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Understanding the mechanisms of hepatitis C virus (HCV) pathogenesis and persistence has been hampered
by the lack of small, convenient animal models. GB virus B (GBV-B) is phylogenetically the closest related
virus to HCV. It causes generally acute and occasionally chronic hepatitis in small primates and is used as a
surrogate model for HCV. It is not known, however, whether GBV-B has evolved strategies to circumvent host
innate defenses similar to those of HCV, a property that may contribute to HCV persistence in vivo. We show
here in cultured tamarin hepatocytes that GBV-B NS3/4A protease, but not a related catalytically inactive
mutant, effectively blocks innate intracellular antiviral responses signaled through the RNA helicase, retinoic
acid-inducible gene I (RIG-I), an essential sensor molecule that initiates host defenses against many RNA
viruses, including HCV. GBV-B NS3/4A protease specifically cleaves mitochondrial antiviral signaling protein
(MAVS; also known as IPS-1/Cardif/VISA) and dislodges it from mitochondria, thereby disrupting its function
as a RIG-I adaptor and blocking downstream activation of both interferon regulatory factor 3 and nuclear
factor kappa B. MAVS cleavage and abrogation of virus-induced interferon responses were also observed in
Huh?7 cells supporting autonomous replication of subgenomic GBV-B RNAs. Our data indicate that, as in the
case of HCV, GBV-B has evolved to utilize its major protease to disrupt RIG-I signaling and impede innate
antiviral defenses. These data provide further support for the use of GBV-B infection in small primates as an

accurate surrogate model for deciphering virus-host interactions in hepacivirus pathogenesis.

Chronic hepatitis C virus (HCV) infection affects millions of
people worldwide and poses a major threat to human health
(42). However, efforts to understand HCV pathogenesis and
identify specific HCV antivirals to supplement or substitute for
current interferon (IFN)-based therapies have been impeded
by the lack of a robust, fully permissive tissue culture system
and the absence of small, convenient animal models of HCV
infection. While the former problem has been partially solved
recently by the development of systems allowing productive
HCYV infection in human hepatoma cells (25, 45, 49, 51), the
chimpanzee remains the only well-validated animal model that
is susceptible to HCV infection. Several drawbacks, however,
including availability, ethical considerations, and extraordinary
cost, limit use of the chimpanzee for modeling HCV infection
and confirming the activity of candidate antivirals.

HCV is a positive-sense, single-stranded RNA virus that
belongs to the Flaviviridae family, which comprises three gen-
era, Flavivirus, Pestivirus, and Hepacivirus (33). GBV-B is also
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classified within the Flaviviridae, as a tentative species within
the genus Hepacivirus, and is phylogenetically most closely
related to HCV, sharing about 28% amino acid homology (1,
29). GBV-B was initially isolated from small New World mon-
keys (tamarins) inoculated with the serum of a surgeon who
contracted hepatitis of unknown origin in the 1960s (29, 43).
Although its natural host remains unknown, GBV-B is hepa-
totropic and causes generally acute and occasionally chronic
hepatitis in tamarins and marmosets, with pathological fea-
tures that are similar to those of hepatitis C in humans (1, 19,
27). In addition, NS3/4A, the major protease of GBV-B, shares
substrate specificity with HCV NS3/4A in vitro (5, 37). GBV-B
has thus been proposed as a surrogate model for the study of
HCYV pathogenesis and used for the evaluation of HCV anti-
virals, including protease-targeting drugs (3). However, the
mechanisms by which HCV and GBV-B are able to cause
chronic infections in their respective hosts are not well under-
stood. HCV is known to circumvent both innate and adaptive
immune responses, which, in turn, may facilitate viral persis-
tence (13).

One of the most immediate responses to viral infections in
mammalian cells is the rapid induction of type I IFNs (IFN-«
and -B), which directly inhibit virus replication and also help
orchestrate subsequent adaptive immune responses (38). This
innate, early antiviral response is initiated through cellular
recognition of viral products by the membrane-bound Toll-like
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receptors (TLRs) and/or the recently identified caspase re-
cruitment domain (CARD)-containing cytoplasmic RNA heli-
cases, retinoic acid-inducible gene I (RIG-I), and/or melanoma
differentiation-associated gene 5 (MDAS) (39). While single-
stranded viral RNA is sensed by TLR7/8 in plasmacytoid den-
dritic cells (7), double-stranded (ds) RNA, a replication inter-
mediate produced during RNA virus infections, is specifically
recognized by TLR3 and/or RIG-I in hepatocytes (20), the
major target cell type that HCV and GBV-B infect in vivo.
Upon binding to dsRNA, TLR3 and RIG-I (also MDAY) re-
cruit their respective adaptors, Toll-interleukin-1 (IL-1) recep-
tor homology domain containing adaptor inducing IFN-B
(TRIF) and MAVS (also known as IPS-1/Cardif/VISA), that
relay the signal to downstream kinases, leading to activation of
IFN regulatory factor 3 (IRF-3) and nuclear factor kappa B
(NF-kB), transcription factors that coordinately regulate type I
IFN synthesis (17, 28, 31, 39, 40, 47, 48). HCV effectively
targets two adaptor proteins, TRIF and MAVS, for proteolysis
by its NS3/4A serine protease and thereby disrupts host IFN
induction initiated through either the TLR3 or RIG-I pathway
(21, 23, 26, 28). It is not known whether GBV-B has evolved a
similar ability to counteract host defenses. However, given the
similarities in the NS3/4A serine proteases of HCV and
GBV-B, we sought to determine whether GBV-B NS3/4A also
targets the IFN-inducing pathways for inhibition. This is an
intriguing question, given that GBV-B seems to have less pro-
pensity than HCV to establish persistent infections in vivo. We
focused on investigating the effect of GBV-B NS3/4A on the
RIG-I signaling pathway in this study, as RIG-I has recently
been shown to contribute to host responses to HCV, as well as
to several flaviviruses, including Japanese encephalitis virus
and Dengue virus 2 (6, 16, 44). Our results demonstrate that
the GBV-B NS3/4A protease closely mimics that of HCV in
that it disrupts RIG-I signaling by cleaving MAVS and dislodg-
ing it from the mitochondrial membrane, a localization essen-
tial for its signaling function.

