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Confocal microscopy

HEK?293 cells (2.0 X 10° cells/well) were plated onto poly-L-lysine-coated
micro coverglasses (BD Biosciences) in a 24-well plate. The following
day, cells were transfected with the indicated plasmids using FuGENE HD.
Twenty-four hours after transfection, cells were washed twice with PBS,
fixed with 4% paraformaldehyde for 15 min, and permeabilized with PBS
containing 100 pg/ml digitonin and 1% BSA. In the case of human
macrophages, fixed cells (2.5 X 10% cells/well) were permeabilized with
PBS containing 0.1% Triton X-100 and 2% BSA for 15 min. Fixed cells
were blocked in PBS containing 1% BSA and labeled with the indicated
primary Abs (2-10 p.g/ml) for 60 min at room temperature. Alexa Fluor—~
conjugated secondary Abs (1:400) were used to visualize the staining
of the primary Abs. After mounting with ProLong Gold with DAPI
(Molecular Probes), cells were visualized at X63 magnification with
an LSM510 META microscope (Zeiss, Jena, Germany).

Results
Insertion loop between LRRI14 and LRR15 is indispensable for
hTLR8-mediated signaling

To examine the requirement of proteolytic processing in ligand
recognition and signaling by hTLRS, C-terminal FLAG-tagged wild-
type TLRS and truncated mutant forms were provided. TLR8Aloop
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lacks the insertion loop between LRR14 and LRR15. TLR8-C
represents a deletion mutant lacking LRR1-14 and the insertion
loop. These were transiently expressed in HEK293 cells and
stimulated with a synthetic small molecule (CLO75) and ssRNA40
complexed to DOTAP. Wild-type TLRS was expressed at the ex-
pected molecular mass (~150 kDa) and activated NF-kB in re-
sponse to CLO75, but not to ssSRNA40, whereas TLR8Aloop failed
to respond to both ligands (Fig. 1A, 1B). Cleavage products of
TLRS8 were undetectable in HEK293 cell lysates in either type of
TLRS expression (Fig. 1B). In addition, TLRS-C did not activate
NF-kB in response to CLO75 and ssRNA40 (Fig. 1A, 1B).
UNC93B1 physically associates with hTLR8 and regulates in-
tracellular trafficking and signaling of TLR8 (10). When UNC93B1
was coexpressed with wild-type TLR8 in HEK293 cells, CLO75-
induced TLR8-mediated NF-kB activation was greatly increased
concomitantly with the appearance of the N- and C-terminal halves
of TLRS, but no response to ssRNA40 was observed (Fig. 1C, 1D).
The molecular mass of the C-terminal half of TLR8 was almost the
same as that of TLR8-C. In contrast, TLR8Aloop that remained
uncleaved could not respond to CLO75 or ssRNA40 even though
it was coexpressed with UNC93B1 (Fig. 1C, 1D). Again, the
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FIGURE 1. The flexible loop between LRR14 and LRR15 was required for CLO75-induced TLR8-mediated NF-kB activation in HEK293 cells. (A)
HEK?293 cells were transiently transfected with vector alone or maximum amounts of C-terminal FLAG-tagged wild-type or mutant TLR8 plasmids
(TLR8Aloop and TLR8-C), together with NF-kB-luciferase reporter plasmid and phRL-TK. Twenty-four hours after transfection, cells were stimulated
with CLO75 (2.5 pg/ml), DOTAP alone, or ssRNA40 complexed with DOTAP (2.5, 5, or 10 p.g/ml) or were left untreated. Luciferase activity was measured
12 h after stimulation and expressed as fold induction relative to the activity of unstimulated cells. Representative data from three independent experiments,
each performed in triplicate, are shown (mean * SD). (B) Protein expression of wild-type and mutant TLR8 in HEK293 cells. Cell lysates prepared in (A)
were subjected to SDS-PAGE (7.5%), followed by Western blotting with anti-FLAG mAb and anti-tubulin-o mAb. (C) Coexpression of UNC93B1
promoted CL075-induced TLR8-mediated NF-kB activation in HEK293 cells. HEK293 cells were transfected with the indicated plasmids together with
NFE-kB-luciferase reporter plasmid and phRL-TK. Cells were stimulated with 2.5 p.g/ml CLO75, DOTAP alone, or ssRNA40 complexed to DOTAP or were
left untreated. Luciferase activity was measured 12 h after stimulation and expressed as fold induction relative to the activity of unstimulated cells. (D) Cell
lysates prepared in (C) were subjected to SDS-PAGE (7.5%), followed by Western blotting with anti-FLAG mAb, anti~TLR8-N mAb, and anti-tubulin-c
mADb. Filled arrowheads indicate full-length TLR8. Open arrowheads indicate N-terminal half of TLR8. Arrow indicates C-terminal half of TLRS.
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4 PROTEOLYTIC CLEAVAGE OF TLRS8 IN HUMAN MYELOID CELLS

truncated C-terminal half of TLR8 was unable to act as an RNA-
sensing receptor. These results suggest that the loop region between
LRR14 and LRR15 is crucial for ligand-induced TLR8-mediated
signaling, as well as proteolytic processing of TLRS. UNC93B1
promoted proteolytic cleavage of TLRS8 by facilitating ER exit of
TLRS. In HEK293 cells transiently expressing TLRS, small amounts
of cleaved TLR8 molecules appear to participate in the recognition of
CLO75 (Fig. 1A). Although the reason why ssSRNA40 could not ac-
tivate TLR8 in HEK293 cells ectopically expressing UNC93B1 is
unclear, one possible interpretation is that oligomerization of multiple
TLRS8 molecules is required for ssRNA40-induced NF-«B acti-
vation. Notably, overexpressed wild-type and mutant TLRS, espe-
cially TLR8-C, activate NF-«B in a ligand-independent manner only
when coexpressed with UNC93B1 (Fig. 1C, Supplemental Fig. 1),
suggesting that transient overexpression and trafficking may allow
TLR8-TIR domains to access each other, leading to activation of
downstream signaling.

Cleavage of endogenous TLRS in IFN-y—treated THP-1 cells

THP-1 cells expressed TLR8 mRNA, which was upregulated by
stimulation with IFN-vy (Fig. 2A) (40). To examine the structure of
endogenous TLRS, we generated a pAb that recognizes the hTLRS
C-terminal peptides. The anti-TLR8-C pAb specifically recognized
the full-length and C-terminal half of TLR8 but not N-terminal half
of TLRS, hTLR7, or hTLR9 (Supplemental Fig. 2). In the IFN-y—
treated THP-1 cells, both full-length and C-terminal half of TLR8
proteins were detected by Western blotting with anti-TLR8-C Ab,
indicating that endogenous TLRS8 undergoes proteolytic processing
(Fig. 2B). IFN-y—treated THP-1 cells induced IL-12p40 mRNA
expression in response to CLO75, as well as ssSRNA40, which was
abolished by TLRS8 knockdown (Fig. 2C).

Cleaved form of TLRS is predominant in human primary
monocytes and monocyte-derived macrophages

We investigated structural features of endogenous TLR8 in human
primary cells, including monocytes and monocyte-derived mac-
rophages. CD14* monocytes were successfully differentiated into
macrophages after GM-CSF treatment for 6 d, in which the
macrophage marker CD68 was greatly induced and the costimu-
latory molecule CD80 was upregulated by stimulation with CLO75
(Supplemental Fig. 3). Immunoblotting with anti-TLR8-N and
anti-TLR8-C Abs under reducing or nonreducing conditions clearly
showed that TLR8 underwent proteolytic processing, and cleaved

A B C

forms of TLR8 were predominant in monocytes and monocyte-
derived macrophages (Fig. 3A). The TLR8 N-terminal halves
consisted of two bands with a molecular mass ~100 and ~90 kDa.
The C-terminal half was detected as a single band with a molec-
ular mass ~90 kDa (Fig. 3A). None of the bands corresponding to
TLR8 was observed in B cells, confirming the specificity of the
TLR8 Abs used.

