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The innate immune receptor Toll-like receptor 3 (TLR3)
can be present on the surface of the plasma membranes of
cells and in endolysosomes. The Unc93b1 protein has been
reported to facilitate localization of TLR7 and 9 and is
required for TLR3, -7, and -9 signaling. We demonstrate that
siRNA knockdown of Unc93b1 reduced the abundance of
TLR3 on the cell surface without altering total TLR3 accumu-
lation. In addition, siRNA to Unc93b1 reduced the secretion
of the TLR3 ectodomain (T3ECD) into the cell medium. Fur-
thermore, two human single nucleotide polymorphisms that
affected herpesvirus and influenza virus encephalopathy as
well as a natural isoform generated by alternative splicing
were found to be impaired for T3ECD secretion and de-
creased the abundance of TLR3 on the cell surface. The loca-
tions of the SNP P554S and the deletion in the isoform led to
the identification of a loop in the TLR3 ectodomain that
is required for secretion and a second whose presence
decreased secretion. Finally, a truncated protein containing
the N-terminal 10 leucine-rich repeats of T3ECD was suffi-
cient for secretion in an Unc93b1-dependent manner.

Toll-like receptors (TLRs)2 are a family of receptors that rec-
ognize pathogen-associated molecular patterns (PAMPs) and
initiate signal transduction pathways to activate innate immune
responses and to modulate adaptive immunity responses.
There are more than 10 known human TLRs that collectively
recognize a remarkable variety of ligands (1). The subcellular
location of the different TLRs is related to ligand recognition.
TLR3, -7, -8, and -9 recognize nucleic acids in endolysosomal
compartments, whereas TLR1, -2, -4, -5, and -6 mainly recog-
nize bacterial products and are located primarily on the cell
surface (2–4).

TLR3 binds viral double-stranded (ds) RNAs and dsRNA
mimics such as poly(I:C), annealed homopolymers of inosinic
acid and cytidylic acid. Like other TLRs, TLR3 is a type I trans-
membrane glycoprotein with a large N-terminal ectodomain
(ECD) for ligand binding, a single transmembrane helix, and a
C-terminal cytoplasmic Toll-interleukin-1 receptor (TIR) do-
main. TheTLR3 ectodomain (T3ECD) consists of 23 conserved
leucine-rich repeats (LRRs) capped at the termini by cysteine-
rich motifs (5, 6). The T3ECD has 15 predictedN-linked glyco-
sylation sites and two short loops that reside in LRR12 (Loop 1)
and LRR20 (Loop 2), respectively (7, 8). The crystal structure of
the T3ECD complexed with dsRNA revealed two ligand bind-
ing sites, one within the region from LRR19 to LRR21 and the
other within the N terminus to LRR3, as well as a dimerization
domain in the C-terminal cysteine-rich cap (9, 10).
Single nucleotide polymorphisms (SNPs) in TLRs have been

correlated with disease conditions such as asthma, endotoxin
hyporesponsiveness, sepsis, immunodeficiencies, and athero-
sclerosis (11–18). For TLR3, SNP P554S within LRR20 is linked
with partial penetrance of herpes simplex virus-associated
encephalitis in children (19). SNP F303Swithin LRR11 is linked
to pathologies of influenza virus infection (20). SNP L412F
(LRR15) is present in�30%of the human population, exhibits a
defect for signal transduction in cultured cells, and is correlated
with reduced incidence of the dry form of age-related macular
degeneration (21, 22). An isoform of TLR3 generated by alter-
native splicing that lacks 64 amino acids within LRR10 to the
end of LRR12 has been reported in human astrocytes; its role in
TLR3 function is unknown (23).
How TLR3 subcellular localization relates to function is not

well understood. TLR7 and TLR9 are recruited from endoplas-
mic reticulum through the Golgi to lysosomes upon ligand
stimulation in a process that also involves proteolysis (24, 25).
TLR3 is present on the cell surface as well as in endosomes,
depending on the cell type (26, 27). A cytoplasmic “linker
region” between the transmembrane domain and the TIR
domain of TLR3 was reported to regulate the TLR3 location in
the cell (28, 29). TLR3 traffickingwill likely involveUnc93b1, an
integral, endoplasmic reticulum-associated protein that regu-
lates TLR7 and TLR9 localization (30, 31). Single amino acid
substitutions in Unc93b1 of mice and mutations of UNC93B1
in human fibroblasts were affected for cytokine production
mediated by TLR3 (32–34). Murine Unc93b1 can physically
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interact with TLR3, -7, and -9 through their transmembrane
domains (30).
T3ECD could be secreted into the culture medium by both

insect and human cells (6, 8, 10). We hypothesize that the
requirements for T3ECD secretion mimic that for normal
TLR3 trafficking to the cell surface.Hereinwedocumented that
T3ECD secretion correlates with the presence of full-length
TLR3 on the cell surface and that Unc93b1 is required for
secretion as well as affect the cell surface localization of wild-
type (WT) TLR3. SNPs associated with human disease suscep-
tibilities decreased T3ECD secretion and the abundance of cell
surface-associated TLR3. Interestingly, Loop 1 was found to
act to inhibit T3ECD secretion, whereas changes in Loop 2
decreased secretion.