MATERIALS AND METHODS

Cells. Human embryo kidney (HEK) 293, HEC1B, human hepatoma Huh7,
Huh7.5 (kindly provided by Charles Rice), and simian virus 40 (SV40) T antigen-
immortalized tamarin hepatocyte cell lines TH1-5s and TH1-14s were cultured
by conventional techniques. TH1 cells were established by procedures described
briefly as follows. Primary tamarin hepatocytes were transfected with pSV3neo
that expresses both large T and small T antigens from the SV40 early promoters.
Cell lines were isolated by the gradual increase of G418 in the medium until
distinct proliferating foci were visible, and then clonal cell lines were picked and
expanded. The hepatocyte nature of the cell lines was confirmed based on
expression of hepatocyte-specific proteins. UNS3-4A-24 cells, which condition-
ally express HCV NS3/4A (genotype 1a) under tetracycline regulation (kindly
provided by Darius Moradpour), were cultured as described elsewhere (46).
cB76/Huh7 cells (kindly provided by Cinzia Traboni) were derived from Huh7
cells harboring a GBV-B replicon that has been eliminated by prior IFN-a
treatment (8) and proved more permissive to GBV-B RNA replication. cB76
cells were transfected with in vitro-transcribed RNA representing a dicistronic
subgenomic GBV-B replicon derived from a modified molecular clone of
GBV-B (27) in which five nucleotide substitutions were introduced (L. Warter
et al., unpublished data). Two representative G418-resistant cell clones were
selected for this study, RepGBNeoSm #15 and #28, and were cultured in the
presence of 0.25 mg/ml G418. IFN-cured cells were prepared by culturing
RepGBNeo5Sm-containing cells in the presence of 100 IU/ml of IFN-a2b and in
the absence of G418 for 2 weeks. The absence of GBV-B RNA after IFN
treatment was confirmed by quantitative reverse transcription-PCR (RT-PCR).
HeLa Tet-Off cells were maintained as indicated by the provider (Clontech).
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Plasmids. All plasmids were generated by conventional PCR techniques ex-
cept for those provided by other contributors.

To construct the tetracycline (Tet)-regulated expression plasmid for GBV-B
NS3/4A, we modified the original pTRE2 plasmid (Clontech) to include a se-
lectable marker gene that allows stable selection of transfected cells with blas-
ticidin. The resulting plasmid, designated pTRE2BIla, was generated by inserting
a fragment containing the SV40 promoter and origin-blasticidin-SV40 early
polyadenylation sequence that was amplified from pcDNA6 V5-HisB (Invitro-
gen) using primers SV40 Xho(+) (CTTCACTCGAGTGTGTCAGTTAGGGT
GTGGAAAG) and SV40 Xho pA(-) (GTAAACTCGAGGCAGTGAAAAAA
ATGCT) into Xhol-digested, dephosphorylated pTRE2 vector.

To construct a GBV-B NS3/4A expression plasmid, cDNA encoding GBV-B
NS3-4A was amplified by PCR from a GBV-B infectious clone (27) using primers
GBB NS3 Kpn (cggtaccatGGCACCTTTTACGCTGCAG; lowercase letters,
introduced sequences; capital letters, viral sequences) and GBB 4A (-)
(gggaatgaattatta ACACTCCTCCACGATTTCTTC; lowercase letters, intro-
duced sequences; capital letters, viral sequences). The PCR fragment was first
cloned into pSTblue (Novagen) and subsequently transferred to pTRE2BIa to
generate pTRE2Bla-GBpro, which expresses GBV-B NS3/4A under the Tet-
regulated promoter. To generate pcDNA6-GBpro, the GBV-B NS3-4A frag-
ment was released from pTRE2Bla-GBpro and ligated into pcDNA6-V5-HisB
(Invitrogen) that was digested with Nhel and BamHI. The catalytically inactive
mutant of the GBV-B NS3/4A construct, pcDNA6-GBpro-S139A, was generated
by QuikChange site-directed mutagenesis using pcDNA6-GBpro as a template.

To construct pcDNA6-BVDVpro and pcDNA6-YFVpro, cDNA encoding the
bovine viral diarrhea virus (BVDV) NADL NS3-4A proteins was amplified by
PCR from a plasmid containing a copy of the BVDV NADL genome (kindly
provided by Ilya Frolov) with primers BVDV-NS3 (cgctagctctagaccatGGGGCC
TGCCGTGTGTAAGAAG:; lowercase letters, introduced sequences; capital let-
ters, viral sequences) and BVDV-NS4A (tttctcgagaagcttaCAGTTCTTTCAGTT
CAGTCTCTG; lowercase letters, introduced sequences; capital letters, viral
sequences); cDNA encoding the Yellow Fever virus (YFV) 17D NS2B-NS3
fragment was amplified by PCR from a plasmid template containing a fragment
of YFV 17D (provided by Ilya Frolov) using primers YF NS2B (gctagctctagacc
atGAGTATCCCAGTGAATGAGGCAC; lowercase letters, introduced se-
quences; capital letters, viral sequences) and YF NS3 (gagctcgagtcgacttaCCTC
CTACCTTCAGCAAACTTA; lowercase letters, introduced sequences; capital
letters, viral sequences). The BVDV NS3-4A and YFV NS2B-3 fragments were
initially cloned using the pTOPO TA PCR cloning kit (Invitrogen) and subse-
quently released with Xbal and Xhol restriction enzymes and ligated into
pcDNAG6/V5-HisB (Invitrogen) digested with Nhel and Xhol restriction sites, to
result in the plasmids, pcDNA6-BVDVpro and pcDNA6-YFVpro, respectively.
To facilitate detection, we also constructed pcDNA6-BVDVpro-V5, in which
BVDV NS3-4A fragment was placed in frame with a C-terminal V5 epi-tag.

The ¢cDNA encoding MAVS/IPS-1/Cardif/VISA was amplified from Huh7
total RNA using primers MAVS Ndel Start+, cgtattcat ATGCCGTTTGCTGA
AGAC (lowercase letters, introduced sequences; capital letters, viral sequences),
and MAVS Xhol stop-, catatctcgagttaGTGCAGACGCCGCCGGTAC (lower-
case letters, introduced sequences; capital letters, viral sequences), and cloned
into pCMVScript (Stratagene) to generate pCMVScript-MAVS. pEFtak-
FlagIPS-1 was a gift from Michael Gale. N-terminally green fluorescent protein
(GFP)-tagged MAVS (GFP-MAVS) was generated by inserting Flag-MAVS in
frame with GFP into pEGFP-C1 (Clontech). We made the C283R,C508R mu-
tants of Flag-MAVS by QuikChange site-directed mutagenesis (Stratagene).
pCDNAG-FlagRIG-I was constructed by inserting an N-terminal Flag-tagged
RIG-I cDNA fragment into pCDNAG6-V5/HisB. pcDNA6-NS3/4A, which en-
codes HCV-N NS3/4A, has been described elsewhere (21). The reporter plas-
mids pIFN-B-Luc, pISG56-Luc, PRDII-Luc, and (PRDIII-I)-Luc were kindly
provided by Rongtuan Lin, Michael Gale, and Christina Ehrhardt, respectively.
pCMVBgal (Clontech) or pRL-TK (Promega) was used to normalize transfec-
tion efficiencies. The following plasmids were also used in this study: pEF-
Bos(+), pEF-Bos Flag-RIG-I, pEF-Bos Flag-RIG-1 KA, pEF-Bos RIG-I C, and
pEF-Bos Flag-N-RIG (gifts from Takashi Fujita); pcDNA3-FlagTBK1 and
pcDNA3-FlagIlKKe (gifts from Kate Fitzgerald); IRF-3 5D (a gift from Rong-
tuan Lin).

