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Interferons (IFNs) are a broad class of cytokines elicited on challenge to the host defense and
are essential for mobilizing immune responses to pathogens. Divided into three classes, type
I, type II, and type III, all IFNs share in common the ability to evoke antiviral activities initiated
by the interaction with their cognate receptors. The nine-member IFN regulatory factor (IRF)
family, first discovered in the context of transcriptional regulation of type I IFN genes follow-
ing viral infection, are pivotal for the regulation of the IFN responses. In this review, we briefly
describe cardinal features of the three types of IFNs and then focus on the role of the IRF family
members in the regulation of each IFN system.

All three classes of interferons (IFNs) are so
named because of the shared property to

interfere with viral replication in the host
(Weissmann and Weber 1986; Taniguchi 1988;
Stark et al. 1998; Levy and Garcia-Sastre 2001;
Samuel 2001; Katze et al. 2002; Pestka et al. 2004;
Platanias 2005; Vilcek 2006). It is perhaps not an
exaggeration to say that the discovery of IFNs
provided the biggest impetus for the study of all
cytokine research. Type I IFNs were initially dis-
covered as soluble factors that mediated viral
interference. This is defined as the resistance
to virus infection induced by a prior viral infec-
tion (Isaacs and Lindenmann 1957; Nagano and
Kojima 1958). It was not until after two decades
of study that type I IFN genes were cloned, se-

quenced, and formally recognized to comprise a
related gene family (Knight 1975; Taniguchi
et al. 1979; Maeda et al. 1980; Rubinstein et al.
1981; Weissmann and Weber 1986; Taniguchi
1988; Stark et al. 1998; Levy and Garcia-Sastre
2001; Samuel 2001; Katze et al. 2002; Pestka et al.
2004; Platanias 2005; Vilcek 2006). Type I IFNs
are principally expressed by innate immune cells
(Hervas-Stubbs et al. 2011). Type II IFN, repre-
sented by a single gene product, IFN-γ, was rec-
ognized for its antiviral activity induced by ac-
tivated immune cells, typically by natural killer
(NK) and T cells (Wheelock 1965; Gray et al.
1982). Type III IFNs (also called IFN-λ and ini-
tially also called interleukin [IL]-28 and IL-29)
are restricted in their tissue distribution (e.g., are
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not highly expressed in hematopoietic cells),
and act predominantly at epithelial surfaces
(Sheppard et al. 2003; Iversen and Paludan
2010).

In this review, we first describe briefly the
cardinal features of the three types of IFNs in
the context of the signal transduction pathways
they trigger and biological activities elicited and
then focus on the regulation of these IFN re-
sponses by the IFN regulatory factor (IRF) tran-
scription factor family. Of particular note, the
discovery of so-called innate immune receptors
beginning with Toll-like receptor 4 (Medzhitov
et al. 1997) has provided the stimulus and con-
text for understanding the regulatory mecha-
nisms of IFNs by the IRF family transcription
factors. Because of space limitations, we are un-
able to touch on various biological activities
manifested by IFNs but instead point the reader
to the many excellent reviews on the topic
(Pestka et al. 2004; Vilcek 2006; Tamura et al.
2008; Trinchieri 2010).

THREE TYPES OF IFNs: A BRIEF OVERVIEW

The molecular characterization of IFNs began
when type I IFN genes were recognized to com-
prise a gene family (Taniguchi et al. 1980; Pestka
et al. 2004; Vilcek 2006). The two best-charac-
terized andmost broadly expressed genes of this
subtype are IFN-α, encoded bymore than a doz-
en genes, and IFN-β (single gene family) (Deck-
er et al. 2005). Other type I IFN subtypes are
known, namely, IFN-ω, and IFN-τ, but remain
poorly characterized because of limited tissue
expression, overlapping function with IFN-α
and IFN-β, and species-to-species differences
(Pestka et al. 2004; Capobianchi et al. 2015).

All type I IFN classes bind to a heterodimeric
receptor composed of two chains, IFNAR1 and
IFNAR2, which signal through recruitment of
Janus-activated kinases (JAKs) TYK2 and
JAK1, respectively (Fig. 1) (Taniguchi and Ta-
kaoka 2001; Pestka et al. 2004; Decker et al. 2005;
Ivashkiv and Donlin 2014). Activation of these
JAKs causes tyrosine phosphorylation of signal
transducers and activators of transcription
(STAT)1 and STAT2, which in turn leads to
the formation of a trimeric complex, called

ISGF3 (IFN-stimulated gene [ISG] factor 3)
that consists of STAT1, STAT2, and IRF9 (Tani-
guchi and Takaoka 2001; Pestka et al. 2004;
Decker et al. 2005; Ivashkiv and Donlin 2014).
ISGF3 is a transcriptional activator that on
translocation to the nucleus binds IFN-stimulat-
ed response elements (ISREs) in gene promoters
of IFN-inducible genes (ISGs) to initiate gene
transcription. On the other hand, IRF2, local-
ized in the nucleus, functions as a transcriptional
attenuator of ISGF3-mediated transcriptional
activation; hence, absence of IRF2 results in ex-
cessive type I IFN signaling (Hida et al. 2000).
IFNAR activation also results in the activation of
STAT1 homodimers that bind and activate γ-
activated sequence (GAS) (IFN-γ activated se-
quence) motifs, leading to the induction of gene
transcription (Decker et al. 2005). Although less
well characterized, type I IFN signalingmay also
induce signaling of mitogen-activated protein
kinase (MAPK)/c-Jun amino-terminal kinase
(JNK) pathways (Platanias 2005).

