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Abstract 
 

The interferon regulatory factors (IRFs) constitute a family of nine cellular 

transcriptional regulators whose first two members, IRF-1 and -2, were originally 

identified in the context of the regulation of the virus-inducible enhancer-like elements of 

the human Interferon (IFN)- gene. Subsequent studies have revealed seven additional 

cellular members that are all critically involved in multiple aspects of cell physiology 

including regulation of cell growth and differentiation of haematopoietic cells, 

inflammation and immunity in response to pathogen- and danger-derived signals and 

regulation of oncogenesis. The distinct and not overlapping roles of each family member 

are thought to be the result of slightly different DNA binding specificity, pattern of 

expression and/or association with their partners in transcription. 

In this chapter, the present knowledge of the roles of these transcription factors in 

regulating immune cell development and function and in activating antiviral signaling 

pathways, are summarized. A brief overview of the mechanisms of viral evasion and 

subversion of IRF activity is also provided. 

 

 

Introduction 
 

IFNs constitute a heterogeneous family of proteins identified more than 50 years ago 

based on their ability to interfere with viral replication within host cells in a cell type-specific, 

but virus-non specific manner. Since their identification, cloning of genes, purification of the 
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proteins, definition of IFN receptors and of signal transduction pathways triggered by ligand-

receptors interactions, while aided the understanding of the molecular mechanisms of IFN 

action also revealed that many different stimuli in addition to viruses, can trigger IFN 

production. About ten distinct IFNs have been identified in mammals; seven of these have 

been described for humans. They are typically divided in three classes: Type I IFN, Type II 

IFN, and Type III IFN based on the specific cell surface receptor they bind. Type I IFN, that 

comprises IFN- constituted by several partially homologous genes, and IFN- represented 

by a single gene, are the best characterized and the most broadly expressed and represent the 

first line of defense against virus infections. They restrict virus replication and pave the way 

to activate the adaptive arm of the immune response. Upon binding to their specific receptors, 

they activate a cascade of signaling pathways leading to activation of transcription factors that 

translocate in the nucleus, bind to upstream sequence elements named IFN-stimulated 

response elements (ISRE), and activate the transcription of a large number of cellular target 

genes called Interferon-stimulated genes (ISGs) (Platanias LC et al. 2005; Decker T et al. 

2005; Theofilopoulos AN, et al. 2005; Samarajiwa SA, et al. 2009). 

While some of these genes encode proteins that modulate viral replication, the effect of 

others, extend beyond the infected cell. Thus, in addition to their antiviral and antibacterial 

activity, IFNs have essential functions in disparate biological processes including immune 

cell development and function, regulation of cell growth and oncogenesis, inflammation and 

autoimmunity. 

Beside ISGs, are components of a family of transcription factors named Interferon 

Regulatory Factors (IRFs). This family is presently composed of nine mammalian members 

coded by distinct, but related genes. All IRF share a homologous DNA-binding domain and a 

less conserved C-terminus, that determines their transcriptional activity that can result in 

activation, repression or dual activity on target genes. Although IRFs were first characterized 

as transcriptional inducers of type I IFN and ISGs, gene-targeting studies performed for all 

IRFs have revealed the different roles played by each member of the family. The distinct and 

not overlapping functions of each family member are thought to be the result of slightly 

different DNA binding specificity within the broad IRF consensus sequence, patterns of 

expression and/or association with other regulators (Taniguchi T et al. 2001; Takaoka A et al. 

2008). The first two members, IRF-1 and IRF-2, were initially identified as regulators of 

virus-inducible enhancer-like elements of the human IFN- gene. Subsequent studies, 

however, showed that IRF-1 is not essential for IFN gene expression, while IRF-3, IRF-7 and 

IRF-9 are more specifically involved in IFN induction and antiviral response. Other members, 

including IRF-1, IRF-2, IRF-4 and IRF-8, profoundly affect the development and function of 

various immune cells, while a distinct role of IRF-5 in inflammatory cytokines expression 

and of IRF-6 in epitelial differentiation has been defined (Takaoka A et al. 2008; Battistini A 

2009; Savitsky D et al. 2010). 

As intracellular mediators of the induction and biological activities of IFNs, their central 

role in innate immunity to pathogens has recently been stressed by the elucidation of their 

crucial involvement in the regulation of gene expression in responses triggered by pattern 

recognition receptors (PRRs), also through IFN-independent mechanisms (Honda K and 

Taniguchi T 2006a). The recognition that some IRFs have also a crucial role in the 

development of various immune cells put these transcription factors at the interface between 

innate and adaptive immunity. 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Decker%20T%22%5BAuthor%5D
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Here, I review present findings on the characteristics of these transcription factors and on 

their role in regulating immune cell development and function and activation of antiviral 

signaling pathways. Finally, I provide a brief overview of the principal mechanisms of viral 

evasion and subversion of IRF activity.  

Although not touched here, IRFs, specifically IRF-1, IRF-2, IRF-3, IRF-5 and IRF-8 also 

profoundly affect cell growth, survival, apoptosis and oncogenesis, as extensively reviewed 

elsewhere (Taniguchi T et al. 2001; Takaoka A et al. 2008; Savitsky D et al. 2010) 

 

 

IRFs: Characteristics and Post-Translational Modifications 
 

To date nine human cellular IRF genes (IRF2, IRF3, IRF4/PIP/LSIRF/ ICSAT, IRF5, 

IRF6, IRF7, IRF8/ICSBP, and IRF9/p48/ISGF3), and some virus-encoded analogues of 

cellular IRFs (v-IRF-1-4), have been identified (Taniguchi T et al. 2001; Takaoka A et al. 

2008; Paun A and Pitha PM 2007). Their origin is phylogenetically linked with the 

appearance of multicellularity in animals (Nehyba J et al. 2009) and, interestingly, they 

coevolved with the rel/NF-B family with which they can cooperate in regulating gene 

expression, representing the major signaling system employed in innate immunity (Hiscott J 

2007a; Ghosh S and Hayden MS 2008; Takaoka A et al. 2008). Based on phylogenetical 

analysis, the nine mammalian members of the family can be subdivided in four groups IRF-1-

G (IRF-1, IRF-2), IRF-3-G (IRF-3, IRF-7), IRF-4-G (IRF-4, IRF-8, IRF-9), and IRF-5-G 

(IRF-5, IRF-6) (Nehyba J et al. 2009). 

IRFs share structural features consisting in a highly conserved N-terminal DNA binding 

domain (DBD) of around 115 aminoacids, that is characterized by a wing-type helix-loop-

helix motif containing five tryptofan residues shared with the Myb DBD (Nguyen H et al. 

1997). This domain is responsible for binding to DNA sequences termed the IFN-regulatory 

factor element (IRF-E) present in the IFN-β promoter whose consensus sequence G (A) 

AAAG/C T/C GAAA G/C T/C (Tanaka N et al. 1993) is almost indistinguishable from the 

interferon-stimulated response element (ISRE, A/GNGAAANNGAAACT) activated by IFN 

signaling (Darnell JE Jr et al. 1994). A subset of ISREs designated ETS/IRF response element 

(EIRE, GGAAANNGAAA) (Eisenbeis CF et al. 1995; Meraro D et al. 2002), or the IRF-Ets 

composite element (EICE, GGAANNGAAA) (Meraro D et al. 2002) and the IRF/ETS 

composite sequence with the polarity opposite of that in the EICE and EIRE (IECS, 

GAAANN[N]GGAA) Tamura T et al. 2005) are bound by selected IRFs, IRF-8 and IRF-4, in 

complexes with other cell type-specific trancription factors. 

The C-terminal portion varies among the members and acts as regulatory domain that 

classifies IRFs into two groups: those (IRF-3, IRF-5, IRF-7, IRF-9) that activate and those 

(IRF-1, IRF-2, IRF-4, IRF-8) that can either activate or repress gene transcription, depending 

on the target gene and on their partners in regulation of gene transcription (Taniguchi T et al. 

2001). These interactions are mediated by two motifs named IRF-associated domain (IAD): 

IAD1, which was initially found in IRF-8 and is conserved in all IRFs apart IRF-1 and IRF-2, 

and IAD2 that is, instead, present only in IRF-1 and IRF-2. Through these domains IRFs can 

associate with other IRFs or other transcription factors and coactivators of transcription. The 

formation of these complexes modulates the ability of IRFs to bind DNA target sequences 

and activate gene transcription (Sharf R et al. 1997; Meraro D et al. 1999). IRF-8 can form 

multiple protein complexes with both IRF-1 and IRF-2 resulting in increased binding activity 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nehyba%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nehyba%20J%22%5BAuthor%5D
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to ISRE (Sharf R et al. 1997) and with IRF-4 and PU.1, a member of the ETS family, 

regulating gene expression in a cell-type-specific manner (Brass AL et al. 1996). IRF-9 acts 

as a DNA-binding subunit that associates with signal and activator of transcription (Stat) 1 

and Stat2 to form the ISGF3 heterodimeric factor in response to type I IFN signaling (Veals 

SA et al. 1992). IRF-1, IRF-3 and IRF-7 form part of large protein complex that include 

CREB-binding protein (CBP/p300), NF-B, AP1, participating in the formation of the IFN- 

enhanceosome/DRAF1 (Wathelet MG et al. 1998; Harada H et al. Cell 1990). Similarly, IRF-

1 and IRF-2 form a complex with multiple histone acetylases, PCAF, CBP, and p300/CREB 

to bind to ISRE (Masumi A et al. 1999).  

Depending on the promoter and on the nature of protein-protein interaction these complexes 

can serve as activators or repressors (Eisenbeis CF et al. 1995; Harada H et al. Cell 1990; 

Nelson N et al. 1993; Zhang L et al. 1997; Vaughan PS et al. 1995).  

Most of these interactions are regulated by different and multiple post-translational 

modifications that have a big impact on IRF activities and that include acetylation, 

phosphorylation, sumoylation and ubiquitination . 

Both IRF-1 and IRF-2 are acetylated in vitro by p300 and to a lesser degree by 

p300/CBP-associated factor (PCAF) (Masumi A et al. 2001). Two lysine residues in the DBD 

of IRF-2, Lys-75 and Lys-78, are the major acetylation sites. Acetylation of IRF-2, leads to 

inhibition of histone acetylation by p300, suggesting a possible mechanism for transcriptional 

repression mediated by IRF-2. Mutation of Lys-75, indeed, diminished the IRF-2-dependent 

activation of histone H4 promoter activity, although acetylation of IRF-2 did not alter DNA 

binding activity in vitro. The fact that IRF-2 was shown acetylated only in growing NIH 3T3 

cells, but not in growth-arrested cells, suggests that this modification plays a role in the 

transforming activity of IRF-2 (Masumi A et al. 2003). Lys-78 is a residue located within a 

region important for ISRE binding activity and is conserved throughout the IRF family. 

Interestingly, the equivalent residue in IRF-7 at Lys- 92 was shown to be acetylated in vivo 

and in vitro by the histone acetyltransferases PCAF and GCN5. However, intriguingly 

acetylation of Lys- 92 seems to negatively modulate IRF-7 DNA binding (Caillaud A et al. 

2002). 

IRF-3 is acetylated when incorporated into the large holocomplex that includes p300 and 

a p300 lacking histone acetylase activity failed to confer IRF-3 DNA binding activity, 

indicating that acetylation of IRF-3 is important for the DNA binding activity of the IRF-3 

holocomplex (Suhara W et al. 2002). Acetylation within DBD of both IRF-9 and STAT2 is 

also critical for the ISGF3 complex activation and antiviral gene regulation (Tang X et 

al.2007). 

Phosphorylation, at both serine/threonine and tyrosine residues, also deeply affects IRF 

activity and is a major mechanism governing IRF-3-, IRF-5- , IRF-7-mediated induction of 

type I IFN and ISGs as well as IRF-1-, IRF-2- and IRF-8-protein-protein interactions and 

formation of heterodimers.  

Post-translational modifications of IRF-1 have been initially suggested in studies on 

viral-induced human IFN- gene transcription (Watanabe N et al. 1991). Subsequently, it has 

been reported that the serine/threonine, casein kinase II, directly interacted with IRF-1 and 

IRF-1 was phosphorylated at two clustered sites, one located in the DBD between amino 

acids 140-150, the other in the C-terminal acidic activation domain between amino acids 219-

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Veals%20SA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Veals%20SA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Masumi%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tang%20X%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Watanabe%20N%22%5BAuthor%5D
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230. Mutations of the four phosphoaceptor residues in the C-terminal transactivation domain, 

significantly decreased transactivation by IRF-1 (Lin R and Hiscott J 1999a)  

IRF-2 is phosphorylated in vivo and several potential phosphorylation sites for a variety 

of serine/threonine protein kinases have been identified (Birnbaum MJ et al. 1997). 

Recombinant casein kinase II also phosphorylates IRF-2 at the C-terminal end (Lin R and 

Hiscott J 1999a). Serine phosphorylation of IRF-8 at a unique serine residue within its IAD 

has also been reported, upon the association with Trip15 a component of the 

COP9/signalosome complex. The phosphorylated residue is essential for efficient association 

with IRF-1 and thus for the repressor activity exerted by IRF-8 on IRF-1 (Cohen H et al. 

2000). 

Tyrosine phosphorylation of IRF-1, IRF-2 and IRF-8 has also crucial importance in 

regulating the activity of these IRFs. IRF-8 and IRF-2 are constitutively phosphorylated at 

tyrosine residues in vivo in the DBD, whereas Tyr-phosphorylated IRF-1 is induced by type 

II IFN. This modification negatively regulates IRF-8’own DNA binding activity but it is 

essential for the formation of heterodimers with IRF-1 and IRF-2. Dephosphorylated IRF-1 

and IRF-2 bind DNA less effectively, whereas dephosphorylated IRF-8 becomes an active 

repressor that binds directly to the DNA and down-regulates IFN-stimulated gene expression. 

Tyrosine residues 110 in the DBD and 211 in the IAD are important for the formation of IRF-

8 heterodimers with IRF-1 and IRF-2, while mainly tyrosine residue 48, which is shared with 

IRF-4, affects the ability of IRF-8 to to synergize and form an efficient heterocomplex with 

PU1 (Meraro D et al. 2002; Sharf R et al. 1997). Phosphorylation of tyrosines 220 and 262 

within the IRF-2 IAD also facilitates its interaction with IRF-8 (Meraro D et al. 1999).  

Thus, phosphorylation events in both the DBD and the IAD may be responsible for the 

modulation of IRF activities either by promoting interaction with other transcription factors or 

by enhancing or preventing binding to target DNA sequences.  

Moreover, regulation of IRF-8 transcriptional activity may vary depending on the cell 

type in which is expressed and the different heterocomplexes that can form with tissue-

restricted factors. In this respect, the impact of tyrosine phosphorylation of IRF-1, IRF-2 and 

IRF-8 in allowing the formation of transcriptionally active heterocomplexes has also been 

well defined in the context of hematopoietic cytokines-induced myeloid differentiation. 

Phosphorylation of IRF-8 tyrosines 92 and 95 have been defined as necessary for interaction 

of IRF-8 with PU.1 and IRF-1 at composite ETS/IRF sequences in the CYBB and NCF2 

genes that mediate stage-specific transcriptional activation in differentiating myeloid cells 

(Eklund E et al. 1998; Kautz B et al. 2001). A conserved tyrosine residue Tyr-109, in the IRF 

domain of IRF-2 is also required for IRF-8 interaction with the NF1 gene-cis elements-bound 

PU.1-IRF-2 heterodimer and activationn of transcription (Huang W et al. 2007; Huang W et 

al. 2006 Zhu C et al. 2004). Consistently, tyrosine phosphorylation may also mediate the 

leukemia-suppressing effects of IRF-8 as it has been shown that activation of SHP1/SHP2 

protein tyrosine phosphatases inhibited expression of myeloid specific genes and accelerated 

progression to leukemia (Kautz B et al. 2001; Konieczna I et al. 2008). 

Serine/threonine phosphorylation of IRF-3, IRF-5 and IRF-7 is a crucial event in their 

activation and is mediated by two related kinases, the inhibitor of B kinase (IKK)and the 

TANK-binding kinase 1 (TBK1), whose role in signaling pathways arising from activation of 

pathogen sensors has been extensively reported (see a latter section). These kinases 

phosphorylate different Ser/Thr residues at the C-terminal portion of the proteins (Fitzgerald 

KA et al. 2003a; Sharma S et al. 2003). IRF-3 has two phosphorylation sites earlier 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lin%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hiscott%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lin%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cohen%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sharf%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meraro%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Huang%20W%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Konieczna%20I%22%5BAuthor%5D
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recognized, the first includes Ser385 and 386, and the second a cluster located between amino 

acids 396 and 405 (Yoneyama M et al. 1998; Lin R et al. 1998b; Hiscott J 2007b). 