Plasmid DNAs were transfected into cells using Fugene 6 (Roche) for
HEK?293, Huh7, and THI1 cells or Lipofectamine 2000 (Invitrogen) for HEC1B
and HeLa cells following the manufacturer’s instructions.

Establishment of a HeLa cell line with conditional expression of GBV-B
NS3/4A. HeLa Tet-Off cells (Clontech) were transfected with pTRE2Bla-GBpro
and double-selected in complete medium supplemented with 100 wg/ml G418, 1
pg/ml blasticidin, and 2 pg/ml tetracycline. Three weeks later, individual cell
colonies were selected, expanded, and examined for GBV-B NS3 expression by
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indirect immunofluorescence staining using a rabbit antiserum against GBV-B
NS3 (kindly provided by Bruce Malcolm) after being cultured in the absence of
Tet for 4 days. A cell clone, designated HeLa GBpro-10, allowed tight regulation
of GBV-B NS3/4A expression under Tet control and was selected for further
characterization.

SenV infection. Where indicated, cells were infected with 100 hemagglutinin
units (HAU)/ml of Sendai virus (SenV; Cantell strain; Charles River Laboratory)
for 16 h before harvest for luciferase/B-galactosidase (B-Gal) reporter assays
and/or immunoblot analysis as previously described (12, 20).

In vitro RNA transcription. Five micrograms of an infectious GBV-B cDNA
clone (pGBB-2) (27) was digested overnight with Xhol in a 10-pl reaction
mixture. One microgram of this linear DNA was used to program an in vitro
transcription reaction by using a T7 MEGAscript kit (Ambion, Austin, TX),
followed by DNase I treatment to remove the template DNA. The resulting
GBV-B RNA product was extracted once with acid-phenol-chloroform and
once with chloroform. Following precipitation in 2-propanol and washing in
70% ethanol, the GBV-B RNA was resuspended in nuclease- and endotoxin-
free water, quantified, examined by nondenaturing agarose gel electrophore-
sis for quality, and stored at —70°C in small aliquots. For treatment of cells,
GBV-B RNA was complexed with DMRIE-C (Invitrogen) and loaded onto
cells in serum-free Opti-MEM for 4 h. The RNA-DMRIE-C complex was
removed, and cells were refed with complete medium for an additional 16 h
before lysis for reporter gene assay or Western blot analysis. Mock-treated
cells were manipulated similarly except that the RNA was omitted during
transfection.

Reporter gene assay. Cells (5 X 10* to 10° cells per well in 24-well plates) were
transfected with reporter plasmids (100 ng), pCMVBgal (100 ng), and the indi-
cated amount of an expression vector. Where indicated, cells were mock treated,
transfected with poly(I-C) or GBV-B RNA, or challenged with SenV at 24 h
posttransfection and then subsequently lysed and assayed for luciferase and
B-galactosidase activities. For comparisons, luciferase activity was normalized to
B-galactosidase activity. In some experiments, Renilla luciferase was used as an
internal control and a dual-luciferase assay was performed to calculate relative
luciferase activity. Data are expressed as mean relative luciferase activity plus the
standard deviation for one representative experiment carried out in triplicate,
typically from a minimum of three separate experiments. The induction of
promoter activity was calculated by dividing the relative luciferase activity of
stimulated cells by that of mock-treated cells.

Indirect immunofluorescence staining. Cells grown in chamber slides were
fixed, permeabilized, blocked, and subsequently immunostained with GBV-B
NS3 and/or IRF-3 antiserum as described elsewhere (12, 22). Cells were exam-
ined under a Zeiss 510 META confocal microscope in the UTMB Optimal
Imaging Core or under a Leica Widefield ApoTome Coolsnap inverted micro-
scope at the Plate-forme d’Imagerie Dynamique (Institut Pasteur).

Isolation of crude mitochondria. Cells expressing or not expressing GBV-B
NS3/4A were scraped, resuspended in HIM buffer (200 mM mannitol, 70 mM
sucrose, ] mM EGTA, 10 mM HEPES, pH 7.5), and homogenized by 20 strokes
in a tight-fitting Dounce homogenizer. Cell lysates were centrifuged at 500 X g
for 10 min to pellet nuclei and unbroken cells, and the supernatant was subjected
to centrifugation at 10,000 X g for 10 min to collect crude mitochondria. The
mitochondrial pellet was resuspended in HIM buffer and used immediately for
immunoblot analysis or aliquoted and stored at —80°C.

Immunoblot analysis. Cellular extracts were prepared, separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to nitrocellulose
membranes, and subjected to immunoblot analysis as described previously (12,
20). The following monoclonal (MADb) or polyclonal (PAb) antibodies were used:
anti-FLAG M2 and antiactin MAbs (Sigma); anti-GFP MAb (Roche); anti-V5
MAD (Invitrogen); anti-HCV NS3 MADb (Vector Labs); rabbit anti-GBV-B NS3
PAD (a gift from Bruce Malcolm); rabbit anti-YFV and anti-BVDV PAbs (gifts
from Charles Rice); rabbit anti-IRF-3 PADb (a gift from Michael David); rabbit
anti-MAVS PAb (a gift from Zhijian Chen); anti-OxPhos complex I 39-kDa
subunit (CI39) MAb (Molecular Probes); rabbit anti-ISG56 PAb (a gift from
Ganes Sen); rabbit anti-ISG15 PAD (a gift from Arthur Haas); rabbit anti-Sendai
virus PAb (a gift from Ilkka Julkunen); peroxidase-conjugated secondary anti-
rabbit and anti-mouse PAbs (Southern Biotechnology). Protein bands were vi-
sualized using ECL Plus Western blotting detection reagents (Amersham), fol-
lowed by exposure to Kodak Biomax film.

Quantitative real-time PCR. mRNAs for IFN-B and IL-6 and18S rRNA were
quantified in total cellular RNA extracts using commercially available primers
and TagMan probes (Applied Biosystems) by RT-PCR at the UTMB Sealy
Center for Cancer Biology Real-Time PCR core. The relative abundance of each
target was obtained by normalization with endogenous 18S RNA.

