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The proper trafficking and localization of Toll-like receptors (TLRs)
are important for specific ligand recognition and efficient signal
transduction. The TLRs sensing bacterial membrane components
are expressed on the cell surface and recruit signaling adaptors to
the plasma membrane upon stimulation. On the contrary, the
nucleotide-sensing TLRs are mostly found inside cells and signal
from the endolysosomes in an acidic pH-dependent manner. Traf-
ficking of the nucleotide-sensing TLRs from the endoplasmic
reticulum to the endolysosomes strictly depends on UNC93B1,
and their signaling is completely abolished in the 3d mutant mice
bearing the H412R mutation of UNC93B1. In contrast, UNC93B1
was considered to have no role for the cell surface-localized TLRs
and signaling via TLR1, TLR2, TLR4, and TLR6 is normal in the 3d
mice. Unexpectedly, we discovered that TLR5, a cell surface re-
ceptor for bacterial protein flagellin, also requires UNC93B1 for
plasma membrane localization and signaling. TLR5 physically
interacts with UNC93B1, and the cells from the 3d or UNC93B1-
deficient mice not only lack TLR5 at the plasma membrane but
also fail to secret cytokines and to up-regulate costimulatory mol-
ecules upon flagellin stimulation, demonstrating the essential
role of UNC93B1 in TLR5 signaling. Our study reveals that the role
of UNC93B1 is not limited to the TLRs signaling from the endoly-
sosomes and compels the further probing of the mechanisms un-
derlying the UNC93B1-assisted differential targeting of TLRs.

Toll-like receptor trafficking | 3d

Toll-like receptors (TLRs) sense unique microbial structures
or host-derived molecules released from stressed or dying
cells to initiate the innate immune responses (1). TLRs are
composed of three domains: the leucine-rich repeat (LRR) do-
main responsible for ligand binding, a single transmembrane
domain, and the cytoplasmic Toll/IL-1 receptor homology do-
main by which TLRs recruit adaptor molecules for downstream
signal transduction. Activated TLRs stimulate the NF-kB, MAPK,
and IFN regulatory factor pathways, leading to the expression of
diverse inflammatory cytokines, chemokines, and type I interfer-
ons. TLRs also activate antigen presenting cells to induce cos-
timulatory molecules and coordinate various aspects of adaptive
immune responses (2).

The members of the TLR family can be classified into two
groups based on their subcellular localization patterns (3-5).
TLR1, TLR2, TLR4, and TLR6, which mainly recognize the
components of bacterial cell membrane, are located on the cell
surface and initiate signaling thereat. In contrast, the nucleotide-
sensing TLRs such as TLR3, TLR7, TLR8, TLRY, and TLR13
are largely found in endolysosomes and require an acidic envi-
ronment for their efficient signaling. Additionally, TLR11 and
TLR12, the sensors for Toxoplasma protein profilin, are also
expressed inside cells and transmit signals in an acidic pH-
dependent manner (6-8). All the intracellular TLRs commonly
bind to a multispanning membrane protein UNC93B1, which is

7072-7077 | PNAS | May 13,2014 | vol. 111 | no. 19

required for their proper localization and signaling (6-13). One
missense mutation (H412R) of UNC93B1, found in a chemically
mutagenized mouse strain called 3d, hinders binding of UNC93B1
with TLRs and prevents their exit from the endoplasmic reticulum
(ER) (9-11). Consequently, signaling by all endosomal TLRs is
abolished in the cells from 3d mice. In contrast, trafficking and
signaling of the cell surface-localized TLRs such as TLR2 and
TLR4 are not affected by the UNC93B1 mutation (9, 11).

The proper localization of TLRs is critical not only for efficient
signaling but also for preventing undesirable receptor hyperac-
tivation (14, 15). Especially, sequestration of the nucleotide-sensing
TLRs in endolysosomes significantly contributes to attenuating the
immune stimulation by host-derived nucleotides abundant in the
extracellular spaces (14). Structural discrimination of microbial vs.
mammalian nucleotides is not straightforward, and a mutant TLR9
protein, engineered to artificially localize at the plasma membrane,
responds to mammalian DNA as well as the CpG oligonucleotides
mimicking bacterial DNA. As a result, mice expressing such mutant
TLRY succumb to systemic autoinflammation and die prematurely
(15). Therefore, regulatory mechanisms for localization and traf-
ficking of TLRs need to be tightly controlled.