Upon stimulation with CLO75 or ssRNA40 complexed to
DOTAP, monocyte-derived macrophages produced a high level of
1L-12p40 and some IL.-6 and TNF-a, but their expression varied
among different donors/individuals (Fig. 3B). Human monocyte-
derived macrophages expressed low levels of TLR7; therefore, we
examined whether the response to CL0O75 and ssRNA40 depended
on TLR8 by knockdown analysis in macrophages. CLO75- and
ssRNA40-induced IL-12p40 mRNA expression was significantly
reduced when TLR8 expression was knocked down at both the
mRNA and protein levels (Fig. 3C). Notably, the expression and
processing of TLR8 were mostly unaltered during differentiation
from CD14" monocytes to macrophages, with the exception of
day-1 monocytes after GM-CSF treatment: full-length TLR8
disappeared, and the lower band of TLR8-N was detected pri-
marily (Fig. 4A). The response of TLRS8 to ssRNA40 was un-
changed during differentiation (Fig. 4B). Absence of full-length
TLRS at day 1 upon differentiation of monocytes with GM-CSF
was observed consistently, irrelevant of the donor. These results
suggest that the cleaved form of TLRS is a functional receptor in
human primary cells.

Both furin-like proprotein convertase and cathepsins are
involved in stepwise processing of hTLRS

Two TLRS8-Ns with different molecular masses were detected in
monocyte and macrophage lysates; thus, we examined the pro-
teases involved in TLRS8 cleavage in human primary cells using
protease inhibitors. Treatment of macrophages with z-FA-FMK,
a cysteine protease inhibitor that blocks cathepsin proteolytic
activity, failed to reduce both TLR8 cleavage and response to TLRS
agonists, probably because the cleaved form of TLR8 was abundant
in macrophages (data not shown). When monocytes were differ-
entiated into macrophages with GM-CSF in the presence of z-FA-
FMK, an ~100-kDa upper band of TLR8-N accumulated from
days 1 to 3, compared with DMSO-treated monocyte differentia-
tion that mainly contained the lower band of TLR8-N (Fig. 5A,
upper panels). This suggests that the upper band of TLR8-N is
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FIGURE 2. Human TLR8 underwent proteolytic processing in IFN-y-treated THP-1 cells. (A) THP-1 cells (5 X 10°/ml) were stimulated with 20 ng/ml
IFN-y or were left untreated for 15 h. Expression of TLR7, TLRS, and TLR9 mRNAs was analyzed by RT-PCR using specific primers (Supplemental Table I)
(56). (B) Lysates of IFN-y—treated or untreated THP-1 cells were subjected to SDS-PAGE, followed by Western blotting with anti-hTLR8-C pAb and anti-
tubulin-o mAb. Arrowhead indicates full-length TLR8. Arrow indicates C-terminal half of TLRS. (C) Control or TLR8-knocked down IFN-y-treated THP-1
cells (5 X 10°/ml) were stimulated with medium alone, 2.5 p.g/ml CLO75, DOTAP alone, or 2.5 pwg/ml ssRNA40 complexed to DOTAP. After 12 h, total RNA
was extracted, and quantitative PCR was performed using primers for the IL-12p40 and TLRS genes. Expression of genes was normalized to 3-actin mRNA
expression. Knockdown efficiency is shown (right panel). Representative data from two independent experiments are shown (mean * SD).
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FIGURE 3. Cleaved form of TLRS was pre-
dominant in human monocytes and monocyte-
derived macrophages. (A) Lysates of human
monocytes and monocyte-derived macrophages
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were subjected to SDS-PAGE under reducing or
nonreducing conditions, followed by Western blot-
ting with anti~-TLR8-N mAb, anti-TLR8-C pAb, or
control rabbit IgG. Lysates of B cells were used as
cellular negative control. Filled arrowheads indi-

cate full-length TLR8 (~150 kDa). Open arrow-

heads indicates N-terminal halves of TLRS (~100 reduced non-reduced
and ~90 kDa). Arrows indicate C-terminal half of B
TLRS (90 kDa). Asterisk indicates high molecular 18000 - Donor A 50000 Donor B %000, Donor A
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sured by quantitative PCR (left and middle panels).
Protein levels of IL-12p40 in culture supematants
after 24 h of stimulation (donor A) were quantified
using ELISA (right panel). (C) TLRS is indis-
pensable for ssRNA-induced cytokine production
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a premature form, and cysteine proteases, such as the cathepsin
family, participate in further processing to generate the mature
form of TLR8-N. Correlatively, when day-1 and day-2 monocytes
were stimulated with CLO75 or ssRNA40 complexed to DOTAP
for 24 h, IL-12p40 production was decreased in z-FA-FMK-
treated monocytes compared with DMSO-treated cells (Fig. 5A,
lower panel). Considering that TLR7 was barely expressed in
day- 1 to day-3 differentiated monocytes, involvement of TLR7
in CLO75-induced IL-12p40 production is minimal, at best, under
these experimental conditions. LPS-induced IL-12p40 production
by these differentiated monocytes was unaltered in the presence of
z-FA-FMK (data not shown).

A recent study demonstrated that furin-like proprotein con-
vertase participates in processing of hTLR7 (30). We assessed the
role of furin-like proprotein convertase in hTLR8 processing. In-
hibition of furin-like proprotein convertase using DC1 reduced the
response of macrophage TLR8 to CL075 and ssRNA40 but not to
LPS (Fig. 5B). The cleaved TLR8-C and two TLR8-Ns, especially
the upper band of TLR8-N, were reduced in DCl-treated mac-
rophages compared with DMSO-treated cells (Fig. 5B, data not
shown). Because a potential furin-like proprotein convertase—
recognition site is present in the flexible loop between LRR14 and

LRR15 of hTLRS8, we made TLR8 mutant R467A/R470A/R472A/
R473A in which the arginine residues in the potential furin-like
proprotein convertase-recognition site in the flexible loop were
substituted with alanine. This TLR8 mutant completely failed to
undergo proteolytic processing when ectopically expressed in
HEK?293 cells, with or without UNC93B1, resulting in no acti-
vation of NF-kB in response to CLO75 (Fig. 5C). These results
indicate that furin-like proprotein convertase is indispensable for
TLR8 cleavage at an initial step. Thus, both furin-like proprotein
convertase and cathepsins are involved in stepwise processing of
TLRS8-N in human primary monocytes and macrophages.