Phosphorylation at Ser339 has also recently been reported as important in generating a 

hyperactivated IRF-3 (Clement JF et al. 2008). Crystal studies for IRF-3 have supported a 

model of activation that foresees that C-terminal phosphorylation induces a conformational 

change in the autoinhibitory domain of the protein, that allows homo- or heterodimeration, 

nuclear localization, association with the co-activator CBP/p300 and binding to target 

sequences to stimulate promoter activation (Lin R et al. 1999b; Kumar KP et al. 2000; Qin 

BY et al. 2003). Like IRF-3, IRF-7 transcriptional activity depends on phosphorylation of 

Serine residues in the C-terminal region (Lin R et al. 2000a; Caillaud A et al. 2005; tenOever 

BR et al. 2004). Pathogenic infection triggers IRF-7 phosphorylation and formation of homo 

or heterodimers with IRF-3 that translocate into the nucleus, where, upon binding to 

coactivators, activate transcription of target genes (Yang H et al. 2003; Whatelet MG et 

al.1998). In line with the model suggested for IRF-3 activation, a general model where, in the 

absence of a virus signal, through intramolecular interactions the inhibitory domain (ID) 

maintains IRF-7 as a “closed” structure efficiently masking the N-terminal DBD, the 

transactivation domains and the C-terminal signal response domains, thereby preventing the 

downstream activation, has been suggested (Lin R et al. 2000a). Accordingly, deletion of an 

autoinhibitory domain of IRF-7 (human IRF-7 aa 247-467) generates a constitutively active 

form of IRF-7. Similarly, Serine 471/472 and 477/479 appear to be important for activation 

since substitution of the serine 477/479 with the phosphomimetic Asp also leads to a 

consitutively active form of IRF-7 (tenOever BR et al. 2004). 

The role of phosphorylation in IRF-5 activity is still not well understood. A serine cluster 

is present at the C-terminal of IRF-5, potential target of kinases; however, the exact definition 

of kinases and specific residues interested has proven difficult also due to the many isoforms 

described for this protein (Mancl ME et al.2005). Studies on IRF-5 activation during viral 

infection have provided varied results. Activation reported for Newcastle disease virus (NDV) 

infection, vesicular stomatitis virus (VSV) and herpes simplex virus type 1 (HSV-1) (Barnes 

BJ et al. 2002b) was not confirmed. It has been reported that expression of TBK1 or IKKε 

kinases increases IRF-5 phosphorylation and promotes its dimerization, nuclear 

accumulation, binding to CBP/p300, and binding to DNA, as is the case of IRF-3 and IRF-7. 

The exact sites on IRF-5 that are phosphorylated by TBK1 or IKKε remain, however, to be 

determined (Cheng TF et al. 2006). Recently, crystal structure studies indicated that 

phosphorylation is likely to activate IRF-5 by triggering conformational rearrangements that 

switch the C-terminal segment from an autoinihibitory to a dimerization role allowing nuclear 

translocation and binding to DNA as, already suggested for IRF-3 and IRF-7 (Chen W et al. 

2008)). A similar function of an inhibitory domain of IRF-4 has been reported (Brass AL et 

al. 1996) thus supporting this model as a general mechanism for activation of IRFs. 

Recently, IKKα has been indicated as the kinase that phosphorylates IRF-5 in the 

TLR7/9-MyD88-dependent signaling (see a latter section). However, this modification results 

in negative regulation of IRF-5 activation. Phosphorylation of IRF-5 by IKKα, indeed, 

inhibits TRAF6 mediated K63 ubiquitination that is required for its nuclear translocation and 

is essential for IRF-5 activity (Balkhi MY et al. 2008; Balkhi MY et al. 2010). The functional 

significance of these observations in a physiological setting remains yet to be determined and 

still requires investigations. Interestingly, upon triggering of the same pathway during 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hiscott%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/10082512
http://www.ncbi.nlm.nih.gov/pubmed/10082512
http://www.ncbi.nlm.nih.gov/pubmed/10082512
http://www.ncbi.nlm.nih.gov/pubmed/10082512
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TLR7/9-mediated dendritic cell activation, IKKα is instead required for activation of IRF-7 

(Hoshino K et al. 2006). 

IRF-6 phosphorylation is induced by cell proliferation. Kinase(s) involved in IRF-6 

modification has not been identified and phosphorylated IRF6 is not readily observed in the 

nucleus suggesting that IRF-6 may not follow stereotypical IRF activation pathways. IRF-6 

phosphorylation, instead, has revealed to be a signal for its proteasome-dependent 

degradation. These observations in mammary epithelial cells support a model in which IRF-6, 

in collaboration with maspin, promotes mammary epitelial cell differentiation by regulating 

exit from the cell cycle and entry into the G(0) phase of cellular quiescence (see below) 

(Bailey CM et al. 2008a,b).  

Phosphorylation of some IRFs thus not only renders them active but may also serve as a 

signal for proteasomal degradation to extinguish IRF-mediated responses by regulating their 

expression (Higgs R and Jeffrey CA 2008). 

In this respect, it has become clear that ubiquitin-mediated degradation of IRF-3 and IRF-7 is 

an effective mechanism to limit type I IFN production. Several endogenous proteins have 

been described that, after viral infection, contribute to polyubiquitination and subsequent 

proteosomal degradation of these IRFs (Lin, R., et al. 1998; Nakagawa K et al. 2006; Xiong 

H et al. 2005; Higgs R and Jefferies CA 2008). These include Ro52, Pin1, RBCK1, and Cul-

1. In particular, peptide-prolyl isomerase Pin1 was shown to interact with phosphorylated 

IRF-3 at Ser339 following double-stranded (ds)RNA stimulation. This interaction leads to 

polyubiquitination and then proteasome-dependent degradation of IRF-3 (Saitoh T et al. 

2006). In Sendai virus-infected cells polyubiquitination of IRF-3 is mediated in part by a 

Cullin-based ubiquitin ligase and is dependent on TBK-1-mediated phosphoryaltion (Bibeau-

Poirier A et al. 2006). The E3 ubiquitin ligase Ro52 a member of the TRIM family of single-

protein E3 ligases (Meroni G and Diez-Roux G 2005) is similarly directly responsible for 

ubiquitintaing and targeting of IRF-3 and IRF-7 promoting their degradation (Higgs R et al. 

2010). Interestingly, this ligase also targets IRF-8 but on the contrary, enhancing its activity 

(Kong HJ et al. 2007). Ubiquitination indeed, does not always mediate degradation, the 

specific lysine targeted to form polyubiquitin chains appearing critical in determining the 

functional effects of this modification: Lys48-linked polyubiquitination generally results in 

proteosomal degradation whereas Lys 63-linked polyubiquitination have a regulatory role that 

does not involve proteolysis (Malynn BA and Ma A 2010). Recently, the ubiquitin E3 ligase 

RAUL was added to the list of ligases that can directly catalize lysine 48-linked 

polyubiquitination of both IRF-3 and IRF-7 inducing their proteosomal-mediated degradation 

(Yu Yet al. 2010). Ubiquitin-mediated activation of IRF-7 has also been reported. IRF-7 

activity is increased following Lys
63

-linked ubiquitination mediated by TRAF6, a E3 ligase in 

the TLR pathway, and by Rip1 a E3 ligase stimulated by the Epstein-Barr virus viral 

oncoprotein LMP1 (Kawai T et al. 2004; Huye LE et al. 2007). 

Like IRF-3 and IRF-7, IRF-1 and IRF-8 are regulated by ubiquitin-mediated proteosomal 

degradation and the carboxyl-terminal domain of the proteins controls their ubiquitination 

(Nakagawa K and Yokosawa H 2000; Xiong H et al. 2005). A role for discrete motifs in the 

enhancer domain of IRF-1 in directing polyubiquitination and degradation has also been 

precisely defined. This region is not subject to modification by ubiquitin, but rather it 

contains both an ubiquitination signal and a distinct degradation signal. Removal of the C-

terminal 70 amino acids from IRF-1 inhibits both its degradation and polyubiquitination, 

whereas removal of the C-terminal 25 amino acids inhibits degradation of the protein but does 
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not prevent its ubiquitination (Pion E et al. 2009). Very recently, it has been identified the E3 

ubiquitin ligase CHIP as able to form a complex with IRF-1 and mediate its proteosomal 

degradation under stress conditions (Narayan V et al. 2011).  

The E3 ligase Cbl induces ubiquitination-mediated degradation of IRF-8 (Xiong H et al. 

2005) in contrast with the Ro52-mediated ubiquitination that, instead, as mentioned above, 

increases IRF-8 activity (Kong HJ et al. 2007).  

Recently, IRF-2 has been recognized as a substrate of the murine double minute 2 

(MDM2) a member of the RING finger family of ubiquitin-protein ligase E3. Interestingly, 

this ligase is best known as a specific and crucial negative regulator of p53 (Pettersson S et al. 

2009). Thus, even if the physiological significance of the interaction between MDM2 and 

IRF-2 has not yet been defined, it is conceivable that it impacts on IRF-2 functions in growth 

control and immunity. Recent evidences in our laboratory suggest that also IRF-1 can serve as 

specific substrate of MDM2 E3 ligase and the HIV-1 transactivator Tat protein may favour 

the IRF-1-MDM2 interaction leading to accellerate IRF-1 proteosomal-mediated degradation 

in infected cells (Remoli AL and Battistini A, unpublished work).  

In addition to cellular proteins, also viral proteins can act as E3 ubiquitin ligases and 

target IRFs for degradation, thus limiting their antiviral activity or instead activating them and 

these effects are described in more detail in a latter section. 

Regulation of IRF activity is also dependent upon SUMOylation. SUMOylation is the 

covalent attachment of SUMO, the small ubiquitin-like peptide, to lysine residues of targeted 

substrates and represents another important post-translational control of function of several 

protein including transcription factors (Gill G 2003; Johnson ES 2004; Hay RT 2005). In 

mammals, four different isoforms, termed SUMO-1, -2, -3 and -4, have been identified so far. 

SUMO-2/3 are 95% identical to each other and 50% identical with SUMO-1. Like 

ubiquitination, SUMOylation requires three-step enzymatic reactions that involve an 

activating enzyme E1 (SAE1/SAE2), a conjugating enzyme E2 (Ubc9), and different E3 

SUMO ligases (Bettermann K et al. 2011; Praefcke GJ et al. 2011). SUMOylation, in general, 

has been found to inhibit transcription factor activities by several means including changes in 

protein stability, in localization, or promotion of interactions with transcriptional repressors 

(Hay RT 2005; Gill G 2005; Garcia-Dominguez M and Reyes JC 2009). 

Among the IRFs, IRF-1, -2, -3 and -7 have been reported as modified by sumoylation. 

While SUMOylation of IRF-1 inhibits its activity by sequestering IRF-1 into nuclear bodies, 

SUMOylation of IRF-2 does not modify its nuclear localization but, instead, increases its 

ability to inhibit IRF-1 transcriptional activity (Nakagawa K et al. 2002; Park SM et al. 2010; 

Kim EJ et al. 2008; Han KJ et al. 2008). SUMOylation of IRF-7 and IRF-3 is dependent on 

the activation of Toll-like receptor and RIG-I pathways but not on the IFN-stimulated 

pathways. However, SUMOylation of IRF-3 and IRF-7 was not dependent on their 

phosphorylation. This modification suppresses their transactivation activities and IFN 

induction and thus is an integral part of IRF-3 and IRF-7 activity that contributes to post-

activation attenuation of IFN production through inhibition of IFN transcription (Kubota T et 

al. 2008). 

Up to now, considerably fewer SUMO E3 ligases than ubiquitin E3 ligases have been 

discovered. Recently, it has been identified TRIM28 as the SUMOE3 ligase specific for IRF-

7 that targets lysine 444 and lysine 446 of the protein and has little effect on the closely 

related IRF-3 (Liang Q et al. 2011). Conversely, the general SUMO E3 ligase PIAS1 has been 

shown to display no preference between IRF-3 and IRF-7 (Chang TH et al. 2009). 
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Interestingly, it has recently been reported that the SUMOylated Lys residues in IRF-7 are the 

same residues involved in TRAF6-mediated K63-linked ubiquitination that instead, as 

mentioned above, leads to IRF-7 activation. Since both ubiquitination and SUMOylation are 

reversible they could act as competitive mechanisms of IRF-7 modulation depending on cells 

and stimuli (Liang Q et al. 2011). 

 

 

IRF-1: The Multifaceted IRF 
 

Among IRFs, IRF-1 has revealed to be the most multifunctional as it is implicated in the 

regulation of a broad spectrum of biological functions including hemaetopoietic 

differentiation, development and activation of immune cells, antiviral and antibacterial 

responses and regulation of cell cycle and apoptosis in response to a variety of genotoxic 

stresses (Taniguchi T et al. 2001; Takaoka A et al. 2008; Savitsky D et al. 2010).  

IRF-1 was initially isolated by its affinity to specific target sequences in the virus-

inducible enhancer-like elements of the human IFN- gene promoter (Fujita T et al. 1988). 

Subsequent studies, in IRF-1 null mice, showed that IRF-1, even if able (Fujita T et al. 1989a; 

Pine R et al. 1990) was not essential for type I IFN gene expression (Matsuyama T et al.1993; 

Ruffner H, et al. 1993). IRF-1 instead exerts a variety of non-redundant functions in several 

aspect of cell physiology depending on the cell type and state of differentiation, the nature of 

the stimulus and its partners in transcription.  

IRF-1 is expressed at low basal levels in all cell types examined, with the exception of early 

embryonal cells, and a variety of stimuli can induce IRF-1 mRNA accumulation including 

type I and type II IFNs, ds RNA, cytokines and hormones (Fujita T et al. 1989b). The 

remarkable IRF-1 functional diversity in regulating cellular responses reflects the differential 

modulation of distinct sets of genes implicated in antiviral and antibacterial as well as 

antiproliferative, antiapoptotic, antioncogenic and immunomodulatory responses (Kröger A et 

al. 2002). IRF-1 is manly a weak transcriptional activator and so far only two gene promoters 

have been shown to be repressed by IRF-1, the IL-4 promoter in response to type II IFN and 

the Foxp3 promoter during T regulatory cell differentiation (Elser B et al. 2002; Fragale A et 

al. 2008). IRF-1 activity is primarily regulated at the transcriptional level that dictates the 

abundance of the protein that is very instable with a very short half-life of around 30 minutes. 

However, posttranscriptional modifications including phosphorylation and proteasome-

mediated degradation as well as interactions with other transcriptional factors or cofactors, as 

described above, also dictate specific activities (Taniguchi T et al. 2001; Kröger A et al. 

2002). IRF-1 contributes to the host defense by different mechanisms: by affecting immune 

cell development, by modulating innate and adaptive immune responses and by direct 

induction of antiviral and antibacterial genes. 

 

IRF-1 in Regulation of Immune Cell Development 

Several studies have implicated IRF-1 in the development and function of multiple cell 

populations of the immune system. It affects NK and Dendritic cell development and 

activities, T cell selection and maturation, as well as leukomogenic development (Taniguchi T 

et al. 2001; Takaoka A et al. 2008; Savitsky D et al. 2010; Battistini A 2009). 

Earlier studies in mice deficient in IRF-1 showed a marked impairment of CD8
+
 T and NK 

cell maturation, impaired IL-12 production in multiple cell types, and exclusive T helper type 
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II (Th2) differentiation associated with defects in T helper type I (Th1) responses 

(Matsuyama T et al.1993). In developing tymocytes, IRF-1 regulates the expression of genes 

important for positive selection of CD8
+
 T cells and for their functionality as TAP1 and 

LMP2 (Penninger JM et al. 1997; White LC et al. 1996). IRF-1 has also a highly complex 

role in the differentiation of Th cells. Although naive CD4
+
 T cells develop in IRF-1

-
/
-
 mice, 

IRF-1 is indispensable for the differentiation of Th1 cells (Lohoff M et al. 1997; Taki S et al. 