TLRS recognizes flagellin, the major protein subunit of bac-
terial flagellum, and functions as a critical innate sensor for
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A TLR1 577 CNITLLIVTIVATMLVLAVTVTSLCSYLDLPWY
TLR2 585 CHRTALVSGMCCALFLLILLTGVLCHRFHGLWY
TLR3 696 CKDSAPFELFFMINTSILLIFIFIVLLIHFEGW
TLR4 627 CQMNKTIIGVSVLSVLVVSVVAVLVYKFYFHLM
TLR5 629 CDEEEVLKSLKFSLFIVCTVILTLFLMTILTVT
TLR6 582 CNITLLIVTIGATMLVLAVTVTSLCIYLDLPWY
TLR7 833 CELDLTNLILFSLSISVSLFLMVMMTASHLYFW
TLR8 822 CVSDVTAVILFFFTFFITTMVMLAALAHHLFYW
TLR9 809 CLDEALSWDCFALSLLAVALGLGVPMLHHLCGW
TLR10 574 CNTALLIVTIVVIMLVLGLAVAFCCLHFDLPWY
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Fig. 1. TLR5 binds to UNC93B1. (A) Amino acid sequence alignment of the

putative transmembrane and surrounding regions of human TLRs. The
alignment starts at the conserved cysteine residue (in bold type) located at
the end of the LRR domain and the corresponding amino acid residue
number of each TLR is indicated. The putative membrane-inserted sequences
are predicted by using AG prediction server version 1.0 (http:/dgpred.cbr.su.
se/) and represented by light blue shading (33). Acidic amino acid residues
are highlighted in red. (B) UNC93B1-HA and TLR-myc were transiently
expressed in HEK 293T cells. TLRs were immunoprecipitated from the cell
lysate and detected by immunoblotting with anti-myc antibodies (Bottom).
The levels of the coimmunoprecipitated UNC93B1 (Top) and the total
UNC93B1 in the input lysate (Middle) were probed with an anti-HA anti-
body. Data shown are representative of three independent experiments. (C)
The lysate of RAW cells stably expressing TLR5-myc was subjected to im-
munoprecipitation with anti-GFP or anti-myc antibody. Endogenous
UNC93B1 bound to TLR5-myc was detected by immunoblotting with anti-
UNC93B1 antibody (Top). Input lysate was probed for endogenous UNC93B1
(Middle) and TLR5-myc (Bottom) to check expression levels. Data shown are
representative of three independent experiments.

flagellated bacteria in all mucous organs (16-18). TLRS5 plays an
important role in intestinal homeostasis mediating the immune
adaptation to symbiotic microflora as well as defense against

Fig. 2. UNC93B1 is essential for the cell surface
expression of TLR5. (A) The cell surface levels of A
TLR5, TLR4/MD-2, and CD14 in J774 cells expressing
control or Unc93B1 shRNA were analyzed (open
histogram). Shaded histograms represent control
staining with streptavidin-PE alone. Data shown are
representative of three independent experiments.
(B and C) Blood leukocytes (B) and splenic DCs (C)
from WT, 3d, and TLR5™~ mice were subjected to
analysis for cell surface expression of TLR5. The
CD11b* fraction in blood leukocytes was sub-
divided into Ly6C™Ly6G* (R1), Ly6C°“Ly6G™ (R2),
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pathogenic bacterial infection (19-21). In addition, systemic in-
jection of flagellin confers protection against ionizing radiation
in a TLR5-dependent manner, implying that TLRS agonism
might be clinically used for radioprotection (22). TLRS overex-
pressed in the intestinal epithelial cells was exclusively found on
the basolateral surface, accounting for the selective induction of
proinflammatory cytokine by basolateral but not by apical fla-
gellin (17). Also, we recently demonstrated that endogenous
TLRS is expressed at the cell surface of mouse neutrophils,
monocytes, and dendritic cells (DCs) in a TLR-specific chaper-
one PRAT4A-dependnet manner (23). However, other regula-
tory mechanisms for the localization of TLRS at the plasma
membrane are unknown. Here, we show that UNC93B1 binds to
TLRS, travels to the plasma membrane with the receptor, and is
required for flagellin-induced signaling at the cell surface.

