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Abstract

The type I and 111 interferon (IFN) families consist of cytokines rapidly induced during viral
infection that confer antiviral protection on target cells and are critical components of innate
immune responses and the transition to effective adaptive immunity. The regulation of their
expression involves an intricate and stringently regulated signaling cascade, initiated by
recognition most often of viral nucleic acid in cytoplasmic and endosomal compartments and
involving a series of protein conformational rearrangements and interactions regulated by helicase
action, ubiquitin modification, and protein aggregation, culminating in kinase activation and
phosphorylation of critical transcription factors and their regulators. The many IFN subtypes
induced by viruses confer amplification, diversification, and cell-type specificity to the host
response to infection, providing fertile ground for development of antiviral therapeutics and
vaccines.

Introduction

Type | and type Il interferon (IFN) are a diverse family of cytokines, related by structure,
regulation, and function. In humans and most mammals, the classical type | IFN proteins are
encoded by a single IFN-B gene, a dozen or so IFN-a genes, plus various more distantly
related genes and pseudogenes for IFN-¢, «, 1, 3, {, », and v, depending on species. All these
genes share clear sequence homology and chromosomal location, indicative of derivation
from a single ancestral gene through duplication and diversification. In contrast, the more
distantly related type I11 IFN family (3 genes for IFN-A1, A2, and A3, also called 1L28a/p and
IL29) is encoded on a different chromosome and is more closely related in structure and
sequence to the cytokine IL10 [1]. However, a majority of these cytokines is induced in
response to viral infection and in turn induce resistance to viral replication in target cells,
thereby justifying their classification as IFNs [2]. As would be expected for such a diverse
group of cytokines that function in related pathways, they display both significant
commonalities as well as important functional differences, which will be the focus of this
review. Since this represents well-trodden ground, we will attempt to concentrate on recent
developments in the field.
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While conferring necessary and beneficial physiologic attributes, IFNs produce powerful
effects that include numerous modulations of cell physiology, including effects on cell
proliferation, survival, differentiation, protein translation, and metabolism, in addition to
inhibition of viral replication at numerous stages of the viral lifecycle [3]. Thus it is
unsurprising that their production is tightly regulated, the result of an acutely activated
signaling pathway and tightly regulated gene expression, achieved through stringent
regulation of transcription as well as of posttranscriptional control of mRNA stability, and
translation [4]. In addition, many elements of the regulatory pathways governing both the
signaling pathway and IFN gene expression are themselves regulated by IFN, providing an
intricate network of overlapping feed-forward and feedback regulatory loops, overlaid on
homeostatic control of basal expression levels controlled by autocrine/paracrine cytokine
signaling [5,6].

Transcriptional regulation of IFN gene expression

A major level of control of IFN production depends on transcriptional control. IFN gene
expression is maintained at near silent levels in the absence of stimulus, through a
combination of the absence of activated transcription factors and the constitutive presence of
repressive machinery. Gene repression is provided through both a repressed chromatin
configuration involving an occluding nucleosome and the recruitment of gene-specific
transcriptional repressors [7]. A number of transcriptional repressors have been implicated
in negative regulation, including IRF2 [8], a factor that binds to one of the positive
regulatory elements in the IFN-a and — promoters, both competing for binding by positive
regulators and actively repressing transcription. Following stimulation, IRF2 is replaced by
an activating IRF protein, most often IRF3 or IRF7, although under some circumstances/cell
types, IRF1 and IRF5 may play positive roles [9]. In addition to being replaced, there is
evidence for degradation of IRF2 in virus-infected cells. BLIMP or PRDI-BFI is another
negatively acting transcriptional repressor associated with the IFN- promoter, although in
most circumstances the expression of this protein is induced along with the IFN-B gene, and
it acts as a post-induction repressor to attenuate IFN-B gene expression. Interestingly,
degradation of IRF3 may also play a role in post-induction repression [10].