1997). The expression of a number of genes pivotal in Th1 differentiation is, indeed, affected 

by IRF-1, which has therefore been called a “super” Th1 cell transcription factor (Lohoff M 

and Mak TW 2005). These genes include p40 and p35 subunits of Interleukin (IL)-12, a 

cytokine essential for Th1 differentiation and direct target of IRF-1 transcriptional activity 

(Maruyama S et al. 2003; Kollet JI and Petro TM. 2006). Impaired production by 

macrophages and DCs of IL-12, may, thus, account for the lack of Th1 differentiation in IRF-

1 deficient mice (Lohoff M et al. 1997; Taki S et al. 1997). Interestingly, in T and NK cells, 

IRF-1 itself is a target of IL-12 (Coccia EM et al. 1999a; Galon J et al. 1999) and in turn it 

controls and is indispensable for the expression of the gene encoding the IL-12 receptor 1 

(Kano S et al. 2008). Moreover, IRF-1 has also been shown to repress IL-4 gene transcription 

and production of IL-4 (Elser B et al. 2002), the key cytokine in Th2 differentiation, thereby 

directly inhibiting differentiation of Th2 cells. IRF-1 is also substantially induced by IFN- 

(Pine R et al. 1994; Coccia EM et al. 2000) that, in antigen presenting cells, leads to increased 

production of IL-12 by NK cells, a source of IFN- during infection, and in turn stimulates 

IL-12 production by macrophages. Thus, IRF-1 participates with IFN- and IL-12 in an 

autocrine positive amplification loop that both induces and perpetuates the Th1 response, 

while inhibits Th2 differentiation. 

The effect of IRF-1 on T cell differentiation may, however, be elicited in part also 

through its ability to support the differentiation and function of specific dendritic cell (DC) 

subsets that direct Th differentiation. Recent data from our laboratory showed that IRF-1 is 

involved in the development and function of specific subsets of DC whose cytokine profile 

preferentially drives a Th1 polarization (Gabriele L et al. 2006). The existence of distinct 

subsets of Dc that can be distinguished on the basis of phenotypic and functional features, 

localization and differentiation status (Shortman K and Liu YI 2002; Ardavin, C. 2003; Belz 

GT et al. 2012) accounts for their functional diversity in evoking immune responses. In this 

respect, the role of DCs is dichotomous in that they may both present antigens and the 

appropriate stimulatory molecules to initiate an adaptive immune response, or they may 

induce tolerance and release anti-inflammatory signals.. IRF-1
-/-

 mice have reduced numbers 

of CD8
+ 

DC subset that fails to undergo full maturation in response to viral or bacterial 

stimuli and are unable to stimulate the proliferation of allogeneic T cells. IRF-1
-/-

 DCs 

present, instead, a tolerogenic cytokine profile (Gabriele L et al. 2006). This may account for 

the impaired responses of these mice to infectious agents and for their reduced susceptibility 

to induction of autoimmune disorders. Consistently, IRF-1 has been also implicated in the 

generation of T regulatory (Treg) cells, a subset of CD4
+
 T cells critical in inducing and 

maintaining tolerance. Mice devoid of IRF-1 show a selective and marked increase in the 

thymus and in all peripheral lymphoid organs of highly activated and differentiated 

CD4
+
CD25

+
Foxp3

+
 Treg cells. The molecular basis of these effects relies on the binding of 

IRF-1 to a highly conserved IRF-E sequence in the promoter of Foxp3 gene the unique 

marker of Treg cells and on negative regulation of promoter transcriptional activity (Fragale 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Matsuyama%20T%22%5BAuthor%5D
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A et al. 2008). Thus, IRF-1 may also be considered a critical element in the intimate crosstalk 

between Treg cells and tolerogenic DCs. 

Several studies have also evidentiated the role of IRF-1 in the differentiation of myeloid 

lineages. IRF-1 is expressed in immature myeloid bone marrow cells (Liebermann DA and 

Hoffman B 2002) and its expression significantly increases during granulocytic 

differentiation of both human and murine myeloid progenitors (Abdollahi A et al.1991; 

Coccia EM et al. 2001). Consistently, IRF-1-deficient mice show an increased number of 

immature granulocytic precursors associated with a decreased number of mature granulocytic 

elements in response to both G-CSF and M-CSF (Testa U et al. 2004). 

 

IRF-1 in Regulation of Immune Responses 

The role of IRF-1 in host defense from pathogens is double: indirect through effects on 

differentiation of immune cells as described above, and on the stimulation of IFN expression 

and direct through transcriptional stimulation of antiviral genes, even in an IFN-independent 

manner. 

Despite the earlier proposed importance of IRF-1 in type I IFN gene regulation in 

response to viral infection was not supported by experiments on genetically modified mice 

(Matsuyama T et al. 1993; Ruffner H, et al. 1993), as mentioned above, the observation that 

IRF-1, together with IRF-3 and IRF-7, can be found in both the IFN-A and IFN-B 

enhanceosomes (Thanos D and Maniatis T 1995; Au WC et al. 1995) suggests that IRF-1 can 

play a role in IFN-induction. This apparent discrepancy has recently been solved in the 

context of the studies of the signaling pathways triggered by pathogen sensors that have 

showed that IRF-1 indeed induces IFN- expression, but in a cell type- and ligand-specific 

manner (Negishi H et al. 2006). In this respect, IRFs, in particular IRF-3, IRF-5 and IRF-7 

gained, in the last years, much attention as essential regulators downstream of pathogen 

sensors named pattern recognition receptors (PRRs). These receptors are utilized by the 

innate immune system to sense pathogens or dangers through recognition of pathogen-

associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs). 

PRRs are present on the cell membrane or in the cytoplasm of both professional innate 

immune cells including macrophages and dendritic cells as well as in T cells and also in non 

professional cells such as epitelial and endothelial cells and fibroblasts that also contribute to 

innate immunity (Honda K and Taniguchi T 2006; Akira et al. 2006; Takeuchi O and Akira S 

2010, 2011) Differences in the signaling programs triggered by distinct PRRs are associated 

with the different pathogens in order to elicit the appropriate immune response and disarm the 

specific pathogen. Several classes of PRRs have been described that comprise retinoic acid 

inducible gene-I (RIG-I)-like receptors (RLRs), Toll-like receptors (TLRs), NOD-like 

receptors (NLRs), C-type lectins receptors and the IFI200 family member absent in 

melanoma 2 (AIM2). Whereas TLRs sense PAMPs in the extracellular space and endosomes, 

NLRs, RLRs and AIM2 function as pathogen sensors in intracellular compartments (Akira S 

et al. 2006; Robinson MJ et al. 2006; Sansonetti PJ 2006; Kawai T and Akira S 2010, 2011; 

Wilkins C and Gale M Jr. 2010; Barber GN 2011). Downstream of these molecules three 

major pathways are activated: the NF-B pathway, the mitogen-activated protein kinases 

(MAPKs) and the IRF pathway (Honda K and Taniguchi T 2006; Akira S et al. 2006; O’Neill 

LA and Bowie AG 2007). Type I IFN production in response to PRR signaling essentially 
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depends on the presence and the activation of IRFs and the role of individual IRFs varies 

depending on the cellular source and the PRR used (Honda K and Taniguchi T 2006). 

TLRs, together with the cytosolic RIG-I-like receptors are the best-characterized class of 

PRR. Activation mediated by TLRs relies on two different pathways: one dependent on the 

adaptor protein MYD88 and the other related to the adaptor TRIF. MyD88 is recruited by all 

TLRs with the exception of TLR3, which instead, signals only through TRIF (Honda K and 

Taniguchi T 2006; O’Neill LA and Bowie AG 2007; Kawai T and Akira S 2010). IRF-1 has 

been shown to play a role in IFN induction in the MyD88–dependent signaling in myeloid 

DCs upon CpG-B-TLR9 engagement. As IRF-7 and IRF-5 (see latter section), IRF-1 interacts 

directly with the adaptor MyD88 and in IFN--treated DCs, TLR9 engagement results in IRF-

1 increased expression and post-translational modifications that allow optimal induction of a 

specific set of genes specifically up-regulated by IRF-1 including IFN-, iNOS and IL-12 p35 

(Negishi H et al. 2006; Schmitz F et al. 2007). Thus, a ‘licensing’ process whereby interaction 

of IRF-1 with TLR9-activated MyD88 increases the rate of nuclear translocation of IRF-1 and 

transcriptional activation of target genes, relative to that noted with IFN--induced IRF-1 that 

has not been ‘licensed’ by MyD88, it has been proposed (Negishi H et al. 2006). 

Interestingly, a role of IRF-1 in IFN- expression has been described also in primary 

macrophages, in response to tumor necrosis factor (TNF) (Yarilina A et al. 2008). In these 

cells, TNF induces an autocrine loop characterized by low and sustained production of IFN- 

that acted in synergy with canonical TNF signals to induce sustained expression of genes 

encoding inflammatory molecules, together with classic interferon-response molecules, 

including those known to mediate antiviral response. This TNF-mediated IFN- production 

is essentially dependent on IRF-1. It is, however, worth noting that in contrast to PRRs that 

use IRF-3 or IRF-7 (see below), to induce massive but rapid and transient IFN- production 

in virus-infected fibroblasts and pDCs (Honda K et al. 2005), the IRF1-dependent type I IFN 

induction, in myeloid DCs on CpG-B-TLR9 engagement and in TNF-stimulated 

macrophages, is markedly weaker and delayed. Thus, even if it has to be established whether 

and how the small amounts of interferon induced contribute to overall interferon production 

in the setting of an infection, it can be postulated that IRF-1-MyD88-dependent activation of 

IFN- production may explain the antimicrobial synergism between IFN-γ and TLR, while 

the local production of TNF-stimulated IFN- in macrophages, may be important in 

regulating inflammation in noninfectious settings. IRF-1-mediated IFN- induction thus 

seems a tailored response in specific settings. 

IRF-1 may contribute to the innate immune response to infections mediated by PRRs also 

by regulating PRRs gene expression in response to type I IFN. TLR3, TLR4, TLR6, TLR9 

and RIG-I gene promoters are all bound and transcriptionally regulated by IRF-1 (Guo Z et al. 

2005; Nhu QM et al. 2006; Fragale A et al. 2011; Su ZZ et al. 2007). 

As for a direct role of IRF-1 in host defence, early studies already indicated that IRF-1 

was able to induce typical IFN functions including antiviral state against several RNA viruses 

(Kimura T et al. 1994; Pine R. 1992), also consistent with the finding that enforced 

expression of IRF-1 prevented VSV, EMCV, and HCV replication in an IFN-independent 

way (Pine R. 1992; Kanazawa N, et al. 2004). This phenotype was not a consequence of IFN 

production but was dependent on direct induction of a set of ISGs affecting viral replication 

(Chang CH, et al. 1992; Coccia E.M., et al. 1999b; Kirchhoff S et al. 1995). Several primary 

IRF-1 target genes have, since then, been recognized (Kroeger A et al. JICR 2002) including 
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the more recently identified viperin, an highly conserved antiviral gene, that interferes with 

the propagation of a broad spectrum of DNA and RNA viruses. In particular, it has been 

reported that IRF-1 is essential, whereas the type I IFN system is dispensable, for VSV-

induced viperin gene transcription (Stirnweiss A et al. 2010). 

The direct role of IRF-1 in inducing an antiviral state and in controlling IFN-independent 

signaling events leading to ISGs expression and antiviral immunity has been recently 

confirmed by elegant data showing that IRF-1 plays a unique role in regulating MAVS-

dependent signaling from perixosomes (Dixit E et al. 2010). The RIG-I-like receptor (RLR) 

adaptor protein MAVS (Belgnaoui SM et al. 2011) is located in both mithocondria and 

perixosomes. Whereas mithocondrial MAVS activates an IFN-dependent signaling though 

IRF-3 with delayed kinetics which amplifies and stabilizes the antiviral response, perixosomal 

MAVS induces, exclusively through IRF-1, a rapid IFN-independent expression of defense 

factors that include a number of ISGs, providing a rapid and short-term protection upstream 

the mithondrial-activated IFN. As in the case of direct viperin induction, this IRF-1-mediated 

type I IFN-independent mechanism of enhanced ISGs expression, while may provide a 

redundant mechanism to protect cells from viral infections, becomes particularly important 

for pathogens that evade innate immunity by disrupting the induction and function of IFN 

(see a latter section). Consistently, in a in vitro screening of more than 380 human ISGs tested 

for their ability to inhibit the replication of several human and animal viruses, including 

Hepatitis C virus, Yellow fever virus, West Nile virus, Chikungunya virus, Venezuelan 

equine encephalitis virus and Human immunodeficiency virus type-1, IRF-1 has recently been 

identified as an effector with the broader antiviral properties (Schoggins JW et al. 2011). 

Similarly, in the context of HIV infection in DCs, it was demonstrated that a distinct subset of 

ISGs is directly stimulated by IRF-1 without detectable production of type I or type II IFN. 

These genes include MX1, STAT1, OASE, ISG15, IFI35, IFIT5, some of which such as 

MxA, OAS1-3 and ISG15, have intrinsic unique antiviral actions and could substitute for 

absent type I IFNs (Harman AN et al. 2011). However, how these genes affect HIV 

replication, whether ISGs benefit the host, the virus, or both still remains to be determined. 

The observation that different patterns of ISG are stimulated by other viruses and by HIV in 

other cell types (Coberley CR, et al. 2004; van 't Wout AB et al. 2003) may suggest direct 

viral modulation in DC to enable successful HIV-1 transfer to T cells. In T cells, that are 

primary target of HIV replication, IRF-1, on the other hand, is similarly induced, but 

promptly hijacked by the virus on the viral promoter to induce viral replication when the viral 

transactivator Tat is still absent or at sub-threshold amounts (Sgarbanti M et al. 2002, 2008). 

Later on in infection IRF-1 is also sequestered by Tat and this results in a substantial 

quenching of IRF-1 transcriptional activity (Remoli AL et al. 2006). Thus, even if 

mechanisms involved are completely different, in T cells as in DC, HIV-1-induced IRF-1 

expression may, instead to protect, constitute one of the viral strategies developed to evade 

the host immune response as described in more details in a latter section. 

Overall IRF-1, as initially highlighted by knockout mice studies and fully demonstrated 

by subsequent observations, exerts profound and multifarious effects in the regulation of both 

innate and adaptive immunity orchestrating host responses that largely extend beyond its role 

in IFN signaling.  

In addition, IRF-1 has key roles in cell cycle regulation and apoptosis in response to a 

variety of genotoxic stress and thus in oncogenesis, all issues not covered here but extensively 

reviewed elsewhere. (Taniguchi T et al. 2001 ; Tamura T et al. 2008 ; Savitsky D et al. 2010). 
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IRF-2: The Neglected IRF 
 

IRF-2 has been discovered by cross-hybridization with IRF-1 cDNA during the study of 

transcriptional regulation of mammalian IFN- gene upon viral infection (Harada H et al. 

1989). In contrast to IRF-1, IRF-2 expression is constitutive in most cell types and due to 

higher stability, more represented in the cell, but as IRF-1 it is also inducible by Type I IFN 

and viral infection and also by IRF-1 (Harada H et al. 1989; Coccia EM et al. 1999b). Similar 

to IRF-1, IRF-2 is expressed in many immune cells including B and T cells, macrophages and 

DCs (Taniguchi T et al. 2001; Nelson N et al. 1996).  

IRF-2 was originally described mainly as a transcriptional repressor by competing for binding 

of especially IRF-9 and IRF-1 to conserved ISRE/IRF-E sequences (Harada et al. 1989; 

Tanaka et al. 1993; Yamamoto et al. 1994; Lin R et al. 1994; Hida S et al. 2000).  

Biologically, IRF-2 plays an important role in cell growth regulation, and has been shown to 

be a potential oncogene, as overexpression of IRF-2 causes anchorage-independent growth in 

NIH 3T3 cells and tumor formation in mice, which can be reverted by the concomitant 

expression of IRF-1. The IRF-2-mediated inhibition of the proapoptotic and growth 

regulatory functions of IRF-1 is considered mainly responsible for the oncogenic 

transformation of NIH/3T3 cells overexpressing IRF-2 (Harada H et al. 1993). IRF-2 was also 

shown to reverse N-Ras-induced growth inhibition in a myeloid cell line (Passioura T et al. 

2005). In line with its recognized oncogenic potential, IRF-2 has recently been reported to 

serve as a baseline transactivator of the human papilloma virus (HPV) type-16 major early 

promoter, that drives the expression of the E7 oncogenic protein (Lace MJ et al. 2010). IRF-2 

is also associated with oncogenic progression in human esophageal carcinomas (Wang Y et 

al. 2007) and by modulating its sub cellular localization, regulates the activity of NF-B that 

is known to be persistently active during cancer progression (Karin M 2006) (Chae M et al. 

