
The Role of UNC93B1 Protein in Surface Localization of TLR3
Receptor and in Cell Priming to Nucleic Acid Agonists*□S

Received for publication, August 27, 2012, and in revised form, November 8, 2012 Published, JBC Papers in Press, November 19, 2012, DOI 10.1074/jbc.M112.413922

Jelka Pohar‡, Nina Pirher‡, Mojca Benčina‡§, Mateja Manček-Keber‡, and Roman Jerala‡§¶1
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Background: UNC93B1 sorts nucleic acid-sensing TLRs to endosomes.
Results: Stimulation of HUVEC by TLR3, but not other TLR agonists, up-regulates the endogenous UNC93B1, which translo-
cates TLR3 to plasma membrane. Poly(I:C) strongly potentiates activation of TLR9 via UNC93B1.
Conclusion: Up-regulation of UNC93B1 through TLR3 activation forms a positive feedback loop that primes cells for the
augmented response against infection.
Significance: This work presents unique TLR3-UNC93B1 interrelationship.

Translocation of nucleic acid-sensing (NAS) Toll-like recep-
tors (TLRs) to endosomes is essential for response to microbial
nucleic acids as well as for prevention of the autoimmune
response. The accessory protein UNC93B1 is indispensable for
activation of NAS TLRs because it regulates their response
through trafficking to endosomes. We observed that poly(I:C)
up-regulates transcription of UNC93B1 and promotes traffick-
ing of TLR3 to the plasma membrane in human epithelial cell
line.Up-regulation ofUNC93B1 is triggered throughTLR3 acti-
vation by poly(I:C). Further studies revealed that expression of
UNC93B1 promotes trafficking of differentially glycosylated
TLR3, but not other NAS TLRs, to the plasma membrane.
UNC93B1 promoter region contains binding sites for poly(I:C)-
and type I interferon-inducible regulatory elements. UNC93B1
also increases the protein lifetime of TLR3 and TLR9 and aug-
ments signaling of all NAS TLRs. Furthermore, we discovered
that poly(I:C) pretreatment primes B-cells to the activation by
ssDNA via up-regulation of UNC93B1. Our findings identified
TLR3 as the important regulator of UNC93B1 that in turn gov-
erns the responsiveness of all NAS TLRs.

Toll-like receptors (TLRs)2 play an essential role in innate
immune response by recognition of conserved molecular pat-
terns of pathogens or endogenous danger associated signals (1,
2). TLRs differ in ligand specificity, utilization of the signaling
adapter proteins, downstream signaling effects, and in cellular

localization of the receptors (1, 3). TLR3 comprises a large
N-terminal horseshoe-shaped ectodomain that consists of 23
conserved leucine-rich repeats, a transmembrane helix, and a
C-terminal cytoplasmic Toll-interleukin-1 receptor domain.
Of 15 predictedN-linked glycosylation sites on the ectodomain
of TLR3, 11 were observed in the crystal structure (4, 5). TLR3
is activated by double-stranded RNA (dsRNA), which is formed
during the replication process of many viruses (6, 7) and is
weaker by the endogenous cellular mRNA or small interfering
RNAs (siRNA) (8). TLR3 differs from other TLRs in its depend-
ence onToll/IL-1R domain-containing adapter-inducing inter-
feron-� (TRIF) rather than on the myeloid differentiation pri-
mary response gene 88 (MyD88) adaptor-mediated signaling.
Recognition of dsRNA leads to the TLR3 dimerization, subse-
quent activation of a signaling cascade, phosphorylation of
interferon regulatory transcription factor-3 (IRF-3), and activa-
tion of type I interferon (IFN) response (9). TLR3 is amember of
a group of TLRs alongwith TLR7, TLR8, TLR9, andTLR13 that
recognize nucleic acids. In unstimulated cells NAS TLRs
mainly reside in the endoplasmic reticulum (ER). Upon stimu-
lation they translocate to the endosomes where they encounter
the internalized nucleic acid ligands (10, 11). Endosomal mat-
uration and acidification are essential for the TLR response.
Compounds that block the endosomal maturation such as bafi-
lomycin A prevent activation of NAS TLRs (12–14). Activation
of TLR3 and binding affinity with ligand is pH and length-de-
pendent. The strongest response to dsRNA is achieved between
pH 5.7 and 6.7 (13, 14). Acidic pH is crucial for TLR3-ligand
interaction in activation with oligomeric dsRNA molecules
(below 40 bp), whereas TLR3 can be activated at pH7with large
dsRNA oligomers such as poly(I:C), suggesting that binding of
dsRNA is only weakened but not completely abolished at neu-
tral pH (13).
Translocation of NAS TLRs to endosomes is driven by

UNC93B1 (15), which is a 12-helical membrane spanning ER
resident protein (16). It physically interacts with transmem-
brane domains of NAS TLRs. The UNC93B1 3d mutation
(H412R) results in a complete deficiency inNASTLRs signaling
(17). Mice with 3d mutation are highly susceptible to infection
with intracellular pathogens such as cytomegalovirus, Listeria
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monocytogenes, and Staphylococcus aureus (16, 17). A patient
with a deficiency in UNC93B1 had impaired interferon-�/�
and -� antiviral response (18). Mutation (D34A), which modi-
fies the selectivity ofUNC93B1 forTLR7 versusTLR9, results in
a lethal autoimmune response (19, 20).
We show that poly(I:C), but not by CpG DNA or LPS, mark-

edly up-regulates the endogenous UNC93B1 mRNA expres-
sion as well as translocation of TLR3 to the plasma membrane
in human umbilical vein endothelial cells (HUVEC). We
observed two distinct effects of UNC93B1 overexpression.
First, up-regulation of UNC93B1 increased the amount of
TLR3, but not other NAS TLRs, at the plasma membrane.
Besides that, it extended the lifetime of TLR3 andTLR9 in cells.
Plasma membrane localization correlated with the appearance
of differentially glycosylated form of TLR3. Up-regulated tran-
scription ofUNC93B1 gene is TLR3-dependent as bafilomycin
A completely abolished UNC93B1 mRNA levels after poly(I:C)
treatment. Analysis of humanUNC93B1 gene promoter region
revealed transcriptional factor binding sites (TFBS) for IRF-3,
NF-�B, AP-1, and cJun-ATF2. Furthermore, we investigated
the consequences of UNC93B1 up-regulation in cells.
UNC93B1 most potently enhanced activation of TLR9. Thus,
priming of B-cells by TLR3 ligand significantly augmented the
cellular response to TLR9 agonist.
We propose the role of UNC93B1 in surface localization of

TLR3. A low amount of the circulating endogenous agonist
of TLR3 in uninfected organism, in contrast to agonists of
TLR9, TLR7, or TLR8 (i.e. endogenous ssDNA and ssRNA),
permits the safe localization of TLR3 to the cell surface where it
can capture circulating dsRNA that results from the viral infec-
tion (21). TLR3 can potentiate activation of TLR9 through up-
regulation of UNC93B1. This may link the viral infections and
the development of autoimmune diseases, as the processes,
which lead to the up-regulation of UNC93B1 orNASTLRs, can
initiate or aggravate the inflammatory response to endogenous
nucleic acids (22).

