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Recent advances in the understanding of the signaling pathways leading to the host
antiviral response to hepatitis C virus (HCV), the mechanisms used by HCV to evade the
immune response, and the development of small molecule inhibitors of HCV have gener-
ated optimism that novel therapeutic approaches to control HCV disease may soon be
available. HCV infection is detected by the cytoplasmic, RNA helicase RIG-I that plays an
essential role in signaling to the host antiviral response. Recently the adapter molecule that
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Interferon events was characterized by four different groups: MAVS/IPS-1-1/VISA/Cardif contains an
RIG-I amino-terminal CARD domain and carboxyl-terminal mitochondrial transmembrane
Viral evasion sequence that localizes to the mitochondrial membrane. Furthermore, the hepatitis C virus
IRF NS3-4A protease complex specifically targets MAVS/IPS-1/VISA/Cardif for cleavage as part of
its immune evasion strategy. Using a combination of biochemical analysis, subcellular
fractionation and confocal microscopy, we demonstrate that: (1) NS3-4A cleavage of MAVS/
IPS-1/VISA/Cardif causes relocation from the mitochondrial membrane to the cytosolic
fraction, resulting in disruption of signaling to the antiviral immune response; (2) disruption
requires a function NS3-4A protease; (3) a point mutant of MAVS/IPS-1/VISA/Cardif
(Cys508Ala) is not cleaved from the mitochondria by active protease; and (4) the virus-
induced IKKe kinase, but not TBK1, co-localizes strongly with MAVS at the mitochondrial
membrane and the localization of both molecules is disrupted by NS3-4A expression. These
observations provide an outline of the mechanism by which HCV evades the IFN antiviral
response.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction genome encodes a single polyprotein precursor that is

processed into structural proteins (core, envelope protein 1

The hepatitis C virus (HCV) is an important cause of human
chronic liver diseases [13,28] and is a major public health
problem. More than 170 million people worldwide are infected
with HCV [64]. HCV is an enveloped virus classified in the
Flaviviridae family [50]. The positive-stranded viral RNA
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(E1) and 2 (E2), p7) and nonstructural proteins (NS2, NS3, NS4A,
NS4B, NS5A and NS5B) by host and viral proteases (reviewed in
Refs. [49,65]). Although cellular and humoral immune
responses are present during acute and chronic HCV infection
[6], the immune response is rarely effective in eradicating the
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virus. The majority of HCV-infected subjects develop chronic
liver infection, demonstrating that HCV may have evolved
strategies to overcome or evade efficient innate immune
responses of the host (reviewed in Ref. [12]).

Little is known of the mechanisms or host functions
involved in virus entry, uncoating, trafficking, virus assembly
and egress. The recent development of cell culture systems for
HCV infection and replication [36,63,69] ushers in a new era of
advancement in HCV research. Understanding the viral life
cycle will assist in the development of antiviral drugs and will
help in the analysis of potential candidate vaccines.

1.1.  The host innate antiviral response

Pathogen-associated molecular patterns (PAMPs) presented by
the infecting viruses or other pathogens activate multiple
signaling cascades through Toll-like receptor-dependent and
independent pathways, culminating in the production of
cytokines and chemokines. Rapid induction of type I interferon
(IFN) expressionis a central eventin establishingthe hostinnate
antiviral response (reviewed in Refs. [30,54,60]), culminating in
the activation of NF-kB and IRF-3 transcription factors which
trigger the release of IFNB and IFNa1. Once produced, secreted
IFN acts in a paracrine fashion to induce gene expression in
neighboring cells through engagement of cell surface IFN
receptors. Among the hundreds of IFN-stimulated genes,
transcriptional upregulation of the IRF-7 gene is also observed,
and in response to virus infection, IRF-7 and IRF-3 contribute to
further amplification of the IFN response through the induction
of multiple species of IFN-«, leading to a second wave of IFN
expression in response to pathogen.

Interferon regulatory factor (IRF)-3 and IRF-7 play essential
roles in the virus-induced type I IFN gene activation following
virus infection [5,32,33,35,38,51,52,68]. IRF-3 is activated by C-
terminal phosphorylation which promotes dimerization,
cytoplasmic to nuclear translocation, DNA binding, associa-
tion with CBP/p300 histone acetyltransferases and transacti-
vation of downstream early genes such as IFNB, I[FNal and
RANTES. In contrast, IRF-7 protein is synthesized de novo upon
IFN stimulation and contributes to the expression of delayed-
type genes including other IFNa subtypes. As with IRF-3, virus
infection induces C-terminal phosphorylation of IRF-7 [38,53].
The IKK-related kinases — IKKe [46] and TBK-1 [9,48,62] - were
shown to be essential signaling components required for IRF-3
and IRF-7 phosphorylation [15,39,56].