N- and C-terminal halves of hTLRS associate with each other
and ssRNA40 binds to the cleaved/associated TLR8

To explore the association of the N- and C- terminal halves of
TLRS, C-terminal FLAG-tagged wild-type and mutant hTLRS8
were stably expressed in the mouse macrophage cell line RAW264.7.
Wild-type TLRS, but not TLR8Aloop, underwent proteolytic pro-
cessing in RAW cells, similar to an endogenous TLR8 in human
macrophages (Fig. 6A). The N-terminal half of TLR8 coimmu-
noprecipitated with the C-terminal half of TLR8 under reducing
and nonreducing conditions, suggesting that both the N- and
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FIGURE 4. Expression and proteolytic processing of hTLR8 during
differentiation from monocytes to macrophages. (A) CD14* human mono-
cytes were cultured in medium containing GM-CSF for 1-6 d. TLRS protein
in differentiating cells was analyzed by western blotting with anti-TLRS-N
mAb. Filled arrowhead indicates full-length TLR8. Open arrowheads indi-
cate cleaved N-terminal halves of TLRS. (B) Response to ssSRNA40 during
differentiation from monocytes to macrophages. Differentiating cells were
stimulated with 2.5 pg/ml ssRNA40 complexed to DOTAP for 3 h, and
1L-12p40 transcript was measured by quantitative PCR. Representative
data from more than three independent experiments are shown. In every
experiment, full-length TLR8 was absent at day 1 upon differentiation of
monocytes to macrophages after GM-CSF treatment.

C-terminal halves were noncovalently associated with each other
in macrophages (Fig. 6B). We examined the interaction of ssRNA
with TLRS8 by pull-down assay using human macrophage lysates
and biotinylated ssSRNA40. After incubation of biotinylated ssRNA40
in the human macrophage lysates, ssSRNA40-receptor complex was
pulled down with avidin-Sepharose. Both the N- and C-terminal
halves of TLR8 were pulled down, indicating that ssRNA40
bound to the cleaved/associated form of TLR8 (Fig. 6C).

Intracellular trafficking of hTLRS

TLRS3 localizes to the ER and early endosome in primary human
monocytes and HeLa cells transiently expressing hTLRS (10). We
examined the glycosylation of TLR8 protein in monocyte-derived
macrophages with Endoglycosidase H, which hydrolyzes the high-
mannose type N-glycans and N-glycosidase F that cleaves all
types of asparagine-bound N-glycans. Deglycosylation analysis
clearly showed that TLR8 was cleaved after passing through the
Golgi, because most of the sugars on the cleaved TLR8-N were
resistant to Endoglycosidase H and sensitive to N-glycosidase F
(Fig. 7A). In contrast, N-linked sugars on full-length TLR8 were
sensitive to Endoglycosidase H, indicating that an ~150-kDa band
corresponding to full-length TLR8 was derived from the ER
(Fig. 7A). The full-length TLRS8 proteins accumulated in macro-

phages by brefeldin A treatment that disrupted the Golgi pathway
(Fig. 7B).

Coexpression of UNC93B1 with TLRS facilitated intracellular
trafficking of TLR8 in HEK293 cells, resulting in accumulation of
cleaved TLR8 (Fig. 1D). Confocal immunofluorescence analysis
demonstrated that colocalization of TLR8 with p115 (Golgi-resident
protein) was increased by UNC93B1 coexpression (Fig. 8A). TLR3
colocalized with MPR (late endosome marker protein), but not
LysoTracker (lysosome marker), in UNC93B1-expressing cells
(Fig. 8A). In human monocyte-derived macrophages, TLR8 colo-
calized with early endosome Ag 1 (early endosome marker protein),
MPR, and calnexin (ER protein) but not with Lamp-1 (lysosome
marker protein) (Fig. 8B). Taken together, these results indicated
that TLRS exits the ER, passes through the Golgi, and is targeted
to early/late endosomes where the processing occurs.

Discussion
In the current study, we showed for the first time, to our knowl-
edge, that proteolytic processing of TLR8 occurs in human primary
cells, including monocytes and monocyte-derived macrophages, in
a different manner from that of TLR7 and TLRY cleavage. The
insertion loop between LRR14 and LRR1S in TLR8 ECD is in-
dispensable for cleavage and stepwise processing that occurs in the
N-terminal fragment. Both furin-like proprotein convertase and
cathepsins contribute to TLR8 cleavage in the early/late endosomes.
Recent structural analysis of hTLR8 ECD-chemical ligand com-
plex demonstrated that purified TLR8 ECD protein is cleaved at
the loop region, and the N- and C-terminal halves remain associ-
ated, which contributes to ligand recognition and dimerization (39).
Indeed, noncovalent association of the N-terminal half of TLRS8
with the C-terminal half was detected by immunoprecipitation assay
in RAW macrophages stably expressing hTLR8 (Fig. 6B). Fur-
thermore, a pull-down assay revealed that ssRNA bound to the
cleaved/associated form of TLR8 in human macrophages (Fig. 6C).
TLR8 belongs to the same subfamily as TLR7 and TLR9 (14,
15), but localization and signaling are quite different. We showed
that hTLRS localized to the ER and the early/late endosomes, but
not to the lysosome, in monocytes and macrophages (Fig. 8B)
(10), whereas mTLR7 and mTLR9 localized to the endolysosomes
of macrophages and pDCs (8). The pH-dependent cathepsin
family and AEP are involved in the stepwise processing of TLR7
and TLRY at the C-terminal portion in mouse macrophages and
DCs, although their contribution depends on cell type (24-29). In
contrast, hTLR7 is processed at neutral pH, which is mediated
with furin-like proprotein convertase (30). In the case of hTLRS,
cathepsins mediate second-step processing of the N-terminal half,
resulting in the generation of the mature form of the N-terminal
half (Fig. 5A). Like hTLR7 processing, furin-like proprotein
convertase is indispensable for TLR8 cleavage at an early step
(Fig. 5B, 5C). Indeed, potential furin-like proprotein convertase—
recognition sites are present in LRR14 and the flexible loop of
hTLRS; one such site is located just before the N-terminus of the
C-terminal ECD fragment (39). The TLR8 mutant R467A/R470A/
R472A/R473A, in which arginine residues in the potential furin-
like proprotein convertase-recognition site were substituted with
alanine, was uncleaved when ectopically expressed in HEK293
cells and failed to transmit signals upon stimulation with CLO75
(Fig. 5C). Although a putative asparagine cleavage site for AEP is
found in the flexible loop of hTLR8 compared with that of
mTLR7/9 (27), this site is located within the TLR8-C sequence,
suggesting that AEP does not participate in TLRS cleavage. Thus,
proteases involved in processing of TLR7, TLRS, and TLR9 ap-
pear to be different and might depend on the localization of
receptors and species- and cell type—specific protease distribution.
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FIGURE 5. Furin-like proprotein convertases and cathepsins are involved in stepwise processing of hTLRS. (A) Monocytes were treated with GM-CSF in
the presence or absence of 10 uM z-FA-FMK for up to 3 d. At day 1, day 2, and day 3, cells were lysed, and lysates were subjected to SDS-PAGE under
reducing conditions, followed by Western blotting with anti~TLR8-N mAb (upper panels). The day-1 and day-2 monocytes were stimulated with medium
alone, CLO75 (2.5 pg/ml), or ssRNA40 complexed to DOTAP (2.5 wg/ml) for 24 h. IL-12p40 in the culture supernatants was measured using ELISA (lower
panel). (B) Monocyte-derived macrophages were pretreated with 20 wM DC1 for 4 h and then stimulated with medium alone, CLO75 (2.5 pg/ml), ssRNA40
complexed to DOTAP (2.5 pg/ml), or LPS (1 wg/ml) for 24 h. IL-12p40 in the culture supernatants was measured using ELISA (left panel). Lysates of
DCl-treated macrophages were analyzed by Western blotting with anti-TLR8-N mAb and anti-tubulin-o mAb (right panel). (C) The potential furin-like
proprotein convertase—recognition sites in LRR14 and insertion loop of h'TLRS (upper panel). Furin-like proprotein covertase—recognition site is R/K-Xn-
R/K (X, any amino acid residue; n = 0, 2, 4, or 6). HEK293 cells were transfected with empty vector, wild-type TLR8 or R467A/R470A/R4T2A/R4AT3A
TLR$ mutant plasmid together with NF-kB-luciferase reporter plasmid and phRL-TK (middle panel). Cells were stimulated with 2.5 pg/ml CLO75 or were
left untreated. Luciferase activity was measured 12 h after stimulation and expressed as fold induction relative to the activity of unstimulated cells (mean *
SD). Cell lysates prepared in the reporter assay (medium stimulation) were subjected to SDS-PAGE (7.5%), followed by Western blotting with anti~TLRS-
N mAbD and anti-tubulin-o mAb (bottom panel). Closed arrowhead indicates full-length TLRS. Open arrowheads indicate premature and mature TLR8-N.
Asterisk indicates high molecular mass band of TLR8. Representative data from two independent experiments are shown.