The general paradigm for type | IFN gene induction involves recruitment of sequence-
specific transcription factors that are activated by phosphorylation in response to signaling
cascades stimulated during viral infection (see below). The IFNJ promoter contains four
positive regulatory domains (PRDI-1V), which are occupied by overlapping transcription
factor complexes [11]. IRF-3 (early during infection, due to its constitutive synthesis) and
IRF-7 (with delayed kinetics, due to its inducible expression through a positive feedback
loop) bind PRDI and I11; the ATF-2/c-Jun AP-1 complex binds PRDIV; and the p50/RelA
NF-kB complex binds PRDII (Fig. 1). In addition, roles for the architectural protein
HMGAZ1 and for a positioned nucleosome have been defined [12]. The binding of each of
these components in the correct orientation and location as well as in an orchestrated
temporal sequence results in activation of the IFNJ promoter in response to viral infection
[13]. Requirement for a higher order assembly of multiple transcription factor components
for effective transcription of the IFN-f3 gene triggers its expression in a stochastic and
possibly monoallelic fashion in a minority of virus-infected cells [14], through a mechanism
involving long range interchromosomal interactions with multiple independent loci [15]. In
the context of virus-induced activation of the IFNB promoter, NF-kB, IRF3 and IRF7 appear
to be the most important transcription factors that play essential and non-overlapping roles
[16,17].

An interesting recent insight into negative regulation of IFN gene expression documented
the role of a positioned nucleosome that occludes access to the IFN-B promoter start site in
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the absence of virus infection [18]. In resting cells, although the enhancer region upstream
of the IFN-B promoter is relatively nucleosome-free and therefore potentially available for
binding of activator complexes, the transcriptional start site is blocked by a repressive
nucleosome, preventing recruitment of Pol Il and the general transcriptional machinery. This
barrier to transcription is overcome through the action of the SWI/SNF remodeling complex,
which is recruited to promoter-bound acetylated histones due to bromodomain interactions
of its BRG1 and BRM subunits [19]. ATP-dependent remodeling results in repositioning of
the nucleosome downstream of the start site, allowing transcriptional initiation. Mutational
analysis resulting in removal of the positioned nucleosome greatly relaxed the regulation of
IFN-B expression, allowing it to be induced in response to cytokines such as TNF-a or IFN-y
as well as viral infection [20]. Given that these cytokines activate only individual
transcription factors (NF-kB and IRF-1, respectively), this result suggests that relieving the
barrier of the occluding nucleosome requires the coordinated activity of multiple,
independent transcription factors.

In contrast to IFN-PB, the IFN-a genes display a simpler although similar regulatory
architecture, and individual members of the gene family can be subject to distinct regulation
through incompletely understood mechanisms. Specifically, there appears to be no direct
role for NF-xB or AP-1 complexes binding IFN-a promoters, but members of the IRF
transcription factor family are essential [21]. Roles for IRF1, IRF3, IRF4, IRF5, and IRF8
have been documented as inducers of IFN-a genes [22], with IRF3 and IRF7 playing largely
universal roles while the other family members regulate IFN production in a highly cell
type-specific manner. The multiplicity of IRF isoforms may provide a degree of gene-
specific regulation to the IFN-a family, since their promoters display differential affinities
for distinct IRF proteins [23,24]. However, why IFN-a genes can be regulated by a single
type of transcription factor while the IFN-B gene requires several cooperating complexes,
and why different cells require distinct members of the IRF family to accomplish IFN-a
gene induction are intriguing but as yet unanswered questions.