1.2.  Triggering the host response to HCV infection

For RNA viruses, protein and nucleic acid products of infection
or replication, including ssRNA and dsRNA, have been
identified as viral PAMPs that are engaged by specific TLRs
or nucleic acid-binding proteins that serve as PAMP receptors
[24]. HCV nonstructural proteins and viral positive-stranded
RNA form membrane-associated replication complexes in the
cytoplasm of the cell that may be sensed by TLR-dependent or
independent mechanisms. These replication complexes then
transcribe negative-stranded RNA intermediates from which
positive-stranded RNA molecular are generated [43]. Several
reports indicate that HCV infection triggers the host cell to
activate multiple signaling cascades, culminating in the

production of cytokines and chemokines that could poten-
tially disrupt virus replication and initiate innate and adaptive
immune responses. How sensing occurs in vivo remains an
interesting and poorly understood aspect of the early host
response to infection.

1.3.  Evasion of the host response by HCV

The innate immune response is the earliest phase of immune
defense and also regulates the adaptive immune response [7].
Since triggering the IFN antiviral response in HCV-infected
cells would limit virus replication, HCV strategies to block the
innate immune response are crucial for the establishment of a
microenvironment conducive to HCV infection and replica-
tion. Several HCV structural and nonstructural proteins,
including E2, Core and NS5A proteins, have been shown to
inhibit the innate immune response [1,40,42,57,61]. Among
these HCV immunsuppressive proteins, NS5A has the ability
to modulate a number of cell-cycle regulatory genes [20,21],
and has been implicated in the interference of IFN-mediated
antiviral functions [59]. E2 and NS5A have been shown to bind
to the kinase domain of PKR and inhibit of IRF-1 activation
[17,19,47,61]. Furthermore, the interferon signaling pathway is
inhibited by HCV induced upregulation of protein phospha-
tase PP2A.

1.4.  RIG-I pathway

HCV and many viral infections are detected by the host cell
through the presence of viral nucleic acids; extracellular viral
dsRNA is recognized by the Toll-like receptor 3 (TLR3) [2,3],
whereas intracellular viral dsRNA is detected by two recently
characterized DEXD/H box RNA helicases, RIG-I [67] and/or
Mda5 [4,25]. The importance of the RIG-I pathway was
confirmed with the generation of RIG-I-deficient mice [26],
which revealed that RIG-I and not the TLR system played an
essential role in the IFN antiviral response in most cell types—
fibroblastic, epithelial and conventional dendritic cells. In
contrast, plasmacytoid dendritic cells (pDCs) utilize TLR
mediated signaling in preference to RIG-I.

Upon dsRNA recognition and binding by its RNA helicase
activity, RIG-I dimerizes and undergoes conformational
alterations that enable the N-terminal CARD domain to
interact with other downstream adapter protein(s). RIG-I
signaling ultimately engages the IKK kinase complex, the
stress activated kinases, as well as the IKK-related kinases
TBK1 and IKKg, leading to phosphorylation and activation of
NF-«B, ATF-2/c-jun and IRF-3 transcription factors, respec-
tively [37]. Coordinated activation of these factors results in
the formation of a transcriptionally competent enhanceosome
that triggers IFN-B production [44].

Recent studies demonstrated that HCV gene product NS3-
4A protease complex, a multifunctional serine protease,
efficiently blocked RIG-I signaling pathway and contributed
to virus persistence by enabling HCV to escape the IFN
antiviral response. Nevertheless, RIG-I was not a direct target
of NS3-4A and likewise, the kinases TBK1 and IKKe were not
subject to proteolytic cleavage by NS3-4A [10,16,58]. Interest-
ingly, the NS3-4A protease appears to target the TRIF/TICAM
adapter of the TLR3 pathway and causes specific proteolytic
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cleavage of TRIF, although this pathway appears to have a
minimal rolein triggering the IFN antiviral response. Additional
evidence for the importance of RIG-I comes from studies
demonstrating that permissiveness for HCV RNA replication in
Huh7.5[8] cellsis due to mutational inactivation of RIG-I protein
[58]. Thus, RIG-I signaling appears to be an essential pathway
regulating cellular permissiveness to HCV replication.