Type II IFN or IFN-γ is structurally unre-
lated to the other two classes of IFN genes and
is best known as a critical cytokine secreted dur-
ing activated NK- and T-cell responses (Whee-
lock 1965;Grayet al. 1982). Further, IFN-γbinds
a different cell-surface receptor consisting of
IFNGR1 and IFNGR2 subunits, which in turn
associate with JAK1 and JAK2, respectively (Fig.
1). The activation of these kinases results in
STAT1 homodimerization and nuclear translo-
cation that targets GAS DNA sequences. It is
worth noting that ISGF3 is also activated by the
IFN-γ signaling, albeit weakly (Takaoka et al.
2000). It was also shown that effective IFN-γ
signaling is contingent on a weak type I IFN
signaling caused by a low constitutive produc-
tion of type I IFNs (Takaoka et al. 2000).

Type III IFN or IFN-λs are the least charac-
terized IFN family. Structurally related to type I
IFNs and to the IL-10 family (Pestka et al. 2004;
Uze and Monneron 2007; Lazear et al. 2015),
this family includes IFN-λ1 (IL-28A), IFN-λ2
(IL-28B), and IFN-λ3 (IL-29). IFN-λs bind to
a heterodimeric cytokine receptor composed
of an IL-28R-binding chain and IL-10R2 that
is shared with the IL-10 family of cytokines
(Fig. 1) (Uze and Monneron 2007). Similar to

H. Negishi et al.

2 Cite this article as Cold Spring Harb Perspect Biol 2018;10:a028423



Cytoplasm

IFNAR1 IFNAR2

IFNGR1

IFNGR2

IFNLR1

Type I IFN

Nucleus

Type II IFN Type III IFN

MAPK/JNK
pathway

TYK2
JAK1

STAT1
P

P

STAT1

STAT2
IRF9

ISGF3

PP
P

STAT1

GAF
STAT2

IRF9
ISGF3

PP
P

STAT1

IL10R2

JAK2

JAK1

JAK2

JAK1
TYK2 JAK1

ISRE ISREGAS

IRF2

Figure 1. Signal transduction by type I, type II, and type III interferon (IFN) receptors. A schematic view of the
signal transduction pathways for the three types of IFN is shown. Type I IFN binds IFNAR2, leading to the
subsequent recruitment of IFNAR1. IFN-β also forms a stable complex with IFNAR1 in an IFNAR2-indepe-
nent manner, whereas IFN-α does not (de Weerd et al. 2013). The binding of type I IFN induces formation of
a receptor complex between IFNAR-1 and IFNAR-2, leading to activation of the receptor-associated TYK2
and JAK1 kinases. This is followed by the tyrosine phosphorylation of signal transducers and activators of
transcription (STAT)1 and STAT2 and, on recruitment of IFN regulatory factor (IRF)9, forms the heterotri-
meric IFN-stimulated gene factor 3 (ISGF3) transcription factor complex. In addition, a STAT1 homodimer,
termed IFN-γ-activated factor (GAF), is also formed. These transcriptional–activator complexes translocate
into the nucleus and activate the IFN-stimulated regulatory elements (ISREs) or γ-activated sequences (GASs)
promoter elements, for ISGF3, or GAF, respectively. IRF2 functions as a transcriptional attenuator of the
ISGF3-mediated transcriptional activation. Type I IFN signaling may also induce signaling of mitogen-acti-
vated protein kinase (MAPK)/c-Jun amino-terminal kinase (JNK) pathways. Type II IFN binds as a homo-
dimer and induces dimerization of IFNGR1 subunits and recruitment of IFNGR2 subunits. This association
causes the phosphorylation of JAK1 and JAK2 kinases, leading to phosphorylation of STAT1. Phosphorylated
STAT1 forms the GAF complex. IFN-γ signaling also activates ISGF3, albeit weakly. Type III IFN receptor
signaling cascade causes activation of JAK1 and TYK2, which causes the recruitment of STAT1 and STAT2 to
form the ISGF3 transcription factor complex that binds to ISRE elements in gene promoters to induce
transcription of IFN-inducible genes (ISGs).
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type I IFNs, the type III IFN receptor signaling
cascade causes activation of JAK1 and TYK2 to
cross-tyrosine phosphorylate the receptor com-
plex, which causes the recruitment of STAT1
and STAT2 to form the ISGF3 transcription fac-
tor complex that activates ISGs (Uze and Mon-
neron 2007; Lazear et al. 2015).

