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Endosomal Localization of TLRS Confers Distinctive
Proteolytic Processing on Human Myeloid Cells

Noriko Ishii,! Kenji Funami, Megumi Tatematsu, Tsukasa Seya, and Misako Matsumoto

Nucleic acid—sensing TLRs are involved in both antimicrobial immune responses and autoimmune inflammation. TLRS is phyloge-
netically and structurally related to TLR7 and TLR9, which undergo proteolytic processing in the endolysosomes to generate functional
receptors. Recent structural analyses of human TLRS8 ectodomain and its liganded form demonstrated that TLRS is also cleaved, and
both the N- and C-terminal halves contribute to ligand binding. However, the structares and ssRNA recognition mode of endogenous
TLRS in human primary cells are largely unknown. In this study, we show that proteolytic processing of TLR8 occurs in human
monocytes and macrophages in a different manner compared with TLR7/9 cleavage. The insertion loop between leucine-rich repeats 14
and 15 in TLRS is indispensable for the cleavage and stepwise processing that occurs in the N-terminal fragment. Both furin-like
proprotein convertase and cathepsins contribute to TLRS cleavage in the early/late endosomes. TLRS recognizes viral ssSRNA and
endogenous RNA, such as microRNAs, resulting in the production of proinflammatory cytokines. Hence, localization sites of the
receptors are crucial for the nucleic acid—sensing mode and downstream signaling. The Journal of Immunology, 2014, 193: 5118-5128.

iscrimination between self and nonself by the innate
D immune system is crucial for swift elimination of infec-
tious microbes, as well as protection against autoimmune
disorders (1, 2). The compartmentalized pattern recognition
receptors, including TLR3, TLR7, TLR8, and TLR9, participate in
the recognition of extracellular microbial nucleic acids and trans-
mission of innate immune signaling (3). The nucleic acid-sensing
TLRs localize to the endosomal compartments (4, 5), which pre-
vents them from responding to self nucleic acids in steady-states.
The endoplasmic reticulum (ER)-resident multispan transmem-
brane protein UNC93B1 is indispensable for intracellular locali-
zation and signaling of these TLRs (6-10). UNC93B1 associates
with TLR3, TLR7, TLRS8, and TLRSY through transmembrane
domains in the ER and promotes intracellular trafficking of those
TLRs from the ER to the Golgi. However, the destination of each
TLR is regulated by distinct determinants within TLRs (10-13).
TLR7, TLR8, and TLR9 form a subfamily of proteins that shares
structural features (14, 15). Their ectodomains (ECDs) consist of
26 leucine-rich repeats (LRRs) with a large insertion loop between
LRR14 and LRR15 and N- and C-terminal flanking region,
LRRNT and LRRCT (16). Ligand binding to TLR-ECD induces
receptor dimerization, allowing access of adaptor molecule MyDg8
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to the cytoplasmic Toll-IL-1R (TIR) domains (17). TLR7 and
TLR8 recognize ssSRNA and synthetic imidazoquinoline deriva-
tives (18-21), whereas TLR9 recognizes CpG-containing DNA
(22, 23). Accumulating evidence indicates that TLR7 and TLR9
undergo proteolytic processing in the endolysosomes of macro-
phages and plasmacytoid dendritic cells (pDCs) to generate func-
tional receptors (24-29). The pH-dependent endosomal cathepsins,
as well as a cysteine lysosomal protease asparaginyl endopepti-
dase (AEP), participate in mouse (m)/human (h)TLR9 and mTLR7
cleavage at the loop region, which is necessary for nucleic acid
sensing. Hipp et al. (30) also demonstrated that hTLR7 processing
is mediated with furin-like proprotein convertase. Although the
truncated receptors appear to be signaling competent (26, 29),
the N-terminal fragment contributes to full activation of the receptors
via association with the C-terminal half (31, 32).

In humans, TLRS is expressed in myeloid cells, including mono-
cytes, neutrophils, macrophages, and myeloid dendritic cells (DCs),
and in regulatory T cells (33-36). TLRS recognizes viral GU-rich
ssRNA and endogenous RNA, such as microRNAs within exo-
somes, leading to the production of proinflammatory cytokines but
not type I IFNs (37, 38). Recent structural analysis of hTLR8 ECD
and its ligand complex showed that TLRS is cleaved as well, and
both the N- and C-terminal halves are engaged in ligand recog-
nition (39). However, whether the proteolytic cleavage of en-
dogenous TLR8 actually occurs in human primary cells and how
TLR8 undergoes processing remain obscure. In this study, we
investigated the cleavage of TLR8 and its requirement for ligand
recognition in human primary cells, including monocytes and
monocyte-derived macrophages.

Materials and Methods

Cell culture, Abs, and reagents

HEK?293 cells were maintained in DMEM low glucose (Invitrogen) sup-
plemented with 10% heat-inactivated FCS (BioSource International) and
antibiotics. HEK293FT celis were maintained in DMEM high glucose
supplemented with 0.1 mM nonessential amino acids, 10% heat-inactivated
FCS, and antibiotics. RAW264.7 cells and THP-1 cells were maintained in
RPMI 1640 (Invitrogen) supplemented with 10% heat-inactivated FCS,
55 uM 2-ME (for THP-1 cells), and antibiotics. Human monocytes and
B cells were isolated from PBMCs obtained from healthy individuals with
a magnetic cell sorting system using anti-CD14—coated and anti-CD19-
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coated MicroBeads (Miltenyi Biotec, Gladbach, Germany), respectively.
Purity was checked routinely by FACS and was >95%. Monocyte-derived
macrophages were differentiated from CD14* monocytes by culturing with
20 ng/ml recombinant hGM-CSF (PeproTech) for 6 d. Anti-FLAG M2
mADb, anti-FLAG polyclonal Ab (pAb), brefeldin A, z-FA-FMK, DC1 (3,3'-
(5-Indolyl methylene)bis(4-hydroxycoumarin)), and LPS (Escherichia coli
0111:B4) were purchased from Sigma-Aldrich. In addition, the following
Abs were used in this study: PE mIgGl, PE anti-human CD80 mAb, and PE
anti-human CD19 mAb (all from eBioscience); FITC mlgG2b, PE anti-
human CD14 mAb, and FITC anti-human CD68 mAb (all from Bio-
Legend); Alexa Fluor- or HRP-conjugated secondary Abs (all from
Invitrogen); anti-early endosome Ag 1 rabbit mAb (Cell Signaling Tech-
nology Japan); anti-GM130 mAb (BD Transduction Laboratories);
anti-calnexin pAb (Stressgen; Victoria, BC, Canada); anti-p115 pAb,
anti-mannose 6 phosphate receptor (MPR) pAb, anti-MPR mAb, and anti-
calnexin mAb (all from Abcam, Cambridge, U.K.), anti-Lamp-1 mAb and
anti-tubulin-o mAb (BioLegend); and anti-hTLRS rabbit mAb (CST Japan).
Affinity-purified rabbit pAb against hTLR8 cytoplasmic region was gener-
ated by MBL. LysoTracker Red was purchased from Invitrogen. CLO75 was
from InvivoGen. ssRNA40 (5'-GCCCGUCUGUUGUGUGACUC-3', a 20~
mer phosphorothioate protected ssSRNA oligonucleotide) and biotinylated
ssRNA40 were synthesized by Hokkaido System Science (Sapporo, Japan).

Plasmids

cDNAs for hTLR7 and hTLR8 were cloned in our laboratory by RT-PCR
from the mRNA of monocyte-derived macrophages and were ligated into
the cloning site of the expression vector, pEF-BOS, which was provided by
Dr. S. Nagata (Kyoto University). The FLAG tag was inserted into the
C terminus of pEF-BOS expression vectors for hTLR7 and hTLRS. The
C-terminal FLAG-tagged TLR8 mutant lacking the flexible loop between
LRR14 and LRR15 (TLR8 lacking the flexible loop between LRR14 and
LRR15 [TLR8Aloop]) and the mutant lacking LRR1-14 and the flexible
loop (TLR8 C-terminal fragment [TLR8-C]) were generated by PCR
with KOD-Plus DNA polymerase (TOYOBO) using specific primers
(forward primer: 5'-TATGGAAAAGCCTTAGATTTAAGCC-3’, reverse
primer: 5'-ATAACTCTGCCGGGTATCTTTTACC-3' for TLR8Aloop; and
forward primer: 5'-TATGGAAAAGCCTTAGATTTAAGCC-3', reverse
primer: 5'-TTTGCCCACCGTTTGGGGAACTTCC-3' for TLR8-C), as
described (11). The C-terminal FLAG-tagged TLR8 mutant, R467A/R4T0A/
R472A/R473A, was generated by site-directed mutagenesis using specific
primers (forward primer: 5'-GCAGCCTCAACAGATTTTGAGTTTGAC-
CC-3', reverse primer: 5'-TTTCGCGATATGAGCTTGAAAAGAGGAAC-
TATTTGC-3"). The TLR8 N-terminal fragment (LRR-NT+LRR1-14)
(TLR8-N) was generated by PCR using specific primers (forward
primer: 5'-CTCGAGCCACCATGAAGGAGTCATCTTTGC-3' and re-
verse primer: 5'-AAAGCGGCCGCTTAATAACTCTGCCGGGTATC-3").
pEFBOS/hTLR8-FLAG-IRES-Puromycin and pEFBOS/hTLR8Aloop-
FLAG-IRES-Puromycin were made in our laboratory and used for stable
expression of hTLR8 and hTLR8Aloop, respectively, in RAW294.7 cells.
Plasmids for human UNC93B1 (pMD2/UNC93B1) and hTLR9 (pBluescript
II/TLRY) were provided by Dr. K. Miyake (The University of Tokyo) and
Dr. S. Akira (Osaka University), respectively. The HA tag and FLAG tag
were inserted into the C terminus of the pEF-BOS expression vector for
human UNC93B1 and hTLRY, respectively.