EXPERIMENTAL PROCEDURES

Cell Cultures—Human embryonic kidney cells (HEK) 293
and HEK293T were cultivated in DMEM (Invitrogen) supple-
mented with 10% (v/v) FBS (Invitrogen) at 37 °C in 5% CO2.
HUVEC (Lonza) were cultivated in microvascular endothelial
cell growth medium-2 (EGM2 BulletKit; Lonza) according to
the supplier’s recommendations at 37 °C and 5% CO2. Ramos-
Blue cells (InvivoGen)were cultivated in Iscove’smodifiedDul-
becco’s medium (Invitrogen) supplemented with 2–4 mM

L-glutamine, 10% (v/v) FBS.
Plasmids and Reagents—Expression plasmids containing

sequences of TLR3 (pUNO-hTLR3), TLR9 (pUNO-hTLR9-
HA), TLR7 (pUNO-hTLR7-HA), TLR8 (pUNO-hTLR8-HA),
and UNC93B1 (pUNO1-hUNC93B1) were from InvivoGen,
TLR3-mCer (pcDNA3-hTLR3-mCerulean)-containing plas-
mid was prepared in our laboratory (7), TLR9-YFP (pcDNA3-
hTLR9-YFP) and TLR7-YFP (pcDNA3-hTLR7-YFP) were from
Addgene, and plasmid constitutively expressingRenilla lucifer-
ase-phRL-TK was from Promega. The following plasmids were
gifts: plasmid coding for firefly luciferase under NF-�B pro-
moter (pELAM-1-luciferase) and pMyc-hTLR4 from C.

Kirschning (Institute for Medical Microbiology, University of
Duisburg-Essen, Essen, Germany), the plasmid coding for fire-
fly luciferase under IFN-�promoter (pIFN-�-luciferase) from J.
Hiscott (Departments of Microbiology and Medicine, McGill
University, Montreal, QC, Canada), and pmCerulean-C1 pro-
vided by D. Piston (Vanderbilt University, Nashville, TN).
Cells were treated with different TLR ligands: polyinosinic-

polycytidylic acid-poly(I:C) (InvivoGen), type A CpG-oligode-
oxynucleotideODN2216 (InvivoGen), type BCpG-oligodeoxy-
nucleotide ODN10104 (Coley Pharmaceutical Group) and
smooth LPS from Salmonella abortus equi (kindly provided by
K. Brandenburg-Research Center Borstel, Germany). Human
recombinant interferon �1a (IFN-�) was from Biomol.
Transfection and Reporter Gene Assay—HEK293 cells were

harvested from an actively growing culture and plated onto
CoStar White 96-well plates (Corning) at 2.2 � 104 cells/well.
After 24 h at 50% confluence, the cells were transfectedwith the
following plasmids: pIFN-�-luciferase (40 ng DNA/well) or
ELAM1-luciferase reporter plasmid (40 ng DNA/well), TLR3
(20 ng DNA/well), TLR9 (20 ng DNA/well), UNC93B1 (1 ng
DNA/well), and phRL-TK (5 ng DNA/well) (unless stated oth-
erwise). Empty vector pcDNA3 (20 ng DNA/well) was used as a
negative control. Plasmids were transfected using Lipo-
fectamine 2000 reagent according to manufacturer’s instruc-
tions (Invitrogen). 24 h post transfection the culture medium
was replaced with fresh DMEM with 10% FBS, and cells were
stimulated with TLR ligands poly(I:C) (10 �g/ml) and
ODN10104 (10 �g/ml) (unless stated otherwise). 18 h after
treatment the cellswere lysed in Passive Lysis Buffer (Promega).
The expression of the firefly and Renilla luciferase reporter
gene was analyzed using the dual luciferase assay. Lumines-
cence was quantified using the plate reader OrionII (Berthold
Technologies). The relative luciferase expression (relative lucif-
erase units) for each sample was calculated.
Isolation of RNA, RT-PCR, and Real-time PCR—HUVEC

cells were plated onto a 12-well plate at 1.2� 105 cells/well. 48 h
later the cells were stimulated with poly(I:C) (25 �g/ml),
ODN2216 (5 �M), LPS (25 ng/ml), or recombinant human
IFN-� (1 nM) for 4, 8, 14, or 21 h. They were lysed with TRIzol
reagent (Invitrogen). RNA was isolated using Pure Link RNA
Mini Kit (Invitrogen). Reverse transcription was performed
using High Capacity cDNA Reverse Transcription kit (Applied
Biosystems). Real-time PCR was performed using Power SYBR
Green PCR Master Mix (Applied Biosystems). The primers
used for mRNA quantification were: hTLR3 (forward, 5�-GC-
TCCGAAGGGTGGCCCTTAAA-3�; reverse, 5�-GGTTTGC-
GTGTTTCCAGAGCCG-3�), hTLR9 (forward, 5�-CCCAGC-
ATGGGTTTCTGCCGCA-3�; reverse, 5�-TGACATTG-
CCACGGGGTGCTG-3�), hTLR4 (forward, 5�-ATGGCTTG-
TCCAGTCTCGAAGT-3�; reverse, 5�-CAGGAAGGTCAAG-
TTTCTCAGCTC-3�), hIFN-� (forward, 5�-GGACAGGATG-
AACTTTGAC-3�; reverse, 5�-TGATAGACATTAGCCAG-
GAG-3�), hIFN-� (forward, 5�-CATCTCAGCAAGCCCAGA-
AGTATC-3�; reverse, 5�-AGCACCACCAGGACCATCAG-
3�), or hUNC93B1 (forward, 5�-TGGTATCGCCTTGGGCTA-
TGGC-3�; reverse, 5�-ATGAAGGTGAGCAGCAGGTGCAC-
3�). Expression of human hypoxanthine guanine phos-
phoribosyl transferase (forward, 5�-AGATGGTCAAGGTCG-
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CAAG-3�; reverse, 5�-TTCATTATAGTCAAGGGCATATC-
C-3�) mRNAwas detected in each sample and used for normal-
ization of target gene mRNA expression.
FACS Analysis—HEK293T cells were seeded onto 6-well