J. VIROL.

RESULTS

GBV-B NS3/4A protease blocks viral activation of the IFN-3
promoter. RIG-I signaling contributes to host defenses against
many RNA viruses and is known to be disrupted by the HCV
NS3/4A protease (11). Given the fact that the NS3/4A protease
of GBV-B shares substrate specificity with that of HCV (5), we
explored the effect of GBV-B NS3/4A expression on induction
of IFN-B promoter activity following infection with SenV,
which specifically triggers a RIG-I-dependent signaling path-
way in epithelial cells, fibroblasts, and hepatocytes (20, 50). In
HEK?293 cells, ectopic expression of GBV-B NS3/4A, like
HCV NS3/4A, significantly inhibited SenV-induced activation
of the IFN-B promoter, causing a ~60% reduction in IFN-B
promoter activity when compared with empty vector-trans-
fected cells (Fig. 1A). Inhibition of the virus-induced IFN
response was specific to HCV and GBV-B NS3/4A proteases
and not observed with serine proteases of other members of
the Flaviviridae family, NS2B/3 of YFV, a flavivirus, and
NS3/4A of BVDV, a pestivirus (35) (Fig. 1A). Therefore, the
disruption of virus-induced IFN responses appears to be spe-
cific to the serine proteases of hepaciviruses, including GBV-B.

As GBV-B infects small New World monkeys, such as tama-
rins and marmosets, but not chimpanzees (4, 19), we sought to
determine whether the inhibition of the virus-induced IFN
response that we observed in HEK293 cells also occurred in
tamarin hepatocytes expressing the GBV-B protease. This is
important, as the tamarin homolog of the human substrate
putatively cleaved by NS3/4A in HEK293 cells might differ in
its ability to be cleaved by the protease. We thus ectopically
expressed the protease in two T-antigen-immortalized tamarin
hepatocyte cell lines (TH1-5s and -14s) and challenged these
cells with SenV. These results confirmed that GBV-B NS3/4A
blocks viral induction of the IFN-B promoter in a dose-depen-
dent manner in tamarin cells (Fig. 1B; results in TH1-5S are
shown). Furthermore, we observed a similar inhibitory effect of
GBV-B NS3/4A on viral activation of the interferon-stimu-
lated gene 56 (ISG56) promoter, a well-characterized IRF-3
target (14), in TH1-5s cells (data not shown).

Like the HCV serine protease, GBV-B NS3/4A is a bifunc-
tional molecule that contains an N-terminal serine protease
activity (along with the NS4A cofactor) and a C-terminal RNA
helicase domain (36, 52). To investigate whether the protease
activity mediated the IFN blockade, as in HCV, we introduced
a point mutation (S139A) within the active site of the GBV-B
NS3 serine protease and determined the ability of this mutant
NS3/4A to block SenV-induced IFN responses. The S139A
mutant GBV-B NS3/4A was catalytically inactive, as it was
expressed as an unprocessed NS3-4A precursor in transfected
cells due to the inability to mediate the cis-cleavage between
NS3 and NS4A (Fig. 1C, lanes 5 and 6). We found that the
S139A mutant GBV-B NS3/4A lost the ability to inhibit SenV-
induced up-regulation of the IFN-B promoter (Fig. 1D), indi-
cating that GBV-B NS3/4A blocks virus-induced IFN re-
sponses by cleaving a cellular substrate(s).

GBV-B NS3/4A protease inhibits virus-induced activation of
both IRF-3 and NF-kB through the RIG-I signaling pathway.
Transcriptional induction of the IFN- promoter requires co-
ordinate activation of IRF-3 and NF-«B transcription factors
that specifically bind to the PRDIII-I and PRDII elements of
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FIG. 1. GBV-B NS3/4A protease, but not YFV NS2B/3 or BVDV NS3/4A, inhibits SenV-induced activation of the IFN-B promoter. A.
HEK?293 cells were cotransfected with pIFN-B-Luc and pCMVgal plasmids and plasmids encoding HCV NS3/4A, GBV-B NS3/4A, YFV NS2B/3,
or BVDV NS3/4A, or a control vector. Twenty-four hours later, cells were either mock infected (empty bars) or infected with SenV at 100 HAU/ml
for 16 h (solid bars) prior to lysis for both luciferase and B-galactosidase assays. Bars show relative luciferase activity normalized to B-galactosidase
activity, i.e., IFN-B promoter activity. B. IFN-B promoter activity in tamarin hepatocytes (TH1-5s) transfected with the indicated amounts (in
micrograms) of GBV-B NS3/4A-expressing plasmid supplemented with a control vector, to keep the total amount of DNA transfected constant,
and then mock infected or infected with SenV for 16 h. C. Immunoblot analysis of TH1-14s cells transiently transfected with plasmids encoding
WT GBV-B NS3/4A or an active site mutant, S139A, and then mock infected or infected with SenV. Note that cells transfected with the S139A
mutant plasmid expressed unprocessed NS3-4A precursor (arrow). D. IFN-B promoter activity in tamarin hepatocytes (TH1-14s) transfected with
plasmid DNAs expressing GBV-B NS3/4A, the S139A mutant GBV-B NS3/4A, or with a control vector and mock infected or infected with SenV

for 16 h.

the promoter, respectively (38). To determine the mechanism
by which GBV-B NS3/4A inhibits viral activation of the IFN-3
promoter, we investigated the effect of GBV-B NS3/4A on
SenV-induced activation of synthetic promoters driven by the
IRF-3-dependent PRDIII-I and NF-kB-dependent PRDII el-
ements of the human IFN-B promoter, respectively. We found
that the expression of wild-type (WT) GBV-B NS3/4A, but not
the S139A mutant, effectively blocked SenV-induced activation
of both PRDIII-I (Fig. 2A, left panel) and PRDII (Fig. 2A,
right panel) promoters in tamarin hepatocytes (TH1-14s cells).
Activation of both PRDIII-I and PRDII promoters was also
significantly reduced when ectopic expression of the constitu-
tive active CARD of RIG-I (N-RIG) was used in place of
SenV infection to trigger the signaling (Fig. 2B). These results
confirm that GBV-B NS3/4A, but not the related inactive
S139A mutant, inhibits RIG-I signaling to both IRF-3 and

NF-kB. The NS3/4A protease of GBV-B thus disrupts vial
activation of the IFN-B promoter in a fashion similar to
NS3/4A of HCV (12).