Reporter gene assay

HEK?293 cells (3 X 10* cells/well), cultured in 96-well plates, were
transfected with the indicated plasmid together with the reporter plasmid
and an internal control vector, phRL-TK (Promega), using FuGENE HD
(Rache). The reporter plasmid containing the ELAM-1 promoter was
constructed in our laboratory. Twenty-four hours after transfection, cells
were stimulated with CLO75 and ssRNA40 complexed to DOTAP (Roche).
The cells were collected 12 h after stimulation and lysed. Firefly and
Renilla luciferase activities were determined using a dual-luciferase re-
porter assay kit (Promega). The firefly luciferase activity was normalized
to the Renilla luciferase activity and expressed as the fold induction rel-
ative to the activity in unstimulated vector-transfected cells. All assays
were performed in triplicate.

RNA interference

Small interfering RNA (siRNA) duplexes (hTLRS8: #527921; negative con-
trol: #AM4635) were obtained from Ambion-Applied Biosysterns. Human
monocytes (5 X 10%/ml) were cultured in 24-well plates with 20 ng/ml
hGM-CSE. At day 4, cells were transfected with 30 pmol control or
TLRS siRNA using Lipofectamine RNAIMAX (Invitrogen). Forty-eight
hours after transfection, cells were washed once and stimulated with me-
dium or DOTAP alone, 2.5 pg/ml CLO75, and ssRNA40 complexed to
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DOTAP for 3 h. Cells were collected by centrifugation at 1500 rpm for
3 min, and total RNA was extracted using TRIzol reagent (Invitrogen).
Knockdown of hTLR8 was confirmed 48 h after siRNA transfection by
quantitative PCR using specific primers (Supplemental Table I) and Western
blotting with anti-TLR8-N mAb. For knockdown of TL.R8 in THP-1 cells,
cells were transfected with the Amaxa Cell Line Nucleofector kit V (Lonza)
and 30 pmol control or TLR8 siRNA, according to the manufacturer’s
instructions. Nucleofection was performed twice every 24 h. Forty-eight
hours postnucleofection, cells were treated with 10 ng/ml IFN-vy for 15 h
and stimulated with the indicated TLRS ligands. Experiments were re-
peated three times for confirmation of the results.

Quantitative PCR

Total RNA was extracted using TRIzol reagent and reverse transcribed
using the high-capacity cDNA Reverse Transcription kit (Applied Biosys-
tems) and random primers, according to the manufacturer’s instructions.
Quantitative PCR was performed using the indicated primers (Supplemental
Table I) and the StepOne Real-Time PCR System (Applied Biosystems).

Cytokine assay

Monocyte-derived macrophages (5 X 10° /ml) were pretreated with DC1
(20 M) or DMSO for 4 h and then were stimulated with CLO75 (2.5 pg/ml),
ssRNA40 complexed to DOTAP (2.5 pg/ml), or LPS (1 pg/ml) or left un-
treated in the presence of inhibitors for another 24 h. To examine stepwise
processing of TLR8-N, monocytes were treated with 10 pM z-FA-FMK in
the presence of 20 ng/ml recombinant hGM-CSF for 24 or 48 h and then
stimulated with indicated ligands for 24 h. IL-12p40 in culture supernatants
was measured by ELISA (R&D Systems).

Flow cytometry

Monocytes and monocyte-derived macrophages that were left untreated
or stimulated with 2.5 wg/ml CLO75 for 24 h were incubated with FcR
Blocking Reagent, human (Miltenyi Biotec) in FACS buffer (PBS con-
taining 5% FCS) for 5 min at 4°C and then incubated with PE mIgG1 or PE
anti-human CD80 mAb (1:200) for 30 min at 4°C in the dark. For CD68
staining, cells were fixed and permeabilized by incubating with Fixation/
Permeabilization Solution (BD Bioscience) for 20 min at 4°C. Cells were
washed twice with 1X BD Perm/Wash buffer and incubated with FITC
mlgG2b or FITC anti-human CD68 mAb (1:200) for 30 min at 4°C in the
presence of mIgG2b (1:100). After washing twice with FACS buffer (for
CD80 staining) or 1X BD Perm/Wash buffer (for CD68 staining), cells
were analyzed on a FACSCalibur (BD Bioscience).

Immunoprecipitation

RAW264.7 cells stably expressing hTLR8-FLAG or TLR8Aloop-FLAG
cultured in 10-cm dishes were lysed in 1% Nonidet P-40 lysis buffer
(50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 10 mM EDTA, 5 mM NazVOy,,
30 mM NaF, 2 mM PMSEF, and a protease inhibitor mixture) for 10 min
at 4°C. Lysates were clarified by centrifugation at 15,000 rpm for 15
min, precleared with protein G-Sepharose (GE Healthcare, Buck-
inghamshire, U.K.), and incubated with anti-FLAG mAb. The immu-
noprecipitates were recovered by incubation with protein G-Sepharose for
1 h at 4°C, washed three times with 1% Nonidet P-40 lysis-washing buffer
(50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 10 mM EDTA), and resus-
pended in denaturing buffer. Samples were analyzed by SDS-PAGE (7.5%
gel) under reducing conditions, followed by immunoblotting with anti-
FLAG pAb and anti-TLR8-N mAb.

Deglycosylation

Monocyte-derived macrophages (5.0 X 10%) were lysed in 150 ul lysis
buffer. After centrifugation, the supernatants were aliquoted (50 p.l each)
and incubated with buffer alone, 1 ul Endoglycosidase H (Roche), or 2 1l
N-glycosidase F (Roche) for 30 min at 37°C. Samples were mixed with
denaturing buffer and analyzed by SDS-PAGE under reducing conditions,
followed by immunoblotting with anti~-TLR8-N mAb.

Pull-down assay

Monocyte-derived macrophages (2.5 X 10° /sample) were lysed in lysis
buffer, as described above. After centrifugation at 15,000 rpm for 15 min,
supernatants were incubated with 2.5 g ssRNA, biotinylated ssRNA, or
0.145 pg biotin for 1 h at 4°C. Streptavidin-Sepharose suspended in 1%
BSA washing buffer was added to the reaction mixtures and incubated for
1 h at 4°C. After centrifugation, streptavidin beads were washed three
times with washing buffer and resuspended in denaturing buffer for 5 min
at 95°C. Samples were anatyzed by SDS-PAGE under reducing conditions,
followed by immunoblotting with anti~-TLR8-N mAb.
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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 pg/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 X 63 magnification with
an LSM510 META microscope (Zeiss, Jena, Germany).