Results

TLR5 Binds to UNC93B1. Previously, we showed that acidic amino
acid residues located between the LRR domain and the trans-
membrane segment of TLR3 and TLRY play an important role
for the receptor interaction with UNC93B1 (24). Moreover,
acidic residues were commonly found in the same region of other
UNC93B1-binding endosomal TLRs, including TLR7 and TLRS,
but not in the surface-localized TLRs, TLR2 or TLR4. In-
terestingly, we noticed that TLRS, a cell surface TLR and thus
the interaction of which with UNC93B1 was not expected, also
contains four acidic residues (DEEE) in the same region
(Fig. 14). Therefore, we tested if TLRS interacts with UNC93B1
by using HEK 293T cells transiently expressing UNC93B1 and
TLRs. UNC93B1 was coimmunoprecipitated with TLRS as well
as with TLR9Y, but not with TLR4, indicating that TLRS binds to
UNC93B1 (Fig. 1B). Moreover, in RAW264.7 mouse macro-
phage cells stably expressing TLR5-myc, endogenous UNC93B1
was coimmunoprecipitated with TLRS, confirming the inter-
action between TLR5 and UNC93B1 (Fig. 1C).

UNC93B1 Is Required for the Cell Surface Localization of TLR5. Next,
we tested if UNC93B1 is required for the localization of TLRS at
the plasma membrane. The level of endogenous TLRS at the cell
surface of J774 macrophage line was measured by flow cytometry
by using a monoclonal TLRS antibody (23). We could clearly
detect TLRS5 at the cell surface of control J774 cells, but not
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when UNC93B1 was knocked down with a specific siRNA (Fig. 24
and Fig. S14). As expected, knockdown of UNC93B1 did not
affect the cell surface expression of TLR4/MD2 or CD14. We
also found that knockdown of UNC93B1 in Ba/F3 cells stably
expressing TLR5-flag (Ba/F3:TLR5-flag) prevented the surface
expression of TLRS without affecting the total expression level
of TLRS or the cell surface level of endogenous TLR2 (Fig. S1 B
and C). Furthermore, we observed that overexpression of WT
but not H412R mutant UNC93B1 increased cell surface levels of
TLRS (Fig. S1D).

In mouse blood, TLRS is mainly expressed in neutrophils and
CD11b"e"Ly6C" classical monocytes (23). In contrast to WT
cells, we found that the cell surface expression of TLRS was
absent in neutrophils and classical monocytes from 3d mice
expressing the mutant UNC93B1 protein (Fig. 2B). Additionally,
we verified that the normal cell surface expression of TLRS was
lost in other cell types of 3d mice, including splenic plasmacytoid
DCs (pDCs), CD4* conventional DCs (cDCs), CD4 CD8~
cDCs, and small intestine lamina propria DCs (LP-DCs; Fig. 2 C
and D). These data demonstrate that the functional UNC93B1
protein is required for the plasma membrane localization of TLRS.

The role of UNC93B1 in the cell surface localization of TLRS
was confirmed by confocal microscopy. When TLR5-GFP was
expressed in WT bone marrow-derived DCs (BMDCs), a large
proportion of TLR5-GFP was colocalized with cholera toxin
B, a marker for the plasma membrane. In contrast, TLR5-GFP
did not colocalize with cholera toxin B in BMDCs from the
UNC93B1-deficient or 3d mice and was exclusively found inside
the cells (Fig. 34 and Figs. S2 and S3 A4 and B). The failure of
TLRS to localize at the cell surface of the UNC93B1-deficient
BMDCs was corrected by expression of UNC93B1-cherry (Fig.
3B) Similarly, coexpression of WT UNC93B1 resulted in the
localization of TLRS5-GFP at the plasma membrane in HEK
293T cells that normally have a limited amount of endogenous
UNC93B1, whereas TLR5-GFP was almost exclusively found
in the ER without the exogenous UNC93B1 (Fig. S3C) Coex-
pression of the H412R mutant UNC93B1 failed to induce the
cell surface localization of TLRS5-GFP and the receptor was
retained in the ER, indicating that WT UNC93Bl1 is required for
exit of TLRS from the ER. Accordingly, TLRS in the UNC93B1
knockdown cells did not acquire the complex type of oligo-
saccharides in the Golgi apparatus and remained sensitive to di-
gestion with endoglycosidase H (Fig. S2F).

