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Chapter 1

VIRUSES AND THE INNATE IMMUNE SYSTEM

Answers and yet more questions

MEGAN L. SHAW and PETER PALESE
Department of Microbiology, Mount Sinai School of Medicine, New York, NY, USA

1. INTRODUCTION

Infection of a naive (non-immune) host with a virus elicits an immediate
response which results in a cascade of changes in the host, including an
interferon response (innate immunity). The outcome of this interaction is
influenced by the genes of the virus as well as the genes of the host.
Interestingly, different viruses affect this response in different ways. Not
only is there a plethora of mechanisms used by the invading organisms, but
the host has also evolved a great variety of redundant and robust
countermeasures. This interplay of host and virus represents one of the most
significant frontiers in biology today. A clearer understanding of the
mechanisms involved will arm us with better strategies to deal with viruses,
including emerging pathogens and potential bioterrorism agents.

2. HISTORICAL PERSPECTIVE

Almost fifty years ago, Isaacs and Lindenmann' found that addition of
heat-treated influenza virus to pieces of chicken chorioallantoic membrane
induced an antiviral factor, which they called interferon (IFN).
Interestingly, the use of live, untreated influenza virus followed by heat
inactivated virus inhibited the induction of IFN*. Most likely, expression of
the NS1 protein (an IFN antagonist) by the live, untreated virus induced a
sufficient amount of anti-IFN activity to counteract the synthesis of IFN in

1
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these cells. Viral transcription in cells infected by heat-inactivated influenza
virus was sufficient to induce a vigorous IFN response but not enough
functional NS1 protein was made to neutralize the antiviral response of the
infected cell. Thus, early on, the principles (but not the precise mechanisms)
of the antiviral response of an infected cell and the antagonist function of
live virus had been recognized.

Also, many decades ago, the potential of IFN as a therapeutic agent was
clearly foreseen by Jan Vilcek® and Kari Cantell* and the subsequent cloning
and expression of human leukocyte IFN by Charles Weissmann’s laboratory
revolutionized the field. The last 10-15 years have brought another
renaissance to the IFN field, which was driven by the growing interest of
molecular biologists in unraveling the signal transduction pathways of type I
and type II IFNs®. This exploration of cellular pathways was complemented
by the realization that viruses can counteract the antiviral strategies of the
infected cell. First, the large DNA viruses were found to express proteins or
small RNAs that have antagonist activity directed against the antiviral
program of the cell””. Subsequently, it was demonstrated that RNA viruses
also possess IFN antagonist activity'’, suggesting that most if not all viruses
have ways of overcoming, or at least limiting the antiviral response of the
host cell.

3. WHAT WE HAVE LEARNED SO FAR

3.1 Interferon signaling pathways

Interferons are generally classified into two families. In humans, the type
I IFNs (IFN-o/B) include 13 IFN-o species and a single IFN-B species.
These IFNs all bind to the same receptor and are secreted by almost all cell
types. The type II IFN family consists of one member, IFN-y, which is
synthesized primarily by immune cells in response to IL-12 production.
Production of IFN-a/p is triggered in direct response to virus infection and
thus the IFN system constitutes one of the earliest (innate) phases of the host
antiviral immune response. The importance of the IFN response to host
defense against viral infection has been demonstrated by the fact that mice
lacking specific components of the IFN signaling pathway, including the
IFN-B gene itself, are acutely sensitive to virus infection even though their
adaptive immune system remains intact''".

The establishment of the IFN-mediated antiviral response within an
infected cell can be broadly broken down into three signaling pathways
(Figure 1). The first pathway (IFN production pathway) involves the
transcriptional upregulation of the IFN-B gene and the secretion of IFN-8
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from the infected cell. The precise signaling events that are initiated upon
virus infection and result in the activation of the IFN-f promoter are an
active line of enquiry and are discussed in detail in Chapter 2. Suffice it to
say that the transcription factors, nuclear factor kB (NF- «B) and interferon
regulatory factor 3 (IRF3) are both activated in response to virus infection,
and this event is critical to the subsequent activation of IFN-B mRNA
synthesis'.

Once released from the infected cell, IFN- binds to the IFNaf} receptor
and sets in motion a cascade of tyrosine phosphorylation reactions that result
in the transcriptional upregulation of IFN stimulated genes (ISG). This
second pathway is termed the IFN signaling (or JAK/STAT) pathway and
involves activation of the latent transcription factors, STAT1 and STAT2,
which once phosphorylated, heterodimerize and translocate to the nucleus
where they interact with IRF9 to form the ISGF3 complex®. This
transcription factor complex binds to specific sites within the promoters of
ISGs, termed IFN sensitive response elements (ISRE). One such ISG
encodes IRF7, which is required for the transcription of most IFN-a genes
and like, IRF3, is activated in response to virus infection'”. This allows for
the formation of an amplification loop, whereby low levels of IFN produced
at carly stages post infection, leads to the induced expression of a specific
transcription factor (IRF7) that activates a second, much greater wave of [FN
production.

The third pathway, which is not so much one as a multitude of pathways,
represents the various activities of the proteins encoded by the ISGs. These
proteins are responsible for establishing the antiviral state within the cell,
and they function through a variety of mechanisms. Well characterized
examples of these effector proteins include protein kinase R (PKR), the
family of 2’-5’oligoadenylate synthetases, RNaseL and the P56 protein, all
of which function as translation inhibitors, as detailed in chapter 3. Others
include the Mx GTPases'®, promyelocytic leukemia protein (PML)"" and
ADAR, a double-stranded RNA-specific adenosine deaminase'®. The exact
functions of many IFN-inducible proteins remain unknown but it is clear that
a major role of these proteins is to dramatically reduce the activity of the
host enzymatic machinery which viruses parasitize in order to replicate.
Thus, this IFN-induced antiviral state halts virus replication in infected cells,
prevents infection of neighboring, uninfected cells and buys time for the host
before the adaptive arm of the immune response is activated.
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Figure 1. Schematic representation of the IFN response triggered by virus infection.

1) IFN production. Virus infection activates the transcription factors, NF-kB, IRF3 and AP-1
which translocate to the nucleus and bind to the IFN-f promoter to activate synthesis of IFN-3
mRNA. 2) IFN signaling. IFN-f binds to the IFNaf receptor which results in the activation of
the transcription factors, STAT1 and STAT2. The phosphorylated STATSs heterodimerize and
translocate to the nucleus where they interact with IRF9 to form the ISGF3 complex. This
binds to the promoters of IFN stimulated genes (ISGs) and activates transcription. 3)
Activities of antiviral proteins. The protein products of the ISGs set up the antiviral state
within the cell.

3.2 Viral anti-interferon activities

If the host IFN response described above functioned at maximum
efficiency, virus infection would be of relatively minor consequence to the
host. Of course, as the title of this book implies, this is not the case. In order
to gain a foothold during the early stages of infection, viruses have devised
ways of inhibiting the IFN response, thereby preventing the induction of an
antiviral state and allowing replication to proceed. The viral proteins that
encode this function are termed IFN antagonist proteins and examples of
these have been described for an ever increasing number of viruses, covering
both DNA and RNA virus families (Table 1). The mechanisms by which
these antagonists act are diverse, and a select number are described in
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chapters 4-8. All three of the IFN signaling pathways described above have
been shown to be targeted by viral IFN antagonists and some viruses encode
multiple antagonists that enable the virus to inhibit more than one IFN
pathway, while others encode a single multifunctional antagonist that can
target multiple pathways (see Table 1). Because transcriptional upregulation
of genes plays such a key role in the IFN response, it is not surprising that
many viral IFN antagonists specifically target transcription factors, such as
IRFs and STATs, either directly or indirectly preventing their activation.
Other viruses take a less specialized approach and cause a general shut off of
host transcription or translation.

Most viral IFN antagonists are accessory proteins in that they are not
required for viral replication in vitro, however deletion or mutation of the
antagonist gene often results in an attenuated phenotype in vivo'"'""?>,
Therefore these proteins are also functioning as virulence factors. The
association with the IFN response can clearly be demonstrated by comparing
infection in IFN competent and incompetent hosts. For example, an
influenza virus lacking its IFN antagonist, NS1, is avirulent in wild-type
mice but in STAT1” mice it is pathogenic'’. This illustrates the importance
of an intact IFN system for the host and also the requirement of a functional
IFN antagonist protein for the virus. Recent studies also indicate that [FN
antagonists may determine the host range of a virus****. This is most likely
due to species-specific differences in the cellular targets of these proteins
and therefore restricts a virus to the particular host whose IFN response can
be overcome.