MATERIALS AND METHODS

Plasmid Construction—The WT TLR3 plasmid was previ-
ously described in Sun et al. (8). Plasmids containing SNPs
were made by site-directed mutagenesis using oligonucleo-
tides and the QuikChange kit (Stratagene). The sequence of
the all constructs containing changes from theWT sequence
were determined to ascertain that unintended mutations
were not introduced. All primers used are shown in supple-
mental Table 1.
T3ECD was expressed from the pBeth-TLR3ECD-His6 plas-

mid (8). Briefly, cDNA from TLR3 residues 1–703 to which a
C-terminal V5 epitope and a His6 tag was appended to a her-
pesvirus thymidine kinase promoter in a vector containing the
pcDNA3.1 backbone to generate pBeth-TLR3ECD. T3ECD�L1
was subcloned into the same vector fromTLR3�L1.
N-L10, N-L11, and N-L12 containing TLR3 residues 1–297,

1–322, and 1–355, respectively, were fused to the sequence
coding for residues 660–704 and 6 histidine codons derived
from the pBeth-TLR3 plasmid. These three plasmids were
made in two steps. First, an XhoI site was created as a silent
mutation in codon 694 in pBeth-TLR3ECD to result in pBeth-
TLR3ECDx. Fragments encoding N-L10, N-L11, and N-L12
were generated by PCR from T3ECD to contain flanking
HindIII and XhoI restriction sites at the 5� and 3� ends. The
DNA fragments treated with these restriction enzymes were
ligated to an acceptor plasmid derived from pBeth-TLR3ECDx
and linearized with a HindIII and XhoI restriction digestion.
The sequence from 5� of the TLR3 cDNA to codon 660 was
replaced in this manipulation. Plasmid N-L12�1 was cloned by
the same strategy except that T3ECD�L1 was used as the tem-
plate to generate the PCR fragment.
Plasmids expressing N-L10 � 12 and N-L10 � 12�L1 were

made by chemical synthesis of the two DNA strands that can
encode LRR12 or LRR12 lacking the �1 loop sequence that
were then digested with XhoI before its ligation to the C termi-
nus of LRR10. The TLR3 isoform (TLR3�64) was recreated by
annealing chemically synthesized DNA molecules designed to
remove the sequence missing in �64 and extending from the
primers using PfuI. The resulting DNA was the digested with
flanking restriction sites and ligated in the backbone generated
from pBeth-TLR3. pCMV6-Entry-Unc93b1-Myc-FLAG was
from Origene Technologies (Rockville, MD). Unc93B1 �N36
was PCR-amplified using PCR and cloned into the same vector.

TLR3 Luciferase Reporter Assay—HEK293T cells were plated
in CoStar white 96-well plates in DMEM amended with 10%
FBS at 4.4 � 104 cells per well and transfected at �85–90%
confluency with a mixture of the Lipofectamine 2000 and plas-
mids pNiFty-Luc, pUNO-huTLR3, or TLR3 mutations and
phRL-TK as described in Sun et al. (8). For assays using IFN-�-
Luc or ISRE-luc reporters, the respective plasmids were substi-
tuted for pNifty-luc. The transfected cells were induced 18–22
h later by the addition of poly(I:C) to the culture medium to a
final concentration of 2.5 �g/ml. The cells harvested for analy-
sis of luciferase 18–20 h after poly(I:C) addition.
siRNA Knockdown of Unc93b1—Human embryonic kidney

cells (HEK293T) were seeded at 1.0 � 105 cells/well in DMEM
amendedwith 10% FBS in a 48-well tissue culture plate or 4.4�
104 cells/well in a 96-well plate. 6 h later the cells were trans-
fected with siRNA specific to Unc93b1 (Darmacon, Inc.) or
ST3GAL4 (Ambion, siRNA ID: s12852) using Lipofectamine
2000 (Invitrogen). The cells were incubated for 24 h before
transfection to express TLR3 or TLR3 derivatives. If the cells
were examined for TLR3 activation of reporter expression, they
were also transfected with the luciferase and Renilla luciferase
plasmids as described above.
Secretion Assay—HEK 293T cells and P2.1 cells were plated

in 48-well plates in DMEM amended with 10% FBS at 1 � 105

cells/well and transfected with 50 ng of plasmid pUNO-TLR3,
pBeth-TLR3ECD, or various plasmids derived from pBeth-
TLR3ECD using Lipofectamine 2000. The medium was re-
moved 24 h later and replaced with 150 �l of DMEM
medium. The media were harvested after another 24 h, and
cells were lysedwith the passive lysis buffer (Promega) and son-
icated to degrade chromosomal DNA, then subjected toWest-
ern blot analysis.
Equal amounts of proteins from the culture medium or cell

lysate were separated on NuPAGE 4–12% Bis-Tris gels and
blotted onto polyvinylidene difluoridemembranes (Invitrogen)
for probingwith the anti-TLR3 antibody (R&D systems, catalog
#AF1487). The anti-humanUnc93b1 antibody was from Sigma
(catalog #AV49979). Monoclonal anti-FLAG� M2 peroxidase
(HRP) antibody was from Sigma (catalog #A8592). The blots
were developed with HRP-conjugated secondary antibodies
(Santa Cruz Biotechnology) and an ECL-plusWestern blotting
detection system (Amersham Biosciences).
Fluorescence-activated Cell Sorting (FACS) Analysis—Cells

were grown in 6-well collagen-coated plates (BD Biosciences)
at 2� 106 cells/well. The cells were transfected with 1 �g of the
appropriate plasmids using Lipofectamine 2000. Staining of cell
surface-associated TLR3 used cells harvested 24 h after trans-
fection and washed twice with ice-cold FACS buffer (1� phos-
phate-buffered saline containing 10 mM phosphate, 150 mM

