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Abstract

In response to virus infections, a cell autonomous, transcription-based antiviral program is 

engaged to create resistance, impair pathogen replication, and alert professional cells in innate and 

adaptive immunity. This dual phase antiviral program consists of type I interferon (IFN) 

production followed by the response to IFN signaling. Pathogen recognition leads to activation of 

IRF and NFκB factors that function independently and together to recruit cellular coactivators that 

remodel chromatin, modify histones and activate RNA polymerase II (Pol II) at target gene loci, 

including the well-characterized IFNβ enhanceosome. In the subsequent response to IFN, a 

receptor-mediated JAK-STAT signaling cascade directs the assembly of the IRF9-STAT1-STAT2 

transcription factor complex called ISGF3, which recruits its own cohort of remodelers, 

coactivators, and Pol II machinery to activate transcription of a wide range of IFN-stimulated 

genes. Regulation of the IFN and antiviral gene regulatory networks is not only important for 

driving innate immune responses to infections, but also may inform treatment of a growing list of 

chronic diseases that are characterized by hyperactive and constitutive IFN and IFN-stimulated 

gene (ISG) expression. Here, gene-specific and genome-wide investigations of the chromatin 

landscape at IFN and ISGs is discussed in parallel with IRF- and STAT-dependent regulation of 

Pol II transcription.
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INTRODUCTION

Type I interferon (IFN) is the primary antiviral cytokine generated in response to a virus 

infection [1] and creates a cell intrinsic molecular barrier that prevents virus replication. In 

addition to this essential innate defense, IFN has diverse roles in innate and adaptive 

immunity and has therapeutic impacts on infectious diseases, intrinsic autoimmunity, 

immunosurveillance, and efficacy of established and contemporary cancer therapies [2-4]. 

Concerted IFN production and subsequent IFN signaling are critical in efficiently 

establishing a cell-autonomous antiviral program; establishment of this dual phase program 

is coordinately regulated by IRF and STAT transcription factors, namely IRF3/IRF7 for IFN 

production and STAT1-STAT2-IRF9 for IFN-stimulated gene (ISG) expression [5]. As these 

transcription factors are the ultimate arbiters of antiviral responses, the molecular 

mechanisms underlying their ability to recognize chromatin, modulate nucleosome 

structures, and interface with RNA polymerase as well as both specialized and general basal 

transcriptional apparatus are of fundamental biomedical interest.

For IFN production, non-self nucleic acid surveillance and detection by pathogen 

recognition receptors leads to activation of IRF and NFκB transcription factors [6]. These 

regulators act in concert and independently to activate the expression of type I IFN genes as 

well as numerous primary antiviral response gene targets [7-9].

Extracellular IFN secreted from infected cells binds to its transmembrane receptor, 

activating STAT1 and STAT2 by tyrosine phosphorylation and SH2-domain induced 

heterodimerization. The STATs associate with IRF9 to form ISGF3, thought to be the 

predominant transcription factor that regulates the activation of chromatinized ISG targets 
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[10-13]. ISGF3 initiates ISG transcription by recruiting both general and specialized 

coactivators to remodel chromatin and assemble Pol II machinery.

Expression of IFN and IFN-stimulated gene effectors rapidly generates a broad and powerful 

cellular antiviral state. Central to the regulation of both IFN and ISG gene regulatory 

networks is the cooperation and interaction required to coordinate assembly of remodelers, 

co-activators, and Pol II machinery to activate IFN and ISG expression.

IRF3/IRF7 and NFκB: Master Regulators of Innate Antiviral Immunity

In response to a virus infection, pattern recognition receptors bind to specific virus-

associated molecular pattern substrates [6, 14, 15]. For most RNA viruses, RIG-I-like 

receptors (RLRs) and Toll-like-receptors (TLRs) recognize features of non-self RNAs and 

induce a series of signaling events that converge in activation of the transcription factors 

NFκB and IRF3/IRF7, master regulators of immunity and inflammation. Specifically, the 

IKKα/β kinase complex phosphorylates the IκB inhibitor of NFκB, subjecting IκB to 

proteasome degradation [16]. NFκB is released to translocate into the nucleus and bind to 

target promoters featuring a κB target element [17]. Similarly, kinases TBK1 and IKKε 
phosphorylate IRF3/IRF7, promoting dimerization, nuclear translocation, and target gene 

engagement.