THE IRF FAMILY TRANSCRIPTION FACTORS

The IRF family of transcription factors is best
known for its involvement in the regulation of
gene expression that underlies IFN responses.
Because there are available numerous review ar-
ticles that describe in detail the function of each
(Paun and Pitha 2007; Tamura et al. 2008; Yanai
et al. 2012; Mancino and Natoli 2016), only the
cardinal features of the IRF family are described
in brief below. There are nine IRF proteins in
mammals: IRF1, IRF2, IRF3, IRF4/PIP/LSIRF/
ICSAT, IRF5, IRF6, IRF7, IRF8/ICSBP, and
IRF9/ISGF3γ (Paun and Pitha 2007; Tamura
et al. 2008; Yanai et al. 2012; Mancino and Na-
toli 2016). In addition, IRF10 was found in birds
and teleost fish but it is absent humans andmice
(Suzuki et al. 2011).

All IRF proteins have a conserved amino-
terminal DNA-binding domain (DBD) with a
wing-type helix–loop–helix structure and a mo-
tif containing five regularly spaced tryptophan
residues, which resemble the Myb DBD (Veals
et al. 1992; Honda et al. 2006). The DBD recog-
nizes a consensus DNA sequence element (A/
GNGAAANNGAAACT) (Tanaka et al. 1993),
termed ISRE, which is found in the gene pro-
moters of type I IFN, type III IFN, and ISG
genes. The carboxy-terminal region of IRFs
contains a conserved IRF-association domain
(IAD)1 or IAD2, which mediates homodimeric
and heterodimeric intramolecular interactions
with other IRF members, transcription factors,
and/or cofactors (Takahasi et al. 2003).

REGULATION OF THE TYPE I IFN SYSTEM
BY IRFs

Clearly, the IRF familymembers are best studied
for their intimate critical involvement in type I
IFN gene induction. Below, we summarize the

current status of the IRF-mediated type I IFN
gene induction by the activation of distinct types
of innate pattern-recognition receptors, as well
as IRF-mediated IFN responses.

Regulation of Type I IFNs by IRFs via Toll-Like
Receptor (TLR) Signaling

TLRs were the first discovered pattern recogni-
tion receptors (PRRs) that recognize a variety
of pathogen-associated molecular patterns
(PAMPs) derived from pathogens to trigger the
gene induction of type I IFNs and proinflamma-
tory cytokines, resulting in the activation of im-
mune responses (Medzhitov 2001; Kawai and
Akira 2006). Thirteen TLR proteins (12 in mice
and 10 in human) have been identified to date.

TLRs are localized to cell membranes on the
cell surface or within endosomes. For instance,
TLR3 is mainly localized to endosomes and
recognizes double-stranded (ds)RNA derived
fromviruses or self-RNAderived fromdead cells
(Alexopoulou et al. 2001;Wang et al. 2004; Rudd
et al. 2006), whereas TLR4 is located on the cell
surface and recognizes a variety of PAMPs from
bacteria or damage-associated molecular pat-
terns (DAMPs) derived from dead cells (Kawai
and Akira 2006; Andersson and Tracey 2011).
Upon binding to cognate ligand, TLRs recruit
adaptor proteins such as myeloid differentiation
primary-response protein 88 (MyD88) and/or
Toll/interleukin-1 receptor (TIR) domain-con-
taining adaptor, including IFN-β (TRIF) to acti-
vate IRFproteins andother transcription factors.
TLR3 and TLR4 induce type I IFN gene ex-
pression via signaling by TRIF-TANK (TNF re-
ceptor-associated factor [TRAF]-associated nu-
clear factor [NF]-κB activator)-binding kinase 1
(TBK1)-IRF3 (Fig. 2), albeit weakly as compared
to retinoic acid-inducible gene I (RIG-I)-like
receptors (RLRs) or stimulator of IFN genes
(STING)-mediated induction (Negishi et al.
2012). Upon the recognition of their ligands,
TRIF is phosphorylated and recruits down-
stream signaling molecules such as TRAF3,
NAP1, and TBK1, resulting in the phosphoryla-
tion, dimerization, and nuclear translocation of
IRF3 (Hemmi et al. 2004;McWhirter et al. 2004;
Mori et al. 2004; Perry et al. 2004; Oganesyan
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et al. 2006). Downstream of TLR4 signaling,
IRF3 is critical for Ifnb gene induction, as expres-
sion was abolished in IRF3 knockout (Irf3−/−)
cells, but is essentially normal in Irf7−/− cells
(Sakaguchi et al. 2003; Honda et al. 2005). On
the other hand, both IRF3 and IRF7 are involved

in TLR3-dependent type I IFN gene induction
(Negishi et al. 2012).