NaCl, pH 7.4, 3% fetal bovine serum, 0.04% sodium azide)
before suspension at 2.0 � 107 cells/ml in FACS buffer. The
cells were stained for 30min at 4 °Cwith 1�g of phycoerythrin-
labeled anti-human TLR3 mAb (clone TLR3.7 or a negative
control mouse IgG1 control antibody (eBioscience) and incu-
bated for 30min on ice in the dark. The cells were washed twice
with FACS buffer to remove unbound antibody and then resus-
pended in FACS buffer. Viaprobe (BD Biosciences) was added
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to the cultures to exclude dead cells. The sampleswere analyzed
using a FACSCalibur machine (BD Biosciences).
RT-PCR Analysis of the �64 Isoform Expression—Poly(A)-

selectedmRNAs extracted from actively growing human astro-
cytes (NHA) and normal human bronchial epithelial cells
(NHBE) were used for cDNA synthesis by reverse transcription
and PCR. The primers used are shown in supplemental Table
S1. The cDNA product with and without the �64 deletion
should be�700 and 500 base pairs. These were excised from an
agarose gel, purified, and subcloned into Invitrogen TOPO
pCR4 vector for DNA sequencing.

RESULTS

TLR3 Function, Localization, andUnc93b1—We seek to bet-
ter understand TLR3 localization in cells and how localization
could affect TLR3 function and diseases that could result from
improper function. Unc93b1 is likely involved inTLR3 localiza-
tion as it is required for TLR7 and TLR9 trafficking and the
function of TLR3 (31, 33, 34).
We first attempted to confirm that Unc93b1 contributes

to TLR3-dependent signaling in a previously validated re-
porter assay (8, 21). Briefly, HEK293T cells were transfected
with three plasmids, one to express TLR3, a second to con-
stitutively express Renilla luciferase, and a third that can
express a firefly luciferase reporter under the control of the
ISRE promoter. In the presence of poly(I:C), TLR3 will activate

signaling leading to an increase in
the firefly luciferase activity. The
ratio of firefly to Renilla luciferase
activities of the poly(I:C)-induced
and mock-induced samples is plot-
ted as -fold induction.
The cells to assay TLR3 were also

transfected with siRNA specific to
Unc93B1 or a control siRNA target-
ing the sialyltransferase ST3GAL4.
The siRNA to Unc93b1 reduced
TLR3-dependent expression of the
reporters to approximately a third
of that of the untreated sample. The
control siRNA did not have a com-
parable effect (Fig. 1A). Further-
more, neither siRNA affected TLR4
signaling with lipopolysaccharide
as the agonist (Fig. 1B). These re-
sults demonstrate that Unc93b1 can
affect TLR3 signaling in HEK293T
cells. Furthermore, the siRNA to
Unc93b1 did reduce the level of the
Unc93b1 protein detected byWest-
ern blot analysis, and there were no
obvious effects on the morphology
of the cells in all siRNAs tested (Fig.
1C and data not shown).
To examine whether Unc93b1 can

affect TLR3 localization, HEK293T
cells expressing TLR3 were trans-
fected with the Unc93b1-specific or

the control siRNA and FACS was used to quantify the amount
of TLR3 on the surface of intact cells. An aliquot of the cells
were permeabilizedwith detergent, and the total TLR3was also
quantified. HEK293T cells do not express endogenous TLR3,
and transfection to express WT TLR3 resulted in �18% of the
cells exhibiting TLR3 on the cell surface. Cell surface-associ-
ated TLR3 was reduced by the siRNA to Unc93b1 to a mean
value of 13.4% in six independent samples (Fig. 1D). Given that
the cells were transfected with the siRNAs, the observed reduc-
tion of TLR3 on the cell surface likely underestimates the
potential effect of the Unc93b1 siRNA. Furthermore, the total
amount of TLR3-positive cells in the permeabilized samples
was not significantly different in the cells knocked down for
Unc93b1 or treated with a nonspecific siRNA (Fig. 1D). Finally,
a Western blot detecting TLR3 confirmed the FACS analysis
that the siRNA to Unc93b1 does not affect the overall level of
TLR3 (supplemental Fig. S1). All of these results demonstrate
that Unc93b1 is involved in the localization of TLR3 to the cell
surface.
Unc93b1 and T3ECD Secretion—We seek to determine

whether Unc93b1 can affect the secretion of the TLR3 ectodo-
main. The effects of the siRNA to Unc93b1 or the control
siRNA were examined in HEK293T cells that could secrete
T3ECD into the medium. T3ECD secretion was reduced by
siRNA to Unc93b1 in a manner dependent on the siRNA con-
centration (Fig. 2A). The control siRNAdid not have this effect.