Previously, we reported that UNC93B1 escorts TLR9 to endo-
lysosomes and showed the colocalization of WT UNC93B1-cherry
with TLR9-GFP in endolysosomes (11). The requirement of
UNC93BL1 for the localization of TLRS at the plasma membrane
raises a possibility that UNC93B1 might travel to the plasma
membrane together with TLRS. Indeed, we found that UNC93B1-
cherry colocalized with TLR5-GFP in HEK 293T cells and
BMDC:s (Fig. 3B and Fig. S44). The surface localization of
UNC93B1-cherry was evident only in the cells overexpressing
TLRS. To confirm the colocalization of UNC93B1 with TLRS at
the plasma membrane, we adopted the bimolecular fluorescent
complementation assay by using the Venus fluorescent protein.
The N-terminal half of Venus (V) was fused to the C-terminal
end of TLRs to generate the TLR-Vy fusion proteins, and the
C-terminal half of Venus (V) was fused to the N- or C-terminal
end of UNC93B1 to generate Vc-UNC93B1 or UNC93B1-Vg,
respectively (Fig. S4B). We also generated the TLR-V fusion
proteins in which V¢ was fused to the C-terminal end of TLRs.
When TLR-Vy and TLR-V were coexpressed, cells were lit up
with the Venus fluorescence signal. In the cells coexpressing
TLR9-Vy and TLR9-V, the fluorescence signal was detected
only inside the cells, whereas the cells with the combination of
TLR4-Vy and TLR4-Ve or TLR5-Vy and TLR5-V showed
significant fluorescent signal at the cell surface, indicating the
localization of the receptor dimers on the plasma membrane.
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Fig. 3. Localization of TLR5 at the plasma membrane requires UNC93B1. (A)
WT or UNC93B1-deficient (KO) BMDCs expressing TLR5-GFP were stained
with Alexa Fluor 555-conjugated cholera toxin B. Data shown are repre-
sentative of two independent experiments. (B) TLR5-GFP with or without
UNC93B1-cherry were expressed in WT or KO BMDCs. Data shown are rep-
resentative of three independent experiments. (Scale bar, 10 um.)

Similarly, robust fluorescent signals were detected at the surface
of the cells expressing TLRS5-Vy together with UNC93B1-V
or Vc-UNC93B1. In contrast, expression of TLR9-Vy with
UNC93B1-V¢ or V-UNC93BI1 produced the fluorescent signal
exclusively inside the cells. As expected, no fluorescent signal
was detected in the cells with combination of TLR4-Vy with
UNC93B1-V¢ or Vc-UNC93B1. Taken together, these data
strongly support the localization of TLR5-bound UNC93B1 at
the plasma membrane.

TLRS5-GFP signal was also visible inside the WT BMDCs but
did not colocalize with the endolysosomal marker protein CD63-
cherry (Fig. S3B). Moreover, bafilomycin A, an inhibitor for
endolysosomal V-type ATPase, did not affect flagellin-induced
TNF-a production, whereas it severely abrogated TNF-a pro-
duction by R848 and CpG, agonists for endolysosomal TLR7
and TLRY, respectively, (Fig. S5). These data suggest that TLRS
most likely recognizes extracellular flagellin and signals from the
cell surface unlike the other UNC93B1-dependent TLRs, which
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signal from the endolysosomes in a pH-dependent manner.
Therefore, we predicted that the lack of cell surface TLRS in the
UNC93B1-deficient or mutant cells would result in the loss of
TLRS signaling.

UNC93B1 Is Required for Signaling of TLR5. We first measured the
flagellin-induced cytokine secretion from J774 cells expressing
UNC93B1-specific siRNA. Unlike the control cells, The UNC93B1
knockdown cells did not produce IL-6 or granulocyte-colony
stimulating factor (G-CSF) in response to flagellin, as they did
not respond to the TLR9 agonist CpG and the TLR7 agonist
loxoribine (Fig. 44). In addition, flagellin failed to up-regulate
the expression of CD40 in the UNC93B1 knockdown cells (Fig.
4B). These data indicate that UNC93Bl1 is required for fla-
gellin-induced TLRS signaling.

