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Abstract

Type I interferons (IFNs) activate intracellular antimicrobial programmes and influence the

development of innate and adaptive immune responses. Canonical type I IFN signalling activates

the Janus kinase (JAK)–signal transducer and activator of transcription (STAT) pathway, leading

to transcription of IFN-stimulated genes (ISGs). Host, pathogen and environmental factors

regulate the responses of cells to this signalling pathway and thus calibrate host defences while

limiting tissue damage and preventing autoimmunity. Here, we summarize the signalling and

epigenetic mechanisms that regulate type I IFN-induced STAT activation and ISG transcription

and translation. These regulatory mechanisms determine the biological outcomes of type I IFN

responses and whether pathogens are cleared effectively or chronic infection or autoimmune

disease ensues.

Type I interferons (IFNs) are polypeptides that are secreted by infected cells and have three

major functions. First, they induce cell-intrinsic antimicrobial states in infected and

neighbouring cells that limit the spread of infectious agents, particularly viral pathogens.

Second, they modulate innate immune responses in a balanced manner that promotes antigen

presentation and natural killer cell functions while restraining pro-inflammatory pathways

and cytokine production. Third, they activate the adaptive immune system, thus promoting

the development of high-affinity antigen-specific T and B cell responses and immunological

memory (FIG. 1). Type I IFNs are protective in acute viral infections but can have either

protective or deleterious roles in bacterial infections and autoimmune diseases1.

This Review focuses on the most well-defined type I IFNs, namely IFNα and IFNβ (the

remaining type I IFNs have been reviewed elsewhere)2,3. Most cell types produce IFNβ,

whereas haematopoietic cells, particularly plasmacytoid dendritic cells, are the predominant

producers of IFNα. IFNβ is encoded by a single IFNB gene, whereas 14 distinct genes

encode various IFNα isoforms. Type I IFN production is induced after the sensing of

© 2014 Macmillan Publishers Limited. All rights reserved

Correspondence to L.B.I. ivashkivl@hss.edu.

Competing interests statement

The authors declare no competing interests.

NIH Public Access
Author Manuscript
Nat Rev Immunol. Author manuscript; available in PMC 2015 January 01.

Published in final edited form as:
Nat Rev Immunol. 2014 January ; 14(1): 36–49. doi:10.1038/nri3581.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



microbial products by pattern-recognition receptors (PRRs)4–6 and by cytokines. Recent

developments that extend our understanding of type I IFN production are summarized in

BOX 1.

IFNα and IFNβ bind a heterodimeric transmembrane receptor termed the IFNα receptor

(IFNAR), which is composed of IFNAR1 and IFNAR2 subunits. In the canonical type I

IFN-induced signalling pathway described over 25 years ago, IFNAR engagement was

shown to activate the receptor-associated protein tyrosine kinases Janus kinase 1 (JAK1) and

tyrosine kinase 2 (TYK2), which phosphorylate the latent cytoplasmic transcription factors

signal transducer and activator of transcription 1 (STAT1) and STAT2 (REFS 7,8) (FIG. 2).

Tyrosine-phosphorylated STAT1 and STAT2 dimerize and translocate to the nucleus, where

they assemble with IFN-regulatory factor 9 (IRF9) to form a trimolecular complex called

IFN-stimulated gene factor 3 (ISGF3). ISGF3 binds to its cognate DNA sequences, which

are known as IFN-stimulated response elements (ISREs; consensus sequence

TTTCNNTTTC), thereby directly activating the transcription of ISGs. By contrast, most

other cytokines activate STAT homodimers that bind to a distinct gamma-activated

sequence (GAS; consensus sequence TTCNNNGAA). Thus, canonical type I IFN signalling

induces a distinct subset of several hundred ISRE-driven ISGs, many of which establish a

cellular antiviral state8–11. ISG-encoded proteins restrain pathogens by several mechanisms,

including the inhibition of viral transcription, translation and replication, the degradation of

viral nucleic acids and the alteration of cellular lipid metabolism9,12.