FIGURE 1. Unc93b1 is required for TLR3 function and T3ECD secretion in HEK293T cells. A, shown is the
effects of siRNA to Unc93b1 on TLR3-dependent poly(I:C)-dependent signaling by TLR3. The concentrations of
the siRNAs transfected into cells are shown below the bar graph. The control siRNA (Contr.) was designed
against ST3GAL4 and was used throughout all experiments. The readouts of the firefly luciferase reporter
driven by the ISRE promoter are normalized to the Renilla luciferase driven by the thymidine kinase promoter.
The number above each bar represents percentage activity relative to TLR3 activity without siRNA treatment.
The error bar denotes 1 S.D. averaged from at least three independent experiments that each had three
independent samples. B, shown is the effects of siRNA to Unc93b1 on TLR4-dependent signal transduction.
Cells were transfected to express TLR4 and its co-activators and induced with 1 �g/ml lipopolysaccharide as
described previously (47). The firefly luciferase reporter is driven by the NF-�B promoter and normalized to the
Renilla luciferase driven by the thymidine kinase promoter. The concentration of the siRNA used is shown
below the graphs. C, shown is confirmation that the siRNA to Unc93b1 did reduce the level of Unc93b1. The
Western blot result contained lysates from cells treated with siRNA for 48 h and probed with a mAb that
specifically recognizes Unc93b1. The loading control (L. C.) was a band present on the membrane used for the
Western blot. The membrane was stained with Coomassie Blue. D, siRNA knockdown of Unc93b1 decreased
TLR3 cell surface expression. siRNA to Unc93b1 or ST3Gal4 was transfected at 50 nM. The cells were either not
permeabilized to stain for surface expression of TLR3 or permeabilized to stain for overall expression. The
graphs are representative or six individual transfections of each treatment and are shown as an overlap of
mock, siRNA-treated, and untreated samples. The numbers show percentage of cells positive for TLR3 and are
average of three independent transfections.
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Furthermore, knocking downUnc93b1 did not affect the secre-
tion of matrix metallopeptidase-28 (MMP-28) (Fig. 2B) (35).
Finally, we expressed recombinant Unc93b1 in HEK293T cells
from a plasmid and observed that T3ECD secretion was not
significantly affected, likely because the endogenous Unc93b1
was sufficient for T3ECD secretion. However, expressing a ver-
sion of Unc93b1 lacking the first 36 residues (�N36) reduced
T3ECD secretion and increased the level of T3ECD in the cell-
associated materials (Fig. 2C). �36 was previously reported to
down-regulate TLR9 trafficking and up-regulate TLR7 traffick-
ing (36). Altogether, the effects on the localization of TLR3 and
T3ECD correspond to the altered Unc93b1 expression profiles
showing that Unc93b1 is important in TLR3 localization. Fur-
thermore, the secretion of T3ECD should provide a useful assay
to examine the requirements for TLR3 cell surface localization.
Glycosylation and T3ECD Secretion—Post-translational

modifications including glycosylation should be prerequisite to
the secretion of T3ECD. In fact, the T3ECD secreted in the
medium, and that remained in the cell had distinct electro-
phoretic mobilities when they were combined and electro-
phoresed in the same lane (Fig. 3A).

Residue Asn-413 was shown to be glycosylated in T3ECD (5,
6, 8, 10). A N413A substitution reduced the secreted T3ECD
when comparedwithWT (Fig. 3B). In contrast, theH539E sub-
stitution, which affected ligand binding by T3ECD and abol-
ished TLR3-dependent activation of reporters (6, 9), allowed
significantly high levels of T3ECD secretion (Fig. 3B). The latter
observation is consistent with a model in which ligand binding
by TLR3 is not required for the trafficking of TLR3 (9, 37).
L412F, a substitution linked to macular degeneration and
defective TLR3 signal transduction (21, 22), also affected the
secretion of the T3ECD, possibly through impacting the glyco-
sylation of the neighboring residue, Asn-413.
Tunicamycin, which inhibits the first step in the addition of

N-linked glycosyl groups, was previously shown to inhibit the
activation of reporters by TLR3 (8). We treated HEK293T cells
with tunicamycin up to 80 ng/ml and did not observe any obvi-
ous cytotoxicity (8).When we tested T3ECD secretion by these
cells, secreted T3ECD was usually at a 2–4-fold higher abun-
dance in cells treated with tunicamycin lower than 5 ng/ml.
However, tunicamycin concentrations higher than 5 ng/ml
resulted in a reduction in T3ECD expression, and the cell-asso-
ciated T3ECD migrated as lower molecular mass bands, likely
due to an inhibition of glycosylation (Fig. 3C). There was also a
relative decrease in the amount of the secreted T3ECD when
compared with the levels associated with cells. These results
show that tunicamycin can affect both T3ECD expression as
well as secretion. In contrast, swainsonine, an inhibitor of man-
nosidase that did not previously affect TLR3 activation of
reporters (8), did not have an obvious effect on T3ECD secre-
tion. All of the results in Fig. 3 suggest that proper glycosylation
will influence T3ECD secretion.
SNP P554S and Loop 2—We seek to examine whether

SNPs of TLR3, in addition to L412F, could affect the secre-
tion of T3ECD and the localization of TLR3 in cells. SNP
P554S is associated with increased susceptibility to herpes
simplex virus-1 encephalitis in children (19). To examine
whether P554S affected TLR3 trafficking, this substitution was
constructed in full-length TLR3 and in T3ECD. Both proteins
with the P554S substitution were produced at a level compara-
ble with that of WT in transiently transfected HEK293T cells.
The same result was also observed in the fibrosarcoma cell line
P2.1 (Fig. 4A). The P554S T3ECD was found in the culture
medium at a level severalfold lower than WT T3ECD in both
HEK293T and P2.1 cells, indicating that the defect in secretion
is not specific to HEK23T cells.
FACS analysis showed that TLR3 with the P554S substitu-

tion was reduced in the amount of TLR3 on the cell surface
relative to WT (Fig. 4, B and C). In permeabilized cells, how-
ever, comparable levels of both proteins were observed, dem-
onstrating that the defect is not in protein expression (Fig. 4, B
and C). Together, the secretion and FACS results show that
P554S was altered for trafficking to the cell surface.
Zhang et al. (19) reported that P554Swas produced as a trun-

cated product of TLR3 and reducedTLR3 activation of reporter
expression. We did not find an obvious defect for TLR3-P554S
induced reporter activity in the presence of poly(I:C) (Fig. 4D),
and we did not observe a truncated form of TLR3 in Western
blots (data not shown). These results suggest that sufficient