Although type | IFN genes are tightly regulated in response to viral infection, it has become
clear that IFN-B is also constitutively produced by uninfected cells at exceedingly low but
physiologically significant levels [25]. In contrast to viral induction of IFN-p, constitutive
secretion appears to be independent of IRF3 and 7; instead, there is a switch to dependence
on the AP-1 subunit c-Jun. Constitutive IFN appears to function by maintaining homeostatic
levels of important signaling and response factors that are themselves the products of IFN-
stimulated target genes, thereby insuring an available pool of critical proteins, such as
STATL [25]. The absence of constitutive IFN results in a number of aberrations, such as
deregulation of the hematopoietic stem cell niche, bone resorption, leukocyte homeostasis
and activity, anti-viral responses, anti-tumor immunity and autoimmune diseases [26].
Induction of the IFN-A gene family reflects another twist to the story. These genes display
IRF and NF-xB binding sites at their promoters, and early studies suggested that IFN-A1 was
regulated similarly to IFN-B, dependent on IRF3 and NF-xB, while IFNA2/3 regulation
resembled IFN-a, dependent on IRF7 [27,28]. Nonetheless, they can be regulated differently
than the type I IFN genes, at least in some cell types infected with certain viruses [2,29], and
there is evidence that IRF and NF-«B proteins function independently on IFN-A promoters,
rather than in concert [30]. Additional evidence for distinct regulation of IFN-A synthesis
comes from genetic studies of viral susceptibility. Polymorphism of the IFN-A3 locus
correlates strongly with resolution of HCV infection and sustained response to treatment
[31-33]. While the molecular mechanism underlying the action of this polymorphism
remains undetermined, it suggests that subtle changes in IFN-A gene expression or function
can have profound effect on viral infection.
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Virus-induced signaling pathways regulating IFN gene expression

Sensing microbial pathogens is the first step required to initiate and modulate the IFN-
dependent innate immune response. Cellular sensors responsible for pathogen recognition
can be classified into 4 groups: the membrane bound Toll-like receptors (TLR), the
cytoplasmic RIG-like receptors (RLR) mainly responsible for sensing RNA viruses, the
nucleotide binding oligomerization domain (NOD)-like receptors, and a disparate family of
cytoplasmic and possibly nuclear DNA sensors [34]. The signaling cascades downstream of
pathogen recognition that lead to type | and Il interferon promoter stimulation have been
the subject of intense research in the past decade. A remarkable paradigm for signal
propagation has emerged from this research, documenting critical roles for sensing nucleic
acids by helicases, protein modification by ubiquitin ligases, and induced protein interaction
and aggregation that creates platforms for kinase/substrate assembly and phosphorylation

(Fig. 1).

Signaling events downstream of cytoplasmic RLR

Three related DExD/H box containing RNA helicases called retinoic acid inducible gene
(RIG-I), melanoma differentiation-associated gene 5 (MDAJS), and LGP2 function as
sensors of RNA virus infection. RIG-1 and MDADS signal the presence of primarily 5’-
phosphorylated RNA and long double-stranded RNA, respectively, while LGP2 appears to
play an auxiliary role in RNA recognition [35,36]. RNA binding induces a conformational
change and exposes N-terminal caspase activation and recruitment domains (CARD) that
bind to the CARD of the mitochondrially-localized adaptor molecule MAVS (mitochondrial
antiviral signaling), also known as IPS-1 (IFNP promoter stimulator 1), VISA (virus induced
signaling adaptor), and Cardif (CARD adaptor inducing IFNp). Activation of RIG-I by short
double-stranded and 5’-phosphorylated RNA also requires interaction with unanchored
polyubiquitin chains of Lys 63 linkage [37]. Recent advances demonstrated a remarkable
activation mechanism for MAVS: in the presence of both viral RNA and K63 polyubiquitin
chains, RIG-I promotes the formation of large prion-like MAVS aggregates on the
mitochondrial membrane [38]. This auto-propagatory conformational switch may be one of
the features that confers exceptionally high sensitivity and amplification to antiviral
responses.

Ubiquitin modification appears to be a common component of antiviral signaling. Whether
MDAS5 triggers MAVS aggregation has not yet been reported, but this mechanism is likely
since MDA5 CARD:s also have the ability to bind K63 polyubiquitin chains. Adaptors of the
TRAF (tumor necrosis factor receptor associated factor) family [39], in particular TRAF2,
TRAF3, and TRAF6, serve as ubiquitin ligases for signaling and are recruited by MAVS
aggregates [38]. TRAF proteins are in turn essential for the recruitment/activation of the
MAP (mitogen activated protein) kinase, the IKK complex, and IKK related kinases TBK1/
IKKe. These kinases respectively activate activator protein (AP)-1, NF-xB and IRF3 and 7
that are required for IFN gene induction [40].