Results
Insertion loop between LRR14 and LRRIS5 is indispensable for
KWTLR8-mediated signaling

To examine the requirement of proteolytic processing in ligand
recognition and signaling by hTLRS8, C-terminal FLAG-tagged wild-
type TLR8 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 (CL075) and ssSRNA40
complexed to DOTAP. Wild-type TLR8 was expressed at the ex-
pected molecular mass (~150 kDa) and activated NF-xB in re-
sponse to CLO75, but not to ssRNA40, whereas TLR8Aloop failed
to respond to both ligands (Fig. 1A, 1B). Cleavage products of
TLR8 were undetectable in HEK293 cell lysates in either type of
TLR8 expression (Fig. 1B). In addition, TLR8-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 TLR3 (10). When UNC93B1
was coexpressed with wild-type TLR8 in HEK293 cells, CL075-
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

B «° Pres
Q(,S' TLR8 Q(,S TLR8Aloop  TLRS8-C

kDa :

70w

tubulin
L S &
&S Q R B |
S O sshnai & S OssANMDLE O ssRNALD/
DOTAP DOTAP DOTAP
D P FL-TLRs
< cleaved TLR8
pEF-BOS TLR8 TLRSAloop TLR8-C € (C-terminal haln
cleaved TLR8
UNCe3B1 - + - + - + - + 4 (N-terminal half)
kDa e T .
B a0l P e i G
anti-FLAG )
100+ -
e
kDa Pom B8 - by
1404
anti-TLR8-N
100+ ﬁs
e o \ 4tubulin

pEF-BOS TLR8 TLR8 Aloop

TLR8-C

FIGURE 1. The flexible loop between LRR14 and LRR15 was required for CL0O75-induced TLR8-mediated NF-kB activation in HEK293 cells. (A)
HEK293 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 CL075 (2.5 pg/ml), DOTAP alone, or ssRNA40 complexed with DOTAP (2.5, 5, or 10 pg/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 CLO75-induced TLR8-mediated NF-«B activation in HEK293 cells. HEK293 cells were transfected with the indicated plasmids together with
NF-kB-luciferase reporter plasmid and phRL-TK. Cells were stimulated with 2.5 p.g/ml CL075, 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 Westem blotting with anti-FLAG mAb, anti-TLR8-N mAb, and anti-tubulin-a
mAb. 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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truncated C-terminal half of TLR8 was unable to act as an RNA- forms of TLR8 were predominant in monocytes and monocyte-
sensing receptor. These results suggest that the loop region between derived macrophages (Fig. 3A). The TLR8 N-terminal halves
LRR14 and LRRI1S5 is crucial for ligand-induced TLR8-mediated consisted of two bands with a molecular mass ~100 and ~90 kDa.
signaling, as well as proteolytic processing of TLR8. UNC93B1 The C-terminal half was detected as a single band with a molec-
promoted proteolytic cleavage of TLRS by facilitating ER exit of  _ular mass ~90 kDa (Fig. 3A). None of the bands corresponding to
TLRS8. In HEK?293 cells transiently expressing TLRS, small amounts TLR8 was observed in B cells, confirming the specificity of the
of cleaved TL.LR8 molecules appear to participate in the recognition of TLRS8 Abs used.
CLO075 (Fig. 1A). Although the reason why ssRNA40 could not ac- Upon stimulation with CL0O75 or ssRNA40 complexed to
tivate TLRS in HEK293 cells ectopically expressing UNCO3B1 is DOTAP, monocyte-derived macrophages produced a high level of
unclear, one possible interpretation is that oligomerization of multiple 1L-12p40 and some IL-6 and TNF-c, but their expression varied
TLR8 molecules is required for ssSRNA40-induced NF-«B acti- among different donors/individuals (Fig. 3B). Human monocyte-
vation. Notably, overexpressed wild-type and mutant TLRS, espe- derived macrophages expressed low levels of TLR7; therefore, we
cially TLR8-C, activate NF-kB in a ligand-independent manner only examined whether the response to CL075 and ssRNA40 depended
when coexpressed with UNC93B1 (Fig. 1C, Supplemental Fig. 1), on TLR8 by knockdown analysis in macrophages. CL075- and
suggesting that transient overexpression and trafficking may allow ssRNA40-induced TL-12p40 mRNA expression was significantly
TLR8-TIR domains to access each other, leading to activation of reduced when TLR8 expression was knocked down at both the
downstream signaling. mRNA and protein levels (Fig. 3C). Notably, the expression and
. processing of TLR8 were mostly unaltered during differentiation
Cleavage of endogenous TLRS in IFN-y-treated THP-1 cells from CD14* monocytes to macrophages, with the exception of
THP-1 cells expressed TLR8 mRNA, which was upregulated by  day-1 monocytes after GM-CSF treatment: full-length TLRS
stimulation with IFN-y (Fig. 2A) (40). To examine the structure of  disappeared, and the lower band of TLR8-N was detected pri-
endogenous TLRS, we generated a pAb that recognizes the hTLRS marily (Fig. 4A). The response of TLR8 to ssRNA40 was un-
C-terminal peptides. The anti-TLR8-C pAb specifically recognized changed during differentiation (Fig. 4B). Absence of full-length
the full-length and C-terminal half of TLRS8 but not N-terminal half TLRS at day 1 upon differentiation of monocytes with GM-CSF
of TLRS, hTLR7, or hTLR9 (Supplemental Fig. 2). In the IFN-y- was observed consistently, irrelevant of the donor. These results
treated THP-1 cells, both full-length and C-terminal half of TLR8 suggest that the cleaved form of TLRS is a functional receptor in
proteins were detected by Western blotting with anti-TLR8-C Ab, human primary cells.
indicating that endogenous TLRS undergoes proteolytic processing Both furin-like . d cathepsi
(Fig. 2B). IEN-y—treated THP-1 cells induced IL-12p40 mRNA ~ * v-like proprolein converlase anc cathepsins are
expression in response to CLO75, as well as ssRNA40, which was involved in stepwise processing of hTLRS
abolished by TLR8 knockdown (Fig. 2C). Two TLR8-Ns with different molecular masses were detected in
monocyte and macrophage lysates; thus, we examined the pro-
teases involved in TLR8 cleavage in human primary cells using
protease inhibitors. Treatment of macrophages with z-FA-FMK,
‘We investigated structural features of endogenous TLR8 in human a cysteine protease inhibitor that blocks cathepsin proteolytic
primary cells, including monocytes and monocyte-derived mac- activity, failed to reduce both TLR8 cleavage and response to TLR8
rophages. CD14* monocytes were successfully differentiated into agonists, probably because the cleaved form of TLR8 was abundant
macrophages after GM-CSF treatment for 6 d, in which the in macrophages (data not shown). When monocytes were differ-
macrophage marker CD68 was greatly induced and the costimu- entiated into macrophages with GM-CSF in the presence of z-FA-
latory molecule CD80 was upregulated by stimulation with CL075 FMK, an ~100-kDa upper band of TLRS8-N accumulated from
(Supplemental Fig. 3). Immunoblotting with anti~TLR8-N and days 1 to 3, compared with DMSO-treated monocyte differentia-
anti-TLR8-C Abs under reducing or nonreducing conditions clearly tion that mainly contained the lower band of TLR8-N (Fig. 5A,
showed that TLR8 underwent proteolytic processing, and cleaved upper panels). This suggests that the upper band of TLR8-N is

Cleaved form of TLR8 is predominant in human primary
monocytes and monocyte-derived macrophages

A B C IL-12p40 mMRNA TLRS mRNA
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FIGURE 2. Human TLRS 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, TLR8, 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-cc 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 wg/m! CLO75, DOTAP alone, or 2.5 pg/ml ssRNA40 complexed to DOTAP. After 12 h, total RNA
was extracted, and quantitative PCR was performed using primers for the IL-12p40 and TLR8 genes. Expression of genes was normalized to 8-actin mRNA
expression. Knockdown efficiency is shown (right panel). Representative data from two independent experiments are shown (mean * SD).
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mass band of TLRS. (B) Human monocyte-derived S1s000 ] A s ] =) 2=0001
. S 1000 = 37;:00{ 2 l
macrophages from different healthy donors were 2 WT 8 T aw P
stimulated with the indicated ligands for 3 h, and £ o B 1000 :é. 15000
IL-6, IL-12p40, and TNF-xt transcripts were mea- 2 o 2 s v, 1%
sured by quantitative PCR (left and middle panels). - P = 5°°g

Protein levels of IL-12p40 in culture supernatants
after 24 h of stimulation (donor A) were quantified
using ELISA (right panel). (C) TLR8 is indis-
pensable for ssRNA-induced cytokine production

T

&

by human macrophages. Monocyte-derived mac-
rophages (§ X 10%/ml) were transfected with

30 pmol control or TLR8 siRNA. Forty-eight C
hours after transfection, cells were washed and
stimulated with medium alone, 2.5 pwg/ml CLO75, 70000
DOTAP alone, or 2.5 p.g/ml ssRNA40 complexed
to DOTAP for 3 h, and IL-12p40 mRNA was
measured by quantitative PCR. Knockdown of
TLR8 mRNA and protein was confirmed by
quantitative PCR and Western blotting with anti—
TLR8-N mAb, respectively. Representative data
from three independent experiments are shown
(mean = SD).

