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The innate immune response is the first line of defense against viral
infections. Recent studies have revealed two immune receptor systems that detect
viraly-derived nucleic acids and trigger signaling pathways which lead to the
activation of transcription factors like nuclear factor-kappa B (NF-kappa B),
interferon regulatory factor 3 (IRF3) and interferon regulatory factor 7 (IRF7).
These transcription factors regulate the synthesis of protective cytokines including

type | interferons. The first detection system includes members of the toll-like
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receptor family (TLR3, TLR7, TLR8 and TLR9) that reside in the endosome and
signal through the associated adaptor proteins. The second pathway uses retinoic
acid inducible gene — | (RIG-1) to detect cytosolic vira double-stranded RNA.
RIG-I signals to NF-kappa B and IRFs through its N-terminal CARD domains.
An important area of research is to identify the downstream host factors that
participate in these pathways and to determine the mechanism by which they
function.

Here, | describe the development of an in vitro biochemical assay to detect
the activation of a key kinase involved in the activation of IRF3. This assay will
be a valuable tool for identifying not only the specific IRF3 kinase, but also other
molecular components involved in the antiviral signaling pathway.

A bioinformatics approach led to the identification of a CARD domain
containing protein, termed MAVS (Mitochondrial AntiViral Signaling protein)
that functions downstream of RIG-I in the antiviral signaling pathway. Besides
the N-terminal CARD domain, MAVS aso contains a hydrophobic C-terminal
transmembrane domain that targets the protein to the outer membrane of the
mitochondria. The mitochondrial localization of MAVS is essentia for signaling
by MAVS. The importance of mitochondrial localization of MAVS for its
function is underscored by the finding that hepatitis C virus (HCV) shuts down

the host innate immune system by cleaving MAVS off the mitochondria. HCV



achieves this through the action of NS3/4A, a viraly encoded serine protease,
which cleaves MAV S before the transmembrane domain at Cys-508.

Prior to the identification of MAV'S, the focus of antiviral research was on
understanding the regulation of key transcription factors by established cytosolic
signaling cascades. Our findings have established an important role for
mitochondria in regulating antiviral immunity and represent a new paradigm in

understanding the host-pathogen relationship.
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CHAPTER I: INTRODUCTION TO THE ANTIVIRAL INNATE IMMUNE
RESPONSE

Viruses are highly infectious pathogens that depend on host cellular
machinery for survival and replication. Most viral infections, like the common
cold caused by Rhinoviruses, are efficiently resolved by the host immune system.
Both branches of the immune system, the innate and adaptive immune response,
contribute to antiviral immunity (Akira et al., 2006). In the early phase of an
infection, the innate immune response plays an essential role in checking the
progress of the virus before the later adaptive immune response develops. Cells
of the innate immune system and the cytokines secreted by them are also
responsible for alerting and shaping the adaptive immune response. The adaptive
or acquired immune response develops in the late phase of infection and is not
only involved in the elimination of avirus, but also confers immunologic memory
against the pathogen. Given the importance of the innate immune response as the
first line of defense against a viral infection, it is vital to understand the signaling
pathways that regulate its generation. My thesis projects have focused on
understanding the signaling pathways that regulate the antiviral innate immune

response.
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I. A. Induction and Downstream Effects of Typel Interferons (IFNSs)

A vira infection triggers the host antiviral innate immune response. The
pathogen-recognition receptors (PRRs) expressed by cells of the innate immune
system are responsible for recognizing virus-associated nucleic acids like
genomic DNA or RNA and double stranded (ds) RNA (discussed in section |.D)
(Ishii and Akira, 2005). In response to a vira challenge, several cytokines
including type | and type Il IFNs, tumor necrosis factor-a (TNF-a), interleukin -6
(IL-6) and IL-8 are synthesized and secreted (Mogensen and Paludan, 2001). Of
these, the regulation and downstream effects are best characterized for type | IFNs
which include several IFN-a subtypes and a single IFN-b subtype (Honda et al.,
2005c). Although, severa cell types including epithelial cells, fibroblasts and
macrophages are capable of synthesizing IFNs, a subset of dendritic cells -
plasmacytoid dendritic cells (pDCs) have recently been identified as the major
source of IFNs in response to a viral challenge (Colonna et al., 2004). Besides
their role in antivira immunity, IFNa/b also exhibit anti-proliferative and
immunomodulatory effects (Honda et al., 2005c).

The expression of IFN genesis regulated at the level of transcription and
has been extensively studied and is particularly well understood for the IFN-b
promoter (Maniatis et al., 1998). The promoter region of IFN-b contains several
cis-acting DNA elements identified as positive regulatory domains (PRDs) and

are designated PRDI through PRDIV (Figure 1a). These domains serve as
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Figure 1: Induction and downstream effects of |FN-b

(@) In response to a vira infection, three classes of transcription factors —
ATF2/c-dun, IRF and NF-kB, are activated. These transcription factors
bind to the PRD elements of the IFN-b gene in the nucleus. Together with
the nuclear architectural protein HMG-I(Y), these transcription factors
assemble into a stereospecific enhanceosome complex that is required for
the transcriptional initiation of the IFN-b gene.

(b) An effective innate antiviral immune response involves the following
steps. 1. Detection of invading viruses by PRRs such that the receptors are
activated; 2. Activation of the PRRs triggers cellular signaling cascades
that lead to the activation of transcription factors like IRF3/7 and NF-kB.
Once activated these transcription factors lead to the induction of IFN-b
gene; 3. The synthesized IFN-b is secreted. The secreted IFN-b actsin an
autocrine or paracrine manner by binding to IFNARL/2; 4. Activation of
the IFNAR leads to the initiation of the JAK/STAT signaling pathway that
leads to the activation of STAT1 and STAT2. These transcription factors
associate with IRF9 to form ISGF3, which regulates the synthesis of
several 1SGs including IRF7, PKR, Mx proteins etc.; 5. One of the 1SGs
synthesized is IRF7 that induces the further expression of type | IFNs
including IFN-b to form a positive feedback |oop.

binding sites for at least three classes of transcription factors — ATF-2/c-Jun that
binds PRD 1V, nuclear factor (NF)-kB that binds PRD Il and interferon regulatory
factor (IRF) family members that bind PRD | and PRD Ill. Together with the
nuclear architectural protein HMG-I(Y), these transcription factors assemble into
a stereospecific enhanceosome complex that remodels the chromatin in the
promoter of IFN-b, resulting in transcriptional initiation (Thanos and Maniatis,
1992).

Synthesized IFN-b is secreted and binds to the IFNa/b receptor (IFNAR)

in an autocrine and paracrine manner to initiate a positive feedback loop that
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results in further production of type | IFNs (Figure 1b) (Theofilopoulos et al.,
2005). The type | IFN receptors are composed of two subunits IFNAR1 and
IFNAR2. In the presence of a ligand, these receptor subunits undergo
dimerization followed by autophosphorylation and activation of the associated
Janus activated kinase (JAK) family members. Tyrosine kinase 2, a member of
the JAK family, is associated with IFNAR1 whereas JAK1 is associated with
IFNAR2. These activated kinases in turn phosphorylate and activate the signal
transducer and activator of transcription 1 (STAT1) and STAT2 proteins. These
transcription factors associate with a member of the IRF family of transcription
factors - IRF9, to form a heterotrimeric complex, IFN-stimulated gene factor 3
(ISGF3). I1SGF3 initiates the transcription of severa interferon stimulated genes
(ISGs) by binding to the IFN-stimulated response elements (ISRE) in their
promoter regions. Extensive microarray analyses have identified several classes
of proteins that constitute the 1SGs (de Veer et a., 2001). Examples of 1SGs
include transcription factors like IRF7, kinases like PKR, RNA degrading
enzymes like 2'-5'-oligoadenylate synthetase (2'-5° OAS)/RNaselL, Mx proteins
that interfere with viral nucleocapsid transport, Ubiquitin-like protein 1SG15 of
unknown function, cytokines and chemokines like type | IFNs, IL-15 and
RANTES etc. Together these ISGs inhibit various stages of the vira life cycle
and induce an antiviral state in the host. The importance of the IFN-a/b signaling

pathway in the antiviral innate immune response is underscored by studiesin mice
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with targeted disruption of the IFNAR genes (Muller et al., 1994). These mice
are extremely sensitive to viral infections and exhibit increased viral replication in

several tissues.

|. B. Signaling pathways that activate NF-kB and itsrolein the regulation of
IFN-b induction

The NF-kB/Rel family of transcription factors regulate several physiologic
processes like inflammation, immunity and apoptosis. Members of this family,
which includes Rel-A (p65), Rel-B, c-Rel, p50, exist as homo- or hetero-dimers
(Ghosh et al., 1998). The activity of NFkB isregulated at the level of subcellular
localization (Silverman and Maniatis, 2001). In unstimulated cells, NF-kB is held
in the cytosol by inhibitory kB (1kB) family members. The activation of NF-kB
depends on the phosphorylation and subsequent degradation of the associated kB
protein. The phosphorylation of 1kB is achieved by a multi-protein complex,
termed kB kinase (IKK) that contains two catalytic subunits, IKKa and IKKDb,
and aregulatory IKKg (also termed NFKkB essential modulator, NEMO) subunit.
Once phosphorylated, 1kB is ubiquitinated and subsequently degraded by the
proteasome. Free NFkB translocates into the nucleus and turns on its target

genes.
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Several studies support the importance of NF-kB and its interaction with
the PRD Il elements for the regulation of the IFN-b promoter (Lenardo et d.,
1989; Thanos and Maniatis, 1992; Visvanathan and Goodbourn, 1989). In
response to a challenge with viruses or dsRNA (a byproduct of viral infection),
NF-kB translocates from the cytosol to the nucleus. Direct binding between NF
kB and PRDII elements has been demonstrated, and mutations that interfere with
the binding of NF-kB to PRD Il in vitro severely impair IFN induction in vivo.
Further, knock-down of the expression of NF-kB by antisense RNA diminishes
the expression of IFN-b by viruses.

Most of our understanding of the mechanism by which NF-kB is activated
has been gained by studies on signaling pathways initiated by the interleukin-1b
receptor (IL-1R)? tumor necrosis factor (TNFR) or T cell receptor (TCR).
Although different receptors recruit distinct signaling complexes upon activation
by agonist binding, all these signals converge at the level of IKK. A paradigm for
activation of IKK has emerged from studies of the IL-1b signaling pathway
(Figure 2) (Chen, 2005). When IL-1b binds its receptor, it leads to the
recruitment of IL-1R accessory protein (IL-1Racp) and forms an active receptor
complex which in turn recruits an adaptor protein myeloid differentiation factor
(MyD88) and kinases that include IL-1 receptor associated kinase (IRAK1) and

IRAK4. IRAKZ1 bindsto and recruits TNFR-associated factor 6 (TRAF6) that
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Figure 2: M echanism of activation of NF-kB by IL-1.

Stimulation of the IL-1R leads to the recruitment of several adaptor proteins
including MyD88, IRAK and TRAF6 to the receptor. TRAF6 is an E3
ubiquitin ligase, which together with the E2 enzyme, Ubcl13/Uev1A catalyzes
conjugation of K-63 linked polyubiquitin chains to target protein like NEMO
and TRAF®6 itself. This polyubiquitination reaction can be reversed by
deubiquitinating enzymes like CYLD and AZ20. The K-63 linked
polyubiquitin chains bind to TAB2 and trigger the activation of TAK1
through an as yet unknown mechanism. Activated TAK1 phosphorylates the
activation loop of ’KKb, leading to IKK activation. IKK phosphorylates
IkBa protein and targets it for degradation by the 26S proteasome. NF-kB is
thus free to translocate into the nucleus where it turns on the expression of
several target genes.

transmits the signal to the downstream kinases, IKK and JNK. A biochemical
fractionation approach identified two intermediary protein complexes, termed
TRIKA1 (TRAF6-regulated IKK activator 1) and TRIKA2, that transmit the
signal from TRAF6 to IKK.

The TRIKA1 complex consists of a ubiquitin conjugating enzyme (E2)
Ubcl3, and a Ubc-like protein UevlA (Deng et a., 2000). The identification of
an E2 as an activator of IKK was very surprising. A better understanding of how
an E2 regulates IKK was gained by studies that demonstrated that TRAF6
functions as an ubiquitin ligase (E3) in this pathway. Several family members of
the TRAF family, including TRAF6, contain a highly conserved N-terminal
RING domain that is found in a large family of E3 enzymes. Together with the
E2 enzymes, Ubcl3/UevlA, TRAF6 catayzes the synthesis of unique
polyubiquitin chains linked through lysine-63 (K-63) of ubiquitin. K-63 linked

polyubiquitin chains are different from K-48 linked polyubiquitin chains that

30



target a protein for degradation by the proteasome pathway. Subsequent studies
have identified severa targets of K-63 linked polyubiquitination, including
NEMO and TRAF®6 itself (Chen, 2005). Through a proteasome independent
mechanism, which has not yet been wel characterized, the K-63
polyubiquitinated chains of TRAFG6 lead to the activation of IKK.

A trimeric protein complex of TAK1 (TGF-b activated kinase) and its
associated proteins TAB1 (TAK1-binding protein) and TAB2 constitute the
TRIKA2 complex (Wang et al., 2001). Biochemical assays have shown that
active TAK1 directly phosphorylates IKKb within the activation loop, thereby
activating the IKK complex. Further studies have shown that TAK1 is aso
activated by auto-polyubiquitination of TRAF6. The role of TAB1 in this
pathway is not clear but TAB2 is required for the ubiquitin-dependent ectivation
of TAK1 by TRAF6.  Recent studies have shown that TAB2 and its homologue
TAB3 mediate this polyubiquitination dependent activation of TAK1 (Kanayama
et al., 2004). Both TAB2 and TAB3 contain a highly conserved C-terminal zinc
finger domain that preferentially binds to K-63 linked polyubiquitin chains.
Deletion of this domain or point mutations within this domain that impair
polyubiquitin binding abolish the ability of TAB2 and TABS3 to activate TAK1
and IKK. Thus, TAB2 and TAB3 appear to activate TAK1 and IKK by binding
to K-63 polyubiquitin chains of target proteins like TRAF6. The mechanism of

how the activation of kinases is achieved by binding of TAB2 or TAB3 to
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polyubiquitin chains is not yet understood. It has been proposed that the binding
of polyubiquitinated TRAF6 to TAB2 or TAB3 facilitates the dimerization or
oligomerization of TAK1 complex, thereby promoting the trans
autophosphorylation and activation of TAK1. Active TAK1 also phosphorylates
MKK®6, which activates the INK and p38 kinase pathways.

There are seven known members of the TRAF family of ubiquitin ligases.
Several members of this family have been implicated in activation of NFkB by
diverse stimuli (Chen, 2005). TNF-a and TCR mediated activation of IKK
depends on the activities of TRAF2 and TRAF6 respectively. Recent studies
have aso reveded a role of TRAF proteins in the activation of IRF family

members (discussed in section .D.1).

I. C. Roleof IRFsin antiviral signaling pathways

Several members of the IRF family of transcription factors have important
roles in regulating different aspects of the antiviral immune response including
the expression of type | IFNs. There are nine known members in this family:
IRF1, IRF2, IRF3, IRF4/Pip/IC-SAT, IRF5, IRF6, IRF7, IRF8 and
IRFO/p48/1SGF3g (Figure 3) (Mamane et al., 1999). These proteins share a
homology within their N-terminal DNA binding domain (DBD) that contains a
repeat of five tryptophan residues spaced by 10-18 amino acids. Through this

domain, the IRF family members bind similar regions of DNA including ISREs
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Figure 3: Interferon Regulatory Factor (IRF) Family Members

There are nine known membersin the IRF family of transcription factors. The
conserved tryptophan repeats in the DNA binding domain (DBD; yellow box)
are represented as W. Certain members of the family contain a proline-rich
domain (PRO), an IRF association domain (IAD) and a C-terminal regulatory
domain (RD).

(found within promoter regions of several 1SGs), interferon consensus sequences

(ICS; found within the MHC | promoter) and interferon regulatory elements (IRF-

E or PRD | and I11 within the IFN-b promoter).



IRF1 and IRF2 were originally identified as factors that regul ated the |FN-
b promoter in response to viruses and dsRNA through their interaction with the
PRD | and Il regions the promoter. IRF1 was identified as an activator whereas
IRF2 was recognized as a repressor of IFN-b promoter induction (Harada et .,
1989). However, mouse knock-out studies revealed that IRF1 and IRF2 were
dispensable for the regulation of the IFN-b promoter (Matsuyama et al., 1993).
Based on primary sequence homology, a new member of the IRF family, which is
ubiquitiously expressed in human tissues, was identified. This factor was termed
IRF3 and severa studies have now confirmed that |RF3 binds the PRD | and PRD
[11 regions within the IFN-b promoter to regulate the expression of this promoter
in avirus and dsRNA- dependent manner (Sato et al., 1998; Schafer et al., 1998;
Weaver et al., 1998; Yoneyama et al., 1998). Mouse embryonic fibroblasts
(MEFs) derived from IRF3 knock-out mice have a defect in the production of
IFN-b (Sato et al., 2000). Like NF-kB, the activation of IRF3 is also determined
by its subcellular localization. IRF3 is cytosolic in cells that have not been
chalenged by a vira infection. In response to such a chalenge, IRF3 is
phosphorylated by the IKK-like kinases TBK1 and IKKi (Fitzgerald et al., 2003;
Sharma et al., 2003). Not much is understood about the regulation of these

kinases by viruses. Phosphorylation of IRF3 leads to its dimerization and this



active form of IRF3 translocates into the nucleus where it binds to the IFN-b
promoter.

In terms of sequence identity, IRF7 is very similar to IRF3. IRF7
homodimers regulate the transcription of the IFN-a gene and together with IRF3
bind the IFN-b promoter. An early model suggested that IRF7 is not involved in
theinitial phase of IFN-b induction asit is expressed at low levelsin most cellsin
the absence of virus (Marie et al., 1998). IFN-b produced in response to a viral
challenge by the IRF3-dependent pathway described above, induces transcription
of IRF7. IRF7 is then activated by phosphorylation at certain key residues by
TBKL1/IKKi such that it binds and induces the promoter of the IFN-a gene. A
recent study using IRF7 knock-out mice has suggested that transcription of IFN-
b is aso dependent on IRF7 (Honda et al., 2005b). IRF7-/- mouse embryonic
fibroblasts (MEFs) exhibited defects in the production of both IFN-a and IFN-b
in response to vira infection. The revised model now suggests that IRF3 forms
heterodimers with the low levels of IRF7 available in the cell to induce the initial
synthesis of IFN-b. In contrast to other cell types, pDCs express constitutively
high levels of IFF7. Production of IFNs by pDCs in response to TLR9
stimulation is not regulated by IRF3 function but depends completely on IRF7.

Thus, IRF7 plays a central role in the induction of type | IFNSs.
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IRF5 is another member of the IRF family that has been suggested to
regulate type | IFN expression. However, recent genetic experiments using |RF5
deficient mice showed that IRF5 is not required for type | IFN induction, but is
required for the induction of proinflammatory cytokines by stimulation of TLRs
(Takaoka et a., 2005).

Dendritic cells play an important role in the antivira immune defense.
IRF4 and IRF8 have recently been implicated in the development of DCs (Tailor
et a., 2006). IRF8 knock-out mice have no pDCs, whereas IRF4 knock-out mice
lack another subset of DCs termed CD4" DCs. In DCs, IRF8 has aso been
implicated in the feedback phase of IFN gene induction. Further studies need to
be conducted to support the role of IRF8 in the IFN pathway and to understand

the mechanism by which IRF8 functions.

|. D. Thetwo receptor systemsto detect viruses

|.D. 1. TheToll-like receptor (TLR) pathway of antiviral innate immunity
The founding member of the TLRs is the Toll receptor in Drosophila,

which was first found to instruct dorsal-ventral patterning in early embryos, and

later found to also regulate anti-fungal innate immunity in adult flies (Lemaitre et

a., 1996). Seguence homology search in mammalian genomes has subsequently

identified 11 members of TLRs (Akira and Takeda, 2004). These receptors

contain an extracellular domain characterized by leucine-rich repeats (LRRs), a
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single transmembrane domain, and an intracellular signaling domain known as the
Toll/IL-1R (TIR) domain. Although all TLRs share similar extracellular LRRs,
they recognize very different microbial signatures (Figure 4) (Kawa and Akira,
2006b). For example, TLR3 recognizes vira double-stranded RNA, TLR4
recognizes bacterial lipopolysaccharides (LPS), whereas TLR5 is a receptor for
bacterial flagellin. In most cases, however, a direct binding between aTLR and a
putative microbial ligand has not been demonstrated. The intracellular TIR
domain recruits signaling molecules to activate downstream signaling pathways
culminating in the induction of cytokines like IFNs through NF-kB and IRFs.
Except for TLR3, al TLRs utilize MyD88 as an adaptor protein to recruit
downstream signaling molecules. The TIR domains of TLR3 and TLR4 bind to
another adaptor protein TRIF to activate NF-kB and IRFs.