A number of modulators have been reported to positively or negatively modify the function
of these primary components and add to the complexity of this tightly regulated pathway.
An unusual one is STING (Stimulator of Interferon Genes), a transmembrane protein
localized in the endoplasmic reticulum, which was recently shown to play a critical role in
RIG-I but not MDA-5 mediated signaling [41], thereby possibly allowing diversification of
signal propagation. However, its precise mode of action is still under scrutiny and remains
controversial [42]. Given its association with the translocon, it has been suggested that
STING participates directly in TBK1 recruitment through physical interaction with the
exocyst complex. Indeed, Sec5, a component of the exocyst complex, has been shown to
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directly recruit and activate TBK1, also a component of the exocyst [43]. Recruitment of
TBK1 by STING [44] appears to be another process that is again regulated by ubiquitin
modification [45].

Although the RLR proteins are considered primary sensors of viral nucleic acid, there are
additional signaling steps regulated by helicases, presumably triggered following binding
foreign nucleic acid. Roles for DDX3 and DDX60 in viral induction of IFN have recently
been documented, although the exact mechanism of their action remains unclear.
Interestingly, in addition to being required for augmenting IFN production, these helicases
are also targeted by viruses to evade immune recognition [46—49].

Signaling events downstream of TLRs

TLRs are predominant receptors in innate immune cells such as dendritic cells, and they
serve as the primary viral sensors for IFN production in plasmacytoid dendritic cells (pDC),
cells that are capable of producing very high levels of IFN and are therefore critical for
antiviral defense [50]. pDCs express only 2 types of TLRs, 7 and 9, that bind single-stranded
RNA and CpG DNA, respectively, and employ a unique signal transduction pathway [51].
After binding their respective ligands, the adaptor protein myeloid differentiation primary
response gene 88 (MyD88) is recruited to these receptors and in turn recruits IRAK (IL-1R
associated kinase) 1 and 4 and IRF7. TRAF3 and 6 are subsequently recruited to this
activation complex. IRF7 is thought to be directly phosphorylated by IRAK1 following a
PINZ1-dependent isomerization reaction [52], although IKKa may be an additional activating
kinase. IKKa was shown to be capable of directly phosphorylating IRF7 following
activation by NIK [53] and to be essential for IFNa production by TLR7 [54]. Osteopontin
has been reported to be yet another critical player for IRF7 activation, though its role
remains ill defined [55].

TLR3, a sensor for extracellular and endosomal double-stranded RNA, signals through an
alternative pathway by recruiting the adaptor TRIF, also known as TICAM-1 [56]. TRAF3-
TRIF interaction serves as a link to the recruitment of the IRF kinases, TBK1 and IKKe.
NAP (NAK associated protein) 1 and TRAF proteins also play a role in the formation of an
active IRF kinase complex [57,58]. The other arm of the pathway involves the recruitment
of RIP1 and TRAF6, even though the involvement of TRAF®6 is still controversial and might
be cell type specific, with this arm culminating in the activation of NF-xB and AP-1.

Signaling events downstream of DNA sensors

Unraveling the identity of sensors for foreign DNA has been an area of intense research
these past years, resulting in the identification of a growing number of potential players.
Among the identified candidates are: DAI, AIM2, IFI16, pol I11 and most recently DDX41.
The signaling events downstream of these receptors are still largely uncharacterized, as is
the issues of specificity and redundancy, but a number of known players of the TLR and/or
RLR pathways are involved in the cellular response to DNA. A strict requirement for
STING, TBK1 and IRF3 has been clearly demonstrated in the majority of studies. However,
much detail of the signaling pathways still needs to be worked out, such as the potential for
individual specificity or activity of the different sensors or the existence of a unique versus
multiply redundant DNA sensing pathways [59,60].