plates at 1.0� 106 cells/well. After 24 h at 50% confluence, they
were transfected with TLR3 (3 �g of DNA/well (unless stated
otherwise)), UNC93B1 (50 and 100 ng DNA/well), or control
vector pcDNA3 (3 �g DNA/well). After 48 h, the cells were
harvested and washed with ice-cold FACS buffer (1� PBS (pH
7.4), 0.5%BSA (Sigma)). HUVECcells were seeded onto 12-well
plates at 1.0� 106 cells/well. At 100% confluence, the cells were
stimulated with poly(I:C) (50 �g/ml), LPS (50 ng/ml),
ODN2216 (50 �g/ml), or IFN-� (1 nM) for 24 h. Cells were
harvested and washed twice with ice-cold FACS buffer. For
intracellular staining, cells were fixed with 2% paraformalde-
hyde and permeabilized with 0.1% Triton X-100 (both Sigma).
Cells were stained with mouse monoclonal anti-TLR3 (clone
TLR3.7, InvivoGen) or a negative control mouse IgG1 control
antibody (ab18443, Abcam) for 30 min on ice. Cells were
washed with FACS buffer and stained with phycoerythrin-la-
beled goat F(ab)2 anti-mouse IgG secondary antibodies
(IM0551, Beckman Coulter) for 30 min on ice in the dark. Flow
cytometry analysis was performed with the CyFlow space flow
cytometer (Partec). In each sample 10,000 cells were analyzed.
Collected datawere analyzed using FlowJo (Tree Star) software.
SDS-PAGE and Western Analysis—HEK293T cells were

seeded onto 12-well plates (Techno Plastic Products) at 2.2 �
105 cells/well. After 24 h at 50% confluence they were trans-
fected with TLR3, TLR9, TLR4 (all 900 ng DNA/well),
UNC93B1 (10 or 30 ng of DNA/well), and control vector
pcDNA3 (900 ng of DNA/well). 48 h after transfection, the cells
were lysed using RIPA buffer (50 mM Tris (pH 7.5), 150 mM

NaCl, 1% (v/v) Triton X-100, 0.1% SDS, 0.5% deoxycholate)
with Complete Mini protease inhibitors (Roche Applied Sci-
ence), sonicated, and centrifuged. HUVEC cells were seeded
onto 6-well plates at 3� 105 cells/well. After 24 h the cells were
stimulated with poly(I:C) (50 �g/ml), LPS (50 ng/ml), IFN-� (1
nM), or ODN2216 (5 �M). 24 h after stimulation, the cells were
lysed with RIPA buffer, sonicated, and centrifuged. The pro-
tein-containing supernatants were harvested, and the total pro-
tein amount was quantified using the BCA protein assay
(Sigma). Cell extracts (30�g of total proteins)were incubated at
65 °C for 5min in sample buffer (SDS with 2-mercaptoethanol)
and loaded onto a 12%SDS-PAGE gel (unless stated otherwise).
After electrophoresis, proteins were transferred onto nitrocel-
lulose membranes Hybond-ECL (GE Healthcare) and detected
with the following primary antibodies: mousemonoclonal anti-
TLR3 (IMG-315A, Imgenex), rabbit anti-HA (H6908, Sigma),
rabbit anti-Myc (C3956, Sigma),mouse anti-�-actin (3700, Cell
Signaling), rabbit anti-green fluorescent protein (A11122,
Invitrogen). Used secondary antibodies were goat anti-mouse
IgG-HRP (sc-2005, Santa Cruz) and goat anti-rabbit IgG-HRP
(ab6721, Abcam). The blots were developed using SuperSignal
West Pico Chemiluminescent Substrate (Pierce). Membranes
were recorded with G:BOX Chemi using GeneSnap software
(Syngene). Band analysis and densitometry was performedwith
GeneTools analysis software (Syngene).

Analysis of Human UNC93B1 Promoter Region—The analy-
sis of the human UNC93B1 gene promoter region for potential
TFBS was done using the MatInspector prediction software
(Genomatix). MatInspector identifies TFBS in nucleotide
sequences using a library of position weight matrices (23). The
analyzed sequence was a region spanning 2800 bp upstream
and 200 bp downstream the transcription starting site.
siRNA Silencing of IRF-3—HUVEC cells were seeded onto a

12-well tissue culture plate at 1.5� 105 cells/well. 24 h later, the
cells were transfected with siRNA ON-TARGETplus SMART-
pool specific to human IRF-3 or negative control siRNA ON-
TARGETplus Non-targeting Pool using DharmaFECT 4 trans-
fection reagent (all Darmacon) according to themanufacturer’s
instructions. After 48 h the cells were treated with poly(I:C) (25
�g/ml) for 4, 8, and 14 h or left untreated. Theywere lysed using
TRIzol reagent and subjected to RNA isolation and real-time
PCR. For confirmation of successful siRNA silencing, cells were
lysed in RIPA buffer and subjected to Western blotting. IRF-3
was detected with rabbit monoclonal anti-IRF-3 primary anti-
bodies (4302, Cell Signaling) and goat anti-rabbit IgG-HRP sec-
ondary antibodies (ab6721, Abcam).
Confocal Microscopy—HEK293T cells were seeded onto

8-well tissue culture chambers (Ibidi) at 2.2 � 105 cells/well.
After 24 h the cells were transfectedwith 150 ng ofDNA/well of
the TLR3-mCer and TLR9-YFP alone or cotransfected with
UNC93B1 (30 ng of DNA/well). Localization was visualized
48 h post transfection. A plasma membrane was stained with
either SynaptoRed (Biotioum) or Cholera Toxin Subunit B
Alexa Fluor 555 (Molecular Probes, Invitrogen). Images were
acquired using the Leica TCS SP5 inverted laser-scanning
microscope on a Leica DMI 6000 CS module equipped with a
HCX Plane-Apochromat lambda blue 63 � oil-immersion
objective with NA 1.4 (Leica Microsystems). Images were pro-
cessed with LAS AF software (LeicaMicrosystems) followed by
ImageJ software (NIMH, National Institutes of Health,
Bethesda,MD). Colocalizationwas identifiedwith LASAF soft-
ware. Fluorescence intensity from two channels, TLR and
plasma membrane, were measured in line profile (n � 9) in a
distance of 3-�m crossing membrane. Florescence intensities
per distancewere plotted (GraphPadPrism software), andmax-
imum fluorescence intensities of TLR were compared with
those of plasma membrane.
Peptide N-Glycosidase F Treatment—HEK293T cells were

seeded onto 12-well plates at 2.2 � 105 cells/well. After 24 h, at
50% confluence, they were transfected with TLR3 (900 ng of
DNA/well), UNC93B1 (30 ng of DNA/well), or control vector
pcDNA3 (900 ng of DNA/well). The cells were lysed 48 h after
transfection usingRIPAbufferwith protease inhibitors, and the
total protein amount was quantified. Lysates were treated with
peptide N-glycosidase F according to manufacturer’s instruc-
tions (New England Biosystems). Samples were subsequently
subjected to Western blotting.
Biotinylation and Purification of Cell Surface Proteins—

HEK293T cells plated onto a 60-mm tissue culture dishes at
8.5 � 105 cells/dish. After 24 h, at 50% confluence, they were
transfected with TLR3 (5 �g DNA/well) alone or cotransfected
with UNC93B1 (150 ng of DNA/well) and control vector
pcDNA3 (5 �g of DNA/well). All cells were transfected with 25