Fold induction

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 ssSRNA40 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 hTLRS processing. In-
hibition of furin-like proprotein convertase using DC1 reduced the
response of macrophage TLR8 to CLO75 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
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LRR15 of hTLR8, we made TLR8 mutant R467A/R470A/R4T2A/
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
HEK293 cells, with or without UNC93B1, resulting in no acti-
vation of NF-«kB in response to CL0O75 (Fig. 5C). These results
indicate that furin-like proprotein convertase is indispensable for
TLRS cleavage at an initial step. Thus, both furin-like proprotein
convertase and cathepsins are involved in stepwise processing of
TLR8-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 TLRS

To explore the association of the N- and C- terminal halves of
TLR8, C-terminal FLAG-tagged wild-type and mutant hTLR8
were stably expressed in the mouse macrophage cell line RAW264.7.
Wild-type TLRS8, but not TLR8Aloop, underwent proteolytic pro-
cessing in RAW cells, similar to an endogenous TLRS8 in human
macrophages (Fig. 6A). The N-terminal half of TLRS8 coimmu-
noprecipitated with the C-terminal half of TLR8 under reducing
and nonreducing conditions, suggesting that both the N- and

- 125 -

¢10¢ ‘S‘ /(.IB“.IC[GLJ[ uo Kl!SIQA}Uﬂ OpIEXYOH 18 /8.[0'[0{1“[1[[[[! [’MMM//ZC[))[[ WO papeojumMo(J



The Journal of Immunology

A I1B: anti-TLR8-N

N o > b o
monocyte b& 6‘3{" 82& b‘é‘ 6& b@\

4 FLTLRS

PAVAN

cleaved TLR8-N

e ———re

w

IL-12p40 MRNA

16000

I

-
o
o
o
=

Fold induction
2
2

8
8

Y‘ é" /\? ‘&b‘\) /\‘* 6@5 /\Yg eb\ /\‘g 0/\‘8
e‘”h e“” N eéo N e‘“"(o
S £ F § & §

dayl day2 day3 day4 day5 day6

FIGURE 4. Expression and proteolytic processing of hTLRS during
differentiation from monocytes to macrophages. (A) CD14" human mono-
cytes were cultured in medium containing GM-CSF for 1-6 d. TLR8 protein
in differentiating cells was analyzed by westem blotting with anti-TLR8-N
mAb. Filled arrowhead indicates full-length TLR8. Open arrowheads indi-
cate cleaved N-terminal halves of TLR8. (B) Response to ssRNA40 during
differentiation from monocytes to macrophages. Differentiating cells were
stimulated with 2.5 pg/ml ssRNA40 complexed to DOTAP for 3 h, and
JL-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 TLR8 by pull-down assay using human macrophage lysates
and biotinylated ssSRNA40. After incubation of biotinylated ssSRNA40
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 TLRS8 (Fig. 6C).

Intracellular trafficking of hTLR8

TLRS8 localizes to the ER and early endosome in primary human
monocytes and HeLa cells transiently expressing hTLRS8 (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 TLRS 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 TLRS proteins accumulated in macro-

5123

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 TLRS with p115 (Golgi-resident
protein) was increased by UNC93B1 coexpression (Fig. 8A). TLR8
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 TLR9 cleavage. The
insertion loop between LRR14 and LRR15 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 TLRS 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).
TLRS belongs to the same subfamily as TLR7 and TLRY (14,
15), but localization and signaling are quite different. We showed
that h'TLRS 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 TLR8 cleavage. Thus,
proteases involved in processing of TLR7, TLR8, and TLRO 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, CL075 (2.5 pg/ml), or ssRNA40 complexed to DOTAP (2.5 p.g/ml) for 24 h. IL-12p40 in the culture supernatants was measured using ELISA (lower
panel). (B) Monocyte-derived macrophages were pretreated with 20 uM DC1 for 4 h and then stimulated with medium alone, CLO75 (2.5 pg/ml), ssRNA40
complexed to DOTAP (2.5 wg/ml), or LPS (1 pg/ml) for 24 h. IL-12p40 in the culture supernatants was measured using ELISA (left panel). Lysates of
DC1-treated macrophages were analyzed by Western blotting with anti-TLR8-N mAb and anti—tubulin-a mAb (right panel). (C) The potential furin-like
proprotein convertase-recognition sites in LRR14 and insertion loop of hTLRS (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/R472A/R4T3A
TLR8 mutant plasmid together with NF-k B—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~-TLR8-
N mAb and anti—tubulin-o. mAb (bortom panel). Closed arrowhead indicates full-length TLR8. Open arrowheads indicate premature and mature TLR8-N,

Asterisk indicates high molecular mass band of TLRS. 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.
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 cells (Fig. 1D). Notably, the
TLR8-activating ability was different between CLO75 and ssRNA40
in HEK293 cells transiently expressing TLR8 (Fig. 1). Structural
analysis of unliganded and liganded TLR8 ECD revealed that

cleaved/associated TLR8 dimerizes without ligand, and ligand
binding to both N- and C-terminal halves induces structural reor-
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 TLR8 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 ssRNA40. 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 ssSRNA (46). The nucleic acid—sensing TLRs respond to
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FIGURE 6., The N-terminal half of TLR8 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 TLRS. Lysates of human macro-
phages were incubated with ssRNA40 (2.5 pug), biotinylated ssSRNA40 (2.5 pg), or biotin (0.145 pg) 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-TLR8-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 TLRS in antiviral immunity in humans remains
unknown. In the case of HIV infection, TLRS signaling appears to
benefit HIV replication (48), but another study demonstrated an

A B anti-TLR8-N
(treated with Endo-H, PNGaseF)

kDa 1.0

anti-HIV function for TLRS (49). TLRS8 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
TLR8 but not other nucleic acid-sensing TLRs.

B IB: anti-TLR8-N

(treated with brefeldinA)

vehicle BFA

band Intensity

52 64
s < FL-TLR8

140=
100~ cleaved TLRS-N

e g e e AR o111 114]
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FIGURE 7. Cleaved TLRS8 was generated after traveling through the Golgi. (A) Immunoblot (IB) analysis of monocyte-derived macrophage lysates

(5 X 10°) incubated with 1 wl 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 TLRS by treatment of human macrophages with brefeldin A. Human macrophages were treated
with brefeldin A (2 pg/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 ImageJ 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-
rophages. (A) UNC93B1 facilitated TLRe
intracellular trafficking of TLRS.
HEK?293 cells expressing FLAG-
tagged hTLRS, with or without —
UNC93B1, were fixed, permeabilized,
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 TR
568-labeled secondary Ab. Red, or-
ganelle markers; green, TLRS; blue,
DAPI-stained nuclei. Scale bar, 10
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fluorescence intensity along the white
line in the merged panels of MPR and
TLRS8 with or without UNC93B1. (B)
Subcellular localization of endog-
enous TLR8 in monocyte-derived
macrophages. Macrophages were
fixed, permeabilized, and stained with
anti-TLR8-C pAb and the indicated
mouse mAbs against organelle marker
proteins, followed by Alexa Fluor
488-labeled or Alexa Fluor 568-la-
beled secondary Ab. Red, organelle MPR
markers; green, TLRS; blue, DAPI-
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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 mTLR8 in the regulation of TLR7 expression and pre-
vention of spontaneous autoimmunity (54). In addition, a recent
study using hTLRS8-transgenic mice clearly demonstrated the
connection between TLR8 and autoimmune inflammation (55).
TLRS8 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

+UNC93B1 e

endogenous and exogenous TLRS ligands and their recognition
mechanisms are important for a full understanding of the role of
TLRS in innate immunity and protection against undesirable in-
flammation and autoimmune responses.
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Measles caused by measles virus (MV) infection remains important in child mortality. Although the nat-
ural host of MV is human, mouse models expressing MV entry receptors (human CD46, CD150) and
disrupting the interferon (IFN) pathways work for investigating immune responses during early MV
infection in vivo. Dendritic cells (DCs) are primary targets for MV in the mouse models and are efficiently
infected with several MV strains in the respiratory tract in vivo. However, questions remain about what
kind of DCin a variety of DC subsets is involved in initial MV infection and how the RNA sensors evoke cir-
cumventing signals against MV in infected DCs. Since type I IFN-inducing pathways are a pivotal defense
system that leads to the restriction of systemic viral infection, we have generated CD150-transgenic
mice with disrupting each of the IFN-inducing pathway, and clarified that DC subsets had subset-specific
IFN-inducing systems, which critically determined the DC's differential susceptibility to MV.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The pathogenic measles virus (MV) causes measles in infants.
The MV genome is a nonsegmented negative single-stranded RNA
consisting of six genes that encode the nucleocapsid (N), phospho-
protein (P), matrix (M), fusion (F), hemagglutinin (H), and large (L)
proteins. The P gene encodes P protein and the nonstructural V and
Cproteins. Although the nonstructural Vand C proteins of wild type
(WT) strains of MV are important in suppressing the host inter-
feron (IFN) response in human cells (Gerlier and Valentin, 2009),
WT strains of MV are less able to suppress type [ IFN production in
murine cells than in human cells (Shingai et al., 2005), suggesting
that V and C proteins are relatively ineffective suppressors for IFN
response in murine cells.