To better characterize the mechanisms of GBV-B NS3/4A
blockade on RIG-I signaling, we developed a Tet-regulated
HeLa cell line, designated GBpro-10, which conditionally ex-
presses GBV-B NS3/4A under the control of the Tet-Off pro-
moter. In GBpro-10 cells, expression of GBV-B NS3/4A was
tightly regulated by Tet and only occurred when Tet was re-
moved from the culture medium (Fig. 3B, GBV-B NS3 panel,
compare lanes 1 and 2 with lanes 3 and 4). Activation of IRF-3
requires its specific C-terminal phosphorylation and is accom-
panied by its nuclear translocation (15)—these events are
blocked in cells expressing HCV NS3/4A (12). Similarly, we
found that induction of GBV-B NS3/4A expression in GBpro-10
cells blocked SenV-induced IRF-3 phosphorylation (Fig. 3B,
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FIG. 2. GBV-B NS3/4A protease disrupts virus or constitutive ac-
tive RIG-I CARD (N-RIG)-induced activation of both IRF-3 and
NF-«kB. A. TH1-14s cells were cotransfected with plasmids encoding
luciferase under the control of either an IRF-3-dependent PRDIII-I
promoter (four-time repeat of the PRDIII-I element, left) or an NF-
kB-dependent PRDII promoter (right), pCMVgal, and plasmids en-
coding HCV NS3/4A, GBV-B NS3/4A, or GBV-B NS3/4A S139A or
control vector. Twenty-four hours later, cells were either mock in-
fected or infected with SenV at 100 HAU/ml for 16 h prior to lysis for
both luciferase and B-galactosidase assays. B. Constitutively active
RIG-I CARD (N-RIG)-induced PRDIII-I (left) and PRDII (right)
promoter activities in HECIB cells cotransfected similarly to those
represented in panel A. In these experiments, cotransfection of an
N-RIG-encoding plasmid or empty vector was substituted for SenV
infection or mock infection, respectively, and cells were harvested at
24 h posttransfection.

IRF-3 panel, compare lanes 2 and 4) and nuclear translocation
(Fig. 3A), as well as upregulation of ISG56 (Fig. 3B, ISG56
panel, compare lanes 2 and 4).

To further validate our findings, we conducted real-time
PCR monitoring of IFN-8 mRNA in SenV-challenged GBpro-10
cells, induced or repressed for GBV-B NS3/4A expression. As
shown in Fig. 3C, SenV-induced up-regulation of IFN-f was
almost ablated when GBV-B NS3/4A was induced (Fig. 3C,
left panel). In addition, SenV-induced expression of IL-6, an
NF-«kB-dependent cytokine (34), was also ablated in GBV-B
NS3/4A-expressing cells (Fig. 3C, right panel). Therefore,
GBV-B NS3/4A, like the HCV protease, targets a proximal
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point in the RIG-I signaling pathway, prior to bifurcation towards
IRF-3 and NF-«B.

GBV-B NS3/4A protease specifically targets the RIG-I adap-
tor protein, MAVS/IPS-1/Cardif/VISA, for proteolysis. To ex-
plore the mechanism by which GBV-B NS3/4A protease dis-
rupts RIG-I signaling, we determined whether known signaling
proteins in the RIG-I pathway were substrates for GBV-B
NS3/4A. The noncanonical IkB kinases, TBK1 and IKKe, me-
diate virus-activated IRF-3 phosphorylation (10, 41). Although
the underlying mechanisms remain to be determined, these
kinases are linked to the RIG-I dsRNA sensor by an adaptor
protein, MAVS (also known as IPS-1, Cardif, or VISA), which
was recently shown to be a substrate for the HCV NS3/4A
protease (23, 24, 26, 28, 41). We found that RIG-I, TBK1, and
IKKe were not cleaved by GBV-B NS3/4A when ectopically
expressed in GBpro-10 cells (data not shown). In contrast, the
two MAVS-immunoreactive species (with apparent molecular
masses of approximately 75 and 60 kDa, respectively) were
cleaved at a single site by GBV-B NS3/4A in GBpro-10 cells,
with a pattern similar to that observed in UNS3-4A-24 cells
expressing HCV NS3/4A (Fig. 4A). The 60-kDa MAVS species
is likely an internally initiated translation product that shares a
C terminus with the full-length MAVS, as it was detected only
by MAVS antiserum and not with an anti-Flag antibody in
immunblot assays when expressed from an N-terminal Flag-
tagged MAVS vector (data not shown).

As the anti-human MAVS antiserum did not detect the
tamarin MAVS homolog (Fig. 4B, lane 4) in whole-cell exacts,
we tried several approaches to obtain specific evidence of
cleavage of tamarin MAVS by GBV-B NS3/4A. First, we tried
to fractionate tamarin hepatocytes with ectopic expression of
WT or S139A mutant GBV-B protease into mitochondrial and
cytosolic fractions, as MAVS is known to be enriched in mi-
tochondria while redistributed into cytosolic fractions from
cells expressing HCV NS3/4A protease (23, 24, 26, 40). How-
ever, we were unable to detect tamarin MAVS in these frac-
tionated cellular extracts with the anti-human MAVS anti-
serum, irrespective of expression of the GBV-B protease (data
not shown). We were also unsuccessful in multiple attempts at
PCR cloning of tamarin MAVS using degenerate primers
based on an alignment of the nucleotide sequences of known
MAVS proteins (human, chimpanzee, rhesus monkey, mouse,
and rat). Thus, direct evidence of cleavage of the tamarin
homolog of MAVS is lacking. However, the GBV-B NS3/4A
protease, but not its catalytically inactive S139A mutant, was
capable of cleaving human MAVS when ectopically ex-
pressed in tamarin hepatocytes (Fig. 4B, compare lanes 2
and 3). More importantly, it was capable of disrupting in-
terferon signaling through the endogenous protein in these
cells (Fig. 1B and 2A).

Both HCV and GBV-B NS3/4A cleave their respective
viral polyproteins in trans at Cys/Ser or Cys/Ala dipeptides,
although either protease can tolerate some amino acid sub-
stitutions at the P1 (Ser or Ala) position (35). HCV NS3/4A
cleaves MAVS between Cys508 and His509, and the cleav-
age is blocked by an Arg substitution at Cys508 (23, 26, 28).
To determine whether GBV-B NS3/4A also cleaves human
MAVS at Cys508, we transfected expression vectors encod-
ing WT or mutant forms of MAVS with an Arg substitution
at Cys283 or Cys508 into GBpro-10 cells that were repressed
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FIG. 3. GBV-B NS3/4A disrupts the endogenous IFN response to virus infection in HeLa GBpro-10 cells with tetracycline-regulated,
conditional expression of GBV-B NS3/4A. A. Confocal microscopy of IRF-3 subcellular localization in HeLa GBpro-10 cells repressed (+tet) or
induced (-tet) for GBV-B NS3/4A expression and mock infected (left) or infected with SenV (right) for 16 h. Nuclei were counterstained with
4',6'-diamidino-2- phenylindole. B. HeLa GBpro-10 cells were cultured to repress or induce GBV-B NS3/4A expression for 3 days, followed by
mock infection or infection with 100 HAU/ml of SenV for 16 h prior to immunoblot analysis of whole-cell extracts for IRF-3, ISG56, SenV, or
GBV-B NS3. The arrow in the IRF-3 panel indicates the hyperphosphorylated form of IRF-3 (IRF3-P). A nonspecific band (*) detected by
anti-ISG56 antiserum indicates equal loading. C. Real-time RT-PCR analysis of IFN-B (left) and IL-6 (right) mRNA transcripts in HeLa GBpro-10
cells repressed or induced for GBV-B NS3/4A expression and mock infected or infected with SenV. mRNA abundance was normalized to cellular

18S rRNA.

or induced for GBV-B NS3/4A expression. We found that
the C508R mutant MAVS was no longer cleavable by
GBV-B NS3/4A, whereas the C283R mutant MAVS was still
cleaved, in a manner similar to that of WT MAVS (Fig. 4C).
Therefore, GBV-B NS3/4A also cleaves human MAVS at
Cys508.

