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The double-stranded RNA analog, poly(I:C), extracellularly
activates both the endosomal Toll-like receptor (TLR) 3 and the
cytoplasmic RNA helicase, melanoma differentiation-associ-
ated gene 5, leading to the production of type I interferons
(IFNs) and inflammatory cytokines. The mechanism by which
extracellular poly(I:C) is delivered to TLR3-positive organelles
and the cytoplasm remains to be elucidated. Here, we show that
the cytoplasmic lipid raft protein, Raftlin, is essential for
poly(I:C) cellular uptake in human myeloid dendritic cells and
epithelial cells. When Raftlin was silenced, poly(I:C) failed to
enter cells and induction of IFN-� production was inhibited. In
addition, cellular uptake of B-type oligodeoxynucleotide that
shares its uptake receptor with poly(I:C) was suppressed in
Raftlin knockdown cells. Upon poly(I:C) stimulation, Raftlin
was translocated from the cytoplasm to the plasma membrane
where it colocalized with poly(I:C), and thereafter moved to
TLR3-positive endosomes. Thus, Raftlin cooperates with the
uptake receptor to mediate cell entry of poly(I:C), which is crit-
ical for activation of TLR3.

Polyriboinosinic:polyribocytidylic acid (poly(I:C)),2 a syn-
thetic double-stranded RNA (dsRNA), has been used as a
potent type I interferon (IFN-�/�) inducer in both in vitro and
in vivo studies since the discovery of anti-viral activity of type I
IFNs (1–3). Many types of cells including fibroblasts, epithelial
cells, and myeloid dendritic cells (DCs), produce IFN-� upon
stimulation with poly(I:C). Studies have demonstrated that
extracellular poly(I:C) is recognized byToll-like receptor (TLR)
3 and cytoplasmic RNA helicase, melanoma differentiation-as-

sociated gene 5 (MDA5), and induces innate immune responses
including the production of type I IFNs and inflammatory cyto-
kines (4–8). More recently, experimental evidence has accu-
mulated that poly(I:C) acts as an adjuvant that enhances anti-
body production, natural killer cell activation, and cytotoxic T
lymphocyte induction through the activation of TLR3 and/or
MDA5 (9–15).
Human TLR3 localizes to the endosomal compartments in

myeloid DCs, whereas it localizes to both the cell surface and
endosomes of fibroblasts, macrophages, and epithelial cells (5,
16, 17). TLR3 signaling arises from an intracellular compart-
ment in both cell types and requires endosomal maturation.
After dsRNA recognition, endosomal TLR3 recruits an adaptor
molecule, i.e. Toll-IL-1 receptor domain-containing adaptor
molecule-1 (TICAM-1, also called TRIF) that activates the
NF-�B, IRF-3, and AP-1 transcription factors, leading to IFN-�
production (18, 19). Also, extracellular poly(I:C) is sensed by
MDA5 in the cytoplasm, resulting in the activation of IRF-3 and
NF-�B via the mitochondrial outer membrane protein IPS-1
(also called MAVS, Cardif, or VISA) (20–23). However, the
mechanism by which poly(I:C) is delivered from the extracellu-
lar fluid to the intracellular dsRNA sensors remains unresolved.
A recent study showed that CD14 directly binds to poly(I:C)

and mediates poly(I:C) cellular uptake (24). Bone marrow-
derived macrophages from CD14-deficient mice exhibited
impaired, but not completely diminished, responses to poly(I:
C). Also, a class A scavenger receptor was identified as a cell
surface receptor for poly(I:C) in human epithelial cells,
although the response of poly(I:C) was only partially impaired
in scavenger receptor A-deficient mice (25). These results sug-
gest that an unidentified cell surface molecule mediates cell
entry of poly(I:C). Indeed, we and others demonstrated that
poly(I:C) is internalized into CD14-negative human myeloid
DCs andHEK293 cells via clathrin-dependent endocytosis, and
B- and C-type oligodeoxynucleotides (ODNs) share the uptake
receptor with poly(I:C) (26–28).
In this study, we isolated poly(I:C)-binding proteins from

CD14-negative cell lysates by sequential affinity chromatogra-
phy with poly(U)- and poly(I:C)-Sepharose and subjected them
to mass spectrometric analysis. Among the proteins identified,
we selected several proteins that exhibited a transmembrane
domain or a membrane-anchoring motif and examined
whether they were involved in poly(I:C)-induced TLR3-medi-
ated signaling. We found that Raftlin, a major lipid raft protein
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expressed by B cells, plays a critical role in poly(I:C) cellular
uptake in human myeloid DCs and epithelial cells.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—Human B cell lines Raji, BALL-1,
and Namalwa were obtained from the Riken Cell Bank
(Tukuba, Japan) and maintained in RPMI 1640 supplemented
with 10% heat-inactivated FCS (BioSource Intl., Inc.) and anti-
biotics. HEK293 cells were obtained from Sumitomo Pharma-
ceuticals Co., Ltd. (Osaka, Japan) andmaintained in Dulbecco’s
modified Eagle’s medium low glucose (Invitrogen) supple-
mented with 10% heat-inactivated FCS and antibiotics. HeLa
cells were kindly provided by Dr. T. Fujita (Kyoto University)
and maintained in Eagle’s minimal essential medium (Nissui,
Tokyo, Japan) supplemented with 1% L-glutamine and 10%
heat-inactivated FCS. Human monocyte-derived immature
DCs (MoDCs) were generated from CD14� monocytes by cul-
turing for 6 days in the presence of 500 units/ml of granulocyte-
macrophage colony-stimulating factor and 100 units/ml of IL-4
(PeproTech). Bone marrow-derived DCs (BMDCs) were pre-
pared as described (10). Polymyxin B, 4�,6-diamidine-2�-phe-
nylindole dihydrochloride (DAPI), saponin, and methyl-�-cy-
clodextrin (M�CD) were purchased from Sigma. Poly(I:C) was
from Amersham Biosciences, FITC-labeled ODN2006 was
from InvivoGen, Alexa Fluor 488/cholera toxin subunit B
(CTXB) and Alexa Fluor 568/transferrin were from Molecular
Probes. MALP-2 was obtained from Biosynthesis (Nagoya,
Japan). In addition, the following antibodies were used in this
study: anti-dsRNA mAb (K1) (BioLink), anti-� actin mAb
(Sigma), anti-clathrin heavy chain mAb (TD.1) (Santa Cruz
Biotechnology), anti-Rab5mAb (Abcam), anti-LAMP1 (H4A3)
(BioLegend), HRP-conjugated secondary Abs (BIOSOURCE),
FITC-labeled goat anti-mouse IgG (American Qualex), and
Alexa Fluorp�-conjugated secondary antibodies (Invitrogen).
Anti-human Raftlin polyclonal antibody was prepared as
described (29). Anti-human TLR3 mAb (clone TLR3.7) was
generated in our laboratory (5). Texas Red-labeled poly(I:C)
was prepared using the 5� EndTagTM Nucleic Acid Labeling
System (Vector Laboratories, Burlingame,CA) according to the
manufacturer’s instructions.
Mice—Raftlin�/� mice were provided by Dr. A. Yoshimura

