
of c-Src with the endosomal markers EEA1 and LAMP1. As
LAMP1 stains both late endosomes and lysosomes, we can-
not directly exclude signaling from lysosomes. However,
a recent study by Honda et al (2005) shows that retention
of CpG in endosomal vesicles is necessary for stimulation of
IRF-7 and IFN production through TLR9 and the TLR adapter
protein MyD88. In contrast, CpG that was rapidly transferred
from late endosomes to lysosomes failed to activate the
MyD88-IRF-7 pathway and IFN production. Based on these
and our results, and considering the homology between TLR9
and TLR3, we might speculate that TLR3 signaling to IRF-3
occurs from the membranes of early and late endosomes, but
perhaps not lysosomes. It should be noted that there is
much evidence showing that signaling occurs on endosomal
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membranes. In particular, the endosomal signaling of recep-
tor tyrosine kinases, for example, the epidermal growth factor
(EGF) receptor, has been extensively studied. Activated,
tyrosine-phosphorylated EGF receptors, bound to EGF, have
been found to preserve their dimerization and kinase activity
within endosomes (Sorkin et al, 1988; Burke et al, 2001).
Also, the kinases Raf, MEK, and p42/44 MAP Kinase are
present on endosomes (Andresen et al, 2002).

Regarding the mechanism by which TLR3 translocates to
endosomes from the ER, we show that it does not involve the
secretory pathway through the Golgi apparatus (Figure 8E).
Translocation of TLR3 to endosomes could occur by direct
delivery of ER membranes to the endosomes in a way similar
to what has been suggested for ER-mediated phagocytosis
(Burke et al, 2001; Conner and Schmid, 2003). However,
Touret et al (2005) failed to observe contact between the ER
and the plasma membrane. Furthermore, their results indi-
cate that the plasma membrane is the main constituent of
phagosomes, and that the contribution of the ER membrane
to phagosomes/endosomes is quantitatively small. Hence, ER
proteins like TLR3 infrequently occur on phagosomes/endo-
somes. It will also be interesting to explore the receptors and
signaling that regulate the transport of TLR3 from the ER to
endosomes.

In conclusion, our study provides novel results on the
molecular mechanisms for endosomal sensing of dsSRNA by
TLR3, and identify c-Src as a novel TLR3-interacting protein
that localizes to endosomes and contributes to dsRNA-
induced signaling.

Materials and methods

Reagents

DsRNA (a 34 bp sequence from human rhinovirus 16) was labeled
at the 3’ end with Cy5 (Dharmacon). Synthetic dsRNA (Poly IC) was
from Amersham Biosciences. Alexa488-labeled transferrin and
albumin, Alexa543-labeled dextran, and rhodamine-labeled cholera
toxin B subunit were from Molecular Probes. Fluorescein isothio-
cyanate (FITC)-conjugated anti-EEA1, Alexa647-conjugated anti-
LAMPI, and antibodies to EEA1, LAMP1, and GFP were from BD
Transduction Laboratories. Antibodies to calnexin and XRCC1 were
from Abcam and the monoclonal antibody to Flag (M2) was from
Sigma. The monoclonal antibodies to TLR3 were from Imgenex and
Hycult (clone TLR3.7). Antibodies against phosphorylated forms of
kinases and against STAT-1 and IRF-3 were purchased from Cell
Signaling Technology. Antibodies to c-Src and o-tubulin were
obtained from Santa Cruz Biotechnology. PP2, PP3, and SU6656
were purchased from Calbiochem. Endo H and PNGase F were from
Roche Molecular Biochemicals.

Plasmids

YFP-labeled c¢cDNA of human TLR3 was constructed using the
primers 5'-ATCCAAGAAGCTTATGAGACAGACTTTGCCTTGTATC-3'
and 5-TTCGGTACTCGAGATGTACAGAGTTTTTGGATCCAAGTGC-3'.
The PCR fragment was cloned into the HindlIll/Xhol sites of
pcDNA3-YFP. The FYVE, caveolin-1, and Eps15DN fluorescent
constructs have been described previously (Benmerah et al, 1999).
The plasmids for luciferase reporter constructs containing the full
IFN-B p125 promoter, and the Gal4/IRF-3 system, were gifts from
Kate Fitzgerald (Umass Med School, Worcester, MA) and Tom
Maniatis (Harvard University, Cambridge, MA), respectively. The
c-Src-GFP construct was a generous grift from Emma Sandilands
(Sandilands et al, 2004). The EEA1™™° construct, made by
recombining pDest-Tomato and pEntr-EEA1-CT, was kindly pro-
vided by Harald Stenmark (The Norwegian Radium Hospital).
TLR4-YFP and TLR9-YFP constructs have been reported earlier
(Latz et al, 2002, 2004).
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Cell culture and generation of mDCs

HEK293 and HeLa cells were maintained in DMEM supplemented
with 10% FCS, 20 pg/ml garamycin, and 2mM L-glutamine and
cultured at 37°C in 8% CO,. SYF mouse embryonic fibroblasts from
the triple Src knockout mouse lacking Src, Yes, and Fyn and the
added-back version of the SYF cells, with the wild-type c-Src gene
introduced were obtained from ATCC and maintained under the
same conditions as HEK293 and HeLa cells. Peripheral blood
monocytes were isolated from human A ™ buffy coats by Lymfoprep
(Nycomed) density gradient centrifugation. Immature mDCs were
prepared from peripheral blood monocytes by culturing in RPMI
supplemented with 10% A™ serum, IL-4 (500 U/ml), and GM-CSF
(800U/ml) for 6 days as previously reported (Sallusto and
Lanzavecchia, 1994). The purity of the cells was assessed by FACS
analysis as described (Sallusto and Lanzavecchia, 1994). DsRNA
upregulated CD40, CD83, and CD86 (data not shown), confirming
that dsRNA induced mDC maturation.