Consistent with the fact that cleavage of MAVS by GBV-B
NS3/4A is responsible for the inhibition of RIG-I signaling, the
GBV-B NS3/4A blockade of RIG-I signaling occurs down-

stream of RIG-I (Fig. 2B) and upstream of IKKe and IRF-3
(Fig. 4D) and TBK1 (data not shown). Furthermore, the
protease-resistant CS08R mutant MAVS, but not its WT
counterpart, induced a similar level of IFN-B promoter ac-
tivation in GBV-B NS3/4A-expressing cells and nonexpress-
ing cells (Fig. 4D).

Cleavage of MAVS by GBV-B NS3/4A causes its redistribu-
tion from mitochondrial membrane to cytosol. MAVS contains
a hydrophobic transmembrane domain (TM) near its C termi-
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FIG. 4. GBV-B NS3/4A protease targets MAVS/IPS-1/Cardif/VISA for proteolysis. A. Immunoblot analysis of endogenous MAVS in UNS3-
4A-24 cells (left) and HeLa GBpro-10 cells (right) with (-tet) or without (+tet) induction of HCV and GBV-B NS3/4A, respectively. Open circles
indicate intact MAVS, while solid circles indicate cleaved MAVS. B. TH1-14s cells were mock transfected (lane 4), transfected with a plasmid
encoding MAVS (lane 1), or cotransfected with plasmids encoding MAVS and either GBV-B NS3/4A (lane 2) or S139A mutant GBV-B NS3/4A
(lane 3) for 24 h prior to harvest for immunoblot analysis of whole-cell extracts with MAVS antiserum (upper panel) or GBV-B NS3 antibodies
(lower panel). C. HeLa GBpro-10 cells induced or repressed for GBV-B NS3/4A expression were transfected with WT or the indicated mutants
of N-terminally Flag-tagged MAVS. Forty-eight hours later, MAVS protein was detected with anti-Flag antibody by immunoblot analysis of
whole-cell extracts. D. Activation of the IFN-B promoter by ectopic expression of IKKe, IRF-3 5D, or WT or C508R mutant MAVS in HEK293
cells in the absence (empty bars) or presence (solid bars) of ectopic coexpression of GBV-B NS3/4A.

nus (aa 514 to 535) that anchors it to the mitochondrial outer
membrane. Although poorly understood, the mitochondrial
localization is essential for the function of MAVS (40). As
GBV-B NS3/4A cleaves MAVS at a site located immediately
upstream of its TM, we sought to determine whether GBV-B
NS3/4A protease cleavage releases MAVS from the mitochon-
drial outer membrane as expected. To visualize MAVS, we
ectopically expressed an N-terminally GFP-tagged MAVS
(GFP-MAVS) in HeLa GBpro-10 cells that were induced or
repressed for GBV-B NS3/4A expression. We stained mito-
chondria with Mitotracker Red, a specific mitochondria dye,
and examined the subcellular localization of GFP-MAVS by
confocal microscopy. As shown in Fig. SA, GFP-MAVS almost
exclusively colocalized with Mitotracker Red in cells that do
not express GBV-B NS3-4A, with a punctuate pattern predom-
inantly in the perinuclear region. In contrast, GFP-MAVS
mitochondrial localization was no longer observed in cells in-
duced for GBV-B NS3/4A expression. Instead, GFP-MAVS
fluorescence became diffuse and distributed evenly in the cy-

toplasm. Parallel immunoblot analysis confirmed that GFP-
MAVS was cleaved in cells induced to express GBV-B NS3/4A
(Fig. 5B). To confirm that the endogenous MAVS was cleaved
off mitochondria, we isolated crude mitochondrial fractions
from GBpro-10 cells induced or repressed for GBV-B NS3/4A
expression. As shown in Fig. 5C, the MAVS-immunoreactive
products were present abundantly in the mitochondrial frac-
tion in cells without GBV-NS3/4A expression. However, they
were absent in mitochondrial fractions isolated from cells in-
duced to express GBV-B NS3/4A. In contrast, similar amounts
of CI39, a mitochondrial complex I 39-kDa protein, were
present in mitochondrial fractions of GBpro-10 cells, regard-
less of GBV-B NS3/4A expression status, demonstrating the
integrity of our mitochondria isolation. Therefore, as in the
case of the HCV serine protease (23, 26), GBV-B NS3/4A also
cleaves MAVS off mitochondria and dislodges it to the cytosol,
where it fails to signal.