In freshly isolated human monocytes, cathepsins B and L are
distributed in endosomes rather than lysosomes, and their sp.

cleaved/associated TLR8 dimerizes without ligand, and ligand
binding to both N- and C-terminal halves induces structural reor-

act. is observed in endosomal, but not in lysosomal, fractions
(41). In addition, both cathepsins are expressed in HEK293 and
THP-1 cells, whereas cathepsin S is expressed in THP-1 cells but
not in HEK293 cells (K. Iwano, A. Watanabe, and M. Matsumoto,
unpublished data). Considering the endosomal, but not lyso-
somal, localization of hTLRS, stepwise processing of hTLR8
by furin-like proprotein convertase and members of the cathepsin
family, such as cathepsins B and L, might occur in early/late
endosomes.

UNC93B1 mediates ER exit of TLRS, resulting in the accu-
mulation of cleaved TLR8 in HEK293 celis (Fig. 1D). Notably, the
TLR8-activating ability was different between CL0O75 and ssSRNA40
in HEK293 cells transiently expressing TLRS (Fig. 1). Structural
analysis of unliganded and liganded TLR8 ECD revealed that

ganization of the TLR8 dimer (39). Mutagenesis analysis showed
that interaction sites of TLR8 ECD with ssRNA appear to differ
from those with chemical ligands. Oligomerization of TLRS dimer
might be required for ssRNA-induced signaling like dsRNA-
induced TLR3-mediated signaling (42). In HEK293 cells, a small
number of cleaved/associated TLR8 molecules is unable to induce
signals to activate NF-kB in response to ssSRNA40. In any case,
our cellular analysis indicates that cleaved/associated TLRS is
responsible for recognition of both chemical ligands and ssRNA,
and it induces innate immune responses in human primary cells.

Recent reports showed that dsRNA-sensing TLR3 undergoes
cathepsin-mediated cleavage in a cell type—dependent manner
(43-45). In addition, TLR3 recognizes incomplete stem structures
formed in ssRNA (46). The nucleic acid—sensing TLRs respond to
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FIGURE 6. The N-terminal half of TLRS is noncovalently associated with the C-terminal half. (A) Immunoblot analysis of RAW264.7 cells stably
expressing C-terminal FLAG-tagged hTLR8 or hTLR8Aloop mutant. Cell lysates were immunoprecipitated (IP) with anti-FLAG mAb. The immuno-
precipitates were resolved by SDS-PAGE, followed by immunoblotting (IB) with anti-FLAG pAb or anti-TLR8-N mAb. (B) Cell lysates of RAW264.7
cells stably expressing C-terminal FLAG-tagged hTLR8 were immunoprecipitated with anti-FLAG mAb. The immunoprecipitates were resolved by SDS-
PAGE under reducing and nonreducing conditions, followed by immunoblotting with anti-TLR8-N mAb. The blot was reprobed with anti-FLAG pAb
(middle panel). The ~210-kDa band is a nonspecific band observed in RAW cells. (C) ssRNA40 bound to the cleaved TLR8. Lysates of human macro-
phages were incubated with ssRNA40 (2.5 pg), biotinylated ssRNA40 (2.5 p.g), or biotin (0.145 jg) or were left untreated for 1 h at 4°C and pulled down
with streptavidin-Sepharose. Samples were analyzed by SDS-PAGE under reducing conditions, followed by immunoblotting with anti~TLR8-N mAb and
anti-TLRS-C pAb.

microbial nucleic acid, as well as to endogenous self nucleic acids,
in a sequence-independent, but motif-dependent, manner. Hence,
‘the cleaved/associated form of receptors might be beneficial for
recognition of nucleic acids with different nucleotide sequences
and structures (47).

The role of TLR8 in antiviral immunity in humans remains
unknown. In the case of HIV infection, TLR8 signaling appears to
benefit HIV replication (48), but another study demonstrated an

anti-HIV function for TLR8 (49). TLR8 expressed in neutrophils
mediates neutrophil extracellular trap formation in HIV-1 in-
fection via recognition of viral nucleic acids, which is useful for
HIV-1 elimination (50). In addition, TLR8-mediated IL-12p70
production by monocytes polarizes naive CD4* T cells into Thl
cells that mediate cellular immunity (51). Thus, TLRS triggers
important antimicrobial signals in distinctive cells that express
TLR& but not other nucleic acid-sensing TLRs.
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(treated with brefeldinA)
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FIGURE 7. Cleaved TLRS was generated after traveling through the Golgi. (A) Immunoblot (IB) analysis of monocyte-derived macrophage lysates
(5 X 10°) incubated with 1 1 Endoglycosidase H (E) or 2 ul N-glycosidase F (P) for 30 min at 37°C. Anti-TLR8-N mAb was used to detect full-length
and cleaved TLRS. (B) Accumulation of full-length TLRS8 by treatment of human macrophages with brefeldin A. Human macrophages were treated
with brefeldin A (2 wg/ml), a reagent that disrupts the Golgi, or vehicle for the indicated lengths of time. Cell lysates were separated by SDS-PAGE
under reducing conditions, followed by immunoblotting with anti-TLR8-N mAb. The band intensity of FL-TLR8 was quantified using National
Institutes of Health Image] software and normalized to that of tubulin. Results are expressed as fold intensity relative to the intensity of vehicle-treated
cells.
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FIGURE 8. TLRS localized to the p115 (Golgi)
early/late endosomes in human mac- TiRe
rophages. (A) UNC93B1 facilitated
intracellular trafficking of TLRS.
HEK?293 cells expressing FLAG-
tagged hTLRS8, with or without
UNC93B1, were fixed, permeabilized, TLREIUNCa3E!
and stained with anti-FLAG mAb and
the indicated pAbs against organelle EEA1
marker proteins, followed by Alexa (Early endosome)
Fluor 488-labeled or Alexa Fluor TiRs
568-labeled secondary Ab. Red, or-
ganelle markers; green, TLRS; blue,
DAPI-stained nuclei. Scale bar, 10
pm. Graphs display the measured TLRE/UNCI3B1
fluorescence intensity along the white
line in the merged panels of MPR and
TLRS with or without UNC93B1. (B) Lysotracker
Subcellular localization of endog- (Lysosome)
enous TLRS8 in monocyte-derived TLR8
macrophages. Macrophages were
fixed, permeabilized, and stained with
anti-TLR8-C pAb and the indicated
mouse mAbs against organelle marker TLRBUNCI3BY
proteins, followed by Alexa Fluor
488-labeled or Alexa Fluor 568-la-
beled secondary Ab. Red, organelle MPR
markers; green, TLRS; blue, DAPI- {Late endosome)
stained nuclei. Scale bar, 10 pm. TLRS