The ongoing battle of virus versus host IFN response should not only be
viewed as the virus outwitting the host but also in terms of host adaptation to
the anti-IFN strategies of the virus. The multifaceted nature of the human
IFN system no doubt reflects our evolution in response to the barrage of
diverse viral IFN antagonists that we have been exposed to. Therefore,
elucidation of the cellular IFN signaling pathways and the mechanisms that
viruses use to inhibit them, work hand in hand to guide us toward a clearer
picture of the intricate nature of the innate immune response.
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Table 1. Examples of viral IFN antagonists and the IFN pathways that they target.

IFN TARGET
VIRUS ANTAGONIST PATHWAY/PROTEIN REFERENCE
DNA viruses
L IFN production, PKR, 7.29.30
Vaccinia virus E3L o ASp( dsRNA binding)
K3L PKR 3132
B18R IFN signaling 33.34
Herpes simplex 11345 PKR 35
virus
USl11 PKR 3637
ICPO PML, IFN production 38,39
unknown IFN signaling 40
Human herpes VIRF proteins IFN production, PKR 4144
virus 8
Adenovirus E1A IFN p?oduction, IFN 45-47
signaling
VA RNAs PKR 48
Human E6 IFN production, IFN 4950
papilloma virus signaling
E7 IFN signaling !
Retroviruses
HIV Tat PKR 2
TAR RNA PKR >
unknown OAS/RNaseL >
Double-strand
RNA viruses
Reovirus o3 PKR 53
Positive-strand
RNA viruses
Hepatitis C virus ~ NS3/4A IFN production %6
NS5A PKR %7
E2 PKR >
core IFN signaling »
Dengue virus NS4B IFN signaling 60
Poliovirus 3¢ Transcriptional shut off 61,62
unknown PKR 63
Negative-strand
RNA viruses
IFN production, PKR,
Influenza A NS1 OAS (dsRNA binding), 10,64-70
virus mRNA processing and

transport
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unknown PKR n
Thogoto virus ML IFN production 7
B.unyamwera NSs Transcriptional shut off 73,74
virus
Silrfés\/alley fever NSs Transcriptional shut off 76
Ebola virus VP35 IFN production 7778
Sendai virus C proteins IFN 51g1_1a11ng, TFN 79-86
production
A% IFN production 86
Simian virus 5 A% IFN mgpahng, IFN 8792
production
Human . .
parainfluenza Vv IFN sugpahng, IFN 90,92-95
. production
virus 2
Mumps virus A% IFN signaling 9697
Measles virus \A® IFN signaling 9899
unknown IFN production 100
Nipah virus P,V,W IFN signaling 101-104
C unknown 101
Hendra virus A% IFN signaling 105
Respiratory NSI, NS2 IFN production 106-108

syncytial virus

4. EXPLORATION OF NEW FRONTIERS

4.1 The influence of host genetics on viral disease
outcome

In the post-genomic era, it is now possible to look at how mutations in
the hosts’ genes influence the antiviral response and how this affects the
outcome of infection (see chapter 11). Mutations in IFN-related genes may
have an impact on the ability of an individual to mount an immune response
against a viral infection, which may have a direct effect on the course of the
disease. In fact a lethal mutation in the STATI gene, which obliterates IFN
signaling has been described in two children, both of whom died as a result
of viral infection'®”.

The influence of mutations in IFN-related genes with respect to specific
viruses has been addressed more extensively for hepatitis C virus (HCV)
than any other virus, mainly because interferon is the current therapy for
HCV-infected individuals but not all patients respond to this treatment.
Polymorphism studies have identified single nucleotide polymorphisms
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(SNPs) in the MxA, IL-10, OASI and PKR genes that affect either the
outcome of HCV infection or the response to interferon therapy''*'".
Amongst respiratory viruses, SNPs in both the /L-4 and /L-4Ralpha genes
have been found to be associated with increased risk of severe respiratory
syncytial virus infection in children''*'"*. The results of such studies may
have a direct bearing on the design of future vaccines as well as on the
choice of target population for vaccination.

4.2 The role of Toll-like receptors in the antiviral
response

The members of the Toll-like receptor (TLR) family are responsible for
the recognition of a broad range of pathogens and subsequent activation of
the innate immune response. The growing interest in the relationship
between TLRs and viruses is two-fold. Firstly, the signaling pathways
activated by viruses and TLRs overlap to a large extent and stimulation of
certain TLRs (TLR3, 4, 7 and 9) leads to IFN production and thus the
establishment of an antiviral state. Secondly, the molecular components of
some viruses (envelope proteins, nucleic acids) have been found to
specifically activate select TLRs (TLR2, 3, 4, 7 and 9) (see Chapter 9). This
has prompted speculation that these TLRs may serve as the sensors of virus
infection and that recognition of virus-specific molecules triggers the
induction of the IFN response. However this idea has been challenged for
various reasons. These include cell-type specificity (e.g. most cells, apart
from the immune cells, express only a subset of TLRs yet all cells can
produce IFN) and subcellular distribution (e.g. TLRs are either found on the
cell surface or in intracellular compartments, neither of which allows for
sensing of the cytoplasm; the replication compartment of many viruses).
The most compelling evidence that virus- and TLR-activated signaling
pathways are not one and the same comes from gene knockout studies,
where it has been shown that deletion of TLR-associated signaling
components (e.g. TLR3, TRIF, TBK-1) does not prevent activation of the
IFN response by virus infection''*"'®. A caveat to this is that these studies
mostly use prototype viruses (such as Sendai virus) and while it may be said
that TLR-signaling is not essential for the induction of an immune response
to all viruses, it is possible that some TLRs do play an important role in the
response to select viruses. Another point to consider is that the high levels of
TLR expression in immune cells may reflect a more specialized role for
TLRs. For example, the IFN response plays a key role in promoting
maturation of dendritic cells (DC)'", which express a wide range of TLRs
and are major antigen presenting cells that are capable of priming naive
CD4" T cells. Thus DCs are considered to form the link between the innate
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and adaptive immune responses and TLR signaling may prove to play a
crucial role in virus-induced DC maturation and hence influence subsequent
T-cell activation.

4.3 Function of ISG products and the specificity of
interferons

As much as the IFN field has advanced in the past years, we remain
relatively in the dark when it comes to the functions of IFN-stimulated gene
(ISG) products or IFN-induced proteins. Gene expression analyses on IFN-
treated cells have identified a vast number of ISGs and based on these data,
it is estimated that there may be anywhere from 600 to 2000 IFN-inducible
human genes'**'*'. de Veer e al'*® have undertaken to group the identified
ISGs into functional categories based on sequence homologies, which has
revealed a diverse array of functions covering almost all cellular activities.
The question of how each individual protein contributes to the establishment
of an antiviral state and the relative importance of each protein with regard
to inhibiting replication of specific viruses, will be key lines of inquiry in the
coming years.

The need for so many IFN species poses another unanswered question:
Are they all equal? Most likely not. The single IFN-3 species has a defined
role as the first IFN to be made in response to virus infection and acts to
prime cells to make more IFN. The specific roles of all the IFN-a species
remain unknown, although comparison of purified IFN-a proteins has shown
that they have distinct activities'”. Do they display cell-type specific
expression patterns? Are different subsets of I[FN-a species made in response
to different viruses? Do some have more antiviral activity against specific
viruses than others? Answers to these questions have remained elusive so far
but further technological advances will hopefully allow them to be addressed
in the near future.

4.4 Applications — antivirals and vaccines

IFN-a was first approved for therapy in 1986 and has been used to treat
both viral diseases and cancers. A pegylated form of IFN, which has been
modified by the addition of polyethylene glycol, is now being used for
treating patients with hepatitis C virus with the benefit that larger doses can
be given infrequently. Another way to improve on IFN therapy would be to
use genetic engineering to create a hybrid IFN species that has higher
activity than those currently available. This technique of DNA shuffling has
been used successfully to make a hybrid IL-12 from several mammalian /L-
12 genes, resulting in a molecule with improved efficacy'”. Rather than
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administering IFN directly, it is also possible to use drugs that induce the
production of IFN. For example, a synthetic form of double-stranded RNA
(poly I:C) is a potent inducer of IFN, and a modified form has been used to
treat HIV patients'>* and is effective against several other viruses in animal
models'**'*. An alternative antiviral approach may be the targeting of the
viral IFN antagonists with small molecular weight drugs. Reducing or
blocking the anti-interferon activity of the invading virus should allow the
host innate immune system to control virus replication.