TLR3 Regulates UNC93B1 and Other Endosomal TLRs

444 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 1 • JANUARY 4, 2013



ng of DNA/well of a pmCerulean-C1 expressing Cerulean fluo-
escent protein, which was used as a marker for cytoplasmic
fraction. 48 h after transfection, the cells were washed with PBS
(pH 8) and detached from the plate with cell scraper. Mem-
brane-impermeable EZ-Link Sulfo-NHS-LC-LC-Biotin (sulfo-
succinimidyl-6-[biotinamido]-6-hexanamido hexanoate; Pierce)
was added to detached cells to covalently bind to primary
amine-containing proteins exposed on the cell surface. Incuba-
tion for 30 min on 4 °C (to prevent internalization) with gentle
shaking was performed. Subsequently, cells were washed with
PBS with 100 mM glycine (pH 8) to quench and remove excess
biotin reagent and lysed with lysis buffer (50 mM Tris-HCl (pH
8), 150mMNaCl, 1.25% Triton X-100, 0.25% SDS, 5mM EDTA,
5 mg/ml iodoacetamide, 0.5% deoxycholate, Complete Mini
protease inhibitors) and sonicated. The amount of total cargo
proteins was determined with BCA assay. Dynabeads MyOne
Streptavidin C1 superparamagnetic beads (Invitrogen) were
used to capture the biotinylated proteins from lysates. Beads
were separated with a magnet and washed several times with
PBS (pH 7.4). The biotin-streptavidin bondwas broken by boil-
ing the sample for 5 min in sample buffer (SDS with 2-mercap-
toethanol). Each sample obtained was considered to contain an
equal amount of proteins. Samples were subsequently sub-
jected to Western blotting.
Determination of Protein Half-life—HEK293T cells were

seeded onto 12-well plates (Techno Plastic Products) at 2.2 �
105 cells/well. After 24 h, at 50% confluence, they were trans-
fected with TLR3 or TLR9 (900 ng DNA/well) and UNC93B1
(30 ng DNA/well) or with control vector pcDNA3 (900 ng
DNA/well). After 48 h, the cells were treated with 80 �g/ml
cycloheximide, inhibitor of protein synthesis (Sigma) for 1, 3, 5,
and 7 h. The cells were lysed with RIPA buffer. The protein-
containing supernatants were harvested, and the total protein
amount was quantified. Lysates were subsequently subjected to
Western blotting. Band analysis and densitometry were per-
formed with GeneTools analysis software (Syngene). The one
phase exponential nonlinear fit was performed with GraphPad
Prism 5 (GraphPad Prism Software) to calculate protein half-
life. Plateau was constrained to a constant value of 0.5, and Y
value at time 0 was defined as 1.
Experiments on Ramos-Blue Cells—Ramos-Blue are a B lym-

phocyte cell line that stably expresses an NF-�B/AP-1-induci-
ble secreted embryonic alkaline phosphatase reporter gene.
Cells were seeded onto 12-well plates at 2 � 106 cells/well.
Immediately, the cells were stimulated with poly(I:C) (20
�g/ml), ODN2216 (20 �g/ml), ODN10104 (20 �g/ml), or
R-848 (20 �g/ml) for 4, 8, 16, or 24 h. Supernatants were col-
lected and transferred onto a 96-well plate in triplicates.
Because secreted embryonic alkaline phosphatase is secreted in
medium, it can be readily monitored using QUANTI-Blue rea-
gent (InvivoGen) at 630nmwith a spectrophotometer. Residual
cells were lysed with TRIzol reagent and subjected to RNA iso-
lation and real-time PCR. To confirm that UNC93B1 mRNA
transcription is TLR3-dependent, we stimulated cells with
poly(I:C) (20 �g/ml) alone or together with 0.2 �M bafilomycin
A (LC Laboratories). RNA was isolated and subjected to real-
time PCR.

For priming experiments cells were seeded onto 96-well
plates at 2 � 105 cells/well. After 24 h the cells were incubated
for 4, 8, or 12 h with medium or first TLR agonist and then
treated with second agonist for additional 12 h. At time 0 h,
both agonists were added simultaneously. Agonists used were
poly(I:C) (0.5 �g/ml) and ODN2216 (0.5 �g/ml). Agonist con-
centrations weremuch lower, because at higher concentrations
responses reached plateau. After 12 h cells were centrifuged,
supernatants were transferred in another 96-well plate, and lev-
els of secreted embryonic alkaline phosphatase weremeasured.
Statistical Analysis—Error bars represent mean S.D. of trip-

licate samples. Data were compared for significance using the
unpaired t test and were considered significant with p value of
0.05.

RESULTS

Stimulation by poly(I:C) Up-regulates Transcription of
UNC93B1 and Intracellular Translocation of TLR3 to the Cell
Surface in HUVEC Cells—TLR3 is localized in the ER in
unstimulated cells, whereas it translocates to endosomes upon
stimulation with dsRNA (11). However, TLR3 has been also
observed at the cell surface of several cell types (24–26). We
analyzed how activation of TLRs affects the expression of
UNC93B1HUVECcells. The cellswere stimulated by poly(I:C),
ODN2216, and LPS as agonists of TLR3, TLR9, and TLR4,
respectively. Only stimulation by poly(I:C) induced strong up-
regulation of UNC93B1 mRNA (Fig. 1A). In addition, poly(I:C)
stimulation led to the up-regulated transcription of TLR3 and
TLR9 (supplemental Fig. S1A). Only poly(I:C) induced the
rapid and robust increase in the IFN-� mRNA transcription
(Fig. 1B), whereas IFN-� mRNA transcription was induced
upon LPS and ODN2216 stimulation but not by poly(I:C) (sup-
plemental Fig. S1B). Poly(I:C) induced robust IFN-� response
already after 4 h, and subsequently the increased transcription
of UNC93B1was detected after 8 h. Treatment of HUVEC cells
with IFN-� increased UNC93B1 and TLR3 but not TLR9
mRNA transcripts (Fig. 1C). Stimulation by poly(I:C) and
IFN-� (Fig. 1D), but not by ODN2216 (supplemental Fig. S1C),
also increased the amount of cell surface TLR3 inHUVEC cells.
Localization of TLR3 to the cell surface correlates with the
appearance of an additional form of TLR3. This form with
increased molecular weight was observed in cells stimulated
with poly(I:C) and IFN-� but not in cells stimulated with LPS
and ODN, which therefore did not direct TLR3 toward the cell
membrane (Fig. 1E).
These results show that transcription of UNC93B1 gene is

up-regulated by stimulation with poly(I:C) and IFN-�.
Increased expression of UNC93B1 correlates with localization
of TLR3 on the plasma membrane.
Analysis of the UNC93B1 Promoter Region—Because we