TLRBAINCI3BY

Late endosome merge

TLR7 and TLRY are closely associated with autoimmune dis-
orders because of their expression in B cells and pDCs (52, 53). The
relationship between TLR8 and autoimmune disorders was sug-
gested in a TLR8-knockout mouse study that showed a pivotal
role for mTLRS8 in the regulation of TLR7 expression and pre-
vention of spontaneous autoimmunity (54). In addition, a recent
study using hTLR8-transgenic mice clearly demonstrated the
connection between TLR8 and autoimmune inflammation (55).
TLR8 was shown to induce proinflammatory cytokine production
in response to microRNA within exosomes from tumor cells (38).
In view of the unique expression profile and signaling skewed
toward NF-kB activation, TLR8 might be involved in the develop-
ment of inflammatory disorders in a distinct manner. Identification of

(TLR8)  merge

calnexin (ER)

GM-130 (Golgi)

EEA1
Early endosome)

MPR
{Late endosome)

Lamp-1
{Lysosome)

+UNCE3B1 fnerge

endogenous and exogenous TLRS ligands and their recognition
mechanisms are important for a full understanding of the role of
TLR8 in innate immunity and protection against undesirable in-
flammation and autoimmune responses.
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Supplementary Table Sl

PCR primers used in this study

hTLR7-Fw 5-TTACCTGGATGGAAACCAGC-3’

hTLR7-Re 5-GCAGAATTTACCATCCCCA-3

hTLR8-Fw 5’-CAGAATAGCAGGCGTAACACATCAZ

hTLR8-Re 5-AATGTCACAGGTGCATTCAAAGGG-3

hTLRO-Fw 5-TTATGGACTTCCTGCTGGAGGTGC-3’

hTLR9-Re 5-CTGCGTTTTGTCGAAGACCA-3’

B-actin-Fw 5-ATCTGGCACCACACCTTCTACAATGAGCTGCG-3'
B-actin-Re 5-CGTCATACTCCTGCTTGCTGATCCACATCTGC-3’

gPCR primers used in this study

hTLR8-Fw 5-GAGAGCCGAGACAAAAACGTTC-3
hTLR8-Re 5-TGTCGATGATGGCCAATCC-3’
TNF-a-Fw 5-TCTTCTCGAACCCCGAGTGA-3'
TNF-a-Re 5-AGCTGCCCCTCAGCTTGA-3
IL-6-Fw 5-CTCCAGGAGCCCAGCTATGA-3
IL-6-Re 5’-CCCAGGGAGAAGGCAACTG-3
IL-12p40-Fw 5-CTGTGCCCTGCAGTTAGGTTC-3
IL-12p40-Re 5-TCCACTTTTCCTCCAAATTTTCA-3
B-actin-Fw 5’-CCTGGCACCCAGCACAAT-3’
B-actin-Re 5-GCCGATCCACACGGAGTACT-3
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Supplementary Figure S1. UNC93B1 promoted CL075-induced TLR8-mediated NF-kB activation in HEK293 cells.

A, HEK293 cells were transiently transfected with maximum amounts of C-terminal FLAG-tagged wild-type or mutant

TLR8 plasmids (TLR8Aloop and TLR8-C) (56 ng), UNC93B1 plasmid (14 ng) or vector alone together with NF-kB—luciferase
reporter plasmid and phRL-TK. Twenty-four hours after transfection, cells were stimulated with CL075 (2.5 pg/ml),

DOTAP alone, ssRNA40 complexed with DOTAP (2.5 pg/ml) or left untreated. Luciferase activity was measured 12 h after
stimulation and expressed as fold induction relative to the activity of unstimulated cells. Representative data from two
independent experiments, each performed in triplicate, are shown (mean + SD).

B, Protein expression of wild-type and mutant TLR8 in HEK293 cells. Cell lysates prepared in A (medium) were subjected to
SDS-PAGE (7.5%) followed by western blotting with anti-FLAG mAb and anti-tubulin o. mAb.
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Supplementary Figure S2. Characterization of anti-human TLR8-C pAb.

A, B, HEK293FT cells were transfected with the indicated plasmids. Twenty-four hours after transfection,
cells were lysed and subjected to SDS-PAGE followed by immunoblotting with anti-TLR8-N mAb and
anti-TLR8-C pAb. Asterisk indicates non-specific bands. TLR8-N represents a truncated mutant form of
TLR8 that consists of LRR-NT and LRR1-14.
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Supplementary Figure S3. Flow cytometric analysis of CD68 and CD80
expression in human monocytes and monocyte-derived macrophages.
Monocytes and monocyte-derived macrophages stimulated with 2.5 pg/ml
CLO075 for 24 h or left untreated were stained with FITC anti-human CD68
mADb or PE anti-human CD80 mAb.

Shaded histograms represent cells labeled with isotype-matched control Ab.
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broad-target HTAs, examples of which include interferon-a,
interferon-P, interferon-Al and amantadine, have been developed
and tested against HAV [2,19-25]. These compounds could
inhibit HAV IRES-dependent translation as well as HAV
replication [2,21,22]. HTAs of the targeted group are more
precise in that they act on key host enzymes or cellular factors that
are required for the viral lifecycle [9].

Our previous studies suggested that several siRNAs against
HAV 5'NTR suppress HAV translation as well as HAV
replication [17]. The nucleotide sequences of 5'NTR are one of
the most conserved in HAV genomes [8,26]. These facts suggest
that HAV IRES is one of the attractive targets of antiviral agents
against HAV. It has been reported that several cellular proteins
such as autoantigen La [27], glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) [28,29], polypyrimidine tract-binding pro-

Introduction

Hepatitis A virus (HAV) is a non-enveloped single-stranded
RNA virus, with ~7.6 kb positive-sense genome. The genome
includes 5’ non-translated region (5'NTR), one open reading
frame encoding structural (VP4, VP2, VP3, VP4 and 2A) and non-
structural proteins (2B, 2C, 3A, 3B, 3C and 3D), and 3'NTR [1].
HAV genome translation could be initiated by cap-independent
mechanism through HAV internal ribosomal entry-site (IRES)
with a pyrimidine-rich tract, which is located at the down-stream
part of 5’NTR [2]. HAV is still 2 major cause of acute hepatitis
[3,4]. Although acute liver failure due to HAV is not common, it is
still occasionally fatal [5], despite HAV vaccine having become
available [6-8]. This emphasizes the importance of the develop-
ment of antiviral agents against HAV.

In general, two distinct classes of antiviral agents, direct-acting
antivirals (DAAs) and host-targeting antivirals (HTAs), exist [9].
Several groups have reported DAAs against HAV, such as
inhibitors of HAV 3C cysteine proteinase, which is essential for
viral replication and infectivity [10-15]. Small interfering RNAs
against HAV genome are also varieties of DAAs [16-18]. Several
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tein (PTB/hnRNPI) [29-31], poly(C) binding protein 2 (PCBP2/
hnRNP-E2) [32], polyadenylate-binding protein-1 (PABP) [33],
eukaryotic translation initiation factor 4E (eIF4E) [34] and
eukaryotic translation initiation factor 4E (eIF4G) [33,35,36]
could interact with HAV IRES i wvifro or m vive, and could be
associated with HAV replication.
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Human La protein is predominantly localized in the nucleus
and is associated with RNA metabolism [37]. It has been reported
that La was associated with Ul RNA [38], telomerase RNA [39],
5'NTR of poliovirus [27], hepatiis C virus (HCV) [40] and
GRP78/Bip [41]. La could interfere with IRES-mediated
translation.