(Keio University). Mice were maintained under specific patho-
gen-free conditions in the animal facility of the Hokkaido Uni-
versityGraduate School ofMedicine. Animal experimentswere
performed according to the guidelines established by the Hok-
kaido University Animal Care and Use Committee.
Plasmids—The cDNA fragment encoding theORF of human

TLR2 or TLR3 was amplified by RT-PCR from total RNA pre-
pared fromMoDCs, and was ligated into the cloning site of the
expression vector pEF-BOS, a gift from Dr. S. Nagata (Kyoto
University) (5). Complementary DNA for human Raftlin was
generated by PCR from cDNA derived from Raji cells using
specific primers (forward primer, 5�-CTCGAGGCCGCCACC-
ATGGGTTG-3�; reverse primer, 5�-GGATCCTTGTTTTCT-
TCAACCGTACCAAGCTC-3�), and was ligated into the clon-
ing site of the expression vector pEYFP-N1 (C-terminal yellow
fluorescent protein (YFP) tag, Clontech).

Isolation of Poly(I:C)-binding Proteins—Raji cells (1 � 1010)
were washed twice with Dulbecco’s phosphate-buffered saline,
frozen and thawed three times in Dulbecco’s phosphate-buff-
ered saline (5 � 107/ml), and centrifuged at 20,000 � g for 10
min. Cell pellets were lysed in lysis buffer (1% Nonidet P-40 in
buffer A (20 mM Tris-HCl, pH 7.4, 140 mM NaCl, 25 mM iodo-
acetamide, 10 mM EDTA, 2 mM PMSF and protease inhibitor
mixture)) for 20min at room temperature. After centrifugation
at 10,000� g for 10min, supernatantswere filtratedwithMinisalt
GF (Zartorius stedim, Japan) and sequentially applied to Sephar-
ose, poly(U)-Sepharose, and poly(I:C)-Sepharose equilibrated
with binding buffer (0.2% Nonidet P-40 in buffer A). The poly(I:
C)-binding molecules were eluted from poly(I:C)-Sepharose with
elution buffer (1.4 M NaCl in washing buffer) after being washed
withwashingbuffer (10mMCHAPS inbufferA).The eluateswere

FIGURE 1. Raftlin participates in poly(I:C)-induced TLR3-mediated signal-
ing. HEK293 cells were transfected with the indicated siRNAs (20 pmol)
together with the expression vector for human TLR3 (A, B, and D), human TLR2
(C), or empty vector and reporter plasmid. Forty-eight hours after transfec-
tion, cells were washed and stimulated with 10 –30 �g/ml of poly(I:C) or 200
nM MALP-2. After 6 h, the luciferase reporter activities were measured and
expressed as fold-induction relative to the activity of unstimulated vector-
transfected cells. Representative data from a minimum of three separate
experiments are shown (mean � S.D.). In each experiment, knockdown (KD)
efficiency was assessed 48 h after transfection by qPCR. Expression of each
gene was normalized to GAPDH mRNA expression. As shown in the right-
hand panels of A, expression of the indicated genes is efficiently silenced
(knockdown efficiency: TICAM-1, 91.4%; LYRIC, 89.5%; 4F2, 77.4%; Raftlin,
71.8%). *, p � 0.05 (t test).
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mixed with new poly(U)-Sepharose and rotated for 1 h at 4 °C.
After centrifugation, supernatantsweremixedwithnewpoly(I:C)-
Sepharose. The poly(U)- and poly(I:C)-Sepharose were washed
three times with 5 volumes of washing buffer and binding mole-
cules were eluted with elution buffer. The eluates were concen-
trated using YM-50Microcon (Millipore).
Mass Spectrometry—The poly(U)- or poly(I:C)-binding mol-

ecules were separated on a 10% SDS-PAGE gel under reducing
conditions, and the region of the gels containing proteins from
about 250,000 to 20,000 was cut at about 1–2-mm intervals as
described previously (30). After in-gel digestion with modified
trypsin, the resulting peptides were analyzed by LC/MS/MS.
The ion spectrum data generated by LC/MS/MSwere screened
against the international protein index human data base (ver-
sion 3.29) with Mascot (Matrix Science, London, UK) to iden-
tify high-scoring proteins.
RNA Interference and Luciferase Reporter Assay—siRNA