Plasmacytoid dendritic cells (pDCs) are a
subset ofmyeloid cells that express high amounts
of TLR7 and TLR9 and secrete very high levels
of type I IFNs (Colonna et al. 2004). TLR7 and
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Figure 2. Schematic view of Toll-like receptor (TLR)-mediated type I interferon (IFN) gene induction by IFN
regulatory factors (IRFs). The presence of RNA or double-stranded (ds)DNA in the cytosol triggers host
responses via specific cytoplasmic pattern recognition receptors (PRRs). The binding of uncapped 50-triphos-
phate RNAor dsRNA to the helicase domain of retinoic acid-inducible gene I (RIG-I)/melanoma differentiation-
associated gene 5 (MDA5) induces the interaction between the caspase activation and recruitment domain
(CARD) of RIG-I/MDA5 and the CARD-like domain of the adaptor mitochondrial antiviral signaling protein
(MAVS), which is located on the mitochondrial membrane. This receptor–adaptor interaction results in the
activation of tumor necrosis factor (TNF) receptor-associated factor (TRAF)-associated nuclear factor [NF]-κB
activator (TANK)-binding kinase 1 (TBK1) and inhibitor of NF-κB kinase (IKK)ε. Activated TBK1 induces the
phosphorylation of the specific serine residues of IRF3 and IRF7. These IRFs then translocate into the nucleus
and activate the type I IFN genes. NF-κB is also activated and involved in type I IFN gene induction. In some
cases, IRF5 or IRF8 participate in this IFN gene-induction pathway. dsDNA such as B-DNA is recognized by
cGAS, IFI16, DDX41, and DAI. The stimulator of IFN genes (STING) adaptor protein on the endoplasmic
reticulummembrane signals downstream of these DNA receptors. STING provides a scaffold for recruitment of
TBK1, which phosphorylates IRF3 leading to the activation of type I IFN gene expression.
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TLR9 recognize single-stranded RNA (ssRNA)
and nonmethylated CpG oligonucleotide DNA,
respectively, to induce strong type I IFN re-
sponses (Colonna et al. 2004; Kawai and Akira
2006). In contrast toTLR3andTLR4,TLR7- and
TLR9-mediated type I IFN gene induction is en-
tirely dependent on theMyD88 adaptor protein.
Further, these receptors recruit IRF7, but not
IRF3, downstream of MyD88 (Fig. 2) (Honda
et al. 2004; Kawai et al. 2004) as type I IFN
gene induction was completely abrogated in
Irf7−/− pDCs but normal in Irf3−/− pDCs, fol-
lowing virus infection or treatmentwith synthet-
ic ligands for TLR7 and TLR9 (Honda et al.
2005). However, in the case of a model of exper-
imental Listeria monocytogenes infection in
pDCs, evidence suggested that IRF3 was in-
volved downstream of TLR9-mediated type I
IFN gene induction, although the underlying
molecular mechanism remains unclear (Stock-
inger et al. 2009). Also downstream of TLR7 and
TLR9 signaling, MyD88 recruits interleukin 1
receptor associated kinase (IRAK)1 and IRAK4
protein kinases, which are critical signal trans-
ducers required for the induction of type I IFN
(Honda et al. 2004; Kawai and Akira 2006). The
activation of IRAK kinases activates additional
protein kinase cascades, including inhibitor of
NF-κB kinase (IKK)α, which is an essential ki-
nase for the activation of IRF7 (Hoshino et al.
2006). MyD88 also recruits the adaptor protein
TRAF6 (Kawai and Akira 2006). MyD88/
TRAF6-dependent K63-linked ubiquitination
of IRF7 is also required for TLR-mediated type
I IFNgene induction inpDCs (Kawai et al. 2004).

Like IRF7, IRF5 is also involved in TLR-de-
pendent induction of type I IFNs via recruit-
ment of MyD88, although the strength of the
type I IFN induction is relatively weak as com-
pared to IRF7 (Fig. 2) (Takaoka et al. 2005; Ya-
suda et al. 2013). In contrast, IRF5’s main role
followingMyD88-dependent signaling is the in-
duction of proinflammatory cytokine genes
such as IL-12β, IL-6, and TNF-α (Takaoka et
al. 2005). Several regulatory mechanisms have
been identified for modulating the TLR-depen-
dent activation of IRF5. IKKβ phosphorylates
and activates IRF5 in response to TLR stimula-
tion (Balkhi et al. 2010; Bergstrøm et al. 2015).

TRAF6-mediated K63-linked ubiquitination is
also required for IRF5 activation (Balkhi et al.
2008). In contrast, IKKα-induced IRF5 phos-
phorylation inhibits IRF5 ubiquitination and
attenuates its transcriptional activity (Balkhi et
al. 2010). In addition, IRF4 negatively regulates
IRF5 activation by competing with IRF5 for its
interaction with the central region of MyD88
(Negishi et al. 2005). It has also been reported
that Lyn, an Src family protein tyrosine kinase,
interacts with IRF5 and suppresses its transcrip-
tional activity by inhibiting phosphorylation
and ubiquitination of IRF5 (Ban et al. 2016).