In the present study, we investigated the therapeutic feasibility
of siRINAs specific for these putative cellular cofactors for HAV
IRES-mediated translation. It was revealed that siRINA against La
(siRNA-La) could inhibit HAV IRES activities as well as HAV
subgenomic replication. We also found that JAK inhibitors SD-
1029 and AG490, which inhibit La expression, could inhibit HAV
IRES activities as well as HAV replication. The present study
demonstrated the proof-of-concept for the inhibition of La as a
method for suppressing HAV replication.

Results

Effects of silencing of cellular factors on HAV IRES-
mediated translation

Although the exact mechanisms are not fully understood, it has
been reported that HAV IRES could interact with various
endogenous genes [27-34], suggesting important roles of these
proteins in HAV IRES-mediated translation and HAV replica-
tion. La, GAPDH, PTB and PCBP2 have been shown to bind to
HAV IRES domains IIIb and V [23], IIla (28], I-I11Ib [30] and I-
b [32], respectively. PABP, eIF4E and ell4G also interact with
HAV IRES [33-36]. To determine whether cach siRNA against
these factors had a specific siRNA effect, knockdown of these
molecules was validated by Western blotting, respectively
(Figure 1A-1G). To examine the effects of the knockdown of
these genes on HAV IRES-mediated translation, Huh7 cells were
cotransfected with each siRNA, and pSV40-HAV-IRES, which
contains SV40 promoter, renilla luciferase (Rluc) and nt. 139-854
of HAV sequence fused firefly luciferase (Fluc) gene [2]. After 48 h
transfection, the cell lysates were analyzed for HAV IRES
activities (Fluc/Rluc) as previously described (Figure 1H)
[17,21]. Compared with the HAV IRES activity in Huh7 cells
transfected with control siRNA (siRNA-control) (100%), that
transfected with siRNA-La was 39%, but those of the others were
not inhibited (Figure 1H). These results provide further evidence
of La being a potential cofactor for HAV IRES activity, indicating
the possible usefulness of siRINA-La against HAV infection.

Effects of silencing of La on HAV subgenomic replication

Next, we examined the effect of the silencing of La on HAV
subgenomic replication [42] (Figure 2). To test luciferase activity
due to translation or translation and replication, we introduced a
replication-competent HAV  replicon (pT7-18f-LUC) and a
replication-incompetent HAV replicon (pT7-18£LUC mut) into
HuhT7 cells [21,42], with or without amantadine treatment,
which is effective for suppressing HAV replication [2,21].
Reporter assays were performed 24 h, 48h or 72 h after
transfection. Relative luciferase activities of pT7-18£LUC co-
transfected with siRNA-control or siRINA-La, respectively, were
100% or 15.4% at 24 h, 100% or 28.7% at 48 h, and 100% or
21.7% at 72 h after transfection (Figure 2A). On the other hand,
those of pT7-18£LUC mut cotransfected with siRINA-control or
siRNA-La, respectively, were 94% or 3.7% at 24 h, 63.8% or
7.9% at 48 h, and 54.2% or 2.9% at 72 h after transfection
(Figure 2A). Because the luciferase values of pT7-18£LUC or
pT7-18£LUC mut were due to translation with replication or
translation without replication, respectively [21,42], it was
confirmed that siRNA-La might suppress HAV IRES-mediated
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translation. The effects of siRNA-La also enhanced the amanta-
dine induced-suppression of HAV subgenomic replication
(Figure 2B).

JAK inhibitors AG490 and SD-1029 could suppress La
expression

Because it was reported that La expression is dependent on
JAK2YSF in murine pro B Ba/F3-EPOR-derived cell line [42],
the effects of two JAK2 inhibitors, AG490 and SD-1029, on La
expression were examined. Initially, we cvaluated the cytotoxi-
city of AG490 and SD-1029 on African green kidney GL37 cells
by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt (MTS) assay. AG490
concentration in a range of 100-10,000 nM and SD-1029
concentration in a range of 100-5,000 nM were not toxic in 48-
h incubation (Figure 3A, 3B). With these concentrations, we tested
the effects of AG490 and SD-1029 on La expression in GL37 cells,
which supports HAV replication [21]. The results of Western
blotting showed that La expression was decreased in a concen-
tration-dependent manner with AG490 (Figure 3C) and SD-1029
(Figure 3D). These data prompted us to examine whether these
drugs had an inhibitory effect on HAV IRES-mediated translation
or HAV replication.

Effects of AG490 and SD-1029 on HAV IRES-mediated
translation

COS7 cells stably expressing pSV40-HAV-IRES (COS7-HAV-
IRES cells) were generated. To evaluate HAV IRES activity, after
COS7 cells were cotransfected with pSV40-HAV IRES and
pCXN2, and cultured in the presence of 500 pg/mL G418 for 3
wecks, COS7-HAV-IRES cells were established, making it easy to
evaluate HAV IRES activity (Figure 4A). Treatment of these cells
with AG490 resulted in the inhibition of HAV IRES activities
(100%, 94%, 99%, 93%, 71% and 70% at 0, 100, 500, 1,000,
5,000 and 10,000 nM AG490, respectively) (Figure 4B). Treat-
ment of these cells with SD-1029 resulted in the inhibition of HAV
IRES activities (100%, 95%, 96%, 85%, 42% and 21% at 0, 100,
500, 1,000, 5,000 and 10,000 nM SD-1029, respectively)
(Figure 4C).

Effects of AG490 and SD-1029 on HAV replication

We established GL37 stably expressing both short hairpin
(sh)RNA-La (GL37-shLa cells) and control shRNA (GL37-shC
cells) after GL37 cells were cotransfected with plasmid shRNA-La
and plasmid shRINA-control, respectively, and cultured in the
presence of puromycin. We examined whether shRNA-La could
inhibit the replication of HAV HA11-1299 genotype IIIA strain in
these GL37-derived cell lines. Western blotting analysis demon-
strated that knockdown of La was validated in GL37-shLa cells,
compared to GL37-shC cells (Figure 5A). As shown in Figure 5B,
HAV RNA levels were 6.07 x10° copies/ g cellular RNA (92%) in
GL37-shLa cells, in comparison with 6.63x10° copies/jig cellular
RNA (100%) in GL37-shC cells after 72 h of HAV infection at a
multiplicity of infection (MOI) of 0.1.

Next, we investigated whether AG490 or SD-1029 could inhibit
the replication of HAV HA11-1299 genotype IIIA strain in GL37
cells. Cells were treated with AG490 or SD-1029 for 24 h, infected
with HAV HAI11-1299 genotype IIIA strain at MOI of 0.1, and
washed with PBS 7 h later. After 96 h of HAV infection, cellular
RNA was extracted, and HAV RNA levels were determined using
real-time RT-PCR. As shown in Figure 5C, HAV RNA levels
were 5.27 x10%, 5.46x10* or 2.58 x10* copies/ug of cellular RNA
(63%, 65% or 31%) in GL37 treated with 100, 1,000 or
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Figure 1. Knockdown of La inhibits hepatitis A virus (HAV) internal ribosomal entry site (IRES) activities. Effects of siRNAs on
endogenous gene expression in Huh7 (A-G). Approximately 0.5 x10° cells were transfected with 100 nM siRNA against La (siRNA-La), glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (siRNA-GAPDH), polypyrimidine tract-binding protein (PTB/hnRNPI) (siRNA-PTB), poly(C) binding protein 2
(PCBP2/hnRNP-E2) (siRNA-PCBP2), polyadenylate-binding protein-1 (PABP) (siRNA-PABP), eukaryotic translation initiation factor 4E (elF4E) (iRNA-
elF4E), eukaryotic translation initiation factor 4E (elF4G) (siRNA-elF4G) or control siRNA (siRNA-control). Protein expression was determined by
Western blotting using each specific antibody. GAPDH or tubulin was used as control. (A) La, (B) GAPDH, (C) PTB/hnRNPI, (D) PCBP2, (E) PABP, (F)
elF4E, and (G) elF4G expressions are shown. (H) Effects of each siRNA on the HAV IRES activities. Huh7 cells were cotransfected with 0.3 pg pSv40-
HAV-IRES [2] with each siRNA at 100 nM. Cells were harvested 48 h post-transfection and luciferase activities were measured. Activities of HAV IRES
were calculated as previously described [17,21]. Data are expressed as mean * SD. ¥*P<0.05 vs. Huh7 cells transfected with (siRNA-control).