duplexes (LYRIC, catalog number s40866; 4F2, catalog number
s12944; Raftlin, catalog numbers s23219, s23217, and s23218;
negative control, catalog numberAM4635)were obtained from
Ambion-Applied Biosystems. siRNA for TICAM-1 was pur-
chased from Xeragon Inc. (Birmingham, AL) (18). HEK293
cells cultured in 24-well plates were transfectedwith 20 pmol of
each siRNA together with the expression vector for human
TLR3 or TLR2 (200 ng), IFN-� promoter or ELAM reporter
plasmid (60 ng), and an internal control vector (1.5 ng) using
Lipofectamine 2000. Forty-eight hours after transfection, cells
were washed once and then stimulated with 10 �g/ml of
poly(I:C) orMALP-2 (200 nM) for 6 h. Cells were lysed and dual
luciferase activities were measured according to the manufac-
turer’s instructions (Promega). The Firefly luciferase activity
was normalized to the Renilla activity and expressed as the

fold-induction relative to the activity of unstimulated vector-
transfected cells. In the case of HeLa cells, cells in 24-well plates
were transfected with 20 pmol of each siRNA using Lipo-
fectamine 2000. Knockdown of Raftlin in human MoDCs was
preformed by electroporation as described previously (31).
Briefly, MoDCs (1.4� 106/80�l) were transfected with control
siRNA or siRNA for Raftlin (500 pmol) using a Gene-Pulser
(Bio-Rad) and then cultured for 36 h in the presence of 500
milliunits/ml of granulocyte-macrophage colony-stimulating
factor. The viability of the cells transfected with control and
Raftlin siRNAs was 84 and 87%, respectively. Knockdown of
mouse Raftlin-2 in Raftlin�/� BMDCs was performed with
shRNA lentiviral particles (Santa Cruz) according to the man-
ufacturer’s instructions. Briefly, Raftlin�/� BMDCs in 24-well
plates were infected with control shRNA lentiviral particles or
mouse Raftlin-2 shRNA lentiviral particles at a multiplicity of
infection of 2 and incubated in complete medium containing
Polybrene (5 �g/ml). Twenty-four hours after infection,
medium was replaced with complete medium and cells were
further incubated for 24 h. The viability of the cells infected
with control lentivirus and mouse Raftlin-2 shRNA-expressing
lentivirus was 82 and 76%, respectively.
Quantitative PCR (qPCR)—Total RNA was extracted with

the RNeasy mini kit (Qiagen, Valencia, CA) and 0.5 �g of RNA
was reverse-transcribed using the high capacity cDNA Reverse
Transcripition kit (Applied Biosystems) with random primers
according to the manufacturer’s instructions. Quantitative
PCR was performed with the indicated primers (supplemental
Table S1) using the Step One Real-time PCR system (Applied
Biosystems).
Immunoblotting—Cells were lysed in lysis buffer (20 mM

Tris-HCl, pH 7.4) containing 150 mM NaCl, 1% Nonidet P-40,

FIGURE 2. Raftlin is essential for poly(I:C)-induced IFN-� production in HeLa cells. A, expression of Raftlin and Raftlin-2 mRNAs in human cell lines. B, protein
expression level of Raftlin in human cell lines. Cell lysates (3 �g) were separated on 10% SDS-PAGE, followed by immunoblotting with anti-Raftlin pAb or
anti-�-actin mAb. C, poly(I:C)-induced IFN-� mRNA expression in HeLa cells. HeLa cells were transfected with the indicated siRNAs (20 pmol) using Lipo-
fectamine 2000. Forty-eight hours after transfection, cells were washed and stimulated with 10 �g/ml of poly(I:C) for 4 h (left-hand panel). Total RNA was
extracted and qPCR was performed using primers for the respective genes (C and D). Expression of each gene was normalized to GAPDH mRNA expression.
Data are shown as the mean � S.D., although the values are too small to represent. Representative data from three independent experiments are shown.
***, p � 0.001.
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10 mM EDTA, 25 mM iodoacetamide, 2 mM PMSF and a prote-
ase inhibitor mixture (Roche Applied Science). Lysates were
clarified by centrifugation and subjected to SDS-PAGE (10%
gel) under reducing conditions, followed by immunoblotting
with anti-Raftlin pAb or anti-� actin mAb.
Immunoprecipitation—HeLa cells were stimulated with 40

�g/ml of poly(I:C) for 30 min at 37 °C. At timed intervals, cells
were lysed in lysis buffer for 30 min on ice. Lysates were pre-
cleared with protein G-Sepharose (GE Healthcare) and incu-
bated with 1 �g of anti-clathrin heavy chain mAb. Immuno-
complexes were recovered by incubation with Protein
G-Sepharose, washed once with lysis buffer, and resuspended
in denaturing buffer. Samples were analyzed by SDS-PAGE
(10% gel) under reducing conditions, followed by immunoblot-
ting with anti-Raftlin pAb (1:1000) and HRP-conjugated sec-
ondary Ab. The membrane was re-probed with anti-clathrin
heavy chain mAb (1:400).
Confocal Microscopy—HeLa cells (1 � 105 cells/well) were

plated onto micro coverglasses (Matsunami Glass) in 12-well
plates. The next day, cells were incubated with 40 �g/ml of
poly(I:C) for 30min at 4 °C. Cells were washed once and further
incubated for 5–30 min at 37 °C. At timed intervals, cells were
fixed with 4% paraformaldehyde for 30 min and permeabilized
with PBS containing 0.5% saponin and 1% BSA for 30 min.
Fixed cells were blocked in PBS containing 1% BSA and labeled
with anti-Raftlin pAb (1:500), anti-human TLR3 mAb (20
�g/ml), or Alexa Fluor 488-CTXB (10 �g/ml) for 60 min at
room temperature. Alexa Fluor 488- or Alexa Fluor 568-conju-
gated secondary Abs (1:400) were used to visualize the primary
Abs.Nuclei were stainedwithDAPI (2�g/ml) in PBS for 10min
before mounting onto glass slides using PBS containing 2.3%
DABCO and 50% glycerol. Cells were visualized at a �63 mag-
nification with an LSM510 META microscope (Zeiss, Jena,
Germany).
For uptake study, HeLa cells or HEK293 cells transfected