FIGURE 2. Unc93b1 and T3ECD secretion. A, shown are the effects of siRNA
to Unc93b1 on the amount of T3ECD present in the culture medium. An
empty vector or plasmid expressing T3ECD was transfected into HEK293T
cells. The concentrations and types of siRNA transfected are shown above the
blot image. The medium was harvested and subjected to Western blot analy-
sis. Each construct was tested in two independent samples. Contr. denotes a
control siRNA. The result is representative of three independent experiments.
S, supernatant; L.C., loading control. B, siRNA to Unc93b1 did not affect the
secretion of matrix metalloproteinase, MMP-28. The identities and the con-
centrations of the siRNAs used are shown above the image of the results from
the Western blots. The images are from Western blots of the cell culture
supernatant (S) and the cell lysate (C) probed with a MMP-28-specific poly-
clonal antibody. C, shown is overexpression of Unc93b1 and T3ECD secretion.
A truncated Unc93b1 is affected for the secretion of T3ECD. HEK293T cells
were either mock-transfected or transfected with plasmids expressing WT or
an N-terminal-truncated Unc93b1, �N36. The cells were also transfected to
express T3ECD. The amount of T3ECD present either in the cell lysate (C) or the
supernatant (S) was detected by Western blots. The reduced secretion of
T3ECD with �N36 Unc93b1 relative to wild-type Unc93b1 was observed in
four independent samples.
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amounts of the TLR3-P554S are present to activate signal
transduction. Our results are consistent with those of Wang et
al. (38) who examined the effects of P554S on hepatitis C virus
infection and did not observe a defect associatedwith the P554S
SNP. The disparate results could be due to the cell lines used.
Loop 2 and T3ECD Secretion—P554 resides in Loop 2. Dele-

tion of Loop 2 was previously found to decrease signal trans-
duction by TLR3 (7). We engineered versions of T3ECD that
lacked the entire Loop 2 of nine residues (�L2a) or five of the
residues (�L2b) and found that both decreased T3ECD secre-
tion (Fig. 5, A and B). Replacing Loop 2 with the murine
sequence in the context of full-length TLR3 (L2m) restored
secretion (Fig. 5B). These results along with those from the
analysis of P554S suggest that Loop 2 of the T3ECD is required
for T3ECD secretion.
The �64 Isoform and the F303S SNP—Yang et al (23) identi-

fied an alternative splice variant of TLR3 (�64) expressed in
primary human astrocytes (NHA) and glioblastoma cell lines.
Ménager et al. (39) subsequently reported that the isoform was
also expressed in neuroblastoma cells. �64 lacks residues 289–
352, which span LRR10 to LRR12 (Fig. 6A). We wanted to
examine whether the �64 mutation would affect the secretion
of T3ECD and TLR3 cell surface expression.
We first determined using RT-PCR that a message corre-

sponding to�64was expressed inNHA cells and also in normal

human bronchial epithelial cells
(NHBE), albeit at low levels relative
to that of full-length TLR3 (Fig. 6B).
Sequencing of the shorter cDNA
from both cell types revealed the
exact sequence reported by Yang
et al. (23).
The �64 deletion was engineered

into DNA constructs of full-length
TLR3 to examine for effects on
TLR3 activation of reporter expres-
sion and TLR3 trafficking. Western
blot analysis showed that the result-
ingproteinaccumulated inHEK293T
cells (Fig. 6C). However, the �64
mutantwas defective for activation of
reporter gene expression in the pres-
ence of poly(I:C), and it did not act
as a dominant negative mutant to
WTTLR3 (Fig. 6D). In FACS analy-
sis, the �64 protein was decreased
for cell surface expression when
compared withWTTLR3, although
it was expressed at a similar level
as WT in permeabilized cells (Fig.
6E). T3ECD containing the �64
deletion also failed to secrete into
the medium (Fig. 6F). These results
demonstrate that the �64 isoform
of TLR3 is defective for both signal-
ing and cell surface expression in
HEK293T cells.
SNP F303S of TLR3, found in a

patient with influenza-associated encephalopathy, resides in
the region deleted in �64. TLR3 with the F303S SNP was thor-
oughly characterized by Hidaka et al. (20), and we confirmed
that it exhibited decreased ability to activate reporter gene
expression in comparison to the WT TLR3 (supplemental Fig.
S2A). In addition, it was not dominant negative to the WT
TLR3 (supplemental Fig. S2A). T3ECD with the F303S substi-
tution was also defective for secretion (supplemental Fig. S2B).
TLR3 Mutations Interact with Unc93b1—Unc93b1 has been

reported to co-immunoprecipitate with TLR3 (30). We seek to
examine whether the SNPs and mutant versions of TLR3 are
affected for interaction with Unc93B1. A C-terminal myc and
FLAG-tagged Unc93b1 was co-expressed with TLR3 and sub-
jected to immunoprecipitation with the antibody to the myc
tag. The presence of Unc93b1 and/or TLR3 in the precipitate
was examined by Western blots. TLR3 co-precipitated with
Unc93b1, consistent with the report of Brinkman et al. (30).
The P554S, �L2, and F303S variants expressed to different lev-
els. However, the amounts of the TLR3 variant that co-precip-
itated with Unc93b1 can be compared with the amount in the
input (Fig. 7). The relative amounts of WT TLR3, P554S, �L2,
and F303S that co-precipitated were comparable to the input
(Fig. 7). These resultswere observed in four independent exper-
iments. Importantly, the �64 did not co-immunoprecipitate as
well with Unc93b1 when compared with the other TLR3 vari-