In addition to IRF7 and IRF5, IRF1 also in-
teracts withMyD88 (Negishi et al. 2006). IRF1 is
not involved in type I IFN gene induction in
pDCs but is critical for CpG-B oligonucleo-
tide-mediated type I IFN gene induction in con-
ventional DCs (cDCs) (Fig. 2) (Negishi et al.
2006). IRF1 is also required for expression of
proinflammatory cytokine genes in macro-
phages that are augmented by type II IFN. In
other words, IRF1 is strongly induced by a com-
bination of IFN-γ and TLR signaling, which
leads to the strong induction of IRF1-dependent
genes such as Il12a and iNos (Negishi et al.
2006). Interestingly, IRF8 does not interact
with MyD88 (Negishi et al. 2005), but is in-
volved in the induction of type I IFN genes in
TLR-stimulated pDCs (Tailor et al. 2007). Here,
IRF8 binds to TRAF6 and is also involved in the
activation of NF-κB for the induction of proin-
flammatory cytokines (Tsujimura et al. 2004;
Zhao et al. 2006).

Type I IFN Gene Induction by IRFs on Innate
Recognition of Cytosolic RNA

Two RNA helicase enzymes, RIG-I andmelano-
ma differentiation-associated gene 5 (MDA5),
are essential cytosolic receptors for detection
of RNA, in particular uncapped 50-triphosphate
RNA and dsRNA, including poly(rI:rC) (Yo-
neyama et al. 2005; Kato et al. 2006). Both hel-
icases contain a carboxy terminal DExD/H box
RNA helicase domain that is responsible for
detection of viral RNA, as well as two amino-
terminal caspase activation and recruitment
domains (CARDs) that activate downstream
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signaling pathways (Yoneyama et al. 2005). The
adaptor molecule that links the sensing of viral
RNA by RIG-I or MDA5 to downstream signal-
ing is mitochondrial antiviral signaling protein
(MAVS, also known as VISA, IPS-1, or Cardif )
(Seth et al. 2005; Tamura et al. 2008). MAVS
contains an amino-terminal CARD domain
that mediates CARD–CARD interactions with

CARD domains of RIG-I and MDA5 to trans-
mit downstream signaling. MAVS relays signals
from RIG-I and MDA5 to TANK-binding ki-
nase 1 (TBK1) and IKKε that are known to
phosphorylate IRF3 and IRF7 (Fig. 3) (Kumar
et al. 2006; Sun et al. 2006).

IRF3 and IRF7, two IRFs with the greatest
sequence homologywith one another, are essen-
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Figure 3. Schematic illustration of type I interferon (IFN) gene induction by IFN regulatory factors (IRFs) on
innate recognition of cytosolic nucleic acids. Type I IFN genes, particularly IFN-β, are induced via TIR domain-
containing adaptor, including IFN-β (TRIF) downstream of TLR3 and TLR4 signaling pathways, and viamyeloid
differentiation primary-response protein 88 (MyD88) downstream of TLR7 and TLR9 signaling pathways. Fur-
ther, the TRIF pathway signals exclusively to IRF3 to induce IFN-β gene expression. IRF7mayalso be involved for
TLR3-, but not for retinoic acid-inducible gene I (RIG-I)-like receptor (RLR)4-mediated type I IFN gene induc-
tion. In the MyD88 pathway, IRF1, IRF5, and IRF7 form a complex with MyD88. Among MyD88-bound IRFs,
IRF7 is critical for the robust induction of type I IFN in plasmacytoid dendritic cells (pDCs). IRF5 is partially
involved in type I IFN gene induction in pDCs, whereas IRF1 is important for expression of type I IFNs in
conventional DCs (cDCs). In contrast, IRF8 is involved in the expression of type I IFN genes in pDCs, but
does not bind toMyD88. IRF3 also does not bind toMyD88, but is involved in Listeria monocytogenes–mediated
type I IFN gene induction in pDCs.
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tial for the RIG-I/MDA5-mediated type I IFN
gene-induction pathway. Initially, IRF3 and
IRF7 reside in latent forms in the cytosol of
uninfected cells. Upon virus infection, RIG-
I- or MDA5-activated TBK1 phosphorylates
IRF3 at Ser396, 398, 402, 404, and 405 in site 2
of the carboxy-terminal regulatory region,
which alleviates autoinhibition and permits
IRF3 nuclear translocation and interaction
with the coactivator CBP (Servant et al. 2003;
Mori et al. 2004; Honda et al. 2006; Tamura et al.
2008). Then CBP facilitates phosphorylation of
Ser385 or Ser386 at site 1 within the regulatory
region, permitting IRF dimerization (Mori et al.
2004; Panne et al. 2007). A similar mechanism
involving IRF7 is presumed to occur. As a result,
a holocomplex containing dimerized IRF3 and
IRF7, either as a homodimer or heterodimer,
and coactivators such as CBP or p300 is formed
in the nucleus. This holocomplex binds to target
ISRE DNA sequences within the promoters of
type I IFN genes (Lin et al. 1998; Sato et al. 1998;
Yoneyama et al. 1998; Honda et al. 2006). Ad-
ditionally, IRF5 is involved in the RIG-I/MAVS
signaling pathway (Yanai et al. 2007; Paun et al.
2008; Lazear et al. 2013). IRF5 translocates from
the cytoplasm to the nucleus on infection by
vesicular stomatitis virus (VSV) or Newcastle
disease virus (NDV) (Barnes et al. 2002). Chal-
lenged with these RNA viruses, Irf5−/− mice
show a reduction in the serum levels of type I
IFN (Yanai et al. 2007). Moreover, Irf5−/− mice
are highly vulnerable to VSV infection. Because
Irf5−/− macrophages are defective in the pro-
duction of type I IFNs by VSV, whereas
Irf5−/− mouse embryonic fibroblasts (MEFs)
are not (possibly because of a higher expression
of IRF5 in hematopoietic cells), there is a cell-
type-specific requirement for IRF5 (Yanai et al.
2007; Paun et al. 2008). In addition, Irf5−/−mice
show reduced levels of proinflammatory cyto-
kines, such as IL-6 andTNF-α on virus infection
(Yanai et al. 2007; Paun et al. 2008). The precise
mechanism by which IRF5 is activated by RIG-I
and the nature of IRF5’s contribution to the
transcriptional regulation of type I IFN and
proinflammatory genes remains to be clarified.
Nevertheless, like IRF3 and IRF7, IRF5 can also
be phosphorylated by TBK1 or IKKβ to exert its