2008). 

In addition to its oncogenic potential, IRF-2 has emerged as a complex and distinct 

mediator of gene expression and cell cycle control. In addition to a C-terminal repressor 

domain that may contribute to post-induction repression of IRF-1-dependent-gene activation, 

IRF-2 presents indeed, in its central region, a latent activation domain (Yamamoto H et al. 

1994) and under certain conditions may activate gene transcription. In particular, IRF-2 can 

actively induce the expression of genes such as the cell cycle-regulated histone H4 (Vaughan 

PS et al. 1995, 1998), the gp91 (phox) (Luo W and Skalnik DG 1996) the vascular cell 

adhesion molecule (VCAM) 1 (Jesse TL et al. 1998) and transporter associated with antigen 

processing (TAP)-1 (Rouyez MC et al. 2005). As an activator IRF-2 can also cooperate with 

IRF-1 in transcriptional stimulation of several immunomodulatory genes including MHC 

class II (Xi H et al. 1999), Il-12p40 (Salkowski CA, et al. 1999) and IL-7 protein (Oshima S 

et al. 2004). Moreover, IRF-2, probably in association with IRF-1, down-regulates the 

expression of IL-4 (Elser B et al. 2002), thus contributing in the induction of a Th1 response. 

 

IRF-2 in Regulation of Immune Cell Development 

As for other IRFs, studies in IRF-2 knockout mice have revealed its physiological roles. 

In particular, IRF-2 null mice exhibit immunological abnormalities as bone marrow 

suppression of hematopoiesis and B lymphopoiesis and mortality following lymphocytic 

choriomeningitis virus infection (Matsuyama T et al. 1993). These mice also spontaneously 
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develop inflammatory skin disease as they age, involving CD8
+
 T cells, that exhibit a hyper-

responsiveness to antigen stimulation in vitro and up-regulated ISGs expression (Hida S et al. 

2000). Subsequent analyses of these mice have revealed that IRF-2 is also important for the 

development of NK and Dendritic cells. IRF-2
-
/
-
 mice, indeed, selectively lack mature NK 

cells probably due to an accelleration of apoptosis (Lohoff M et al. 2000; Taki S et al. 2005). 

The defective NK cell differentiation and the lack of IL-12 in macrophages in IRF-2
-/-

 mice 

(Salkowski CA et al. 1999) then contribute to the defective Th1 response, and indeed, these 

mice as IRF-1
-
/
-
 mice, are susceptible to infections that require a Th1 response as Leishmania 

major (Lohoff M et al. 2000). 

IRF-2 is also required for limiting the generation of basophils. The expansion of basophils in 

naive IRF2
-
/
-
 mice results in an increase in IL4 production and Th2 polarization (Hida S et al. 

2005). Thus, in addition to the positive role exerted in concert with IRF-1 in Th1 polarization, 

the negative regulatory role on the basophil population size is critically important for 

preventing excess Th2 polarization and to a proper Th1/Th2 balance in naive animals. 

In myeloid cell development IRF-2 has an opposite role as compared with that of IRF-1: 

it inhibits granulopoiesis by suppressing the IRF-1 stimulatory effect on the late 

differentiation marker lactoferrin (Coccia EM et al. 2001), while it stimulates the unrelated 

megakaryocytic lineage by up-regulating transcription factors that are important in 

megakaryocyte development in both the early and later stages of the differentiation process 

(Stellacci E et al. 2004). IRF-2 has recently also been implicated in differentiation of the 

erythroid lineage. IRF-2-deficient mice have been shown to have impaired erythropoiesis 

characterized by decreased numbers of late erythroblasts accompanied by an increased 

number of early erythroid progenitors (Mizutani T et al. 2008). 

IRF-2 has important roles also in the development of myeloid DC. IRF2
-/-

 mice exhibit a 

selective loss of splenic and epidermal CD4
+
CD8

-
 DCs and this defect has been ascribed to 

an abnormally increased type I IFN signaling since the deficiency was rescued by 

introduction in IRF2
-/-

 mice a null mutation for the IFN receptor complex (Honda K, et al. 

2004; Ichikawa E et al. 2004). By inhibiting type I IFN, IRF-2 has been shown also to 

preserves self-renewal and multi-lineage differentiation capacity of hematopoietic stem cells 

(Sato T et al. 2009). 

 

IRF-2 in Regulation of Immune Responses 

A specific role of IRF-2 in activation of immune cells has not been reported. In the 

context of innate immunity IRF-2 is, instead, considered a unique negative regulator, 

attenuating type I IFN and type I IFN-induced gene transcription, in order to balance the 

beneficial and harmful effects of IFN-alpha/beta signaling. Surprisingly, however, as 

mentioned above mice deficient for IRF-2 exhibit several immunological abnormalities and 

cannot survive lymphocytic choriomeningitis virus infection thus suggesting a role for IRF-2 

in antiviral defense (Matsuyama T et al. 1993; Hida S et al. 2000). The molecular bases of 

these aspects have not been elucidated and await extensive investigations. As mentioned 

above, IRF-2, in cooperation with IRF-1, also contributes in the induction of a Th1 response.  

Even if an involvement of IRF-2 in PRRs signaling pathway has not been reported, IRF-

2, as IRF-1, participates in the regulation of TLR gene expression. A role for IRF-2 in 

constitutive expression of murine TLR3 and TLR9 genes has been, in fact, reported (Heinz S 

et al. 2003; Guo Z et al. 2005). Whether IRF-2 can form heterodimers and also cooperate with 
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IRF-1 in IFN-mediated up-regulation of these genes remains to be exactly defined, however, 

it has been shown that a synergistic stimulation of the TLR3 promoter occurs upon IRF-1 and 

IRF-2 co-expression (Fragale A et al. 2011). 

 

 

IRF-3, IRF-7 and IRF-9: The Interferonic and Antiviral IRF 
 

IRF-3 and IRF-7 the two IRFs with the greatest sequence homology to one another are 

key regulators of type I IFN gene expression upon infections. The cellular events that control 

their activity have been elucidated recently and constitute the response of the immune system 

to invading pathogens (Honda K and Taniguchi T 2006). 

IRF-3 is constitutively expressed in most cell types (Au WC et al. 1995) while IRF-7 is 

expressed at discrete levels only in specialized immune cells, such as B cells and DCs and in 

most cell types is inducible by IFN-mediated signaling (Sato M et al. 1998, Au WC et al. 

1998, Marie I et al. 1998). Early studies, mainly carried out in virus-infected fibroblasts, 

identified IRF-3 and IRF-7 as the two IRFs mainly involved in regulating the early and late 

phases of IFN expression, respectively (Marie I et al. 1998; Lin R et al. 2000a). Their 

essential and distinct roles in regulating type I IFN expresssion was then demonstrated by 

studies in IRF-3 and IRF-7 knockout mice (Sato M et al. 2000). In the initial hypothesis, IRF-

3 being considered mainly responsible for the initial induction of the IFN- gene whereas 

IRF-7, whose up-regulation is mediated by type I IFNs themselves, involved in the late phase 

of type I IFN gene induction (Sato M et al. 1998a, 2000). A more detailed analysis in IRF-7 

knockout mice, however, subsequently indicated that small basal amounts of IRF-7 are 

crucial even in the initial phase of type I IFN gene induction by viruses-activated cytosolic 

receptor pathways. The formation of the heterodimer IRF-3/IRF-7, or the homodimer of IRF-

7, rather than the homodimer of IRF-3 seems thus more important for the production of type I 

IFN (Honda K et al. 2005a). The homo and heterodimeric complexes also act differently on 

the type I IFN gene family members. IRF-3 potently activates the IFN- gene rather than the 

IFN- genes (except IFN-a4), whereas IRF-7 preferentially stimulates the IFN-a and IFN-a5 

genes (Sato M et al. 2000).  

Both factors are, expressed in the cytoplasm in a latent form and, upon viral infection 

undergo phosphorylation, and dimerization. Modified IRFs then translocate in the nucleus 

and homo or heterodimers of IRF-3 and IRF-7 in a complex with coactivators such as 

CBP/p300 bind to target DNA sequences (Lin R et al. 1998; Yoneyama M, et al. 1998; 

Weaver BK et al. 1998.; Sato M, et al. 1998a,b; Marié I et al. 1998; Wathelet MG, et al.1998). 

As mentioned in the previous section, their transcriptional activity is regulated by virus and 

dsRNA-induced C-terminal phosphorylation at several serine/threonine residues (Mori M, et 

al.2004; Panne D et al. 2007) by the TBK1 and IKK kinases (Fitzgerald and others 2003a; 

Sharma and others 2003). These kinases are activated upon engagement of a number of PRRs 

and depending on the nature the pathogen and host cell type, activate a cascade of events 

leading to the transcriptional activation of powerful antiviral genes such as the type I IFNs 

and/or the triggering of inflammatory responses through interleukin-1 (IL-1) and IL-18 

production (Honda K and Taniguchi T 2006; Akira S et al. 2006; Kawai T and Akira S 2010; 

2011). 
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The IRF-3-mediated induction pathway of type I IFN has been recognized to be activated 

by cytosolic recognition systems mediated by RIG-I-like receptors i.e. RIG-I and MDA5 two 

RNA helicase enzymes, present in all cell types that produce IFN. They recognize dsRNA of 

many replicating viruses in a TLR-independent manner (Meylan E and Tschopp J 2006; 

Kawai T and Akira S 2010) and are essential for IRF activation and type I IFN gene induction 

in response to viral infections in many cell types except pDCs where IFN induction is, 

instead, primarily regulated by IRF-7 (Yoneyama M, et al. 2004; Kato H et al. 2005; 

Yoneyama M et al. 2005; Kato H, et al. 2006). They activate the downstream pathway trough 

an adaptor molecule identified by several groups and named VISA, Cardiff, MAVS or IPS-1 

(Meylan E et al. 2005; Xu LG et al. 2005; Kawai T et al. 2005; Seth RB et al. 2005) to 

transmit signals to IKKs, including NEMO/IKK, TANK and TBK1/IKK (Zhao T et al. 

2007; Xu LG et al. 2005; Kawai T et al. 2005) that trigger activation of NF-B and IRF3/7. 

Studies in IRF-7
-
/
-
 mice (Honda K et al. 2005a,b; Honda K and Taniguchi T 2006) have 

demonstrated that IRF-7 is essential in TLR-dependent signaling pathway. The specific 

ligands recognized by IFN-inducing TLRs include dsRNA derived from dsRNA viruses 

or from ssRNA viruses as replication intermediates for TLR3 (Alexopoulou L et al. 2001; 

Akira S et al 2006), LPS for TLR4 (Poltorak A et al 1998), ssRNA as replication 

intermediates for TLR7 and 8 (Hemmi H et al. 2002; Heil F et al. 2004), and unmethylated 

CpG-DNA for TLR9 (Hemmi H et al. 2000). In addition, TLR3 recognizes some DNA 

viruses or parasites indicating that TLR3 can recognize structures other than dsRNA (Flandin 

JF et al.2006; Tabeta K et al. 2004; Zhang SY et al. 2007). Upon engagement of TLR3 and 

TLR4, both of which use the TRIF-dependent pathway, IRF-3 and IRF-7 are both activated 

(Kawai T et al. 2001; Doyle S et al. 2002; Fitzgerald KA et al. 2003b; Sakaguchi S et al. 

2003). The induction of IFN- by LPS-engaged TLR4 is mainly mediated by IRF-3 

homodimers being absent in IRF-3
-
/
-
 DCs, but nearly normal in IRF-7

-
/
-
 cells (Honda K et al. 

2005a). However, in the absence of IRF-3 and in particular conditions of IRF-7 

overexpression, (e.g. in conventional DC and monocytes after IFN- priming), IRF-7 may 

participate in IFN- induction on exposure to LPS (Richez C et al. 2009; Sakaguchi S et al. 

2003). As described for TLR4, IRF-3 is involved in TLR3-mediated induction of type I IFN 

expression however, IFN mRNA is still expressed in IRF-3 knock-out DCs upon dsRNA 

stimulation even if at lower extent, but is completely abolished in double IRF-3/7 double 

knock-out cells. This indicates that, in DC activated by TLR3 signaling pathways, IRF-7 is 

required for maximal induction (Savitsky D et al. 2010).  

IRF-7 is specifically activated downstream of pathways induced by TLR7 (expressed in 

mouse cDCs and human plamacytoid DCs), TLR8 (expressed in human myeloid DC) and 

TLR9 (expressed in plamacytoid DCs). These receptors, in contrast to TLR3- and TLR4-

mediated type I IFN induction which depends on TRIF, exclusively utilize MyD88 as 

signaling adaptor (Akira S et al. 2006) and IRF-7 (but not IRF-3), physically interacts with 

MyD88 in the endosomal compartment where these TLRs are expressed (Honda K et al. 

2004b; Kawai T et al. 2004). Regulation of type I IFN in pDCs has been extensively studied. 

pDCs are professional IFN-producing cells that in response to TLR7 and TLR9 engagement 

release the larger amounts of type I IFN in the body (Colonna M et al. 2004). pDCs express 

high levels of TLR7 and TLR9 in endosomes and, in these cells, IRF-7 is the main regulator 

essential for the robust MyD88-dependent IFN gene induction (Honda K et al. 2005a). 

Consistently, higher constitutive expression of IRF-7 in pDCs as compared with other cell 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Colonna%20M%22%5BAuthor%5D
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types has been reported (Izaguirre B et al. 2003). Notably, a spatiotemporal regulation of 

MyD88-IRF-7 signalling, operating in these cells, is critical for the specific ability of pDCs to 

produce high-levels of type I IFNs (Honda K et al. 2005b). 

In these TLR signaling pathways, IRF-7 can also be activated by the IRAK1/4-IKK 

protein kinase cascade, which is known to be involved in NF-B activation (Uematsu S et al. 

2005; Hoshino K et al. 2006). More recently, it has been reported that phosphatidylinositol-3 

kinase (PI3K) is also required for optimal IRF-7 nuclear translocation and IFN production in 

pDCs on TLR triggering (Guiducci C et al. 2008). In line with the observation that type I 

IFNs are also produced in response to bacterial and even parasitic infections (Bogdan C et al. 

2004, Uematsu S and Akira S 2007), it has recently also been reported IFN induction by the 

MyD88-IRF1 and -IRF7 pathways in response to ligands for TLR2/1 and TLR2/6 

heterodimers, that instead has long been associated with pro-inflammatory cytokines but not 

type I interferon responses (Dietrich N et al. 2010). 

In addition to RNA-sensing receptors, DNA recognizing receptors that utilize the IRF-3/7 

to induce IFN expression in response to DNA from pathogens or synthetic dsDNA in a TLR-

independent manner, have been identified (Stockinger S et al. 2004; Hochrein H, et al. 2004; 

Stetson DB and Medzhitov R 2006; Ishii KJ et al. 2006). Different cytosolic DNA sensors 

have been, so far, reported and characterized including DAI (Takaoka A et al. 2007; Wang Z 

et al. 2008) the 3' repair exonuclease 1 (Trex1) (Stetson DB, et al. 2008) and the adaptor 

protein named STING/MITA that localizes to the outer membrane of mitochondria and 

following DNA-mediated stimuli, links IPS-1 adaptor to TBK1 and IRF-3 (Ishikawa H and 

Barber GN 2008; Zhong B et al. 2008). In these pathways, while IRF-3 seems sufficient for 

induction of IFN-, for IFN- induction IRF-7 is also required (Takaoka A et al. 2007). Very 

recently, a novel innate sensor, the DNA sensor IFI-16/p204, responsible for HSV 

containment at the site of acute infection that functions in a IRF-3-dependent, but IRF-7- and 

TLR-independent manner, has been reported (Conrady CD et al. 2012). 

Interestingly, IRF-3 has been recently also involved in the signaling pathway of NOD2 a 

member of the nucleotide-binding domain (NBD)- and leucine-rich-region (LRR)-containing 

family of cytoplasmic proteins known as NLRs nucleotide-binding domain (NOD)-like 

receptors (NLR) protein family, that have rapidly emerged as central regulators of immunity 

and inflammation with demonstrated relevance to human diseases (Schroder K and Tschopp J 

2010; Joao G et al. 2011; Kanneganti TD 2010). Much attention has focused on the ability of 

several NLRs to activate the inflammasome complex and drive proteolytic processing of 

inflammatory cytokines, however, NLRs also regulate important inflammasome-independent 

functions in the immune system (Jenny PY et al. 2010; Kanneganti TD 2010). Indeed, viral 

infection can activate NOD2, leading to its translocation to the mitochondria, where it 

associates with the mitochondrial MAVS adaptor in the RIG-I-like receptor signaling 

pathway and forms a newly defined multimeric complex, that can act as central platforms for 

innate antiviral responses, that together regulate the production of antiviral type I IFN and 

inflammatory cytokines (Sabbah A et al. 2009). Interestingly, in response to Helicobacter 

pylori infection, IRF-7, as IRF-3, has been shown to be activated by a NLR receptor, NOD1, 

a sister molecule of NOD2 mainly expressed in APCs and epithelial cells (Watanabe T et al. 