1.5. MAVS/IPS/VISA/Cardif

The adaptor molecule that links RIG-I sensing of incoming
viral RNA and downstream activation events was recently
elucidated by four independent groups [27,41,55,66]. MAVS/
IPS-1/VISA/Cardif contains an amino-terminal CARD domain
and a carboxyl-terminal mitochondrial transmembrane
sequence that localizes this protein to the mitochondrial
membrane, thus suggesting a novel role for mitochondrial
signaling in the cellular innate response [55]. Under the name
of Cardif, this protein was described by Meylan et al. to interact
with RIG-I and recruits IKKq, IKKB and IKKe kinases through its
C-terminal region. Importantly, Cardif was cleaved at its C-
terminal end - adjacent to the mitochondrial targeting domain
- by the NS3-4A protease of hepatitis C virus [41]. Li et al.
subsequently demonstrated that NS3-4A cleavage of MAVS/
IPS-1/VISA/Cardif resulted in its dissociation from the mito-
chondrial membrane and disruption of signaling to the
antiviral immune response [31].

2. Results
2.1. Identification of K1271/MAVS

The observations that RIG-I, TBK1 and IKKe are not proteolytic
substrates of NS3-4A indicated that an unidentified adaptor(s)
between RIG-I and the kinases may be a target for NS3-4A
cleavage [10,16]. A search program was written in python
language www.biopython.org; a database search was per-
formed that identified an uncharacterized protein - KIAA1271
(K1271) - containing a single CARD-like domain at the N-
terminus and a Leu-Val rich C-terminus (Fig. 1). This molecule
was identical to the MAVS/IPS/VISA/Cardif adapter
[27,41,55,66]. Co-expression of K1271/MAVS strongly activated
the IFN-B promoter and appeared to be the adapter linking
RIG-Isensing to downstream signaling events. Both the N- and
C-termini were essential for transactivation function, since
deletion of either end of the protein eliminated transactivation
(Fig. 1). Interestingly, an expression construct that contained
the N- and C-terminal domains but lacked the region between
aal50 and aa467 also stimulated the IFN-B promoter (Fig. 1). As
shown by Meylan et al. [41], K1271/MAVS is a direct target of
the HCV protease NS3-4A, with cleavage occurring adjacent to
the transmembrane domain at Cys508 (Fig. 1).

2.2.  Inhibition of downstream IFN activation

NS3-4A expression had profound effects on downstream IFN
gene activation events. Co-expression of increasing amounts
of NS3/4A strongly inhibited K1271/MAVS-mediated activa-
tion of IFN-B promoter, whereas a truncated form of K1271/
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Fig. 1 - Schematic representation of the RIG-I adapter
K1271/MAVS. The 540aa MAVS/IPS-1/VISA/Cardif
molecule is shown schematically. The location of the
CARD domain, proline rich region that interacts with
TRAF6 and the C-terminal mitochondrial membrane
region (TM) is shown. Also illustrated is the region
adjacent to the TM containing cysteine 508, the target
residues for the HCV NS3/4A protease. Different N- and C-
terminal deletions used in co-transfection experiments to
induce the IFN-B-pGL3 reporter plasmid are shown below
the schematic. +++ indicates a 150-250-fold induction of
the IFNB promoter; — indicates a less than 10-fold
induction relative to control [34].

MAVS (K1271 aal-508) was unable to stimulate the IFN-B
promoter and was also not inhibited by NS3/4A co-expression.
Co-expression of the viral NS3/4A protease completely
inhibited K1271/MAVS-induced IRF-3 and IRF-7 phosphoryla-
tion, and as a measure of the antiviral response, it was also
demonstrated that endogenous ISG56 expression was blocked
in NS3-4A expressing cells [34].

2.3.  Distinct subcellular localizations of TBK1 and IKKe:
recruitment of IKKe to K1271/MAVS localized at the
mitochondrial membrane

To determine if localization and/or recruitment of the virus-
activated kinases TBK1 and IKKe could be observed in
association with mitochondrial localized K1271/MAVS, endo-
genous K1271/MAVS and IKKe were visualized by confocal
microscopy in lung epithelial A549 cells. In cells infected with
VSV for 1h, perinuclear IKKe was detected (Fig. 2, top green
panel) that co-localized with K1271/MAVS (Fig. 2, top red panel).
The merge of the respective signals illustrated a strong co-
localization and close association between these two proteins
(Fig. 2, top right panel). Interestingly, VSV-induced IKKe
localized almost exclusively with mitochondria (detected by
MTO) in the reticulotubular mitochondrial network. A similar
co-localization was not observed between TBK1 and mitochon-
dria; only a portion of the detected TBK-1 appeared to be
associated with the mitochondrial fraction; ongoing studies are
investigating the localization and recruitment of TBK-1 to the
K1271/MAVS and the mitochondria (Fig. 2, lower panels).