doi:10.1371/journal.pone.0101993.g001

10,000 nM AG490, respectively, in comparison with 8.35x10*
copies/ug of cellular RNA (100%) in GL37 without any treatment
after 96 h of HAV infection at MOI of 0.1. As shown in Figure 5D,
HAV RNA levels were 4.26 x10* or 4.12x10* copies/pg cellular
RNA (51% or 49%) in GL37 treated with 100 or 1,000 nM SD-
1029, respectively, in comparison with that in GL37 without any
treatment after 96 h of HAV infection at a MOI of 0.1. ELISA
analysis of tissue culture-adapted HAV KRMO003 genotype IIIB
strain in GL37 cells [21] also showed mild inhibition of viral
propagation with 500-1,000 nM AG490 but not with SD-1029 at
48 h post-infection (data not shown).

Discussion

In the present study, we examined the effects of the knockdown
of La in cell lines infected with HAV. We observed the inhibition
of HAV replication by sh-La. We also observed that inhibitors of
La, AG490 and SD-1029, induced the suppression of HAV
genotype IITA replication. Of course, HAV vaccine has already
been developed. Although patients with acute hepatitis A are not
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usually treated with antiviral drugs, there are occasionally patients
with severe acute hepatitis A such as fatal acute liver failure. To
our knowledge, ours is the first study to report that a reduction of
La can suppress HAV replication in cell culture.

It has been reported that down-regulation of La was induced by
(-)-epigallocatechin gallate, iron chelator deferxamine and JAK
inhibitor AZD1480 [43-45]. Ferric ammonium citrate up-
regulates La expression [45]. It was reported that HBSC-11, an
inhibitor of La, has an anti-HBV activity in which HBSC-11 may
be mediated by a reduction in La levels [46]. Because we did not
observe any effects of (-)-epigallocatechin gallate or ferric
ammonium citrate on La expression in our experiments (data
not shown), we chose JAK inhibitors in the present study. Our
study suggested that anti-HAV activity of AG490 and SD-1029
should also be mediated by a reduction of La. It is possible that La
inhibitors could be useful as antiviral drugs.

The use of 1,000 nM of AG490 and SD-1029 reduced La
expression in GL37 cells (Figure 3C, 3D). However, there were no
effects on HAV IRES activities up to this concentration in GOS7-
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Figure 2. Knockdown of La inhibits hepatitis A virus (HAV) subgenomic replication. (A) Effects of siRNA against La (siRNA-La) on the HAV
replication-competent replicon pT7-18f-LUC [HAV Rep (+)] or replication-incompetent replicon pT7-18f-LUCmut [HAV Rep (-)] replication.
Approximately 0.5x10° HuhT7 cells were cotransfected with 0.3 pg pT7-18f-LUC/pT7-18f-LUCMmut [42] and 100 nM siRNA against La (siRNA-La)/
control siRNA (siRNA-control). After 24 h (left), 48 h (middle) or 72 h (right), cell lysates were collected and luciferase activities were measured. (B)
Effects of siRNA against La (siRNA-La) with or without amantadine on the HAV subgenomic replication-competent replicon pT7-18f-LUC.
Approximately 0.5x10% HuhT7 cells were cotransfected with 0.3 ug pT7-18f-LUC and 50 nM siRNA against La (siRNA-La)/control siRNA (siRNA-
control). After 24 h transfection, cells were treated with 5 ug/mL amantadine (white column) or without (black column). After 48 h (left) or 72 h
(right) transfection, cell lysates were collected and luciferase activities were measured. Data are expressed as mean * SD. *P<0.05.
doi:10.1371/journal.pone.0101993.g002

HAV-IRES cells (Figure 4B, 4C). These discrepancies might be a
result of these two different cell lines, or this might be one of the
points needing improvement in COS7-HAV-IRES cells.
Although AZD1480 was an inhibitor of JAK1 and JAK?2 [46],
AG490 is a tyrosine kinase inhibitor of JAK2, JAKS, epidermal
growth factor (EGFR) and v-erb-b2 avian erythroblastic leukemia

100 300 LO0Q 5000 10000
AGH90 (nM)

560 1000 D(}i}(} 10,000
SD-1029 (nM)

GL37

Cell viability (%)
! v
s & = 3B
c :—__‘
.

=

GL37

Cell viability (34}
i -
s < Ly

viral oncogene homolog 2 (Neu) [47,48], and JAK?2 inhibitor III
SD-1029 acts as a JAK2-selective inhibitor [49]. Of interest is that
these three JAK inhibitors reduce cellular La expression (Figure 3G
and 3D) [45]. HAV and HCV modulate the JAK/STAT signaling
pathway [50,51]. Further studies will be neceded at this stage,
although several specific JAK inhibitors have been developed and
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Figure 3. Effects of AG490 and SD-1029 on cell viability and La expression in GL37 cells. MTS assays of cells 48 h after treatment with
AG490 (A) or SD-1029 (B) at indicated concentrations. Data are expressed as mean * SD. Western blotting analysis. Approximately 1 x10° cells were
incubated in the presence of AG490 (C) or SD-1029 (D) at indicated concentrations. Twenty-four hours after treatment, cell lysates were analyzed for
La and GAPDH expressions using specific antibodies. Data are expressed as mean = SD. ¥P<<0.05.

doi:10.1371/journal.pone.0101993.g003
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Figure 4. Effects of AG490 and SD-1029 on hepatitis A virus (HAV) internal ribosomal entry site (IRES) activities. (A) HAV IRES activities
of COS7 cells stably expressing pSV40-HAV-IRES (COS7-HAV IRES cells). 0.5 x10° cells were seeded, cell lysates were collected 24 h later, and luciferase
assay was performed for determination of HAV IRES activities. (B) Effect of AG490 on HAV IRES activity in COS7-HAV IRES cells. (C) Effect of SD-1029 on
HAV IRES activity in COS7-HAV IRES cells. The cells were cultured with AG490 or SD-1029 at the concentrations indicated, and reporter assay was
performed after 24 h of treatment. Activities of HAV IRES were calculated as previously described [17,21]. Data are expressed as mean = SD. *P<0.05.

doi:10.1371/journal.pone.0101993.g004

there are ongoing trials for the treatment of myeloproliferative
neoplasms [52], allergic skin diseases [53] and rheumatoid arthritis
[54].