Among the TLRs, TLR3, 7, 8 and 9 are involved in the antiviral innate
immune response (Kawal and Akira, 2006a). These receptors are differentially
expressed in cells: TLR7, 8 and 9 are highly expressed in pDCswhereas TLR3 is
predominantly expressed in cDCs and fibroblasts. TLR3 is the receptor for
dsRNA genomes of viruses like reoviruses, TLR7 and TLRS8 act as receptors for

G/U-rich regions in the genomes of ssSRNA viruses like vesicular somatitis virus
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Figure4: Signaling pathwaystriggered by TLRs

TLR1, TLR2, TLR4, TLR5 and TLR6 are expressed on the plasma membrane
of the cell. TLRs involved in the detection of viral nucleic acids, including
TLR3, TLR7/8 and TLRY, are localized in the endosomal compartment. The
pathogen associated molecules recognized by the LRR domain of each
receptor are indicated. The intracellular TIR domains of TLRs recruit various
adaptors. TLR1/2 and TLR2/6 recruit TIRAP and MyD88; TLR5, TLR11,
TLR7/8 and TLR9 recruit MyD88; TLR4 recruits four adaptors including
TIRAP, MyD88, TRAM and TRIF; and TLRS3 recruits TRIF. MyD88 leads to
the activation of IKK by the IRAK-TRAF6 signaling module. TRIF can
activate signaling pathways that lead to the induction of IFNs by activating
both NF-kB and IRF3. TRIF interacts with RIP1 to activate NF-kB and with
TBK1 to activate IRF3. TLR7 /8 and 9 can aso activate IRF7 by the MyD88-
IRAK-TRAF6 signaling module to induce IFN production by an as yet
unknown mechanism.

(VSV) and influenza virus; TLR9 detects unmethylated CpG regions associated
with genomes of DNA viruses like herpesvirus.

Mouse knock-outs for TLR7, 8 and 9 have been generated. IFN-a
production by pDCs is severely compromised in TLR7-deficient mice after
infection with influenza virus or VSV (Diebold et a., 2004; Lund et al., 2004).
Similarly, pDCs from TLR9 knock-out mice do not produce IFNs in response to
DNA viruses (Lund et a., 2003). TLR8 is phylogenetically related to TLRY7.
Although human TLRS, like TLR7 can signal in response to ssSRNA, the response
of TLR8-deficient mice to these molecules is normal, suggesting a species-
specific role of TLRS.

TLR7, 8 and 9 are localized in endosomes, with the ligand binding domain
facing the lumen and the TIR signaling domain positioned on the cytoplasmic side

(Kawa and Akira, 2006a). Vira nucleic acids that arrive in this compartment

39



through endocytosis are recognized by these receptors. The endosomal
localization of TLR7, 8 and 9 is essential for signaling, as disruption of the
endocytic compartment by inhibitors like chloroquine abrogates signaling through
these receptors (Lund et al., 2004). It has also been suggested that the ability of
pDCs to induce high levels of IFNs depends on their ability to effectively retain
viral RNA in the endosomes, in contrast to cDCs that rapidly transport viral RNA
from endosomes to lysosomes. Further, manipulation of nucleic acids that alow
them to be retained in the endosome convert them to effective TLR ligands that
induce type | IFNsin cDCs (Honda et al., 2005a).

The MyD88-IRAK-TRAF6 signaling module is essential for the induction
of IFNs by TLR7, 8 and 9. As mentioned previoudy, IRF7 is important for TLR
meditated induction of IFNs. It has been shown that MyD88 and TRAF6 can
bind to IRF7 directly, and recruit IRAK1 to phosphorylate IRF7, resulting in the
nuclear translocation and activation of IRF7 (Kawa et a., 2004). Indeed,
IRAK1-deficient mice are defective in IFN-a production in response to
stimulation of TLR7 and TLR9 (Uematsu et al., 2005). Interestingly, TRAF6
appears to induce the phosphorylation of IRF7 through a mechanism that involves
Ubcl3-catalyzed K63 polyubiquitination.  Further studies will determine if
IRAK1 or another IRF7 activating kinase is activated by TRAF6 in a ubiquitin-
dependent manner. The MyD88-IRAK-TRAF6 signaling module is also required

for the activation of NFkB by IL-1b and other TLRs such as TLR2; however,
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IFNs are not induced by IL-1b or TLR2. Thus, it is likely that TLR7, 8 and 9
recruit additional components in pDCs to activate IRF7. One such component
may be TRAF3, which has recently been shown to be essentia for IFN-a
induction in pDCs (Hacker et al., 2006; Oganesyan et al., 2006). Bone marrow-
derived macrophages (BMMs) from TRAF3 knock-out mice cannot induce |FN
gene by TLRsligands like polyl:C, LPS and CpG.

As mentioned previously, TLR3 acts as a receptor for dsRNA which is
produced by many viruses during replication. TLR3 signals to NF-kB and IRF3
viathe adaptor protein TRIF. The C-terminal region of TRIF interacts with RIP1,
aknown activator of NF-kB (Meylan et al., 2004). Thisinteraction is required for
TLR3 mediated activation of NF-kB as cells from RIP1-deficient mice fail to
activate NF-kB in response to dsRNA. TRIF can aso bind to TBK1, which
phosphorylates and activates IRF3 and IRF7 (Sato et al., 2003). Recent studies
have also shown that TRIF and MyD88 can bind to TRAF3, which activates IRFs
to induce type | IFNs, but inhibits NF-kB to suppress the induction of
proinflammatory cytokines (Hacker et a., 2006).

Genetic experiments demonstrate that TLR7 and TLR8 are essential for
IFN induction in pDCs by RNA viruses. However, in many other cell types,
including cDCs, macrophages and fibroblasts, deletion of both MyD88 and TRIF,

which abolishes al TLR signaling, has no effect on viral induction of IFNs (Kato
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et a., 2005). Furthermore, although human patients deficient in IRAK4 are more
susceptible to bacterial infection, they have intact immune responses against
viruses (Yang et a., 2005). Therefore, a TLR-independent pathway that is highly

effective in providing antiviral innate immunity has been proposed.

|.D. 2. The RIG-I pathway of antiviral innate immunity

Retinoic acid inducible gene | (RIG-1) has recently been identified as an
intracellular receptor for viral dsRNA (Yoneyama et a., 2004). RIG-l is a
member of the DExD/H box-containing RNA helicase family of proteins that
unwind dsRNA in an ATPase dependent manner. The helicase domain of RIG-I
can bind both synthetic dsRNA [poly (1:C)] and viral dsRNA. Besides the C-
termina helicase domain, RIG-1 also contains two tandem caspase recruitment
domains (CARDs) at its N-terminus. Over-expression of the N-terminal region of
RIG-1 comprising the two CARD domains is sufficient to activate NF-kB and
IRF3 in the absence of a viral challenge, whereas the full-length RIG-I is
activated only in the presence of dsRNA. The binding to dsRNA to the RNA
helicase domain of RIG-I has been proposed to induce a conformational change
that exposes the N-terminal CARD domains to recruit downstream signaling
proteins (Figure 5). Further structural analysis will be required to determine the
exact mechanism of how RIG-I is regulated by dsRNA binding. Another poorly

understood aspect of RIG-1 mediated activation of NF-kB and IRF3 is the identity
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Figure5: RIG-I mediated signaling pathway

RIG-I is a receptor for intracellular dsSRNA. It contains a C-terminal RNA
helicase domain that binds to viral dsRNA, and two tandem CARD domains
at the N-terminus. In the absence of dsRNA, RIG-I is held in an inhibited
conformation such that the CARD domains cannot trigger downstream
signaling. The binding of dsRNA to the helicase domain presumably induces
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a conformational change that exposes the CARD domains to initiate a
signaling cascade. Through an unknown signaling component, RIG-1 can
signal to both the NF-kB and IRF3 signaling pathways by activating the IKK
and TBKL/IKKi kinase complexes. Once activated, NF-kB and IRF3
tranglocate into the nucleus and turn on the IFN-b gene promoter.

of downstream proteins that transmit the signal from the RIG-1 CARD domains to
the downstream IKK and TBK1/IKKi kinase complexes.

The functional significance of RIG-I in antiviral immunity was first shown
by RNAI studies and confirmed by mouse knockout studies. RNAi of RIG-I in
L929 cells, a mouse fibroblast cell line, not only inhibited IRF3 activation but
also subsequent induction of type | IFNs in response to challenge by RNA viruses
(Yoneyamaet a., 2004). RIG-I knockout mouse embryos displayed severe liver
degeneration and most were embryonic lethal (Kato et al., 2005). The mechanism
underlying the embryonic lethal phenotype of RIG-I mutant mice is not yet
understood. In RIG-I null mouse embryonic fibroblasts (MEFs) and lung
fibroblasts, it was shown that the induction of IFN-b and ISGs by severa RNA
viruses was abolished. Pre-treatment of the fibroblasts with IFN-b increased the
resistance of the RIG-I deficient fibroblasts to VSV, indicating that RIG-I is
required for the induction of IFN-b and does not affect the downstream IFN-b
signaling pathway.

Besides RIG-I, MDA-5 and Lpg2 have also been identified as DExD/H

box RNA helicases that function in the antiviral immune response. Like RIG-I,



MDA-5 also contains two N-terminal CARD domains which can activate the
IFN-b promoter (Yoneyamaet al., 2005). The importance of MDA-5 as an anti-
viral protein has been suggested based on the finding that paramyxovirus V
protein binds MDA-5 and inhibits its function (Andrejeva et al., 2004). Lpg2
lacks the CARD domain and acts as a negative regulator of the RIG-I pathway
(Andrgjeva et al., 2004; Rothenfusser et al., 2005). Over-expression of Lpg2
inhibits the activation of IFN-b promoter by Sendai virus, but it does not interfere
with the TLR3 signaling pathway.

The identification of the two-receptor system has raised an important
guestion with regards to the relative importance of signaling mediated by RIG-I
vs TLRsin an in vivo setting. This question has been addressed by comparing the
IFN induction in fibroblasts and bone marrow derived dendritic cells from RIG-I
-/- vs MyD88-/- TRIF-/- mice, which lack all TLR signaling (Kato et al., 2005).
The ability to induce IFN-b when challenged by NDV was severely compromised
in the RIG-1-/-, but not MyD88-/- TRIF-/-, cDCs and fibroblasts. Opposite results
were observed for the pDCs, which induce IFN-b normally in the absence of RIG-
[, but not in the absence of MyD88 and TRIF. Thus, RIG-1 and TLR pathways

are not redundant, but rather mediate antiviral signaling in different cell types.
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|. E. Inhibition of antiviral signaling pathways

The mechanism of termination of the antivirad signaling pathways
described above is not well understood. Some studies have suggested that a NF-
kB inducible ubiquitin-editing protein A20 is involved in negatively regulating
the TLR3 and RIG-I1 mediated signaling pathways. A direct interaction between
TRIF and A20 has been demonstrated and it has been shown that A20 degrades
TRIF (Saitoh et al., 2005; Wang et al., 2004). Another study has reported that
A20-mediated inhibition of the RIG-I signaling pathway is stronger than the
inhibition of the TLR3-TRIF signaling pathway (Lin et a., 2006). It has been
demonstrated that A20 inhibits at a step upstream of the IRF3 and IRF7 kinases,
TBKL/IKKIi (Lin et a., 2006). Of the two ubiquitin-editing properties exhibited
by A20, N-terminal mediated de-ubiquitination and C-termina ubiquitin ligase
activity, the ligase activity is important for inhibition of the RIG-I signaling
pathway (Lin et al., 2006). Further studies will be required for determining the
target of A20 and the mechanism by which it checks antiviral immunity.

In addition to physiological mechanisms of silencing antiviral immunity,
several viruses encode proteins that inhibit the antiviral immune pathways to
support their survival. Hepatitis C virus (HCV) represents awell studied example
of a virus that causes persistent host infections by suppressing the immune
response. Previous studies have shown that HCV encodes a serine protease,

NS3/4A which inhibits the induction of IFN-b by the RIG-I signaling pathway
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(Foy et al., 2005; Foy et al., 2003). NS3/4A has been proposed to cleave an
essential signaling protein in this pathway such that the target protein is rendered
inactive. Thus, insights into the signaling pathways that regulate the antiviral
immune response will also help us understand how viruses evade this response.
The knowledge gained from these studies should lead to the development of
therapeutic strategies against viral infections.

In this thesis, | will describe my efforts to understand the signaling
pathways that lead to the activation of NFkB and IRFs following a vird
infection. Chapter 11 describes the biochemical approach taken for identification
of the kinase that phosphorylates and activates IRF3. Chapter 111 elaborates on
the identification and characterization of a protein, termed mitochondrial antiviral
signaling protein (MAVS), that functions downstream of RIG-I. Chapters 1V and
V will elucidate the progress we have made in understanding the mechanism by
which MAVS functions. Data presented in chapter V show that MAVS is
targeted by the HCV encoded protease NS3/4A such that RIG-1 mediated antiviral

signaling is compromised.
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CHAPTER I1: IDENTIFICATION AND CHARACTERIZATION OF AN
IRF3 KINASE

Il. A. Introduction

IRF3, a member of the IRF family of transcription factors, plays an
important role in regulating the expression of type | IFNs in response to viral
infections. IRF3 is a55kDa protein consisting of 427 amino acids that resides in
the cytoplasm of uninfected cells (Mamane et al., 1999). It is a multi-domain
protein with a DNA binding domain (DBD), nuclear localization sequence (NLS)
and nuclear export sequence (NES) at the N-terminus, a proline-rich domain and a
protein interaction domain termed the IRF association doman (IAD) in the
middle, and aregulatory domain (RD) at the C-terminus (Figure 6a; upper panel).

A model for the regulation of IRF3 activity in response to a viral infection
has been proposed by studies conducted mostly in Dr. John Hiscott’s laboratory.
Extensive deletion and mutagenesis studies have identified a transactivation
domain (residue 134-394) and two auto-inhibitory domains (ID) within the
proline-rich domain (134-197) and the extreme C-terminal region (407-414) of
IRF3 (Figure 6a) (Lin et al., 1999). It has been proposed that in the absence of
virus, the interaction between the two IDs generates a closed conformation of
IRF3 such that the DBD, IAD and NLS of IRF3 are masked. Thus, in the closed
conformation, IRF3 cannot homodimerize, translocate into the nucleus and bind

DNA. Inthe presence of virus, IRF3 is phosphorylated at Ser/Thr residues within
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Figure 6: IRF3 domain structure and substrate design for in vitro kinase

(a) IRF3 contains an N-terminal DNA binding domain (DBD), a centra
proline-rich domain (PRO) and C-terminal IRF association domain (IAD)
and regulatory domain (RD). The regions corresponding to the inhibitory
domains (ID) that mask the activity of the DBD, NLS and transactivation
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domain, are indicated. The amino acid sequence of the regulatory domain
containing the group | and group Il Ser/Thr residues is shown.

(b) Recombinant protein consisting of C-terminal 52 residues of IRF3 (aa
375-427) tagged at the N-terminus with GST (GST-IRF3C) was used as
substrate in the in vitro kinase assay. Substrates with mutations in either
the group | (GST-IRF3C2A, Ser385/386 replaced with alanine) or group 11
residues (GST-IRF3C5A, Ser396/399/402/405 and Thr404 are replaced
with aanine) were also generated.

the C-terminal RD. In this model, the C-termina phosphorylation events not only
lead to the appearance of slower migrating forms of IRF3 on SDS-PAGE, but are
also predicted to lead to conformational changes that disrupt the interaction
between the two IDs. This relieves the inhibition of the |ADs such that IRF3 can
homodimerize and translocate into the nucleus where it can associate with
p300/CREB binding protein (CBP) co-activator and bind to cis-regulatory
elements of its target genes.

There are seven Ser/Thr residues within the C-terminal RD of IRF3 that
are phosphorylated in response to viruses - S385, S386, S396, S398, 402, T404
and S405 (Figure 6a; lower panel). The identity of the exact residues that are
important for IRF3 activation is controversial. Dr. T. Fujita’s group has identified
S385 and S386 (referred to as group | residues in this thesis) as the key residues
that regulate IRF3 activation (Suhara et al., 2000; Yoneyama et a., 1998),
whereas Dr. J. Hiscott’s group reported that S396, S398, $402, T404 and S405
(referred to as group |1 residues in thisthesis) are important for activation of IRF3

(Linetal., 1998; Linet a., 1999). In support of group Il residues as the relevant
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residues for IRF3 activation, expression in 293T cells of mutant IRF3 in which
these residues are replaced by alanine (this construct is referred to as IRF35A),
abolishes the dimerization, cytoplasmic to nuclear translocation, association with
CBP/p300, DNA binding and transcriptiona activity. Further, mutation of these
residues to the phosphomimetic aspartic acid (this construct is referred to as
IRF35D) leads to a congtitutively active form of IRF3 that can dimerize,
trandocate into the nucleus and associate with CBP/p300, bind to DNA and
activate transcription of target genes (Lin et al., 1999). More specificaly it has
been shown that mutation of S396 within the group Il residues to aspartic acid
(this construct is referred to as IRF3S396D) is able to activate IRF3 (Servant et
al., 2003).

Further studies have shown that group Il residues may not be sufficient for
IRF3 activation as mutations of group | residues to aanine (referred to as
IRF32A) abolishes that ability of IRF3 to be activated by viruses (Suhara et al.,
2000; Yoneyama et a., 1998). But mutation of group | residues to
phosphomimetic aspartic acid does not generate a constitutively active form of
IRF3. These studies have led to a model where group |1 residues are responsible
for the dimerization and subsequent activation of IRF3 whereas group | residues
play aregulatory role.

Dr. Fujita’s group has generated an antibody that specifically recognizes

phosphorylated Ser 386 (a group | residue) and shown that this residue is
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phosphorylated in a virus dependent manner (Mori et a., 2004). The
phosphorylated form of Ser386 is exclusively associated with the dimeric form of
IRF3. Surprisingly, in studies conducted in mouse L929 fibroblast cells, it was
shown that the congtitutively active form of IRF3, IRF35D is phosphorylated at
Ser 386. Further, mutation of group | residues to alanine in the IRF35D construct
(IRF32A5D) abrogates the congtitutive activity of this protein.  These
observations have led to the proposal that phosphorylation of group Il residues
leads to the sequential phosphorylation of group | residues which are important
for the activity of IRF3. If this model were true, it would be expected that
mutation of group Il residues to alanine would abolish the phoshorylation of
group | residues and subsequent dimerization and activation of IRF3. But in this
study, IRF35A protein was phosphorylated at S386 at levels comparable to
IRF35D protein. Further, IRF35A protein dimerizes normally in cells challenged
with virus. Thus, this model might not be correct. Another explanation for the
observed phosphorylation of group | reisdues in the IRF35A/D protein could be
that the mutation of group Il residues leads to some conformational changes in the
protein such that the group | residues become better substrates for some unknown
kinase. The observed ‘normal’ behavior of the IRF35A construct in this study is
in contrast to the studies conducted in 293T cells, where, as discussed previoudly,
the IRF35A construct cannot dimerize. There can be severa reasons for the two

groups reporting different observations. These groups have used different cell
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lines in their studies and IRF3 might be regulated differently in the two cell
populations. Difference in expression levels of the mutant constructs and
structural or conformational perturbations as a result of extensive mutagenesis
have made it difficult to interpret these results. Nonetheless, these studies support
arolefor group | and group Il residues in the regulation of IRF3 activation.
Besides the immunoblotting based techniques used to detect the
phosphorylated active forms of IRF3 in the above described studies, in vitro
assays have been established to detect the activation of kinases that phosphorylate
IRF3. In one of these studies, the in vitro kinase assay used a fragment of the
IRF3 C-terminus (aa 375-427) fused to GST [GST-IRF3C (aa 375-427)] as a
substrate and detected Newcastle disease virus (NDV) dependent phosphorylation
of group | residues (Iwamura et al., 2001). Another study used a similar substrate
[GST-IRF3C (aa 380-427)] to detect phosphorylation of IRF3 in response to
stimulation with measles virus (tenOever et a., 2002). Virus dependent
phosphorylation of this substrate occurred upon addition of whole cell extracts of
measles virus stimulated cells. Mutation of group Il residues to alanine resulted
in a slight decrease in the signal dependent phosphorylation of the substrate. But
mutation of group | residues to aanine amost completely abolished the
phosphorylation of the substrate. This result shows that in addition to being
phosphorylated specifically in virus infected cells, group | residues are important

for the subsequent phosphorylation of group Il residues. Based on these studies,
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it has been proposed that phosphorylation of group | residues may be the priming
step in IRF3 activation that facilitates the sequential phosphorylation of group Il
residues. Thus, in vitro kinase assays support arole of group | phosphorylation as
the primary step in the activation of IRF3.

Two groups have attempted to solve the X-ray crystal structure of IRF3 to
determine if the auto-inhibition model of IRF3 is relevant for its activation and to
determine how phosphorylation regulates dimerization and subsequent activation
of IRF3 (Qin et a., 2003; Takahas et al., 2003). Both groups crystallized the C-
terminus of IRF3 (aal73/175-427) and reported that IRF3 contains a b-sandwich
core that resembles the Mad homology domain 2 (MH2) fold of the Smad protein
family. Even though these groups have reported similar structures, they
interpreted the data differently and proposed different mechanisms for activation
of IRF3. Takahashi et. a. proposed a model where phosphorylation induces
dimerization of IRF3 (Takahasi et a., 2003). They claim that the two subunits of
IRF3 interact through a loop that contains group | residues of one subunit with a
hydrophobic pocket on the other subunit. They suggest that rather than reversing
intramolecular auto-inhibition, the phosphorylation of group | residues induces
dimerization by increasing the interaction between the loop and hydrophobic
pocket. On the other hand, Qin et. al. support the auto-inhibition model where
phosphorylation of group | and group Il residues result in conformational changes

that lead to the unmasking of a hydrophobic active site that leads to the activation



of IRF3 (Qin et al., 2003). In spite of disagreement on the mechanism of
activation of IRF3, both studies agreed on the accessibility of group | and group |1
residues for phosphorylation. Group | residues are present on the solvent-
accessible turn, whereas the group Il residues are packed within the structure of
the protein.  This observation has lent support to the possibility that
phosphorylation of the accessible group | residues leads to the exposure of
additional phosphorylation sites. The gructure of IRF3 phosphorylated at group |
and/or group Il residues will provide a better understanding of the mechanism by
which IRF3 is activated.