IRF3 and IRF7 are members of the IRF family of nine transcription factors including IRF1 

through IRF9 and several of the IRFs are implicated in the type I IFN-mediated antiviral 

system. All IRF factors contain a highly conserved DNA binding domain [18] and a C-

terminal association domain (IAD), that confers factor-specific protein-protein interactions 

[19]. IRF3 and IRF7 both contain multiple sites in their C-terminal domains that are 

phosphorylated by kinases, including TBK1 and IKKε, during infection. Phosphorylation 

relieves autoinhibition and favors dimerization, nuclear translocation, and DNA binding. 

IRF3 and IRF7 are thought to be the primary antiviral transcription regulators during virus-

induced gene regulation, with IRF3 likely to constitute the major IRF dimer during the early 

infection stage driving type I IFN production because of low levels of IRF7 [20, 21]. 

Increased abundance following IFN-induced gene expression enables IRF7 to play a major 

role during later stages of infection alongside IRF3 to activate transcription of IFNβ and 

other target genes [20, 22].

Transcription of IFNβ—The human IFNβ gene represents one of the best-characterized 

gene promoters in mammals and serves as a general model for inducible transcription and 

chromatin regulation of gene expression (Figure 1). The human IFNβ gene promoter 

contains well-positioned +1 and −1 nucleosomes that define a nucleosome-deficient 

enhancer region [23, 24]. The position of the +1 nucleosome physically obscures the TATA 

box and prevents access to the transcription start site (TSS), and the nucleosome-deficient 

region is comprised of four adjacent cis regulatory units, termed positive regulatory domains 

(PRDs) I, II, III, and IV [24]. PRDI and PRDIII represent canonical IRF binding sites (5’-

AANNGAAA-3’), and have been linked to IRF1, IRF3, and IRF7 [19, 25-27]. PRDII is a high 

affinity NFκB target [28], and PRDIV associates with an ATF2/cJUN dimer [29].
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Following virus infection, the IFNβ enhanceosome complex is formed from activated 

transcription factors bound to their respective PRD enhancer elements and HMG I(Y), which 

associates with PRDII and PRDIV and supports NFκB and cJun/ATF2 recruitment, 

respectively [30]. The enhanceosome dynamically recruits histone acetyltransferases 

(HATs), histone deacetylases (HDACs) and chromatin remodelers to remove the +1 

nucleosome barrier, assemble a Pol II initiation complex, and mediate transcriptional 

elongation. Recruitment of HATs, GCN5, CBP and p300, catalyze the acetylation of the +1 

nucleosome, promoting association with proteins containing acetyl-binding bromodomains 

including the SWI/SNF remodeling complex ATPase, BRG1 [31]. Engagement of the BRG1 

bromodomain with the acetyl-rich histone environment [32] enables eviction of the +1 

nucleosome from the TSS to expose the TATA box and assembly of the initiation complex, 

allowing Pol II binding and activation by CTD phosphorylation [24, 33]. Similarly, general 

transcription factor (GTF), TFIID, contains a bromodomain that can support its assembly at 

the IFNβ TSS [32]. Notably, acetylated histone residues H3K9 and H3K14 are attributed to 

strengthening the enhanceosome recruitment of TFIID, but the absolute requirement for 

HDACs in IFNβ transcription [34] suggests there is tightly controlled and coordinated 

recruitment of specialized chromatin modifying and remodeling machinery that lead to IFNβ 
gene transcription [24, 33].