transcriptional activities (Lin et al. 2005; Paun
et al. 2008; Balkhi et al. 2010; Chang Foreman
et al. 2012; Bergstrøm et al. 2015).

IRF8 is also required for type I IFN induc-
tion in virus-stimulated DCs (Tailor et al. 2007).
It appears that IRF8 is involved in the transcrip-
tional regulation of type I IFN genes; IRF8 binds
to promoters of IFN-α/β genes and is required
for the second amplifying phase of IFN tran-
scription.

Type I IFN Gene Induction by IRFs on Innate
Recognition of Cytosolic DNA

In addition to the cytosolic RNA-sensing mech-
anisms, attention has been focused on charac-
terizing cytosolic DNA-sensing systems because
they can also evoke protective and pathological
immune responses. Cytoplasmic recognition of
bacterial genomic DNA from L. monocytogenes
results in IFN-β induction through the TBK1-
IRF3 pathway (Stetson and Medzhitov 2006).
The transfection of cells with synthetic dsDNA,
such as poly(dA-dT)·poly(dT-dA) (termed B-
DNA hereafter), results in the induction of
type I IFN in the absence of all TLR signaling
(Ishii et al. 2006). These observations indicate
the presence of a cytosolic DNA sensor(s) that
can independently initiate innate immune re-
sponses, including the induction of type I IFN
genes. B-DNA stimulation results in the activa-
tion of IRF3 andNF-κB signaling pathways (Fig.
3) (Ishii et al. 2006; Tamura et al. 2008). A re-
quired role for IRF3 is seen in the observation
that the B-DNA induction of IFN-β was abol-
ished in Irf3−/− MEFs but normal in Irf7−/− or
Irf5−/−MEFs. The induction of IFN-α, however,
requires both IRF3 and IRF7, because both
Irf3−/− and Irf7−/− MEFs showed impairment
in its induction (Takaoka et al. 2007).

A candidate DNA sensor called DNA-de-
pendent activator of IRFs (DAI), also known as
DLM-1- or Z-DNA-binding protein 1 (ZBP1),
has been identified and characterized (Takaoka
et al. 2007). More recent studies indicate the
presence of additional DNA sensors. These in-
clude cyclic CMP-AMP synthase (cGAS), IFN-
inducible protein 16 (IFI16)/IFN-activated gene
204 (IFI204), and (Asp-Glu-Ala-Asp) (DEAD)
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box polypeptide 41 (DDX41) (Fig. 3) (Ishikawa
et al. 2009; Unterholzner et al. 2010; Zhang et al.
2011; Sun et al. 2013). In addition, an adaptor
protein termed STING/mediator of IRF3 activa-
tion (MITA) has been reported (Zhong et al.
2008; Ishikawa et al. 2009). The induction of
dsDNA-mediated type I IFN gene expression
is markedly impaired in STING/MITA-defi-
cient cells (Zhong et al. 2008; Ishikawa et al.
2009). STING/MITA provides a scaffold to
TBK1, which phosphorylates IRF3 leading to
its activation and downstream activation of
type I IFN gene expression.