CD46 (also called MCP) was first identified as an MV entry
receptor for laboratory-adapted and vaccine strains of MV. CD46
is expressed in all human nucleated cells including epithelial cells
(Gerlier and Valentin, 2009). In 2000, human CD150, a signaling
lymphocyte activation molecule (SLAM), was identified as the sec-
ond MV entry receptor for all MV strains including WT (Tatsuo et al.,
2000). Expression of CD150 is restricted to activated lymphocytes,
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dendritic cells (DCs), and macrophages (Delpeut et al., 2012), con-
sistent with the lymphotropism of MV. However, the expression
pattern of CD150 does not explain why WT strains of MV infect
epithelial cells that do not express CD150. Recently, human nectin-
4 (also called poliovirus receptor-related 4, PVRL4) was identified
as the third entry receptor for WT strains of MV (Miihlebach et al.,
2011; Noyce et al., 2011). Expression of nectin-4 is restricted to the
basolateral surface of epithelial cells (Delpeut et al., 2012). Thus,
laboratory-adapted and vaccine strains of MV use CD46 and CD150
as entry receptors, and WT strains of MV use CD150 and nectin-4.
Initial infection with WT stains of MV via CD150 occurs in DCs and
alveolar macrophages (AMs) and secondary spreading of MV infec-
tion is established in lymphocytes through infected DCs and AMs.
Ultimately, MV-infected lymphocytes systemically spread to distal
sites including the respiratory tract and then MV infects epithelial
cells via nectin-4, resulting in release of MV into the airway lumen
of the infected lung (Delpeut et al., 2012). C-type lectin DC-SIGN
(also called CD209) has an important role for infection of DCs by
laboratory-adapted and WT strains of MV (de Witte et al., 2006),
although DC-SIGN is dispensable for MV entry. Both attachment
and infection of immature DCs with MV are blocked by DC-SIGN
inhibitors, suggesting that DC-SIGN is critical for enhancement of
CD46/CD150-mediated infection of DCs (de Witte et al., 2006).
Human CD150 transgenic (Tg) and CD150 knock-in mice were
generated as MV infection models to study receptor tropism and
the immune dynamics of MV (Hahm et al.,, 2003, 2004; Ohno
et al.,, 2007; Sellin et al., 2006; Shingai et al., 2005; Welstead et al.,
2005) and these mice were somehow permissive to MV in vivo.
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Systemic infection by WT strains of MV in vivo was observed in
CD150Tg/Ifnar~/~ mice, generated by crossing CD150Tg mice with
mice having the disrupted IFN receptor 1 (Ifnar) gene; the other is
CD150Tg/Stat1~/~ mice, generated by crossing CD150Tg mice with
mice knocked out for the signal transduction and activator of tran-
scription 1 (Stat1) gene, which is a major signaling molecule for
the IFN receptor (Shingai et al., 2005; Welstead et al., 2005). Both
models indicate the importance of the IFNAR pathway for restric-
ting MV in vivo infection in mice. DCs and AMs are primary targets
for MV intranasally inoculated into CD150Tg models (Ferreira et al.,
2010), since these cells express CD150 and are located in the lung
where host cells firstly encounter MV. Results from mouse models
for MV in vivo infection reflect in vitro high susceptibility of human
monocyte-derived DCs (moDCs) to MV. DCs and AMs are the first
target cells during early MV infection in monkeys (de Swart et al.,
2007; Lemon et al., 2011). All these data indicate that type I IFN
produced by DCs and AMs primarily protects hosts from systemic
MV infection.

In this review, we summarized the mouse model studies on the
host antiviral response to MV infection, which involves both toll-
like receptors (TLRs) and retinoic acid-inducible gene (RIG)-I-like
receptors (RLRs) in specific DC subsets.

2. Type 1 IFN-inducing pathways respond to viral RNA

The IFN response, which is the induction of type I IFN-a/f3
is a major antiviral defense pathway that confers virus resis-
tance to neighboring cells. Previous reports showed that viral RNA
is detected by cytoplasmic pattern recognition receptors (PRRs)
such as RIG-I and the melanoma differentiation-associated gene
5 (MDA5) (Kawai and Akira, 2009). MDAS and RIG-I detect long
and short dsRNA, respectively (Kato et al., 2008). TLR3 recog-
nizes extracellular double-stranded RNA (dsRNA) in the endosome
whereas RIG-I and MDAS5 sense cytoplasmic dsRNA (Fig. 1). TLR3
recruits the adaptor, Toll/interleukin-1 receptor (TIR) homology
domain-containing adaptor molecule 1 (TICAM-1, also called TRIF)
in response to dsRNA and induces type [ IFN production. Activation
of RLRs is regulated by multiple consecutive processes includ-
ing dephosphorylation, ubiquitination and oligomerization of RLR
(Gack et al., 2007; Wies et al., 2013). The CARD domain of RLRs is
phosphorylated by unknown kinases in steady state, prohibiting
RLR activation (Wies et al., 2013). Viral infection activates RLRs via
dephosphorylation by serine-threonine phosphatases PP1a and
PP1+y (Wies et al., 2013). The dephosphorylated RLRs provide sig-
nals through the mitochondrial antiviral signaling protein (MAVS;
also called VISA, Cardif, or IPS-1) to induce type I IFN. Disrupting
these adaptor genes results in failure to activate IFN regulatory
factor (IRF)-3 and IRF-7, abrogating type I IFN production and
antiviral host defense. Virus-derived single-stranded RNA (ssRNA)
isrecognized by TLR7 and TLR8 which are in the endosome. MyD88-
dependent signaling is activated upon viral RNA recognition by
TLR7 to induce type I IFNs (Kawai and Akira, 2009). Unlike ubiq-
uitous RLRs, TLR expression is restricted to particular cell types
with a different set of TLRs (Table 1) (Edwards et al., 2003). This
differential expression pattern of TLRs directs specific sets of cells
to respond to particular TLR ligands, which enhance a variety of
immune responses.

3. Type I IFN induction in MV-infected murine DCs

Studies in mice with targeted gene deletions provide insight
into the mechanisms of type I IFN induction in response to MV
infection in vivo and in vitro. Bone marrow-derived DCs (BMDCs)
were used to study MV permissiveness of DCs, initially in CD150Tg
mice (Ohno et al,, 2007; Shingai et al., 2005; Welstead et al., 2005).

Studies using BMDCs from CD150Tg mice in combination with
Mavs=I=, Irf3~I= [Irf7=I=, Ticam1~/~ and Myd88~/~ mice showed that
type [ IFN expression in BMDCs completely relied on MAVS but
not TICAM-1 and MyD88 (Takaki et al., 2014). Surprisingly, BMDCs
derived from CD150Tg/Irf3~/~/Irf7=I- mice produce a detectable
IFN-{3 in response to MV infection, which confers nonpermissive-
ness to CD150Tg/lrf3~/=/Irf7~/~ BMDCs (Takaki et al., 2014). A
pharmacological study indicated that MV-derived IFN-B expres-
sion partially depended on NF-kB (Takaki et al., 2014). A recent
study using West Nile virus showed that IRF3/IRF7 and IRF5 coor-
dinately regulate the type [ IFN response in DCs (Lazear et al., 2013).
For MV, IRF5 might be a transcription factor for MAVS-dependent
and IRF3/IRF7-independent type I IFN induction in BMDCs (Fig. 2).

An in vivo MV infection study using a CD150Tg mouse model
revealed that MAVS disruption scarcely led MV permissiveness or
type I IFN gene expression in the spleen compared to CD150Tg
mice (Takaki et al., 2013). In vitro infection assays showed that
isolated cell subsets of CD11c* DCs, but not T or B cells, mainly
produced type I IFN in response to MV infection through a MAVS-
independent pathway. Various types of DCs have been identified in
mouse secondary lymphoid tissues, including three CD11chigh sub-
sets of conventional DCs (cDCs): CD8a*, CD4* and CD4~ CD8a~
double negative (DN) DCs (Vremec et al., 2000), and one sub-
set of CD11c'°% plasmacytoid DCs (pDCs) (Asselin-Paturel et al.,
2001). These DC subsets express different sets of TLR genes and
have distinct functions (Table 1) (Edwards et al., 2003; Luber et al.,
2010). Mouse pDCs express most TLRs except TLR3 and therefore
respond to a wide range of pathogen-associated molecular pat-
terns including TLR7 ligand (Boonstra et al., 2003; Edwards et al.,
2003). CD8a" DCs express high amounts of TLR3, but not TLR7
(Edwards et al., 2003) and mainly participate in poly I:C-induced
cross-presentation. Although a CD4* and DN DCs have a similar TLR
expression pattern (Edwards et al., 2003), CD4* DCs but not DN DCs
express TLR7 protein at low levels (Takaki et al., 2013). Type I IFN
expression is induced in CD4* DCs and pDCs, but not CD8«* and
DN DCs that are isolated from MAVS-disrupted mice during in vitro
MV infection (Takaki et al., 2013). This result indicates that type
I IFN-inducing pathways in pDC and CD4* DCs are independent
of the MAVS pathway. A pharmacological study showed that the
MyD88 pathway is involved in a MAVS-independent type I IFN-
inducing pathway (Takaki et al., 2013). This result was confirmed
using CD150Tg/Myd88~/~ pDCs, suggesting that TLR7 is responsible
for recognition of MV RNA in CD4* and pDCs. Since the RLR-MAVS
pathway usually senses endogenous viral RNA in CD4* DCs (Luber
et al.,, 2010), MAVS disruption highlights that the MyD88 pathway
participates in initial type I IFN induction in CD4* DCs in MV infec-
tion (Fig. 2). However, CD150Tg/Myd88~/~ mice are not permissive
to MV infection in vivo, both MyD88 in pDCs and CD4* DCs and
MAVS in other cells contribute to protection against systemic MV
infection.