Our understanding of the regulation of IRF3 function and relative
contribution of the two groups of Ser/Thr residues to this process would be vastly
increased by identifying the kinase/kinases that phosphorylate group | and group
Il residues. Since severa studies support the importance of group | residues in
the activation of IRF3, we decided to use a biochemical fractionation approach to

identify the kinase which phosphorylates these residues.

II.B. Materialsand M ethods
II. B. 1. Plasmids and antibodies

The C-terminal fragment of IRF3 (residue 375-427) was amplified using
appropriate primers and cloned into the BamHI and EcoRI sites of the bacterial

expression vector pGEX-4T1 such that N-terminal GST-tagged protein can be
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expressed under the control of tac promoter. IRF3C2A and IRF3C5A mutants
were generated by dte-directed mutagenesis using the QuickChange kit
(Strategene).

Rabbit polyclonal antibody against IRF3 (SC-9082) and NEMO (SC-
8330) were purchased from Santa Cruz Biotechnology. Rabbit polyclonal

antibodies against IKKi and TBK1 were provided by Dr. T. Maniatis.

I1. B. 2. Substrate purification

pGEX-4T1-GST-IRF3C, -IRF3C2A and -IRF3C5A constructs were
transformed into E.coli BL21 pLys cells. Cultures of these cells were induced
with 1mM isopropyl b-D-thiogalactoside (IPTG) and allowed to express protein
for 4 hours at 37°C. Cells were harvested and after lysis by mild sonication, the
bacterial lysate was cleared by centrifugation at 10,000xg for 10 minutes and
applied to Glutathione Sepharose 4B (Amersham). After 3 washes, the fusion
proteins were eluted with 10mM glutathione. An aliquot of purified proteins was

run on SDS-PAGE gels to confirm the purity of the sample.

I1. B. 3. Cell Culture and preparation of lysates
Human embryonic kidney (HEK) 293 cells were cultured in DMEM
supplemented with 10% calf serum and antibiotics. Cells were infected with

Sendai virus (Cantell strain; Charles River laboratories) for 20 hours at 50
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hemagglutinating (HA) units/ml culture media. Briefly, cellsin 10cm dishes were
washed once with 1X PBS and incubated with 5 ml of Sendai virus diluted in
serum free DMEM. One hour later, an equa volume of DMEM supplemented
with 20% calf serum and antibiotics was added to the cells. Cells were returned
to the 37°C incubator to continue culture for 17-19 hours. For the time-course
study, the 21 hour time-point was started followed by the 17 hour, 12 hour and 9
hour time-points. The cell cultures corresponding to different time-point were
harvested together at the end of the time-course.

P100 pellets were prepared as described previously (scheme as shown in
Figure 9a). Briefly, cells that were either mock infected or infected with Sendai
virus were suspended in Buffer A (20mM HEPES, pH 7.7, 1.5mM MgCl,, 10mM
KCI, 0.25M sucrose, 0.1mg/ml leupeptin, ImM PMSF, and 1mM sodium
orthovanadate). Cells were disrupted by dounce homogenizer and the
homogenate was centrifuged at 1000xg for 5min in order to pellet nuclei and
unbroken cells. The post-nuclear supernatant (S1) collected from the previous
step was further centrifuged at 20,000xg for 10 minutes to obtain the soluble S20
and insoluble P20 fraction. To obtain the P100 pellet, the S20 fraction was
centrifuged at 100,000xg for 30 min. The P100 pellet was resuspended in buffer
A and disrupted by repeated pipetting or with a motor driven pellet pestle.

Detergent containing buffers used for cell lysis included — 0.2 % NP-40

lysis buffer (Buffer B: 20mM Tris-HCI, pH 7.5, 20mM b-glycerophosphate, 1mM
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sodium orthovanadate, 0.5mM EGTA, 10% glycerol, 1.5mM MgCl;, 150mM
NaCl, 0.2% NP-40, 1mM PMSF, 1mM DTT, 10nmg/ml leupeptin), 1% Triton X-
100 lysis buffer (Buffer C: 20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 10%
glycerol, 1% Triton X-100, 1 mM DTT, 1 mM PMSF and 10 ng/m leupeptin),
and high sadt lysis buffer (Buffer D: 20mM Tris-HCI, pH 7.5, 20mM b-
glycerophosphate, 1mM sodium orthovanadate, 0.5mM EGTA, 10% glyceral,
1.5mM MgCl,, 0.5M NaCl, 0.1% NP-40, 1mM PMSF, 1mM DTT, 10nmg/ml
leupeptin, 50U/ml benzonase). Soluble extracts were collected by centrifugation

at 20,000xg for 15 minutes at 4°C.

I1. B. 4. Kinase assays

In vitro IRF3 kinase assay: S20/P100 pellets, as indicated, were used as the
source of IRF3 kinase and incubated with kinase reaction buffer (Buffer E)
containing GST-IRF3C/GST-IRF3C2A/GSTIRF3C5A (100 ng/ml), ATP (100
mV) and ¢-**P-ATP (5 nCi) for 30 minutes a 30°C. These reactions were
subjected to SDS-PAGE and the phosphorylation of GST-substrates was anayzed
by Phosphorimaging. ImageQuant software was used to quantitate the intensities

of the phosphorylated bands.
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IKK/TBK1 IP kinase assays. For IKK kinase assay, cells were lysed in Buffer
C (20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1
mM DTT, 1 mM PMSF and 10 ng/m leupeptin), and the lysates cleared at
20,000xg for 15 minutes at 4°C. 500 ny of lysate was incubated with anti-
NEMO, anti-IKKi or anti-TBK1 antibody, as indicated, at 4°C for
immunoprecipitation. After 1 hour, 10 m of protein A/G bead slurry was added.
Immunoprecipitation was carried out for another hour. The beads were washed

twice with buffer C and then three times with Buffer F (20 mM HEPES, pH 7.6,
50 mM NaCl, 20 mM b-glycerophosphate, 1 mM sodium orthovanadate, 10 mM
MgCl, and 1 mM DTT). The beads containing the immunoprecipitated 1KK
complex were incubated in 10 m Buffer E (containing GST-IRF3C substrates or
GST-1kBa-NT, N-terminal 36 residues of |kBa). After SDS-PAGE, the

phosphorylation of the substrates was analyzed by Phosphorlmaging.

II. B. 5. Glycerol gradients

P20 (600ng) or P100 pellets (300ng) were applied to a 2ml, 10-40%
glycerol gradient in buffer G (20 mM Tris-HCI, pH 7.5, 150 mM NaCl). After
centrifugation at 100,000xg for 3hr in a Beckman TLA-100.3 rotor at 4°C, 10

fractions of 200 each were collected. These fractions were concentrated to 25ul
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and after buffer exchange with buffer G, 1m of each fraction was used in the

IRF3 kinase assay.

Il. C. Results
II.C. 1. Assay for detecting IRF3 C-ter minus phosphorylation

The first step in the biochemical purification of the virus inducible IRF3
kinase involved the establishment of an in vitro kinase assay. This assay was
used to follow the IRF3 kinase activity in lysates prepared from virus infected
cells and fractionated by various methods. We set two criteria that the relevant
IRF3 kinase should satisfy in the in vitro assay. The first criterion was
inducibility, i.e. the kinase activity should be stimulated in response to viral
infection. The second criteria was specificity, i.e the activity should specifically
phosphorylate group | Ser residues. Our assay was based on a previously reported
assay that described an in vitro assay to detect IRF3 kinase activity in Hela cells
infected with Newcastle disease virus (NDV) (lwamura et a., 2001). The
substrate used in this assay was a GST-tagged C-terminal fragment of IRF3 (aa
375-427). Using this assay, a kinase activity, that could phosphorylate the group |
Ser residues was detected in the P100 pellet. No further characterization or
biochemical purification of this activity was reported.

NDV belongs to the paramyxovirus family of viruses but is not readily

available commercially. Thus, to infect cells, Senda virus, another member of



the paramyxovirus family, which can be purchased in large quantities from
commercial sources, was used. Virus infection leads to the activation of IRF3 in
both Hela cells and 293 cells. Since, in our laboratory, efficiency of transfection
of plasmids and SsIRNA pairsin 293 cells is better when compared with Hela cells,
293 cell lysates were used in the in vitro assay.

An important step in establishing an in vitro assay is the choice of
substrate. In in vitro assays, non-specific kinases, which do not phosphorylate the
substrate in vivo, might be able to phosphorylate the substrate protein. Full length
substrate protein might provide certain structural and regulatory constraints such
that only a specific kinase is able to phosphorylate the protein. IRF3 has multiple
phosphorylation sites at its N-terminus and C-terminus. The N-terminus of IRF3
is constitutively phosphorylated in cells such that on western blot analysis of
unstimulated cells, two bands corresponding to IRF3 are observed (Servant et dl.,
2001). The identity of the exact IRF3 N-terminal residue that is phosphorylated
has not been determined. The role of N-terminal phosphorylation for the function
of IRF3 isaso not clear. Further, the N-terminal phosphorylation of IRF3 in the
in vitro assay could complicate the purification of the virus inducible group I
kinase. Thus, the GST-tagged C-terminus of IRF3 (52 residues, aa 375-427,
termed GST-IRF3C), which contains both the group | and group Il residues, was
used as a substrate in the IRF3 kinase assay (Figure 6b). Further, a previous study

could detect a virus inducible IRF3 kinase activity using the same substrate.
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Substrates with mutations in either the group | residues (GST-IRF3C2A, where
Ser385/386 are replaced with aanine) or group Il residues (GST-IRF3C5A,
where Ser396/399/402/405 and Thr404 are replaced by aanine) were also
generated (Figure 6b) (tenOever et a., 2002).

When Sendai virus was used to stimulate 293 cells, a virus inducible IRF3
kinase activity was detected in the P100 fraction of cells that had been infected
with virus for 12 hours (Figure 7; a 3.6 fold induction over basal activity in virus
stimulated P100; compare lanes 2 and 3). Thus, the activity detected by the in

vitro assay satisfied our first criteria of being a virus-inducible.

Figure 7

Substrates - GST- GST- GST-
IRF3C IRF3C2A | IRF3C5A

S.V (12hrs.) - -+ -+ - +

Fold induction|bck | 1x 3.6x|0.2x 0.7x] 0.4x 2.9x

Kinase Py | — GST-

assay substrates

Lanes: 1 2 3 4 5 6 7

Figure 7: In vitro IRF3 kinase assay

Equal volumes of P100 pellets from cells that had either been mock-infected
(-) or infected with Sendai virus (S.V) for 12 hours (+) were incubated with
the indicated GST-IRF3C substrates and g-*?P-ATP.  The assay reactions
were subjected to SDS-PAGE and the intensities of the phosphorylated bands



were quantitated. The basal phosphorylation of GST-IRF3C substrate in
mock-infected P100 reaction was quantitated (lane 2) and arbitrarily set as 1
unit. To obtain fold induction over basal activity, the band intensities of GST-
IRF3C substrates were quantitated for lanes 3-7, and compared to lane 2. The
values obtained are indicated. The quantitated band intensities were
background (bck) corrected.

To determine the site specificity of the kinase activity, we performed in
vitro assays with the GST-IRF3C2A and GST-IRF3C5A as substrates. The
kinase activity phosphorylates the IRF3C5A substrate at levels comparable to the
GST-IRF3C substrate (Figure 7). The basal activities detected with the GST-
IRF3C and GST-IRF3C5A substrates are 1x and 0.4x respectively (Figure 7,
compare lanes 2 and 6), and the virus stimulated activities are 3.6x and 2.9x
respectively (Figure 7, compare lanes 3 and 7). IRF3C5A is probably not
phosphorylated as well as the wild-type substrate because the wild-type substrate
can be phosphorylated at both group | and group Il residues. The IRF3C2A
substrate on the other hand, is poorly phosphorylated (Figure 7). The basd
activities detected with the GST-IRF3C and GST-IRF3C2A substrates are 1x and
0.2x respectively (Figure 7, compare lanes 2 and 4), and the virus stimulated
activities are 3.6x and 0.7x respectively (Figure 7, compare lanes 3 and 5).
Inability to detect a virus-dependent robust phosphorylation of the IRF3C2A
substrate supports a model in which the group | residues are important for the

subsequent phosphorylation of group Il residues.
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II. C. 2. Optimization of lysis conditions and time-cour se for the IRF3 kinase
assay

The assay described above was carried out with cells disrupted by a
dounce homogenizer. Detergents can aso be used to efficiently disrupt the
integrity of cellular membranes and to solubilize membrane proteins. In order to
optimize the assay conditions, various methods of cell lysate preparation were
tried. These included different detergent conditions such as 0.2% NP-40, 1.0%
Triton X-100 and high salt lysis buffer (to obtain whole cell extract). A higher
fold activation of virus inducible kinase activity was obtained when extracts were
prepared in 0.2% NP-40 lysis buffer as compared to 1.0% Triton X-100 (Figure
8a; a 2 fold-induction over basal activity in NP-40 lysis buffer, compare lanes 1
and 2; a 1.4 fold-induction over basal activity in Triton X-100 buffer, compare
lanes 5 and 6). When cells were lysed in the presence of 0.1% NP-40 and 0.5 M
sodium chloride to obtain whole cell extract, a high basal activity was observed.
There is no further increase in activity in virus infected lysates (Figure 8g;
compare lanes 3 and 4). High sdt can disrupt protein-protein interactions,
therefore it is possible that the higher level of basal activation under high salt
conditions is due to disruption of inhibitory interactions of the IRF3 kinase.
Alternatively, it is possible that high salt conditions non-specifically activate the

IRF3 kinase activity. The activity from NP-40 lysates satisfied both criteria of
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Figure 8a
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Figure 8: Optimization of in vitro | RF3 kinase assay

(@) Equal number of cells were lysed in the different detergent conditions as
indicated. Equal volumes of the extracts (1m ~ 6-8 ng protein) were used
in the assay. For a particular detergent condition, the protein
concentration of unstimulated (-) and Sendai virus (S.V) stimulated (+)
extract was the same.  To calculate the fold induction over basal activity,
for each lysis condition, the intensity of the band corresponding to the
unstimulated extract was arbitrarily set to 1, and compared to the band
corresponding to the stimulated extracts. The values obtained are
indicated.

(b) Cells that were either mock-infected (-) or Sendai virus (S.V) infected,
were lysed in 0.2% NP-40 containing lysis buffer. Equal amounts of
lysates were incubated with GST-IRF3C substrates together with g-*P-
ATP. The reactions were subjected to SDS-PAGE. The autoradiograph
of assay reactionsis shown.

(c) Invitro IRF3 kinase assay was performed using lysates from cells infected
with Sendai virus (S.V) for indicated time-points (upper panel). The same
lysates were subjected to western blot anaysis to determine the
phosphorylation status of endogenous IRF3 (lower panel).

inducibility (Figure 8a) and specificity (Figure 8b), therefore this condition was
used for the remainder of the project.

A time-course was performed to determine the optimum time required to
detect the kinase activity. Kinase activation in in vitro assays was observed by 12
hours with maximal activation at 17-21 hours post-viral infection (Figure 8c,
upper panel). A time-course to detect the phosphorylation of endogenous IRF3 in
cells infected with virus revealed that phosphorylated forms of IRF3 could be
detected as early as 9 hours (Figure 8c, lower panel) and persists for at least 21
hours. Thus, there was a delay in detection of kinase activity in the in vitro assay

described above. One reason for the delayed detection of the kinase activity using

66



the in vitro assay could be due to lower sensitivity of the assay. Based on these
results, further experiments were performed using lysates from cells that had been

stimulated with virus for 18-20 hours.

II. C. 3. Fractionation of cell lysates by differential centrifugation

Next, we carried out differential centrifugation to determine the recovery
of the kinase activity in P100 pellets (scheme showed in Figure 9a, upper panel).
Most of the activity in the virus treated S1 fraction is retained in the S20 fraction
(Figure 9a, lower panel, compare lane 2 and lane 4). When S20 is further
centrifuged at 100,000xg, some of the activity remains in the soluble S100
fraction (Figure 9a, lower panel, compare lanes 4 and 8), whereas most of the
activity pellets in the P100 fraction (Figure 9a, lower panel, lanes 4 and 10).
Interestingly, we also detected a virus-independent 1RF3 kinase activity in the P20
fraction (Figure 9a, lower panel, lanes 5 and 6). As described previously, most of
the virus-inducible activity is recovered in the S20 fraction. Therefore, the P20
activity probably does not represent the observed inducible activity in S1. It is
possible that a soluble inhibitory protein masks the P20 activity in the S1 fraction
but the P20 activity become detectable upon the separation of soluble fraction.
The activities detected in P20 and P100 could correspond either to two different
kinases or to the same kinase. In the latter case, the P20 and P100 fractions could

represent the same kinase which exists as two different populations with different
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pelletting characteristics. Although we have not distinguished between the two
possibilities, some initial characterization of these activities has been performed.
Both the P20 and P100 activities are able to phosphorylate the GST-IRF3C5A

substrate (Figure 9b; lanes 9-12) but poorly phosphorylate the GST-IRF3C2A

Figure 9a
Cell lysate
| 1000g, 5min
S1
20,0009, 10min
S20 P20
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Figure 9b
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Figure 9: IRF3 kinase activity pelletsin the P20 and P100 fractions

(a) Cellsthat were either mock-infected (-) or Sendai virus (S.V) infected (+)
were lysed in 0.2% NP-40 lysis buffer and subjected to differentia
centrifugation following the scheme shown in the upper panel. The
volume of supernatant fractions, S1, S20 and S100 (1.1 ml) was
approximately 4 times the volume in which the pellets were resuspended
(0.3 ml). Therefore, to represent equivalent volume of supernatant and
pellet in the assay, 4 times more volume of the supernatant (2 m) as
compared to pellets (0.5 m) was used in the assay.

(b) Equal volumes of P20 and P100 pellets from mock-infected (-) and (S.V)
infected (+) cells were incubated with the indicated GST-IRF3C
substrates.  The reactions were subjected to SDSPAGE. The
autoradiograph of assay reactionsis shown.

substrate (Figure 9b; lanes 5-8). Thus, both the fractions specifically
phosphorylate the group | residues.

In order to get an idea of the size of the kinase complexes, we applied P20
and P100 pelletsfrom mock and virus-infected cells to 10-40% glycerol gradients.
The virus-independent activity in P20 is enriched in fractions 4-7 which
corresponds approximately to 20-30 % glycerol (Figure 10a). P100 activity is
higher in extracts from cells that were infected with virus as compared to the basal
activity detected in cells that were not infected. When these extracts are applied
to the glycerol gradient, the un-stimulated and stimulated kinase activities in P100
migrated in a similar fashion and enriched in fractions 5-8 which corresponds
approximately to 20-30% glycerol (Figure 10b). On a 10-40% glycerol gradient,

the 20S subunit of the proteasome and the 26S proteasome migrate to fraction 3
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and fraction 8 respectively. Thus, the P20 and P100 activities migrate as large

protein complexes with a size approximately between 20S and 26S.

Figure 10a
SM 10% Glycerol Graident Fractions 40%
1 2 3 4 5 6 7 8 9 10
P20, - S.V | e — —— < GST-
IRF3C
[ — | GST-
— R — -
P20, +S.V IRF3C
Figure 10b
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Figure 10: Fractionation of the IRF3 kinase activity on glycerol gradients
P20 (Figure 10a) and P100 (Figure 10b) from mock-infected (-S.V, upper
panels) and Sendal virus infected (+S.V, lower panels) were applied to a2 ml
10-40% glycerol gradients. 10 fractions were collected and the location of
IRF3 kinase activity was determined in each fraction. The activity in the
starting material (SM) is shown.
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II. C. 4. Fractionation of P100

Since the virus-dependent IRF3 kinase activity is detected in P100, small
scale fractionation of this fraction using various ion exchange and sizing columns
was attempted. A magor problem encountered was the generation of sufficient
starting material for fractionation. For example, from one 15 cm dish of 293 cells
infected with virus, we routinely obtained 400-500ng of total protein in the P100.
To have sufficient material for mass spectrometry at the end of the fractionation
protocol, at least 200mg-300mg of P100 corresponding to over 400-500 dishes
was required. In the absence of sufficient starting material, attempts to fractionate

P100 were suspended.

II.C.5TBK-1and IKKi phosphorylate group Il residues

Besides a biochemical approach to identify the kinase that phosphorylates
IRF3, a candidate approach was also undertaken. It was known that viruses
activate the IKK kinase complex (IKKa, IKKb and IKKg) to stimulate the NF-kB
pathway. An attempt was made to test if IKK or its homologs, IKKi and TBK1
phosphorylate IRF3.

Purified IKKa and IKKb proteins (provided by Dr. Li Deng, Dr. James
Chen’s laboratory) were used in an in vitro assay with GST-1kBa or GST-IRF3C
as substrates. Although IkBa is phosphorylated by these kinases, IRF3 C-

terminus was not (Figure 11a). IKK immunoprecipitation assays were tried to
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determine whether endogenously activated IKK could phosphorylated IRF3. Asa
control for the IKK immunoprecipitation assay, C6 cells (293T cells stably
expressing IL-1b receptor) were stimulated with IL-1b for various time-points.
As shown in Figure 11b, the IKK immunoprecipitated from these cells is able to
phosphorylate the GST-1kBa substrate (lanes 2-4). Next, the IKK complex was
immunoprecipitated from 293T cells stimulated with virus for 12 to 24 hours. As
shown in Figure 11b, the IKK complex immunoprecipitated from virus-stimulated
cellsis able to phosphorylate IkBa (lanes 5-7) but not IRF3 (lanes 9-11). Thus,
IKK complex is not the IRF3 kinase.