2010).  

Besides regulating type I IFN expression, IRF-3 and IRF-7 have been also implicated in 

the induction of another class of IFN family members, type III IFN (IFN lamda) genes that 
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have similar antiviral activities as type I IFN. IFN-lambda1 gene is regulated by virus-

activated IRF-3 and IRF-7, thus resembling that of the IFN- gene, whereas IFN-lambda2/3 

gene expression is mainly controlled by IRF-7, thus resembling those of IFN- genes 

(Osterlund PI et al. 2007). 

In addition to their essential roles in the transcriptional induction of immediate-early IFN 

genes, IRF-3 and IRF-7 also exert host defense activities through direct and distinct induction 

of target genes in an IFN-independent manner. Several biochemical and gene profiling studies 

have delineated dsRNA and virus-induced genes and attempts to dissect IRF-3 and IRF-7 

target genes by using cells lacking all type I interferon genes or cells expressing the 

constitutively activated form of the proteins have been performed (Geiss G et al. 2001; Elco C 

Pet al. 2005; Grandvaux N et al. 2002; Barnes BJ et al. 2004 Andersen J et al. 2008; Goubau 

D et al. 2009; Honda K, et al. 2006). In particular, activated IRF-3 leads to selective 

regulation of IFN-responsive genes involved in the establishment of an antiviral state 

including ISG54, ISG56, and ISG60, guanylate binding protein 1 (GBP1), 2-5 oligoadenylate 

synthase (2-5 OAS), ISG15, IP-10 and the CC chemokine RANTES (Grandvaux N et al. 

2002; Nakaya T et al. 2001; Lin R et al. 1999c). More recently, transcriptional profiles of 

active IRF-3- or IRF-7-transduced primary human macrophages confirmed the previously 

reported IRF-3 and IRF-7 target genes, and also identified additional differentially modulated 

genes in both a IFN-dependent and IFN-independent manner. These results demonstrated that 

IRF-3 or IRF-7 differentially regulates apoptotic and anti-tumor gene programs in primary 

macrophages. In particular, the pro-apoptotic BH3-only protein Noxa was identified, in 

macrophages as a primary IRF-3-target gene and essential regulator of IRF-3-, dsRNA- and 

vesicular stomatitis virus-induced cell death, while IRF-7 increases the expression of a broad 

range of ISGs including immunomodulatory cytokines as well as genes involved in antigen 

processing and presentation, probably in an IFN-mediated manner (Romieu-Mourez R et al. 

2006; Goubau D et al. 2009). Overexpression of IRF-7 has been, on the other hand, reported 

to directly stimulate transcription of the immunoproteosoma subunit LMP2 (Sgarbanti M et 

al. 2007) involving IRF-7 also in adaptive immunity. 

IRF-9 also known as ISGF3 or p48, like IRF-1 and IRF-2, is constitutively expressed in 

a variety of cell types and is inducible by type II IFN and viral infection (Levy DE et al. 

1990). As IRF-3 and IRF-7, it plays a major role in antiviral defense as part of a ternary 

complex termed the IFN-stimulated gene factor 3 (ISGF3) that is an essential mediator of 

type I IFN signaling (Schindler C et al. 1992; Bluyssen AR et al. 1996). Following detection 

of PAMPS by PRRs, the newly secreted IFNs, indeed, bind to cell surface receptors of 

neighboring cells and in an autocrine and paracrine manner induce, via the JAK/STAT 

signaling pathway (Darnell JE Jr et al. 1994), the formation of the heterocomplex ISGF3 that 

is composed by IRF-9 and activated tyrosine-phosphorylated signal transducer and activator 

(STAT)-1 and STAT2 (Fu X Y et al. 1990; Levy DE et al. 1989; Veals SA et al. 1992). This 

complex is formed within minutes of IFN treatment and participates in the transcriptional 

activation of a large number of IFN-inducible antiviral genes by binding specifically to the 

ISRE present on target promoters. These genes include all bona fide ISGs including IRF-7 

that in a positive loop further stimulates type I IFN expression as described above. 

Interestingly, early studies identified the binding of IRF-9 to the IFN- promoter in response 

to viral infection, suggesting a direct role also in IFN stimulation (Harada H et al. 1996; 

Kawakami T, et al. 1995; Yoneyama M, et al. 1996). IRF-9 is the major DNA binding 
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component of the ISGF3 complex (Veals SA et al. 1993), it can also form a complex with the 

STAT1 homodimer and with STAT2 alone and these complexes bind to DNA with the same 

specificity as ISGF3 (Kraus TA et al. 2003). Accordingly, MEF from IRF-9 knockout mice 

do not respond to type I and type II IFNs (Kimura T et al. 1996; Harada H et al. 1996). A role 

in IFN-γ-mediated antiviral activity in humans mediated by an ISGF3 complex containing 

unphosphorylated STAT2 has also been recently reported (Morrow AN, et al. 2011). The 

importance of IRF-9 in the ISGF3 complex activity has been further confirmed by recent 

data, obtained by combining mathematical modeling with experimental analysis, that have 

shown that IRF-9 is a crucial factor for accelerating IFNα-induced early antiviral signaling. 

Increasing the initial IRF-9 concentration by over-expression, results in higher levels of 

phosphorylated STAT proteins in the nucleus, and consequently augmented expression of 

IFNα-target genes (Maiwald T et al. 2010). Furthermore, through a combination of both in 

vitro biochemistry and in vivo transcriptional profiling it has been demonstrated that in the 

absence of IFN signaling, an IFN-like transcriptome is still induced. This transcriptional 

activity is mediated from ISRE sequences that bind to both ISGF3 as well as to IRF7. A 

significant overlap between the genes induced by IRF-7, IRF-3 and ISGF3 was found and 

slight differences in the ISRE encoded upstream of target genes defined the specificity of the 

single transcription factors. These results while indicate a redundancy in the induction of an 

antiviral state by IRF-3, -7, -9 further support their IFN-independent transcriptional activity 

on ISGs stimulation (Schmid S et al. 2010). 

 

 

IRF-4 and IRF-8: The Hematopoietic IRF 
 

Of all members of the IRF family, IRF-4 and IRF-8 are those predominantly expressed in 

hematopoietic cells, with IRF-4 largely restricted to lymphocytes and expressed in all stages 

of B-cell development and in mature T cells and macrophages (Eisenbeis CF et al. 1995; 

Marecki S et al. 1999) and IRF-8 primarily detected in cells of myeloid lineages but also 

expressed in preB-cells and activated T cells (Nelson N et al. 1996; Cattoretti G et al. 2006). 

These factors share a high degree of sequence homology, predominantly in the DBD, and can 

serve as either transciptional activator or repressor depending on protein interaction partners 

and/or context of DNA binding. They both have a weak DNA binding affinity that is 

increased by association with other interacting factors including IRF-1 and IRF-2, IRF-9 and 

tissue-restricted factors as PU1 and E47 (Marecki S et al. 2002; Levi BZ et al. 2002; Ozato K 

et al. 2007). 

 

IRF-4 and IRF-8 in Regulation of Immune Cell Development 

The roles of IRF-4 and -8 in immune cell development and function have been well 

documented and both factors exert cell-intrinsic and non-redundant roles as well as some 

shared functions. The role of IRF-4 seems predominant in lymphoid differentiation while that 

of IRF-8 in myeloid lineage selection. As for other IRFs, much of what is known about their 

functions has come from studies of mice bearing a null mutation of the gene. IRF-4 null mice 

develop progressive generalized lymphadenopathy due to an increase in the number of CD4
+
 

and CD8
+
 T and B cells. In addition, IRF-4 null mice exhibit a marked reduction in serum 

immunoglobulin concentrations and do not mount detectable antibody responses. Due to 

impaired T lymphocyte functions such as cytokine production and activity, cytotoxic activity 
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and proliferation, these mice could not generate cytotoxic or antitumor responses. IRF-4 is 

thus essential for the function and homeostasis of mature B and T lymphocytes that is more 

evident after antigen stimulation (Mittrücker HW et al. 1997; Lu R et al. 2003). Consistently, 

IRF-4 expression is largely restricted to lymphocytes and IRF-4 is expressed in all stages of B 

cell development as well as in mature T cells. Interestingly, in both T and B cells, IRF-4 

expression is essentially regulated by pathways known to induce lymphocyte activation and 

not by type I or type II IFN like as instead occurs for other members of the IRF family (Gupta 

S et al. 1999; Matsuyama T et al. 1995; Yamagata T. et al. 1996; Eiseinbeis CF et al. 1995). 

IRF-8
-
/
-
 mice, instead, exhibit a marked expansion of granulocytes and, to a lesser extent, 

macrophages and are markedly immunodeficient because of deficiencies in type I IFN and 

IL-12 production (Holtschke T et al. 1996; Giese NA et al. 1997). Interestingly, BXH2 mice 

that bear a point mutation affecting a single amino acid change in the IAD domain of IRF-8 

exhibit an almost identical phenotype (Turcotte K et al. 2005). Since the IAD domain is 

responsible for the ability of IRF-8 to heterodimerize, this finding indicates that almost all 

activities of IRF-8 are dependent on its interactions with other proteins.  

IRF-8 regulates the development and function of macrophages, dendritic cells and B cells (Lu 

R et al. 2008; Tamura T et al. 2005a; Lee CH et al. 2006). IRF-8 has a key intrinsic role in 

myeloid cell lineage selection driving differentiation toward macrophages and inhibiting 

granulocytic (neutrophilic) differentiation and accordingly, IRF-8 over-expression in null 

cells drives the differentiation of myeloid progenitors into macrophages (Tamura T et al. 

2000). IRF-8 also inhibits myeloid cell growth and promotes apoptosis and regulate 

macrophage functions (Tamura T et al. 2000; Tsujimura H et al. 2002; Gabriele L et al. 1999) 

by controlling many genes that are involved in cell growth regulation and in apoptosis of 

myeloid cells, as well as genes important for macrophage activities including those encoding 

Cdkn2b, Bcl-Xl, Blimp-1, Cathepsin C, Cystatin C, lysozyme M, and prosaposin (Tamura T 

et al. 2005b; Takaoka A et al. 2008). By complexing with IRF-1 and PU.1, IRF-8 also 

regulates genes stimulated by IFN- and by Toll-like receptor engagement. These genes 

include IL-12, gp91phox, iNOs, TLR4, Fc receptor I, IRF-8 itself, IL-18, Nramp1 and 

Rantes (Xiong H et al. 2003; Kim YM et al. 2000; Marecki S et al. 2001; Liu J and Ma X. 

2006; Alter-Koltunoff M et al. 2003). 

Furthermore, mice lacking IRF-8 exhibit an increased expansion of neutrophils at the expense 

of monocytes/macrophages that develops in a syndrome that resembles the human a chronic 

myeloid leukemia (CML) disease (Holtschke T et al. 1996; Tsujimura H et al. 2002). 

Particularly worth noting is that the IRF-8 expression levels are significantly decreased in 

CML and acute myelogenous leukemia cells from patients (Schmidt M et al. 1998). Very 

recently, a loss-of function mutation in the human IRF-8 gene that also results in a very high 

neutrophil count and an absence of circulating monocytes and dendritic cells has been 

reported (Hambleton S et al. 2011). Thus, these observations support a conservation of 

IRF8’s function between mice and humans also in tumor suppression as reviewed elsewhere 

(Takaoka A et al. 2008; Savitsky D et al. 2010). 

The role of IRF-4 in myeloid differentiation is less understood. IRF-4, like IRF-8, is 

expressed in macrophages (Marecki S et al. 1999) and even if IRF-4
-
/
-
 mice do not display 

abnormalities in myeloid differentiation, recently, based on studies in double KO mice and 

gene introduction experiments, it has been demonstrated that IRF-4 has activities similar to 

IRF-8 in regulating myeloid cell development. IRF-4 indeed promotes macrophages, while 
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hindering granulocytic cell differentiation. Of note, IRF- 4 as IRF-8, targets the IECS 

sequence in the promoter of macrophage-related genes as Mmp12 and Mrc1 that are however 

specifically induced by IRF-4 but not IRF-8, indicating also for IRF-4 an intrinsic role in 

myeloid differentiation. The regulation of other macrophage-related genes as those encoding 

as Blimp-1, Cathepsin C, Cystatin C and CSF1/M-CSF receptor is instead shared with IRF-8. 

Interestingly both IRFs also induce the expression of IRF-5 another IRF preferentially 

expressed in immune cells, including macrophages, and that can also in part mediate the 

positive effects of IRF-4/8 on the innate immune responses in macrophages (Yamamoto M et 

al. 2011). Interestingly, while IRF-8 seems specifically required for M1 macrophage 

polarization, via induction of Il-12, IRF-4 has been shown as essential for M1 polarization 

(Satoh T et al. 2010). Furthermore, IRF-8
-
/
-
IRF-4

-
/
-
 double knockout mice exhibit a more 

severe CML-like disease than IRF8
-
/
-
mice (Yamamoto M, et al. 2011). 

Regarding lymphoid cell development, IRF-4 and IRF-8 each exerts both a redundant and 

a cell-intrinsic role. The initial identification of IRF-4 and -8 as transcription factors that bind 

to an EICE motif located in the immunoglobulin Ek30 and l gene enhancer regions provided 

the first evidence that IRF-4 and -8 might play an overlapping role in pre-B-cell development 

(Brass AL et al. 1996; Brass AL et al. 1999). As in the myeloid lineage, they, indeed, 

cooperate during B cell differentiation (Lu R 2008). Both are expressed in immature stages of 

B cell development including pre-B cells in the bone marrow (Cattoretti G et al. 2006) and 

are involved in the transcriptional network controlling B cell lineage specification, 

commitment and differentiation in bone marrow (Lu R 2008), the regulation of the pre-B to B 

cell development depending on their heterodimerization (Lu R et al. 2003). The two factors 

exert a redundant role in promoting the transition from pre-B to IgM
+
B cells. In double 

knockout mice, but not single null mice, B cells are arrested at the large pre-B stage (Lu R et 

al. 2003) and either IRF-4 or IRF-8 are able to rescue the defect (Ma S et al. 2006). IRF-4 and 

-8 orchestrate the transition from large pre-B to small pre-B by inducing the expression of the 

Ikaros family transcription factors Ikaros and Aiolos (Ma S et al. 2008) that down regulate the 

pre-B-cell receptor (BCR) by suppressing the expression of the surrogate light chain (SLC) 

(Thompson EC et al. 2007). In addition, IRF-4 inhibits IL-7 signaling, a proliferative signal 

for pre-B cell that must be down-regulated for light chain rearrangement (Johnson K et al. 

2008), and up-regulates the expression of the chemokine receptor CXCR4 that in response to 

its ligand CXCL12 promotes migration of pre-B cells away from Il-7-producing stromal cells, 

thus contributing to limit proliferative signals (Tokoyoda K et al. 2004). 

Although IRF-4 and -8 function redundantly to control pre- B-cell development, IRF-4, 

but not IRF-8, is uniquely required for receptor editing. Expression of IRF-4 but not IRF-8 is, 

indeed rapidly induced by self-antigen in immature B (Pathak S. et al. 2008). They also play a 

critical and non-redundant role in Germinal Center (GC) reaction and plasma cell generation. 

In the dark zone while IRF-8 expression increases, IRF-4 is suppressed and in the light zone 

as centrocytes differentiate in plasma cells, the expression of IRF-8 declines and that of IRF-4 

increases (Cattoretti G et al. 2006; Falini B, et al. 2000; Sciammas R et al. 2006; Lee CH et 

al. 2006; Klein U et al. 2006). Studies in the recently developed knock-out-conditional mice 

allowed to define more precisely the role of IRF-8, revealing that IRF-8 indeed controls the 

size of both the splenic marginal zone and follicular B cell population (Feng J et al. 2011). 