Vaccines have proven to be one of the most effective ways of preventing
viral infection. Successful live human virus vaccines have been selected by
repeated passaging in tissue culture or animal hosts giving rise to strains that
have lower virulence in humans than the wild type virus. These host range
mutants have been the basis for vaccines against measles, mumps, rubella
and chicken pox. Another strategy for the design of live attenuated vaccines
that is being considered is based on modification of the viral IFN antagonist.
As discussed in section 3.2, many IFN antagonists act as virulence factors
and viruses lacking these factors are attenuated in vivo. The idea behind the
development of a vaccine candidate is that a virus expressing an antagonist
with intermediate anti-IFN capabilities is likely to replicate sufficiently well
to induce an immune response, but ultimately the host response will win, and
therefore, the virus remains attenuated. In practice this has been
demonstrated for the NS1 protein of influenza virus using viruses expressing
C-terminal truncated forms of NS1. When compared to wild type virus and a
virus lacking NS1 (deINS1), these viruses displayed intermediate phenotypes
with respect to growth properties and the ability to induce IFN but were still
attenuated in mice'*”'**. More importantly, immunization with the truncated
NS1 virus protected mice against lethal challenge, whereas immunization
with the deINS1 virus was less effective, indicating that the deletion virus is
too attenuated to induce a protective immune response'’’. These data
establish proof of concept that a virus that expresses a modified IFN
antagonist retains the balance between optimal levels of attenuation and
immunogenic properties, two important features of a live virus vaccine.

The advantage of this strategy is that the molecular basis for attenuation
is understood, which paves the way for the development of next generation
candidates where additional mutations can be inserted into the virus to adjust
the level of attenuation appropriately and to exploit what is known about the
innate immune response. Prior functional characterization of the IFN
antagonist protein is therefore crucial to the development of such vaccine
candidates and of new antivirals and should fuel further research into the
molecular mechanisms by which other viral IFN antagonists exert their
action. In addition, these studies will lead to further elucidation of the
complex mechanisms that determine species and tissue specificity of viruses
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and provide us with a more in depth understanding of viral pathogenicity in
general.
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Chapter 2

HOW VIRUSES ELICIT INTERFERON
PRODUCTION

Triggering the innate immune response to viral infection

DAVID E. LEVY and ISABELLE J. MARIE

Molecular Oncology and Immunology Program, Departments of Pathology and Microbiology
and the NYU Cancer Institute, New York University School of Medicine, 550 First Avenue,
New York, NY, USA

1. INTRODUCTION

The type I interferons (IFNo. and IFNP) were first characterized as
cytokines capable of inducing an antiviral state in sensitive target cells'.
They were discovered as a substance produced by virus-infected cells that
was capable of conferring protection of uninfected naive cells from
subsequent infection. Since their discovery and characterization as founding
members of the type Il cytokine family, investigations into IFN biology have
served not only to elucidate their potent antiviral properties, but also as a
system for understanding molecular mechanisms of gene expression control.
IFN genes are stringently and acutely regulated, being expressed only in
infected cells and only transiently following infection. Their immediate
biological actions are mediated by a set of acutely regulated cellular target
genes that are also stringently regulated. The aim of this review is to discuss
some of the recent discoveries and controversies surrounding the signaling
pathways and gene expression control mechanisms that regulate this
important innate immune system.

IFNow and TFNP were originally classified as leukocyte IFN and
fibroblast IFN, respectively, to designate their distinct presumptive cellular
origins. This designation has been replaced by a more precise nomenclature,
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based on molecular characterization following the isolation, cloning, and
sequencing of the IFN multigene family. The originally detected IFNo
activity is encoded by a multigene family of closely related and clustered
genes, while IFNJ is encoded by a single, somewhat more distantly related
gene, but still retained in the IFN gene cluster on chromosome 9 in humans
and the syntenic region on chromosome 4 in the mouse. It has also become
clear that despite their original designations, both the IFNo family and IFN3
can be synthesized by many, if not all, nucleated cells following viral
infection, just as virtually all nucleated cells have the capacity to respond to
secreted IFN to induce an antiviral state. This ability of most cells to secrete
and respond to IFN makes the IFN system a powerful first line of defense
against pathogens and an essential component of innate antiviral
immunity™’.

2. TRANSCRIPTIONAL CONTROL OF IFN GENE
EXPRESSION

2.1 Regulation of the IFNJ gene

One of the molecular hallmarks of the IFN system is the precision with
which the expression of these genes is regulated’. Basal IFN is produced by
most cells at extremely low or virtually undetectable levels, probably
reflecting a biological need to keep this powerful compound in check.
However, viral infection rapidly leads to extremely high levels of
expression, producing relatively abundant levels of IFN mRNA and secreted
protein. Induction of IFNf3 was the first to be examined at a molecular level
and remains the most intensely studied’. Interestingly, its transcriptional
induction relies on a relatively short cis regulatory element in its promoter
that serves as a binding site for three distinct transcription factor complexes,
NF-kB, ATF2/c-jun, and IFN regulatory factors (IRFs). Each of these
factors is activated by serine phosphorylation in virus-infected cells, either
directly or through phosphorylation of associated inhibitory proteins, as in
the case of NF-xB.

NF-xB is activated by phosphorylation-dependent degradation of its
inhibitor, I-xB, releasing the active NF-kB protein for complex formation
and nuclear translocation. In addition, the activity of NF-kB can be
stimulated by phosphorylation of its transactivation domain®. The
transactivation potency of the ATF2/c-jun complex is increased through
phosphorylation by c-Jun kinase, leading to increased activity of this
preformed heterodimeric transcription factor. Finally, at least some members
of the IRF family are activated by direct phosphorylation on a regulatory
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domain, leading to dimerization, nuclear accumulation, DNA binding, and
increased transcriptional potency. Due to this phosphorylation-dependent
process of transcription factor activation, kinase activation is the key initial
biochemical event that is triggered by viral infection.

The IFNP promoter is controlled by an enhancer element that contains
binding sites for all three of these transcription factors, and their cooperative
interaction and concerted recruitment of coactivator proteins is necessary for
efficient transcriptional induction of IFNP gene expression. The IFNP
enhancer is located immediately upstream of the promoter and contains an
ATF2/c-jun binding site, two tandem binding sites for IRF proteins and a
NF«B binding site. There are also binding sites for negative-acting proteins
that are presumably displaced by the binding of activators, including the
IRF2 protein that competes for binding at the IRF sites with activating IRF
family members. The simultaneous binding of activating protein complexes
at the individual sites of the IFNP enhancer creates a multimeric structure,
which together with recruited coactivator proteins has been named an
enhanceosome’. This structure is additionally stabilized by induced DNA
bending, at least in part through the action of non-histone HMG chromatin
proteins’.

While it has been well established that an AP-1 complex composed of
ATF2/c-jun dimers and a NFxB complex composed of p50/p65 dimers
contribute to the IFN enhanceosome, the identity of the IRF protein(s)
contributing to this activity has been less clear. The first IRF protein to be
implicated in IFNB gene regulation was IRF1®. IRF1 is capable of binding
the IFNB enhancer and will induce IFN gene transcription when over-
expressed’ or when assayed in vitro'’. However, IRF1 is only minimally
expressed in untreated cells due to its detrimental effect on cell growth'', and
it can be readily detected only following induction in response to a variety of
stimuli'?. IFNpB gene expression on the other hand, can be readily induced in
the absence of cellular protein synthesis, suggesting that all necessary factors
pre-exist in the cell. IFN gene expression in response to viral infection
remains intact in mice deleted for the IRF1 gene", providing formal genetic
proof that IRF1 is not essential. On the other hand, several other IRF family
members have been implicated in IFN gene transcription, and gene ablation
studies in mice have clearly demonstrated the importance of IRF3 and IRF7
in this process'*.

The structure of the enhanceosome appears to contribute several unique
attributes.  First, simultaneous interaction of multiple independent
transcription factors enhances the subsequent recruitment of coactivator
proteins, since several coactivators interact with more than one enhancer-
binding protein complex. For instance, the transactivation domains of c-jun,
NFxB, and IRF3 are all capable of recruiting the coactivator CBP, allowing
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more efficient coactivator recruitment through the concerted effort of the
linked transcription factors. Moreover, the assembly of the three
transcription factors into a unit structure appears to create a novel composite
protein interaction surface that more efficiently recruits CBP than the
combined effect of the individual transactivation domains'®. Thus, the
activity of the assembled complex is greater than the sum of its parts.

Another attribute of the enhanceosome structure is derived from DNA
bending. The physical structure of the DNA at the IFNf} promoter becomes
altered following binding of the transcription factors. This bent structure
favors cooperative binding, thereby increasing the efficiency of
enhanceosome assembly'. It is likely that DNA bending also facilitates
recruitment of the basal transcription machinery by juxtaposing the
enhanceosome and its associated coactivator proteins with transcriptional
initiator elements. Finally, enhanceosome assembly occurs in a largely
nucleosome-free region of DNA, causing a shift in phased nucleosomes.
This change in nucleosome positioning results in movement of a fixed
nucleosome that normally occludes the TATA box of the promoter and
therefore  inhibiting  transcription.  After enhanceosome-dependent
nucleosome sliding, which involves recruitment of chromatin remodeling
complexes, the TATA box becomes available for binding by TBP and
nucleation of the transcriptional preinitiation complex'’.