with control siRNAor siRNA forRaftlinwere incubatedwith 40
�g/ml of Texas Red/poly(I:C), Alexa Fluor 568/transferrin (25
�g/ml), or FITC/ODN2006 (40�g/ml) for 30min at 4 °C. After
washing, cells were further incubated at 37 °C. At timed inter-
vals, fixed cells were visualized as described above. In the case of
HEK293 cells, cells (1 � 105 cells/well) were plated onto poly-
L-lysine-coated glass (BD Bioscience) in a 24-well plate and cul-
tured for 12 h.
Control or Raftlin knockdownMoDCs (2� 105/100�l) were

incubated with 40 �g/ml of Texas Red/poly(I:C) for 30 min at
4 °C, washed once, and then incubated for 5–30min at 37 °C.At
timed intervals, cells were fixed with 4% paraformaldehyde for
15 min and centrifuged by Cytospin3 (Shandon). After mount-
ing with ProLong Gold with DAPI (Molecular Probes), cells
were visualized by confocal microscopy. In some experiments,
MoDCs were pretreated with 1 mM M�CD for 1 h at 37 °C.
Viability of cells treated with M�CDwas 93.3%. For staining of
endosomes, fixed cells were permeabilizedwith PBS containing
0.5% saponin and 1% BSA for 30 min (staining of TLR3 and
early endosome), or PBS containing 100�g/ml of digitonin and
1% BSA for 30 min (staining of late endosome). After blocking,
cells were labeled with anti-Raftlin pAb (1:500), anti-human

TLR3 mAb (20 �g/ml), anti-Rab5 mAb (4 �g/ml), or anti-
LAMP1 mAb (H4A3) (1:200) for 60 min at room temperature.
Flow Cytometry—Cells were incubated with the indicated

concentrations of poly(I:C) in culture medium for 30 min at
4 °C. After washing, cells were labeled with anti-dsRNA mAb

FIGURE 3. Knockdown of Raftlin suppresses cellular uptake of poly(I:C)
and B-type ODN but not transferrin. HeLa cells (A and C) and HEK293 cells
(D) were transfected with control siRNA (upper panels) or siRNA for Raftlin
(lower panels). Forty-eight hours after transfection, cells were washed and
incubated with 40 �g/ml of Texas Red/poly(I:C) (A), 25 �g/ml Alexa Fluor
568/transferrin (C), or 40 �g/ml of FITC/ODN2006 (D) for 30 min at 4 °C. After
washing, cells were incubated for up to 30 min at 37 °C. At timed intervals,
cells were fixed and visualized by confocal microscopy. In some experiments,
cells were fixed or permeabilized and stained with anti-TLR3 mAb. A, red,
Texas Red-poly(I:C); green, TLR3. C, red, Alexa 568/transferrin; blue, nuclei with
DAPI. D, green, FITC/ODN2006. Bar, 10 �m. B, flow cytometric analysis of
poly(I:C) uptake. Control and Raftlin knockdown HeLa cells were incubated
with 20 �g/ml of poly(I:C) for 30 min at 4 °C. After washing, cells were incu-
bated for up to 30 min at 37 °C. At the indicated time points, cells were labeled
with anti-dsRNA mAb (black lines) or mouse IgG2a (shaded histogram) and
FITC-labeled secondary Ab. The cells were analyzed on a FACS Calibur.
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(K1) or mouse IgG2a as a control (1 �g) in the presence of
human IgG (10 �g) for 30 min at 4 °C in FACS buffer (Dulbec-
co’s phosphate-buffered saline containing 0.5% BSA and 0.1%
sodium azide) and then incubated with FITC-labeled second-
ary Ab. Cells were analyzed on a FACS Calibur flow cytometer
(BD Biosciences).
Statistical Analysis—Statistical significance of differences

between groups was determined by the Student’s t test.

RESULTS

Raftlin Participates in Poly(I:C)-induced TLR3-mediated
Signaling—Wepreviously demonstrated that poly(I:C) binds to
human MoDCs and HEK293 cells (27). Because poly(I:C) also
activates B cells (32), we screened B cell lines capable of binding
poly(I:C) and found that Raji cells bound poly(I:C) at an equiv-
alent level to MoDCs (supplemental Fig. S1). To identify the

proteins involved in poly(I:C) cellular uptake, we isolated the
poly(I:C)-binding proteins from Raji cell lysates by sequential
affinity chromatography using Sepharose, poly(U)-Sepharose,
and poly(I:C)-Sepharose. The eluate from poly(U)- or poly(I:
C)-Sepharose was subjected to SDS-PAGE, followed by mass
spectrometric analyses. A total of 127 proteins were identified,
which preferentially bound to poly(I:C)-Sepharose rather than
to poly(U)-Sepharose (supplemental Table S2). They included
several proteins with a dsRNA-binding motif, such as interfer-
on-induced dsRNA-activated protein kinase (supplemental
Table 3). Also, clathrin heavy chain 1 and several cytoskeleton
molecules, such as tubulin and actinin-1, were identified, sug-
gesting that poly(I:C) uptake machinery might be isolated from
the cell lysates as a complex. In the membrane/cytoskeleton
group, only four are membrane-associated proteins (supple-
mental Table S3).We selected transmembrane proteins LYRIC