2.4.  Cleavage of the K1271/MAVS-IKKe complex from the
mitochondria by NS3-4A

To address the fate of the K1271/MAVS-IKKe in the presence
of NS3-4A protease, transient expression studies were
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Fig. 2 - Distinct subcellular localization of IKKs and TBK1. VSV-infected A549 cells were treated with MitoTracker Orange
(MTO, in red), fixed and stained for either IKKt (upper panels) or TBK1 (lower panels). The confocal fluorescent images were
merged. IKKs was detected using mouse anti-IKKt and anti-mouse AF488 antibodies, while TBK1 was detected using rabbit

anti-TBK1 and anti-rabbit AF488 antibodies.

undertaken in primate Cos-7 cells. As observed for the
endogenous molecules, co-staining of transfected K1271/
MAVS and IKKe revealed a strong co-localization with
mitochondria (Fig. 3). Importantly, NS3-4A protease co-
expression was sufficient to disrupt the mitochondrial
localization of K1271/MAVS-IKKe, resulting in a diffuse
cytoplasmic staining pattern (Fig. 4, upper panels). A protease
inactive form of NS3/4A was unable to cleave the K1271/
MAVS-IKKe molecular complex from the mitochondrial
surface (Fig. 4, lower panels). When K1271 (C508A) was

used in similar experiments, K1271/MAVS-IKKe retained a
mitochondrial-like staining pattern (data not shown).
Furthermore, these observations support earlier studies
characterizing the expression of K1271/MAVS in human
hepatoma Huh7 and the HCV replicon expressing Huh8 cells
[34]. Fulllength K1271/MAVS was detected in extracts of Huh7
cells in association with the mitochondrial membrane,
whereas the predominant form of K1271/MAVS in Huh8
cells was truncated and was diffusely localized within the
cytoplasm [34].

Fig. 3 - Co-localization of mitochondria and transfected IKKs and K1271. COS-7 cells were transfected with IKKe and K1271
expression plasmids, treated with MTO (in red), fixed and stained for either IKK: (in green) or K1271 (in blue). The confocal
fluorescent images were merged. IKK: was detected as described above. K1271 was detected using guinea pig anti-K1271

and anti-guinea pig AF647 antibodies.
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NS3-4A

Fig. 4 - The protease activity of NS3-4A is required to disrupt the IKKe-K1271 complex localization. COS-7 cells transfected
with IKKe-myc and K1271 expression plasmids, and with a construct encoding wild type (upper panels) or protease inactive
(lower panels) NS3-4A-flag, were stained for flag (in green), IKK (in red), K1271 (in blue), and confocal fluorescent images
were merged. Flag-tagged NS3-4A was detected using rabbit anti-flag and anti-rabbit AF488 antibodies. Myc-tagged IKKg
was detected using mouse anti-myc (clone 9E10) and anti-mouse Cy3 antibodies. K1271 was detected as described in Fig. 3.

3. Discussion

The DExD/H box RNA helicase RIG-I plays an essential role in
the sensing of incoming of virus infection and directly relays
regulatory signals to the host antiviral response. The adaptor
molecule providing a link between RIG-I sensing of incoming
virus particles and downstream activation events was recently
elucidated; MAVS/IPS-1-1/VISA/Cardif [27,41,55,66] localizes
to the mitochondrial membrane suggesting a link between
recognition of viral infection, the development of innate
immunity and mitochondrial function [55]. The IKK-related
kinases - TBK1 and IKKe — are critical downstream compo-
nents of the activation of the interferon antiviral response,
through their ability to phosphorylate the C-terminal domains
of IRF-3 and IRF-7. Interestingly, the hepatitis C virus NS3-4A
protease activity specifically cleaved the MAVS/IPS-1-1/VISA/
Cardif-IKKe molecular complex from the mitochondria as part
of its immune evasion strategy. Furthermore, a protease-
inactive NS3-4A mutant was unable to affect the MAVS/IPS-1/
VISA/Cardif protein subcellular localization and its associa-
tion with IKKe. Disruption of the mitochondrial localization of
MAVS/IPS-1-1/VISA/Cardif-IKKe also ablated downstream
signaling to the IFN antiviral response. These observations
provide the outline of the mechanism by which HCV evades
the IFN antiviral response. Furthermore, recent biochemical
evidence using ultracentrifuge purified mitochondria and
immunoblot analysis also reveals that IKKe is inducibly
recruited to the mitochondria in virus-infected cells, while
TBK1 remains partitioned in the cytosol and only a small
amount appears to be recruited to the mitochondria. We are
currently evaluating the significance of the recruitment of
IKKe to the MAVS/IPS-1-1/VISA/Cardif complex.