2.2 Complex regulation of IFNo genes

The IFNo genes are also transcriptionally induced in response to viral
infection'’, and similar to IFNP, they require serine-phosphorylated IRF
proteins for their expression'®. In some respects, IFNo gene regulation
appears less complex than activation of IFNf gene expression. The only
well-characterized enhancer elements controlling IFNo genes contain
binding sites for IRF proteins, although roles for negative-acting factors
have also been described'®. Regulation of these genes appears to be entirely
dependent on IRF proteins, with no contribution from AP1 or NFxB
complexes. Negative regulation of these genes also appears to operate
largely through inhibition of IRF proteins. Binding competition between the
repressive IRF2 and activating members of the family maintains the very
low levels of basal IFN observed in the absence of viral infection®. The
homeobox repressor Pitx1 also appears to contribute to IFNo gene silencing
through its ability to interact with and inhibit IRF3 and IRF7 proteins'’. It is
not currently known whether IFNa gene transcription involves formation of
an enhanceosome structure or requires DNA bending or nucleosome
repositioning.
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In spite of the superficial simplicity of a gene regulatory scheme
involving binding of a single transcriptional activator type at a positive
regulatory element, there is an aspect of complexity within the IFNo family
that is not seen with IFNP. Recently, it was found that IFNP and the
multigene family of IFNa proteins are not uniformly regulated during viral
infection®, and that their differential expression is at least partially regulated
through a positive-feedback loop involving induction of IRF proteins®” *'.
IFNP and the IFNo4 isotype of mouse IFNa are induced with immediate-
early kinetics through the action of the constitutively expressed IRF3
protein. However, the enhancers of other members of the IFNa gene family
cannot bind IRF3, and are instead activated only by IRF7**. IRF7, unlike
IRF3, is not constitutively expressed in most cell types, but rather its
expression is induced by IFN signaling through the Jak-Stat pathway. Thus,
in response to early secretion of IFNB and IFNo4 through the action of
IRF3, induction of IRF7 makes cells sensitized for induction of additional
IFNo subtypes (referred to as the non-IFNo4 subset), leading to robust
production of multiple IFNo species and potent antiviral activity.
Significantly, the robust expression of the complete complement of IFNa
genes occurs only in IFN responsive cells, due to the requirement for IRF7
induction in response to IFN signaling™.

A similar pattern of differential regulation of IFNa genes through the
positive feedback induction of IRF7 occurs for human IFN genes*. In
addition, recent studies have suggested a further layer of complexity for
IFNo gene regulation. Just as the presence and activation of IRF3 or IRF7
program induction of distinct subtypes of IFNa genes, other IRF family
members may also target specific isotypes of IFNa. In particular, it was
found that IRF5 can participate in IFNo gene induction by certain viruses,
with NDV leading to the preferential induction of the human IFNAS gene,
when IRF5 was present”. One might speculate whether virus-specific
induction of particular IFNa isotypes is related to unique biological
functions for individual members of this multigene family.

3. THE VIRUS-ACTIVATED SWITCH

A unique attribute of IFN gene regulation is regulation in response to
virus infection. Whether gene induction occurs through the complex
assembly of an enhanceosome at the IFNPB promoter with subsequent
chromatin alterations or through the sequential action of IRF3 and feedback-
induced IRF7, gene expression is strongly induced in virus-infected cells.
The controlling event that confines [FN gene expression to virus-infected
cells is the regulated activity of the transcription factors required for gene
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induction, and serine phosphorylation is the key regulatory event for
transcription factor activation. Therefore, the problem of understanding gene
regulation is reduced to the question of how phosphorylation is regulated.

3.1 Virus-activated kinases

IFNB gene induction requires phosphorylation-dependent activation of
AP-1, NFkB, and IRF proteins while IFNo gene induction appears to require
only activation of IRF proteins. Since AP-1 and NF«B activation have been
recently reviewed** ?” and IRF activation is the common event for IFNo. and
IFNB gene induction, we will largely confine our discussion to the
mechanisms of IRF activation by virus infection.

Since the discovery of phosphorylated IRF3 in virus-infected cells™, it
has been clear that the key to understanding virus-induced gene expression
was identification of virus-activated IRF kinases and understanding their
mechanism of activation. Recently, it was found that two serine kinases of
the IKK family, TBK1 (also known as T2K and NAP) and IKKe (also
known as IKKi) were able to phosphorylate IRF3 and IRF7 in virus-infected
cells”°. Since their original discovery based on similarity to classical IKKo.
and P and their potential involvement in LPS or TNF signaling’'*?, it has
become clear that they are critically involved in virus-dependent signaling.
Interestingly, however, their involvement as activators of NFkB or in
response to LPS or TNF remains unclear. For instance, TBK1 and IKKe will
phosphorylate IRF3 and IRF7 on appropriate residues leading to activation,
but they appear unable to phosphorylate IkB in a manner to cause its
degradation by the proteosome, since they directly phosphorylate only one
of the two critical serine residues’”. However, in association with other
proteins, they may also have an important role in NFkB activation.
Significantly, gene-targeted deletion of TBK1 results in an embryonic lethal
phenotype closely resembling loss of NFkB p65 or IKKB*, suggesting that
loss of TBKI1 results in impaired NFkB activation. Moreover, this
embryonic lethality can be suppressed by deletion of the gene for TNFo or
TNFR1** ¥ strongly suggesting that TBK1 is essential for NFxB, at least
under some circumstances.

In contrast to the somewhat ambiguous role of TBK1 in activation of
NFxB, its role and that of IKKe in activation of IRF3 is well documented.
These kinases cause the phosphorylation of IRF3 when over-expressed in
mammalian cells, and RNAi-mediated knockdown impairs the
phosphorylation of IRF in virus-infected cells®>’. Moreover, cells from
TBK1 knockout mice are impaired for IRF3 phosphorylation®®. Due to the
partial redundancy between TBKI1 and IKKe, complete loss of IRF3
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phosphorylation in response to virus infection is only seen when both
kinases are eliminated®’.

3.2 Virus-induced signals

The identification of the role of TBKI1 and IKKe in IRF3
phosphorylation explained some of the proximal events in IFN gene
induction, but it left open the question of what virus signal caused kinase
activation. The viral signals important for kinase activation remain
incompletely defined, although it is clear that in many cases viral replication
is critical, especially in the case of negative-sense RNA viruses”™. Existing
evidence suggests that virus-encoded double-stranded RNA (dsRNA)
provides one of the inducing signals for IFN induction, but additional virus-
encoded components also appear to be necessary’ . Current evidence
favors a ribonucleoprotein (RNP) complex as a likely kinase inducer formed
in virus-infected cells*. For viruses capable of inducing IFN in the absence
of replication, the presumption is that during infection they deliver a payload
of pre-formed inducing molecules to the cell upon infection.

One mechanism by which viral RNP might lead to kinase activation is
through its RNA component. Considerable evidence suggests that RNA, in
particular double-stranded RNA (dsRNA) which is a common viral
replication intermediate, is capable of inducing IFN gene expression. For
instance, treatment of mammalian cells in culture or injecting mice with
synthetic dsRNA causes robust IFN induction and has led to the
development of a variety of artificial IFN inducers of potential therapeutic
utility. The first potential cellular sensor of dsSRNA to be identified was the
dsRNA-dependent protein kinase, PKR, whose catalytic activity is
stimulated by binding dsRNA®. PKR phosphorylates the translation
initiation factor elF20., leading to inhibition of cellular protein synthesis, an
essential component of innate antiviral resistance. It has also been suggested
that PKR stimulated by dsRNA leads to the activation of NFxB, although
the mechanism of this activation is obscure™. While PKR is capable of
phosphorylating IkB in vitro®, it is not clear that this phosphorylation occurs
on residues not required for proteosomal degradation. It is also unclear
whether the ability of PKR to augment NFxB activation requires its catalytic
activity™. Current evidence would favor some kind of non-catalytic adapter
role for PKR in activation of downstream signaling events important in host
defense’®. While it is clear that PKR is required for IFN production in
response to purified dSRNA, gene targeting experiments in mice showed that
it was superfluous for IFN responses to viral infection’”*. These genetic
experiments distinguish dsRNA-dependent activation of IFN through a PKR
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pathway from virus-induced signaling that is independent of the catalytic
function of PKR.