Cellular responses to IFNAR ligation are cell type-and context-dependent and vary during

the course of an immune response13. This variation results from cell lineage and

developmental differences that alter how cells interpret IFNAR-induced signals, and from

the modulation of IFNAR signalling and ISG expression by concurrent signals induced by

pathogens, PRRs and immune and environmental factors. These heterologous signals

regulate cell responses to IFNAR ligation at several levels. First, they regulate the

expression and posttranslational modification of IFNAR and JAK–STAT signalling

components, thus modulating the magnitude and pattern of IFNAR signalling. Second, they

induce transcription factors that cooperate with STATs and modulate chromatin states at

target gene loci, thus specifying downstream ISG expression. Third, they modify factors that

mediate translation, thus regulating the pattern of protein expression. Type I IFN responses

are fine-tuned by opposing augmenting and suppressive signals induced by host factors;

these signals rapidly mobilize an effective antimicrobial response against the invading

pathogen while restraining the magnitude of the response to avoid attendant toxicity.

Pathogens can use some of the same suppressive mechanisms to evade the antimicrobial

actions of type I IFNs. This Review focuses on how host, pathogen and environmental

factors cross-regulate IFNAR-induced signalling, transcription and translation to determine

the biological outcome of type I IFN signalling.

Regulation of type I IFN signalling

Basal type I IFN signalling

The canonical type I IFN signalling pathway components IFNAR, JAK1, TYK2, STAT1,

STAT2 and IRF9 are widely expressed, and thus most cell types are competent to mount
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type I IFN-dependent responses. Immune cells can respond rapidly to low levels of type I

IFNs, a capacity that is maintained under homeostatic conditions by an autocrine loop in

which small amounts of IFNβ maintain high basal expression levels of STAT1 and IRF9,

which are themselves ISGs14. Basal IFNβ expression and attendant tonic IFNAR signalling

equips immune cells to rapidly mobilize effective antimicrobial programmes. Recent work

suggests that basal IFNβ production under homeostatic conditions is driven in part by the

commensal microbial flora, which thus can systemically calibrate type I IFN responses15–17.

In addition, IFNAR signalling is augmented by tonic signals generated by immunoreceptor

tyrosine-based activation motif (ITAM)-associated immunoreceptors that bind constitutively

expressed endogenous ligands18. Tonic ITAM signalling activates protein tyrosine kinase 2

(PYK2; also known as PTK2) to amplify type I IFN-induced JAK activation. At the same

time, the magnitude of basal IFNAR signalling is restrained by opposing mechanisms that

limit expression of IFNAR–JAK–STAT signalling components. These suppressive

mechanisms include the pausing of RNA polymerase II (Pol II) at genes that encode IFN

pathway components19 and the induction of microRNAs (miRNAs) that destabilize or

suppress translation of the corresponding transcripts20–23. During the course of an immune

response, cell responses to newly produced type I IFNs are modified by feedback

mechanisms that are activated by type I IFNs and by heterologous signals that are generated

by microbial factors and host cytokines.

Augmentation of type I IFN signalling

Mechanisms that amplify type I IFN signalling include the induction of STAT1 and IRF9

expression, the augmentation of STAT tyrosine phosphorylation by spleen tyrosine kinase

(SYK) and PYK2 and the enhancement of STAT1 transcriptional activity by serine

phosphorylation (FIG. 3). STAT1 and IRF9 are ISGs, and their expression is induced by type

I IFNs, IFNγ and other cytokines that activate STATs, such as interleukin-6 (IL-6)24–27.