Antibodies provided by Dr. T. Maniatis were used to immunoprecipitate
IKKi and TBK1 from virus infected cells. Although both these kinases are able to
phosphorylate the IRF C-terminus, these kinases were not activated in a virus-
dependent manner (Figure 11c). When immunoprecipitated IKKi is incubated
with IRF3C2A and IRF3C5A substrates, it phosphorylates IRF3C2A but not
IRF35A implying that IKKi isthe group Il residues kinase (Figure 11 d).

Soon after we performed these assays, two papers were published that
established TBK1 and IKKi as the IRF3 kinases (Fitzgerald et a., 2003; Sharma
et al., 2003). It has been shown that TBK1 and IKKi phosphorylate group Il
residues (McWhirter et al., 2004; tenOever et a., 2004). MEF cells from TBK1
knock-out mice are defective in IRF3 phosphorylation by viruses (McWhirter et

al., 2004). Although these data suggest that TBK1 and IKKi may be important
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for IRF3 function, the identity of the virus-inducible group | kinase is still

unknown.
Figure 11a
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Figure 11: TBK1 and IKKi phosphorylate IRF3 group Il Ser/Thr

residues

(@) Purified IKKa and IKKb kinases were incubated with GST-IkBa (lanes
1-3) or GST-IRF3C substrates (lanes 4-6) as indicated, in an in vitro
kinase assay. Phosphorylation of the substrates by the IKK kinases is
shown.

(b) Endogenous IKK complex was immunoprecipitated (IP) from cells that
were either stimulated with IL-1b (lanes 2-4) or with Sendai virus (S.V)
(lanes 5-7 and 9-11) for different durations as indicated. The
immunoprecipitated IKK complex was incubated with either GST-1kBa
(lanes 1-7) or GST-IRF3C (lanes 8-11) in an in vitro assay.
Phosphorylation of the substrates by the IKK complex is shown.

(c) The IKK complex (lanes 1-3), IKKi (lanes 4-6) and TBK1 (lanes 7-9)
kinases were immunoprecipitated (IP) from cells challenged with Sendai
virus (S.V) for different time-points and incubated with GST-IRF3C
substrate in an in vitro kinase assay. Phosphorylation of the substrates by
the kinases is shown.

(d) IKKi was immunoprecipitated (IP) from cells challenged with Sendai
virus (S.V) for different time-points and incubated with different GST-
IRF3C substrates in an in vitro kinase assay. Phosphorylation of the
substrates by the kinase is shown.

I. D. Discussion

In vitro kinase assays have been routinely used to detect the activation of
endogenous kinases like IKK and MAPK in response to various stimuli (Wang et
a., 2001). This chapter describes the establishment and optimization of an in
vitro assay to detect the activation of an IRF3 kinase in Sendai virus infected 293
cells. The activity detected in this assay specifically phosphorylated the IRF3
group | serine residues. The kinetics of this activity in vitro was similar to the
kinetics of endogenous IRF3 phosphorylation in cells challenged with Sendai

Virus.
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The GST-tagged C-terminus of IRF3 was used as a substrate to follow the
virus inducible kinase in vitro. Non-physiologic kinases might be able to
phosphorylate the truncated form of IRF3. Thus, once the identity of the group |
kinase is determined, the ability of this kinase to phosphorylate full length IRF3
should be determined. To further test the physiological importance of the
identified IRF3 kinase, techniques like RNAIi can be used to knock-down the
expression of the kinase. In the absence of IRF3 kinase, phosphorylation of
endogenous IRF3 in response to virus should be abolished.

The observation that the IRF3 kinase activity pellets in the P100 fraction
of lysates centrifuged at 100,000xg is very interesting. It is not clear why the
IRF3 kinase activity pellets in the P100 fraction. When cell lysates are spun at
100,000xg, plasma membrane, fragments of endoplasmic reticulum and large
protein complexes including polyribosomes pellet. Therefore, it is possible that
either the IRF3 kinase activity associates with some membranous compartment of
cells, or it is associated with a large multiprotein complex. Severa viruses
including hepatitis C virus replicate in close association with membranous
organelles such as the ER (Rehermann and Nascimbeni, 2005). It is possible that
the IRF3 kinase localization to these membranous organelles enables rapid
activation of IRF3 which in turn activates the antiviral signaling pathways.
Nonetheless, separation of the kinase activity from the soluble cytosolic proteins

in S100 is agood step for protein purification (Figure 9a, lower panel, 20-25 fold
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purification). Besides the virus-inducible IRF3 kinase activity in P100, a virus-
independent IRF3 kinase activity is detected in the P20 pellet. At 20,000xg,
organelles such as the mitochondria, lysosomes and peroxisomes pellet. Since the
P20 kinase activity is independent of virus stimulation, it is possible that this
activity corresponds to a non-physiologic IRF3 kinase. Nonetheless, it might be
informative to purify this activity as it specifically phosphorylates the group |
residues. The P20 kinase activity could be the same kinase as in the P100 pellet
or adistinct activity.

The purification of the IRF3 kinase activity from virus-stimulated extracts
should be pursued. Difficulties were encountered in generating sufficient starting
material from adherent 293 cell cultures to scale up the fractionation of the IRF3
kinase activity in P100 from virus infected cells. Since it is relatively easier to
grow suspension cell cultures in large volumes, an attempt can be made to grow
and virally infect 293 T cells or Hela cells in suspension cultures. Alternatively,
viral infection of macrophage cell lines like THP1 and RAW cells, that grow as
suspension cells can be tried.

Recently, TBK1 and IKKi have been identified as the kinases responsible
for phosphorylating IRF3 in response to viruses (Fitzgerald et a., 2003; Sharma et
al., 2003). Assays conducted with purified TBK1/IKKi proteins have shown that
these kinases directly phosphorylate the group 11 residues (McWhirter et a., 2004,

tenOever et al., 2004). In macrophages, both TBK1 and IKKi are expressed and
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function redundantly to activate IRF3. On the other hand, in MEF cells that
predominantly express TBK 1, activation of IRF3 depends solely on TBK1. Thus,
in TBK1 deficient MEFs, IRF3 activation and IFN production in response to virus
infection are compromised.

Although we have not been able to detect a virus-induced activation of
TBK1 and IKKi, a recent study has shown that immunoprecipitated TBK1 and
IKKi exhibit the ability to phosphorylate the IRF3 substrate in a virus-dependent
manner (tenOever et al., 2004). These experiments were carried out in a lung
fibroblast cell line, A549 that were infected with vesicular somatitis virus.

In in vitro experiments, immunoprecipitated TBK1 and [IKKi
phosphorylate the IRF3C2A substrate, implying that TBK1 and IKKi can
phosphorylate group Il residues independent of the phosphorylation status of
group | residues. Thisisin contrast to the assays conducted with virus stimulated
lysates which presumably contain active TBK1/IKKi, where no phosphorylation
of the group Il residues is observed. The reason suggested for this observation
was that the group Il residues cannot be phosphorylated in the absence of
phosphorylation of group | residues. It is therefore surprising that in the
TBKVIKKIi immunoprecipitation assays we observe robust phosphorylation of
IRF3C2A substrate. Since the mechanism of regulation of TBK-1/IKKi is not

understood as yet, it is possible that in lysate, these kinases are regulated such that
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they phosphorylate in a group | residue dependent manner but this regulation is
lost in immunoprecipitated kinases.

Although, it is clear that TBK1/IKKi are necessary for the activation of
IRF3, it is not clear whether they are sufficient. It is till possible that a kinase
which phosphorylates group | residues is activated in response to viruses such that
group Il residues become more accessible to phosphorylation by TBK1/IKKi.
The phosphorylation status of group | residues in TBK1 knock-out cells has not
been determined. If the kinase responsible for phosphorylating group | residuesis
identified, we can answer gquestions related to the importance of group | residue
phosphorylation for IRF3 activation. The expression of group | kinase can be
knocked-out by RNAI and phoshorylation status of group Il residues can be
determined. If the group Il residues cannot be phosphorylated in the absence of
the group | kinase, it will support a role of group | residues as the priming
phosphorylation step that facilitates the phosphorylation of group Il residues. But
if TBK1 and IKKi function independently of the group | residues in vivo, it will
imply that phosphorylation of group Il residues is sufficient for the activation of
IRF3.

Besides virus, polyl:C and LPS that signa through TLR3 and TLR4
respectively also regulate the activity of TBK1/IKKi (Akira and Takeda, 2004).
Rapid progress has been made in the identification of molecular components of

the signaling pathways induced by these receptors. Recently, NAK-associated
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protein 1 (NAP1) has been identified as a subunit of the TBKL/IKKi kinase
complex that is required for TLR3-TRIF mediated activation of TBK1 and
subsequent activation of IRF3 (Sasai et al., 2005). Further, RIG-I has been
identified as the receptor for virally derived dsRNA that |eads to the activation of
IRF3 in a TBK1 dependent manner (Yoneyama et al., 2004). Asdiscussed in the
next three chapters, we have identified a novel mitochondrial protein termed
MAVS that functions downstream of RIG-I to activate IRF3. As TRIF, RIG-I
and MAVS can regulate the activation of IRF3, an in vitro assay can be
established to detect the activation of IRF3 kinases. It is possible that purified
recombinant TRIF, RIG-I or MAVS can activate the group | kinase and
TBKYVIKKI in lysates from unstimulated cells. This assay can be used for two
purposes, the identification of group | kinase from unstimulated lysate, and to
identify unknown factors between the upstream TRIF, RIG-1 and MAV S proteins
to the downstream kinases. A similar strategy has been successfully used in Dr.
Chen’s laboratory to identify factors that regulate the activation of IKK activity
by TRAF6 (Deng et a., 2000; Wang et a., 2001). Thus, the assay described in
this chapter could be a useful tool for advancing our understanding of the antiviral

sgnaling pathway.

79



CHAPER I11: IDENTIFICATION AND CHARACTERIZATION OF
MAVS
[11. A. Introduction

Two events required to trigger an effective antiviral innate immune
response are: a) detection of the invading virus by immune system receptors; and
b) initiation of protein signaling cascades that regulate the synthesis of IFNs.
Toll-like receptors (TLRs) 3, 7, 8 and 9 are the magor antiviral PRRs that
recognize distinct types of virally-derived nucleic acids located in endosomes
(Kawai and Akira, 2006a). In the presence of specific ligands, these receptors can
activate signaling cascades that result in the induction of type | IFNs. Recently,
retinoic acid inducible gene—l (RIG-I) has been identified as the cytosolic receptor
for intracellular viral dsRNA (Yoneyama et al., 2004). The molecular
components of the RIG-I mediated signaling cascade, which regulate the
expression of type | IFNs, are not well characterized.

RIG-I is a member of the DExXD/H box-containing RNA helicase family of
proteins that unwind dsRNA in an ATPase-dependent manner. Based on the
presence and characteristics of conserved motifs within the primary sequence,
helicase proteins are classified into five superfamilies (Cordin et al., 2006). The
DExD/H box containing proteins are included in superfamily 2 and contain eight

conserved motifs that posses ATPase, helicase and RNA binding ability.
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RIG-1 was initially identified as a gene that is induced by retinoic acid and
interferon in a cell line derived from a patient with acute promyelocytic leukemia
(Sun, 1997). RIG-I was also upregulated by retinoic acid in a human gastric
cancer cell line (Huang et al., 2000). Since retinoic acid exhibits anti-tumor
activity by inducing differentiation of tumor cells, it was suggested that RIG-
could be involved in the regulation of cellular growth and differentiation. A later
study revealed that in porcine cells, the porcine reproductive and respiratory
syndrome virus (PRRSV), induced the expression of the porcine homolog of RIG-
I, RNA helicase induced by virus (RHIV-1) (Zhang et al., 2000). Since RIG-I
contains CARD domains in addition to the helicase domain, it was suggested that
RIG-1 might play a signaling role in response to a viral challenge. Finally, over-
expression screening for proteins that can activate IRFs identified RIG-I as an
important component of the antiviral signaling pathway (Y oneyamaet al., 2004).

Based on several studies, a model for the mechanism by which RIG-I
functions has been developed (Sumpter et al., 2005; Yoneyama et al., 2004).
Briefly, the C-terminal helicase domain is believed to bind specifically to viral
dsRNA. The N-termina CARD domains serve to activate downstream signaling
cascades once aviral infection has been detected by binding of viral dsRNA to the
C-terminal helicase domain. As discussed in chapter |, over-expression of an N-
termina fragment of RIG-I containing the two CARD domains is sufficient to

activate NF-kB and IRF3 in the absence of a viral infection. Besides binding to
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viral dsRNA, the helicase domain of RIG-I might also play arole in regulating the
activity of the CARD domains. This suggestion is based on the finding that in
contrast to the constitutive activation of downstream pathways by over-expression
of the N-terminal CARD domains, over-expression of full-length RIG-I cannot
activate these pathways. Full-length RIG-1 is activated only in the presence of
dsRNA. This result indicates that in the absence of dsRNA the helicase domain
interferes with the activity of the CARD domains. It has been speculated that
binding of dsRNA to the helicase domain leads to conformational changes that
allow the CARD domainsto signal. Further structural analysis will be required to
determine the exact mechanism by which this regulation is achieved.

Melanoma differentiation-associated gene 5 (MDA-5) or Helicard is a
close relative of RIG-I exhibiting 23 and 35% sequence identity to the N-terminal
CARD and C-termina helicase domains, respectively (Kang et a., 2002;
Kovacsovics et a., 2002). Similar to RIG-I, the helicase domain of MDA-5 can
bind dsRNA and its N-terminal CARD domains can signal to NF-kB and IRF3
(Yoneyama et a., 2005). Data from MDA-5 knock-out mice support the
importance of MDA-5 as an antiviral signaling protein (Gitlin et al., 2006; Kato et
a., 2006). MDA-5 and RIG-I are responsible for sensing different kinds of
viruses. RIG-I is essential for the production of interferon in response to RNA

viruses like paramyxoviruses, influenza virus and Japanese encephalitis virus,
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whereas MDA-5 is critical for detection of picornaviruses. The molecular basis
for the identification of different viruses by RIG-I and MDA-5 is not understood.
A key unresolved question regarding RIG-I function pertains to the nature
and identity of proteins that function downstream of the RIG-I CARD domains to
activate NF-kB and IRF3. CARD domains were initially identified as protein-
protein interaction domains involved in the cell death pathway (Bouchier-Hayes
and Martin, 2002). Further studies have identified several proteins that interact
through their CARD domains and participate in the activation of NF-kB in innate
and adaptive immune responses. Based on these examples, it was hypothesized
that the RIG-I CARD domains function by interacting with another CARD
domain containing protein. This chapter describes the identification and
characterization of a CARD domain containing protein termed MAVS, that

functions downstream of RIG-I.

I11.B. Materialsand Methods
[11. B. 1. Blast search and alignments

The amino acid sequences corresponding to the two CARD domains of
RIG-I and MDA-5 were blasted individualy against the National center of
bioinformatics (NCBI) protein database. Clustal W

(http://www.ebi.ac.uk/clustalw/) was used to aign the CARD domains of RIG-I,

MDA-5 and MAVS. The amino acid sequence of human MAVS protein was
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blasted against the NCBI database to identify homologs of the protein in other

Species.

I11.B. 2. Plasmids and antibodies

MAV S sequence was amplified by PCR using the IMAGE clone 5751684
(ATCC) as atemplate. PCR primers were based on GenBank accession number
BC044952. The open reading frame of MAVS was cloned into the Xhol and
Mlul sites of the mammalian expression vector pEF-IRES-Puro such that N-
terminal HA-tagged MAVS can be expressed under the control of
EFla promoter. pcDNA3-FLAG-MAV S was constructed by cloning MAVS into
the Xhol and Xbal sites of pcDNA3. pcDNA3-MAVS-HA was constructed by
subcloning the DNA fragment encoding MAV S-HA into the Xhol and Xbal sites
of the pcDNA3 vector such that the C-terminal HA epitope was fused in frame
with MAVS. pcDNA3-MAVS-Flag was constructed by subcloning the DNA
fragment encoding MAVS-Flag into the Xhol and Xbal sites of the pcDNA3
vector such that the C-terminal Flag epitope was fused in frame with MAVS.
PEF-BOS-FLAG-RIG-I and RIG-I(N) were kindly provided by Dr. Takashi Fujita
(Tokyo Metropolitan Institute of Medical Science). The reporter gene IFNb-Luc
was constructed by subcloning 110 base pairs of the IFN-b promoter into a
luciferase expression vector (Dr. Giridhar R. Akkargu, Dr. James Chen's

laboratory). All constructs were verified by automated DNA sequencing.



Plasmids for p-kBs-TK-Luc and pCMV-LacZ have been described previoudly.
Plasmids for Gal4-Luc, Gal4-IRF3, Flag-TRIF, Flag-TBK 1 and Flag-IKKe were
provided by Dr. Kate Fitzgerald (University of Massachusetts at Worcester) and
Dr. Tom Maniatis (Harvard).

cDNA encoding amino acids 1-242 of RIG-1 was amplified by PCR and
cloned into the Xhol and Mlul sites of the baculoviral expression vector pFastBac
(Invitrogen). For the expression of a MAV'S protein fragment containing residues
131-291, the cDNA encoding this fragment was inserted into the Ndel and
BamHI sites of pET14b (Novagen). These constructs were used to express
recombinant proteins Hiss-RIG-1 (1-242) in Sf9 cells, and HisssMAV'S (131-291)
in E. coli. The antibodies against RIG-I and MAVS were generated by
immunizing rabbits with the recombinant proteins. Both antibodies were affinity
purified using the respective RIG-1 and MAV S antigen column. Rabbit polyclonal
antibody against IRF3 (SC-9082) and NEMO (SC-8330) were purchased from
Santa Cruz Biotechnology. Monoclonal antibody against IKKb (BD Bioscience),
FLAG (M2; Sigma) and HA.11 (Covance) were purchased from the indicated

suppliers.

[11. B. 3. Cdl culture and Luciferase assays
Human embryonic kidney (HEK) 293 cells were cultured in DMEM

supplemented with 10% calf serum and antibiotics. Transient transfection was

85



carried out using the calcium phosphate precipitation method. For luciferase
reporter assays, cells were seeded in 12-well plates at a cell density of 2X10° cells
per well. On the second day, cells were co-transfected with 20 ng of a luciferase
reporter gene, 20 ng of pCMV-LacZ as an interna control for transfection
efficiency and the indicated expression vectors. For the IRF3 activation assay,
40ng of Gal4-IRF3 and 40 ng of Gal4-Luc constructs were co-transfected. Each
experiment was carried out in duplicates. Cells were harvested 36 hours after
transfection and lysed in the passive lysis buffer (Promega). Luciferase activity
was measured with a luminometer (Rosys Anthos Lucy2) using luciferin as a
substrate, and b-galactosidase activity was measured with a Thermo Labsystems
microplate reader at the wavelength of 405 nm using o-nitrophenyl-b- D-

gaactopyranoside (ONPG) as a substrate.

[11. B. 4. RNAI

SIRNA oligos at a fina concentration of 20 nM were transfected into
HEK?293 cells in 12-well dish, using the calcium phosphate precipitation method.
This transfection procedure was repeated on the second day to increase RNAI
efficiency. On the third day, cells were transfected with indicated expression
plasmids using Lipofectamine 2000 reagent (Invitrogen), and harvested 24 hours
later. The sequences of the SSRNA oligos are as follows (only the sense strands

are shown): GFP (471-489): GCAGAAGAACGGCAUCAAG; RIG-I (2363-
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2381): AAUUCAUCAGAGAUAGUCA, MAV Sa (899-917):
CCACCUUGAUGCCUGUGAA; MAYV Sb (1364-1382):
CAGAGGAGAAUGAGUAUAA and TBK1 (1047-1065):
UCAAGAACUUAUCUACGAA. These RNA oligos were synthesized at the UT

Southwestern Center for Biomedical Invention (CBI) facility.

[11. B.5. Western Blotting and I|RF3 dimerization assays

Cells were lysed in Buffer B (as in chapter Il; 20mM Tris-HCI, pH 7.5,
20mM b-glycerophosphate, 1mM sodium orthovanadate, 0.5mM EGTA, 10%
glyceral, 1.5mM MgCl,, 150mM NaCl, 0.2% NP-40, ImM PMSF, 1mM DTT,
10nmg/ml leupeptin). After incubation on ice for 10 minutes, soluble extract was
collected by centrifugation at 20,000xg for 15 minutes at 4°C. 20ny of lysate was
boiled in 2X SDS sample buffer followed by SDS-PAGE. Native gel
electrophoresis and IRF3 dimerization assays were carried out as described
previously (Iwamura et a., 2001). Briefly, 7% gels were pre-run with 25mM and
192mM glycine, pH 8.4 with and without 1% deoxycholate (DOC) in the cathode
and anode chamber, respectively, for 30 min at 40mA. 20 ng of cell lysate in
Buffer B were diluted in 2X sample buffer (125mM Tris, pH 6.8, 20% glycerol
and 10ug/ml bromophenol blue) and applied to gel followed by electrophoresis
for 45 min at 25mA. For detection of MAVS in different cell lines, cells were

lysed in RIPA buffer (50mM Tris-HCI, pH 8.0, 150mM sodium chloride, 1%



Triton X-100, 0.1% SDS and 0.5% sodium deoxycholate). Lysates were cleared
by centrifugation at 14,000 rpm for 15 minutes, resolved by SDS-PAGE and
immunoblotted with a MAVS antibody.  Immunoblotting was carried out by
standard procedures and immuno-reactive proteins were visualized by

colorimetric detection of an alkaline phosphatase substrate.