FIGURE 3. Glycosylation and T3ECD secretion. A, the secreted T3ECD has a distinct electrophoretic mobility
in comparison to that of the cell-associated T3ECD. Samples from the culture medium transfected to express
T3ECD (S) or the cell lysate (C) were separately processed for Western blot analysis in the two upper panels or
mixed together in equal proportions for the lower Western blot. B, shown are the effects of substitutions that
affected TLR3 ECD glycosylation and ligand binding on T3ECD secretion. The results show a Western blot of the
amount of T3ECD present in the medium and the cells when they harbor amino acid substitutions. The medium
and cell lysate were combined with each sample as the secreted form of T3ECD (designated S) and the
cell-associated form (designated C) are easily distinguishable. All samples were from independently trans-
fected cells processed in parallel. The N413A mutation was characterized to be an N-linked glycosylation site (7,
11). The H539E substitution was characterized to be defective in ligand binding (7, 9). C, effects of tunicamycin
and swainsonine on T3ECD secretion. The Western blot image shows the T3ECD present in the medium (S) or
the cell lysate (C) of HEK293T cells transfected to express T3ECD. The medium and cell lysates from the tran-
siently transfected HEK293T cells were analyzed separately, and the final concentrations of the glycosylation
inhibitor (glyc. Inh.) added to the samples are shown above the Western blot images. S denotes the secreted
T3ECD, whereas C denotes the cell-associated T3ECD. The loading controls in these blots are GAPDH proteins
detected by Western blots.
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ants or to WT TLR3. When quantified, �30% of the input
WT TLR3 co-immunoprecipitated with Unc93b1, whereas
only 6% of the input �64 protein did so. Although these

results do not inform us as to
whether the region missing from
�64 contacts Unc93b1, it shows
that the ectodomain of TLR3 can
affect interaction with Unc93b1.
Truncated TLR3 ECD Can Se-

crete—Examination of the SNPs
suggests that motifs within the
TLR3 ectodomain are required for
secretion. To better understand
whether the motif(s) deleted in �64
is related to secretion, we made
three truncations containing the N
terminus of TLR3 through LRR10
(named N-L10), LRR11 (N-L11) or
LRR12 (N-L12) (Fig. 8A). Each trun-
cation contained a partial C-termi-
nal cap (residues 660–704), and all
three proteins were expressed at
high levels (Fig. 8B, bottom panel).
Unexpectedly, the secreted level of
N-L10 was far higher than that of
T3ECD, whereas N-L11 was com-
parable to T3ECD, and N-L12 was
not detected in themedium (Fig. 8B,
top panel). Consistent with the
secretion defect of N-L12, a con-
struct containing the first 15 LRRs
of the TLR3 also failed to secrete

(supplemental Fig. S3). These results suggest that LRR11 and
LRR12 in the T3ECD contain motifs that negatively regulated
T3ECD secretion.
LRR12 contains Loop 1 (Fig. 8A). We examined whether a

deletion of the eight residues of Loop 1 from T3ECD named
�L1 would affect secretion. �L1 consistently secreted better
than T3ECD by 2-fold (Fig. 8C). Furthermore, N-L12 that
lacked Loop 1 (in construct N-L12�L1) was dramatically im-
proved for secretion relative to N-L12 (Fig. 8C).
To address whether the inhibitory activity of Loop 1 func-

tions in a position-dependent manner, a construct that fused
LRR12 to the C terminus of N-L10 (named N-L10 � 12) was
tested.We also made a version of N-L10 � 12 that lacked Loop
1 namedN-L10� 12�L1 (Fig. 8A). N-L10� 12 was competent
for secretion,whereas the removal of Loop1 increased secretion
of N-L10 � 12�L1 slightly (Fig. 8C). These results suggest that
Loop 1 needs to act in a position-dependentmanner or that the
fusion of noncontiguous LRRs disrupted the Loop 1 ability to
suppress secretion.
Finally, we determined whether the secretion of �L1 or the

N-terminal portion of T3ECD retains the requirement for
Unc93b1 (Fig. 9). siRNAs targeting Unc93b1 or the control
siRNA were transiently transfected into HEK293T cells that
can express �L1, N-L10, or N-L11 (Fig. 9A). The secretion of
�L1was decreased by siRNA targeting Unc93b1 (Fig. 9A). Sim-
ilar results were observed for N-L10 andN-L11 (Fig. 9B). These
results demonstrate that Unc93b1 can directly or indirectly
participate in the secretion of theN-terminal portion ofT3ECD

FIGURE 4. Effects of P554S on TLR3 localization and T3ECD secretion. A, shown is Western blot analysis of the
effects of the P554S SNP on full-length TLR3 expression and T3ECD expression and secretion. The upper two Western
blot results labeled with TLR3 show the total level of full-length TLR3 or TLR3-P554S proteins produced. The lower
two panels show the secretion (S) and cell-associated (C) forms of WT T3ECD and T3ECD-P554S. All samples were
tested in two independently transfected samples. B, FACS analysis of the TLR3 and TLR3-P554S expressed on the
surface of HEK293T cells and in detergent-permeabilized cells is shown. The fluorescence due to binding
of the antibody to TLR3 is in log scale (horizontal axis) and plotted against the number of events (vertical axis). The
blue line shows the level of staining with a control antibody (anti-mouse IgG), and the black line shows the staining
with anti-hTLR3 conjugated with phycoerythrin. C, quantitative results from the FACS experiment are shown. MFI,
mean fluorescence intensity. S.E. were from a minimum of three independently assessed samples. The numbers that
lacked a S.E. are the average of two independent samples. D, TLR3-dependent and poly(I:C)-dependent signaling of
TLR3-P554S is shown. Activities of the reporter driven by promoters responsive to NF�B, ISRE, or IFN� were normal-
ized to the Renilla luciferase driven by the thymidine kinase promoter as a ratio. The number above each bar repre-
sents the ratio of poly(I:C)-induced samples over the ratio of uninduced samples.