TLR3 is another cellular sensor that recognizes dsRNA, and like PKR, it
is capable of stimulating IFN production in response to purified ligand™.
Again, however, gene targeting experiments showed that TLR3 was also not
required for IFN production in virally-infected cells’’, although it is
important for responses to extracellular dsRNA. It is a reasonable hypothesis
that TLR3 plays a critical role in the cellular response to extracellular
dsRNA, possibly generated and released during a lytic viral infection
following death of initially infected cells.

TLR7 is another cellular sensor capable of inducing IFN production. It
was originally found to be stimulated by artificial IFN inducers™, but has
recently been found to be activated by single-stranded RNA>, leading to the
suggestion that it plays a role in IFN production in response to negative-
strand RNA viral infections®*°. However, TLR7 is unlikely to be a universal
mediator of IFN production in virus-infected cells. TLR7 is expressed
mainly by dendritic cells, and many cells capable of producing IFN
following viral infection lack TLR7 expression. Moreover, TLR7, like all
TLR proteins, is expressed in cells with its amino-terminal ligand-binding
domain exposed to the extracellular or luminal environment. RNA viruses,
in contrast, replicate in the cell cytoplasm and do not expose single-stranded
or double-stranded RNA intermediates to the cell exterior prior to cell lysis.
Therefore, like TLR3, TLR7 may play its major role in detecting virus at
post-replication times following cell lysis.

Another inconsistency in the idea of RNA sensors such as PKR or TLR
proteins as primary viral sensors for IFN production is the question of
whether dsSRNA per se ever exists inside cells during virus infection, even if
TLR proteins were there to detect it. Viruses wrap their nucleic acid into
protein particles; even during replication, the template for viral RNA-
dependent RNA polymerases is probably an RNP complex that severely
restricts the accumulation of naked dsRNA. These viral nucleocapsid
structures, while probably being poor ligands for PKR or TLR proteins, are
potent inducers of IFN production®®. It is likely that PKR is an essential
mediator of the antiviral action of IFN by inhibiting viral protein synthesis
and possibly inducing cellular apoptosis’’, and TLR7 and TLRO are
important for the systemic response to viral infection. However, these
proteins do not appear to explain the initial, cell-autonomous recognition of
viral infection that induces the first wave of IFN production.



How Viruses Elicit Interferon Production 27
33 IFN induction through an RNA helicase switch

Recently, Fujita and colleagues™ reported that the RNA helicase RIG-I is
required for IFN production in response to the parainfluenza virus,
Newcastle disease virus (NDV). NDV enters cells by membrane fusion at
the cell surface, injecting its nucleocapsids into the cell cytoplasm, and
inducing IFN within hours of entering cells, prior to the appearance of
significant viral progeny or cellular cytopathic effect. IFN production in
response to NDV infection is dependent on viral RNA and protein
synthesis’?’, presumably due to a requirement for viral replication
intermediates for signaling. RIG-I is an unusual helicase in that, in addition
to a catalytic domain, it possesses protein interaction CARD modules. Both
the ATP-dependent helicase activity as well as the CARD domains are
required to activate the transcription factor IRF3 during viral infection. In
fact, the CARD domains when expressed alone activate IRF3
phosphorylation, NF-kB release, and IFN production, suggesting that they
have a direct role in downstream signaling. CARD domains, like other
structurally related protein interaction modules found in innate immune
adaptor molecules, such as death domains, TIR domains, and death effector
domains, promote the creation of platforms for nucleating signaling events.
CARD domains mediate homotypic interactions and were first characterized
in the network of interactions that recruit caspases to receptor complexes
that signal apoptosis™. More recently, they have been implicated in signaling
from both TLRs and the intracellular bacterial sensors, Nod1 and Nod2®.
The CARD-domain-containing kinase RIP2 has also been implicated in
cytokine production, particularly downstream of TLR2, 3, and 4. However,
RIG-I is the first CARD-domain signaling molecule directly implicated in
IFN production in virus-infected cells.

A model for how RIG-I acts as a sensor for cytoplasmic virus replication
posits that it acts as an RNA-activated switch. Silent in the absence of viral
nucleic acid, presumably due to some kind of closed configuration that hides
the CARD domains from further interactions, a conformational shift caused
by the activity of the helicase domain would promote additional protein-
protein interactions. This switch requires both RNA binding as well as
helicase catalytic function, suggesting that active unwinding of a viral RNA
is key to signaling. Expression of the isolated CARD modules, on the other
hand, signal constitutively, suggesting that release of the CARD domain
from inhibitory intramolecular interactions makes it available for activating
interactions with downstream signaling components.

Given the common action of CARD domains as homotypic interaction
surfaces, it is likely that the direct downstream target of RIG-I is another
CARD-containing adaptor protein. A likely target of such a postulated
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adaptor is a kinase complex capable of phosphorylating IRF3, although
whether this would be a direct interaction or indirectly through one or more
intermediates has not been determined. Given the current evidence that
TBK1 and IKK-¢ are the direct IRF3 kinases®™, it is assumed that
additional intermediates are required to transmit the RIG-I since neither
TBKI1 or IKKe has an identifiable CARD domain. Therefore, the catalytic
process of unwinding a viral RNP converts RIG-I into a signaling
intermediate capable of interacting with and activating yet to be defined
downstream components that serve as a platform for recruitment and
activation of the IRF3 kinase complex.

An adaptor protein that has been implicated in activation of TBK1 and
IKK-¢ is the TIR domain protein, TRIF®">, TRIF acts downstream of TLR3
and 4, both of which can induce IFN synthesis in response to their respective
ligands, and it has been implicated in some responses to viral infection as
well®. Although TRIF activates IFN production through TBK1°¢, it does not
appear to be an intermediary for RIG-I function. TRIF is not required for
RIG-I-mediated responses to viral infection, even though it is required for
responses to extracellular dsRNA*. Therefore, RIG-I responses can be
clearly distinguished from IRF3 activation through a TRIF-dependent
pathway involving TLR3 stimulated by dsRNA.

34 Additional mechanisms of IFN induction

IFN induction has been most intensely studied in response to negative-
strand RNA viruses, which are excellent inducers of type I IFN. However,
other signals induce the production of IFN, particularly in specialized
dendritic cells known as plasmacytoid dendritic cells or IFN producing
cells™. Dendritic cells and macrophages express abundant TLR proteins,
making them responsive to a variety of pathogen-encoded signals, many of
which induce IFN. For example, bacterial infection or stimulation of cells
with LPS leads to activation of TLR4, which activates gene expression
through a MyD88-dependent pathway involving the adapters MAL and
TRAM, leading to activation of IRAK, TRAF6, TAKI, and IKK(-mediated
release of NFkB. A MyD88-independent pathway involving the adapter
TRIF leads to the activation of TBK1 and IKKe and phosphorylation of
IRF3 and IRF7. TLR7, 8, and 9, however, cannot activate the MyD88-
independent signaling pathway, since they do not associate with TRIF, even
though they are efficient inducers of IFN production®. Since herpes simplex
virus induces IFN production, at least in dendritic cells, through a TLR9-
dependent pathway®®® it is critical to understand how TLR9 links to IFN
signaling.
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Recently, Kawai et al. provided a mechanism for IFN induction by TLR9
ligands™. They found that MyD88 and TRAF6, known mediators of TLR9
signaling, can directly associate with IRF7 and stimulate its activity, leading
to efficient ITFNo gene induction. Interestingly, IFNB was induced
inefficiently by this mechanism, consistent with the preference of IRF7 for
IFNo promoters. An interesting aspect of this novel mechanism is that the
ubiquitinylation activity of TRAF6 is required, leading to the direct
ubiquitinylation of IRF7 in a region that normally inhibits transcriptional
activity. Whereas activation of IRF7 during negative-strand virus infection
involves derepression of this inhibitory domain through carboxyl-terminal
phosphorylation®, it appears that TLR9-induced activation involves a
different mechanism. However, IRF7 appears to be phosphorylated as well
as ubiquitinylated in response to TLR9Y, so the two mechanisms may not be
as fundamentally distinct as they initially appear. Although Kawai et al.
suggest that neither TBK1 or IKKe is the IRF7 kinase in response to MyD88
and TRAF6, they draw this conclusion from the analysis of single mutants of
each kinase. It will obviously be important to examine the consequences of
simultaneous inactivation of both kinases since, unlike fibroblasts, TLR9-
expressing dendritic cells express abundant amounts of both proteins™.

4. CONCLUSIONS

Studies of IFN gene regulation in virus-infected cells have contributed
significant information to our overall understanding of transcriptional
control mechanisms in vertebrate cells. Enhanceosome theory was largely
established by the analysis of IFNP gene expression, and similarly important
concepts for differential regulation of closely related genes will likely
emerge from future studies of the IFNoa locus. This system has also
contributed to the understanding of mammalian signaling systems, with the
identification of a variety of pathways that impact on gene induction through
novel mechanisms. Signal transduction dependent on the action of RNA
helicases and on ubiquitin-directed transcription factor phosphorylation are
just some of the novel concepts emerging from the study of IFN gene
induction.