showed that the UNC93B1 mRNA transcription is up-regu-
lated by treatment with poly(I:C) and IFN-�, we set to investi-
gate the transcriptional regulation of the UNC93B1 gene. We
examined its promoter region 2800 bp upstream and 200 bp
downstream of the transcription site start for TFBS using the
TFBS prediction software MatInspector (23). Binding sites for
IRF-3, NF-�B, AP-1, and cJun-ATF2 (Fig. 2A) were identified.
Those transcription factors can be activated by TRIF- and
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MyD88-mediated signaling (1, 27–29) and are also responsible
for the transcriptional induction of the ifn-� gene (9). IFN-�
binds to the IFNAR1 and IFNAR2 receptor complex leading to
the activation of Tyk2 and Jak1 with subsequent formation of
STAT1-STAT2 heterodimers (30). In the nucleus STAT1-
STAT2 heterodimer associates with the DNA-binding protein
ISGF3� (31) to form a heterotrimeric complex ISGF3, which
binds the interferon-sensitive response element of IFN-�/�-
responsive genes (32). Interferon-sensitive response element
was not found in the UNC93B1 promoter region; however,
STAT1 and ISGF3� binding siteswere predicted byMatInspec-
tor. Silencing of the IRF-3 transcription factor by 50% (Fig. 2B)
partially inhibited theUNC93B1mRNA transcription (Fig. 2C),
whereas IFN-� and TLR3 transcripts were strongly impaired
(Fig. 2, D and E). These data suggest that UNC93B1 mRNA
transcription is regulated by the coordinated action of poly(I:
C)-induced transcriptional factors with contribution of the
type I interferon signaling.
UNC93B1 Directs Localization of Differentially Glycosylated

TLR3 to the PlasmaMembrane—WhenUNC93B1 was up-reg-
ulated, we observed translocation of TLR3 toward the cell sur-
face of HUVEC cells. We set to investigate the mechanism of
this phenomenon.
Human embryonic kidney cells 293T (HEK293T)were trans-

fected with TLR3-mCer alone or together with plasmid encod-
ing UNC93B1. Confocal microscopy revealed that overexpres-

sion of UNC93B1 induced translocation of TLR3 to the cell
surface (Fig. 3A). However, no translocation of TLR9 (Fig. 3B),
TLR7 (supplemental Fig. S2A) or TLR8 (supplemental Fig. S2B)
toward the plasma membrane was observed upon UNC93B1
overexpression. Analysis of colocalization revealed that in cells
overexpressing TLR3 and only endogenous UNC93B1, traces
fromplasmamembrane andTLR3donot colocalize, whereas in
cells overexpressing UNC93B1 all curves overlap (Fig. 3A,
right). Those results were confirmed by flow cytometry where
coexpression of UNC93B1 led to a distinct increase (about
13-fold) of the cell population expressing cell surface-associ-
ated TLR3 (Fig. 4A, right). However, surface localization of
TLR3was not caused by the increased protein expression as the
overexpression of TLR3 (supplemental Fig. S3) without up-reg-
ulated UNC93B1 failed to increase the population of cells with
surface-localized TLR3 (supplemental Fig. S3, right).

When UNC93B1 was overexpressed along with TLR3, an
additional band of TLR3 higher than 130 kDa was observed.
This was similar to what we showed in HUVEC cells and as
reported before (33). This increase was due to glycosylation of
TLR3 as it is peptideN-glycosidase F-sensitive (Fig. 4B). To test
if a differentially glycosylated TLR3 is restricted to the cell sur-
face, we biotinylated the surface proteins of HEK293T cells
expressing TLR3 in the absence or presence of UNC93B1 over-
expression. BiotinylatedTLR3was detected in the lysate of cells

FIGURE 1. Activation of human umbilical vein endothelial cells by poly(I:C) up-regulates transcription of UNC93B1 and surface localization of TLR3.
A and B, HUVEC cells were incubated with poly(I:C) (25 �g/ml), ODN2216 (5 �M), or LPS (25 ng/ml) for the indicated times. UNC93B1 (A) and IFN-� (B) mRNA
transcripts were determined by real-time PCR. C, HUVEC cells were incubated with IFN-� (1 nM) for the indicated times. Induction of UNC93B1, TLR3, and TLR9
mRNA transcripts was measured by real-time PCR. A–C, the results are represented by mean values with S.D. from triplicate wells. The representative data from
three experiments are shown. D, expression of cell surface-associated TLR3 is shown. HUVEC cells were either untreated or stimulated with poly(I:C) (50 �g/ml)
or IFN-� (1 nM) for 24 h. Histograms of unstained cells (filled areas) or cells stained with anti-TLR3 antibodies (solid lines) are shown. Data are representative of
two experiments. E, HUVEC cells were stimulated with poly(I:C) (50 �g/ml), LPS (50 ng/ml), IFN-� (1 nM), or ODN2216 (5 �M) for 24 h, and cell lysates were
separated by 5% SDS-PAGE. A Western blot was performed with anti-TLR3 antibody and anti-�-actin antibodies. * indicates the differentially glycosylated form
of TLR3. The representative image from two experiments is shown.
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overexpressing UNC93B1, whereas the size of the band corre-
sponded only to a differentially glycosylated form (Fig. 4C).
Similar reports were recently published by Qi et al. (33)

where they also showed a differently modified form of TLR3 on
the cell surface uponUNC93B1 coexpression.Our results dem-
onstrate that UNC93B1 directs TLR3 to the cell compartment
where it is differentially glycosylated and targeted toward the
cell membrane, whereas UNC93B1 itself does not reach the cell
surface (Ref. 15); data now shown). This phenomenon, how-
ever, is unique to TLR3 as no cell surface localization or modi-
fied glycosylation pattern due to the up-regulated UNC93B1
was observed for TLR9, TLR7, or TLR8 (supplemental Fig.
S4A).
UNC93B1 Augments Signaling and Stability of TLR3 and

TLR9—Furthermore, we investigated the effect of UNC93B1
up-regulation on the responsiveness of different TLRs. Overex-
pression of UNC93B1 led to the amplified responsiveness to
TLR3 and TLR9 (Fig. 5, A and B, respectively) and TLR7 and
TLR8 agonists (supplemental Fig. S4, B and C). The increased
activation was most pronounced for TLR9. Additionally, over-
expression of UNC93B1 markedly increased the protein levels
of TLR3 (Fig. 5C) and TLR9 (Fig. 5D), whereas it had no effect
on TLR4 (Fig. 5E), which does not interact with UNC93B1 (17).
In this experimental setting UNC93B1 could not influence the
transcription of TLRs as they are introduced into HEK293 cells
without their endogenous gene regulatory context. The
increased protein level is, therefore, most likely a consequence
of the increased lifetime of TLR proteins associated with
UNC93B1. Overexpression of UNC93B1 decreased the degra-
dation rate of TLR3 upon the inhibition of protein synthesis by
cycloheximide (3.8-h versus 12-h half-life). Similar results were

obtained with TLR9 with an increase of a protein half-life from
1.8 to 3.1 h. Those data suggest that UNC93B1 increases the
half-life of associated proteins in cells probably by protection
against the proteolytic degradation (Fig. 5, F andG). Results are
in agreement with a report of Qi et al. (33) where they showed
that UNC93B1 coexpression increased a TLR3 protein half-life
from 3 to 6 h.
Priming of B-cells by poly(I:C) Potentiates the TLR9 Response