FIGURE 4. Translocation of Raftlin in response to poly(I:C). A, confocal images of endogenous Raftlin in HeLa cells. Fixed and permeabilized cells were
stained with anti-Raftlin pAb and Alexa Fluor 488/CTXB. Red, endogenous Raftlin; green, CTXB; blue, nuclei with DAPI. Bar, 10 �m. B–D, spatiotemporal
mobilization of endogenous Raftlin in response to poly(I:C). HeLa cells were incubated with 40 �g/ml of poly(I:C) as described in the legend to Fig. 3. At the
indicated periods, cells were fixed and stained with anti-Raftlin pAb (B), anti-Raftlin pAb and Alexa Fluor 488/CTXB (C), or anti-Raftlin pAb and anti-TLR3 mAb
(D). Representative data from the indicated time points are shown. B and C, red, endogenous Raftlin; green, Alexa 488/CTXB. D, green, endogenous Raftlin; red,
TLR3; blue, nuclei with DAPI. Bar, 10 �m. E, association of Raftlin with poly(I:C). Confocal images of poly(I:C) uptake by HeLa cells expressing RaftlinYFP. HeLa cells
were transfected with RaftlinYFP and incubated with 40 �g/ml of Texas Red/poly(I:C) as described above. At the indicated periods, cells were fixed and
visualized by confocal microscopy. Lower panels show �2 magnified images of the insets in the upper panels. Yellow, RaftlinYFP; red, Texas Red/poly(I:C); blue,
nuclei with DAPI. Bar, 10 �m.

Essential Role of Raftlin in Poly(I:C) Cellular Uptake

10706 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 12 • MARCH 25, 2011

http://www.jbc.org/cgi/content/full/M110.185793/DC1
http://www.jbc.org/cgi/content/full/M110.185793/DC1
http://www.jbc.org/cgi/content/full/M110.185793/DC1
http://www.jbc.org/cgi/content/full/M110.185793/DC1
http://www.jbc.org/cgi/content/full/M110.185793/DC1
http://www.jbc.org/cgi/content/full/M110.185793/DC1


(also called Astrocyte elevated gene 1) and 4F2 cell surface anti-
gen heavy chain (4F2, also named CD98), and a cytoplasmic
protein Raftlin that contains a membrane-anchoring motif at
theN terminus. BecauseHEK293 cells express thesemolecules,
we first examined whether they are involved in poly(I:C)-in-
ducedTLR3-mediated signaling by gene silencing. As a positive
control, knockdown of TICAM-1was performed. Interestingly,
poly(I:C)-induced TLR3-mediated IFN-� promoter activation
was greatly reduced when Raftlin was knocked down in
HEK293 cells, whereas silencing of the LYRIC or 4F2 genes did
not affect poly(I:C) function (Fig. 1A, left-hand panel). Poly(I:
C)-induced TLR3-mediated NF-�B activation was also de-
creased in Raftlin knockdown HEK293 cells, in a similar way to
TICAM-1 knockdown cells (Fig. 1B). In contrast, TLR2-medi-
atedNF-�B activationwas substantially induced in all cells sub-
jected to gene silencing (Fig. 1C). The failure of IFN-�promoter
activation in Raftlin knockdown HEK293 cells was also
observed when cells were stimulated with increasing amounts
of poly(I:C) (Fig. 1D). These results strongly suggest that Raftlin
participates in poly(I:C)-induced TLR3 activation.
Raftlin Is Essential for Poly(I:C)-induced IFN-� Production in

HeLa Cells—Raftlin was originally identified as a major lipid
raft protein required for lipid raft integrity, B cell receptor sig-
nal transduction, and modulation of T cell receptor signaling
(29, 33). We analyzed the expression of Raftlin and Raftlin-2, a
homologue of Raftlin, in HEK293, HeLa, and Raji cells by RT-
PCR.As shown in Fig. 2A, these cell lines express Raftlin but not
Raftlin-2 mRNA. The protein expression level of Raftlin was
further examined by immunoblotting with an anti-human
Raftlin pAb (29). Raftlin was abundantly expressed in Raji cells,
and expressed at lower levels in HEK293 and HeLa cells (Fig.
2B). Poly(I:C)-induced IFN-� mRNA expression was greatly
diminished by knockdown of Raftlin in HeLa cells, in a similar
way to TICAM-1 knockdown. In contrast, HeLa cells trans-
fected with siRNA for 4F2 or LYRIC efficiently responded to
poly(I:C) (Fig. 2C, left-hand panel, and supplemental Fig. S2).
The expression of TLR3, TICAM-1, MDA5, and IPS-1 was not
affected by knockdown of Raftlin (Fig. 2D). Thus, Raftlin plays a
critical role in poly(I:C)-induced IFN-� production.
Raftlin Is Indispensable for Poly(I:C) Cellular Uptake—To

examine the role of Raftlin in poly(I:C)-induced cellular
responses, we analyzed cell entry of poly(I:C) in Raftlin knock-
downHeLa cells. Texas Red-labeled poly(I:C), whose biological
activity was similar to that of unlabeled poly(I:C) (supplemental
Fig. S3), unevenly bound to the cell surface of HeLa cells either
transfected with control siRNA or Raftlin siRNA after 30 min
incubation at 4 °C (Fig. 3A, left panels). When the incubation
condition was changed to 37 °C for 5 min, poly(I:C) was
detected as speckles at the cell surface in both cells, although
some of the poly(I:C) was internalized in control cells (second
set of panels). However, after 15 min, poly(I:C) localized dif-
fusely in the endosomal compartments in control cells, whereas
it still resided on the cell surface as speckles in Raftlin knock-
down cells (third set of panels). Thus, clustering of the uptake
receptor occurs without internalization in Raftlin knockdown
cells. After 30 min, poly(I:C) accumulated in the endosomal
compartments in control cells, where it colocalized with TLR3
(Fig. 3A, upper right panel). In contrast, Raftlin knockdown