HAV replicates in the cytoplasm of hepatocytes, although La
exists predominantly in the nucleus [37]. Previous studies have
suggested that La associates with IRES-mediated translation
[27,40,41], and the present study also demonstrated that La plays
a potential role in HAV IRES-mediated translation. Our result
also showed that HAV IRES-mediated translation was helped by
La, in contrast to the previous observation [27]. These differences
might be related to the experimental system such as in vivo or in
vitro, and cell lines. Although HAV RNA levels were reduced by
5.6x10* copies/ug cellular RNA when comparing GL37-shLa
cells with GL37-shC cells (Figure 5B), it might be possible that
other host factors are involved in suppressing HAV replication by
JAK inhibitors. Further studies will be needed.

In the study field of HCV infection, the development of two
distinct antiviral agents, DAAs and HTAs, could lead to higher
sustained virological response rates via reductions of adverse
events and treatment duration [9] compared to the former
standard treatment [55]. The use of La inhibitor, one of the HTAs
for HAV, alone or in combination with DAAs, might be beneficial
for certain patients infected with HAV.

There are three HAV genotypes, 1, II and III, of human origin
[56]. The inhibitory effects of AG490 and SD-1029 on HAV
subgenotype IIIA strain were observed by real-time PCR methods.
But only weak inhibition of AG490 on HAV subgenotype I1IB was

PLOS ONE | www.plosone.org

observed by ELISA methods. This may be related to the different
methods of detection for HAV, that is, by RT-PCR or ELISA.
There might also be differences among the different HAV
subgenotypes, although HTAs have a high genetic barrier to
resistance and a pan-genotypic antiviral activity [57]. Further
studies on the exact mechanism of the association between La and
HAV replication will be needed. In conclusion, inhibition of La by
siRNAs and chemical agents could lead to the inhibition of HAV
IRES-mediated translation and HAV replication in cell culture
models. Our findings suggest that La plays important roles in
HAV replication and should be exploited as one of the therapeutic
targets.

Materials and Methods

Cells, virus and reagents

Human hepatoma cells (Huh7 and HuhT7, which stably
express T7-RINA polymerase [42]) and African green monkey
kidney cells (COS7 and GL37 [21,22,56,58]), were grown in
Dulbecco’s modified essential medium (DMEM, Sigma-Aldrich,
St. Louis, MO, USA) containing 10% fetal bovine serum, 100
units/ml penicillin and 100 pg/ml streptomycin (Sigma) at 37°C
in 5% CO,. Huh7 and COS7 cells were purchased from JCRB
cell bank, National Institute of Biomedical Innovation, Osaka,
Japan. HAV subgenomic replicon was previously described [42].
Briefly, the structures of the competent HAV replicon (HAV) and
incompetent HAV replicon (mut-HAV replicon) containing a
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Figure 5. Antiviral activities of shRNA-La, AG490 and SD-1029 on hepatitis A virus (HAV) replication. (A) La protein expression in GL37
stably expressing shRNA-La (GL37-shLa cells) and GL37 stably expressing control shRNA (GL37-shC cells). Western blotting was performed with
specific antibodies indicated. (B) Real-time PCR analysis of intracellular HAV RNA following HAV HA11-1299 genotype IlIA strain infection in GL37-shC
or GL37-shla cells. (C) Suppression of HAV infection in GL37 treated with AG490 at concentrations indicated. (D) Suppression of HAV infection in GL37
treated with SD-1029 at concentrations indicated. Cells were treated with AG490 or SD-1209 for 24 h, infected with HAV HA11-1299 genotype IlIA
strain at MOI of 0.1, and washed with PBS 7 h later. After 96 h of HAV infection, cellular RNA was extracted, and HAV RNA levels were determined

using real-time RT-PCR. Data are expressed as mean = SD. *P<<0.05.
doi:10.1371/journal.pone.0101993.g005

frame-shift mutation in polymerase 3D were reported [42]. These
replicons also contain an open-reading frame of firefly luciferase.
HAV HAI11-1299 genotype IIIA strain and HAV KRMO003
genotype IIIB strain [21] were also used. The simian virus (SV) 40
promoter plasmid pSV40-HAV IRES was used as reported
previously [2,17]; it encodes in a bicistronic fashion the Renilla
reniformis luciferase (Rluc), the hepatitis A virus internal
ribosomal entry site (HAV IRES), followed by the firefly luciferase
(Fluc). AG490 (Calbiochem, Billerica, MA, USA), SD-1029 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) and amantadine
(Sigma) were used in the present study.

Transfection of shRNA and siRNAs

To stably establish GL37-shLa and control GL37-shC cells,
respectively, we used the plasmids shRNA-La (shLa) and shRNA-
control (shC) purchased from Santa Cruz. After electroporation of
the plasmids, GL37 cells were placed in 10-mm-well plates (Iwaki
Glass, Tokyo, Japan), and treated with 3 pg/mL puromycin for
selection of antibiotic-resistant colonies over a 2-week period. We
then confirmed the expression of endogenous La by Western
blotting. siRNAs against La (siRNA-La), GAPDH (siRNA-
GAPDH), PTB (siRNA-PTB), PCBP2 (siRNA-PCBP2), PABP
(siIRNA-PABP), eIF4E (siRNA-cIF4E), eIF4G (siRNA-eIF4G) and
control siRNA (siRNA-control) were purchased from Santa Cruz.

Transfection and luciferase assay

Huh7 cells were seeded in 6-well plates one day before
transfecton, and cotransfected with 0.3 pug of the pSV40-HAV-
IRES plasmid and 100 nM of each siRNA using Effectene
transfection reagent (Qiagen, Hilden, Germany). Forty-eight hours
after transfection, cell lysates were collected using a luciferase lysis
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buffer (Promega, Madison, WI, USA) according to the manufac-
turer’s instructions. Luciferase activity was measured with a
luminometer (AB-2200-R; ATTO, Tokyo, Japan).

Western blotting

Cells were lysed in sodium dodecyl sulfate sample buffer, and
after sonication, lysates were used for Western blotting analysis.
Briefly, proteins were subjected to electrophoresis on 5-20%
polyacrylamide gels and transferred onto polyvinylidene difluoride
membranes (ATTO, Tokyo, Japan). Membranes were incubated
with specific antibodies for La, GAPDH, PTB, PCBP2, PABP,
elF4E, eIF4G and tubulin (Santa Cruz). After washing, mem-
branes were incubated with secondary horse-radish peroxidase—
conjugated antibodies. Signals were detected by means of
enhanced chemiluminescence (GE Healthcare, Tokyo, Japan)
and scanned by image analyzer LAS-4000 and Image Gauge
(version 3.1) (Fuji Film, Tokyo, Japan) and Scion Image (Scion)
software.

RNA extraction and real-time RT-PCR

After 96 h or 72 h of HAV infection, total RNA was isolated
using the RNeasy Mini Kit (Qiagen). One microgram of RINA was
reverse-transcribed with the PrimeScript RT reagent (Perfect Real
Time; Takara, Otsu, Japan). PCR amplification was performed on
cDNA templates using primers specific for HAV (sense primer 5’-
AGGCTACGGGTGAAACCTCTTAG-3' and antisense primer
5'-GCCGCTGTTACCCTATCCAA-3") [59]. For RNA quanti-
fication, real-time PCR was performed using Power SYBR Green
Master Mix (Applied Biosystems, Forester City, CA, USA)
following the manufacturer’s protocol. Data analysis was based
on the Standard curve method.
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MTS assay

To evaluate cell viability, M'TS assays were performed using a
Cell Titer Aqueous One Solution Proliferation Assay (Promega)
according to the manufacturer’s instructions.

Statistical analysis
Statistical analysis was performed using Student’s t-test. P-values
<0.05 were considered statistically significant.
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