The molecular bases of these effects have been defined by the elucidation of the direct target 

genes of IRF-4 and IRF-8 in these cells. So IRF-8 controls expression of B cell-specific 

genes, as activation-induced cytidine deaminase, BCL6 and MDM2 in GC B cells (Lee CH et 
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al. 2006; Cattoretti G et al. 2006; Zhou JX et al. 2009), while IRF-4 has identified as 

transcriptional repressor that directly down-regulates BCL6 expression in GC B cells (Saito 

M et al. 2007). IRF-4 has been also shown as a transcriptional regulator of Fas apoptosis 

inhibitory molecule (FAIM), an inhibitor of Fas-mediated apoptosis in B cells. FAIM is 

preferentially expressed in germinal center B cells and thus IRF-4-mediated regulation of 

FAIM most likely occurs as part of germinal center formation. Interestingly, FAIM also 

enhances CD40-induced IRF-4 expression in B cells indicating a positive feedback regulatory 

loop mediated by IRF-4 in B cell differentiation (Kaku H and Rothstein TL 2009). IRF-4, 

together with the transcriptional repressor Blimp-1 that is directly induced by IRF-4, 

(Sciammas R et al. 2006) is also required for the development of antibody-producing plasma 

cells and their differentiation (Klein U et al. 2006). Interestingly, in plasma cells, also IRF-4 

is induced by Blimp-1 (Sciammas R and Davis MM 2004) indicating a positive loop initiated 

by IRF-4. Of note, Blimp-1 and IRF-4 have recently been predicted as targets of MicroRNAs 

125a and 125b. Over-expression of miR-125b inhibits the induction of Blimp-1 expression 

and IgM secretion in an LPS-responsive B cell line. Furthermore, the differentiation of 

primary B cells and the survival of cultured myeloma cells were inhibited by miR-

125b(Gururajan M et al. 2010). These findings thus suggest that miR-125b promotes B 

lymphocyte diversification in GC by inhibiting premature utilization of IRF-4 as an essential 

transcription factors for plasma cell differentiation. In B cell differentiation, IRF-4 and IRF-8 

have, thus, not only critical functions for light chain rearrangement, as initially suggested, but 

also act throughout B cell development at multiple stages, from B cell lineage specification to 

commitment and differentiation including pre-B cell development, receptor editing, germinal-

center reaction and plasma cell differentiation with overlapping as well as specific effects. 

The specific role of IRF-4 and IRF-8 in regulating Th1/Th2 differentiation is, instead, 

quite different, IRF-4 promoting Th2 while IRF-8 promoting Th1 differentiation, 

respectively. IRF-4
-/-

 T cells do not undergo Th2 differentiation in vitro and do not produce 

IL-4 and other Th2 cytokines. Moreover, when treated with IL-4 in vitro, they do not express 

GATA3, a hallmark of Th2 differentiation (Giese NA et al. 1997; Lohoff M et al. 2002; 

Tominaga N et al. 2003). The fact that IRF-4 in association with NFAT1 and/or NFAT2 

activates the IL-4 promoter (Rengarajan J et al. 2002; Hu CM et al. 2002) and also influences 

the expression of GFI-1, a transcriptional repressor required for Th2 proliferation, indicates 

that IRF-4 exerts a cell-intrinsic role (Lohoff M et al. 2002; Tominaga N et al. 2003; Zhu J et 

al. 2002). Interestingly, it has recently been reported that IRF-4 plays a dual role in the 

regulation of Th2 cytokines: it inhibits Th2 cytokine production in naïve CD4
+
 T cells while 

it stimulates Th2 cytokines production in effector/memory CD4
+
 T cells (Honma K et al. 

2008). Furthermore, IRF-4 contributes to Th2 heterogeneity promoting the expression of a 

specific subset of Th2 cytokines. When Th2 cells are separated based on levels of IL-10 

secretion, IRF-4 expression segregates into the subset of Th2 cells expressing high levels of 

IL-10. Interestingly, in PU.1-deficient T cells there was an increase in IRF-4 binding to the 

IL-10 gene, and in the ability of IRF-4 to induce IL-10 production indicating a specific IRF-4-

induced positive transcriptional regulation of this cytokine that is impaired by the presence of 

PU1 and by the formation of the heterodimer IRF-4/PU1 (Ahyi AN et al. 2009).  

The role of IRF-8 is instead to stimulate Th1 differentiation. Like IRF-1
-
/
-
 mice, IRF-8 

null mice show a defective Th1 response and a Th2 prone phenotype (Giese NA et al. 1997). 
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This may be due to the inability of DCs and macrophages to produce IL-12 as indicated above 

(Masumi A et al. 2002). 

IRF-4 and IRF-8 also exert opposite functions in the differentiation of Th17 a recently 

characterized, unique subset of T helper cells that has critical roles in the pathogenesis of 

autoimmunity and tissue inflammation (Weaver CT et al. 2006; Peters A et al. 2011; 

Ghoreschi K et al. 2011). Specifically, IRF-4 is a key regulator of development, expansion, 

survival and activity (Brüstle A et al. 2007), while IRF-8 is an intrinsic transcriptional 

inhibitor of Th17 cell differentiation (Ouyang X et al. 2011). The lack of Th17 differentiation 

in IRF-4
-/-

 mice seems to be partially due to a lack of IL-6-mediated down-regulation of the 

transcription factor Foxp3, the hallmark of Treg cells. The expression of the orphan nuclear 

receptor RORT the lineage-specific transcription factor essential in Th17 differentiation 

(Ivanov II et al. 2006) is, also, markedly decreased in IRF-4
-/-

 T cells in Th17-polarizing 

conditions. The importance of IRF-4 in Th17 cell activity has been further stressed by the 

observation that that mice deficient in IBP (IRF-4-binding protein), the protein that sequesters 

IRF-4 and prevents it from targeting IL-17 and IL-21 genes, rapidly developed rheumatoid 

arthritis-like joint disease and large-vessel vasculitis, a pathology associated with 

inappropriate synthesis of IL-17 and IL-21 (Chen Q et al. 2008). As opposite, mice with a 

conventional knockout, as well as a T cell-specific deletion, of the IRF-8 gene exhibited more 

efficient Th17 cells, in part due to IRF-8 physical interaction with RORγt (Ouyang X et al. 

2011). 

As in the case of other IRFs, the extrinsic effect of IRF-4 and IRF-8 on T cell 

differentiation may be elicited in part through their ability to support the differentiation and 

function of specific DC subsets that direct Th differentiation. IRF-4 and IRF-8 have been the 

first IRFs implicated in DC differentiation. Their expression pattern is DC subset-specific and 

mirrors requirement of these IRFs for DC subset development as well documented by studies 

in null mice. Expression of IRF-4 is high in in double-negative (DN) and CD4
+
 DC and IRF-4 

is either not expressed or expressed at low levels in CD8
+
 DCs and pDc (Suzuki S et al. 

2004). Conversely, IRF-8 is highly expressed in CD8
 +

 and pDCs and at low levels in 

CD8
 -
 DCs (Schiavoni G et al. 2002; Tsujmura H et al. 2003). So, IRF-4 is necessary for the 

generation of CD4
+ 

DC and IRF-8 for that of CD8a
+
 DC and pDCs while both support the 

development of CD4
-
CD8

 - 
DN DC development as evidentiated by the analysis of single 

and double knock-out mice (Aliberti J et al. 2003; Suzuki S et al. 2004; Tamura T et al. 

2005a). More recently, a mutation in IRF-8 that abolishes the development of CD8
 +

 DC 

without impairing the pDC development has been reported indicating that there is a 

mechanistic separation that underlies the development of different DC subsets by IRF-8. As 

previously mentioned, the mutation is within the IAD important for the interaction of IRF-8 

with partner proteins and abrogates the binding to PU.1, SpiB and IRF-2 indicating that these 

functional differences rely on the IRF-8-partner interactions (Tailor P et al. 2008). Recently, it 

has been reported that the basic helix-loop-helix transcription factor (E protein) E2-2/Tcf4, an 

essential transcriptional regulator of the pDC lineage in mice, directly activates IRF-8 and 

IRF-7 genes (Cisse B et al. 2008). IRF-8 is also required for full differentiation and function 

of epidermal Langherans cells (LCs) and dermal DCs (Schiavoni G et al. 2002).  

The requirement of IRF-4 and IRF-8 for DC in vitro differentiation also diverges, in that fms-

like tyrosine kinase 3 ligand (Flt3L)-mediated DC differentiation depends mainly on IRF-8, 
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whereas granulocyte macrophage colony-stimulating factor (GMCSF)-mediated 

differentiation depends on IRF-4 (Suzuki S et al. 2004; Tamura T et al. 2005a). 

 

IRF-4 and IRF-8 in Regulation of Immune Responses 

IRF-4 and IRF-8 also play distinct roles in innate immune responses elicited by PRR 

engagement and in particular, they affect the TLR-Myd88 signaling in opposite manner 

negatively and positively, respectively (Negishi H et al. 2005; Honma K et al. 2005; 

Tsujimura H et al. 2004; Zhao J et al. 2006). Upon TLR activation, IRF-4 expression is 

induced and part of the synthesized protein localizes in the cytoplasm where it forms a 

complex with MyD88. IRF-4 binds to the same region as does IRF-5, thus can compete with 

the IRF-5 for binding. This results in an attenuation of the MyD88-dependent activation of 

IRF-5 and induction of pro-inflammatory cytokines following TLR ligation. Consistently, 

IRF-4 knockout mice produce enhanced levels of pro-inflammatory cytokines, upon TLR 

ligation, and are highly sensitive to endotoxic shoch induced by TLR9 stimulation (Honma K 

et al. 2005; Negishi H et al. 2005). In contrast with this negative role, it has recently been 

reported that in macrophages, upon stimulation with the TLR4 ligand LPS or the TLR9 ligand 

CpG DNA, IRF-4 may also exert a positive role on IL6 expression. This could, however, be 

ascribed to the stimulatory effect exert by both IRF-4 and IRF-8, in macrophages, on IRF-5 

expression, as mentioned above (Yamamoto M et al. 2011). 

As a central member in the IFN signaling cascade and in the second wave of IFN synthesis in 

DCs, IRF-8 plays, instead, a key role in antiviral innate immunity. IRF-8 as IRF-4 is involved 

in the TLR-9-MyD88 pathway and interacts with TRAF6 (Zhao J et al. 2006) but not with 

MyD88 (Negishi H et al. 2005). Interestingly, IRF-8
-/-

 DCs fail to produce pro-inflammatory 

cytokines in response to CpG but not in response to LPS that signals through TLR4 

(Tsujimura H et al. 2004). This indicates that among TLRs, differential signals are required to 

activate NF-B, while TLR9 signaling in DCs uniquely depends on IRF-8. In response to 

various PAMPs, both in pDCs and cDCs, IRF-8, but not IRF-4 is required for the expression 

of pro-inflammatory cytokines including IL12p40 and type I IFN. In particular, IRF-8 

participates in the second amplifying wave of IFN production, as demonstrated by the 

observation that in IRF-8
-/-

 DCs the early IRF-3/7-dependent phase of type I IFN production 

following virus infection occurs, but the second, which enables high IFN production, is 

significantly reduced (Masumi A et al. 2002; Tailor P et al. 2007). The notion that IRF-8 acts 

on a late phase of transcription is also consistent with the observation that IRF-8 augments 

expression of some IFN-responsive genes with a delayed time course in macrophages (Kanno 

Y et al. 2005). 

Complementary to these data, a different and so far never described mechanism of IFN- 

rapid induction that involves cooperation between IRF-8 and IRF-3 in monocytes after 

pathogenic stimulation, has very recently been described (Li P et al. 2011). IRF-3 is a 

previously unidentified interaction partner of IRF-8 and IRF-3/8 interaction seems not 

dependent on DBD and IAD of the proteins. Interestingly, in a complex with PU1, IRF-8 

binds constitutively to the IFN- promoter in monocytes, before induction, and facilitates the 

recruitment of IRF-3. These data while further stress the role of IRF-8 in IFN transcription, 

also suggest that, in specialized cells, IRF-8 can serve as a transcription factor that stably 

binding, poises the IFN promoter to assume an open chromatin configuration for rapid 

induction a cell-type-restricted manner. 
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Finally, as IRF-1 and IRF-2, IRF-8 has been involved in the regulation of the expression 

of some TLR genes including TLR4 (Rehli M et al. 2000), TLR9 (Schroder K et al. 2007), 

TLR11 (Cai Z et al. 2009) and TLR3 (Fragale A et al. 2011). 

In a complex with member of the Ets family such as PU1, IRF-4 and IRF-8, can also bind 

and directly stimulate the expression of specific antiviral genes in an IFN- independent 

manner. This is the case of ISG15 that contains a unique ISRE element named EIRE that also 

recruits non-IRFs and can be bound by hetero-complexes formed between PU.1 and IRF-8 or 

IRF-4 (Meraro D JI 2002) allowing for ISGS15 specific regulation in a cell-type-restricted 

manner. In this respect, in immune cells where the expression of IRF-4 and IRF-8 is 

restricted, they can also be stimulated by antigenic stimulation and by type II IFN, 

respectively. Consistently, although ISG15 is induced by type I IFN in many cell types, its 

expression in monocytes and lymphocytes is very high, and it is even secreted as a soluble 

immunomodulatory protein, stressing the existence of cell specific mechanisms of expression 

regulation mediated by IRFs (D’Cunha J et al. 1996). Very recently, a direct role of IRF- 4 in 

a complex with NFATc1 and NFATc2, in cell type specific transcriptional regulation of the 

anti-HIV gene, APOBEC3G has been reported, evidentiating a positive role of IRF-4 in 

innate immune responses. Interestingly, IRF-8 is also able to bind and stimulate the 

APOBEC3G promoter and thus since, IRF-4 expression is restricted to lymphocytes, whereas 

IRF-8 is primarily detected in cells of myeloid lineage and A3G expression is detected in both 

cell types, it has been postulated that IRF-4 may critically participate in the regulation of A3G 

promoter activity in T cells, whereas IRF-8 likely exerts that role in macrophages (Farrow 

MA, et al. 2011) 

Hence, the similar but distinct transcription factors IRF-4 and IRF-8 make a critical 

contribution to diverse immune responses by acting in professional APCs as well as in 

lymphoid cells at several levels, affecting not only differentiation but also activities of these 

immune cell populations, with both overlapping as well as distinct roles. 

 

 

IRF-5: The Inflammatory Cytokines Regulator 
 

IRF-5 is a recently characterized member of the IRF family, identified as a regulator of type 

I IFN gene expression (Barnes BJ et al. 2001;Barnes B et al. 2002a). Human IRF-5 exists as 

multiple alternatively spliced isoforms, some of these being transcriptionally inactive and 

functioning as dominant negative mutants. Each isoform displays distinct cell type-specific 

expression, regulation, cellular localization, and different functions in virus-mediated type I 

IFN gene induction (Mancl ME et al. 2005; Cheng TF et al. 2006; Lin R et al. 2005). Unlike 

HuIRF-5, MuIRF-5 is expressed as a single major transcript that is expressed at very low 

levels and activates the murine IFNA4 and IFNB promoters but not other murine IFNA 

promoters (Barnes BJ et al. 2001,2003; Paun A et al. 2008). IRF-5 expression is constitutive 

in B cells and DCs but it is also inducible by type I IFN and TLR signaling (Yanai H et al. 

2007; Takaoka A et al. 2005; Mancl ME et al. 2005). It is mainly expressed in the cytoplasm 

and upon phosphorylation it translocates in the nucleus. Phosphorylation occurs upon many 

stimuli including viral infection, TLR signaling and DNA damage. (Barnes BJ et al. 2001; 

Lin R et al. 2005). Initial in vitro studies indicated that IRF-5 serves as a direct transducer of 

virus-mediated signaling and its activation is virus specific. Newcastle disease virus (NDV), 

Vescicular stomatitis virus (VSV), and herpes simplex virus type (HSV)-1, have been shown 
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to activate IRF-5, whereas Sendai virus (SeV) and dsRNA poly(I) poly(C) (pI:C), which 

activate IRF-3 and IRF-7, do not activate IRF-5 (Barnes B, et al. 2002; Barnes BJ et al. 

2001,2002). In infected cells, IRF-5, as IRF-7, activates expression of IFN- , however, 

the subtypes of IFN- induced by IRF-5 and IRF-7 are different, the IFNA1 being the mayor 

subtype induced by IRF-7 and the IFNA8 the subtype preferentially induced by IRF-5 in 

NDV-infected cells (Barnes B et al. 2002; Barnes BJ et al. 2001). Gene-disruption studies 

have confirmed that IRF-5 plays an intrinsic part in innate immunity but have revealed a 

unique role in TLR-mediated induction of inflammatory responses (Takaoka A et al. 2005). 