HeLa cells did not permit cell entry of poly(I:C). Consistent
with these results, flow cytometric analysis showed that surface
poly(I:C) disappeared in control but not in Raftlin knockdown
HeLa cells (Fig. 3B). After a 30-min incubation at 37 °C,
poly(I:C) was detected on the cell surface of�80% of HeLa cells
transfected with Raftlin-siRNA, which reflects the knockdown
efficiency.
Because poly(I:C) is internalized into cells by the clathrin-de-

pendent endocytic pathway, we examined whether uptake of
transferrin, which occurs in a clathrin-dependent manner, is
suppressed by Raftlin knockdown. As shown in Fig. 3C, trans-
ferrin was internalized into HeLa cells irrespective of Raftlin
knockdown.We previously reported that B- and C-type ODNs
share their uptake receptor with poly(I:C) in HEK293 cells and
MoDCs and are delivered to TLR3-positive endosomes in
MoDCs (27). Indeed, FITC-labeled B-type ODN (ODN 2006)
failed to enter cells when Raftlin was silenced in HEK293 cells
(Fig. 3D). These results indicate that Raftlin is essential for
uptake of poly(I:C) and B- and C-type ODNs via receptor-me-
diated endocytosis.
Raftlin Is Involved in the Uptake Machinery for Poly(I:C)—A

previous study showed that Raftlin is localized exclusively in
lipid rafts by fatty acylation of the N-terminal Gly-2 and Cys-3
residues in human B cells (29). We analyzed the subcellular
localization of Raftlin in HeLa cells. Endogenous Raftlin was
localized diffusely in the cytoplasm and did not merge with
CTXB, which binds to the lipid raft molecule GM1, suggesting
the cell type-dependent localization of Raftlin (Fig. 4A). We
next examined the translocation of Raftlin in response to poly(I:
C). At the poly(I:C) binding step (4 °C, 30 min), Raftlin resided
in the cytoplasm (Fig. 4B, left panel). After a 5-min incubation
at 37 °C, most of the Raftlin remained localized in the cyto-
plasm. However, after 10 min, membrane-associated Raftlin
was observed, which partially colocalized with CTXB (Fig. 4, B,
third panel, and C). Interestingly, Raftlin transferred to the
endosomal structures from the plasma membrane within 15
min, and colocalized with TLR3 after 30 min of incubation
(Fig. 4D).

FIGURE 5. Raftlin associates with clathrin in response to poly(I:C). HeLa
cells were stimulated with 40 �g/ml of poly(I:C) for 0 –30 min at 37 °C. At
timed intervals, cells were lysed in lysis buffer and clathrin was immunopre-
cipitated (IP) using an anti-clathrin heavy chain (HC) mAb. The immunopre-
cipitants were resolved on SDS-PAGE (10% gel) under reducing conditions
followed by immunoblotting (IB) with anti-Raftlin pAb or anti-clathrin HC
mAb. Whole cell lysates (WCL) were subjected to immunoblotting with anti-
Raftlin pAb or anti-clathrin HC mAb to detect endogenous protein expres-
sion. Molecular mass markers are indicated on the right.
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To visualize the spatiotemporal mobilization of Raftlin and
poly(I:C), HeLa cells were transfected with the expression vec-
tor for RaftlinYFP and incubated with Texas Red-labeled poly(I:
C). The subcellular localization and translocation of RaftlinYFP
in response to poly(I:C) were almost similar to those observed
with endogenous Raftlin (Fig. 4E). Notably, RaftlinYFP co-local-
ized with Texas Red-poly(I:C) at the plasma membrane after
10-min incubation at 37 °C. Thereafter, poly(I:C) was internal-
ized, spread to the endosomal compartments, and then accu-
mulated in the organelles as shown in Fig. 3A. A membrane-
associated RaftlinYFP appeared to move along with internalized
poly(I:C) (Fig. 4E).

To clarify the function of Raftlin in poly(I:C) internalization
mediated by clathrin, we examined physical association of
Raftlin with clathrin. As shown in Fig. 5, Raftlin did not interact
with clathrin in unstimulatedHeLa cells.When cells were stim-
ulated with poly(I:C), Raftlin was co-immunoprecipitated with
clathrin after a 10-min stimulation. However, after 30 min,
Raftlin did not interact with clathrin any more. These results
suggest that after poly(I:C) binding to the uptake receptor,
Raftlin was recruited to the plasma membrane and associates
with the clathrin complex to modulate cargo sorting and
delivery.
Raftlin Is Critical for Poly(I:C)-induced IFN-� Production in

Human Myeloid DCs—Human MoDCs expressed Raftlin but
not Raftlin-2 mRNA (Fig. 6A). When DCs were electrically
transfected with siRNA for Raftlin, Raftlin expression was
decreased compared with cells transfected with control siRNA
(Fig. 6B, right-hand panel). Poly(I:C)-induced IFN-� mRNA
expression was diminished in the Raftlin knockdown DCs (Fig.
6B, left-handpanel). ThemRNAexpression levels of TICAM-1,
MDA5, and IPS-1 in Raftlin knockdown DCs were comparable
with those in control DCs, although TLR3 expression was
slightly reduced compared with control cells (Fig. 6C). Again,
entry of poly(I:C) into Raftlin knockdown DCs was inhibited
(Fig. 6D).
Raftlin was localized to both the plasma membrane and the

cytoplasmofDCs (Fig. 6E, upper panels). Althoughmembrane-
associated Raftlin partially colocalized with CTXB, lipid raft
disruption with M�CD in DCs did not affect poly(I:C) cellular
uptake (supplemental Fig. S4). The mobilization of Raftlin in
response to poly(I:C) was similar to that observed in HeLa cells
(Fig. 6E, lower panels). After 30 min, Raftlin colocalized with
TLR3 and Rab5 but not with LAMP1, indicating that Raftlin,
together with the poly(I:C) uptake receptor, moves from the