TYPE II IFN AND IRFs IN IMMUNOLOGICAL
AND INFLAMMATORY RESPONSES

IFN-γ is a multifunctional 34-kDa homodimer
cytokine that is the only member of the type II
class of IFNs (Gray and Goeddel 1982; Naylor
et al. 1983; Farrar and Schreiber 1993). Initially,
it was thought that CD4+ T helper cell type 1
(Th1) lymphocytes, CD8+ cytotoxic lympho-
cytes, and NK cells exclusively produce IFN-γ
(Wheelock 1965; Gray et al. 1982; Farrar and
Schreiber 1993; Schoenborn and Wilson 2007).
However, recent reports provide evidence that
other cells, such as B cells, NK T cells, dendritic
cells, and macrophages also secrete IFN-γ. The
IFN-γ gene contains binding sites for several
transcription factors in its promoter region
(Glimcher et al. 2004; Schoenborn and Wilson
2007). They include AP-1, CREB/ATF, NFAT,
NF-κB, T-bet, Eomes, STATs, but not IRFs.
Stimulation of cells via the T-cell receptor or
with cytokines such as type I IFN, IL-12, or
IL-18 induces IFN-γ gene expression through
the activation of these transcription factors
(Schoenborn and Wilson 2007). IFN-γ per-
forms its biological functions through an IFN-
γ receptor (IFNGR1/2)-mediated signal trans-
duction pathway. The IFN-γ receptor activation
causes phosphorylation of STAT1 by the recep-
tor-associated JAK1 and JAK2 (Farrar and
Schreiber 1993; Schoenborn and Wilson 2007).
Phosphorylated STAT1 forms homodimers,
translocates into the nucleus, and activates sev-
eral IFN-γ response genes (IRGs) by binding to
GAS motifs within their promoters (Fig. 1).

IFN-γ stimulation induces several IRGs, in-
cluding IRF1. IRF1 is critical for the IFN-γ en-
hancement of a TLR-dependent gene-induction
program (Negishi et al. 2006). This is under-
scored by the observation that Irf1−/− cDCs
and macrophages stimulated with IFN-γ in
combination with CpG are impaired in their
induction of genes encoding IFN-β, iNOS, and
IL-12p35 (Negishi et al. 2006). Although IFN-γ
strongly induces IRF1 transcription, it is insuf-
ficient to fully activate IRF1. Rather, TLR9
engagement causes a MyD88-dependent “IRF1
licensing” event to occur in which IRF1 is post-
translationally modified to migrate into the
nucleus more efficiently than non-MyD88-as-
sociated IRF1 (Negishi et al. 2006). Clarification
of the modifications of IRF1 requires further
investigation. Interestingly, IFN-γ promotes
Th1 and attenuates IL-4-driven Th2 responses
via the induction of IRF1 and IRF2, respectively
(Elser et al. 2002). In addition, IRF1 is important
for apoptosis that is activated or enhanced by
IFN-γ (Kano et al. 1999; Tamura et al. 2008).
The target gene(s) of IRF1 responsible for apo-
ptotic responses have not been firmly identified,
but may include genes encoding caspase-1, cas-
pase-7, caspase-8, and/or TNF-related apopto-
sis-inducing ligand (TRAIL) (Tamura et al.
2008).

IRF8 is another member of the IRF family
that is induced by IFN-γ (Kantakamalakul et al.
1999; Ozato et al. 2007; Tamura et al. 2008).
IRF8 directly contributes to the induction of nu-
merous genes in IFN-γ-treated cells (Ozato et al.
2007; Tamura et al. 2008). Moreover, numerous
genes are regulated by multiprotein complexes
containing IFN-γ-induced IRF8 and other tran-
scription factors, especially PU.1, STAT1, and,
in some cases, IRF1; these genes include those
encoding IL-12p40, IL-12p35, gp91phox,
p67phox, TLR4, TLR9, iNOS, Fcγ receptor I
(FcγRI), IRF8 itself, IL-18, CCL5/RANTES,
and Nramp1 (Ozato et al. 2007; Tamura et al.
2008). In addition, IRF8 has also been reported
to manifest antitumor activity. IFN-γ-induced
IRF8 sensitizes human colon carcinoma cells
to Fas-mediated apoptosis (Liu and Abrams
2003), and IRF8 represses the PTPN13 gene
that encodes a ubiquitously expressed protein-
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tyrosine phosphatase, namely, Fas-associated
phosphatase 1 (Huang et al. 2008).