We confirmed the importance of UNC93B1 for TLRS sig-
naling by using primary cells from the UNC93B1-deficient or 3d
mice. Flagellin induced secretion of TNF-a as well as up-regu-
lation of CD40 and CDS86 in the splenic DCs from WT but not
from the UNC93B1-deficient or 3d mice (Fig. 4 C and D).
BMDC:s hardly express TLRS and produce little TNF-o upon
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stimulation with flagellin. However, when we expressed TLRS-
GFP in WT BMDC:s, flagellin strongly induced the production of
TNF-a (Fig. S6A4). In contrast, BMDCs from the UNC93B1-
deficient mice did not secrete TNF-o upon flagellin stimulation
even with overexpression of TLR5-GFP. We also found that
flagellin stimulation led to the secretion of IL-6 and IL-12p40
from LP-DCs purified from WT but not from 3d mice (Fig. 4E).
Collectively, UNC93B1 was required for the TLRS-mediated
cytokine secretion as well as the costimulatory molecule in-
duction in all cells tested.

We also found that flagellin treatment resulted in the phos-
phorylation of IkB only in WT but not in UNC93B1-deficient
BMDCs, showing that the lack of UNC93B1 and the consequent
receptor mislocalization prevented TLRS-mediated activation
of the NF-xB pathway (Fig. 4F). This was further confirmed by
the finding that the flagellin-induced expression of NF-kB-GFP
reporter gene was severely attenuated in the cells expressing
shRNA for Unc93B1 (Fig. S6B).

To test whether UNC93B1 is physiologically important for
TLRS signaling in vivo, we intraperitoneally injected 1 pg of
flagellin into WT or UNC93B1-deficient mice and measured the
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Fig. 4. UNC93B1 is essential for TLR5-mediated signaling in vitro. (A) J774 cells expressing control or Unc93B1 shRNA were stimulated with flagellin (100 ng/mL), CpG
(ODN1668, 100 nM), loxoribine (100 pM), or lipid A (100 ng/mL) for 20 h. Production of IL-6 and G-CSF was measured by ELISA. The data represent mean + SD of triplicate
samples. ND, not detected. Data shown are representative of three independent experiments. (B) J774 cells treated as in A were analyzed for surface expression of CD40
(open histogram). Shaded histograms represent levels of CD40 in unstimulated cells. Data shown are representative of three independent experiments. (C) Splenic DCs
from WT, UNC93B1-deficinent, or 3d mice were stimulated with flagellin (100 ng/mL), CpG (ODN1826; 1 uM), R848 (1 pM), or LPS (100 ng/mL) for 4 h, and levels of TNF-«
were measured by ELISA (mean + SD). Data shown are representative of two independent experiments. (D) Splenocytes from WT or 3d mice were stimulated with
flagellin (100 ng/mL) or lipid A (100 ng/mL) for 20 h. Open histograms represent expression levels of CD40 (Left) or CD80 (Right) on CD11c""PDCA-1"CD8« -gated cells
(CD8u~ cDCs). Shaded histograms represent the levels of CD40 or CD80 in unstimulated cells. (E) Small intestinal LP-DCs from WT or 3d mice were stimulated with 1 pg/mL
of flagellin or left untreated for 24 h, and levels of IL-6 (Left) or IL-12p40 (Right) were measured by ELISA. The data represent mean + SD of triplicate samples. Data shown
are representative of three independent experiments. (F) WT or UNC93B1-deficient BMDCs were stimulated with flagellin (100 ng/mL) or LPS (100 ng/mL). The
phosphorylated IkB (Upper) and actin (Lower) were detected by immunoblotting. Data shown are representative of two independent experiments.
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Fig. 5. UNC93B1 is essential for TLR5-mediated signaling in vivo. (A and B)
WT and UNC93B1-deficient mice (n = 3 each) were injected i.p. with 1 pg of
flagellin. (A) The serum levels of IL-6 and IL-12p40 were measured by ELISA
(mean + SD). (B) Six hours later, splenocytes were collected and the levels of
CD40, CD80, and CD86 in CD11c"9" DCs were analyzed by flow cytometry.

serum levels of IL-6 and IL-12p40 as well as the levels of CD40,
CD80, and CD86 in splenic DCs. Consistent with the in vitro
experimental results demonstrating the importance of UNC93B1
in TLRS signaling, the serum concentration of IL-6 and IL-
12p40 significantly increased only in WT but not in the
UNC93Bl1-deficient mice upon flagellin injection (Fig. 54).
Induction of CD40, CD80, and CD86 was also observed only in
the WT mice (Fig. 5B).