plasma membrane to the TLR3-positive early endosomes
(Fig. 6F).
To determine the physiological function of Raftlin, we ana-

lyzed poly(I:C)-induced IFN-� production by BMDCs from
wild-type or Raftlin�/� mice. Remarkably, wild-type and
Raftlin�/� BMDCs expressedmouse Raftlin-2mRNA at equiv-
alent levels (Fig. 7A). There was no significant difference in
poly(I:C)-induced IFN-� production between wild-type and
Raftlin�/� BMDCs (Fig. 7B). In addition, cellular uptake of
poly(I:C) in Raftlin�/� BMDCs was comparable with that in
wild-type BMDCs (Fig. 7C). To test the possibility that the
Raftlin function is compensated with Raftlin-2 in Raftlin�/�

BMDCs as observed in B cell receptor signaling in Raftlin�/�

mouse B cells (33), we knocked down of mouse Raftlin-2 in
Raftlin�/�BMDCs by infectionwith Raftlin-2 shRNA-express-
ing lentiviral particles and analyzed the cellular response to
poly(I:C).MouseRaftlin-2 expressionwas partially decreased in
Raftlin�/� BMDCs (Fig. 7D, right-hand panel). Poly(I:C)-in-
duced IFN-� mRNA expression was partially but significantly
decreased in Raftlin-2 knockdown Raftlin�/� BMDCs (Fig. 7D,
left-hand panel). Furthermore, internalization of Texas Red-
labeled poly(I:C) was inhibited in �40% of Raftlin�/� BMDCs
infected with mouse Raftlin-2 shRNA lentiviral particles,
reflecting the knockdown efficiency of mouse Raftlin-2 (Fig.
7E). These results suggest that mouse Raftlin-2 participates in
poly(I:C) cellular uptake in Raftlin�/� BMDCs.

DISCUSSION

Recent studies using mouse implanted tumor models indi-
cate that poly(I:C) is a promising adjuvant for tumor vaccines
because it promotes adaptive anti-tumor responses through the
activation of myeloid DCs and induction of type I IFN produc-
tion by multiple type of cells (10–15). However, it remains
unresolved how poly(I:C) is delivered from the extracellular
fluid to the intracellular poly(I:C) sensors localized on the
endosomal membrane or cytoplasm.
In this study, we demonstrated that Raftlin is essential for

poly(I:C)-induced cellular responses in human myeloid DCs
and epithelial cells bymediating the cellular uptake of poly(I:C).
Raftlin was originally identified as amajor raft protein in B cells
that co-localized with B cell receptor in the lipid raft before and
after B cell receptor stimulation (29). However, subcellular
localization of endogenousRaftlin appears to dependon the cell
types. We found that in unstimulated HeLa cells, endogenous
Raftlin localized diffusely in the cytoplasm and did not co-

FIGURE 6. Raftlin is critical for poly(I:C)-induced IFN-� production in human myeloid DCs. A, MoDCs express Raftlin but not Raftlin-2 mRNA. B, poly(I:C)-
induced IFN-� production was decreased in Raftlin knockdown DCs (left-hand panel). Control and Raftlin knockdown DCs in a 24-well plate (7 � 105/ml) were
stimulated with 20 �g/ml of polymyxin B-treated poly(I:C) for 4 h. Total RNA was extracted and subjected to RT qPCR analysis for the expression of IFN-�. Data
are representative of three separate experiments with similar results (mean � S.D.). **, p � 0.01. Protein expression of Raftlin in DCs (4 � 105) before and after
siRNA transfection is shown (B, right panel). C, expression of TLR3, TICAM-1, MDA5, and IPS-1 in DCs. Total RNA from control and Raftlin knockdown DCs were
extracted and subjected to RT-qPCR analysis for the expression of mRNA. Expression of each gene was normalized to GAPDH mRNA expression. D, uptake of
Texas Red/poly(I:C) by MoDCs transfected with control siRNA (upper panels) or siRNA for Raftlin (lower panels). Control or Raftlin knockdown DCs were
incubated with 40 �g/ml of Texas Red/poly(I:C) for 30 min at 4 °C. After washing, cells were incubated for up to 30 min at 37 °C. At the indicated periods, cells
were fixed and visualized by confocal microscopy. Representative images from 20 fields in the indicated time points are shown. Red, Texas Red/poly(I:C); blue,
nuclei with DAPI. Bar, 5 �m. E and F, confocal images of endogenous Raftlin in MoDCs in response to poly(I:C). E, upper panels, DCs were fixed and stained with
anti-Raftlin pAb and Alexa 488/CTXB. Red, endogenous Raftlin; green, Alexa 488/CTXB; blue, nuclei with DAPI. E, lower panels, and F, DCs were incubated with
40 �g/ml of poly(I:C) as described in the legend to Fig. 4. At the indicated periods, cells were fixed and stained with anti-Raftlin pAb, anti-TLR3 mAb, anti-Rab5
mAb, or anti-LAMP1 mAb and Alexa Fluor-conjugated secondary Abs. Representative data from the indicated time points are shown. Green, endogenous
Raftlin; red, TLR3, Rab5, or LAMP-1; blue, nuclei with DAPI. Bar, 5 �m.
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localize with CTXB (Fig. 4), whereas in MoDCs it localized to
both the plasmamembrane and the cytoplasm andmembrane-
associated Raftlin partially merged with CTXB (Fig. 6E). In
these cells, poly(I:C) stimulation induced the translocation of
Raftlin from the cytoplasm to the plasma membrane where it
cooperated with uptake receptor to deliver poly(I:C) to TLR3-
positive endosomes (Figs. 4 and 6F). Thus, Raftlin is involved in
the nucleocapture complex triggering poly(I:C)-mediated
TLR3 activation, and appears to act downstream of immune
receptors in a cell type-specific manner.
Notably, Raftlin�/� BMDCs that express Raftlin-2 normally