via UNC93B1—Up-regulation of TLRs and UNC93B1 is char-
acteristic for several autoimmune conditions (34–36). Because
the stimulation of TLR3 up-regulates UNC93B1, which most
effectively potentiates activation of TLR9, we reasoned that the
prior cell stimulation by a TLR3 agonist could increase the
responsiveness of cells to a subsequent stimulation by a TLR9
agonist.HumanB-lymphocytes (Ramos-Blue cells) express sev-
eral pattern recognition receptors and respond to TLR3, TLR9,
and TLR7 agonists such as poly(I:C), ODN10104 (B type CpG
ODN), ODN2216 (A type CpG ODN), and R-848 (Fig. 6A).
Stimulation of B-cells by poly(I:C), but not by other TLR ago-
nists, was able to up-regulate the transcription of UNC93B1
(Fig. 6B), as we previously demonstrated inHUVEC cells. None
of the agonists increased the transcription of TLR9 (Fig. 6C).
Elevated transcription of UNC93B1mRNAwas abolished after
pretreatment with bafilomycin A (Fig. 6D). Bafilomycin A also
abolished poly(I:C)-induced IFN-� mRNA transcription (Fig.
6E). These data demonstrate that UNC93B1 gene transcription
is triggered by TLR3 and not by cytosolic dsRNA sensors.
For the priming experiments we compared different sequen-

tial combinations of TLR3 and TLR9 agonists. Cells were pre-
treated with the first agonist for 0–12 h and then treated with
the second agonist for additional 12 h. A strongly augmented

FIGURE 2. Transcriptional regulation of UNC93B1. A, shown is a schematic map of the 2300 bp of the human UNC93B1 promoter region. TFBS for transcrip-
tional factors promoting antiviral response are distributed according to the distance from the transcription start site. B–E, HUVEC cells were transfected with an
siRNA pool specific to human IRF-3 or negative control siRNA non-target pool. B, HUVEC cells were lysed and subjected to Western blot. IRF-3 was detected with
anti-IRF-3 antibodies. Anti-�-actin antibodies were used as a loading control. IRF-3 expression was normalized to the loading control and calculated as a
percentage of the intensity of the untreated control. Densitometric analysis is shown below the blot. This experiment was repeated twice, and the represent-
ative data are shown. Statistical significance is indicated by **, p � 0.05. C–E, the effect of IRF-3 knockdown on transcription of UNC93B1, IFN-�, and TLR3 is
shown. 48 h after siRNA transfection cells were treated with poly(I:C) (25 �g/ml) for 4 –21 h or left untreated. Induction of UNC93B1 (C), IFN-� (D), and TLR3 (E)
mRNA was subsequently measured by real-time PCR. The results are represented by mean values with S.D. from the triplicate wells showing the representative
data from three experiments. Statistical significance is indicated by **, p � 0.05.
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response took place only when cells were pretreated with
poly(I:C) and subsequently stimulatedwithODN2216 (Fig. 6F).
Pretreatment and treatment with poly(I:C) resulted in an addi-
tive response (Fig. 6G). Although stimulation with ODN alone
or pretreatment with the same agonist resulted in only weak
activation of B-cells (Fig. 6H). Finally, no priming effect was
observed when cells were pretreated with ODN and subse-
quently stimulated with poly(I:C) (Fig. 6I). It should be noted
that agonist concentrations in priming experiments weremuch
lower, as at higher concentrations responses reached plateau
before we could observe any priming effect.
Elevated response uponpretreatmentwith poly(I:C) could be

a consequence of the enhanced expression of TLR9, as we
observed the up-regulation of TLR9 mRNA (supplemental Fig.
S1A) in HUVEC cells. However, no up-regulation of TLR9
was observed in RAMOS-Blue cells with either poly(I:C) or
ODN (Fig. 6C). From our data we can conclude that the
mechanism of enhanced response to TLR9 ligand upon
poly(I:C) pretreatment is probably a consequence of the
UNC93B1 up-regulation.

DISCUSSION

TLR3 differs from other NAS TLRs in several aspects. It
depends on the TRIF adaptor in contrast to MyD88-mediated

signaling of other TLRs, and its signaling cascade activates the
IRF-3 transcription factor rather than IRF-7 and NF-�B, which
are induced by other NAS TLRs (6, 9). TLR3 also represents a
separate evolutionary groupdistinct from single-strandedpoly-
nucleotide recognizing TLR7, TLR8, and TLR9 (37, 38). We
found out that UNC93B1 induces translocation of differentially
glycosylatedTLR3, but notTLR7, TLR8, orTLR9, to the plasma
membrane. This is another unique characteristic of TLR3. In
this report we showed that UNC93B1 expression is up-regu-
lated by poly(I:C) stimulation in HUVEC and RAMOS-Blue
B-cell line. We described two distinct effects of UNC93B1 up-
regulation in cells. It promotes the translocation of differen-
tially glycosylated form of TLR3, but not other NAS TLRs, to
the cell surface. In addition to the translocation, it also aug-
ments the responsiveness of NAS TLRs by increasing their
lifetime.
Activation by poly(I:C) and IFN-� triggered the up-regulation

of UNC93B1 and TLR3 in HUVEC cells. UNC93B1mRNA levels
started to increase only after the IFN-� mRNA peak, suggesting
that UNC93B1 is IFN-�-inducible. However, neutralizing anti-
bodies to IFN-� only partially decreased the UNC93B1 mRNA
(data not shown). Analysis ofUNC93B1promoter region suggests
that its transcription is regulated bymultiple, probably synergistic

FIGURE 3. UNC93B1 augments surface localization of TLR3 in HEK293T cells. A and B, HEK293T cells were transfected with a TLR3-mCer (cyan) (A) or
TLR9-YFP (yellow) (B) alone (top) or with UNC93B1 encoding plasmid (bottom). Plasma membrane markers SynaptoRed (A) and cholera toxin subunit B Alexa
Fluor 555 (CTB-Alexa) (B) are shown in magenta. A and B, TLR membrane localization was evaluated from plots of normalized fluorescence intensities of TLR and
plasma membrane (PM) within 3-�m line profiles (n � 9). Three representative lines are marked on merged images. Images are selected from five independent
experiments. Scale bars, 10 �m.
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TLR3-induced transcription factors as silencing of IRF-3 resulted
in only partial suppression of UNC93B1.
TLR3 and TLR4 both trigger TRIF-TBK1-dependent IRF-3

activation (39). However; no induction of UNC93B1 mRNA
was observed in HUVEC cells after stimulation with LPS.
Koehn et al. (40) reported minor induction of UNC93B1
mRNAwith LPS inmonocyte-derived dendritic cells but not in
monocyte-derived macrophages, suggesting cell type-specific
regulation.
It has been reported that knockdown of UNC93B1 reduced