The promoters of IFNα subtypes also feature PRD I- and PRD III-like elements recognized 

by IRF factors [20, 35], and nucleosome mapping revealed they also contain a +1 

nucleosome occluding the TSS [33]. A prominent virus-induced loss of the +1 nucleosome 

was not observed at IFNα genes, but this likely reflects heterogenous transcriptional activity 

in the cell population. Cellular heterogeneity with respect to IFNβ production has been 

observed and estimated that even in cells exhibiting uniform virus infection, only 20% of 

cells are producing IFNβ [8]. Regulation of stochastic IFNβ expression is alleviated by 

NFκB activity, which is apparently rate-limiting for transcriptional activation. Genetic 

compensation for this lack of free NFκB is provided by interchromosomal interactions 

between the IFNβ promoter and transposable Alu-like repeat elements that are rich in NFκB 

binding sites [8]. Cross-chromosome interactions enable efficient NFκB delivery from the 

Alu site directly to the IFNβ enhancer. This transfer is mediated by cooperative association 

of transcription factor ThPOK and NFκB on Alu-like repeat elements [8, 9].

Histone Modification and Pol II Activation—Histone acetylation and IRF3 association 

with the HAT CBP/p300 activate IFNβ gene transcription. Following IRF3/IRF7 

dimerization and activation, release of the IRF3 autoinhibitory state also exposes sites that 

promote CBP/p300 association [36]. The IRF3-CBP interaction site is only partially 

conserved among IRFs, and IRF7 binds to CBP/p300 using multiple sites [37].

In addition to the recruitment of HATs and HAT activity, HDACs have been shown to be 

required for IRF3-dependent transcription in an IFNβ luciferase-driven transcription assay 

[34]. RNA interference indicated that HDAC6 was needed to activate IRF3-dependent IFNβ 
promoter activity, while HDAC1 and HDAC8 repressed IFNβ activation. Knockdown of 

HDACs did not affect NFκB-driven transcription activity indicating HDAC regulation is 

IRF3-dependent and NFκB-independent. More recently, HDAC3, but not HDAC1, was 

shown to be recruited to IFNα subtypes [38]. HDAC3 had little effect on IFNβ, in 

Au-Yeung and Horvath Page 4

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



agreement with a previous HDAC screen [34]. Recruitment of HDAC3 to the promoter of 

IFNα1, α2, or α14 correlated with deacetylation of H3K9 and H3K14 observed at IFNβ, 

and consequently, reverses the acetylation pattern established during IFN activation and 

bound by bromodomain proteins including BRG1. In contrast to the negative regulation 

typically associated with HDACs, HDAC6 was specifically found to be required to activate 

IFNβ transcription in response to Sendai virus or dsRNA stimulation via IRF3 [34]. 

However, the descriptions of HDAC6-mediated RIG-I deacetylation [39], and a virus-

activated PKCα-HDAC6-β-catenin pathway that co-activates IRF3-mediated transcription 

indicate that non-nuclear roles for HDAC6 [40] may account for some of the defects induced 

by RNA interference.

In addition to the prominent IFNβ enhancer, IRF3 regulates many other target genes 

including chemokines (CXCL10, CCL5/RANTES) and ISGs (ISG15, IFIT1/ISG56, IFIT2/
ISG54; Figure 3; [41]. In fact, IRF3 and NFκB bind to thousands of genomic targets 

following Sendai virus infection [7]. Significant colocalization of IRF3 and NFκB during 

virus infection demonstrates their extensive partnership beyond the IFNβ enhancer. In the 

same study, a high frequency of motifs corresponding to E-box regulatory elements, cAMP 

response elements, and ETS binding motifs were also uncovered at IRF3 target sites, 

suggesting IRF3 may collaborate with previously unrecognized auxiliary factors during the 

antiviral response.

IRF3 also colocalized significantly with Pol II (total and elongating form) and the Mediator 

subunit, MED1 [7]. The enhanceosome mechanism of IFNβ transcriptional activation relies 

on regulated de novo recruitment of Pol II, but it has been widely observed that many 

inactive genes are pre-associated with RNA polymerase awaiting activation [42]. Release of 

the paused Pol II depends on phosphorylation of the elongation factor pTEFb to relieve 

association with the negative elongation factor, NELF. For Sendai virus-induced IRF3 target 

sites, evidence for both pause-release and de novo Pol II recruitment was uncovered, 

indicating distinct gene regulatory paradigms for IRF3 targets [7]. Highly inducible IRF3 

targets were more likely to feature de novo Pol II recruitment, while NFκB targets were 

more frequently linked to paused Pol II [7]. Extensive IRF3 co-localization with Mediator 

subunit MED1 also suggests IRF3 may be more competent in recruiting Pol II. The MED1 

subunit is a part of the middle module of the Mediator core and necessary for transcriptional 

regulation. Mediator is a multisubunit complex that physically bridges and relays site-

specific transcription factor signals to Pol II machinery for gene activation and elongation 