took up poly(I:C) (Fig. 7C). The expression of Raftlin or
Raftlin-2 depends on the cell type.Mouse Raftlin-2 is expressed
in B cells but not T cells and is thought to function in a similar
way to Raftlin in mouse B cells (33). Because poly(I:C)-induced
IFN-� mRNA expression and internalization of poly(I:C) were
decreased when mouse Raftlin-2 was knocked down in
Raftlin�/� BMDCs (Fig. 7, D and E), mouse Raftlin-2 partici-
pates in poly(I:C) uptake in Raftlin�/� BMDCs. In humans,
MoDCs, HEK293 cells, andHeLa cells did not express Raftlin-2
mRNA. Hence, human Raftlin plays a key role in poly(I:C)-
induced cellular responses in the absence of Raftlin-2.
The molecular mechanism by which Raftlin cooperates with

the uptake receptor tomediate cell entry of poly(I:C) andB- and
C-type ODNs is currently unknown. As shown in Fig. 3A, clus-
tering of the uptake receptor occurs without internalization in
the absence of Raftlin. Because disruption of the lipid raft by
treatment with M�CD did not affect internalization of
poly(I:C) (supplemental Fig. S4), Raftlin may participate in the
assembly of the uptake machinery for poly(I:C) and B- and
C-type ODNs independently of lipid raft function. We have
previously demonstrated that poly(I:C) is internalized via the
clathrin-mediated endocytosis (27). Indeed, Raftlin associated
with clathrin after poly(I:C) stimulation (Fig. 5). Thus, Raftlin
might be involved in the clathrin and clathrin-associated
adapter protein complexes at the plasma membrane and par-
ticipates in cargo sorting and delivery to the TLR3-positive
endosome (34).
Intriguingly, A-typeODNthat activates plasmacytoidDCs to

induce IFN-� was unable to bind to myeloid DCs (27). A-type
ODN binds to high mobility group box 1 and augments the
binding of high mobility group box 1 to receptor for advanced
glycation end products (35). A-type ODN-high mobility group
box 1 complex enhances TLR9-mediated IFN-� production by
plasmacytoid DCs in a receptor for advanced glycation end
product-dependent manner, although receptor for advanced
glycation end products is not essential for internalization of
A-type ODN or A-type ODN-high mobility group box 1 com-
plexes. An unidentified uptake receptor for A-type ODN must
reside on plasmacytoid DCs. Although whether Raftlin partic-
ipates in the uptake of A-type ODN in human plasmacytoid
DCs remains to be examined, we surmise that exogenous

FIGURE 7. Poly(I:C) uptake and IFN-� production by Raftlin�/� BMDCs.
A, expression of Raftlin and Raftlin-2 mRNAs in BMDCs from wild-type or
Raftlin�/� mice. B, IFN-� mRNA expression in BMDCs from wild-type or
Raftlin�/� mice in response to poly(I:C). Cells were stimulated with 20 �g/ml
of polymyxin B-treated poly(I:C). At the indicated time points, cells were
washed and total RNA was extracted. RT qPCR was performed using the prim-
ers for mouse IFN-�. Data (mean � S.D.) are representative of three separate
experiments with similar results. C, BMDCs from wild-type (upper panels) or
Raftlin�/� mice (lower panels) were incubated with 40 �g/ml of Texas Red/
poly(I:C) for 30 min at 4 °C. After washing, cells were incubated for up to 30
min at 37 °C. At timed intervals, cells were fixed and visualized by confocal
microscopy. Representative images from 20 fields in the indicated time
points are shown. Red, Texas Red/poly(I:C); blue, nuclei with DAPI. Bar, 5 �m.
D, poly(I:C)-induced IFN-� mRNA expression in control and Raftlin-2 knock-
down Raftlin�/� BMDCs. Left-hand panel, control and Raftlin-2 knockdown
Raftlin�/� BMDCs were stimulated with 20 �g/ml of polymyxin B-treated
poly(I:C). At the indicated time points, IFN-� mRNA expression was analyzed
as described above. Right-hand panel, mouse Raftlin-2 mRNA expression.
Representative data from two independent experiments are shown. *, p �
0.05; **, p � 0.01. E, poly(I:C) cellular uptake by control and Raftlin-2 knock-
down Raftlin�/� BMDCs. Representative images from 20 fields in the

indicated time points are shown. In Raftlin�/� BMDCs infected with mouse
Raftlin-2 shRNA lentiviral particles, 40% of cells fail to internalize poly(I:C) after
a 15-min incubation at 37 °C. The number of cells lacking Texas Red/poly(I:C)
internalization/total number of cells were for control Raftlin�/� BMDCs,
0/137, and Raftlin-2 knockdown Raftlin�/� BMDCs, 106/260. Red, Texas Red/
poly(I:C); blue, nuclei with DAPI. Bar, 5 �m.
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nucleic acids are recognized by cell surface receptors that form
distinct nucleocapture complexes to deliver nucleic acids to
intracellular organelles.
The adjuvant activity of poly(I:C) is derived from the activa-

tion of two innate immune sensors, TLR3 and MDA5, in mye-
loid DCs. No RNA molecule has been reported besides
poly(I:C) that extracellulary activates either TLR3 or MDA5.
Identification of the uptake receptor for poly(I:C) in DCs is
important to elucidate the mechanism by which poly(I:C) is
localized to TLR3 andMDA5, as well as to develop a poly(I:C)-
related adjuvant that is selectively transferred to TLR3 and/or
MDA5.
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