[I1. B. 6. IKK kinase assay

For IKK kinase assay, cells were lysed in Buffer C (as in chapter Il; 20
mM Tris-HCI, pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM
DTT, 1 mM PMSF and 10 ng/ml leupeptin), and the lysates cleared at 20,000xg
for 15 minutes at 4°C. 500 ng of lysate was incubated with anti-NEMO antibody
at 4°C for immunoprecipitation. After 1 hour, 10 m of protein A/G bead slurry
was added. Immunoprecipitation was carried out for another hour. The beads
were washed twice with Buffer C and then three times with Buffer F (as in
chapter 11; 20 mM HEPES, pH 7.6, 50 mM NaCl, 20 mM b-glycerophosphate, 1
mM sodium orthovanadate, 10 mM MgCl, and 1 mM DTT). The beads
containing the immunoprecipitated IKK complex were incubated in 20 ml of the
kinase reaction buffer (Buffer E; as in chapter Il) containing GST-1kBa-NT (100

my/ml; N-terminal 36 residues of 1kBa), ATP (100 mM) and g-*P-ATP (5 nCi)

88



for 30 minutes. After SDS-PAGE, the phosphorylation of 1kBa was analyzed by

Phosphorimaging.

[11. B. 7. Viral infection and plaque assay

Sendal virus infection: Cells were infected with Sendai virus (Cantell strain;

Charles River laboratories) for 20 hours a 50 hemagglutinating (HA) units/ml
culture media. Briefly, cells in 12-well plates were washed once with 1X PBS
and incubated with 0.5 ml of Sendai virus diluted in serum free DMEM. One hour
later, an equal volume of DMEM supplemented with 20% caf serum and
antibiotics was added to the cells. Cells were returned to the 37°C incubator to

continue culture for 19 hours.

VSV infection and plaque assay: For over-expression of MAV'S, HEK293 cellsin

12-well plates were transfected with 0.5 ng of pPCDNA3-Flag-MAVS or empty
vector. To silence the expression of MAVS, HEK 293 cells were transfected with
20 nM of MAVS or GFP (control) SsRNA oligos. These cells were infected with
VSV (kindly provided by Dr. Michael Gale, UT Southwestern) at 0.001, 0.01, and
0.1 MOI for 24 hours. Cells were rinsed with PBS, fixed in 2% formaldehyde in
PBS, and stained with 0.1% Amido Black in 10% acetic acid. For plague assay,
aliquots of culture media taken at 6, 12, 18, and 24 hours were used to infect

HEK293 cells. Briefly, 293 cells in 6-well plates were infected with serial



dilutions of the recovered viruses for 1 hour. Cells were overlaid with 0.5% soft
agar in DMEM and incubated for 24 hours. Plates were stained with 0.01%

neutral red in DMEM for 4 hours to display plagues, which were then quantitated.

1. C. Results
[11. C. 1. Search for a RIG-I CARD domain containing proteins

A bioinformatics approach was used to identify proteins that contain a
CARD domain similar to those of RIG-1 and its homologue MDA-5. A BLAST
search with the first CARD domain of MDA-5 identified an uncharacterized
protein KIAA1271 (Figure 12a, 12b). Interestingly, this protein was aso
identified as a putative NF-kB activator in alarge scale over-expression screening
for proteins that activate an NF-kB reporter (Matsuda et al., 2003). However,
there was no further characterization of the domain structure, activity or
biological function of the protein. The CARD domain of this protein is conserved
from pufferfish to human (Figure 12c). Based on its biological function as an
antiviral protein (discussed below) and the importance of mitochondrial
localization for the function of this protein (discussed in chapter V), we termed

this protein mitochondrial antiviral signaling protein (MAVS).
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Figure 12: Identification of MAV S and its sequence analysis

(@) Sequence aignment of the CARD domains of MAV'S, RIG-I and MDA-5,
using the Clustal W program.

(b) The primary amino acid sequence of MAVS is shown. MAVS contains
540 amino acid residues. The CARD domain region of MAVS is
highlighted in pink, the proline-rich (PRO) domain is highlighted in blue
and the transmembrane (TM) domain is highlighted in yellow.

(c) The sequence alignment of the CARD domains of MAVS from different
species based on the genome project. The asterisks (*) indicates the
conserved residues that were mutated to aanine in Figure 21.
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[11. C. 2. Over-expression of MAVS leadsto activation of IRF3 and NF-kB

Although NF-kB is activated by over-expression of several proteins, a
much smaller number of proteins activate both NF-kB and IRF3, which are
required for the induction of IFNs. To determine if MAV S could activate NF-kB
and IRF3, a MAVS expression plasmid was transfected into 293 cells together
with an IFN-b reporter in which the expression of luciferase is under the control
of the IFN-b promoter. The IFN-b promoter contains enhancer elements that bind
to severa transcription factors including NF-kB, IRF3 and ATF2. The
coordinated activation of all of these transcription factors is required for the
formation of a stereospecific enhanceosome that activates IFN-b.

Significantly, over-expression of MAVS in HEK293 cells potently
activates the IFN-b promoter (Figure 13a). In control experiments, infection of
the same cells with the Senda virus, a positive strand RNA virus of the
paramyxoviradae family, leads to the activation of IFN-b. Similarly, over-
expression of the N-terminal CARD domains of RIG-I, but not another CARD
domain protein RIP2, induced IFN-b. Consistent with the ability of MAVS to
activate the assembly of the IFN-b enhanceosome, MAVS activated NF-kB

(Figure 13b) aswell as IRF3 (Figure 13c). In the former case, NF-kB activation
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Figure 13a
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Figure 13: MAVSisa potent inducer of IFN

() Increasing amounts of expression vectors for MAV'S, RIG-I (N), and RIP2
were transfected into HEK293 cells together with an IFNb-luciferase
reporter as well as pCMV-LacZ as an internal control. 36 hours after
transfection, the luciferase activity was measured and normalized based on
b-galactosidase activity. Each data point is obtained from duplicate
experiments. S.V: cells transfected with IFNb-Luc were infected with
Sendai virus for 20 hours.

(b) Similar to (a), except that p-kBs-tk-Luc was transfected in lieu of INFb-
Luc.

(c) The experiments were carried out asin (@), except that Gal4-Luc and Gal4-
IRF3 plasmids were co-transfected together in lieu of IFNb-Luc.

(d) HEK293 cells were transfected with the expression vectors for MAVS
(500 ng), RIG-I(N; 200 ng), RIP2 (500 ng), the vector pcDNA3 (500 ng)
or infected with Sendai virus (S.\V, 50 HA unitsml). 36 hours after
transfection or 20 hours after viral infection, cells were lysed to prepare
protein extracts, which were then resolved by SDS-PAGE (upper panel) or
native gel electrophoresis (lower panel). Phosphorylation or dimerization
of IRF3 was detected by immunoblotting (IB) with an IRF3 antibody.




is measured using a luciferase reporter whose expression is driven by three copies
of an NF-kB response element. In the latter case, the activation of IRF3 is
measured by the phosphorylation and dimerization of a chimeric protein
consisting of IRF3 fused to the DNA binding domain of Gal4, which drives the
expression of the luciferase reporter gene.

I mmunoblotting experiments show that MAV S activates IRF3 by inducing
its phosphorylation (Figure 13d, upper panel) and dimerization (Figure 13d, lower
panel). Collectively, these results show that MAVS is a potent activator of IRF3

and NF-kB, and its over-expression is sufficient to induce cytokines including

IFN-b.

[11. C. 3. MAVSisessential for antiviral signaling pathways

To determine if MAVS is required for IFN-b induction by viruses, RNAI
was used to silence the expression of endogenous MAVS. Two pairs of MAVS
RNAI oligos ailmost completely abolish IFN-b induction by Sendai virus (Figure
14). Since the sequences of these two pairs of RNA oligos are very different, it is
exceedingly unlikely that they silence a common “off-target” gene responsible for
IFN-b induction. As controls, RNAI of RIG-I, but not GFP, also blocks viral

induction of INF-b.
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Figure 14: MAVSisrequired for IFN-b induction by Sendai virus

To silence the expression of endogenous proteins, SRNA oligos targeting
GFP (control), RIG-I, and two different regions of MAVS (a & b) were
transfected into HEK293 cells. The efficiency of MAVS RNAI was confirmed
by immunoblotting with a MAVS-specific antibody (bottom panel). To
measure |FNDb induction, the IFNb-Luc reporter plasmid was transfected into
the RNAI cells, which were then infected with Sendai virus (S.V) for 20 hours
followed by luciferase assays (upper panel). Each data point is obtained from
duplicate experiments.




To determine if MAVS is required for the activation of IRF3 kinase, the
phosphorylation and dimerization status of IRF3 was determined in response to
Senda virus in cells treated with MAVS RNAI to silence the expression of
MAVS. RNAIi of MAVS or RIG-I prevents the phosphorylation (Figure 15a,
upper panel) and dimerization (Figure 15a, lower panel) of IRF3 induced by
Sendal virus, indicating that both MAVS and RIG-1 are required for IRF3
phosphorylation.

To determine if MAV Sisalso required for IKK activation by viruses, IKK
kinase assays were performed (Figure 15b). Since the activation of IKK by
Sendai virus is much slower and weaker as compared to TNFa stimulation,
expression vector encoding the full-length RIG-1 was transfected into HEK293
cells. The full-length RIG-I protein did not activate IKK or IRF3, but potentiated
the activation of IKK (Figure 15b, lanes 3-6) such that IKK activity was
detectable within 4 hours of viral infection. Importantly, RNAi of MAVS blocks
IKK activation by Sendai virus, but not TNFa. Taken together, these results
clearly demonstrate that MAV S is essential for the activation of IKK and IRF3 by

Sendai virus.

[11. C. 4. MAVSisapotent antiviral protein
Since MAVS is both necessary and sufficient for the induction of type |

IFNs, we examined whether this protein could mediate immune defense against
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Figure 15: MAVSisrequired for the activation of IRF3 kinases and the
IKK complex by Sendai virus
(a) The SIRNA transfection into HEK293 cells and viral infection were carried

out as in Figure 15. Protein extracts were prepared from the cells and



anayzed for IRF3 phosphorylation by SDS-PAGE (upper panel) or
dimerization by native gel electrophoresis (lower panel).

(b) HEK293 cells expressing the full-length RIG-1, which facilitates the
activation of IKK and IRF3 by Sendal virus, were transfected with SSRNA
oligos for GFP or MAVS. These cells were then stimulated with TNFa
(20 ng/ml) or infected with Sendai virus (50 HA units/ml) for the indicated
time before cell lysates were prepared. An aiquot of the cell lysates (20
ng) was immunoblotted with a MAV S antibody (lower panel). 500 ng of
the cell lysates were immunoprecipitated with an antibody against NEMO
to isolate the IKK complex, whose activity was measured using GST-
IkBa and g->?P-ATP as substrates (upper panel). An aiquot of the IKK
immunoprecipitate was immunoblotted with an IKKb antibody (middie
panel).

the vesicular stomatitis virus (VSV), a positive strand RNA virus of the
Rhobadoviridae family. Infection of HEK293 cells by VSV led to nearly
complete killing of the cells within 24 hours at a multiplicity of infection (MOI)
of 0.01 (Figure 16a; performed by Dr. Lijun Sun, Dr. James Chen’s laboratory).
Transient transfection of these cells with an expression vector encoding FLAG-
MAVS led to a dramatic protection of cell killing even a an MOI of 0.1.
Conversely, silencing of the endogenous MAVS expression by RNAI greatly
sensitizes the cell to killing by VSV at much lower MOI (0.001). Measurement of
the vira titer shows that over-expression of FLAG-MAV S decreases the viral titer
by more than 20 fold as compared to control cells [from 5x10° to 2x10° plague
forming unit (pfu), Figure 16b; performed by Dr. Lijun Sun, Dr. James Chen's
laboratory). Conversaly, RNAi of MAVS leads to an increase of vird titer by 20

fold as compared to control cells (from 5x10’ to 10° pfu). These results show that

99



100

MAVS is a pivota cellular antiviral protein whose expression level directly
determines antiviral immunity.

Figure 16a
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Figure 16: MAVSisa potent antiviral protein

() HEK 293 cells were transfected with pcDNA3-FLAG-MAVS (0.5 ng) or
SIRNA oligos (20 nM) targeting MAV S. 48 hours after transfection, cells
were infected with VSV at the indicated MOI for 24 hours. After fixing,
cells that were not killed by the virus were stained with Amido Black.

(b) The culture supernatant from cells infected with VSV at the MOI of 0.01
were collected at the indicated time points, and the viral titer was
determined by plaque assay.




[11. C. 5. Epigtatic relation of MAVS with known components of the pathway

As both RIG-1 and MAVS function in the antiviral signaling pathway, the
epistatic relationship between these two proteins was determined. As shown in
Figure 17a, RNAIi of MAVS blocks the induction of IFN-b by Sendai virus, and
by over-expression of the N-terminal fragment of RIG-1 [designated as RIG-I (N)]
as well as MAVS itself. In contrast, RNAI of RIG-I does not inhibit IFN-b
induction by the over-expression of MAVS. This pair of SRNA oligos did not
affect INF-b induction by the RIG-I(N), because the sequence targeted by the
RNAI oligos was located at nucleotides 2363-2381, outside the region encoding
RIG-I(N). Asthe RIG-I SSRNA oligos effectively blocked IFN-b induction by the
virus, but not MAVS, it was concluded that MAVS functions downstream of
RIG-1 in the viral signaling pathway.

Recent studies have shown that over-expression of TRIF (Yamamoto et
a., 2002), TBK1 or IKKi is sufficient to activate IFN-b, and that TBK1 and IKKi
are the kinases that phosphorylate IRF3 (Fitzgerald et al., 2003; Sharma et a.,
2003). We therefore investigated the relationship between MAVS and TRIF,
TBK1 and IKKi. While RNAiI of MAVS abolishes IFN-b induction by Sendai
virus, it has no effect on the activation of IFN-b by TRIF, TBK1 or IKKi (Figure
17b). Consistent with previous reports, RNAi of RIG-1 blocks the induction of

IFN-b by Sendai virus but does not affect IFN-b induction by TRIF, TBK1 or
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IKKi. RNAI of TBK1 only blocks IFN-b induction by itself, but has little effect
on other signaling pathways. It is possible that TBK1 and IKKi function
redundantly in 293 cells such that no effect of TBK1 RNAI in RIG-I and TRIF
mediated signaling pathways is observed. Since it was also possible that the
RNAI experiment did not result in sufficient knock-down of TBK1 protein levels,
we turned to TBK1 knock-out MEF cells that are defective for IFN induction in
response to stimulation with Sendai virus. As shown in Figure 17¢ (performed by
Dr. Chee-Kwee Ea, Dr. James Chen's laboratory), over-expression of MAVS or
stimulation with Sendai virus leads to an induction of IFN-a in wild-type MEF
cells. The induction of IFN-a was defective in TBK1 knock-out MEF cells.
Together with the data shown in Figures 17a, 17b, 17c and 15b, we propose that
MAVS functions downstream of RIG-1 and upstream of IKK and TBK1 (Figure

17d).

[I1. C. 6. Expression pattern of MAVS

Endogenous MAVS was detected with an affinity-purified MAVS
antibody raised against a fragment of MAVS containing amino acids 131-291.
This antibody detects two sets of bands corresponding to MAVS in crude cell

lysates derived from HEK 293 cells (Figure 14 and 15b). The first set of bands
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Figure 17: MAVS functions downstream of RIG-I and upstream of TBK 1
(a) HEK 293 cells were transfected with SSIRNA oligos targeting GFP, RIG-1 or

MAVS. These cells were subsequently transfected with IFNb-Luc
together with expression vectors (300 ng) encoding the N-terminal
fragment of RIG-I [RIG-I (N)], MAVS or empty vector (pcDNA3). As a
positive control, cells were infected with Sendai virus (S.V). Twenty hours
after vira infection or 24 hours after transfection of the expression
plasmids, cells were harvested for luciferase assays. Each data point is
obtained from duplicate experiments.

(b) HEK293 cells were transfected with SIRNA oligos targeting GFP, RIG-I,

MAYVS or TBK1. These cells were transfected with IFN-b-Luc together
with either expression vectors (300 ng) for TRIF, TBK-1 and IKKi, or
with infection with Sendai virus (S.V). Twenty hours after vira infection
or 24 hours after transfection of the expression plasmids, cells were

harvested for luciferase assays. Each data point is obtained from duplicate
experiments.

(c) Wild-type or TBK1-/- MEF cells were transfected with plFNa4-Luc (300

ng) and pcDNA3-FLAG-IRF7 (50 ng) together with pEF-HA-MAV'S (100
ng) or control vector. For Sendai virus infection, MEF cells transfected
with the luciferase reporter plasmids were infected with 50 HA units/ml of
the virus. Luciferase assays were performed and data points obtained
from duplicate experiments are shown.

(d) A proposed antiviral signaling pathway. In this pathway, MAV S functions

downstream of RIG-1, and upstream of IKK and TBK1.
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run together with the 75kDa molecular weight marker band, whereas the lower
MAV S bands correspond to a molecular weight of approximately 55kDa. MAV'S
contains 540 amino acid residues and has a predicted molecular weight of 56.5
kDa. The bands detected by the MAV S antibody disappear in cells transfected
with two different pairs of SRNA oligos targeting distinct regions of MAVS,
indicating that the bands detected by the antibody are indeed MAVS proteins
(Figure 14 and 15b). It is unlikely that the multiple MAV'S bands represent
different spliced variants as the same expression pattern is observed when cells
are transfected with MAVS cDNA. Multiple bands corresponding to MAVS ae
detected with an HA antibody when the HA epitope is appended to the N- or C-
terminus of MAVS (Figure 18a). Surprisingly, most of the MAVS protein was
present in the pellets of lysates centrifuged at 10,000xg. As will be discussed in
chapter V, MAVS is a mitochondrial protein, and mitochondria pellet when
lysates are spun at 10,000xg. In the lysis conditions used for this assay, MAVS
could not be completely solubilized such that it pellets together with the
mitochondria in the P10 pellets. Similar results were obtained with N- and C-
terminal Hag-tagged MAV'S (Figure 18b). It is possible that the higher bands of
MAVS correspond to a modified form of MAVS. The patterns of these bands did
not change when cell extracts were treated with phosphatases or glycosydase,
suggesting that they are unlikely to be the phosphorylated or glycosylated forms

of MAVS (data not shown). We have also been unable to obtain evidence of
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MAVS modification by ubiquitin or ubiquitin-like proteins including SUMO,
ISG-15 and NEDDS8 (data not shown, performed by Dr. Lijun Sun, Dr. James
Chen’s laboratory). It is also possible that the lower bands represent a degraded
or processed product of MAV'S, whereas the upper band is the full-length MAVS
protein. Thus, it is not clear why MAV S protein exists as multiple bands on SDS-
PAGE.

We were also able to use the MAV'S antibody described above to detect
the expression of MAVS in different cell lines. The MAVS protein bands are
detected by immunablotting in multiple human cell lines including Jurkat (T cell),
U937 (monocyte), Huh7 (hepatocyte), A549 (lung epithelial cell) and Hela
(cervical epithelial cell) (Figure 18c). Thus, MAV Sis expressed in many different
cell types, especially those that constitute the first line of defense against viruses,

such as liver and lung cells.

I11.D. Discussion

Several pathogens cross the cell membrane to replicate within the
intracellular compartment of host cells. These pathogens are detected by
cytosolic host cell receptors that trigger immune signaling pathways in response
to an infection. Examples of cytosolic receptors include Nodl1, Nod2 and IPAF

that sense bacteria pathogens and RIG-1 and MDA-5 that act as sensors for
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Figure 18: MAVS expression pattern

(@) 1ng of N- and C-terminal HA-tagged MAV S constructs were transfected
into HEK293 cellsfor 24 hours. Cell lysates were prepared and
centrifuged at 10,000xg to obtain the supernatant (S10) and pellet (P10).
Equal volumes of S10 and P10 were resolved on an SDS-PAGE. The
expression of HA-tagged proteins was detected by immunoblotting with
an HA antibody. The position of the molecular weight marker bands
corresponding to 75kDa and 50kDa are shown.

(b) Similar to (a) except Flag-tagged MAV S constructs were transfected.
Flag-tagged proteins were detected by immunoblotting with a Flag
antibody.

(c) Whole cell lysates (20ng) from indicated cell lines were immunoblotted
with the affinity purified MAV S antibody. Jurkat: T lymphocyte; U937:
monocyte; Huh7: hepatocyte; A549: lung epithelial cell; HeLa: cervical
epithelial cell; HEK293: embryonic kidney cell.

viruses (Werts et al., 2006). These intracellular receptors share a similar domain
structure. They contain ligand sensing domains (LRR domain in the case of Nod
1, Nod2 and IPAF, and helicase domain in RIG-I and MDA-5), and CARD
domains that signal to downstream proteins. Nod proteins signa by interacting
with a CARD domain containing kinase, RIP2, which in turn activates NF-KB.
Similarly, IPAF interacts with CARD domain containing protein apoptosis-
associated speck-like protein (ASC) to activate caspase-1. The data presented in
this chapter shows that the RIG-1 mediated signaling pathway also depends on a
CARD domain containing protein termed MAVS. The basis for the specific
interaction between particular CARD domain containing proteins is not well

understood. To understand this issue, improved primary sequence analysis
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methods coupled with structural and biochemical knowledge of specific CARD-
CARD interaction pairs will be required.