[43] and this transcriptional division of labor is well-suited to rapid IFNβ gene expression, 

with IRF3 recruiting Pol II and NFκB providing rapid release and efficient elongation. In 

addition, the combined input from both IRF3 and NFκB provide checks and balances to 

distinguish the IFN antiviral response from a myriad of other pathways that activate either 

IRF or NFκB factors independently.

IFN-Stimulated JAK-STAT Signaling and ISGF3 Activation

Signal transduction downstream of type I IFN was the system used to discover Janus kinase 

(JAK) and Signal Transducer and Activator of Transcription (STAT) proteins [5], and is a 

powerful and well-studied example of cytokine-induced gene regulation [44, 45]. The IFN 
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pathway culminates in ISGF3, that is unique among STAT factors. All of the other STAT 

factors act as homodimers or heterodimers leading to recognition of symmetrical GAS-like 

DNA elements, while ISGF3 is comprised of a heterotrimeric complex of STAT1, STAT2, 

and IRF9. The presence of IRF9 as the DNA-binding subunit of ISGF3 leads to recognition 

of the ISRE element [46], which is based on the core IRF-binding motif. STAT1 and STAT2 

heterodimerize via IFN-induced SH2-phosphotyrosine interactions, and both STAT1 and 

STAT2 associate with IRF9 via interactions between the IRF C-terminal domain and the 

STAT coiled-coil domain [46-48]. This arrangement brings together the DNA binding 

specificity of IRF9 with the C-terminal transcriptional activation and signaling functions of 

the STATs. While STAT1 is an essential component of ISGF3 that incorporates signaling, 

imparts nuclear import, and stabilizes the complex, STAT2 provides the bulk of 

transcriptional activity, and can function in the absence of the STAT1 C-terminus [49], or 

when physically linked to IRF9 in a fusion protein [50]. This structure makes ISGF3 a 

mosaic of DNA binding, signaling, and transcription activation modules. In addition, 

modular associations between STATs and IRFs can contribute to non-canonical complexes 

such as those recently described by Decker and colleagues, consisting of IRF9 in complex 

with variations of unphosphorylated STAT1 or STAT2 [51]. While the ISGF3 paradigm can 

explain responses to acute activation by IFN, distinct sub-complexes may underlie basal and 

contextual IFN-like responses.

Chromatin Regulation of ISGs—In the nucleus, ISGF3 interactions with the IFN-

stimulated response element (ISRE), a DNA sequence resembling 5’-AGTTTCNNTTTCNC/

T-3’ that was initially characterized in the promoters of ISG15 and ISG54 [52, 53]. IRF9 

recognizes the ISRE core sequence 5’-TTCNNTTT-3’, that resembles the IRF-E sequence (5’-

AANNGAAA-3’) recognized by the conserved IRF DNA binding domain. STAT1 was found to 

preferentially cross-link to the 3’-TTT motif, and STAT2 exhibited more general association 

with central GC nucleotides [54]. More recent structural analysis strengthens this concept of 

ISGF3-DNA interaction and reveals more subtle binding relationships between STAT1, 

STAT2, and IRF9 that may uniquely regulate ISG subsets [47, 48, 54].