FIGURE 5. Loop 2 of the TLR3 ectodomain contributes to secretion.
A, shown are sequences in Loop 2 affected in various mutants. The WT Loop 2
sequence is in bold, and the deleted residues are shown as dashes. Amino acid
substitutions are underlined. B, shown are the effects of mutations in Loop 2 of
T3ECD on secretion. Each construct was tested in two independently trans-
fected cultures. In this assay, the medium and the cell lysates were loaded in
the same well of the SDS-PAGE because the two bands can be clearly distin-
guished. The secreted (S) and cell-associated (C) T3ECD are identified to the
right of the gel images. M denotes the molecular mass marker, and Vec.
denotes that the cells were transfected with an empty vector. FL, full-length.
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but that the removal of Loop 1
within the ectodomain did not af-
fect interaction with Unc93b1.

DISCUSSION

Although endosomes are likely
the sites of ligand binding and sig-
naling by TLR3 (40), the role for the
cell surface-associated TLR3 is not
clear. However, monoclonal anti-
bodies targeting cell surface TLR3
can inhibit cytokine production by
cultured human fibroblasts, lung
epithelial BEAS-2B cells, and NHBE
cells (41, 42), indicating that cell
surface-associated TLR3 can affect
signal transduction. These results
motivated additional analysis of
TLR3 trafficking.
In this work we observed that the

location of TLR3 on the cell surface
and the secretion of TLR3 ectodo-
main required Unc93b1, whereas
the secretion of another innate im-
mune protein, MMP-28, did not.
The secretion assay was, therefore,
useful for identifying features in the
TLR3 ECD required for transport
out of the cell. The secreted T3ECD
was differentially glycosylated from
the cellular T3ECD (Fig. 2A). Cells
treated with tunicamycin decreased
both T3ECD glycosylation and
secretion (Fig. 2C). The role of gly-
cosylation in secretion was sup-
ported by themutantN413A, which
negatively affected secretion when
introduced in to T3ECD. However,
full-length TLR3 harboring the
N413A mutation did not show sig-
nificant difference in surface ex-

pression compared with WT TLR3 (9), suggesting that there
may be compensatory glycosylation sites for cell surface local-
ization. The secretion assay allowed us to determine that Loop
1 and Loop 2 in theTLR3 ectodomain have opposing regulatory
effects on the secretion of T3ECD and that three SNPs and a
human TLR3 isoform are also affected for T3ECD secretion
(Figs. 3 and 5 and supplemental Fig. S1).
The relationship between TLR3 secretion/cell surface ex-

pression, signal transduction, and disease pathologies will be a
complex one. Although SNPs P554S, F303S, and L412F
decreased TLR3 ECD secretion and TLR3 cell surface levels,
they had different outcomes on human diseases; P554S and
F303S increased pathologies to viral infection, whereas the
L412F SNP is associatedwith a reduction in the incidence of the
dry form of macular degeneration (21, 22). These apparently
contradictory outcomes likely reflect TLR3 dual roles in patho-
gen-induced and non-pathogen-associated immune responses.

FIGURE 6. The TLR3 isoform �64. A, shown is the sequence affected in the �64 isoform. The sequences in LRR
10 –12 are shown, and the sequence deleted in �64 is in bold. The Phe-303 residue that is substituted in the
F303S SNP and the Loop 1 sequence are in grey and underlined. B, expression of �64 isoform in NHA cells and
NHBE cells is shown. The gel shows the results of an RT-PCR reaction separated by agarose gel electrophoresis
and visualized by staining with ethidium bromide. The HEK293T cells transfected with constructs expressing
WT TLR3 or �64 served as positive controls. The cDNAs were generated from polyadenylated RNAs primed with
oligo(dT) and random hexamer primers (supplemental Table S1) as described by Yang et al. (23) for PCR. C, the
overexpression of �64 protein in HEK293T cells is shown. Plasmids encoding the wild-type TLR3 and �64 were
transiently transfected to HEK293T cells. The Western blots were probed with a mixture of two mAbs, one to
detect TLR3 and a second to detect �-Actin. The latter signal was intended as the internal loading controls. A
nonspecific band recognized in Western blots is identified with an asterisk. D, the �64 isoform is defective for
activation of reporter gene expression. Three independent luciferase reporters were used, as driven by the
INF�, ISRE, and NF-�B promoter elements. Whether the isoform was able to act as a dominant negative mutant
to the wild-type TLR3 was also examined by transfecting into cells a 3 M excess of the isoform expression
plasmid relative to the wild-type TLR3. In these assays the bona fide dominant negative mutant, �TIR, was used
as a control. E, FACS analysis of the cell surface (Nonpermea.) and total (Permeab.) TLR3, TLR3 �64. The data
forTLR3 and �64 are identified. The black lines show the sample stained with a control antibody to mouse IgG
conjugated with phycoerythrin. F, Western blots to detect the secretion of T3ECD�64 are shown. S denotes the
secreted form of T3ECD. The loading controls (L.C.) were taken from the same membrane used for Western
analysis.