Since TLR7 is in the endosome, viral RNA transport to the endo-
some is required to activate the TLR7/MyD88 pathway. Autophagy
is required for the recognition of vesicular stomatitis virus by TLR7
to transport cytosolic viral replication intermediates into the lyso-
some, leading to type [ IFN production in pDCs (Lee et al., 2007)
IFN-B mRNA expression is induced in UV-irradiated MV-infected
CD150Tg/Mavs~/~ DCs; however, treatment with an autophagy
inhibitor prevented this IFN-3 induction (unpublished data). These
data suggest that autophagy but not viral replication is required
for MV-mediated type I IFN induction via TLR7 in MAVS-disrupted
murine DCs.

In contrast to BMDCs, type I IFN gene expression is observed in
DCs and splenocytes derived from MV-infected CD150Tg/Mavs—/~
mice, which prevents DCs from MV infection in vivo in these mice
(Takaki et al., 2013, 2014). RIG-I/MAVS but not TLR7/MyD88 medi-
ates the antiviral response to RNA virus in conventional DCs. The
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Fig. 1. Recognition of RNA by RLRs and TLRs. Double-stranded RNA (dsRNA) synthesized by RNA virus replication in infected cells is recognized by endosomal TLR3 and
cytosolic RIG-I like receptors (RLRs), RIG-1 and MDAS. They differentially recognize viral dsRNA products such that long dsRNA chains fit in MDAS, 5'-triphosphates short
dsRNA couple with RIG-I and structured RNA activate TLR3 (Tatematsu et al., 2013). The outline of their signaling cascades that lead to the activation of IRF3 and NF-kB is
overviewed (Kawai and Akira, 2009). Single-stranded RNA (ssRNA) is recognized by endosomal TLR7, leading to the activation of NF-kB and IKK a/@ via adaptor protein
MyD88. Transcription factor activation resuls in expression of type 1 IFN and inflammatory cytokines. NDV, newcastle disease virus; SeV, sendai virus; HCV, hepatitis C; EMCV,

encephalomyocarditis virus

Table 1
Expression of TLRs in murine and human DC subset.
TLR1 TLR2 TLR3 TLR4 TLRS TLR6 TLR7 TLR8 TLR9 TLR10
Mouse Conventional DCs (CD11chs" B220-) CD4" + + - + + + + - + -
CD4~CDBa™  + + +/- + + + /= = & -
CD4- T + + + - + - - + =
Plasmacytoid DCs (CD11c¢"°% B220* PDCA-1*) + + - + +— + + - + -
Human Myeloid DCs (CD11c¢") + + + + + + + +/— — +
Monocyte-derived DCs (moDCs) + + + + + +/~ +/— + —
Plasmacytoid DCs (CD11c~ BDCA2™ BDCA4*) +[— = = = = — + = + %

TLR expression in murine and human DC subset is described in refs (Jarrossay et al., 2001; Kadowaki et al., 2001; Edwards et al., 2003; Luber et al., 2010).

studies using reporter mouse that expresses green fluorescence
protein (GFP) under the control of the Ifn-a6 promoter show that
intranasal infection with newcastle disease virus (NDV) induces
GFP expression in AMs and cDCs in lung as an initial defense via
the RLR pathway (Kumagai et al., 2007). Although systemic NDV
infection leads to GFP expression in not only pDCs but also cDCs
and AMs, the frequency of GFP positive cells is higher in pDCs than
in other cells. Thus, the activation of different subsets of DCs would
be important to produce type I IFNs in systemic and local RNA virus
infection.

Similar to murine DCs, PRRs expression differs with subsets
of human DCs (Table 1) (Jarrossay et al., 2001; Kadowaki et al.,
2001). In cDCs, MV transcription is required to activate type I
IFN response, since UV-irradiated MV is unable to promote IFN-
B production (Duhen et al., 2010). Type I IFN induction by pDCs
depends on the recognition of MV RNA via the endosomal pathway,
since UV-irradiated MV infection induces IFN-a production and
this induction is cancelled by an endosomal acidification inhibitor
in pDCs (Duhen et al., 2010). Although MV can inhibit TLR7 and
TLR9-mediated type I I[FN induction by MV-V and MV-C proteins
in human pDCs (Pfaller and Conzelmann, 2008; Schlender et al.,
2005; Yamaguchi et al., 2014), it remains unknown whether MV

proteins act as suppressors in murine DCs. Moreover, MV interacts
with human DC-SIGN to enhance infection of human DCs (de Witte
et al., 2006). However, how MV-H protein binds murine CIRE/DC-
SIGN is unknown. The findings in murine DCs may differ from those
in human DCs when infected with MV.

4. Type 1 IFN and cytokines in the context of MV
immunosuppression

DCs contribute to MV-induced immunosuppression, including
downregulation of costimulatory molecules and inhibition of IL-
12 production following lipopolysaccharide stimulation (Coughlin
et al., 2013; Hahm et al., 2004, 2007). MV infection suppressed
BMDCs development via type I IFN that acts through STAT2-
dependent signaling butindependent of the STAT1 signaling (Hahm
et al., 2005). Furthermore, in vivo MV infection induces a T helper
type 2 response, enhances apoptosis, and induces regulatory T cells
(Koga et al., 2010; Sellin et al., 2009). Blocking IL-10 signaling pre-
vents MV-induced immunosuppression in CD150 knock-in mice,
indicating that IL-10 participates in immunosuppression (Koga
et al., 2010). In addition, high amounts of IL-10 are produced in
CD4* T cells obtained from MV-infected CD150Tg mice (Takaki

- 134 -



332

UV-MV

endosome

|

Type | IFN

pDC and CD4* DCs

}

Type | IFN

CD8u*, DN, and CD4* DCs

H. Takaki et al. / The International Journal of Biochemistry & Cell Biology 53 (2014) 329-333

MV

Type | IFN

BMDCs

Fig. 2. Recognition of MV RNA in mouse DC subsets. DC subsets have their own viral RNA sensors to induce type ] IFN. MV specifically infects these DC subsets. The ways for

IFN induction in each DC subset are shown schematically. UV-MV; UV-irradiated MV

et al,, 2014). In early infection by lymphocytic choriomeningitis
virus (LCMV), type I IEN is produced via the TLR7/MyD88 path-
way in pDCs. MDA5/MAVS-mediated type I IFN induction in other
cells is required for sustained type I IFN responses to acute and
chronic LCMV infection (Wang et al., 2012). Thus, different sources
of type I IFN and signaling pathways affect immune responses to
viral infection. Besides IL-10, IL-12 and type [ IFN, other cytokines
and signaling molecules affect MV-mediated immunomodulation.
Further analysis is needed to clarify the function of DCs that mod-
ulate MV-induced immunosuppression.
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Abstract

Hepatitis C virus (HCV) infection is a serious health problem worldwide that can lead to hepatocellular
carcinoma or end-stage liver disease. Current treatment with pegylated interferon, ribavirin, and NS3/4A
protease inhibitor would lead to a good prognosis in a large population of patients, but there is still no effective
vaccine for HCV. HCV robustly infects hepatocytes in the liver. However, extrahepatic manifestations such as
mixed cryoglobulinemia, a systemic immune complex-mediated disorder characterized by B-cell proliferation,
which may evolve into overt B-cell non-Hodgkin’s lymphoma, have been demonstrated. HCV-RNA is often
found to be associated with peripheral blood lymphocytes, suggesting a possible interaction with peripheral blood
mononuclear cells (PBMCs), especially B-cells with HCV. B-cell HCV infection was a matter of debate for a long
time, and the new advance in HCV in vitro infectious systems suggest that exosome can transmit HCV genometo
support “infection.” We aimed to clarify the susceptibility of primary B-cells to HCV infection, and to study its
functional effect. In this article, we found that the recombinant HCV J6JFH1 strain could infect human B-cells
isolated from the peripheral blood of normal volunteers by the detection of both HCV-negative-strand RNA by
reverse transcription polymerase chain reaction, and NS5A protein. We also show the blocking of HCV repli-
cation by type I interferon after B-cell HCV infection. Although HCV replication in B-lymphocytes showed lower
efficiency, in comparison with hepatocyte line (Huh7) cells, our results clearly demonstrate that human B-
lymphocytes without other non-B-cells can actually be infected with HCV, and that this interaction leads to the
induction of B-cells’ innate immune response, and change the response of these cells to apoptosis.