Unlike the well-studied IFNβ promoter, little is known about the interactions between 

ISGF3 and an individual chromatinized target promoter. Much data has accumulated by the 

investigation of promoter-reporters and subsets of well-behaved ISGs. The accumulated 

information is beginning to be revisited, verified, and expanded upon through the use of 

contemporary whole-genome techniques. Analysis of the IFN-stimulated nucleosome 

occupancy and chromatin accessibility in human and mouse cells indicates that this is a 

dynamic process that alters the native ISG chromatin landscape. [55, 56]. Increased 

chromatin accessibility after IFN treatment was demonstrated by complementary 

approaches, revealing that ISG promoters feature well-positioned nucleosomes at or near 

ISGF3 binding sites and throughout the ISG bodies that are mobilized in response to IFN 

stimulation. Basally-expressed ISGs such as IFIT1, IFIT3, and OAS2 were found to have 

lower TSS accessibility, suggesting a unique chromatin arrangement for basally-regulated 

ISGs [55]. Indeed, a prominent +1 nucleosome is positioned downstream the TSS for these 

tonic ISGs, but not for the neutral OAS3 [56]. These data demonstrate IFN induces 

chromatin alterations at ISG promoters that coincide with ISGF3 occupancy, and suggest 
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that both general and gene-specific chromatin configurations contribute to basal and IFN-

stimulated transcription.

In-depth examination of the ISG promoter nucleosome composition reveals the presence of 

core histones at steady state [56, 57]. Notably, while histone H2A is found within ISG gene 

bodies, it is absent from the ISRE-proximal promoters and replaced with histone variant 

H2A.Z [56]. H2A.Z nucleosomes appear to play a regulatory role in ISG transcription, as 

shRNA interference with H2A.Z results in greater ISGF3 occupancy, increased ISG mRNA 

production, and created a more potent antiviral state leading to more robust inhibition of 

virus replication [56]. IFN stimulation induces H2A.Z loss from the promoter, inversely 

correlating with ISGF3 (STAT2) occupancy. ISGF3 is required for IFN-induced H2A.Z 

depletion, and inhibition of either the HAT GCN5 or the bromodomain protein BRD2 

disrupted both H2A.Z removal and ISG transcription.

Another histone important for ISG transcription is the histone H3 variant, H3.3. IFN 

treatment induces H3.3 deposition in the ISG body, and this deposition is essential for ISG 

transcription [57]. The H3.3 persists after IFN stimulation ceases and reflects a 

transcriptional sensitization or “memory” of prior stimulation [58]. Furthermore, H3.3 

deposition has been described to inhibit linker histone H1 [59] and at ISGs, H1 occupancy 

decreases in response to IFN stimulation [60]. These results indicate ISG chromatin is 

subject to reorganization events that promote DNA accessibility and transcription. Despite 

the greater clarity of ISGF3 transcriptional regulation, it is important to note that well known 

coactivators including CBP, HDACs, and RVB1 were found to be dispensable for H2A.Z 

removal, but are nonetheless absolutely required for ISG transcription. Unraveling the 

nuances in coactivator requirements in ISG regulation will depend on integrating current and 

future findings.

HATs and HDACs—Both acetylation and deacetylation activities are required for ISG 

transcription activation [61-64]. STAT2 associates with CBP/p300 and GCN5, and these 

HATs have been implicated in ISG activation [62, 65]. Interference with either GCN5 or 

CBP inhibits ISG transcription, but H2A.Z eviction from ISG promoters depends only on 

GCN5, not CBP, demonstrating specificity rather than redundancy in HAT function [56], and 

reflecting the potential for multiple regulatory outcomes [56, 61, 62].

Complementarily, ISG transcription also requires HDAC activity; ISG transcription is 

blocked by both HDAC inhibitors and RNA interference with a subset of HDAC proteins 

[61, 63, 64, 66]. HDAC1 was found to associate with STAT2 while broad inhibition of 

HDAC activity had little effect on STAT phosphorylation, ISGF3 assembly, nuclear import, 

or DNA binding, yet potent loss of ISG expression was observed. While the exact roles for 

HDACs in ISG regulation are yet to be characterized, Pol II recruitment to ISGs was 

impaired by HDAC inhibitors [61, 63]. Perhaps related to the requirement for deacetylation, 

a component of the inhibitor of acetyltransferase (INHAT) complex, pp32, can influence the 

maximal levels of ISG expression [67, 68]. In the IFN response, pp32 associates with 