both the full-length TLR3 at the plasma membrane as well as
the secretion of TLR3 ectodomain (41), but it has not been
known that TLR3 stimulation up-regulates UNC93B1, forming
a positive feedback loop. dsRNAcanbe detected by cytoplasmic
receptors such asMDA5 and RIG-1, which also lead to antiviral
interferon response (42). However, the sensitivity to bafilomy-
cin A demonstrates that UNC93B1 up-regulation triggered by
poly(I:C) is caused by the endosomal and not by cytosolic
dsRNA sensors.
Qi et al. (33) also showed the presence of differentially glyco-

sylated form of TLR3 in cells coexpressing UNC93B1.
UNC93B1 probably translocates TLR3 to the compartment

where additional glycosylation takes place. This different gly-
cosylation could be due to the addition ofN-linked glycans or to
the introduction of complex type N-linked glycans (43). TLR3
glycosylation is important for its bioactivity as the inhibition of
glycosylation by tunicamycin prevents TLR3-induced signaling
(13, 44). However, it is unlikely that glycosylation affects ligand
binding as glycosylation sites are positioned on the surface of
TLR3 ectodomain that does not interfere with the ligand (5). Qi
et al. (33) reported that a portion of TLR3 in cells coexpressing
UNC93B1 is endoglycosidase H-resistant, suggesting that the
resistant protein portion traffics through Golgi complex where
additional glycosylation process takes place. We demonstrated
that differentially glycosylated TLR3 is limited to the cell sur-
face, as only TLR3 with a highermolecular weight was detected
in cell surface protein fraction. Different glycosylation probably
exerts its effect through trafficking andpotentially throughpro-
tein stability (43). In general, glycans are important for direct
targeting of proteins to specific locations within the cell (43).
Endosomal localization with acidification is crucial for

robust signaling of NAS TLRs (10, 12–14). It prevents activa-
tion with endogenous nucleic acids (45), which can lead to the
development of autoimmune diseases such as psoriasis and sys-

FIGURE 4. UNC93B1 translocates the differentially glycosylated TLR3 to the plasma membrane. A, HEK293T cells were transfected with TLR3 alone or with
UNC93B1. Cell surface and intracellular expression of TLR3 was determined using flow cytometry. Histograms of mock-transfected cells (pcDNA3, filled areas)
or cells transfected with TLR3 (solid lines) are shown. The representative data from three experiments are shown. Increase of cell population expressing plasma
membrane-localized TLR3 normalized by the number of cells expressing intracellular TLR3 is shown on the right. B, HEK293T cells were transiently transfected
with plasmid encoding TLR3 alone or with UNC93B1. 48 h post-transfection cell lysates were loaded onto a 5% SDS-PAGE gel. TLR3 was detected on a Western
blot using anti-TLR3 antibody (left). * indicates the differentially glycosylated form of TLR3. Cell lysates were treated with peptide N-glycosidase F (PNGase;
right). The representative image from three experiments is shown. C, HEK293T cells were transiently transfected with TLR3 alone or with UNC93B1. 48 h
post-transfection surface proteins were biotinylated. Cells were lysed, and the biotinylated proteins were isolated, blotted, and detected using anti-TLR3
antibody. Cytoplasmic mCerulean was detected using anti-GFP antibody. * indicates differentially glycosylated form of TLR3. The representative image from
three experiments is shown.
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temic lupus erythematous (46, 47). It was reported that chime-
ric TLR9 receptor, in which the ectodomain of murine TLR9
was fused to the transmembrane and cytosolic domains of
murine TLR4, localized to the cell surface and was able to rec-
ognize the endogenous DNA (48). Chimeric murine TLR9
comprising a transmembrane segment and part of the ectodo-
main of murine TLR3 also localized to the cell surface and no
longer required proteolysis for the activation by the endoge-
nous ssDNA, resulting in the development of lethal autoinflam-
mation inmice (49). In contrast to TLR3, those chimeric recep-
tors were not sensitive to bafilomycin A (48, 49). However,
similar TLR9-TLR4 chimera in another study failed to localize
to the membrane (50). We argue that the inability of TLR9,
TLR7, and TLR8 to be translocated by UNC93B1 toward the
cell surface can be considered as an evolutionary adaptation to
prevent autoimmune response to self-DNAand ssRNA. In con-
trast, TLR3 is present at the cell surface of MRC-5 fibroblasts
(51), human corneal epithelial cells (24), human lungmicrovas-
cular endothelial cell (26), and HUVEC (25) without patholog-
ical consequences. In the airway epithelial cells A549, TLR3

translocation to the cell surface was observed upon the respira-
tory syncytial virus infection. Respiratory syncytial virus infec-
tion sensitized the airway epithelial cells to subsequent stimu-
lation by dsRNA by the up-regulation of TLR3 (21). Hewson et
al. (52) demonstrated that rhinovirus infection increased the
expression of TLR3 mRNA and TLR3 protein at the surface of
human bronchial epithelial cells BEAS-2B, which is, as we
showed in this report, probably a result of the up-regulated
UNC93B1. Furthermore, it was reported that the exogenous
dsRNA also increased the surface TLR3 expression (21, 52).
We observed the increased surface localization of TLR3 by
stimulation of HUVEC cells with poly(I:C) and IFN-�. In
addition, cell surface localization coincided with the differ-
entially glycosylated form of TLR3. We conclude that this
effect is a consequence of up-regulation of UNC93B1 by
those two agents.
The functional role of the surface-localized TLR3 is still an

open question. Although some reports claim that activation
with dsRNAoccurs entirely in acidic environment (13, 14), sev-
eral studies reported that surface-expressed TLR3 participates

FIGURE 5. UNC93B1 augments signaling and protein lifetime of TLR3 and TLR9. A and B, HEK293 cells were transfected with plasmid encoding TLR3 (A) or
TLR9 (B) with increasing amounts of UNC93B1. Cells were cotransfected with IFN-�- or NF-�B-responsive reporter plasmids and Renilla normalization reporter
plasmid. 18 h after stimulation with poly(I:C) (10 �g/ml) (A) or ODN10104 (10 �g/ml) (B), luciferase activity (relative luciferase units (RLU)) was measured in the
cell lysates. The results are represented by mean values with S.D. from the triplicate wells. The representative data from three experiments are shown. C–E,
HEK293T cells were transfected with TLR3 (C), TLR9 (D), and TLR4 (E) alone or with UNC93B1. A Western blot was performed using anti-TLR3 (C), anti-HA (D), or
anti-Myc (E) antibodies. Anti-�-actin antibodies were used as a loading control. TLR3, TLR9, or TLR4 protein expression was normalized to the loading control
and calculated as a percentage of the intensity of the proteins in cells not overexpressing UNC93B1. Densitometric analyses are shown below each blot. The
representative data from three experiments are shown. F and G, HEK293T cells were transfected with TLR3 (F) or TLR9 (G) alone or with UNC93B1. 48 h
post-transfection, the cells were incubated with cycloheximide for the indicated times. Cell lysates were prepared, and a Western blot was performed using
anti-TLR3 (F) or anti-HA (G) antibodies. Anti-�-actin antibodies were used as a loading control. TLR3 and TLR9 protein expression was normalized to the loading
control and calculated as a percentage of the intensity of the proteins in the untreated cells. Densitometric analyses and calculated half-lives of proteins are
shown below each blot. The representative data from three experiments are shown.
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in the recognition of dsRNA and triggers signaling pathway (21,
51, 52). DeBouteiller et al. (13) demonstrated that in contrast to
dsRNA, activating antibodies against TLR3 ectodomain acti-
vated TLR3-CD32 chimeric protein from the cell surface in a
pH-independent manner. We cannot completely rule out the
possibility that recognition of dsRNA also occurs at the plasma
membrane. Our results (data not shown) and others (51) on the
inhibition of signaling by inhibitory monoclonal antibodies led
us to propose that TLR3may have a role for detecting dsRNA at
the cell surface, but the largest contribution to signaling occurs
in the acidic endosomes. Endocytosis of TLR3-dsRNA complex
and endosomal acidification should enhance binding of dsRNA
to TLR3 and receptor dimerization with augmented signaling.
In the eukaryotic organisms dsRNA ismainly limited to com-