Introduction previr, and sofosbuvir) are a promising therapeutic option
beyond IFN in the treatment of HCV patients (6,32).

HRONIC INFECTION BY HEPATITIS C VIRUS (HCV) is the HCV is a single-stranded, positive-sense RNA virus in the

major cause of liver cirthosis and hepatocellular carci-
noma. About 3.1% of the global population is infected with
HCV (50). Historically, a combination therapy with pegy-
lated interferon (IFN) and ribavirin was used for patients
infected with genotype 1 HCV. NS3/4A protease inhibitors
were recently developed in addition to pegylated IFN and
ribavirin, and their combinations have been clinically tried
for HCV treatment since then. Although >70% of patients
with high viral loads of HCV genotype 1b have a sustained
viral response by the therapy using simeprevir or telaplevir
with pegylated IFN and ribavirin (17,22), the remaining pa-
tients fail to eliminate the virus, and drug resistance remains
an issue that must be resolved. Recent development of direct-
acting antiviral (DAA) drugs (such as daclatasvir, asuna-

Hepacivirus genus of the Flaviviridae family. Although
HCV is known to infect hepatocytes in the liver and induce
hepatitis in vivo, in vitro cultured primary hepatocytes
barely support the HCV life cycle: only hepatoma Huh7
cells and its subclones can efficiently maintain the HCV life
cycle of a very limited number of HCV strains in vitro (53).

Chronic hepatitis patients with HCV sometimes show
other extrahepatic complications such as lymphoproliferative
diseases (LPD), including cryoglobulinemia and B-cell ma-
lignant lymphoma, autoimmune diseases, and dermatitis
(1,12,15,16). Epidemiological analysis shows that chronic
HCV patients have higher rates of LPDs than non-HCV-
infected populations (36,48,52). Several reports suggested that
some lymphotropic HCV strains effectively infected human
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lymphocytes (20,47), leading to the above-mentioned ab-
normalities. Infection of lymphocytes with HCV has been a
matter of debate for a long time. More than one decade ago,
several reports described the existence of HCV-RNA in
peripheral blood mononucleated cells (PBMCs) (30,40). The
detection rate of HCV-RNA in PBMCs was increased if
patients were infected with human immunodeficiency virus
(HIV) together with HCV (44). This phenomenon indicated
that immune-suppressive circumstances and/or HIV antigen
might enhance the replication activity of HCV in lymphoid
cells (44). Moreover, it was reported that continuous release
of HCV by PBMCs was detected in HCV-infected patients,
especially in HIV co-infected patients (7). In addition to
HCV-HIV co-infected patients, a low level of HCV repli-
cation could be detected in peripheral lymphoid cells from
HCV mono-infected patients after antiviral treatment
(34,45). Moreover, it was reported that HCV persisting at
low levels long after therapy-induced resolution of chronic
hepatitis C remained infectious (34). This continuous viral
presence could present a risk of infection reactivation.

It has been reported that HCV replication was detected in
various kinds of lymphoid cells. Many reports describing the
existence of HCV in B-lymphocytes and B-cell lymphoma
have been published (21,25,51). Among B-lymphocytes,
CD27+ memory B-lymphocytes were more resistant to apo-
ptosis than CD27— B-lymphocytes. CD27+ B-lymphocytes
were reported as a candidate subset of the HCV reservoir in
chronic hepatitis C (CH-C) (38). On the other hand, others
claimed that distinguishing RNA association from true HCV
replication was problematic, together with multiple artifacts
complicated detection and quantitation of the replicative
intermediate minus strand RNA (29,31), and also the failure
of retroviral (37) and lentiviral (8) pseudoparticles bearing
HCV envelope glycoproteins (HCVpp) to infect primary B-
cells or B-cell lines. This led to continuous debate about
HCYV infection into B-lymphocytes, and the riddle remained
unsolved.

Using the recent progress in HCV infection systems, we
intended to clarify this debate and analyze HCV infection in
human lymphocytes and its functional results. Here, albeit in a
lower efficiency compared to HCV infection into Huh7 cells,
we report that two different strains of recombinant HCV
viruses could infect primary human lymphocytes not only by
the detection of HCV-RNA positive and negative strands
proliferation, but also NS5A protein detection, and the de-
tection of the activity of luciferase reporter encoded by the
recombinant HCV-genome. Blocking of HCV entry using
anti-CD81 antibody (Ab), and replication by IFN-o or NS3/4A
protease inhibitors successfully suppressed HCV infection.
We also found that HCV infection into B-lymphocytes led to
the initiation of host response including apoptosis resistance.

Materials and Methods
Cells and reagents

Huh7.5.1 cells were kindly provided by Dr. Francis V
Chisari (The Scripps Research Institute, La Jolla, CA). Cells
were cultured in high-glucose Dulbecco’s modified Eagle’s
medium (DMEM ; Gibco/Invitrogen, Tokyo, Japan) sup-
plemented with 2 mM L-Glutamine, 100 U of penicillin/mL.,
100 ug of streptomycin/mL, 1x MEM non-essential amino
acid (Gibco/Invitrogen), and 10% fetal bovine serum (FBS).

NAKAI ET AL.

Human peripheral blood mononuclear cells (PBMCs)
were obtained from healthy volunteers by density gradient
centrifugation using Ficoll Paque plus (GE-Healthcare,
Waukesha, WI). CD19+ blood cells (representative of hu-
man primary B-cells) and CD19— cells (non-B-cells) were
separated by MACS CD19 Beads (Milteny Biotec, Bergisch
Gladbach, Germany). Purity of CD19+ B-cells was >95%
after two-cycle separation. The cells were cultured in
RPMI1640 (Gibeo/lnvitrogen) supplemented with 100U of
penicillin/mL, 100 ug of streptomycin/mL, and 10% FBS.

The following reagents were obtained as indicated: anti-
CD81 Ab (BD Pharmingen, Franklin Lakes, NJ); PE anti-
CD80 Ab, APC anti-CD86 Ab, and PE-labeled anti-CD19
Ab (eBioscience, San Diego, CA); recombinant IFN-g
(Peprotech, Oak Park, CA); BILN2601 (Behringer, Willich,
Germany); and Viaprobe 7AAD (BD Bioscience) and An-
nexin-V-Fluos (Roche, Mannheim, Germany).

Virus propagation

pJ6-N2X-JFH1 was kindly provided from Dr. Takaji Wa-
kita (National Institute of Infectious Diseases, Tokyo) (2).
pJc1-GLuc2A was gifted from Dr. Brett D. Lindenbach (Yale
University, New Haven) (41). In vitro RNA transcription,
gene transfection into Huh7.5.1 cells, and preparation of
J6JFHI and Jcl/GLuc2A viruses were performed as previ-
ously reported (53). Briefly, the HCV ¢cDNA in plasmids were
digested by XBal and transcribed by T7 Megascript Kit (In-
vitrogen, Carlsbad, CA). RNA transfection into Huh7.5.1 was
performed by electroporation using Gene Pulser II (Bio-Rad,
Berkeley, CA) at 260V and 950 Cap. Culture supernatant
were collected on days 3, 5, 7, and 9 of postelectroporation,
and concentrated with an Amicon Ultra-15 Centrifugal Filter
unit (Millipore, Billerica, MA). The titer of HCVcc was
checked by the immunofiuoresence method using NS5A an-
tibody when Huh7.5.1 was reinfected with these HCVcc.

Virus infection

Primary B-cells and non-B-cells were cultured with the
J6JFHI HCV strain at a multiplicity of infection (MOD) = 1-
3 for 3h, and cells were harvested after four extensive
washes in culture medium. On days 1-6, cells were col-
lected, washed with 0.25% trypsin-EDTA/saline, and incu-
bated with 0.25% trypsin-EDTA for 5min at 37°C. Then,
suspended cells were collected as a source of total RNA. In
some experiments, B-cells were infected with the Jcl/
GLuc2A strain at MOI=35 for 3h. Cells were washed five
times in 1 X phosphate buffered saline (PBS), and cultured
until day 6 for determination of viral replication as GLuc
activity with BioLux Gaussia luciferase assay kits (41).