Increased levels of STAT1 lead to its interaction with and activation by IFNAR, whereas

increased levels of IRF9 promote the binding of ISGF3 to target genes. Notably, low

picomolar concentrations of IFNs are sufficient to increase STAT1 expression, thereby

priming macrophages for enhanced responsiveness to type I IFNs during the early phases of

infection, when the amounts of this cytokine are limiting. This priming mechanism is also

operative during tumour necrosis factor (TNF)-induced activation of macrophages, in which

TNF induces picomolar concentrations of IFNβ that increase STAT1 expression, resulting in

high induction of ISGs28,29. High expression of STATs and IRF9 can sustain expression of a

subset of ISGs over prolonged time periods, even in the absence of on-going cytokine-

mediated signalling and tyrosine phosphorylation of JAKs and STATs30. In addition to

increasing STAT expression, the priming of macrophages with low concentrations of IFNγ

functionally couples the SYK kinase with IFNAR to amplify signalling and STAT1

activation; this enhancement is dependent on signalling by ITAM-associated

immunoreceptors26. Phosphorylation of a conserved carboxy-terminal serine in STAT1 that

leads to enhanced transcriptional activity is mediated by various members of the protein

kinase C (PKC) and mitogen-activated protein kinase (MAPK) families8. Thus, STAT1

transcriptional activity and downstream ISG induction are modulated by a large number of

host factors that activate PKCs and MAPKs, including inflammatory cytokines and

chemokines. Overall, IFNAR signalling is augmented via distinct mechanisms by major
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families of heterologous receptors that are engaged by various ligands during immune

responses. This enhances the host-mediated mobilization of type I IFN responses during

infections and promotes the antimicrobial and pro-inflammatory functions of type I IFNs.

Suppression of type I IFN signalling

Mechanisms that suppress type I IFN-mediated responses include downregulation of cell

surface IFNAR expression, induction of negative regulators (such as suppressor of cytokine

signalling (SOCS) proteins and ubiquitin carboxy-terminal hydrolase 18 (USP18), and the

induction of miRNAs (FIG. 3). Internalization of IFNAR is induced by various heterologous

pathways to limit cellular IFN responsiveness31,32. These include signalling pathways

activated by pro-inflammatory cytokines such as IL-1, Toll-like receptors (TLRs), ITAM-

associated receptors and oxidative or metabolic stress31,33–35. One inhibitory mechanism is

p38 kinase-mediated priming phosphorylation of IFNAR that facilitates subsequent casein

kinase II (CK2)-mediated phosphorylation of a degron sequence in the IFNAR

cytoplasmic domain, thereby increasing receptor internalization, ubiquitylation and

degradation31. Viruses and tumour cells also induce IFNAR degradation to evade type I

IFN-mediated antiviral responses and antitumour effects, respectively31,36.In addition to

inducing IFNAR internalization, TLR stimulation and high-avidity crosslinking of ITAM-

associated receptors can also suppress IFNAR signalling by recruiting PKCβ and PKCδ to

IFNAR; the activation of SH2 domain-containing protein tyrosine phosphatase 2 (SHP2;

also known as PTPN11), which is associated with this recruitment, can dephosphorylate

signalling intermediates34,37,38.

Type I IFNs induce SOCS1, SOCS3 and USP18 as part of a negative feedback loop to limit

the extent and duration of type I IFN responses39,40. SOCS proteins compete with STATs

for binding to IFNAR and suppress JAK activity, whereas USP18 displaces JAK1 from

IFNAR2. These inhibitory proteins are also induced by various cytokines that activate JAK–

STAT signalling, by ITAM-associated receptors (including dectin 1 (also known as

CLEC7A), which senses fungal pathogens) and by proinflammatory cytokines and PRRs

that activate MAPK pathways. Thus, pathogens can use these negative regulators to escape

from type I IFN-mediated antimicrobial actions. Type I IFN responses are further regulated

by miRNAs41. STAT1 expression in T helper 1 (TH1) cells is tightly regulated by

miR-146a21,23. miR-155 is highly induced during cell activation and by pro-inflammatory

and PRR signalling22,42, and a recent report shows that miR-155 broadly suppresses

expression of IFNAR–JAK– STAT pathway components in CD8+ T cells. This suppression

enhances CD8+ T cell responses to viral and bacterial pathogens by downregulating the

negative effects of type I IFNs on T cell proliferation22.