MAVS is cleaved in cells actively replicating GBV-B sub-
genomic replicons. To determine whether MAVS is cleaved
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FIG. 5. Cleavage of MAVS/IPS-1/Cardif/VISA by GBV-B NS3/4A causes its redistribution from mitochondria to the cytosol. A. HeLa
GBpro-10 cells induced or repressed for GBV-B NS3/4A expression were transfected with a vector encoding N-terminally GFP-tagged MAVS
(GFP-MAVS) and analyzed by confocal microscopy 24 h later. Mitochondria were stained with Mitotracker Red. B. Immunoblot analysis of
GFP-MAVS (using GFP antibody) and GBV-B NS3 in whole-cell extracts of HeLa GBpro-10 cells treated as for panel A. Open circles indicate
intact GFP-MAVS, while solid circles indicate cleaved GFP-MAVS. C. Immunoblot analysis of MAVS (using anti-MAVS antiserum), a
mitochondrial inner membrane protein, complex I 39-kDa subunit (CI39), and GBV-B NS3 in crude mitochondrial fractions isolated from HeLa
GBpro-10 cells induced (-tet) or repressed (+tet) for GBV-B NS3/4A expression.
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FIG. 6. The virus-induced IFN response is abrogated in cells supporting the autonomous replication of GBV-B subgenomic RNAs due to
MAVS cleavage. A. MAVS is cleaved in cells containing GBV-B replicons. In IFN-cured cells (— replicon lanes), an intact MAVS-immunoreactive
product (arrow with open circle) was found in whole-cell extracts prepared in RIPA buffer, as well as in membranes collected after mild lysis using
reporter lysis buffer. In cells containing the GBV-B replicon RNA (RepGBNeo5m#15), a protein with a slightly lower molecular mass (arrow with
solid circle) was found in RIPA-lysed extracts, as well as in the supernatant from mildly lysed cells, consistent with NS3/4A cleavage and
redistribution of MAVS from mitochondria to cytosol. B. IRF-3 subcellular localization monitored 16 h after SenV infection by immunofluores-
cence was shown to be predominantly nuclear in cured cells but mostly distributed throughout the cytoplasm in cells containing GBV-B replicon
(RepGBNeo5Sm#15) or in noninfected cells (not shown). Nuclei were counterstained with 4'6’-diamidino-2-phenylindole (DAPI). C. cB76 cell
lines containing GBV-B replicon RepGBNeo5Sm or corresponding IFN-cured cells were cotransfected with pIFN-B-Luc (left) or pISG56-Luc
(right) and pCMV-BGal plasmids. Twenty-four hours later, cells were mock infected (empty bars) or infected with SenV at 100 HAU/ml (solid
bars) for 16 h prior to lysis for a reporter assay of promoter activities.
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FIG. 7. RIG-I is an intracellular sensor of GBV-B RNA. A. Huh7
cells in 48-well plates were cotransfected with ISG56-Luc and
pCMVBgal (50 ng of each), along with 200 ng of vector, RIG-I, or
RIG-I C. At 24 h later, cells were mock transfected (DMRIE-C only)
or transfected with 2 pg of in vitro-transcribed GBV-B genomic RNA
(GBB RNA) or poly(I-C) (pIC) for 20 h before harvest for the re-
porter gene assay. Relative luciferase activity represents ISG56 pro-
moter activity. B. Huh7.5 cells grown in six-well plates were transfected
with 2 pg of the empty vector (lanes 1 through 3), a Flag-tagged WT
RIG-I (lanes 4 through 6), or a Flag-tagged mutant RIG-I (KA; lanes
7 through 9). At 48 h posttransfection, cells were mock treated (lanes
1, 4, and 7) or transfected with GBV-B RNA (lanes 2, 5, and 8) or
infected with Sendai virus for 20 h (lanes 3, 6, and 9) before cell lysis
for immunoblot analysis of ISG56, RIG-I (using an anti-Flag anti-
body), Sendai virus, and actin (loading control).

during GBV-B viral replication, we conducted immunoblot
analysis of endogenous MAVS in Huh7 cells supporting the
autonomous replication of GBV-B subgenomic RNAs that
express GBV-B nonstructural proteins NS3 through NS5B as a
membrane-bound replication complex. In parallel, MAVS sta-
tus was examined in IFN-cured counterparts of these cell lines.
We found that the MAVS-immunoreactive product present in
whole-cell extracts (lysed using RIPA buffer) from replicon-
bearing cells migrated with an apparently lower molecular
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mass than that from IFN-cured cells, consistent with MAVS
cleavage by GBV-B NS3/4A (Fig. 6A, compare lanes 5 and 6).
In addition, under mild lysis conditions using the reporter lysis
buffer (Promega), full-length MAVS was only present in cured
cells and was recovered from the cell pellet (which contains
membrane-bound proteins) (Fig. 6A, compare lanes 4 and 3),
whereas cleaved MAVS was only present in replicon-bearing
cells and was recovered from the lysate supernatant (which
contains cytosolic proteins) (Fig. 6A, compare lanes 1 and 2).
Consistent with the fact that MAVS was cleaved in GBV-B
replicon cells, SenV-induced IRF-3 nuclear translocation (Fig.
6B) and activation of IFN-B and ISG56 promoters (Fig. 6C)
were blocked in two individually selected GBV-B replicon cell
lines, while they were restored in their IFN-cured counter-
parts.

RIG-I mediates host IFN response to GBV-B RNA. Previous
data indicate that RIG-I is an essential cytoplasmic sensor for
recognition of HCV RNA and subsequent initiation of IFN
responses in hepatoma cells (44). Given the similarities be-
tween GBV-B and HCV and the fact that GBV-B NS3/4A
protease cleaves the RIG-I adaptor MAVS, we sought to de-
termine whether GBV-B RNA also triggers host IFN response
through RIG-I. In vector-transfected Huh7 cells, introduction
of GBV-B genomic RNA activated the ISG56 promoter by
twofold, similar to the level of induction by transfected poly(I-
C), which activates the RIG-I pathway in these cells (44). This
induction, however, was ablated in cells expressing a dominant
negative mutant form of RIG-I, RIG-I C, which encodes the
helicase domain of RIG-I (50) (Fig. 7A). In contrast, ectopic
expression of WT RIG-I weakly activated the basal level of the
ISG56 promoter and strongly potentiated its induction in re-
sponse to transfected GBV-B RNA or poly(I-C) (Fig. 7A). To
further confirm that RIG-I mediates the host response to
GBV-B RNA, we ectopically expressed WT RIG-I or the
RIG-I KA mutant (which contains an inactivating point muta-
tion at the Walker-type ATP binding site) (50) in Huh7.5 cells
and determined the induction of ISG56 expression following
transfection of GBV-B RNA or, as a control, SenV challenge
(Fig. 7B). Huh7.5 cells were selected for these experiments as
they express a T55I mutant RIG-I and, as a result, respond to
SenV or intracellular dSRNA only when a functional RIG-I
molecule is reconstituted (44). As shown in Fig. 7B, both
GBV-B RNA and SenV failed to induce ISG56 expression in
Huh7.5 cells transfected with an empty vector (compare lanes
2 and 3 with lane 1). Ectopic expression of WT RIG-I (lanes 4
through 6), but not the KA mutant (lanes 7 through 9), re-
stored ISG56 induction in response to GBV-B RNA stimula-
tion or SenV infection (compare lanes 5 and 6 with lane 4 and
lanes 8 and 9 with lane 7, respectively). Taken together, these
data strongly suggest that RIG-I plays an essential role in the
cellular IFN response to GBV-B RNA.

DISCUSSION

RIG-I is one of the major signaling pathways for activation
of innate intracellular antiviral defenses against a variety of
negative- and positive-strand RNA viruses, including several
other flaviviruses and HCV (6, 16, 44, 50). We have expanded
previous observations in this study by showing that RIG-I also
contributes to innate immune recognition of GBV-B genomic
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FIG. 8. Alignment of peptide junctions present in viral polypro-
teins of GBV-B and HCV and cleaved in frans by their respective
serine protease with junctions present within MAVS from various
species that are cleaved (or predicted to be cleaved) by GBV-B NS3/
4A. Residues that flank MAVS cleavage sites by GBV-B NS3/4A and
align with natural viral substrates are underlined. Note that the MAVS
proteins from various species are different in length. Therefore the
positions of (predicted) GBV-B NS3/4A cleavage sites are different.