Thus, the distinct signature of IRF-5 is the induction of early inflammatory cytokines and 

chemokines rather than type I IFN. IRF-5 seems involved selectively in the induction of pro-

inflammatory cytokines by virtually all TLRs and consistently, IRF-5 binding sites are 

present in the promoter of several gene encoding key pro-inflammatory cytokines such as IL-

12, TNF- and IL-6. Accordingly, IRF-5 null mice show resistance to lethal shock induced 

by either unmethylated DNA, the ligand of TLR9 or lipopolysaccharide, the ligand of TLR4, 

which correlates with a marked decrease in the serum levels of pro-inflammatory cytokines 

(Takaoka A et al. 2005; Honda K and Taniguchi T 2006; Paun A et al. 2008; Barnes BJ et al. 

2004). 

A fine, cell type-specific regulation of TNF secretion by IRF-5 has recently been reported. 

DCs, but not macrophages, have high levels of IRF-5 protein that is responsible for the late-

phase expression of TNF. Interestingly, while IRF-5 can directly bind to TNF promoter in an 

upstream region of the promoter, its recruitment to a downstream region depends on protein-

protein interactions with NF-B RelA, and is essential for maintaining TNF gene 

transcription over a prolonged period of time (Krausgruber T et al. 2010). 

IRF-5, like IRF-7, is activated by TLR7 and TLR9 and interacts with the adaptors 

MyD88 and TRAF6. The domain of MyD88 interested in the binding is, however, different: 

IRF-7 binds to the dead domain, whereas IRF-5 interacts with the central region of the protein 

(Kawai T et al. 2004; Takaoka A et al. 2005; Schoenemeyer A et al. 2005). As mentioned 

above, IRF-4 binds to the same region of MyD88 as does IRF-5 and competes with IRF-5 for 

binding (Negishi H et al. 2005) thus, a selective attenuation of pro-inflammatory cytokines 

induction following the MyD88-dependent activation of IRF-5 can occur in those cells, such 

as pDCs or B cells, that also express IRF-4. 

Even if the exact mechanisms of IRF-5 stimulation/activation are not fully understood, 

recently, the importance of phosphorylation at serine/threonine residues in a C-terminal auto-

inhibitory domain of the protein, for IRF-5 dimer formation and association with CBP/p300 

in the nucleus, has been reported (Chen W et al. 2008). In addition, TRAF6-mediated K63-

linked ubiquitination is important for IRF-5 nuclear localization upon TLR7/9 signaling 

(Balkhi MY, et al. 2008). 

Several initial studies, employing over-expression or RNA interference assays using 

cultured cell lines, had suggested that IRF5 plays a role in inducing antiviral responses 

(Barnes BJ et al. 2003). These findings have been then confirmed in IRF-5
-
/
- 

mice that are 

highly susceptible to viral infection accompanied by a decrease in type I IFN induction in the 

sera (Yanai H et al. 2007; Yasuda K et al. 2007). These studies have also indicated a cell-

type-specific role of IRF-5 in cytokine gene induction, mainly affecting DCs and pDCs, 

rather than macrophages (Schoenemeyer A et al. 2005; Paun A et al. 2008). The exact 

mechanisms of activation and function of IRF-5, including its relationship with NF-κB and 
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IRF-7, remain, however, to be exactly defined (Negishi H et al. 2006; Yasuda K et al. 2007; 

Barnes BJ et al. 2003; Paun A et al. 2008).  

Studies In IRF-5
-
/
-
 mice have also demonstrated that the TLR3-mediated induction of 

proinflammatory cytokine genes is, similarly dependent on IRF-5 (Takaoka A et al. 2005), 

indicating that IRF-5 is involved in TRIF-mediated signaling pathways. In this respect, IRF-5 

has been proposed also as an important mediator in TLR synergy, mediating the crosstalk 

between the MyD88 and TRIF pathways. Under physiological conditions, it is likely that 

immune cells simultaneously detect several PAMPs via more than one of TLRs and produce a 

response more complex than that mediated by a single TLR. IRF-5 seems an essential 

transcription factor for this synergism in the induction of specific target genes as IL-6, IL-

12p40, and IL-23p19 gene expression, downstream of both adaptors (Ouyang X et al. 2007). 

Recently, the role of IRF-5 in host defense mediated by TLR engagement has been 

extended to parasitic infection. It has indeed been reported that TLR7-mediated activation of 

IRF-5 is essential for the development of host-protective Th1 responses to L. Donovani at late 

stages of infection (Paun A et al. 2011). 

IRF-5 is also involved in the RIG-I signaling pathway (Yanai H et al. 2007; Paun A et al. 

2008). IRF5
-
/
- 

mice are highly vulnerable to infection with VSV or NDV in a cell-type 

specific manner, in that only macrophages but not MEF from these mice are defective in type 

I IFN production upon viral challenge. Phoshphorylation and nuclear translocation of IRF- 5 

upon infection with these viruses was also demonstrated (Yanai H et al. 2007). The 

mechanism of IRF-5 activation by RIG-I and its specific contribution to transcriptional 

regulation of Type I IFN and pro-inflammatory cytokines are however, still poorly defined. 

Indeed, although IRF-5 like IRF-3 and IRF-7 is phosphorylated by IKK and TBK1 in co-

transfected cells, the phosphorylation of IRF-5 does not lead to IRF-5 nuclear localization or 

activation (Lin R et al. 2005). Moreover, NDV and the RIG-I pathway seem weaker 

activators of IRF-5 than TLR7/9-activated MyD88 pathway suggesting that IRF-5 may have a 

key role in the TLR but not in the RIG-I-mediated antiviral and inflammatory response. 

More recently, IRF-5 was also shown to cooperate with NOD2 and TBK1 in triggering 

expression of Type I IFN in response to Mycobacterium tuberculosis (Pandey AK et al. 

2009). 

A specific role of IRF-5 in immune cell development is so far unknown. Recently, it has 

been, however, reported that IRF-5 is involved in B-cell maturation and in the commitment to 

terminal B-cell differentiation by stimulation of Blimp-1 expression, a master regulator of 

plasma cell differentiation. IRF5
-
/
- 

mice mice develop an age-related splenomegaly, 

associated with a disruption of normal splenic architecture and a dramatic accumulation of 

CD19
+
B220

-
 B cells with a defect in TLR7 and TLR9-induced IL-6 production. Splenic B 

cells from IRF5
-
/
- 

mice mice also exhibit a decreased level of plasma cells (Lien C et al. 

2010). 

Furthermore, the involvement of IRF-5 in autoimmune diseases as systemic Lupus 

erythematosus (SLE) and the significance of IRF-5 polymorphisms in these pathologies have 

been suggested but this issue still remains to be fully addressed (Graham RR et al. 2006; 

Graham RR et al. 2007). The current conventional wisdom is that IRF-5 may drive SLE 

development by causing the aberrant production of type I IFN through TLR9 and/or TLR7 

signaling activated by immune-complexes (Kyogoku C and Tsuchiya N 2007). Recently, in 

mice has been demonstrated a requirement for IRF-5 in the production of auto-antibodies of 

the IgG2a subtype, the most prominent isotype in inducing autoimmunity and IRF-5 is also 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lien%20C%22%5BAuthor%5D


Interferon Regulatory Factors in Immune Cell Development … 29 

required for the secretion of pathogenic antibodies through its direct control of class switch 

recombination of the gamma2a locus (Savitsky DA et al. 2010). 

Finally, along with numerous studies on its role on the innate immune responses, 

compelling evidences also indicate that like IRF-1, IRF-5 is involved in DNA-damage 

responses and tumor suppression as extensively reviewed elsewhere (Tamura T et al. 2008; 

Takaoka A et al. 2008; Savitsky D et al. 2010). 

 

 

IRF-6: The Morphogenic IRF 
 

IRF-6 is a novel and unique member of the family that has not been linked to functions or 

regulatory pathways described for other members. IRF-6 is structurally related to IRF-5 but 

seems to have completely different functions that, together with regulation of its expression, 

remain to be exactly defined (Bailey CM and Hendrix MJ 2008). 

Early studies in humans regarding mutations in IRF-6 indicated that IRF-6 is involved in 

two related syndromes, the Van der Woude syndrome, a rare autosomal dominant 

developmental malformation usually associated with bilateral lower lip pits and the popliteal 

pterygium syndrome (VWS) a disorder with a similar orofacial phenotype that also includes 

skin and genital anomalies. The gene encoding IRF-6 is located in the critical region for the 

Van der Woude syndrome locus at chromosome 1q32–q41. Expression analyses showed that 

high levels of IRF-6 mRNA are associated with the medial edge of the fusing palate, tooth 

buds, hair follicles, genitalia and skin. The haploinsufficiency of IRF-6 disrupts orofacial 

development and is consistent with dominant-negative mutations disturbing development of 

the skin and genitalia (Kondo S et al. 2002; Dissemond J et al. 2004). Since these initial 

observations, multiple reports have been published demonstrating novel mutations in the IRF-

6 gene locus that cause VWS or its more severe counterpart Popliteal Pterygium Syndrome 

(Bailey CM and Hendrix MJ 2008). 

Studies in mice that fail to express functional IRF-6 confirmed its morphogenetic role. 

IRF-6
-
/
-
 mice die shortly after birth due to complications from a severe skin defect. These 

have abnormal skin, limb and craniofaccial development along with a defect in keratinocytes 

differentiation. The major histological feature is the absence of a normal stratified epidermis 

and keratinocytes do not stop to proliferate and fail to differentiate (Ingraham CR et al. 2006; 

Richardson RJ et al. 2006). 

Recent attempts to identify molecular mechanisms responsible for these IRF-6 activities 

indicated that the proliferation-differentiation balance of keratinocytes essential for palate 

fusion and skin differentiation could be, at least in part, determined by reciprocal regulation 

of IRF-6 and the DeltaNp63 isoform of p63 in which p63 stimulates IRF-6 expression that in 

turn induces proteasome-mediated DeltaNp63 degradation allowing keratinocytes to exit the 

cell cycle, thereby limiting their ability to proliferate (Moretti F et al. 2010; Thomason HA et 

al. 2010). Moreover, IRF-6 has been reported as a primary Notch target in keratinocytes and 

keratinocyte-derived SCC cells which contributes to the role of this pathway in differentiation 

and tumor suppression (Restivo G et al. 2011). A role of IRF-6 in tumor suppression related 

to its role in cell cycle arrest has, thus, been suggested and extended to mammary carcinoma 

cells. IRF-6 has been shown to act in a coordinated manner with maspin, a known tumor 

suppressor in normal breast tissue, in promoting mammary epithelial cell differentiation by 

acting on the cell cycle. This interaction occurs via the conserved IAD of IRF-6 and is 
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regulated by IRF-6 phosphorylation. The loss of the maspin-IRF-6 interaction may promote 

neoplastic transformation (Bailey CM and Hendrix MJ 2008). Consistently, a function for 

IRF-6 in suppression of tumorigenesis in stratified epithelia has been reported. Genome-wide 

analysis in primary human keratinocytes, indeed, identified a subset of direct IRF-6 target 

genes. Most of these genes are involved in cell cycle, cell adhesion and motility and control 

of epidermal precursor proliferation/differentiation switch (Botti E et al. 2011). 

To date, IRF-6 expression has only been reported in epithelial-derived tissues and major 

focus of IRF-6 research defined its essential role in normal epidermal development and 

differentiation, while much less is known regarding its role, if any, in immune cell 

development and immune responses. Nevertheless, the role of IRF-6 in keratinocytes, 

indirectly supports a possible role in innate immune responses mediated by epitelial cells that 

have functional TLRs and that are able to produce antimicrobial substances to kill pathogenic 

bacteria and fungi (Mempel M et al. 2003; Pivarcsi A et al. 2003; Furrie E et al. 2005). In this 

respect, IRF-6 translocation into the nucleus in response to TLR3-ligand poly I:C in epitelial 

cells has recently been reported (Bailey CM and Hendrix MJ 2008). The direct role of IRF-6 

in TLR-mediated host immune responses against pathogens and whether or not nuclear IRF-6 

promotes quiescence and differentiation in these cells through IFN and IFN-associated genes 

expression, remain to be established. 

 

 

Viral Evasion and Subversion of IRF Activity 
 

As the host has evolved factors and strategies for detecting and responding to viral 

infections, viruses have developed countermeasures to inhibit these processes. Viral strategies 

can involve both evasion/inhibition and subversion of host components to viral own 

advantage. Multiple strategies may be utilized by the same virus as well as common strategies 

are used by different viruses in order to evade the immune system and to establish long-term 

latency in the host (Garcia-Sastre A. 2002; Katze MG et al. 2002; Levy DE and Garcia-Sastre 

A 2001; Unterholzner L and Bowie AG 2008).  

Due to genomic constraints, many pathogenic viruses focus their efforts on a small 

number of host targets that are key players in the antiviral response. Thus, common host 

molecules that connect virus recognition to downstream effectors of type I IFN production 

and inflammatory cytokine expression are usually targeted by viral immune evasion proteins. 

In this respect, transcription factors are particularly good targets for viruses that need to 

prevent the activation of the innate immune system with a limited number of viral protein 

products. Given the important and unique functions exerted by IRFs on the immune system, it 

is expected that several viruses have evolved strategies aimed at the attenuation, destruction 

or hijacking of IRFs activities. 

IRF-3 and IRF-7 as crucial factors for the initial induction of type I IFN during viral 

infection, as well as direct effectors of some IFN activities, are prime candidates for viral 

inhibition. They are indeed directly or indirectly inactivated by viral factors. As indirect mean 

to disarm them, the phosphoproteins of many non-segmented negative strand RNA viruses, 

such as Rabies virus, Borna disease virus and Ebola virus prevent the activation of IRF-3 by 

inhibiting the kinase TBK1 and thus IRF-3 phosphorylation and nuclear translocation 

(Hartman AL et al. 2008; Unterstab G et al. 2005; Brzózka K et al. 2005). West Nile virus 

(WNV) a highly pathogenic recently re-emergent flavivirus, instead, delays activation of IRF-
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3 (Fredericksen BL and Gale M Jr 2006). The WNV nonstructural (NS)-1 protein, indeed, 

inhibits nuclear translocation of IRF-3 and NF-B upon TLR3 ligation by poly(I:C) (Wilson 

JR et al. 2008). 

To inactivate antiviral innate immunity some viruses also exploits the host SUMOylation 

system as also an integral part of IRF-3 and IRF-7 activity regulation. VSV or EMCV-

induced SUMOylation of IRF-3 and IRF-7 as consequence of TLR and RIG-I activation but 

not of IFN signaling was, recently, reported (Kubota T, et al 2008). The VP35, dsRNA 

binding protein, a component of filoviruses Ebola and Marburg virus nucleocapsid complex 

has been shown to block recruitment of IRF-7 to the IFN- and IFN- genes, in murine 

DCs, by interacting with the SUMO E2 enzyme Ubc9, and the E3 ligase PIAS1 and 

promoting SUMOylation of IRF-7 thus inhibiting IFN transcription. A similar effect of VP35 

was observed for IRF-3 (Chang TH et al. 2009). The VP35 protein, on the other hand, has 

been shown to inhibit the activation of IRF-3 also by binding to dsRNA and inhibiting RIG-I 

signaling (Basler CF et al. 2000). VP35, also acts as a pseudo-substrate for IKK and TBK1 

kinases thus inhibiting both IRF-3/7 activation (Prins KC et al. 2009; Basler CF and 

Amarasinghe GK 2009). TBK1 and DEAD box protein 3 (Ddx3) kinases are also inhibited by 

vaccinia virus-encoded N1L and K7 proteins resulting in IRF-3/-7 lack of activation (DiPerna 

G et al. 2004; Schroder M et al. 2008). More recently, another vaccinia virus protein, the 

virulence factor C6 has been shown to inhibit IRF-3 and IRF-7 activation at the level of the 

TBK1/IKKε complex (Unterholzner L et al. 2011). As Ebola VP35 protein, the V protein 

from several paramyxoviruses, including mumps and parainfluenza 5, inhibits dsRNA-

mediated signaling, acting as IRF-3 mimics that compete with cellular IRF-3 for 

phosphorylation by IKKε /TBK1 (Lu LL, et al. 2008).  