Qualitative regulation of type I IFN signalling

In addition to its magnitude, the qualitative nature of IFNAR signalling is regulated, thus

enabling distinct biological outcomes downstream of a common proximal signal. One

mechanism that explains how IFNAR signalling can activate different patterns of

downstream gene expression is the differential activation of STATs that have distinct target

genes and biological functions (FIG. 2). In addition to the activation of ISGF3 that was

described originally, IFNAR activates STAT1 and STAT3 homodimers and heterodimers in
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most cell types and can activate STAT4, STAT5 and STAT6 in certain cell types13. The

balance between activation of different STATs by IFNAR is partially determined by relative

STAT expression levels. Thus, preferential induction of STAT1 expression by IFNs and

cytokines, as occurs in the priming systems described above, is associated with increased

type I IFN-induced activation of STAT1 homodimers and expression of GAS-containing

proinflammatory genes (similar to those activated by IFNγ)25–27. In contrast to STAT1,

STAT3 activates genes that suppress inflammatory responses43, suggesting that type I IFNs

can activate a parallel STAT3-mediated signalling pathway that balances and restrains the

pro-inflammatory pathways induced by type I IFNs. This notion is supported by a study in

which the relative expression of STAT1 and STAT3 was modulated using complementary

forced expression and RNA interference approaches. This study found that relative

expression of STATs is an important determinant of the pattern of IFNAR-induced STAT

activation and showed that STAT3 restrains STAT1-mediated inflammatory signalling

downstream of IFNAR44. Similarly, experiments in which STAT3 was deleted in myeloid

cells showed that STAT3 restrains IFNAR-induced antiviral responses45. The idea that shifts

in the balance of activation of distinct STAT complexes downstream of IFNAR mediates its

context-dependent function by altering the balance between antiviral, pro-inflammatory,

suppressive and anti-proliferative functions is supported by studies showing a switch in

IFNAR signalling from activation of STAT1 to activation of STAT4 in CD8+ T cells during

lymphocytic choriomeningitis virus (LCMV) infection46,47. This switch in STAT activation

enables optimal antigen-specific CD8+ T cell expansion and promotes immunity to LCMV.

Mechanisms other than relative expression levels regulate the pattern of IFNAR-induced

STAT activation. For example, the balance between ISGF3 and STAT1 homodimer

activation is also regulated by inhibitor of NF-κB kinase-ε (IKKε)48,49. IKKε-mediated

phosphorylation of STAT1 suppresses STAT1 homodimer formation, thereby facilitating

ISGF3 formation and augmenting antiviral responses. It will be interesting to determine

whether activation of IKKε by TLRs or its induction by TNF affects the patterns of ISG

expression that are induced by these factors28. In addition, changes in the relative expression

of different STATs are insufficient to explain how switching from STAT1 to STAT4

activation by IFNAR occurs in CD8+ T cells during LCMV infection46. Increased STAT1

expression is also insufficient to explain the strong shift to STAT1 homodimer activation

that occurs in IFN-primed macrophages; in this case, SYK contributes to preferential

tyrosine phosphorylation of STAT1 (REF. 26).

Concurrent stimuli can also potentially couple IFNAR to new signalling pathways. For

example, in the context of infection with Salmonella enterica subsp. enterica serovar

Typhimurium, IFNAR directly interacts with and activates receptor-interacting serine/

threonineprotein kinase (RIP) kinases and thus can induce RIP-mediated cell death50. This

S. Typhimurium-induced change in IFNAR signalling seems to favour the persistence of the

pathogen because it allows this intracellular bacterium to evade innate immune responses

through direct elimination of innate immune cells. It is also possible that signalling by

heterologous receptors affects a newly described signalling pathway in which IFNβ binds

directly to IFNAR1, without a requirement for IFNAR2, and activates a novel JAK–STAT-

independent gene response51.
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Regulation of type I IFN-induced transcription

In the classical model of JAK–STAT signalling, the predominant determinant of gene

activation is the nuclear translocation of STATs and their direct binding to cognate GAS

elements (FIG. 2); in the case of type I IFNs, this includes the formation of ISGF3 and its

binding to ISREs7. It has become clear that this model is incomplete and that STAT- and

ISGF3-induced gene transcription is regulated at several levels: first, by posttranslational

modification of STATs in the nucleus; second, through the cooperation of STATs with other

transcription factors; third, by epigenetic factors and chromatin states at target gene loci that

modulate the access of STATs to their target genes; fourth, through the interaction of STATs

with co-activators, corepressors, chromatin-modifying complexes and transcription

elongation factors; and fifth, by the binding of STATs to distal regulatory elements, such as

enhancers. These regulatory mechanisms and their modulation by heterologous signalling

pathways are discussed in the following section.