plementary segments of ssRNA, mainly localized in the cytosol
(53). Therefore, the exposure of TLR3 ectodomain at the cell
surface in contrast to TLR9 and TLR7/8 does not pose the
threat of initiating the autoimmune response.
We showed that UNC93B1 extends the lifetime of associated

NASTLRs in cells and potentiates the response to their respec-
tive agonists, probably due to the increased endosomal translo-
cation. In vivo, during infection, multiple PRR receptors are

typically activated as the pathogens harbor various distinct
molecular patterns. Priming and tolerance between different
TLR agonists have been described (54); however, the mecha-
nisms and direct mediators of cross-priming have not been
characterized. We investigated the role of UNC93B1 as the
contributor to these effects. Based on the important contribu-
tion of the level of UNC93B1 expression on the TLR9 respon-
siveness, we anticipated the priming effect. Pretreatment of
Ramos B-cells with poly(I:C) indeed resulted in the augmented
response to TLR9 agonist. Our data are in agreement with a
study on C3H/HeJ bone marrow-derived macrophages where
previous exposure to poly(I:C) resulted in augmented TNF-�
production after the TLR9 stimulation by ODN. It was pro-
posed that the TRIF-dependent response primes the MyD88-
dependent signaling (54); however, we found that the mecha-
nism of priming ismore specific than the general activation of a
TRIF or MyD88-dependent pathway. In B-cells poly(I:C) did
not up-regulate TLR9. Therefore, we conclude that the priming
effect of TLR3 activation is probably a consequence of the
increased UNC93B1 expression as no priming was observed in
cells pretreated with ODN, which did not up-regulate the
UNC93B1. Aminor priming effect had been observed after pre-

FIGURE 6. Poly(I:C) pretreatment primes B-cells to the activation by ssDNA via up-regulation of UNC93B1. A–C, Ramos-Blue cells were stimulated with
poly(I:C) (20 �g/ml), ODN2216 (20 �g/ml), ODN10104 (20 �g/ml), and R-848 (20 �g/ml) for the indicated times. A, NF-�B/AP-1-dependent secreted embryonic
alkaline phosphatase (SEAP) activity (A630) was measured in supernatants. UNC93B1 (B) and TLR9 (C) mRNA were subsequently measured by real-time PCR.
D and E, cells were stimulated with poly(I:C) (20 �g/ml) � DMSO alone or pretreated with bafilomycin A (Baf.) for the indicated times. UNC93B1 (D) and IFN-�
(E) mRNA were measured by real-time PCR. The results are represented by mean values with S.D. from triplicate wells. The representative data from three
experiments are shown. F–I, Ramos-Blue B-cells were pretreated with medium (Ø) or first agonist for 0 –12 h and subsequently treated with second agonist for
additional 12 h. Agonist used were poly(I:C) (0.5 �g/ml) and ODN2216 (0.5 �g/ml). F, the first agonist was poly(I:C), and the second agonist was ODN2216. G, the
first agonist was poly(I:C), and the second agonist was also poly(I:C). H, the first agonist was ODN2216, and the second agonist was also ODN2216. I, the first
agonist was ODN2216, and the second agonist was poly(I:C). Results shown in F–I were all preformed in one experiment setting. The results are represented by
mean values with S.D. from triplicate wells. The representative data from three experiments are shown.
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treatment with ODN and subsequent stimulation with
poly(I:C) (54), but we did not observe any such effect on Ramos
B-cells; therefore, this difference could be due to cell- or assay-
specific characteristics.
The priming effect could have an important physiological

relevance in response to dsRNA originating from the viral
infection in combination with bacterial infection or autoim-
mune activation by endogenous nucleic acids. This mechanism
can account for the observed effect of the respiratory syncytial
virus infection, which activates TLR3 and primes cells for the
response to subsequent bacterial or viral infection (55). Activa-
tion of TLR3 by respiratory syncytial virus infection induces
TLR3 production (21), whereas the addition of TLR9 agonist
increases the disease severity (56). Enhanced expression of
TLR3 has been observed in the dermis of patients with sclero-
derma in contrast to healthy control skin biopsies (35). The
synovial fluid of patients with rheumatoid arthritis expression
of TLR3 and TLR7 were increased as well, although the expres-
sion of UNC93B1 has rarely been investigated. Viral compo-
nents as well as the endogenous ligands were found in the syno-
vium, suggesting the possible involvement of viral infection and
TLR signaling in the rheumatoid arthritis pathogenesis (34). It
has been demonstrated that TLR signaling by the endogenous
nucleic acids is central to the production of autoantibodies as
UNC93B1 3d mutation abolished IgG anti-nuclear antibodies
and ameliorated the disease in the lupus-prone mice strains
(57). A recent study demonstrated significantly higher expres-
sions of UNC93B1 mRNA and intracellular level of UNC93B1
protein in peripheral blood mononuclear cells and B cells from
active systemic lupus erythematous patients. Expression of
UNC93B1 also correlated with high titers of anti-dsDNA anti-
body (36). In vivo, any processes that up-regulate UNC93B1

expression could lead toward the enhanced response to ago-
nists ofNASTLRs andpathogenesis of systemic lupus erythem-
atous and other autoimmune conditions. Additionally, this
effect may also explain the effect of poly(I:C) as the vaccine
adjuvant (58). Therefore, tight regulation of UNC93B1 gene
transcription and transcription of receptor itself prevents the
excessive response of NAS TLRs.
Our findings identified TLR3 as the regulator of UNC93B1

that in turn governs the responsiveness of all NAS TLRs. Acti-
vation ofTLR3 increases both its own transcription aswell as its
localization to the cell membrane where it can capture viral
dsRNA from infected cells or defective virions (21). Because
acidification is important for TLR3 response, it is less likely that
signaling would occur from the plasma membrane. UNC93B1
also increases stability of associated TLRs, thus amplifying
response to nucleic acids (Fig. 7).
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