RNA purification, RT-PCR, and quantitative PCR

Total RNA was extracted by using Trizol Reagent (In-
vitrogen) according to the manufacturer’s instructions. Using
100-400ng of total RNA as a template, we performed RT-
PCR and real-time RT-PCR as previously described (3,4).
Primer sets are shown in Supplementary Table S1 and Table
S2 (Supplementary Data are available online at www.lie
bertpub.com/vim).

Real-time PCR was used for quantification of positive-
strand and negative-strand HCV RNA. Total Trizol-extracted
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RNA was analyzed by RT-PCR with a modification of the
previously described strand-specific rTth RT-PCR method
(10,13). RT primers for complementary DNA synthesis of
positive and negative strand HCV RNA are shown in Sup-
plementary Table SI. Positive-strand and negative-strand
HCV PCR amplifications were performed using Power
SYBR Green PCR Master Mix (Applied Biosystems, War-
rington, UK) with 200 nM of paired primers (Supplementary
Table S1). The PCR conditions were 95°C for 10 min, fol-
lowed by 40 cycles at 95°C for 15sec and 60°C for 1 min.

Virus production and releasing assay

Primary human B-cells were infected with J6JFH1 at
MOI=1. Six days postinfection, the supernatant was col-
lected (“‘releasing samples’), cells were repeatedly frozen
and thawed, and the supernatant was collected (‘“‘assembly
samples’”). Viral titers of ‘“‘releasing samples” and ‘“‘as-
sembly samples” were determined with Huh7.5.1 cells us-
ing J6JFHI1 virus (MOI=0.001 and 0.01) as control. Total
RNA was recovered from the cells on days 2, 4, and 6, and
determined with HCV-RNA to check reinfectivity.

Indirect immunofiuorescence

Indirect immunofluorescence (IF) expression of HCV
proteins was detected in the infected cells using rabbit IgG
anti-NS5A antibody (CI-1) (3). Goat anti-rabbit Alexa 594
(Invitrogen) was used as secondary Ab. Fluorescence de-
tection was performed on the Zeiss LSM 510 Meta confocal
microscope (Zeiss, Jena, Germany) (13).

Luciferase assay

Primary B-cells were infected with Jc1/Gluc2A by using
concentrated Medium or Mock Medium (PBS-electro-
polated Huh7.5.1 medium). Media were collected on days O,
2, 4, and 6 postinfection, cleared by centrifugation (16,000 g
for 5min), and mixed with 0.25 volume of Renilla 5 lysis
buffer (Promega, Madison, WI) to kill HCV infectivity.
GLuc activity was measured on a Berthold Centro LB 960
luminescent plate reader (Berthold Technologies, Bad
Wildbad, Germany) with each 20 ul. sample injected with
50 L. BilLux Gaussia Luciferase Assay reagent (New
England Biolabs, Ipswich, MA), integrated over 1sec.

Cell survival assay

Apoptosis assay: Primary B cells were infected with
J6JFHI1 virus. Cells were collected 48h after infection,
stained by 7AAD Cell Viability assay kit and Annexin V,
and analyzed by FACS Calibur (BD) (13).

ATP assay

Primary B-cells were infected with J6JFH1 virus or Mock
concentrated medium. Cells were resuspended and cultured
at Lumine plate (Berthold Technologies) postinfection. ATP
activities were determined 72h later using CellTiter-Glo®
Luminescent Cell Viability Assay (Promega) according to
the manufacturer’s protocol.

miRNA defection

Total RNA was extracted by using Qiazol Reagent (In-
vitrogen). These RNA was purificated and reverse transcripted
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to cDNA by using the miScript II RT Kit. Synthesized cDNA
was used to determine the expression levels of miR-122 (24).
Total miRNA was prepared by using Qiazol and miScript I
RT kit (Invitrogen), and miR-122 expression was determined
by using miScript SYBR Green PCR Kit and miScript Primer
Assay (Invitrogen) according to the manufacturer’s protocol.
U6 small nuclear RNA was used as an internal control.

Resulis
J6JFH1 infects and replicates in primary B-cells

To address HCV infectivity into primary B-cells, PBMC
were isolated from the blood of healthy volunteers and were
sorted into CDI19+ cells (primary B-lymphocytes) and
CD19— cells (non-B-cells). Their purities were >95%.
These cells were then incubated with the J6JFH1 HCV. Total
RNA was collected on days 2, 4, and 6. The Huh7.5.1 strain
was used as positive control. Both Huh7.5.1 and primary B-
cells, but not non-B-cells, showed an increase in intracel-
lular HCV-RNA titer, albeit primary B-cells showed lower
efficiency than Huh7.5.1 (Fig. 1A). We adjusted the HCV-
RNA values using GAPDH as an internal control (Fig. 1B).
To confirm J6JFH1 replication in primary B-cells using IF,
we also measured the expression of HCV-NSSA, which is a
nonstructural protein produced only by the virus secondary
to replication. Although the expression was far lower than
Huh7.5.1 cells, we managed to detect the NS5A expression
in JOJFHI infected primary B-cells (Fig. 1C).

We examined what kinds of HCV-entry receptors human
primary B-cells expressed in our setting. Human CDg1,
SRBI, and NPCI1L1 were expressed, but not the tight junc-
tion proteins claudinl and occludin in mRNA levels (Sup-
plementary Fig. S1). We could not detect miR122 in primary
B-cells (Supplementary Fig. S2), expression of which makes
the cells permissive to HCV (24). Human CD81 is a primary
entry receptor for HCV in hepatocytes (42). Blocking human
CD81 by its specific Ab resulted in blockage of HCV in-
fection into primary B-cells, as shown by the suppression of
HCV-RNA titer (Fig. 2), suggesting that HCVcc particles
enter B-cells also using CD81 receptor. HCV-RNA titer was
not suppressed by non-specific' Ab (data not shown).

We then examined the effect of the different drugs used to
suppress HCV replication (recombinant human IFN, and HCV
protease inhibitor, BILN2601). Inhibition of HCV-RNA rep-
lication was observed when B-cells were treated with rhIFN-¢
or BILN2601 (Fig. 2) after infection. BILN2601 showed ef-
ficient inhibitory effect on replication of HCV RNA in
Huh7.5.1 cells (Supplementary Fig. S3). As control studies,
we confirmed that the production of HCV RNA was reduced
in Huh7.5.1 cells by CD81 Ab, IFN-¢, or BLIN2601 (Sup-
plementary Fig. S4). In both Huh 7.5.1 and B-cells, BLIN2601
most effectively block HCV replication. These data reinforce
that HCV is actually replicating in primary B-cells, and that
activation of innate immunity by IFN treatment or blocking
the NS3/4A protease function is a critical factor in blocking
HCV replication in primary B-cells. These data suggest that
our system can be used for screening the function of different
inhibitors on HCV replication in B-cells.

HCV negative-strand RNA detected in human B-cells

To confirm HCV replication in primary B-cells further,
we tested for an increase of negative-strand HCV-RNA after
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J6JFHI infects human peripheral blood B-cells. Human B-cells (CD19+ cells) and non-B-cells (CD19— cells)

were separated by MACS as described in Materials and Methods. Primary B-cells, non-B-cells, and Huh7.5.1 cells were
infected with JOJFHI at MOI=1 for 3h. After infection, cells were washed twice with culture medium and continued
culture. On days 2, 4, and 6, total RNA was collected and HCV-derived RNA was determined by reverse transcription
polymerase chain reaction (RT-PCR). GAPDH was used as internal control. (A) HCV-RNA not adjusted by GAPDH. (B)
HCV-RNA adjusted by GAPDH. (C) Immunofiuorescence analysis of J6JFH1-infected human B-cells and Huh7.5.1 cells.
Six days postinfection. Red, NS5A; blue: Dapi; phase: phase-shift microscope.

infection, since the negative-strand RNA is not yielded if
HCV particles or RNA just adhere to the cell surface of
human primary B-cells without internalization (9.14,19,35,
42.43). We measured the synthesis of plus-strand and
minus-strand HCV-RNA separately using strand-specific
RT primers and rTth polymerase as previously described
(4). The titer increase of minus-strand HCV-RNA indicates
HCV-RNA replication. As shown in Figure 3. both minus-

and plus-strand HCV-RNA increased time dependently in
primary B-cells, and both types of RNA concomitantly de-
creased in non-B-cells (Fig. 3A and B). Plus- and minus-
strand RNA were exponentially increased in Huh7.5.1 cells
infected with J6JFH1 (Fig. 3C). These results indicated that
primary human B-cells supported J6JFH1 infection and rep-
lication, although viral replication levels in B-cells were
modest compared with those in Huh7.5.1 cells. These results

- 140 -