Post-translational modification

As described above, tyrosine and serine phosphorylation of STATs occurs in the cytoplasm,

but serine phosphorylation of STATs also occurs in the nucleus, presumably at target gene

loci52. This phosphorylation event is mediated in part by cyclin- dependent kinase 8 (CDK8;

which is a component of the Mediator co-activator complex) after STAT1 binds DNA52,53.

CDK8 modulates IFNγ-induced gene expression and augments antiviral responses, but its

functional role in IFNAR signalling is not yet known. STATs are also acetylated, methylated

and sumoylated8,54–56; it will be important to elucidate how these modifications are

regulated and how they modify IFNAR-induced gene activation.

Cooperation with other transcription factors

The most established interaction of STATs with other transcription factors has been shown

for members of the IRF family57. The DNA sequences recognized by most IRFs overlap

with the ISRE, and thus IRFs can bind to and activate many of the same target genes that

ISGF3 does. In addition, expression of IRF1, IRF7, IRF8 and IRF9 is induced by IFNs

through STAT-dependent mechanisms, and many ISGs contain both GAS and ISRE or IRF

elements. This has led to a paradigm of IFN-induced gene expression in which STATs and

ISGF3 directly activate certain ISGs, including IRF1, IRF7, IRF8 and IRF9, and these IRFs

activate a second group of ISGs, the induction of which is dependent on de novo protein

synthesis13. Induction of IRF7 expression leads to a feedforward loop in which subsequent

post-translational activation of IRF7 by PRR signalling drives downstream expression of

IFNA and various target genes58,59. Importantly, STATs, ISGF3 and IRFs cooperate in the

induction of many ISGs by coordinated binding to cognate sequences in gene promoters.

Recent work has shown genome-wide co-occupancy of promoters and enhancers by STAT1

and IRF1 after stimulation with IFNγ or lipopolysaccharide (LPS, which induces autocrine

IFNβ production), suggesting that the extensive cooperation between these factors extends

beyond the induction of classical ISGs60. STATs can associate with IRFs to form protein

complexes that are distinct from ISGF3, as STAT1 associates with IRF1 and can therefore

bind indirectly to gene regulatory elements that do not contain GAS sites60,61.

Ivashkiv and Donlin Page 6

Nat Rev Immunol. Author manuscript; available in PMC 2015 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



STATs also cooperate with transcription factors that are activated by heterologous signalling

pathways: for example, STATs interact with NF-κB, which is activated by multiple PRRs

and inflammatory cytokines13. This enables increased or synergistic induction of target

genes and is mediated in part by coordinate binding of STATs and NF-κB to GAS and NF-

κB sites in target gene promoters. Recently, Decker and colleagues described a new

mechanism by which PRR and type I IFN-mediated signals cooperate to induce expression

of nitric oxide synthase 2 (Nos2) during Listeria monocytogenes infection. PRR-mediated

activation of NF-κB primes the Nos2 promoter by recruiting the basal transcription factor

TFIIH and the Pol II activating kinase CDK7 (REF. 62). Subsequently, autocrine IFNβ

activates ISGF3, which recruits Pol II to the Nos2 promoter, where Pol II is phosphorylated

and activated by NF-κB-recruited CDK7.