The strong and apparently selective recruitment of IKKe to
the mitochondria in association with MAVS/IPS-1-1/VISA/
Cardif is enigmatic, given that TBK1 is principally involved in
downstream signaling to IRF-3 and IRF-7 phosphorylation
and development of the antiviral response [14,39,56]. Studies
in TBK1 and IKKe knockout mice demonstrate a clear role for
TBK1in the generation of the antiviral response, with only an
accessory role associated to date with IKKe [23,45]. Given that
IKKe knockout mice do not appear to have major defects in
IFN induction, targeting an IKKe dependent pathway does not
explain the inhibition of IFN induction by the hepatitis C
protease. Selective recruitment of IKKe may reflect a distinct
functional role for this kinase activity in the host response to
virus infection, perhaps at the level of coordinating mito-
chondrial dependent cell death in virus-infected cells.
Moreover, while the majority of TBK1 was detected through-
out the cytoplasm, a fraction did appear to co-localize with
mitochondria; biochemical studies demonstrated that a
small proportion of total TBK1 is present in highly purified
mitochondrial fractions (unpublished data). Whether this
fraction is enzymatically active and/or physically associated
with MAVS/IPS-1-1/VISA/Cardif remains to be determined.
Although, co-localization of TBK1 with the mitochondria and
MAVS/IPS-1-1/VISA/Cardif could be transient and not easily
detected by confocal analysis, the observation that IKKe is so
intimately associated with MAVS/IPS-1-1/VISA/Cardif is not
easily resolved at this point. However, in support of a
functional role of IKKe in HCV pathogenesis, previous
experiments demonstrated that IKKe overexpression, but
not the expression of TBK1 or other signaling adapters,
partially reversed HCV protease mediated inhibition of IFN
induction [10].
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The localization of this CARD domain-containing adaptor
to the mitochondrial membrane is highly strategic and may
help the host cell sense incoming viral challenge and
coordinate an immune or apoptotic response, depending on
the pathogen. Many viruses replicate in intracellular orga-
nelles such as the endoplasmic reticulum; a good example is
HCV which replicates in the membranous web that connects
the ER to the mitochondria. dsRNA structures, possibly within
replicating ribonucleoprotein complexes, may be recognized
by RIG-I and/or Mda-5, resulting in downstream signaling
through MAVS. Mitochondria may be at the center of a delicate
balancing act between the host immune response and virus-
induced apoptosis. In the case of HCV infection, cleavage of
MAVS by the NS3-4A protease appears to tip the balance,
resulting in disruption of innate immune responses and
establishment of chronic HCV persistence [18].

The identification of MAVS/IPS-1/VISA/Cardif, its role in
innate signaling, and its characterization as the physiologi-
cally relevant target of the NS3-4A protease is an important
step in the complete understanding of the mechanisms by
which HCV evades the early host response. The essential
localization of this CARD domain-containing adapter to the
mitochondria furthermore suggests an important function in
the coordination of the innate immune and apoptotic
responses.

Lamarre et al. originally identified a new class of potent
macrocyclic NS3 protease inhibitors, the prototype of which is
BILN 2061 [29], a small molecule inhibitor that is biologically
available through oral ingestion. Administration of BILN 2061
to patients infected with HCV genotype 1 for 2 days resulted in
a two-three log reduction of HCV RNA plasma levels, and
established proof-of-concept in humans for an HCV NS3
protease inhibitor. VX-950 is another HCV NS3-4A protease
inhibitor advanced to clinical studies [11]. While the chal-
lenges of designing potent inhibitors of the viral protease have
been solved, as highlighted by BILN 2061 and VX-950, it
remains unclear whether these efforts will yield promising
drug candidates, given that problems associated with the
emergence of viral resistance or unanticipated side effects in
clinical trials may be significant problems [22]. The implica-
tions for the study of HCV pathogenesis are particularly
profound, given that experimental compounds such as
BILN2061 and VX-950 that block NS3-4A protease activity
may accomplish two goals: inhibition of virus multiplication
and processing, as well as restoration of the early innate
immune response that is critical to the development of a
robust adaptive response in patients [11,29].
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