The Antiviral Response

Once type | (IFN-a and IFN-B) and type I11 (IFN-A) IFNs are induced by infection or other
stimuli, they are secreted by infected cells or stimulated pDCs and bind distinct surface
receptors on target cells. Although the signaling pathways triggered downstream of type |
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and type 111 receptor engagement lead to similar transcriptional responses, the receptors
themselves are distinct. IFN-o and - bind to a ubiquitously expressed receptor (IFNAR)
made up of IFNAR1 and IFNAR?2 chains [61]. IFN-A binds an unrelated receptor consisting
of IFN-A receptor 1 (IFNLR1) and a second subunit shared with the 1L-10 receptor, IL10R2.
Binding of any of these IFNs to their respective receptors leads to activation of the
transcription factor ISGF3 [62] composed of STAT1, STATZ2, and IRF9 [50], and the
transcriptional activation of a common set of interferon stimulated genes (1SGs) [63-65]. It
is the proteins encoded by the ISGs that mediate the antiviral, immunostimulatory, and
antiproliferative effects of these cytokines [66]. The importance of this pathway for our
survival cannot be overstated. Only three patients lacking IFN-o/f3 responsiveness have ever
been identified, and none has survived infancy [67,68]. Each of these patients carried a statl
gene mutation; two died with overwhelming virus infection, the third of complications of
bone marrow transplantation. Thus, the recent discovery of IFN-A explained the heretofore
puzzling observation that mice lacking IFNAR were not uniformly susceptible to viruses
thought to be controlled by this pathway [69—71]. Therefore, IFN-a/p and IFN-A are
redundant in some settings, in that both can activate ISGF3 formation, but a Statl mutation
would inactivate both of these pathways.

The most striking difference between IFN-o/f and IFN-X action is due to receptor
distribution (Fig.2). While the IFN-a/B receptor is present on all cells, and all nucleated cells
can produce and respond to IFN-o/B, expression of the IFNLR chain of the IFN-A receptor is
thought to be limited primarily to epithelial cells [72]. Several studies have shown that the
epithelium of the intestine, lung, and vagina can be protected from viral infection by IFN-A
treatment [73,74], and it is preferentially induced by influenza A virus and respiratory
syncytial virus infection [75,76]. Likewise, hepatocytes express IFNLR1 [65], and clinical
trials of IFN-A treatment for HCV, a hepatotropic virus, are showing promise [101]. In
addition to differential induction patterns, there are also indications that IFN-A signaling
may be resistant to feedback mechanisms targeting IFN-a [77], allowing it to be a more
effective antiviral, at least under some circumstances. In a mouse model of rotavirus
infection, IFN-A is more protective than IFN-a, but the basis for this enhanced efficacy has
yet to be determined [74]. These accumulated data suggest that these distinct but convergent
pathways allow a nuanced response to virus infection, with the diversity of IFN types
allowing enhanced IFN production and prolonged action in the anatomic compartments that
are open to the outside of the body and therefore serve as major portals for pathogen entry.

Immunoregulation by IFN

In addition to their antiviral action, IFN-o and -p play a major role in orchestrating the
development of the adaptive immune response to infection. They do this indirectly, via
upregulation of cytokines, chemokines, and intermediate signaling molecules that affect
immune cell activation, growth and trafficking, and also via direct effects on dendritic cells
(DCs), NK cells and lymphocytes. DCs act both as sensors of infection and antigen
presenting cells, and IFNs are one of the signals that signify viral infection. Treatment of
immature DCs with IFN-a/p results in upregulation of maturation markers and an enhanced
ability to stimulate B and T cells [78-80]. Along with maturation, IFN-a/p treatment results
in secretion of chemokines and cytokines including IL-10, IL-15, BAFF and APRIL
production by DCs [81-83]. Many different effects of IFN-o/p on IL-12 production by DCs
have been reported, suggesting that this may be context dependent. In combination, the IFN
induced DC maturation and cytokine secretion promote antibody production and class
switching by B cells, and cross priming of CD8+ T cells [80,84].