Ectopic expression of MAVS activates NF-kB and IRF3 mediated
pathways, which in turn lead to the transcription of antiviral cytokines and
chemokines. The activation of these signaling pathways by over-expression of
MAVS has a functional consegquence as it can inhibit viral replication. On the
other hand, the loss of MAVS expression renders cells vulnerable to virus
mediated killing. These studies support arole of MAVS in the antiviral immune
signaling pathway. Homologs of MAVS can be identified from humans to
pufferfish, implying that this protein might have an important evolutionarily
conserved function in antivira signaling pathways.

The mechanism by which over-expression of MAVS activates the
downstream pathways is currently not understood. It is possible that over-
expression of MAVS simply facilitates the interaction of MAVS with other
proteins in the pathway. MAVS interacting proteins might include proteins that
have been previously implicated in antiviral signaling or proteins that have not
been linked to this pathway as yet. Our understanding of MAVS interacting
partners will be discussed in chapter V.

Epistasis experiments suggest that MAV S functions downstream of RIG-I
to regulate the activities of TBK1 and IKK. Since the RIG-I and MDA-5 CARD

domains are very similar and they regulate similar signaling cascades, it is
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possible that MAVS is involved in signaling downstream of MDA-5. A recent
study has confirmed that MAV S isrequired for MDA-5 mediated activation of the
IFN-b promoter (Kawai et al., 2005).

Three other groups have independently discovered MAVS and named it
interferon-b promoter stimulator-1 (IPS-1) (Kawai et a., 2005) /virus-induced
signaling adaptor (VISA) (Xu et a., 2005) and CARD adaptor inducing interferon
(CARDIF) (Meylan et al., 2005). The data presented by these groups corroborate
our data, confirming a role for MAVS in the antiviral immune response. These
studies also report some conflicting data which will be discussed in more detail
throughout this thesis.

As mentioned previously, the TLRs and RIG-I are the two receptor
systems for detecting viral infection. TRIF is an adaptor protein required for
TLR3-mediated signaling. We have shown that TRIF-dependent activation of
NF-kB and IRF3 is unaffected by the absence of MAVS. On the other hand,
knock-down of MAV'S protein expression by RNAI abolishes signaling by RIG-I.
Therefore, we conclude that MAVS specifically signals in the RIG-I mediated
signaling pathway. Two other studies support our data implying that MAVS is
not required for TRIF mediated activation of IFN-b, however, Xu et.al. suggest
that MAVS is essentia for TRIF mediated activation of IFN-b (Xu et al., 2005).
All of these studies have used RNAI to knock-down the expression of MAVS to

determine if TRIF signals in a MAVS dependent manner. It is possible that the
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knock-down of MAV S expression was not sufficient to block signaling in studies
reporting that MAVS is not required for TRIF-mediated signaling (although this
level of MAV S knock-down was sufficient to block RIG-1 mediated signaling). It
is also possible that the SRNA pair used by Xu et. a. had some “off-target”
effects that inhibit the signaling downstream of TRIF. It is important to
definitively determine the role played by MAVS in the TLR3 mediated antiviral
immune response. Generation of a mouse that lacks MAV'S expression will be
useful for determining the contribution of MAVS to the RIG-I and TLR3
mediated signaling pathways. The MAV 'S knock-out mouse model will aso be
valuable for studying the role of MAVS in antiviral immunity in vivo. Indeed, a
MAV S deficient mouse generated in Dr. James Chen’s laboratory has definitively
proved that MAVS is specifically involved in RIG-1 mediated antiviral defense in
multiple cell types (Sun et a., 2006). These mice are severely compromised in
immune defense against viral infections supporting our conclusion that MAVSis

an important component of the antiviral signaling pathways.
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CHAPTER IV: UNDERSTANDING THE MECHANISM BY WHICH
MAVSFUNCTIONS
V. A. Introduction

As discussed in the previous chapter, MAVS is a novel CARD domain
containing protein which functions downstream of RIG-I in the antiviral signaling
pathway. The next step in the characterization of MAVS involved understanding
the molecular mechanism by which MAV S functions. Towards this objective, the
signaling domains encoded within MAVS were identified and characterized.
Anaysis of the domain structure of MAVS revealed that in addition to the N-
terminal CARD domain (Figure 12), the protein also contains a central proline-
rich domain (PRO) and a hydrophobic transmembrane (TM) domain at the C-
terminus (Figure 19). To determine the contribution of each domain towards the
function of MAVS, deletion constructs of MAVS lacking these domains were
generated and tested for their ability to activate the IFN-b promoter.

The epistasis experiments described in chapter 11l revealed that MAVS
functions downstream of RIG-I and upstream of TBK1 and IKK. To understand
how MAV S functions in this signaling pathway, we took a candidate approach to
determine if any of the known components of the antiviral signaling pathway
interact with MAVS. The most likely candidates to interact with MAVS include
the CARD domain containing proteins RIG-1 and MDA-5. Non-CARD domain

containing proteins including the IRF3 kinases TBK1 and IKKi, and proteins
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Figure 19: Domain and sequence analysis of MAVS
(@) A schematic diagram of MAV S domain organization. TM: transmembrane

domain.

(b) Amino acid sequence of the Proline-rich domain. The PxxP motifs within
this domain are underlined.

(c) Prediction of the MAV S transmembrane domain using the TMpred server.
A score of greater than 500 predicts a transmembrane region.




involved in NF-kB activation like the IKK kinase complex and TRAF6 protein,
were also tested for interaction with MAVS. Recently, it was reported that RIP1
and a death-domain containing protein FADD are involved in the virus dependent
activation of IFN-b (Balachandran et al., 2004). Although the mechanism by
which these proteins regulate the antiviral signaling pathway is not known, their
interaction with MAV S was tested. Results from immunoprecipitation assays that
were used to assess the interaction of MAVS with potential candidate proteins,

are presented in this chapter.

V. B. Materialsand Methods
V. B. 1. Identification of domainsin MAVS

The amino acid sequence of MAVS was blasted against the domain
database using simple modular architecture research tool (SMART;

http://smart.embl-heidelberg.de/) to determine the domain constitution of the

protein. The transmembrane domain was predicted using two different programs:

TMpred (http://www.ch.embnet.org/software/ TMPRED_form.html; Figure 19c),

and Kyte-Doolittle hydropathy plot.

V. B. 2. Plasmids
Truncated forms of MAV S lacking either the CARD domain (residues 10-

77) or the proline-rich region (residues 103-152) were cloned using overlap
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extenson PCR. A similar PCR strategy was used to generate MAV'S mutants
lacking the intervening sequence between the CARD and TM domains (CARD-
TM). Appropriate primers were used to amplify a region from residuel-1500 to
obtain the transmembrane deletion construct of MAVS. These fragments were
cloned into the Xhol and Xbal sites of pcDNA3. Point mutations within the
CARD domain of MAVS were introduced using the QuickChange kit

(Strategene).

V. B. 3Immunopr ecipitaion

Expression vectors encoding HA-MAVS and the indicated FL AG-tagged
proteins were co-transfected into HEK293 cells.  Thirty-six hours after
transfection, cells were lysed cells were lysed in Buffer 1 (20 mM Tris-HCI, pH
7.5 150 mM NaCl, 10% glycerol, 0.5% Triton X-100, 20 mM b-
glycerophosphate, 1 mM sodium orthovanadate, 10 mM MgCl,,1 mM DTT, 1
mM PMSF and 10 ng/ml leupeptin), and the lysates cleared at 20,000xg for 15
minutes at 4°C. 500 ng of lysate was incubated with a polyclonal antibody
against MAVS or control 1gG at 4°C for immunoprecipitation. After 1 hour, 10
m of protein A/G bead slurry was added. Immunoprecipitation was carried out
for another hour. The beads were washed three times with Buffer J (20 mM Tris-
HCI, pH 7.5, 150 mM NaCl, 10% glycerol, 0.5% Triton X-100, 1 mM DTT, 1

mM PMSF and 10 ng/m leupeptin). The beads containing the
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immunoprecipitated MAVS complex were resuspended in SDS sample buffer,

and the eluted proteins immunoblotted with an antibody against FLAG and HA.

V. C. Results
IV.C.1. TheCARD Domain is Essential for MAVS Signaling

To investigate the functions of MAVS CARD and proline-rich domains,
expression constructs encoding MAV S mutant proteins lacking either the CARD
domain (DCARD) or the proline-rich domain (DPRO; Figure 20, upper panel)
were engineered. As shown in Figure 20 (lower pandl), deletion of the CARD
domain, but not the PRO domain, abolishes the ability of MAVS to activate |FN-
b. Similar results were obtained for NF-kB luciferase assay (data not shown).

To further test the importance of the CARD domain for MAV'S function,
certain conserved residues within the domain were mutated. Point mutation of a
conserved threonine residue to alanine (T54A), or simultaneous mutations of
three conserved residues in the CARD domain to alanine (G67A/WG68A/VE9A,;
abbreviated as AAA), severely impairs the ability of MAVS to activate IFN-b
(Figure 12c and 21). These results indicate that an intact CARD domain is
essential for MAV S signaling.

This conclusion was further supported by experiments depicted in Figures

22a and 22b, which show that MAV S-DCARD, but not MAV S-DPRO, functions
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as a dominant negative mutant that inhibits the activation of IFN-b and NFkB

promoters by
Figure 20
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Figure 20: The CARD domain is essential for MAV S signaling

A schematic diagram illustrating the MAVS mutants is shown in the upper
panel. DCARD: MAVS construct lacking residues 10-77; DPRO: MAVS
construct lacking residues 103-152. HEK?293 cells were transfected with
IFNb-Luc together with expression vectors for MAVS and its mutants as
indicated. Thirty-six hours after transfection of the expression plasmids, cells
were harvested for luciferase assays. Each data point is obtained from
duplicate experiments.

Sendai virus. The CARD domain alone did not function as a dominant negative
mutant (data not shown), suggesting that when the CARD domain is not tethered
to the rest of MAVS protein such as the transmembrane domain, it may not

interact effectively with other proteins in the pathway.



Figure 21
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Figure 21: Point mutationswithin CARD domain abolish MAV S function
A schematic diagram illustrating the MAVS CARD domain mutants (upper
panel). AAA: G67A/WG68A/VE9A. HEK?293 cells were transfected with
IFNb-Luc together with expression vectors for MAVS and its mutants as
indicated. Cells were lysed 36 hours post-transfection and luciferase assays
were performed. Each data point is obtained from duplicate experiments.

IV. C. 2. The C-terminal Transmembrane (TM) Domain of MAVS is
Essential for its Function

The C-terminus of MAV S contains a hydrophobic domain that is predicted
to be a transmembrane domain (Figure 19c). To determine the function of the

putative transmembrane domain, we created a MAV S mutant protein lacking the
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Figure 22a
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Figure 22: The DCARD mutant of MAVS acts as a dominant negative

inhibitor of IFN-b induction by Sendai virus (S.V)

(8) HEK293 cells were transfected with IFNb-Luc together with expression
vectors for MAVS or its mutants. The cells were then infected with Sendai
virus (S.V) for 20 hours followed by measurement of luciferase activity.
Each data point is obtained from duplicate experiments.

(b) Similar to (a), except that kB3-Luc was used in lieu of IFNb-Luc.

C-termina 30 residues (MAVS-DTM). This mutant protein completely lost its

ability to activate IFN-b (Figure 23).
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Figure 23: The transmembrane domain of MAVS is important for its
function

The MAVS mutant lacking the C-termina 30 residues (MAVSDTM) is
illustrated in the upper panel. This mutant or wild type (WT) MAVS were
transfected into HEK293 cells together with IFNb-Luc to measure IFN-b
induction (lower panel). Cells were lysed 36 hours post-infection and
luciferase assays were performed. Each data point is obtained from duplicate
experiments.

V. C. 3. The CARD and TM Domains of MAVS are Sufficient to Induce
IFN-b

Since the most conserved regions of MAVS are the N-termina CARD
domain and the C-terminal TM domain, and each of these domains is necessary
for MAVS signaling, we examined whether these two domains are sufficient to

activate IFN-b expression. Remarkably, the MAVS mutant containing only the

120



CARD and TM domains (CARD-TM) is sufficient to induce IFN-b (Figure 24),
whereas the mutant containing only the CARD domain is inactive. Thus, the

CARD and TM domains are both necessary and sufficient for MAV S signaling.

Figure 24
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Figure 24: The CARD and TM domain are sufficient for MAV S function
A schematic diagram of a MAV'S mutant containing just the CARD and TM
domain is shown in the upper panel. MAVS mutants were transfected into
HEK293 cells together with IFNb-Luc to measure IFN-b induction (lower
panel). Each data point is obtained from duplicate experiments.
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IV.C.4. MAVSinteracting partners

Co-immunoprecipitation assays were performed to determine the
interaction of MAV 'S with candidate proteins. The candidates selected in these
experiments were based on previous studies implying a role of these proteinsin
antiviral signaling pathways. The N-terminal CARD domain of MAVS likely
mediates interaction with other CARD-containing proteins like RIG-I and MDA-
5. A weak but reproducible binding between over-expressed MAV S and RIG-I in
co-immunoprecipitation experiments performed at low stringency conditions
could be detected (Figure 25). However, no direct interaction between
endogenous MAVS and RIG-I in the presence or absence of vira infection has
been detected (data not shown). Both RIG-I and MDA-5 contain two CARD
domains, which may interact with each other intramolecularly, thus preventing
their interaction with other CARD domain proteins. The binding of viral RNA to
the C-termina RNA helicase domain of RIG-I may induce a conformational
change that alows the tandem CARD domains of RIG-I to interact with MAVS
directly or indirectly. More extensive studies are required to determine the
validity and functional significance of interaction between RIG-I and MAVS.

No interaction of MAV S with the IRF3 kinases TBK1 and IKKi or IKK
could be detected (data not shown). But by over-expressing MAV S together with
TRAF6 in cells, an association between the two proteins could be detected by

immunoprecipitation (Figure 25). This interaction occurs presumably through
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two putative TRAF6-binding sequence (PXEXXAr/Ac, Ar/Ac represents an
aromatic or acidic amino acid) in MAVS i) PGENSE, residues 153-158 and ii)
PEENEY, residues 455- 460. However, the importance of TRAF6 for the

antiviral signaling pathway is not clear as IFN-b induction by Sendai virus is not

Figure 25
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Figure 25: Interaction of MAVSwith RIG-I and TRAF6

Expression vectors encoding HA-MAVS and the indicated FLAG-tagged
proteins were co-transfected into HEK293 cells. 36 hours after transfection,
cells were lysed in a buffer containing 0.5% Triton-X100 and 150 mM NaCl,
and the proteins associated with MAV S were co-immunoprecipitated with the
polyclonal antibodies against MAVS or control 1gG. After washing three
times with a buffer containing 0.1% Triton-X100 and 150 mM NaCl, the
immunoprecipitated beads were resuspended in SDS sample buffer, and the
eluted proteins immunoblotted with an antibody against FLAG or HA as
indicated. Lysate represents 10% of the starting materials used for
immunoprecipitation.

impaired in TRAF6-deficient MEF cells (data not shown; performed by Chee-

Kwee Ea, Dr. James Chen' s |aboratory).
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Recently, it has been shown that RIP1 and FADD are involved in vira
induction of IFN-b (Balachandran et al., 2004), raising the possibility that these
proteins mediate signaling by MAVS. However, no interaction between MAVS
and RIP1 or FADD could be detected (Figure 25). Furthermore, the RIP1-
deficient MEF cells were fully capable of producing IFN-b in response to Sendai
virus infection (data not shown; performed by Chee-Kwee Ea, Dr. James Chen's
laboratory). Thus, under the immunoprecipitation conditions used in these
experiments, we have not been able to detect a physiologicaly relevant
interaction of MAVS with the candidate proteins that function downstream of

MAVS.

V. D. Discussion

We have identified a novel protein termed MAVS that is involved in the
antiviral signaling pathway. In order to understand the mechanism by which this
protein signals, we took two approaches. In the first approach, different MAVS
domains were deleted and truncated forms MAVS constructs were assessed for
function. These experiments revealed that the N-terminal CARD and C-terminal
transmembrane domains of MAVS are important for its function. The second
approach was to detect interaction of MAV S with known signaling components of
the antiviral pathway. These studiesled to the identification of RIG-I and TRAF6

as MAV S binding partners.

124



The importance of the CARD domain of MAVS for its function is not
surprising. CARD domains have been identified as protein interaction modulesin
several signaling pathways. We can detect an interaction between the CARD
domains of MAVS and RIG-1. Thus, it is possible that RIG-I communicates with
MAVS by directly interacting with its CARD domain. Besides interacting with
RIG-I, an upstream component of the antiviral signaling pathway, MAVS CARD
domain might also contribute to downstream signaling. As discussed in chapter
[11, over-expression of MAV'S can activate downstream signaling independent of
RIG-1. Thus, the impaired signaling by the MAV S-DCARD construct is probably
not due to the loss of interaction with RIG-1. It is possible that the MAVS CARD
domain facilitates the interaction of MAVS with another, as yet unidentified
downstream protein.

The DCARD construct exerts a dominant negative effect on virus-induced
activation of IFN-b. Thus, it is possible that regions outside the CARD domain
contribute to MAVS function. A potential protein interaction domain of MAVS
besides the CARD domain is the proline-rich domain. The proline-rich region of
MAVS is not important for the activation of IFN-b in over-expression assays.
But it is still possible that this domain is involved in the regulation of MAV S by
upstream components of the RIG-I signaling pathway. The proline-rich region of
MAVS contains multiple PxxP motifs. These motifs have been shown to interact

with SH3 and WW domains (Cohen et al., 1995; Macias et a., 2002). Asyet, no
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SH3 or WW domain containing proteins have been implicated in the antivira
signaling pathway.

The C-terminus of MAV'S contains a hydrophobic region that is predicted
to be a transmembrane domain. Since all the known components of the RIG-I
signaing pathway are cytosolic proteins, the presence of a putative
transmembrane domain in MAVS is very surprising. The MAVSDTM construct
encodes for most of the sequence of MAVS including the CARD domain, but
cannot activate downstream signaling. On the other hand, even though the
isolated CARD domain of MAVS is not sufficient to activate the downstream
signaing, the CARD-TM fusion protein can signa. The role of the
transmembrane domain for MAVS function is not clear. An interesting
possibility is that the transmembrane domain contributes to the function of MAVS
by targeting it to a specific location within a cell. The cellular localization of
MAVS will be discussed in chapter V. Our study has not assessed the
contribution of the region between the proline-rich domain and transmembrane
domain towards the function of MAV S in detail.

It is criticd to identify the binding partners of MAVS.
Immunoprecipitation experiments performed under low stringency conditions
detect a weak interaction of MAV'S with RIG-1 and TRAF6 when these proteins
are over-expressed. Interaction between endogenous proteins could not be

detected. Although we could not detect MAVS interaction with RIP1, FADD,
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TBK1 or IKK complex, some studies report binding of MAVS with these
proteins. Kawai et. a. report a weak interaction between over-expressed MAV S
and RIP1 and FADD. But this interaction might not be required for MAVS
function as the RIP1-deficient MEF cells infected with virus are fully capable of
producing IFN-b. In agreement with our data, Kawai et. al. did not detect
interaction of MAVS with TBK1. But Xu et. a. report binding between over-
expressed MAVS and TBK1. Further, Meylan et. a. report an interaction
between over-expressed MAVS and IKK complex. Thus, there is no clear
consensus on MAVS interaction partners. The reason for different studies
reporting different interaction partners of MAVS is not clear. It is possible that
differencesin the level of protein over-expression in cells and different stringency
of immunoprecipitation conditions have led to differences in the observed
binding. Immunoprecipitaion experiments with over-expressed proteins are
valuable in detecting interaction between low-affinity binding partners. But,
over-expression of proteins might lead to detection of interactions that are not
physiologically relevant. Thus, further studies are required to determine the
physiologically relevant MAV S binding partners.

An unbiased approach to identify MAVS interacting partners needs to be
performed. Since an antibody that immunoprecipitates MAVS is available, an

attempt to pull-down the endogenous MAV'S complex in the absence or presence
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of virus should be considered. Y east-two hybrid screening can also be used to

identify MAV S interacting proteins.



CHAPTER V: MITOCHONDRIAL LOCALIZATION OF MAVS

V. A. Introduction

MAVS is an important component of the antiviral signaling pathway that
signals downstream of RIG-I. MAVS contains a C-terminal hydrophobic region
that is predicted to be a transmembrane domain (Figure 19c). Since components
of the RIG-I signaling pathways are cytosolic proteins, the presence of a
transmembrane domain in MAVS was unexpected. As shown in the previous
chapter (Figure 23), the transmembrane domain is important for MAV S function.