STAT2, but little is known about its mechanism of action [67]. The intricacies of ISG 

regulation by acetylation and deacetylation remain to be fully elucidated.
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Chromatin Remodeling Factors—IFN-activated ISGF3 is also known to engage 

proteins involved in chromatin remodeling (Figure 2). Subunits of the SWI/SNF complex (or 

mammalian BAF/pBAF complex), including BAF47, BAF200 and the ATPase BRG1, are 

required for ISG transcription. Specifically, BRG1 interacts with STAT2 and is required for 

transcription of a subset of ISGs [69-72]. As observed in the IFNβ promoter, acetylated 

chromatin can enhance bromodomain recruitment, bringing BRG1 to ISGF3-proximal 

histones [31, 32, 73]. Likewise, chromatin remodelers can influence the histone acetylation 

status. For example, knockdown of BAF47 leads to decreased histone H4 acetylation at ISG 

promoters [71]. Several chromatin remodeling complexes, including SRCAP, TIP60, URI 

and INO80 have been described in association with the transcription co-factors RVB1 and 

RVB2. Both RVB1 and RVB2 were found to associate with STAT2 [74]. Interference with 

RVB1 prevents Pol II recruitment to ISG promoters, but the exact role of RVB proteins in 

mediating IFN-stimulated gene regulation remains at large. Thorough analysis demonstrated 

that chromatin remodeling complexes known to contain the RVB subunits, including 

SRCAP, TIP60, URI and INO80, were not required for ISG transcription, indicating an 

alternative role for RVB1 and RVB2 in IFN-stimulated transcription [74].

Recruitment of Mediator and Pol II to ISGs—Specific interactions between ISGF3 

and the Pol II transcriptional machinery include STAT2 associations with both Mediator and 

general transcription factor subunits. The Mediator subunits, MED14 and MED17 

(previously called DRIP150 and DRIP77), interact with ISGF3 via the STAT2 C-terminal 

transcriptional activation domain [75], and MED14 was found to enhance ISRE-driven 

transcription activity following IFN stimulation. As MED14 connects the Mediator head, 

middle and tail modules that support transcription regulation and Pol II assembly, STAT2 

associates with a key Mediator component to harness and activate the Pol II complex.

Among the first steps for Pol II assembly at gene promoters is binding of the TATA-binding 

protein (TBP) to the TATA box in the promoter region as a part of the TFIID complex. 

Interestingly, TBP was found to be dispensable for ISG transcription, despite the presence of 

a TATA box at many ISG promoters [62]. This transcriptional nuance for ISGs is thought to 

reflect an evolutionary response to selective pressure from viral pathogens such as 

poliovirus, which is known to destroy TBP. Instead, ISGF3 can use a TBP-free transcription 

complex consisting of TAFII130 in conjunction with the HAT GCN5 [62].

Evaluation of Pol II recruitment to ISGs generally indicates de novo Pol II recruitment 

following IFN stimulation, but pause-release mechanisms are also used to regulate ISG 

transcription [7, 42, 55]. Pol II recruited to ISGs is activated by phosphorylation of its C-

terminal domain by pTEFb through association with the bromodomain protein BRD4 [42, 

76]. This results in the release of the Pol II-associated repressors NELF and DSIF, which 

negatively regulate ISG transcription, and enables ISG mRNA elongation [76].

SUMMARY

The cell-autonomous innate antiviral response is an interconnected, transcription-mediated 

program (Figure 3). The interplay between the native chromatin and IRF and STAT 

transcription factor complexes initiates genetic reorganization, assembly of the RNA 
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polymerase holoenzyme complex, and activation of transcriptional elongation that drives the 

expression of IFN and ISG effectors that create and reinforce the cellular antiviral 

environment. In addition to the dynamic IRF and NFκB components of the IFNβ 
enhanceosome and the trimeric IFN-responsive ISGF3 complex, non-canonical IRF and 

STAT complexes as well as auxiliary transcription factors contribute to basal and secondary 