It has also become clear that IFN-o/f signaling in T, B and NK cells has important cell-
autonomous consequences, and that responses to IFN-a/p by these cell types occur by both
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canonical and non-canonical IFN signaling pathways [85-88]. In the absence of infection,
the abundance of the Statl protein is low, but it is rapidly induced by rising IFN-a/B levels
in response to infection. In NK cells, early IFN-a stimulation drives primarily Stat4 rather
than Stat1 phosphorylation, leading to enhanced IFN-y production. However, as Statl levels
rise, IFNAR stimulation will preferentially activate Stat1, resulting in enhanced NK cell
killing and a loss of IFN-y production. Thus, it is the ratio of Statl and Stat4, influenced by
the cytokine milieu, that dictates the behavior of this cell type in response to changing
conditions [89]. Although NK cells have a remarkably high basal level of Stat4, similar
events have also been demonstrated for T cells. To carry out the viral clearance necessary
for host defense, virus-specific CD8+ T cells must proliferate early in infection. This would
appear to present a conundrum, because activated Statl responses are antiproliferative and
access to Stat4 is critical for IFN-y production. However, antigen-specific, CD8+ T cells
actively degrade Statl, promoting Stat4 activation; while Stat1 activation in non specific T
cells inhibits their expansion [86].

This nuanced response to IFNAR activation by immune cells has now been demonstrated for
B and CD4+ T cells as well, and taken together these studies create a new paradigm
regarding the role of IFN-o/B in anti-viral immunity (Fig.3). Not only are these cytokines
essential for rapid establishment of the antiviral state, they are also required for development
of a robust lymphocyte response to clear virus and mount an anti-viral antibody response.
Recent work with PBMCs from healthy donors demonstrated differential Statl, Stat3 and
Stat5 activation by IFN-fB in monocytes, T cells and B cells [88], with very low levels of
Statl activation in B and CD4+ T cells. Therefore, in some cells types, Statl activation by
IFNAR is inefficient, and alternative sets of genes are transcriptionally up or down-regulated
by IFN-ap [88]. The effects of Stat activation are broadly understood [90]. Statl activation
is proinflammatory and proapoptotic, Stat3 activation antagonizes transcriptional activation
by Statl [91], both Stat3 and Stat5 activation promote cell proliferation, Stat4 activation is
anti-apoptotic and essential for Th1 differentiation [85,92]. The mechanisms that determine
which Stats will be activated in a given cell type are not yet known. A comprehensive
review of cell type specific type | IFN signaling outlines the various possible mechanisms,
including altered receptor expression, differential ligand binding (B versus a-subtypes),
variable activation of kinases, presence/activation of cell type specific transcription factors
and previous cytokine exposure[93].

It will be interesting to learn the extent to which IFNLR signaling parallels that of IFNAR.
As with IFN-o/B, Stats 1-5 can be activated in cultured cells by IFNLR signaling [63], but
this has yet to be explored in vivo. Given that IFN-o/f and IFN-A use distinct receptors, it
would be surprising if their signaling were identical. In addition, the ability of immune cells
to respond to IFN-A remains a matter for debate. Studies based on ISG induction in mouse
tissues [72,94] and measurement of full length IFNLR1 mRNA in human hepatocytes and
PBMCs [95,96] suggest that this receptor is expressed at very low levels in immune cells;
but there are also reports describing IFN-A signaling and receptor expression in some DC
and lymphocyte subsets [97-99]. This is an important issue and further studies correlating
IFNLR1 mRNA expression, protein expression at the cell surface and signaling are needed
to determine whether, like IFN-o/B, IFN-A plays a direct role in shaping the adaptive
immune response. Clinical trials of IFN-A for HCV treatment were based on the hypothesis
that limited IFN-A receptor tissue distribution would decrease the viral load in infected
hepatocytes [65,100] without the toxicity that accompanies IFN-a treatment. This
expectation has so far been met [101], lending support to the emerging paradigm that both
IFN-a/p and IFN-A contribute to host antiviral defense, with IFN-o/p being also a major
regulator of immune cell function with both beneficial and detrimental sequelae.
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Conclusion