TLRS is one of the key innate immune receptors operating upon
Pseudomonas aeruginosa infection (18). Accordingly, WT splenic
DC produced less IL-12p40 when stimulated with a flagellin-
deficient mutant strain (AfliC) compared with WT P. aeruginosa
(Fig. S7). In contrast, TLRS5- and UNC93B1-deficient cells re-
sponded equally to WT and AfliC strains, confirming the role of
TLRS and UNC93B1 in recognition of P. aeruginosa flagellin.

Acidic Amino Acid Residues in the Juxtamembrane Region of TLR5 Are
Important for Binding to UNC93B1. We tested if the acidic amino
acid residues in the juxtamembrane region of TLRS5 participate
in the interaction with UNC93B1 as they did for TLR3 and
TLRY (24). For this, we replaced the DEEE sequence (amino
acid residues 630~633) of TLR5-GFP with STTT to generate
TLR5-GFP (DE/ST). This mutant TLRS was highly impaired in
binding to UNC93B1 (Fig. 64). When expressed in BMDCs, the
mutant TLR5-GFP (DE/ST) was barely detected at the plasma
membrane compared with WT TLR5-GFP (Fig. 6B). Further-
more, BMDCs expressing the mutant TLR5-GFP (DE/ST)
showed the reduction of TNF-a production upon flagellin stim-
ulation compared with the cells with WT TLRS5-GFP (Fig. 6C).
Taken together, the acidic residues in the juxtamembrane re-
gion of TLRS are involved in binding to UNC93B1; thus, the
replacement of those residues to noncharged amino acids
hampers trafficking of TLRS to the plasma membrane and the
subsequent signaling.

Discussion

The subcellular destination of a TLR greatly influences the va-
rieties of available agonists for the receptor, its ligand binding
affinities, and the downstream signaling modes, and thus the
tight regulation of the intracellular TLR trafficking is crucial for
the optimal receptor activation. UNC93B1 was initially identi-
fied as an essential factor that specifically binds and delivers the

7076 | www.pnas.org/cgi/doi/10.1073/pnas.1322838111

nucleotide-sensing TLRs to endolysosomes. More recently,
protozoan profilin-sensing TLR11 and TLR12 were also shown
to be intracellular TLRs and to depend on UNC93B1 for their
endosomal localization and signaling. Because trafficking and
signaling of the cell surface-disposed TLRs such as TLR1, TLR2,
TLR4, and TLR6 are independent of UNC93Bl, it was generally
believed that the role of UNC93B1 is limited to the intracellular
TLRs. However, in this study, we found that TLRS, a cell sur-
face-localized TLR, is another client of UNC93B1, and dem-
onstrated that TLRS relies on UNC93B1 for its localization and
signaling at the plasma membrane. Therefore, the role of
UNC93B1 is not restricted to the TLRs that initiate signaling
from the endolysosomes.

Notably, we found that, in addition to its expected localization
in the ER and endolysosomes, UNC93B1 accumulated at the
surface of cells expressing TLRS. From the bimolecular fluo-
rescent complementation assay using the split Venus proteins
fused to UNC93B1 and TLRS5, we observed that the surface-
localized UNC93B1 remained bound to TLRS at the plasma
membrane. Together with our previous finding that UNC93B1
travels to endolysosomes along with TLRY, it shows that the
interaction between UNC93B1 and TLRs established in the ER
is maintained throughout the intracellular trafficking pathways
to the final destinations.

TLRY was recently shown to transit through the cell surface en
route to the endolysosomes (13). UNC93B1 mediates not only
the exit of TLR9 from the ER but also controls its internalization
from the plasma membrane by recruiting the clathrin adaptor
AP-2. In the AP-2 knockdown cells or cells expressing the
UNC93B1 mutant protein defective in AP-2 binding, TLR9 ac-
cumulated at the plasma membrane and CpG-induced signaling
was blunted. In such cells, however, trafficking and signaling of
other UNC93Bl1-dependent TLRs including TLR7, TLRI11,
TLR12, and TLR13 were not altered, indicating that post-ER
trafficking of these TLRs is differentially regulated from that

e
A c @ C flagellin LPS
2< og i
s & i
28 98 /|
wn w0
g gz gz o |
X D 2 \
IP: o-GFP
WB : o - HA - %
Input lysate )
| |
o oA EEE
: TLR5-GFP \
Input lysate o (WT)
WB : o - GFP - -
x A
.IJ
TLR5-GFP
(DE/ST)
TNFa