In a class of integral membrane proteins called the tail anchored proteins,
the C-terminal transmembrane domain dictates the subcellular localization of a
protein (Borgese et al., 2003). Members of C-tail anchored proteins are targeted
to diverse cellular membrane including endoplasmic reticulum, outer
mitochondrial membrane, golgi, peroxisomes and fusion vesicles. The machinery
responsible for transporting and inserting these proteins into the lipid bilayer has
not been identified yet. Certain features of the C-terminal tail region that dictate
the localization of these proteins been characterized. For example, proteins with
shorter transmembrane regions (~20 residues) that are flanked by basic amino
acids are preferentially targeted to the mitochondria (Figure 26) (Kaufmann et al.,
2003) (Horie et d., 2002). Well known examples of the tail anchored proteins
include the Bcl-2 family members that are targeted to the endoplasmic reticulum

and mitochondria (Figure 26). Since the putative transmembrane domain of
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MAVS is similar to the transmembrane domains of C-tail terminal anchored
proteins, the subcellular localization of MAVS was assessed. To determine the

localization of MAVS, cell biologica and biochemical approaches were

employed.
Figure 26
MAVS REVPCHRPSPpALWLQVAVTGVLWTLLWLYFRRRLH
Bcl-x ESRKGQERFNRWFLTGMTVAGVVLLGSLFSRK

mBcl-B FFKNPLPLGFWRRLLIQAFLSGFFATAIFFIWKRL
Bcl-w ARRLREGNWASVRTVLTGAVALGALVTVGAFFASK
TOM-5 AHQEQTEKTLKDAAZVAAFLWVSPMIWHLVKKQWK

TOM-20 MVGRNSAIAAGVCGALFIGYCIYFDRKRRSDPNFKNRLRE
Bcl-2 PLFDFSWLSLK[LLSLALVGACITLGAYLGHK
Consensus Bxg.9BX(.2 ™ x0.1BX.gB

Figure 26: The transmembrane domain of MAVS is similar to the
transmembrane domains of C-tail terminal anchored proteins

The alignment of the MAVS transmembrane (TM) sequence with that of
transmembrane sequence from other tail anchored protein is shown. The
transmembrane domains are boxed and basic residues are highlighted in dark.
B: basic residue, TM: transmembrane.

V. B. Materialsand Methods

V. B. 1. Plasmids and Antibodies

To replace the TM domain of MAV S with another domain that targets the
fusion protein to distinct membrane locations, the following sequences were used:

CAAX (residues 128-148 of Racl); VAMP-2 (residues 84-116); Bcl-2 (residues
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208- 239) and Bcl-xL (residues 202- 233). These sequences were fused to the C-
terminus of MAV S (residues 1-500) using overlap extension PCR.

Antibodies against cytochrome c, cytochrome ¢ oxidase and Bcl-xL were
kindly provided by Dr. X. Wang (UT Southwestern Medical Center). Rabbit
polyclonal antibody against Calnexin (Stressgen, SPA-860) and monoclonal
antibody against EEA1 (BD Bioscience) were purchased from the indicated

supplier.

V. B. 2. Confocal Imaging

Hel a cells were transfected with Polyfect reagent (Qiagen). 24 hours later
cells were trypsinized and plated onto cover dlips in 24-well plates. After
allowing the cells to adhere for 12-18 hours, cells were incubated with 250 nM
Mito Tracker Red (Molecular Probes) for 30 minutes at 37°C. Cells on the cover
dips were then washed once with PBS and fixed in 3.7% formaldehyde in PBS
for 15 minutes. Cells were permeabilized and blocked for 30 minutes at room
temperature in a staining buffer containing Triton-X100 (0.2%) and BSA (3%),
and then incubated with a primary antibody in the staining buffer lacking Triton-
X100 for 1 hour. After washing three times in the staining buffer lacking Triton-
X100, cells were incubated in secondary antibody for 1 hour. The cover dips,
which were washed extensively, were dipped once in water and mounted onto

dlides using mounting media (VectaShield; Vector Laboratories). Imaging of the
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cells was carried out using Zeiss LSM510 META laser scanning confocal
microscope at the Department of Molecular Biology, UT Southwestern Medical

Center.

V. B. 3. Subcdlular Fractionation

HEK?293 cells were washed with cold PBS and lysed by douncing for 20
times in Homogenization buffer (Buffer D: 10 mM TrissHCI, pH7.5, 2 mM
MgCl2, 10 mM KCI, 250 mM Sucrose, Protease Inhibitor cocktail, 0.5 mM DTT).
The homogenate was centrifuged at 500xg for 5 minutes, and the pellet (P1) was
saved as crude nuclei. The supernatant (S1) was centrifuged at 5,000xg for 10
minutes to precipitate crude mitochondria (P5). The supernatant (S5) was further
centrifuged & 15,000xg for 10 minutes to generate S15 and P15. Each pellet was
resuspended in Buffer D for later experiments. To further purify mitochondria, P5
was homogenized gently in Buffer D, and 800 mi of the resuspension was laid on
top of a continuous sucrose gradient from 0.3-1.8M in 10 ml. After centrifugation
at 100,000xg for 90 minutes in a Beckman 41Ti ultracentrifuge, 800 m fractions
were collected from the top. In some experiments (to demonstrate the membrane
localization of MAVS), the mitochondria fraction (P5) was sonicated before it

was subjected to ultracentrifugation.
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V. C. Reaults
V.C.I.MAVSisaMitochondrial Membrane Protein

To determine the subcellular localization of MAVS, confocal microscopy
to image Hel a cells transfected with an expression vector encoding HA-tagged
MAVS was employed (Figure 27a). Fluorescent immunostaining with an HA-
specific antibody shows a punctate pattern of MAVS localization that overlaps
with the gaining pattern of Mito Tracker (Figure 27a, upper panel), a fluorescent
marker taken up specifically by mitochondria. As the C-terminal TM domain of
MAYVS is similar to that of Bcl-2, which is localized to both endoplasmic
reticulum (ER) and mitochondria, we examined whether a fraction of MAVS
might be localized to ER. As shown in the lower panel of Figure 27a, the staining
pattern of MAV S did not overlap with that of the ER marker calnexin, indicating
that MAVS s not an ER protein. Confocal microscopy also revealed that MAVS
lacking the C-terminal transmembrane domain (MAVS-DTM) is a cytosolic
protein that no longer overlaps with Mito Tracker staining (Figure 27b). To
localize the endogenous MAVS protein, affinity-purified MAVS antibody was
used for immunostaining (Figure 27c). Similar to the transfected HA-MAYVS, the
endogenous MAVS shows a punctate staining pattern that overlaps with the
staining of cytochrome c, a well-known mitochondrial protein. Although the

resolution of confocal microscopy did not alow for the precise localization of
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Figure 27d
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Figure 27: MAVSisa mitochondrial protein

(@) pEF-HA-MAV'S was transfected Hel a cells were fixed and stained with
an HA antibody. The localization of MAVS was visualized by confocal
microscopy. The mitochondria were stained with Mito Tracker. The
yellow staining in the overlay image indicates co-localization of MAVS
and Mito Tracker. An ER resident protein, calnexin was used to stain the
ER.

(b) Similar to (a) except pEF-HA-MAV SDTM was transfected into Hela cells.

(c) Confocal microscopy of the endogenous MAVS protein. Hela cells were
permeabilized and stained with an antibody against MAV S or cytochrome
C.

(d) Localization of over-expressed GFP and GFP-TM protein was determined
by confocal microscopy. The mitochondria were stained with Mito
Tracker. The yellow staining in the overlay image indicates co-
localization of GFP-TM and Mito Tracker.

MAVS at the ultra-structural level within the mitochondria, these experiments
clearly show that MAV Sis localized to the mitochondria.

To determine if the transmembrane domain of MAVS is sufficient to
target a protein to the mitochondria, the transmembrane domain of MAV'S was
fused to green fluorescent protein (GFP) that is localized to the cytosol and
nucleus (Figure 27d, upper panel). As shown in the lower panel of Figure 27d,
fusion of the transmembrane domain of MAV S to GFP is sufficient to target GFP
to the mitochondria.

To further determine if MAVS is locaized to the mitochondrial
membrane, subcellular fractionation experiments were conducted. HEK293 cells

were homogenized in an isotonic buffer that preserves mitochondria and other
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organelles, and the cell lysates were subjected to differential centrifugation to
separate nuclel, mitochondria, and other organelles as well as cytosol (Figure 28a;
performed by Dr. Lijun Sun, Dr. James Chen’'s laboratory). MAVS is found in
the 5,000 x g pellet (P5), together with other mitochondrial proteins including
Bcl-xL and cytochrome-c oxidase (COX). Immunoblotting with an antibody
against the endosomal protein EEA-1 shows that the distribution of this protein
does not correlate with that of MAVS. Similarly the markers of endoplasmic
reticulum (BiP) and lysosome (LAMP-1) do not co-segregate with MAVS (data
not shown).

To determine whether MAVS is localized in the outer or inner
mitochondrial membrane, the mitochondrial fraction (P5) was sonicated to
partially rupture the outer mitochondrial membrane and then fractionated by
sucrose gradient ultracentrifugation (Figure 28b; performed by Dr. Lijun Sun, Dr.
James Chen’'s laboratory). The sonication releases cytochrome ¢ from the
intermitochondrial membrane space, and results in a small fraction of outer
mitochondrial membrane floating on the top of the sucrose gradient, as indicated
by immunoblotting with an antibody against Bcl-xL, which is predominantly
located in the outer mitochondrial membrane. Under the same condition, the inner
mitochondrial membrane protein COX remains largely in the dense fractions of
the sucrose gradient. Interestingly, a small fraction of MAVS co-migrated with

Bcl-xL to the lighter membrane fractions, suggesting that MAVS co-localizes
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with Bcl-xL in the outer mitochondrial membrane. This conclusion was further
supported by our observation that MAV S and Bcl-xL could be extracted from the
mitochondrial membrane with the same concentration of Triton X-100 (0.1%),

whereas the extraction of COX requires higher Triton X-100 concentration (0.2%,

data not shown).
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Figure 28: Subcellular fractionation of MAVS

() HEK293 cells were homogenized in an isotonic buffer and then subjected
to differential centrifugation according to the scheme shown in the left
panel. On the right panel, different fractions as indicated were analyzed by
immunoblotting with antibodies against MAVS, Bcl-xL (outer
mitochondrial membrane), COX (inner mitochondrial membrane), and
EEA1 (endosome marker).

(b) The crude mitochondrial fraction (P5) was sonicated to disrupt the outer
mitochondrial membrane and then fractionated by sucrose gradient
ultracentrifugation. The fractions were immunoblotted with the indicated
antibodies.

V. C. 2. Midlocalization of MAVS Impairs|ts Function

The experiments described previously show that MAV S is predominantly
localized to the mitochondrial membrane (Figure 27), and that removal of the
mitochondrial targeting sequence abolishes its activity (Figure 23). To further
examine the importance of mitochondrial localization for MAVS function, we
replaced the C-termina TM domain of MAV S with peptide sequences that target
MAVS to different membrane locations. These sequences include the CAAX
motif from Racl that is known to target fusion proteins predominantly to the
plasma membrane (Michaelson et al., 2001); the ER targeting sequence from
VAMP-2 (vesicle associated membrane protein-2), which is predominantly an ER
membrane protein (Kim et al., 1999); the TM sequence from Bcl-2, which is
localized in both ER and mitochondria (Kaufmann et al., 2003); and the TM
sequence from Bcl-xL, which is predominantly in the mitochondrial outer

membrane (Kaufmann et al., 2003). As shown in Figure 29a, replacement of the
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TM domain of MAVS with the analogous domain from Bcl-2 or Bcl-xL did not

impair the ability of MAV S to induce IFN-b. In contrast, the mislocalization of

Figure 29a
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Figure 29: Midocalization of MAV S impairsitsfunction

(@) Expression vectors for the MAV 'S fusion proteins as indicated on the top
panel were transfected into HEK293 cells together with IFNb-Luc to
measure |FN-b induction (lower panel).

(b) The subcellular localization of the MAV S fusion proteins was determined
by transfection of the expression vectors for the MAVS fusion proteins
into Hela cells and imaging by confocal microscopy. Mito Tracker dye
was used to stain the mitochondria.

MAV Sto the ER (VAMP-2) or plasma membrane (CAAX) markedly reduced the
activity of MAVS. Confoca microscopy experiments confirmed that the majority
of MAVS fusion proteins containing the CAAX or VAMP-2 targeting sequences
were no longer present in the mitochondria, whereas the fusion proteins
containing the Bcl-2 or Bcl-xL targeting sequences were predominantly in the
mitochondria (Figure 29b). The residua activity (20-30% of the wild type
MAVS) may be due to incomplete mislocalization of the over-expressed MAVS
proteins. Taken together, these results clearly demonstrate the importance of

mitochondrial localization for the signaling function of MAVS.

V. D. Discussion

Data shown in this chapter supports a mitochondrial localization of MAVS
(Figure 27 and 28). Similar to the transmembrane domains of other members of
the tail-anchored protein family, the C-terminal hydrophobic region of MAVSis
responsible for targeting MAVS to the mitochondriaa.  Deletion of the

transmembrane domain of MAV S mislocalizes the protein to the cytosol (Figure
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27b). Further, fusion of the MAV S transmembrane domain to green fluorescent
protein (GFP-TM) is sufficient to target GFP to the mitochondria (Figure 27d).
The transmembrane domain of MAVS is important for its function as the
deletion of this domain abolishes the activity of MAVS (Figure 23). Two
possibilities could explain the inability of the MAVS-DTM protein to signal. Itis
possible that the MAV S simply interacts with another component of the antiviral
signaling pathway through the transmembrane domain, and loss of this interaction
leads to the inability of MAVS-DTM to signa. In this scenario, the sequence of
the transmembrane domain per se is important for MAVS function. A second
possibility is that the mitochondrial localization of MAVS is important for its
function, and the sole function of the transmembrane domain of MAVS is to
target the protein to mitochondria.  In this scenario, it is not the sequence of the
transmembrane domain, but the ability of this domain to target MAVS to the
mitochondria that is important for MAV'S function. To distinguish between these
possibilities, the transmembrane domain of MAVS was replaced by
transmembrane domains of Bcl-2 and Bcl-xI. Bcl-2 and Bcl-xL have no known
function in the antiviral immune response, but their transmembrane domains
target these proteins to the mitochondria. If the sequence of the transmembrane
domain is important for MAVS function, the replacement of MAVS
transmembrane domain with the transmembrane domains of Bcl-2 and Bcl-xL

should abolish the function of MAVS. On the other hand, if the function of
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MAVS transmembrane domain of MAVS is to target the protein to the
mitochondria, the fusion of MAV S to the transmembrane domain of Bcl-2 or Bcl-
XL should not affect its activity. Our results show that the fusion of MAV S to the
transmembrane domains of Bcl-2 or BcL-xL does not inhibit the ability of MAVS
to function. Therefore, the transmembrane domain of MAV'S contributes to the
function of the protein by targeting it to the mitochondria.  Further, the
mitochondrial localization of MAVS is important for the function of MAVS as
mislocalization of MAVS to membrane compartments other than mitochondria
inhibitsits ability to induce the IFN-b promoter (Figure 29a).

MAVS provides the first example of a mitochondrial protein involved in
the antiviral signaling pathway. Other components of the RIG-l1 signaling
pathway including RIG-I itself, and the downstream kinases like TBK1 and IKK
complex are cytosolic proteins. Mitochondria are composed of an outer and inner
membrane separated by the intermembrane space. The outer mitochondrial
membrane is in contact with the cytosol. Preliminary biochemical data suggest
that MAVS is present on the outer mitochondrial membrane. Presumably, this
localization allows MAVS to interact with other components of the antiviral
signaling pathway which are cytosolic. Further studies using electron microscopy
will be required to confirm the localization of MAVS to the outer mitochondrial

membrane.
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The orientation of MAV'S within the mitochondrial outer membrane has
not been determined yet. The tail-anchored proteins, including Bcl-2 family
members, are inserted into the membranes such that their N-termini face the
cytosol. Depending on the localization of these proteins in the endoplasmic
reticulum or mitochondria, the C-terminal tail region of these proteins protrudes
into the lumen of the endoplasmic reticulum or the inter-mitochondrial space
respectively. Based on the topology of other tail-anchored proteins, the MAVS
N-terminal CARD domain is likely to face the cytosol. Previous studies have
used techniques like protease protection, glycosylation site mapping, and cysteine
derivitization to define the topology of membrane bound proteins. Similar
techniques can be used to confirm the orientation of MAVS.

Although no change in MAVS protein expression or modification was
observed following viral infection, a change in MAV S localization was observed
in the presence of virus. The mgority of MAVS protein can be extracted from
mitochondrial membranes of mock-infected cells with 0.5% Triton X-100. But
most of the MAV S protein becomes resistant to extraction by detergent following
vira infection (data not shown; performed by Dr. Lijun Sun, Dr. James Chen’'s
laboratory). These preliminary results suggest that MAVS translocates to a
detergent resistant membrane domain or protein complex following viral
infection. Membrane domains termed lipid rafts are characterized by their

insolubility by non-ionic detergents (Anderson and Jacobson, 2002). These

145



membrane domains are rich in cholesterol, sphingomyelin and glycolipids like
GM1 gangliosides and have been suggested to serve as a platform for severd
signaling pathways including G-protein coupled receptor signaling (Chini and
Parenti, 2004). Thus, it is possible that MAVS translocates to the detergent
insoluble membrane domains where it serves to recruit other components of the
signaling pathway. Further studies are required to determine the precise location
to which MAVS emigrates, and whether this new localization is required for the
function of MAV S in the antiviral immune response.

The localization of MAVS to the mitochondria provides a strategic
position to detect vira replication, which often occurs in intracellular organelles
such as endoplasmic reticulum. For example, the replication of hepatitis C virus
(HCV) RNA occurs in a membranous web that connects the endoplasmic
reticulum and mitochondria (Rehermann and Nascimbeni, 2005). The reason for
why localization of MAV S to the mitochondria is important for its function is not
understood. It is possible that MAVS activates NF-kB and IRF3 by mobilizing
other mitochondrial components or through direct interaction with mitochondrial
proteins functioning in the antiviral signaling pathway, but either of these

possibilities is unprecedented in the literature.
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CHAPTER VI: MAVSISTARGETED FOR CLEAVAGE BY HEPATITIS
C VIRUSENCODED NS3/4A PROTEASE

VI. A. Introduction

Hepatitis C virus (HCV) infects more than 170 million people in the
world, and approximately 80% of the infected individuals develop persistent
infection (Chisari, 2005; Lindenbach and Rice, 2005). HCV is an enveloped
single-strand RNA virus belonging to the Flaviviridae family. It contains a 9.6-kb
RNA genome that encodes a large polyprotein (over 3000 amino acids), which is
cleaved into ten structural and non-structural (NS) proteins through the action of
cellular peptidases as well as the viral encoded proteases including NS3/4A. NS3
contains serine protease and RNA helicase activities that require its cofactor
NS4A, which tethers the holoenzyme complex to an intracellular membrane
compartment. The NS3/4A protease is not only essential for generating mature
viral proteins required for viral replication, but can also suppress the host antiviral
immune system by cleaving putative cellular targets involved in the induction of
type | IFN, such as IFN-a and IFN-b (Foy et al., 2003).

Recent studies have shown that NS3/4A inhibits interferon induction by
RIG-1 (Foy et al., 2005). However, RIG-I is not cleaved by NS3/4A. Although
NS3/4A cleaves TRIF (Li et a., 2005a), an adaptor protein that binds to Toll-like
receptors such as TLR3 and TLR4, the significance of this cleavage for antiviral

immune response is not clear as TRIF is not essential for interferon induction by
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viruses (Kato et al., 2005). Thus, the target of NS3/4A in the viral pathway
remains to be identified.

As described in previous chapters, MAVS is a novel CARD domain
involved in the antiviral signaling pathway. Since MAV'S functions downstream
of RIG-I, it raises the possibility that NS3/4A abolishes RIG-1 mediated signaling
by cleaving MAVS. This chapter describes experiments conducted to determine

if MAVSis cleaved by NS3/4A such that the induction of IFN is abolished.

V1. B. Materialsand Methods

V1. B. 1. Plasmids and antibodies

pcDNA3-Flag-MAVS-HA was constructed by subcloning the DNA fragment
encoding MAVS-HA into the Xhol and Xbal sites of the pcDNA3-Flag vector
such that the N-terminal Flag epitope was fused in frame with MAVS-HA (Dr.
Lijun Sun, Dr. James Chen's laboratory). NS3/4A was amplified by RT-PCR
from the RNA of HCV replicon cell line K2040, and then cloned into pcDNA3 in
frame with an N-terminal Flag or Myc tag (Dr. Xiao Dong Li, Dr. James Chen’s
laboratory). The S139A mutant of NS3/4A and the cysteine mutant of MAVS
(C508R) were generated by site-directed mutagenesis using the QuickChange kit

(Strategene). All plasmids were verified by automatic DNA sequencing.
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The HCV NS3 antibody was purchased from Novocastra L aboratories L td.
The monoclonal antibody against Myc (9E10, Santa Cruz) was purchased from

the indicated suppliers.

V1. B. 2 Cédll culture, transfection, and luciferase reporter assays.

HEK?293 and Hel a cells were from ATCC. Transfection of HEK293 cells
was carried out using the calcium phosphate precipitation method. HelLa cells
were transfected using the PolyFect reagent (Qiagen). Luciferase reporter assays

were performed as described previoudly.

V1. B. 3 Subcellular fractionation.

HEK293 cells were transfected with expression vectors for Flag-MAV S
HA or the C508R mutant together with Myc-tagged NS3/4A or its inactive mutant
S139A. 36hr after transfection, cells were washed in the hypotonic buffer [10mM
Tris-HCI, pH7.5, 10mM KCI, 1.5mM MgCl,, and protease inhibitors] and then
homogenized in the same buffer by douncing for 20 times. The homogenate was
centrifuged at 500xg for 5 minutes to remove nuclel and unbroken cells. The
supernatant was centrifuged again at 5,000xg for 10minites to generate membrane
pellets (P; containing mostly mitochondria) and cytosolic supernatant (S).