ISG expression; and these factors undoubtedly provide gene-specific, cell type-specific, and 

context-specific plasticity to the overall antiviral network. These IFN responses also 

modulate the innate and adaptive immune processes that underlie immune-related diseases 

and drive immunotherapy and antitumor therapeutic strategies. Thus, greater understanding 

of the mechanisms underlying or contributing to the control of this gene expression network 

will not only generate fundamental insights into the processes that govern inducible gene 

regulation in higher eukaryotes, but will also provide clinically relevant diagnostic and 

therapeutic tools.
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Highlights

• Type I interferon (IFN) production and response to IFN establishes a 

protective antiviral cellular environment by driving gene expression programs

• IRF3, NFkB, and ISGF3 are essential conductors of the dual phase antiviral 

transcription program

• Dynamic chromatin regulation governs both the production of and response to 

IFN

• Collaboration between transcription factors, coactivators, Pol II, and 

chromatin regulates the coordinated induction of IFN and IFN-stimulated 

genes
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Figure 1. Antiviral signaling and activation of IFNβ transcription.
Illustrations of the cell during steady state (left) and following RNA virus infection (right). 

Prior to virus infection (left), transcription factors IRF3 and NFκB are in their latent state, 

with NFκB bound to its inhibitor, IκB. Inside the nucleus (dotted line), the IFNβ promoter 

region is depicted with a −1 and +1 nucleosome flanking a nucleosome-free positive 

regulatory domain (PRD) depicting response elements PRDI-PRDIV. The +1 nucleosome 

obscures the transcriptional start site. Generic IRF3 and NFκB-driven targets are illustrated 

below. Following virus infection (right), viral-origin non-self nucleic acids are detected by 

RIG-I-like and Toll-like pattern recognition receptors resulting in IRF3 and NFκB activation 

and nuclear translocation. IRF3 homodimer and NFκB bind to their respective PRD sites 

along with ATF2/cJun to form the enhanceosome. Enhanceosome-mediated recruitment of 

chromatin modifying factors leads to eviction of the +1 nucleosome, revealing the IFN 

transcription start site and enabling Pol II assembly and IFNβ transcription. Individual IRF3 

and NFκB target genes feature either recruited Pol II or paused Pol II, respectively.
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Figure 2. IFN-JAK-STAT signaling pathway
Illustrations of the canonical ISGF3 signaling system at steady state (left) and following type 

I IFN-stimulation (right). Prior to IFN stimulation, transmembrane IFNAR1/2 receptor 

chains are associated with TYK2 and JAK1 kinases, and latent factors STAT1 and STAT2 

are present in the cytoplasm. IRF9 associates with STAT2 in the cytoplasm and also shuttles 

into the nucleus. Histones H2A.Z and H3.3 occupy transcriptionally silent ISG promoters. 

IFN binding to the receptor complex (right) induces oligomerization and phosphorylation of 

the receptor chains, generating docking sites for the latent STAT proteins’ SH2 domains, 

resulting in phosphorylation of STAT2 Y690 and STAT1 Y701. Phosphorylated STAT1 and 

STAT2 undergo SH2-mediated dimerization and along with IRF9 form the ISGF3 complex. 

ISGF3 translocates into the nucleus, where it binds to the ISRE at ISG promoters and 

recruits coactivators relevant to histone modification, chromatin remodeling, and Pol II 

activation, including GCN5 and BRD2 that remodel the H2A.Z-containing nucleosome, 

MED14 to recruit Pol II for activating ISG transcription, and histone H3.3 is deposited at 

ISG gene bodies. The roles for essential co-activators RVB1, RVB2, CBP, BRG1, and 

HDACs are poorly understood.
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Figure 3. IRFs and STATs drive the IFN antiviral response.
Depiction of the two-phase antiviral response following virus infection (left), leading to 

IFN-mediated JAK-STAT signaling (right). The networks of both primary response genes 

activated by IRF3 and NFκB and IFN target genes activated by ISGF3, combine to produce 

a potent and coordinated response to infection. The ability of IRF proteins to recognize 

common core response elements leads to overlapping patterns of target gene expression, as 

exemplified by genes like ISG15 that are activated by IRF3 during virus infection and 

ISGF3 following IFN stimulation. In addition to the canonical IRF and ISGF3 factors, non-

canonical STAT complexes are present both prior to and following IFN stimulation.
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