TYPE III IFN AND IRF FAMILY

Aswith type I IFNs, type III IFNs are induced on
the recognition of a variety of PAMPs derived
from viruses (Kotenko et al. 2003; Sheppard
et al. 2003; Ank et al. 2006, 2008; Durbin et al.
2013; Lazear et al. 2015; Wack et al. 2015). Al-
though nucleic acid–sensing PRRs such as
TLR3, 7/8, 9, and cGAS are known to be in-
volved in the type III IFNs gene induction,
the molecular mechanism(s) remains unclear
(Odendall et al. 2014; Lazear et al. 2015). On
the other hand, the molecular mechanism un-
derlying RLR-mediated induction of type III
IFN genes is well studied and involves similar
signaling molecules as is the case with type I
IFNs (Odendall et al. 2014; Lazear et al. 2015).
However, in the control of gene transcription,
there are some differences between type I and
III IFNs. For the induction of the Ifnb gene, IRFs
along with AP-1 and NF-κB bind to the pro-
moter region and cooperate to activate gene
transcription, whereas IRF3, IRF7, and NF-κB,
but not AP-1, are necessary for the activation of
type III IFN gene transcription in spite of the
existence of AP-1-binding site within the pro-
moter regions (Osterlund et al. 2005; Onoguchi
et al. 2007; Iversen and Paludan 2010; Durbin
et al. 2013). AlthoughNF-κB is involved, but not
essential, in the transcription of type I IFN
genes, type III IFN gene transcription is more
dependent on NF-κB (Iversen and Paludan
2010). In addition, IRF1 is involved in the gene
induction of type III IFNs but not type I IFNs
(Odendall et al. 2014). IRF1 is activated down-
stream of MAVS and required for expression of
type III IFN only, whereas IRF3 and IRF7 are
activated in bothmitochondrial and peroxisom-
alMAVS pathways and are involved in both type
I IFN and type III IFN gene induction (Siegel
et al. 2011; Odendall et al. 2014). Recently, type
III IFN-specific regulators targeting IRF family
proteins have been reported. For instance,
Med23 interacts with IRF7 and these factors
synergistically augment gene expression of type
III IFNs but not type I IFNs (Griffiths et al.

2013). Further, BLIMP-1 acts as a negative reg-
ulator by binding to the IRF1-binding site on the
promoter of type III IFN genes (Odendall et al.
2014). IRF1-mediated type III IFN gene is also
inhibited by virus-induced activation of epider-
mal growth factor receptor (EGFR) signaling
(Ueki et al. 2013).

CONCLUDING REMARKS

Remarkable achievements have been made in
the past four decades, with the demonstration
of the existence of multiple IFN types and the
underlyingmechanisms as to how IFN genes are
regulated and show multiple biological func-
tions. In this review, we describe how three types
of IFNs are regulated by the IRF family tran-
scription factors. Clearly, the versatile function
of these IFNs is of great interest, particularly in
terms of the regulation of immune responses
and oncogenesis (Decker et al. 2005; Tamura
et al. 2008; Ivashkiv and Donlin 2014; Zitvogel
et al. 2015). Of particular note, although IFN
systems are basically beneficial to the host, ab-
errant operation of IFNs, particularly type I
IFNs, is associated with autoimmunity, indicat-
ing the pathogenic aspects of the IFN system
when left uncontrolled (Vilcek 2006; Trinchieri
2010).

Another interesting issue is the evolutional
aspects of the IFN systems and IRFs. It is well
known that the IFN systems are found only in
jawed vertebrates, whereas other cytokines such
as IL-17 and IL-8 are found in jawless verte-
brates (Guo et al. 2009). In the oldest literature
for the type I IFN family, it was concluded that
IFN-α and -β genes diverged about the time of
the start for vertebrate evolution, which is the
timewhen adaptive immunity involving T and B
lymphocytes became operational (Taniguchi
et al. 1980; Pancer and Cooper 2006). On the
other hand, it has been shown that the IRF fam-
ily members, along with the innate receptors
such as TLRs, are found in animals other than
vertebrates (Roach et al. 2005; Nehyba et al.
2009). It has been reported that the origin of
the IRF family coincides with the appearance
of multicellularity in animals (Nehyba et al.
2009; Yuan et al. 2015), and IRF genes are
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present in all principal metazoan groups. Inter-
estingly, these genes are not found in the two
groups that include most of metazoan species
(i.e., roundworms and insects), suggesting that
they disappeared during the evolution of these
animals (Nehyba et al. 2009). As such, one
may envisage that the IRF family members
evolved first and then these factors became op-
erational on the acquisition of the IFN system
for its regulation.

In this regard, it is also interesting that the
IRF family coevolved with the NF-κB family
(Takaoka et al. 2008; Nehyba et al. 2009). It is
well known that these families are critical for the
metazoan organism for its host defense; there-
fore, these families might have coevolved as the
consequence of changing selection pressure in
the given environments. Of note, these family
members cooperate in the gene-induction pro-
grams, often by direct interactions (Honda et al.
2006; Tamura et al. 2008; Iwanaszko and Kim-
mel 2015). In addition, these two families also
function in reproduction and development
(McDonald et al. 2006; Ozato et al. 2007). As
such, these families could have been acquired
during the evolution of multicellular organisms
so as to cooperate to ensure effective cellar re-
sponses, in particular for host defense against
external threats. On the other hand, dysregula-
tion of these families can critically contribute to
the development of oncogenesis (Karin 2006;
Takaoka et al. 2008; Tamura et al. 2008). Clearly,
the IRF members are less characterized com-
pared to the NF-κBmembers and further future
studies are desired to revealmore detailedmech-
anisms on the regulation of IRF functions in the
regulation of IFN responses as well as other bi-
ological processes.
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