Analysis of IFN gene expression has also contributed to the
understanding of the structure of the innate arm of the immune system and
its interface with adaptive immunity. IFN-producing dendritic cells represent
an important component of the early response to pathogens. A more precise
molecular understanding of the unique mechanisms governing gene
transcription in this cell type will undoubtedly contribute additional novel
concepts to our picture of mammalian gene expression.
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1. INTRODUCTION

Specific host responses to virus infection play major roles in determining
not only the fate of the infected cells but also the efficacy of virus
replication. Many of these responses are mediated by the products of cellular
genes that are transcriptionally induced upon virus infection. In this
induction process, interferons (IFN) and double-stranded (ds) RNA are often
used as the proximal mediators. Consequently, in experimental systems,
many of the same cellular genes can be independently induced by virus
infection or treatments with IFN or dsRNA. This article focuses on this
group of genes, and we discuss their induction characteristics and the
functions of proteins encoded by selected members.
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2. GENE INDUCTION BY VIRUSES,
INTERFERONS AND DOUBLE-STRANDED RNA

2.1 Characteristics of gene induction

Virus infection of host cells induces the transcription of multiple cellular
genes, including cytokines and chemokines involved in the establishment of
an antiviral state. I[FNs are the first known members of the cytokine family
of proteins that inhibit virus replication. They are induced in mammalian
cells upon virus infection, secreted, and act on uninfected cells to activate a
global antiviral state'. Like many other hormones, IFNs have pleiotropic
effects on cell physiology affecting cell growth, cell motility and other cell
functions as well. In the context of host-virus interaction, the regulation of
the components of the interferon system is multifaceted and complex.
Viruses infect cells, and viral gene products, most notably dsRNA, induce
the synthesis of IFNs that are secreted. They bind to specific cell surface
receptors and transcriptionally activate the IFN-stimulated genes whose
products inhibit various stages of virus replication™. Some of the same
genes can be directly induced by dsRNA as well, so that the encoded
proteins are induced in virus-infected cells without the involvement of IFNs
(Figure 1). Viral infection also causes induction of many cellular genes
including some that are induced by IFNs and dsSRNA. The common set of
genes induced by virus infection, IFNs and dsRNA are called viral stress-
inducible genes (VSIGs) (Table 1). These genes are usually not expressed in
uninfected cells, but are strongly and transiently induced upon exposure to

viral stresses.
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Figure 1. Different modes of induction of IFN-stimulated genes.
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Table 1. Induction of VSIGs by IFN, dsRNA and Viruses. Microarray gene profiling data for
selected genes from: Der et al. 1998* (IFN o, B, v); Geiss et al. 2001° (dsRNA); Mossman et
al. 2001° (HSV-1); Geiss et al. 20027 (Influenza A); Zhu et al. 1998% (\CMV) are summarized
in a qualitative manner. Fold inductions in the range of 0-5 are represented by ‘+’, 5-25 by
‘++°,25-100 by ‘“+++ and >100 by ‘“++++.

Fold Induction By
Genes HSV-1 Influenza A hCMV IFNo IFNPB TIFNy dsRNA
9-27 + + ++ ++ ++ ++
6-16 + ++ ++
ADAR + + + + +
GBP1 + ++ ++ ++ ++
IL-11 +
IL-6 ++
IP-10 ++ +++ 4+
IRF1 ++ + ++ ++ +
IRF9 ++ ++ ++
ISG15 ++ A+ ++ ++ ++
1SG54 ++ ++ + +
ISG56 ++ + -+ 4+
ISG58 +
MxA ++ ++ +++ ++ -+
OASI ++ ++ ++
0AS2 + ++ ++ ++
0AS3 +
PKR ++
RING4 +++ ++ +++ +
STATI + + + ++ +

Investigation of cellular genes whose transcription is induced upon
infection with different viruses or treatments with IFN or dsRNA has
revealed that there is much overlap amongst these sets of genes™”. Because
many of them were originally discovered as IFN-inducible genes, analyses
of their functions have been biased toward their putative roles in the IFN
system. For a long time it was thought that induction of these genes by virus
infection or dsRNA is a secondary consequence of IFN production. But, by
using various IFN-response defective mutant cell lines, it has been
unequivocally established that these genes can be induced independent of
IFNs*'!. In fact, the different inducers use different signaling pathways to
induce the same genes (Figure 1). [FN-signaling is initiated from the cognate
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cell-surface receptors, whereas dsSRNA signals are initiated through Toll-like
receptor 3 or other intracellular dsSRNA-binding proteins. Different viruses
can trigger their induction differently: some, such as adenoviruses, use
newly synthesized viral gene products as the inducer whereas others, such as
HSV-1, use the incoming virions as the triggering agent. In the case of
CMYV, not only virus infection, but the viral glycoprotein gB itself, can
induce these genes. Recently, use of microarray analysis for gene expression
profiling of virus-infected cells has helped the cataloging of virus induced
genes ™'*!*. However, because appropriate mutant lines have not been used
in most studies, it is difficult to determine whether viruses can directly
induce some of these genes. Nonetheless, even from incomplete information,
consistent patterns have emerged (Table 1). For example, it is clear that the
ISG56 family of genes (ISG56, ISG54 and ISG58) and ISG15 are induced
by IFN o/, dsRNA and infections with a number of viruses.

2.2 Signaling pathways

IFNs, dsRNA and viruses use distinct but partially overlapping signaling
pathways to induce transcription of the same genes. It is the same cis-acting
sequence, the IFN-stimulated response element (ISRE), present in the
promoters of these genes, which receives the signals generated by these
diverse pathways (Figure 2). Although, in all cases the interferon regulatory
factors (IRF) are the critical components of the transcription complexes that
recognize the ISRE, the specific members of the IRF family, their activation
mechanisms, and their partners in action are distinct for the different
signaling pathways. Among these, the IFN signaling pathways are the best
understood"”.

IFNs are divided into two types, type I and type II, both of which have
antiviral activity, but act through different cell surface receptors and are
structurally unrelated. There are many members of type I family: IFN o and
its subfamilies, IFN B, IFN ® and IFN 1, but there is only one human type 11
interferon, IFN 7. The signaling pathway for type I IFNs is mediated by a
homologous receptor complex IFNAR (Figure 2)'°. The ligand-induced
stimulation of IFNAR results in cross activation of the two receptor-
associated Janus protein tyrosine kinases (Jaks). Activated Jaks
phosphorylate themselves, the receptor subunits, and specific members of
the family of proteins called signal transducers and activators of
transcription (STAT). Tyrosine phosphorylated STAT1 and STAT2 form a
trimeric complex with IRF9 (P48) and the complex, ISGF3, translocates to
the nucleus, binds to the ISRE, the specific DNA sequences in promoters,
and activates transcription®'”. On the other hand, IFN-y induced transcription
of genes use multiple mechanisms. The most well understood mechanism
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involves STAT1 containing transcription factor GAF (Gamma Activated
Factor), which is activated by phosphorylation by Jak1 and Jak2 and binds to
the GAS sequence element present in the promoter regions of many genes.
Besides GAF mediated transcriptional activation, IFN y can also signal to
the ISRE through a transcription factor distinct from ISGF3, or by using the
CIITA transcription factor to class I MHC genes’.
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Figure 1. Signaling pathways leading to the induction of IFN-stimulated genes. Schematic
representation of the signal transduction pathways involved in the transcriptional induction of
VSIGs. On the left, is the canonical JAK-STAT pathway, where sequential tyrosine
phosphorylations triggered by IFN o/f interaction with IFN receptor (IFNAR), leads to
transcriptional activation of ISRE containing ISG promoters. On the right, is the newly
discovered pathway of TLR3 dependent activation of IRF3 transcription factor.