RNA (Fig. 7). Furthermore, we have demonstrated that
GBV-B has evolved to counteract this innate defense mecha-
nism. GBV-B NS3/4A proteolytically cleaves human MAVS/
IPS-1/Cardif/VISA, the RIG-I adaptor protein, and dislodges
it from the mitochondrial outer membrane, a localization that
is essential for MAVS function (40). Importantly, we demon-
strated this upon both transient and inducible expression of
GBV-B NS3/4A as an isolated protein in cells of human origin,
in hepatocyte cell lines derived from tamarins (Fig. 4 and 5),
and in human hepatoma cells, supporting the autonomous
replication of a GBV-B subgenomic replicon that expresses
GBV-B NS3/4A in the context of a membrane-bound replica-
tion complex (Fig. 6). GBV-B thus closely mimics HCV (12,
23, 26) in interfering with RIG-I signaling. This suggests in
turn that this interference with host innate antiviral responses
may play an important role during the establishment of both
HCV and GBV-B infections. These data thus provide addi-
tional, strong support for the use of the GBV-B model as a
surrogate for HCV.

This conclusion is further substantiated by the fact that the
ability to cleave MAVS appears specific for GBV-B and HCV
NS3/4A proteases, as serine proteases from a flavivirus, YFV
(NS2B/3), and a pestivirus, BVDV (NS3/4A), do not inhibit
RIG-I signaling (Fig. 1A). This is consistent with the differ-
ences between natural substrate specificities of flavivirus and
pestivirus serine proteases and that of HCV and GBV-B
NS3/4A proteases. While HCV and GBV-B NS3/4A cleave at
Cys/Ser, Ala, or Gly dipeptides, serine proteases from pestivi-
ruses and flaviviruses target distinct sequences, namely, Leu/
Ser or Ala and Arg/Ser or Gly, respectively (35). Furthermore,
several residues flanking the HCV and GBV-B NS3/4A cleav-
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age site in human MAVS that may contribute to substrate
recognition (e.g., at the P6 position) are identical to those
found around cleavage sites in GBV-B and HCV polyproteins
(Fig. 8), but not in flavivirus and pestivirus polyproteins (not
shown). This further validates the value of GBV-B as a surro-
gate model for HCV over other viruses of the Flaviviridae
family, as these two viruses appear to have adopted similar
strategies to disrupt host antiviral defenses.

GBV-B replicates in small New World primates such as
tamarins and marmosets (19). However, as sequence informa-
tion about a tamarin/marmoset homolog of human MAVS is
not available and our attempts to detect and clone tamarin
MAVS were unsuccessful, we could not directly evaluate the
susceptibility of the tamarin or marmoset MAVS homologs to
GBV-B NS3/4A cleavage. Nonetheless, given that GBV-B
NS3/4A cleaves human MAVS and targets a proximal point in
the RIG-I signaling pathway in tamarin hepatocytes prior to
the bifurcation towards IRF-3 and NF-kB (Fig. 2 and 4), it is
reasonable to postulate that the tamarin homolog of MAVS is
cleaved by GBV-B NS3/4A protease. This is also consistent
with the conservation of the NS3/4A cleavage site in MAVS
proteins derived from human, chimpanzee, rhesus monkey,
mouse, and rat sources (Fig. 8), despite the MAVS proteins
being of different lengths across these species. Future molec-
ular cloning of tamarin MAVS would help to confirm this
hypothesis as well as to allow us to better understand the
cleavage kinetics of MAVS by GBV-B NS3/4A.

Given these newly discovered properties of HCV and
GBV-B NS3/4A proteases in counteracting host antiviral de-
fenses, small-molecule inhibitors of NS3/4A may theoretically
possess dual efficacy in treating HCV and GBV-B infections.
They may both impede viral polyprotein processing essential
for viral replication and also relieve the viral blockade of host
innate immune responses (12). This could explain the striking
potency of HCV protease inhibitors in recent clinical trials
(18). In addition, such a dual inhibition mechanism may also be
the reason a frans-lactam HCV protease inhibitor, GW0014X,
demonstrated potent antiviral activity in a GBV-B-infected
marmoset model (3). Further in vivo investigations in GBV-
B-infected tamarins or marmosets would be helpful to validate
the dual action of protease inhibitors.

The ability of HCV to inactivate critical, early innate anti-
viral defenses via its NS3/4A serine protease has been postu-
lated to contribute to its persistence in the infected host. De-
spite the fact that GBV-B has evolved a strategy similar to that
employed by HCV, resulting in the disruption of RIG-I signal-
ing, there are important differences in the outcomes of HCV
and GBV-B infections. Although GBV-B is capable of causing
persistent infections (27, 30), this is a rare event compared to
the high frequency of chronic HCV infections in chimpanzees
and humans (1). While it remains speculative whether disrup-
tion of RIG-I signaling through cleavage of MAVS contributes
significantly to HCV persistence, it is interesting to see this
phenomenon mirrored in GBV-B, a virus that rarely causes
chronic infections. However, it is important to recognize that
the efficiency and kinetics of MAVS cleavage by the NS3/4A
proteases of these two viruses may differ in vivo. The HCV
protease also cleaves TRIF and suppresses TLR3 signaling
(21), and this might also contribute to the extraordinary ability
of HCV to counteract host defenses and establish persistence.
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Given the similarities in the substrate specificities of the
NS3/4A proteases of HCV and GBV-B (Fig. 8), it will be
interesting in future studies to determine whether GBV-B
NS3/4A also cleaves TRIF.

At present, we do not know why GBV-B infections in tam-
arins are associated with more robust viral replication and
higher-titer viremia (often 10° to 10° genome equivalents/ml)
than HCV infections in chimpanzees and humans. It is possible
that this robust replication of GBV-B predisposes to the trig-
gering of strong adaptive immune responses, such as cytotoxic
T cells, which are important for HCV clearance (2) and are
implicated in the control of GBV-B by the fact that persistent
infections can be induced by T-cell immunosuppression (19).
The results obtained with GBV-B in this study, and with other
viruses, e.g., thinovirus 14 (32) and hepatitis A virus (9), which
do inhibit cellular IFN responses in vitro yet do not persist in
humans, suggest that mechanisms other than MAVS cleavage
are likely to contribute to HCV persistence in vivo and may be
modulated differently in the course of GBV-B and HCV in-
fections.
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