More than 50 years after the discovery of IFN, we are far from fully understanding how this
complicated network of signals is regulated and triggered. Recent discoveries in the area of
virus sensing and IFN induction, the advent of IFN-X, and a new focus on Statl-independent
type | IFN responses, have both reinforced and challenged established paradigms, leading to
an appreciation that this arm of host defense is more finely tuned than had been previously
suspected.

The discovery of IFN-A, and its differential induction by virus, underscores the fact that
there is still much to understand about pathogen-specific interactions with innate host
defenses. The possibility that this powerful antiviral cytokine is regulated differently than
IFN-0/p adds a new dimension to our thinking about how the antiviral state is initiated and
maintained. Relatively little is known about the mechanisms of IFN-A induction, and the
question of how widely the IFNLR is expressed is still debated. We hypothesize that this
new family of IFNs has functions distinct from IFN-a/B, but this has yet to be definitively
shown.

Another paradigm shift involves our growing appreciation of how IFN-o/p signaling can
trigger opposing effects in different cell types. The realization that Stats other than Stat1 and
Stat2 are activated through the IFNAR represents a big step forward in our understanding of
how adaptive anti-viral responses are orchestrated. In addition to inducing ISGF3-mediated
gene regulation, activation of alternative Stats appears to enable rapid differentiation and
proliferation of antigen specific cells in the context of high IFN-o/p levels. Rather than
opposing the outgrowth of virus specific T and B cells, these cytokines appear to play an
important role in promoting this process. It is likely that, as new mechanistic details emerge,
an enhanced understanding of these interactions will lead us a step closer to deployment of
more effective antiviral vaccines and therapies.

Highlights
Viral infection induces type | and Il IFN through recognition of viral nucleic acid.
Ubiquitin is a key signaling component downstream of nucleic acid receptors.

Aggregation of signaling intermediates on organellar scaffolds activates downstream
kinases.

Phosphorylation activates transcription factors that reorganize chromatin and recruit
coactivators to induce IFN gene transcription.

Cell type restricted expression of IFN receptors results in tissue specific responses.
Differential regulation of STAT protein abundance hones distinct responses across the
infection cycle.
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Figure 1. Induction IFN by viruses

Virus infection triggers a complex signaling cascade involving ubiquitin modification and
protein aggregation, leading to kinase activation and transcription factor phosphorylation.
Signaling is initiated by the detection of viral nucleic acid by both cytoplasmic helicase
receptors and endosomal transmembrane Toll-like receptors, activating distinct signaling
pathways that converge on transcription factor phosphorylation. Kinase activation is
controlled by signaling protein aggregates that assemble as scaffolds on organellar surfaces,
including mitochondria, endoplasmic reticulum, and possibly peroxisomes. Phosphorylated
IRF3 and IRF7 and activated NF-«xB translocate to the cell nucleus, where they bind to
enhancer/promoter regions of IFN genes. IFN-B (and probably some IFN-A subtypes)
requires assembly of a multiprotein enhanceosome that alters chromatin structure, sliding an
occluding nucleosome that would otherwise prevent polymerase recruitment. The multiple
type I and 111 IFN genes are largely regulated in analogous fashions, although differential
utilization of multiple IRF isoforms, some of which are subject to feedforward and feedback
regulation, produces distinct patterns of induction of the individual genes under different
circumstances.
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Figure 2. Tissue-specific biological effects of type I and 111 IFN