The Measles Virus V protein abolishes TLR7/9/MyD88-dependent IFN induction in 

human pDC by competing with IRF-7 for the binding to IKKα, the other kinase in the 

pathway that phosphorylates IRF-7. Moreover, it also binds to IRF-7 directly quenching IRF-

7 transcriptional activity (Pfaller C. K and Conzelmann KK 2008). The human parainfluenza 

virus type 2 V protein prevents TLR7- and TLR9-dependent IFN-α induction in pDCs by 

binding to IRF-7 through the Trp-rich motif in the C-terminal domain unique to V protein, 

but instead to directly block IRF-7 transcriptional activity, specifically affects TLR7/9-

dependent IRF-7 activation processes (Kitagawa Y et al. 2011). 

Enterovirus 71(EV71), a member of the Picornaviridae family, that causes hand-foot-and-

mouth disease and neurological complications in young children, inactivates IRF-3 and 

drastically suppresses interferon-stimulated gene expression. This involves the EV71 3C 

protein, which upon association with RIG-I disrupts the formation of a functional RIG-I 

complex. This precludes the recruitment of the adaptor IPS-1 by RIG-I and subsequent 

nuclear translocation of IRF-3 (Lei X et al. 2010). V71 3C also interacts with the TRIF 

adaptor in TLR signaling and induces its cleavage (Lei X et al. 2011). Even if not directly 

checked, it is conceivable that these mechanisms also result in impairment of IRF-7 

activation, and thus despite viral engagement of different PRRs, the expression of IFN- is 

not stimulated. 

The viral gene products derived from ORF3b, ORF-6 and N proteins of severe acute 

respiratory syndrome coronavirus (SARS-Co) inhibit both interferon synthesis and signaling 

through inhibition of IRF-3 phosphorylation and nuclear translocation (Kopecky-Bromberg 

SA et al. 2007). Activation of IFN- IRF-3-dependent promoters, as well as nuclear 
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translocation of IRF-3 was similarly blocked by the nucleoprotein (NP) of Lymphocytic 

Choriomeningitis virus, a prototypic arenavirus (Martínez-Sobrido L et al. 2007). Activation 

of IRF-3 and/or IRF-7 is also prevented by Non-structural proteins 3 and 4 (NS3/4A) of 

Hepatitis C virus (HCV) that cleave the TLR adaptors MAVS/IPS-1/VISA/CARDIF and 

TRIF (Li K et al. 2005; Seth RB et al. 2006; Meylan E, et al. 2005; Lin R et al. 2006). The 

HCV NS3 protein also interacts directly with TBK1 inhibiting association between TBK1 and 

IRF-3, and thus IRF-3 activation (Otsuka M et al. 2005). IRF-3 is also inhibited by Varicella-

zoster virus (VZV), an alphaherpesvirus that is restricted to humans. The viral immediate-

early protein 62 (IE62), even in the absence of viral replication, was sufficient to block 

TBK1-mediated IFN- secretion and IRF-3 function. IE62-mediated inhibition was mapped 

to blocking phosphorylation of at least three serine residues on IRF-3. However, the exact 

mechanism has not been elucidated since IE62 binding to TBK1 or IRF-3 was not detected 

and it was shown that IE62 does not perturb TBK1-IRF-3 complex formation (Sen N et al. 

2010). 

The NS1 protein from Influenza virus, in addition to sequestering dsRNA, the viral 

mediator of RIG-I activation, directly interacts with RIG-I/MAVS blocking IRF-3 binding 

and activation (Mibayashi M, et al. 2007). The adaptor MAVS is also targeted by the 

PICORNA Hepatitis A virus through its 3ABC protein that degrades MAVS in the 

mithocondria (Yang Y, et al. 2007). The existence of an evasion mechanism based on the 

inhibition of the RIG-I sensor through the action of the HIV-1 protease (PR) has been also 

described. The ectopic expression of PR resulted in the inhibition of IRF-3 phosphorylation 

and in the decreased expression of IFN and interferon-stimulated genes (Solis M et al. 2011). 

The other cytosolic RNA helicase, MDA5, is targeted by the V protein from several viruses 

including Mumps virus, Sendai virus, Paramyxovirususes Simian virus 5, Human 

parainfluenza virus 1, and Hendra virsu that directly interact with MDA5 but with not the 

sister cytosolic RNA sensor, RIG-I (Andrejeva J et al. 2004). 

Instead of inhibiting IRF-3 activation, some viruses eliminate IRF-3 altogether. In the 

early steps of HIV-1 infection the relative levels of IRF-3 protein are decreased due to the 

ubiquitin-associated proteasome degradation induced by HIV-1 proteins Vpr and Vif 

(Okumura A et al. 2008; Doehle BP et al. 2009). Similarly, ICP0 protein from bovine herpes 

virus as well as the N (pro) protein of pestivirus classical swine fever virus (CSFV) interact 

with IRF-3 and mediate its proteasome-dependent degradation (Saira K et al. 2007; Bauhofer 

O et al. 2007). In addition, the same virus CSFV causes an inhibition of transcription of the 

IRF-3 gene in infected cells. (La Rocca SA et al. 2005). The ICP0 of Human Herpes Virus 1 

also interacts with IRF-3 but instead of degrading it, it sequesters IRF-3 and its coactivator 

CBP/p300 in nuclear bodies preventing the binding to target DNA (Melroe GT et al. 2007) 

thus indicating that the mechanism of viral evasion mediated by ICP0 appears to be only 

partially conserved between herpes viruses. 

Competition with IRF-3 for the CBP/p300 binding is another mechanism to impair IRF-3 

activity. It is exerted by the adenovirus E1A gene product (Juang YT et al. 1998) and by the 

E6 protein from the oncogenic human papillomavirus type 16 (HPV-16) that bind both CBP 

and p300 and inhibit induction of IFN- mRNA following Sendai virus infection (Ronco LV, 

et al. 1998; Patel D et al. 1999). Interaction between IRF-3 and the cotranscriptional activator 

CBP is also targeted by a conserved herpesviral kinase, designated ORF36 in murine -

herpesvirus 68 (MHV-68), that specifically binds to the activated form of IRF-3 in the 
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nucleus, inhibiting IRF-3/CBP interaction and thereby suppressing the recruitment of RNA 

polymerase II to the IFN- promoter (Hwang S et al. 2009). 

Rotavirus NSP1 antagonizes IFN signaling by inducing degradation of not only IRF-3 but 

also IRF-5 and IRF-7. This multiple attack could allow the virus to replicate in specialized 

trafficking cells (e.g. macrophages and dendritic cells) and to cross the gut barrier (Barro M 

and Patton JT 2005; GraV JW et al. 2002; Barro M and Patton JT 2007). Accelerated 

proteasome-dependent degradation of IRF-7 in most cell types, except lymphoid tissues 

infected with NDV, has also been reported. (Prakash A and Levy DE 2006). 

Several viruses also target IRF-1. The core structural protein of HCV, at variance with 

HCV nonstructural proteins that target IRF-3, exerts a transcriptional repression of several 

interferon-stimulated genes including IL-15, IL-12, and LMP2, by suppressing IRF-1 

synthesis (Ciccaglione AR et al. 2007). In T cells, IRF-1 is targeted by HIV-1 and hijacked on 

LTR to stimulate viral transcription in the early phases of infection (Sgarbanti M et al. 

2002,2008). Interestingly, recently it has been reported that also in monocyte-derived DCs, 

HIV-1 exploits IRF-1 to subvert the IFN induction pathway and to increase its own 

replication early after infection (Harman AN et al. 2011). IRF-1 is also specifically targeted 

by the HIV-1 trans-activator Tat that sequesters it quenching its transcriptional activity on 

target genes (Remoli AL et al. 2006). On the other hand, interactions between Tat and IRF-1 

could also be exploited to host’s own advantage since IRF-1 has been shown to act as a 

genetic adjuvant in Tat-based vaccination strategies, increasing Th1 and CTL responses 

induced by Tat used as an antigen (Castaldello A et al. 2010). 

All these described anti-IFN activity being critical for evasion of host immunity in the 

context of some infections may, however, also contribute to persistence of viral infection and 

to virus-induced carcinogenesis as in the case of Epstein Barr virus (EBV), Kaposi sarcoma-

associated herpes virus (KSHV)/HHV8 (Human Herpes virus 8) and Human Papilloma virus 

(HPV). 

EBV can hijack IRF-7 to regulate its replication and induce transformation. Interestingly, 

IRF-7 was initially identified as a factor able to bind the Qp promoter in EBV type III latency 

(Zhang L and Pagano JS 1997). EBV-encoded latent membrane protein (LMP)-1, the major 

EBV oncoprotein, and one of the key viral proteins required for the transformation of primary 

B cells (Zhang L et al. 2004) is able to induce the expression of IRF-7 and activate it through 

receptor interactin protein (RIP)-1 and TRAF6. This LMP-1-mediated activation of IRF-7 is 

thought to increase the EBV transformation process (Song YJ et al. 2008; Zhang L, et al. 

2004). The induction of IRF-7 may, indeed, cause the silencing of Qp promoter in EBV type 

III latency and it has been suggested that along with LMP1 could mediate EBV 

transformation. At the same time, the EBV immediate early protein BZLF-1 binds IRF-7 

directly preventing it from activating type I IFN promoters (Hahn AM, et al. 2005; Ning S, et 

al. 2011). 

Another oncogenic DNA virus, the KSHV/HHV8, encodes multiple regulatory proteins, 

including four IRFs viral homologues, expressed during the lytic replication cycle or in the 

latent phase capable of modulating the antiviral response of the host. The K-bZIP, that is 

turned on by the immediate-early replication and transcription factor activator (RTA) 

competes with IRF-3 for binding sites in the IFN- promoter, blocking promoter activation in 

response to multiple stimuli and also prevents the activation of RANTES and CXCL11 

primary IRF-3 target genes (Lefort S et al. 2007). Similarly, KSHV latency-associated 
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nuclear antigen (LANA-1) inhibits IFN- transcription and synthesis by competing with the 

binding of IRF-3 to the IFN- promoter (Cloutier N and Flamand L 2010). Recently, it has 

been reported that RTA also blocks innate immunity by targeting cellular TRIF and 

specifically degrading TRIF by shortening its half-life without, however, direct interaction 

(Ahmad H et al. 2011). IRF-7 is targeted by at least two proteins from KSHV/HHV8. The 

RTA was first documented as an E3 ligase that promoted IRF-7 ubiquitination and 

proteasome-mediated degradation (Yu Y et al. 2005). The viral immediate-early protein, 

namely ORF45, instead, interacts with IRF-7 and in consequence, IRF-7 phosphorylation is 

inhibited and the accumulation of IRF-7 in the nucleus in response to viral infection is 

blocked (Zhu FX, et al. 2002). HHV8 also encodes four viral interferon regulatory factors 

(vIRF-1-4) analogues, three of which have been cloned and characterized as dominant 

negative factors that directly interfere with host IRFs to inhibit virus-mediated induction of 

type I IFN genes (Cunningham C et al. 2003). In particular, vIRF-1 and v-IRF-2 act as 

dominant-negative inhibitors of IRF-1 and IRF-3 by preventing their association with co-

activators CREB-binding protein (CBP)/p300) (Burysek L et al. 1999; Lin R et al. 2001; 

Burysek L et al. 1999). Moreover, vIRF-2 targets STAT1 and IRF-9 components of ISGF3 

complex (Mutocheluh M et al. 2011). v-IRF-3 also known as LANA-2, which is expressed in 

human B cell lymphoma-Primary effusion lymphoma (PEL) lines and is required for their 

continuous proliferation, interacts with and inhibits the DNA binding activity of IRF-5 and 

IRF-7 suppressing IFN- and ISGs production (Wies E et al. 2009; Joo CH et al. 2007). The 

function of vIRF-3/IRF-5 interaction is, however, not limited to the IFN system as IRF5-

mediated cell growth regulation was significantly altered by over-expression of v-IRF-3 in B 

cells and vIRF3 was able to prevent IRF5-mediated growth inhibition and G2/M cell cycle 

arrest (Bi X et al. 2011). Thus, the role of KSHV/HHV8-encoded IRFs, as the IRF-7 piracy 

by EBV, is not limited to inhibition of the IFN response, but can contribute to the persistence 

of viral infections and to virus-induced carcinogenesis. This is the case also of HPV. The 

HPV16 encoded E7 proteins binds to and inactivates IRF-1 inhibiting IRF1-mediated anti-

oncogenic activity (Park JS et al. 2000; Perea SE et al. 2000) and thereby overcoming host 

immunity against cervical tumor development. Intriguingly, another protein of HPV-16, the 

E5 protein that is expressed before virus integration and plays an important role in the early 

phases of tumorigenesis, instead of repressing, stimulates IFN-β and ISGs expression through 

the induction of IRF-1 (Muto V et al. 2011). However, this IFN signature, instead of 

protecting cells from infection, has been associated with loss of HPV16 episomes and cervical 

tumor progression (Pett MR et al. 2006), thus confirming that HPV-targeting of IRF-1 at 

several levels may be considered a mechanism of progression to transformation.  

IRF-9, component of the ISGF-3 complex in the type I IFN signaling, is dismantled by 

the HPV E7 oncoprotein by direct protein-protein interaction and inhibition of nuclear 

translocation that results in loss of the ISGF3 complex formation and activity (Barnard P and 

McMillan NA 1999). Human cytomegalovirus instead disrupts multiple levels of the IFN- 

signal transduction pathway by decreasing the expression of Jak-1 and IRF-9 (Miller DM et 

al. 1999). 

Finally, IRFs can be targeted also by viral-encoded miRNA an emerging intense area of 

research. Very recently, miR-K12-11, a viral miRNA encoded by Kaposi's sarcoma-

associated herpesvirus (KSHV) has been shown as critical for the modulation of IFN 

signaling that acts through targeting IKK and by decreasing IKK-mediated IRF-3/IRF-7 
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phosphorylation. This resulted in suppression of antiviral immunity and together with other 

viral strategies, indicated above, may contribute to maintenance of latency (Liang D et al. 

2011). It is predictable that this field of research will soon expand and increasing number of 

viral encoded miRNA, affecting IRF expression and activity, will be identified. 

 

 

Conclusion 
 

A prompt and efficacious cellular response is key to host defense against pathogens and 

dangers. In the present chapter I have summarized our current knowledge of the 

characteristics of the IRF family members, of how, directly or indirectly, these transcription 

factors crucially impact a number of aspects of host defense and of how their activities are 

hijacked or subverted by viruses. Since their discovery more than 20 years ago, members of 

this family of transcriptional regulators have grown remarkably in the number and diversity 

of functions. Although the first two members, IRF-1 and IRF-2, were originally identified as 

intracellular mediators of the induction and biological activities of IFN, studies in the past 

several years have provided strong evidences that the IRF proteins play key roles in a number 

of aspects of host defense beyond their functions in the IFN system. These range from 

activation or attenuation of immune responses by essentially all IRFs, to regulation of the 

development of hematopietic and epitelial cells by specifically IRF-1, -2, -4, -6 and -8, with 

overlapping as well as unique functions. In recent years, these factors gained a renewed 

attention with the recognition of their involvement in signaling pathways arising from pattern 

recognition receptors and danger signals. Multiple IRFs share signaling molecules in these 

pathways and are activated upon different as well as common stimuli and function as a 

platform to induce an overlapping but distinct set of genes to evocate the appropriate 

response. Each member of the family, indeed, exerts various distinct regulatory effects and 

may regulate positively or negatively target genes depending on cells in which is expressed, 

promoter context or association with other transcription factors. Through both their common 

and specific features IRFs thus contribute to the establishment of the necessary diversity in 

the host defense system. Given their crucial and unique functions on the immune system it is 

thus not surprising that pathogens put forward a multitude of successful strategies aimed at 

the attenuation, destruction or hijacking of IRF activities. 

Furthermore, IRF functions are not limited to the host immune response against 

pathogens. Although only briefly sketched or not touched at all in this chapter, there are a 

number of studies that have demonstrated the role of IRFs in regulation of cell growth 

restriction and apoptosis and thus in oncogenesis and antitumor immunity as well as in 

allergy, autoimmunity and inflammatory diseases. Further studies aimed at the elucidation of 

the full range of target genes triggered by IRFs often in a cell type- and expression level-

specific fashion, as well as further insights into the cross-talk with other transcriptional 

regulator, functional deregulation of IRF activation and significance of IRF polymorphisms in 

diseases, will undoubtedly have important therapeutic implications for many human diseases. 

Translation of the basic knowledge on the multifarious activities of IRFs into novel 

therapeutic strategies for the treatment not only of infectious and inflammatory diseases but 

also of autoimmunity and cancer thus represents a future challenging goal. 
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