Toll like receptor 3 (TLR3) is needed in one pathway for dsRNA-
mediated gene induction. A TLR3 knock out mouse showed markedly
reduced induction of inflammatory cytokines in response to dsRNA. Also,
when TLR3, but not other TLRs is expressed in dsSRNA unresponsive 293
cells, they respond to dsRNA'®. dsRNA triggers at least three signaling
pathways leading to the activation of the transcription factors NFxB, IRF-
3/IRF-7 and ATF-2"""%°. All of these factors together drive transcription
from complex promoters present in genes such as the IFN-f gene. In
contrast, the promoters of IFN-inducible genes, such as P56, contain only
ISREs to which activated IRF-3 binds. Activation of neither NFxB nor ATF-
2 is necessary for ISG56 gene induction”’. Among the kinases activated in
dsRNA-treated cells are PKR, IKK, P38 and JNK. For the dsRNA induced
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NFkB activation via TLR3, both the adaptor proteins MyD88 and
TRIF/TICAMI are important™. The adaptor in turn interacts with the IRAK
family of kinases, through their death domains. The signal is transmitted
downstream by the TRAF6 signalosome complex, finally leading to the
activation of IKK and degradation of IkB, releasing the active transcription
factor NFkB*?*. The other arm of the dsRNA signaling pathway involves
transcription factor IRF-32"%, The adaptor protein TRIF/TICAMI1 seems to
be the sole adaptor for this pathway (Figure 2). Thus, TRIF/TICAMI is the
adaptor for TLR3, from which the IRF-3 and NF«B pathways diverge*’. For
the activation of the IRF-3 pathway, two Ser/Thr kinases are necessary,
TBK-1 and PI3K. Upon activation, IRF-3 is phosphorylated leading to its
dimerization and translocation to the nucleus to induce transcription™?.
This activation is a two-step process achieved by sequential phosphorylation
of the protein: TBK-1 is responsible for phosphorylation of one set of
residues whereas a PI3K-initiated pathway phosphorylates another set of
residues®. Double stranded RNA-elicited phosphorylation of specific
tyrosine residues present in the cytoplasmic domain of TLR3 is necessary
for all of the above process®. Two specific phosphotyrosines of TLR3
initiate the two pathways mediated by TBK-1 and PI3K (Figure 2).
Surprisingly, viruses can induce these genes in the absence of many of the
above-described signaling components. For example, Sendai virus can
induce P56 in cells lacking TLR3 or STATI1 (Elco, C and Sen, G.
unpublished observation) indicating that additional signaling pathways exist.

3. FUNCTIONS OF IFN-INDUCED PROTEINS

3.1 Proteins induced by IFN and dsRNA

The proteins encoded by IFN-inducible genes have diverse functions. We
discuss below the functions of selected members of this group, all of which
inhibit cellular and viral protein synthesis using different strategies (Figure
3). The P56 proteins block initiation of translation by interfering with the
functions of elF-3, a protein synthesis initiation factor. The protein kinase,
PKR, interferes with the functions of a different translation initiation factor,
elF-2, by phosphorylating its alpha subunit. The third family of proteins, the
2-5 (A) synthetases, synthesize the oligoadenylates, 2-5(A), which, in turn,
activate the latent ribonuclease, RNasel, and cause degradation of mRNA.
P56 is distinguished from PKR and 2-5(A) synthetases by its non-enzymatic
functions. Moreover, it does not require any co-factor for its actions whereas
both the IFN-induced enzymes need to be activated by co-factors, such as
dsRNA.



Genes Modulated by Interferons and Double-Stranded RNA 41

SEEE= T

dsRNA ‘

=1 |

BPKR pppAZp A7 p% A

elF2a elF2Za* RMNase L RMNasel
Inhibition of Degradation  Inhibition of
Translation of RNA Translation
[P IS]

Figure 2. Translational inhibition pathways induced by IFNs. Two well known IFN-induced
proteins, PKR and OAS, are activated by co-factor dsRNA and inhibit protein synthesis,
whereas another, P56, binds to eIF3 to cause translational inhibition without dSRNA.

3.2 2-5 (A) Synthetases

2’-5’ Oligoadenylate Synthetases (OAS), an important class of IFN
inducible proteins, was discovered as one of the “factors” responsible for the
inhibition of cell free protein synthesis by dsRNA®'**. It was purified from
cells treated with IFN and found to be capable of synthesizing small 2°-5’
linked oligomers of adenosine (2-5 (A)) in the presence of dsSRNA and ATP.
The only known function of 2-5 (A) is to bind and activate the latent
ribonuclease, RNase L, through its dimerization (Figure 4). The activated
RNase L degrades cellular and viral RNA to inhibit protein synthesis and
viral replication’”.

The OAS family proteins are unique and highly conserved with no
significant sequence homology with other proteins. Humans have four OAS
genes: OASI, OAS2, OAS3 and 0ASL34, whereas there are 8 OAS genes
present in mouse. There are three major forms of enzymatically active OAS
proteins found in human cells: 40-46 kDa small isoforms (OAS1), 69-71
kDa medium isoforms (OAS2) and 100 kDa large isoform (OAS3). Other
OAS like proteins (OASL) are inactive. In the case of OAS1 and OAS2,
alternative splicing produces multiple isozymes with different carboxyl
terminal ends (Figure 4). The small isozymes function as tetramers, the
medium isozymes as dimers and the large isozymes as monomers. Although
all three active isozymes are capable of producing 2-5 (A), the length of 2-5
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(A) varies. The OASI isozymes, synthesize up to hexamers of 2-5 (A), and
tend to be processive. The OAS2, P69 isozyme, synthesizes longer, up to
30mers of 2-5 (A), and the reaction is non-processive”. OAS3 makes mostly
dimers of 2-5 (A) that is incapable of activating RNase L.
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Figure 3. The 2-5 (A) System. Type I Interferons through IFN receptors and JAK-STAT
signaling molecules induce mRNA for all 4 OAS isozymes. The mRNA for two of these
isozymes, OAS1 and OAS2, undergo alternative splicing to generate further variants. Proteins
encoded by these mRNAs (except P59) catalyze the polymerization of ATP to 2-5 (A) in the

presence of dsRNA. 2-5 (A), in turn, binds to latent RNase L, activates it to an active
ribonuclease, which degrades RNA.

The primary structure of OAS proteins does not show the presence of any
significant recognizable motif. Structure-function studies using recombinant
proteins have identified several functional domains important for dsRNA-
dependent 2-5 (A) synthesis. All members of the OAS gene family share the
same general organization consisting of a basic 2-5 (A) synthetase domain.
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This domain is found once in the OAS1 and OASL proteins; it is repeated
twice in the OAS2 proteins and three times in the OAS3 protein. Although in
OAS2 and OAS3 multiple 2-5 (A) synthetase domains are present, only the
C-terminal domain seems to actively contribute to 2-5 (A) synthesis. The
unique primer and template independent 2-5 (A) synthesis activity indicates
that the enzyme should have three distinct sites involved in catalysis: an
acceptor site (A) to which the first ATP or elongating 2-5 (A) molecules
should bind, a donor site (D) to which the donor ATP should bind and a
catalytic site (C) that catalyzes the covalent bond formation between the two
substrates. Substrate-crosslinking, protein modeling and mutagenesis studies
have identified these three sites within a short linear sequence of OAS2 P69
C-terminal region’”?*. Three aspartic acid residues D408, D410 and D481
form the catalytic site (C), which overlaps with the acceptor-binding site (A)
consisting of Y421. The donor-binding site (D) is composed of positively
charged residues R544 and K547 (Figure 5). This isozyme is a dimer and its
dimerization is essential for enzyme activity. The amino acids needed for
dimerization of P69 or tetramerization of P46 were identified (C668, F669
and K670) and their mutations destroy the enzyme activity®>>"*. The reason
for the need of dimerization of P69 to maintain its enzyme activity was
studied by co-expressing differentially tagged wt and mutant proteins in
insect cells, and purifying the heterodimers and examining their activities.
Since the mutant/mutant heterodimers, A*/D* and C*/D*, are both
enzymatically active, although none of the parent protein is active, a criss-
cross model of P69 action was proposed™. In this model, the donor bound to
the ‘D’ site of one subunit is covalently linked to the acceptor bound to the
‘A’ site of the other subunit, which also contains the catalytic site (C). It
remains to be seen whether the small isozymes also catalyze in a similar
manner.

Acceptor (A)/ Oligomerization
a Catalytic Site (C) Donor Site (D) domain
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Figure 4. Functional domains in P69 OAS and RNase L. (A) Functionally distinct domains
and important amino acid residues in the C-terminal half of P69 OAS2. The Catalytic Site (C)
is composed of D408, D410, D481; Y421 contributes to Acceptor Binding (A) and R544 is
responsible for Donor binding (D) Three consecutive residues, C668, F669, K670 are
responsible for dimerization. (B) Domain Structure of RNase L showing 9 ankyrin repeats,
kinase like domain and the RNase domain.
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The crystal structure of a porcine OAS1 isozyme has recently been
determined at 1.74 A resolution®' which shows a U-shaped structure with
two major domains. The N-terminal domain consists of a five-stranded anti-
parallel B sheets and two o helices. This is followed by a 35 amino acid
stretch containing two o-helices bridging the N-terminal and the C-terminal
domains. The second domain consists of a four-helix bundle. The first 20
residues of the N-terminus of the protein pack tightly against the C-terminal
domain. The three Asp residues constituting the catalytic site are found in
strands 2 and 5 of the amino-terminal lobe. This structure has strong
similarities with those of poly (A) polymerases that are confined to their N-
terminal and central domains. The Asp residues in the catalytic centers are
similarly located in the two enzymes. Thus, it seems plausible that the reason
for the two enzymes forming different bonds, one 2’-5" and the other 3’-5°,
is because of the way the substrates become accessible to the active centers
of the proteins. Another interesting aspect of the OAS family of enzymes is
their dsRNA activation mechanism. Unlike PKR family of dsRNA binding
proteins, OAS proteins do not have any defined dsSRNA-binding motif. The
crystal structure, mutagenesis and enzyme kinetic studies suggest, that the
activation is a two-step process. First, dSRNA bind to a positively charged
groove in the OAS, followed by a structural rearrangement that widens the
active site cleft.