FIGURE 7. The interaction of Unc93b1 with TLR3 and variants. Plasmid
expressing Unc93b1-Myc-FLAG was co-transfected with either an empty vec-
tor of plasmids expressing TLR3 or TLR3 mutants. 10% of the cell lysates were
saved as input, and the rest 90% were immunoprecipitated (IP) with anti-Myc.
Both input and immunoprecipitates were subjected to Western blots (IB) to
detect TLR3. Immunoprecipitates were also blotted to detect Unc93b1. The
images are representative of three independent experiments.
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In addition, TLR3 can contribute to increased pathology of
rabies virus infection (39). It is also important to note that the
ligand could be recognized by functionally overlapping innate
immune responses. For example, the L412F SNPwas not linked
to infection by the hepatitis C virus (43), perhaps because HCV
RNA is also recognized by the cytoplasmic RNA sensor, RIG-I
(44). All of these complexities highlight the need for cells to
carefully regulate both the expression as well as the activity of
TLR3. In this vein it is likely that the amount of secreted protein
in transiently transfected cells may not be linearly related to the
levels needed to detect TLR3 activation of reporter production.
The cell-associated T3ECD or truncations derived from

T3ECD accumulated to a lower level than their secreted coun-
terparts. The levels of the variants of full-length TLR3 also
accumulated to different levels in highly reproducible manner.
These results suggest that TLR3 is actively degraded within the
cell and that a defect in cell surface localization is one factor in
TLR3 turnover. TLR3 has been localized to pericentriolar cyto-
plasmic bodies called aggresomes that are linked to proteolytic
degradation (45). Because the N-terminal 10–11 LRRs of the

TLR3 ectodomain accumulated better than the WT T3ECD,
the signal for degradation exists between LRR12 and the C ter-
minus of the TLR3 ectodomain. Because all of the truncations
containedN- andC-terminal caps, the degradation signal exists
within the LRRs of the ectodomain.
Bell et al. (46) proposed that local modifications within the

LRRs could confer specialized functions. We determined that
the nine-amino acid Loop 2 is required for TLR3 secretion, and
the location of P554S within Loop 2 suggests that improper
localization may be a factor in herpes simplex virus-1 patholo-
gies. The eight-amino acid Loop 1 acts as a part of a larger
element within LRR11 and 12 that negatively regulates secre-
tion (Fig. 8). However, because T3ECD can secrete and N-L12
cannot, some portion of the T3ECD can overcome the negative
effect of Loop 1.
Interestingly, the �64 isoform may have removed multiple

signals linked to cell surface expression of TLR3. The sequence
contains Loop 1 and the F303S SNP. Although the removal of
Loop 1 increased the secretion of truncated TLR3 ectodomain,
the lack of the sequence in �64 had the puzzling effect of
decreasing secretion of the ectodomain. Finally the absence of
these 64 residues decreased its ability to co-immunoprecipitate
with Unc93b1 (Fig. 7). This region of the TLR3 ectodomain
deserves more detailed analysis to elucidate whether all of the
effects are linked or function independently.
Unc93b1 has been reported to interact with the trans-

membrane domain of TLRs to regulate the trafficking of
TLR7 and TLR9 (30, 31). Given that Unc93b1 regulates
TLR3 activity and can co-immunoprecipitation with TLR3,

FIGURE 8. Loop 1 acts as a negative regulator of T3ECD secretion. A, shown
is a schematic of the constructs used. NT and CT represent the N-terminal and
C-terminal caps (residues 661–704). The numbers within or above the bars
denote the number of LRRs in T3ECD. Loop 1 is denoted by a solid triangle
above LRR12. B, LRR 12 can inhibit secretion. The WT T3ECD is expressed at a
lower level in comparison to the truncations and requires a longer exposure
for visualization. The loading controls were taken from the same membrane
used for Western analysis. S, supernatant; L.C., loading control; C, cell lysate.
C, deletion of Loop 1 rescues secretion of N-L12 and increases secretion of WT
ECD and N-L10 � 12. The cell-associated level was unchanged when Loop 1 is
deleted from N-L12 or N-L10 � 12.

FIGURE 9. siRNA knockdown of Unc93b1 can decrease secretion of the
T3ECD lacking Loop 1(�L1) and two truncations require Unc93b1.
A, shown is secretion of the �L1. The Western blot results show the amounts
of the �L1 protein secreted in the absence or presence of transfected siRNA
targeting Unc93b1 or a control, ST3GAL4. 50 ng of an appropriate plasmid
expressing T3ECD�L1 was transfected per well of cells. The format of the
results is as described previously, where S and L.C. stand for secreted and
loading control, respectively. B, shown is secretion of truncated TLR3ECD,
N-L10, and N-L11 in response to siRNA targeting the Unc93b1 gene contain-
ing the first 10 or 11 LRRs of TLR3. L. C. denotes a loading control. S denotes the
secreted proteins present in the cell culture medium. Con, control.
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we expect a similar interaction between the transmembrane
domain of TLR3 and Unc93b1. The interaction between
Unc93b1 and the TLR3 ectodomain was unexpected. At this
time, we cannot discern whether this interaction is direct or
indirect. We have attempted to co-immunoprecipitate
T3ECD with myc-tagged Unc93b1 but failed to detect
T3ECD.3 This may be due to the interaction not being robust
in the absence of the transmembrane domain or that appro-
priate conditions need to be identified. Nevertheless, the
information in this work should be relevant to understand-
ing the defects in several human SNPs, a human TLR3 iso-
form, and potentially the coordinated regulation of TLR3, -7,
and -9 by Unc93b1.
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