IFN-a, -p and -A are induced by virus infection and secreted by both infected cells and
plasmacytoid DCs. Their relative ratio may vary with the pathogen, but IFN- is the
predominant cytokine secreted by either cell type in the course of influenza virus infection.
IFNs can be detected in the blood and in bronchoalveolar lavage fluid during respiratory
infection. Respiratory and intestinal epithelial cells are polarized, and there is evidence that
IFN receptor expression on intestinal epithelia is polarized as well, with IFNAR localized to
basolateral surfaces and IFNLR present on both basolateral and apical surfaces. Receptors
on the basolateral surface can detect IFNs present in blood, while apical receptors will see
IFNSs present at the luminal surface. Signaling through IFNAR or the IFN-A receptor leads to
Statl and Stat? tyrosine phosphorylation, and formation of the ISGF3 complex consisting of
phospho-Stat1, phospho-Stat2 and IRF9, which activates target gene expression following
nuclear translocation. T and NK cells lack the IFNLR chain, and therefore cannot respond to
IFN-L. However, the response to signaling through IFNAR is conditional (see also Fig. 3).
In naive mice, both Statl and Stat4 are present in NK and T cells, with constitutive levels of
Statl much lower than Stat4. In this state, IFN-a/p signaling results predominantly in Stat4
phosphorylation, which occurs in a Stat2 independent manner and triggers IFN-y production.
In the course of viral infection, Statl levels are induced by IFN signaling, altering the ratio
of Statl to Stat4 in stimulated cells. The consequences of this shift are only partly
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understood, but serve to explain seemingly contradictory responses of T and NK cells to
IFN-a treatment. For example, despite the known antiproliferative effect of IFN-a, virus
specific CD8 T cell expansion can occur at a time when IFN levels are high. However, low
levels of Statl in actively dividing CD8 T cells from infected mice render this population
resistant to the anti-proliferative effects of IFN.
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The canonical pathway, activated in
most cell types, leads to ISGF3
formation. Formation of this complex
promotes an anti-viral, proinflammatory
and anti-proliferative state. IFN-A also
leads to ISGF3 formation.

STAT4 is activated in T and NK cells.
When present in excess of STATT, it
promotes IFN-y production and anti-
apoptotic effects. The ifng gene is a
newly defined Stat4 target [102). When
levels of STAT1 rise, IFN-a/B signaling
then inhibits IFN-y synthesis.

STAT3 and STATS are the primary
STATs phosphorylated in B cells and
CD4+ T cells. These are activated in
CD8+ T cells and monocytes as well,
but in addition to STAT1. It is not known
what complexes are formed by these
activated proteins or which promoter
elements they bind, but distinct subsets
of ISGs are up- or down-regulated in
each cell type. Tyrosine phosphorylated
STAT3 and STATS activate anti-
apoptotic, antiviral, and anti-
inflammatory pathways

Figure 3. Cell type-specific biological effects of type | IFN during virus infection

IFN-a, and - are induced by virus infection and secreted by both infected cells and
plasmacytoid DCs. In most cell types, signaling through IFNAR receptor leads to Statl and
Stat2 tyrosine phosphorylation, and formation of the canonical ISGF3 complex consisting of
phospho-Statl, phospho-Stat2 and IRF9, which activates target gene expression following
nuclear translocation. However, the response to signaling through IFNAR is both cell
specific and context dependent. In most cells studied Stat3 is also activated by IFN-af, and
acts as a brake on Statl-mediated, antiviral, proinflammatory, proapoptotic gene expression.
Both Statl and Stat4 are activated in NK and CD4+ T cells, but Stat4-mediated IFN-y
production by these cells requires low levels of Statl. Statsl, 3 and 5 are activated by IFN-f
treatment of resting B and T cells, with a cell type specific pattern, with very little Statl
activation in B cells and CD4+ T cells. Stat5, like Stat3, is anti-apoptotic and promotes cell
proliferation. However, even in the absence of pStatl, antiviral ISGs can be expressed
through IRF-containing complexes binding to alternative enhancer elements [88]. The extent
to which IFN-) activates Stats other than Statl and Stat2 has yet to be determined.
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