Fig. 6. Acidic amino acid residues in the juxtamembrane region of TLR5 are
important for UNC93B1 binding and signaling. (A) TLR5 was immunoprecipi-
tated from RAW cells stably expressing UNC93B1-HA with TLR5-GFP (WT or DE/
ST). Coimmunoprecipitated UNC93B1-HA (Top) as well as UNC93B1-HA (Mid-
dle) and TLR5-GFP (Bottom) in the input lysate were detected by immuno-
blotting. The data shown are representative of three independent ex-
periments. (B) BMDCs expressing WT or DE/ST mutant TLR5-GFP were imaged.
(C) BMDCs expressing GFP or TLR5-GFP (WT or DE/ST mutant) were stimulated
with flagellin (100 ng/mL) or LPS (100 ng/mL) for 4 h and the intracellular TNF-«
levels in the GFP-positive cells were measured (open histograms). Data shown
are representative of three independent experiments. Shaded histograms
represent the levels of TNF-o in unstimulated cells.
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of TLRY. Interestingly, TLR9 was reported to be present on the
cell surface of intestinal epithelial cells, splenic DCs, and neu-
trophils (25-27). Similarly, TLR3 can be found on the surface of
epithelial cells and fibroblasts even though it is exclusively lo-
cated inside the myeloid cells (28, 29). These observations raise
the possibility that TLR3 may follow a similar trafficking path-
way as TLRO and that the internalization efficiency of TLR3 and
TLR9 varies depending on cell type. In case of TLRS, so far, all
published reports as well as our own data support that it remains
on the cell surface at steady state after the UNC93B1-dependent
trafficking to the plasma membrane (17, 23).

How individual UNC93B1-dependent TLRs are targeted to
different subcellular organelles is in need of further in-
vestigation. Mutational studies of UNC93B1 revealed that TLRs
have differential affinities for UNC93B1, and consequently
UNC93B1 promotes the preferential exit of TLR9 from the ER
compared with TLR7 (30). After leaving the ER, accumulating
data suggest the initial sorting of UNC93B1-bound TLRs in the
trans-Golgi network. TLRS, TLRY, and possibly TLR3 seem to
travel to the cell surface via the traditional anterograde transport
pathway and are sorted again at the plasma membrane. TLRS
stays at the cell surface whereas TLR9 and TLR3 mostly become
internalized into endolysosomes. In contrast, the other UNC93B1-
dependent TLRs seem to directly travel to endolysosomes from
the trans-Golgi network because their trafficking is not affected
by the mutation of UNC93B1 causing the loss of AP-2 binding
(13). Alternatively, they might also travel to the plasma membrane
first, but internalize to endolysosomes via an AP-2-independent
manner or directly bind AP-2 instead of recruiting AP-2 via
UNC93BL1.

TLRS was proposed to function as an endocytic receptor for
flagellin (31). Thus, it would be interesting to investigate the
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changes of TLRS localization upon flagellin binding and the role
of UNC93B1 in such processes. In BMDCs, a large proportion of
TLRO was found in the ER at steady state and moved to endo-
lysosomes upon CpG stimulation, implying the active regulation
of UNC93B1-mediated TLR trafficking (11, 32). Studying the
regulatory mechanisms of UNC93B1 in various stimulatory
conditions and different cell types would help to elucidate how
intracellular trafficking of individual TLRs is controlled for ef-
ficient and specific detection of pathogens while avoiding over-
activation by innocuous self molecules.

Materials and Methods

Immunoprecipitation and immunoblotting, preparation of BMDCs, and
intracellular TNF assay were performed as previously described (24). The
cell surface levels of TLR2, TLR5, TLR4/MD-2, and CD14 were analyzed by
flow cytometry by using biotinylated anti-TLR2 (CB225), anti-TLR5 (ACT5),
anti-TLR4/MD-2 (MTS510), and anti-CD14 (Sa2-8) antibodies, respectively.
More information is provided in S/ Materials and Methods.
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