The experimenta procedures for viral infection, immunoblotting,

immunoprecipitation, and confocal microscopy have been described previoudly.
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VI. C. Reaults
VI. C. 1. NS3/4A blocks | FN-b induction by MAVS

To determine if NS3/4A inhibits IFN-b induction by MAVS, we
transfected expression vectors encoding NS3/4A and MAVS into HEK293 cells
together with a luciferase reporter driven by the IFN-b promoter (IFNb-Luc). As
controls, we infected cells with Sendai virus (SV) or transfected cells with an
expression vector encoding the N-terminal CARD domains of RIG-I [RIG-I(N)],
which has previously been shown to induce IFN-b . In each case, NS3/4A
inhibited the induction of IFN-b (Figure 30a). In contrast, the induction of IFN-b
by TBK1 was not affected by NS3/4A, suggesting that NS3/4A inhibits the RIG-|
pathway at the level of MAV S or at a step downstream of MAV S but upstream of
TBK1. To determine if the protease activity of NS3/4A was required for this
inhibition, we mutated the active site Ser-139 of NS3/4A (equivalent to Ser-1165
of the HCV polyprotein) to alanine. This mutant migrated more slowly than the
wild type NS3 (Figure 30d, bottom panel), as it could no longer be cleaved at the
junction between NS3 and NS4A. The protease-dead mutant completely lost its
ability to inhibit IFN-b induction by Sendai virus, RIG-I(N) or MAVS. Thus, it is
likely that NS3/4A inhibits interferon induction by cleaving MAV S or atarget

downstream of MAVS. NS3/4A also prevented the MAV S induced activation
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Figure 30: NS3/4A blocksinterferon induction by MAVS

(@ HEK293 cels were transfected with the IFN-b luciferase reporter
construct together with the expression vector for the wild type or S139A
mutant of NS3/4A. The next day, cells were transfected with expression
vectors encoding MAVS, TBK1, or RIG-I(N), or infected with Sendai
virus. 24 hours later, the luciferase activity was measured and normalized
for transfection efficiency. The error bar represents standard deviation
from the mean value of duplicated experiments.

(b) Similar to (a), except that NF-kB luciferase reporter was used in lieu of
IFN-b-Luc.

(c) Similar to (a), except that cells were transfected with the UAS-luciferase
reporter together with the Gal4-1RF3 expression vector.

(d) HEK293 cells were transfected with the wild type or S139A mutant of
NS3/4A together with the expression vectors for MAVS (lanes 5-7) or
TBK1 (lanes 8-10). In lanes 2-4, cells were infected with Sendai virus for
24 hours. Cell lysates were resolved by electrophoresis under native
(upper) or denaturing condition (middle) and then immunoblotted with an
antibody against IRF3. The expression of NS3/4A and TBK1 was aso
analyzed by immunoblotting with a Flag antibody (bottom panel).




of NF-kB (Figure 30b) and IRF3 reporters (Figure 30c), as well as the
phosphorylation and dimerization of IRF3 (Figure 30d), further supporting the
notion that NS3/4A inactivates a common target required for both NF-kB and

IRF3 activation.

V1. C. 2. MAVSisthe proteolytic target of NS3/4A

To determine if MAVS is the proteolytic target of NS3/4A, expression
vectors encoding FLAG-NS3/4A or FLAG-NS3/4A (S139A) were transfected
into HEK293 cells. As MAVS is a mitochondrial membrane protein, the cell
lysates were separated into cytosolic fraction (S) and membrane pellets (P) by
centrifugation, and the endogenous MAV'S protein analyzed by immunaoblotting
with an affinity-purified MAV S antibody (Figure 31; performed by Dr. Lijun Sun,
Dr. James Chen's loboratory). The expression of NS3/4A, but not the protease-
dead mutant of NS3/4A, led to the generation of a faster-migrating, truncated
fragment of MAVS that was approximately 3-5 kDa shorter than the full-length
MAVS (Figure 31, compare lanes 3 & 4, upper panel). Interestingly, unlike the
full-length MAVS that was present in the membrane pellet, the truncated
fragment of MAVS was mainly present in the soluble cytosolic fraction,
suggesting that the truncated fragment did not contain the C-terminal

transmembrane domain. Immunoblotting experiments also showed that the
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majority of NS3 isin the membrane pellet, presumably due to its association with
NSA (Figure 31, lower panel).

Figure 31
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Figure 31: MAVSiscleaved by NS3/4A

HEK293 cells (lanes 1-6) cells were transfected with expression vectors for
the wild type (lanes 3, 4) or S139A mutant (lanes 5, 6) NS3/4A or vector
aone (lanes 1, 2). Cedll lysates were separated into membrane pellet (P) or
cytosolic supernatant (S), and then immunoblotted with an antibody against
MAVS or Flag.

V1. C. 3. NS3/4A Cleaves MAVS at Cys-508.

NS3/4A is a serine protease that cleaves at the C-terminus of a Cysor Thr
residue within a loosely defined consensus sequence [(E/D)xxxx(C/T)(S/A),
where x denotes any amino acid], which is found at the junction of HCV
nonstructural proteins (Figure 32a). Inspection of the MAV S amino acid sequence
revealed a potential NS3/4A cleavage sequence, **EREVPCH®®. The potential
cleavage site, Cys-508, is located 6 amino acids from the beginning of the

transmembrane domain and 32 amino acids from the C-terminus of MAVS.
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Cleavage at Cys-508 is predicted to generate an approximately 32-residue C-
terminal fragment. Indeed, when NS3/4A is co-transfected together with an
expression construct encoding a MAVS protein that is tagged with FLAG at the
N-terminus and HA at the C-terminus, the MAVS protein was cleaved into a
soluble FLAG-tagged N-terminal fragment that was smaller than the intact protein
(Figure 32b, upper panel; compare lanes 1 & 4; performed by Dr. Lijun Sun, Dr.
James Chen'’s laboratory). Moreover, a C-terminal fragment of approximately 7
kDa in size was detectable in both the membrane pellet and cytosolic fractions
with an HA antibody (Figure 32b, middle panel; lanes 3 & 4). This cleavage
product of MAVS was not detected in cells expressing the S139A mutant of
NS3/4A. Although the apparent molecular mass of the C-terminal cleavage
fragment was greater than the theoretica molecular mass of the fragment
containing the C-terminal 32 residues of MAVS plus an HA epitope
(approximately 5 kDa), this is likely due to the abnormal migration of small
peptides on SDS-PAGE. Indeed, when we synthesized the C-terminal 32 residues
of MAVS (residue 509 to 540) plus the HA epitope by in vitro trandation, this
fragment also migrated as an approximately 7 kDa band (data not shown,
performed by Dr. Lijun Sun, Dr. James Chen’'s laboratory), identical to the C-
terminal fragment of MAV S after cleavage by NS3/4A.
To demonstrate that Cys-508 is indeed the cleavage site, we mutated

Cys-508 to Arg, which is predicted to disrupt NS3/4A cleavage based on the
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Figure 32a

Figure 32b

Figure 32c
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Figure 32: NS3/4A cleaves MAVS at Cys-508

(@) Alignment of the NS3/4A cleavage site of nonstructural (NS) proteins of
HCV, and the putative cleavage site at the C-terminus of MAVS from
different species.

(b) HEK 293 cells were transfected with expression vectors encoding the wild
type or C508R mutant of MAV'S together with those encoding the wild
type or S139A mutant of NS3/4A. Cell lysates were separated by
differential centrifugation into the membrane pellet (P) and cytosolic
supernatant (S), which were then resolved by 7% (upper panel and lower
panel) or 4-20% (middle panel) SDS-PAGE, following by immunoblotting
with the indicated antibody that detects the N-terminus (Flag; upper panel)
or C-terminus (HA; middle panel) of MAVS, or NS3/4A (Myc; lower
panel).

(c) HEK293 cells were transfected with MAVS and NS3/4A expression
vectors as in (b), except that IFN-b-Luc was also co-transfected to
measure the induction of IFN-b by luciferase assay.

analysis of sequence requirement for HCV polyprotein cleavage (Kolykhaov et
al., 1994). Remarkably, this single amino acid substitution completely blocked the
cleavage of MAVS by NS3/4A (Figure 32b, lanes 7-12; performed by Dr. Lijun
Sun, Dr. James Chen's laboratory). Furthermore, the protease-resistant mutant of
MAVS was fully capable of inducing IFN-b, and this induction was no longer
inhibited by NS3/4A (Figure 32c). Taken together, these results indicate that
NS3/4A cleaves MAVS at Cys-508 when these proteins are co-expressed in the

same cells.
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V1. C. 4. NS3/4A colocalizeswith MAVSin the mitochondria

It has been shown that HCV core protein and NS3/4A are localized to a
mitochondrion-associated membrane structure in both cultured hepatocytes
(Mottola et al., 2002; Schwer et al., 2004) and liver biopsies of chronic hepatitis C
patients (Kasprzak et al., 2005). Since MAVS is a mitochondrial membrane
protein, we examined whether MAVS and NS3/4A co-locdize in the same
membrane compartment. Expression vectors encoding Myc-NS3/4A and/or HA-
MAVS were transfected into HelLa cells, which were then stained with the
corresponding antibodies followed by imaging with a laser scanning confocal
microscope. To stain the mitochondria, cells were incubated with Mito Tracker, a
fluorescent dye taken up by the mitochondria of living cells. The staining patterns
of the wild type NS3/4A overlapped with that of Mito Tracker (Figure 33a, upper
panel), but not the endoplasmic reticulum resident protein calnexin (Figure 33a,
lower panel), suggesting that NS3/4A is localized to the mitochondria or in a
mitochondrion-associated membrane. When the wild type NS3/4A and MAVS
were co-expressed, the mgjority of MAV'S became cytosolic (presumably due to
cleavage), as revealed by an antibody that detects the N-terminus of MAVS
(Figure 33b, upper panel). In sharp contrast, when the wild type NS3/4A was co-
expressed with MAVS-C508R, both NS3/4A and MAVS-C508R proteins co-
localized in the mitochondrial membrane and showed an extensive overlapping

staining pattern (Figure 33b, lower panel). These results indicate that MAV S and
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Figure 33: NS3/4A colocalizeswith MAVSin the mitochondria

(@) Expression vector for Flag-NS3/4A was transfected into HelL a cells, and
the co-localization of this protein with mitochondrial (Mito Tracker; upper
panel) and ER (calnexin; lower panel) markers was determined by
confocal microscopy.

(b) Expression vectors for Flag-NS3/4A and HA-MAVS or C508R mutant
were transfected into Hel a cells, and the localization of these proteins was
determined by staining by the indicated antibodies and visualized by
confocal microscopy.

NS3/4A are co-localized in the mitochondrial membrane or are positioned in very

close proximity, thus rendering MAV S vulnerable to cleavage by NS3/4A.

V1. D. Discussion

The data discussed in this chapter shows that MAVS is the proteolytic
target of HCV NS3/4A protease. NS3/4A co-localizes with MAVS at the
mitochondrial membrane. NS3/4A cleaves MAV S at Cys-508 such that MAVS is
mislocalized from the mitochondria to the cytosol, thus preventing the induction
of IFN-b.

The experiments described above were performed in cells that over-
express NS3/4A. In data not shown in this chapter, Dr. Lijun Sun and Dr. X. D.
Li (Dr. James Chen's laboratory) have discovered that endogenous MAVS is
cleaved in HCV replicon cell culture system in which the subgenomic RNA of
HCV replicates autonomously in the human hepatoma cell line Huh7 (Li et al.,

2005b). The HCV subgenomic RNA encodes all the nonstructural proteins,
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including the NS3/4A protease and the NS5B RNA polymerase. It has been
shown previously that the HCV replicon cell lines that replicate the vira RNA
efficiently suppress the host interferon induction through the proteolytic activity
of NS3/4A (Foy et a., 2003). To confirm that the cleavage of MAVS is solely
responsible for the failure to induce IFNs in HCV replicon cells, it was
demonstrated that the expression of protease resistant MAVS (MAVS C508R)
restores IFN-b induction in the replicon cells to the same level observed in the
parental Huh7 cells (Li et al., 2005b).

Meylan et a. have also reported the identification of MAVS/CARDIF as
the target of NS3/4A (Meylan et a., 2005). Severa other groups have recently
used the infectious HCV virus to demonstrate that MAV S is targeted for cleavage
by NS3/4A expressed by this virus (Cheng et a., 2006; Loo et a., 2006).

Our current study not only provides the direct biochemical evidence that
MAVS is the proteolytic target of NS3/4A but also underscores the importance of
mitochondrial localization of MAVS in antiviral immunity. This study has
important implications not only in increasing our understanding of the immune
response mounted against HCV infections but also in the development of new

therapies against HCV.
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CHAPTER VII: CONCLUSION
VIl. A. Mode for function of MAVS in the RIG-I mediated antiviral
signaling pathway (Figure 34)

RIG-1 has recently been identified as an intracellular receptor for virally-
derived dsRNA receptor. RIG-I contains two N-terminal CARD domains and a
C-terminal helicase domain. The CARD domains signal to downstream
components of the pathway that lead to the activation of NFkB and IRF3. In the
absence of dsRNA, the function of RIG-I CARD domainsisinhibited. It has been
suggested that the binding to dsRNA to the RNA helicase domain of RIG-I
induces a conformational change that exposes the N-terminal CARD domains to
recruit downstream signaling proteins.

The data presented in this thesis describes the identification and
characterization of a novel CARD domain containing protein that acts
downstream of RIG-I. The MAVS CARD domain is important for signaling to
downstream components of the pathway. Besides the CARD domain, MAVS
aso contains a central proline-rich domain and a C-terminal transmembrane
domain. The contribution of the proline-rich domain towards MAVS function is
not clear. The transmembrane domain targets MAVS to the mitochondria
Although the importance of the mitochondrial localization of MAVS for its
function has been convincingly demonstrated, the role of mitochondria in the

activation of IKK and TBK1 is not understood.
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Figure 34
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Figure 34: Proposed model for RIG-1 mediated signaling

RIG-I is a receptor for intracellular dsSRNA. It contains a C-terminal RNA
helicase domain that binds to viral double stranded RNA, and two tandem
CARD domains at the N-terminus. The binding of dsRNA to the helicase
domain presumably induces a conformationa change that exposes the CARD
domains to initiate asignaling cascade. MAVSisa CARD domain containing
mitochondrial protein that functions downstream of RIG-1. MAV S can signal
to both the NF-kB and IRF3 signaling pathways by activating the IKK and
TBKY/IKKi kinase complexes. Once activated, NF-kB and IRF3 translocate
into the nucleus and turn on the IFN-b gene promoter. The mechanism by
which MAV S activates downstream kinase pathways is not clear, although it
has been shown that the mitochondrial membrane localization of MAVS is
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essential for its signaling function. The importance of the mitochondrial
localization of MAV S is underscored by the recent discovery that the hepatitis
C virus protease NS3/4A cleaves MAVS off the mitochondria to evade the
host innate immune system.

The mechanism by which MAVS is regulated by RIG-I and how MAVS
signals to downstream kinases warrants further investigation. Although MAVS
interacts with RIG-I in over-expression experiments, the physiologic relevance of
this interaction in transmission of signal from RIG-I to MAVS remains to be
verified. The signaling mechanism of MAVS is also a subject of debate at
present. MAVS interacts with TRAF6 through two TRAF6 binding motifs.
However, as discussed in chapter 1V, the MAVS mutant (CARD-TM) that lacks
all TRAF-binding sitesis still capable of inducing IFN-b. Furthermore, TRAF6-
deficient cells have norma induction of IFN-b following viral infection.
Interaction of MAV S with RIP-1 and FADD has been proposed as a mechanism
by which MAVS signals to IKK (Kawai et a., 2005). However, RIP1-deficient
MEF cells are aso fully capable of inducing IFN-b following vira challenges.
Meylan et al. report that MAVS directly binds to IKKa and IKKi (Meylan et al.,
2005), but other studies have not been able to detect thisinteraction. Thus, there is
no consensus mechanism that emerges from these independent studies. Further
studies are clearly required to elucidate the mechanism of MAV S signaling.

The discovery of MAVS has also provided a breakthrough in the field of

hepatitis C virus (HCV) research. MAVS is the long-sought target of HCV
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encoded NS3/4A protease. NS3/4A cleaves MAVS a Cys-508, which is located
a few residues before the mitochondrial targeting domain of MAVS. As aresult
of the proteolytic cleavage, MAVS is disodged from the mitochondria and
becomes an inactive cytosolic fragment. This observation further underscores the

importance of mitochondrial localization for MAV S function.

VII. B. Contribution of mitochondriain antiviral signaling pathway

The demonstration that the obligatory localization of MAVS to the
mitochondria is essential for its function, points to a role of mitochondria in the
antiviral signaling pathway. The mechanistic understanding of the contribution of
mitochondria for MAV S-mediated signaling is unclear.

Mitochondria have emerged as magor sensors of extracellular and
intracellular stress. The role of mitochondria in regulating apoptosis in stress
signals has been well characterized (Wang, 2001). Severa apoptotic and anti-
apoptotic proteins are localized to the mitochondria. The first mitochondrial
protein known to be involved in apoptosis is the proto-oncogene Bcl-2, which has
a C-terminal mitochondrial transmembrane domain similar to that of MAVS. In
normal cells, the Bcl-2 family of proteins prevents the release of pro-apoptotic
molecules such as cytochrome ¢ and SMAC/DIABLO from the mitochondria to
the cytoplasm. In response to an apoptotic stimulus such as DNA damage,

cytochrome ¢ and SMAC are released to the cytosol to initiate a caspase cascade
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leading to cell death. It is therefore plausible that MAVS activates NF-kB and
IRF3 by mobilizing other mitochondrial components.

It is possible that there are other, as yet unidentified mitochondrial
proteins that are involved in antiviral signaing. MAVS might depend on
interaction with other mitochondrial proteins to trigger downstream signaling. In
this regard, the pelleting of a virus inducible IRF3 kinase activity, described in
chapter 11 of this thesis, in the P20 and P100 fractions is very intriguing. It is
possible that this kinase is associated with certain cellular membranes. The
presence of the IRF3 kinase activity in purified membrane fractions, like
mitochondria, endoplasmic reticulum etc. can be detected by the in vitro assay
described in chapter 1I. Therefore, mitochondria could simply act as a platform
that aids in the assembly of a signaling competent protein complex.

The role for a mitochondrial protein in the RIG-I mediated antiviral
signaling pathway described in this thesis, may be applicable to other immunity
pathways as well. Several pathways can activate both NF-kB and IRF3 in
response to various pathogenic stimuli. These include the signaling cascade
initiated by TLR3 (Kawai and Akira, 2006a) and the signaling cascade activated
in response to bacterial pathogens like Listeria monocytogenes (Stetson and
Medzhitov, 2006). Although we have shown that the TLR3-TRIF mediated
induction of IFN-b is independent of MAVS, it is possible that another, as yet

unidentified mitochondrial protein contributes to signaling in this pathway.
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Listeria monocytogenes induces the synthesis of IFN-b by releasing bacterial
DNA into the cytoplasm. The molecular components of the signaling pathway
that detects bacterial DNA to trigger the activation of NF-kB and IRF3 have not
been identified asyet. But it is plausible that the anti-bacterial immunity pathway
also depends on the function of a mitochondrial protein.

Prior to the identification of MAV'S, the focus of antiviral research was on
understanding the regulation of key transcription factors by established cytosolic
signaling cascades. Our findings have established an important role for
mitochondria in regulating antiviral immunity and represent a new paradigm in

understanding the host-pathogen relationship.

VII.C. MAVSand disease

We have shown that higher expression of MAVS endows cells with
stronger immunity to vira infection, whereas the loss of MAVS expression
renders cells vulnerable to viral killing. These results raise the possibility that
variations in the expression levels of MAVS may endow different individuals
with differential immunity against vira diseases.

We have also shown that MAVS is required to induce a strong immune
defense against HCV; however, HCV counterattacks by utilizing the NS3/4A
protease to cleave MAVS, thereby evading the immune response. Since a point

mutation at Cys-508 of MAV'S completely prevents its cleavage by NS3/4A and

167



restores its antiviral activity, it would be interesting to determine whether there
are sequence variations of MAVS in human population that confer differential
sengitivity to NS3/4A, hence differential immunity to HCV. Our understanding
of the MAVS-HCV interaction can be exploited to fight against HCV infections.
For example, the cleavage of MAV S from the mitochondrial membrane may be a
diagnostic marker for an established HCV infection. We have reported a good
antibody to detect MAV S and this antibody can be used to determine localization
of MAVS in patient samples. Indeed this antibody has recently been used to
detect mislocalization of MAVS to the cytosol in liver tissues of patients
chronically infected with HCV (Loo et a., 2006). Furthermore, blocking the
cleavage of MAVS by NS3/4A may be effective in the prevention and treatment
of HCV.

HCV may not be the only pathogen that targets MAVS to evade the host
immune system. Although the mitochondrial localization of MAV S may allow the
host immune system to detect many viruses that replicate in intracellular
membrane locations proximal to the mitochondria, it may aso render MAVS
vulnerable to viral attack. For example, it has recently been shown that the
hepatitis A virus (HAV) inhibits interferon response at a step downstream of RIG-
| but upstream of TBK1/IKKIi, raising the possibility that MAV S may be a target

of an HAV protein. Future studies should uncover more examples of host-
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pathogen interaction that where the functional status of MAVS determine the

outcome of the disease.
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