Isolation of nuclear extracts

SYF and c-Src cells were seeded in 100-mm plates 24h before
treatment. After stimulation, the cells were lysed in 250 pl of lysis
buffer containing 50 mM Tris pH 7.5, 150 mM NaCl, 10% glycerol,
0.5% Triton X-100, 2mM EDTA, 40mM p-glycerophosphate,
100 mM NaF, 200 uM Na3VOy,, 10 pg/ml leupeptin, 1 uM pepstatin,
and 1mM PMSF. Lysates were centrifuged at 10000r.p.m. for
15 min at 4°C. Pellets were lysed in 70 ul of lysis buffer containing
10% SDS and 10 mM Tris-HCl, pH 6.8, using a Hamilton injector.
The nuclear extracts were clarified by centrifugation at 13 000 r.p.m.
for 20 min at room temperature.

Transfection assays

HEK293 cells were seeded in 96-well plates 24 h before transfection
with Genejuice (Novagen) following the manufacturer’s instruc-
tions. Forty nanograms of each plasmid was used unless otherwise
indicated. The Renilla luciferase pRL-TK vector (Promega) was
cotransfected for normalization. Reporter gene activity was
measured using the Dual Luciferase Assay System (Promega).

Immunoprecipitation

Cells were seeded into 100-mm plates 24 h before treatments. After
stimulation, the cells were lysed in 1ml of lysis buffer containing
50 mM Tris pH 7.5, 150 mM NaCl, 10% glycerol, 0.5% Triton X-100,
2mM EDTA, 40mM f-glycerophosphate, 100mM NaF, 200puM
Na3VO,, 10pg/ml leupeptin, 1uM pepstatin, and 1mM PMSF.
Lysates were clarified by centrifugation and incubated with 1-4 ug
antibody overnight at 4°C. The immunocomplexes were recovered
by brief centrifugation after 1 h incubation with protein G Sepharose
(Nycomed Amersham) at 4°C, washed four times with lysis buffer,
resuspended in denaturing sample buffer, and subjected to SDS-
PAGE and immunoblotting.

Immunoblotting

Following treatment, cells were washed once in PBS and lysed in
lysis buffer as described above. Cell lysates were clarified by
centrifugation and separated on 6 or 10% SDS-PAGE. The proteins
were electrophoretically transferred to Hybond-C nitrocellulose
membranes (Nycomed Amersham) in 25mM Tris, 192 mM glycine,
and 20% ethanol. The membranes were blocked in Tris-buffered
saline containing 5% nonfat dry milk and 0.25% Tween 20 for 1 h at
22°C before incubation with the indicated antibodies overnight at
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4°C. After washing three times with Tris-buffered saline containing
0.25% Tween 20, immunoreactive proteins were detected using
HRP-conjugated secondary antibody and ECL detection reagent
(Pierce).

Confocal microscopy

Confocal microscopy studies were performed with a Zeiss Axiovert
100-M inverted microscope equipped with an LSM 510 laser-
scanning unit and a 1.4 NA x 63 Plan-Apochromat oil-immersion
objective. Cells were seeded on glass-bottomed 35-mm tissue
culture dishes (Matek). Before imaging of living cells, fresh RPMI
medium supplemented with 10 mM HEPES (Gibco) was added. The
cell chamber was heated to 37°C using a Tempcontrol Digital 37-2
device (Warner Instruments). To minimize photobleaching, laser
power was typically 20% under maximum and the pinhole was set
to 0.8-1.2. Multi-tracking was used for dual or triple color imaging.

DsRNA uptake studies

Adherent mDCs were incubated with Cy5-conjugated dsRNA (3-
SuM) in growth medium for various time periods, washed twice
with PBS, and immediately imaged by confocal microscopy at 37°C.
The cells were coincubated with dsRNA and Alexa488-labeled
transferrin or albumin (10 pg/ml) for 5min. To identify lysosomal
compartments, mDCs were incubated with fluorescently labeled
dextran (250 pg/ml).

Immunofluorescence

Cells were fixed in PBS containing 1% paraformaldehyde for 15 min
at room temperature, or in 100% methanol for 1min on ice.
Nonspecific antibody sites were blocked with PBS containing 2.5 %
BSA, 20% A" serum, and 0.2% saponin for 30min at room
temperature. For staining, cells were incubated with antibodies
diluted in PBS containing 2.5% BSA, 20% A™ serum, and 0.2%
saponin for 30 min at room temperature.

Deglycosylation experiments

TLR3, TLR4, and TLR9 were immunoprecipitated from cell lysates
of HEK293 cells expressing TLR3"%, TLR9®™", and TLR4°™, and
HeLa cells expressing TLR3'™® using anti-Flag or anti-GFP
antibodies. The glycosylation pattern of TLRs was determined by
incubating the immunoprecipitates with Endo H or PNGase F for
50min at 37°C. The proteins were separated by SDS-PAGE and
subjected to immunoblotting.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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