9-2/E17 isozyme P59 OASL
Active C Oligomerization BH3 OAS Like Ubiquitin
| SRR 7 A
dsRNA JATP
Bei2 | BelX, 7/MBD1
2-5 (A)
RMNA Degradation Apoptosis Antiviral Activity

Figure 5. Non-classical functions of OAS. The 9-2/E17 isozyme, like all other isozymes,
polymerizes ATP to 2°-5” oligoadenylates and activates RNaseL. In addition, it also mediates
apoptosis by interacting with anti-apoptotic proteins Bcl2 and BelXL. The P59 OASL has
been shown to cause inhibition of viral replication, through its ubiquitine like domain, which
also interacts with methyl CpG-binding protein 1**.

Constitutive expression of OAS1 and OAS2 inhibits the replication of
picornaviruses, but not rhabdoviruses™**. OAS enzymes can be activated by
many viral RNAs: HIV TAR RNA, the adenoviral VA RNA and Epstein-
Barr virus EBER-1 RNA**. Recently, the non-enzymatic functions of OAS
family of proteins have become apparent from several studies. Resistance to
West Nile virus infection was mapped to one of the OAS genes, OASIb, in
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mouse™®*’. This allele encodes an enzymatically inactive protein. Mouse
strains that are susceptible to West Nile virus were found to have a C to T
transition in the fourth exon resulting in a truncated OA4S1b gene product.
One of the alternatively spliced OAS1 isozyme, 9-2/E17, has been shown to
cause apoptosis through its C-terminal BH3 domain (Figure 6). This
activity is independent of its enzymatic activity and RNase L. The inactive
OAS like protein, P59 OAS L, has also been shown to confer antiviral
activity against EMCV, when expressed in cell line’'. This activity was
attributed to the C-terminal ubiquitin-like domain.

Because the 2-5 (A) Synthetase/RNase L system is an important part of
interferon’s antiviral machinery, viruses have evolved mechanisms to evade
this pathway. In the case of hepatitis C virus (HCV), interferon-resistant
strains have significantly fewer RNase L cleavage sites (UA and UU), thus
preventing the genomic RNA from RNase L mediated degradation®. The
HCV NSS5A protein specifically binds to OAS1 and inhibits the antiviral
activity of IFN*.

3.3 RNase L

RNase L is a regulated endoribonuclease that is the second major
component of the 2-5 (A) system. It is activated by 2°-5’ oligoadenylates
with at least three adenyl residues and one 5° phosphoryl group”*’. Human
RNase L is a 741 amino acid protein with several identifiable structural
motifs with functional implications (Figure 5). The N-terminal ankyrin
repeats are involved in 2-5 (A) binding and the ribonuclease activity resides
in the C-terminal RNase domain®®*’. There are several protein kinase like
domains in the C-terminal half of RNase L, whose precise functional
importance is still unclear.

2-5 (A) binds to RNase L with very high affinity (K, =4 x 10" M),
converting it from an inactive monomeric state to a potent dimeric RNase™.
Binding of 2-5 (A) to the N-terminal ankyrin repeats, presumably causes a
conformational change of the protein unmasking its dimerization and
ribonuclease domains. RNase L cleaves after UpNp dinucleotide sequences
(primarily after UU and UA sequence) in single-stranded RNA. The
importance of N-terminal inhibitory domain is demonstrated by a truncated,
recombinant RNase L that is constitutively active without 2-5 (A)’". These
findings suggest another mechanism of RNase L activation, independent of
2-5 (A), by proteolysis. In fact, in the case of chronic fatigue syndrome,
cleaved RNase L fragments have been detected in the extracts of peripheral
blood mononuclear cells’”®. However, these fragments are still dependent
on 2-5 (A). An inhibitor of RNase L (RLI) has also been described, which is
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present in the mitochondria, and presumably involved in down-regulation of
mitochondrial mRNA after IFN o treatment®'.

The physiological roles of RNase L have been explored by generating a
mouse with targeted disruption of the RNase L gene®. Slightly elevated
levels of EMCV replication were found in RNase L -/- mice and their
fibroblasts after IFN treatment. More significantly, these mice have enlarged
thymuses, containing more thymocytes, due to diminished apoptosis.
Though the signaling mechanism by which RNase L causes apoptosis, is not
clear, involvement of JNK and Caspase 9 have been indicated”. RNase L
has also been implicated in the onset of familial and sporadic prostate
cancer® . Several loci associated with prostate cancer have been mapped to
different mutations in RNase L, mostly in the N-terminal and the kinase like
domain. Though some of these mutations have been shown to have moderate
effects on the ribonuclease activity, a direct link is still missing.

34 PKR

PKR (Protein Kinase RNA regulated) is a ubiquitously expressed,
interferon-inducible, serine/theonine kinase whose enzymatic activity is
latent, and needs to be activated by autophosphorylation. PKR was
discovered as a key mediator of protein synthesis inhibition when dsRNA
was added to IFN-treated cell-lysate in cell-free translation systems. The
most well known activators of PKR are dsRNA (often produced as an
intermediate product or by-product of viral replication) and the cellular
protein PACT (Figure 7). Once activated, PKR can phosphorylate a limited
set of cellular proteins, the most well characterized of which is the a subunit
of the translation initiation factor elF2. elF2-o phosphorylation leads to an
inhibition of translation, thus contributing to PKR-mediated control of
certain viral infections and cell growth. PKR has also been shown to be an
important element in the transcriptional signaling pathways activated by
specific cytokines, growth factors, dsRNA, and extracellular stresses
(reviewed in 20). In addition, PKR has been implicated in a broad array of
cellular processes such as differentiation, cell growth, apoptosis, and
oncogenic transformation.
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Figure 6. PKR activation by dsSRNA or PACT and its biological effects. PKR becomes active
as a result of its own autophosphorylation. PKR can be activated by dsRNA, produced as a
result of viral replication, or the cellular protein PACT, which itself is phosphorylated by a
stress-activated protein kinase. Once active, PKR has a myriad of biological effects.

While viral dsRNA is the most likely activator of PKR in virus-infected
cells, PACT is probably the more physiologically relevant activator in an
uninfected cell. PACT-mediated PKR activation requires an additional
stress signal for efficient PKR activation in vivo. A variety of cellular
stresses, including withdrawal of growth factors, or treatment of cells with a
low dose of actinomycin D, arsenite, thapsigargin, or peroxide, can promote
PKR activation by PACT®®. Upon stressing cells, PACT becomes
phosphorylated at specific serine residues that allow it to become a better
activator of PKR in vivo (Peters, G., Li, S. and Sen, G. unpublished
observation).
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Figure 7. Domain structure of PKR and PACT. The PKR regulatory domain includes the N-
terminal 170 amino acids, which contain 2 dsRBDs that bind dsRNA. This same region also
interacts strongly with PACT. The PKR catalytic domain spans the C-terminal region and
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contains 11 kinase subdomains, and a weak PACT interaction domain. PACT contains two
dsRBDs, domain 1 and 2, which strongly bind to PKR. PACT domain 3 interacts weakly
with the PKR catalytic domain and is responsible for PKR activation. PACT can also bind
dsRNA through domains 1 and 2. Amino acid numbers are indicated.

The 68 kDa PKR protein contains two functionally distinct domains: an
N-terminal dsRNA binding regulatory domain containing two dsRNA
binding motifs, and a C terminal catalytic domain containing eleven kinase
subdomains (Figure 8). The two dsRNA-binding motifs of PKR, dsRBDI
and dsRBD2, also participate in dsRNA-independent protein-protein
interactions with proteins containing similar domains. Many structure-
function studies have identified critical residues in the regulatory domain
responsible for dsRNA binding and activation of PKR (reviewed in 70).
Upon binding dsRNA, PKR activation is achieved by a conformational
change that exposes the ATP-binding site, causing its autophosphorylation
and permanent activation. Based on NMR structural studies with the PKR
dsRNA-binding domain, along with many previous mutational and
biochemical studies, Nanduri et al have described a model fo