Promyelocytic leukaemia zinc finger protein (PLZF; also known as ZBTB16) has emerged

as a transcription factor that is required for the expression of a subset of ISGs, and it is

particularly important for natural killer cell function in the context of viral infections. PLZF

transcriptional activation of ISGs depends in part on recruitment of histone deacetylase 1

(HDAC1) and serine phosphorylation by the extracellular signalregulated kinase (ERK)

family of MAPKs63. ERK-dependent phosphorylation of PLZF is induced in some cell types

(such as HeLa cells) by IFNs and might also mediate cross-regulation of ISG induction in

immune cells by heterologous pathways that activate MAPKs.

Type I IFN responses can also be inhibited by transcriptional repressors. A recent report

identified DNA regulatory elements for the transcription factor forkhead box protein O3

(FOXO3) in several ISG promoters, including IRF7 (REF. 64). On the basis of experiments

with genetically altered mice and viral infections, the authors proposed that FOXO3

functions to repress basal type I IFN responses and also shuts down the type I IFN response

during the resolution phase of an infection. Relatively little is known about the repression of

ISG expression, and the characterization of additional repressors represents an important

area for future study.

Even in populations of nearly identical cells, not all cells that are infected by a virus or

exposed to microbial products produce type I IFNs and express ISGs65–67. The stochastic

nature of ISG expression seems to be related to bimodal induction of STAT2 and IRF7,

which can drive high amounts of ISG transcription in a particular subset of cells, whereas

other cells express much lower amounts of ISG transcripts. The biological purpose of

stochasticity is unclear, but some evidence suggests that it generates cells that are ‘mass IFN

producers’. These mass IFN producers help to combat the infection but might also be more

susceptible to cell death, while ‘low IFN producers’ are preserved in order to maintain the

viability of tissues.

Chromatin remodelling

Gene expression is restrained by nucleosome barriers, in which histone octamers bind the

DNA and prohibit transcription factor binding and Pol II extension68,69. Before gene

expression can be induced, this barrier must be overcome through the post-translational

modification of histones (for example, by acetylation that ‘loosens’ the interaction of

octamers with DNA) and through the repositioning or removal of nucleosomes by ATP-
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dependent remodelling complexes (FIG. 4). The induction of ISGs by type I IFNs requires

chromatin remodelling, which occurs via STAT1-, STAT2- and IRF-mediated recruitment

of nucleosome-remodelling enzymes and histone acetyltransferases (HATs). Early work in

cell lines showed that type I IFN stimulation results in recruitment to ISGs of BAF, an ATP-

dependent nucleosome remodelling complex (which corresponds to yeast SWI/SNF)70–74.

Recruitment of BAF is mediated at least in part by the association of STAT2 with the BRG1

subunit of BAF, which results in increased accessibility at ISG loci and correlates with

increased transcription of ISGs70–74. BAF is also important for the induction of a subset of

ISGs and other secondary response genes after TLRmediated activation of myeloid cells75.

Transcriptome analysis suggests that the low abundance of CpG islands in ISG promoters

predisposes to high nucleosome occupancy and confers a requirement for nucleosome

remodelling76,77.

Histone lysine acetylation, particularly on histones H3 and H4 in nucleosomes in the vicinity

of regulatory regions, is associated with transcriptional activity78. On induction, ISG

promoters associate with HATs and exhibit increased levels of histone acetylation; this

acetylation is mediated in part by the recruitment of the HATs p300, CREB-binding protein

(CBP) and GCN5 (also known as KAT2A) through interaction with the transcription

activation domains of STAT1 and STAT2 (REF. 8). Recent reports have linked the STAT1

binding that occurs after IFNγ-mediated stimulation with histone acetylation at promoters

and enhancers genome wide60,79,80, and it is likely that STATs mediate extensive histone

acetylation after type I IFN stimulation as well. One mechanism by which acetylated

histones increase transcription is through the recruitment of bromodomain (BRD)-containing

proteins such as BRD4, which in turn recruit the positive transcription elongation factor b

(pTEFb) complex to promote transcription elongation81 (FIG. 4). Consistently, transcription

of ISGs is sensitive to inhibitors, such as I-BET and JQ1, that block the interaction of

bromodomains with acetylated histones82,83, although direct interaction of BRDs with

pTEFb at ISGs has not been demonstrated, and BRDs might promote ISG transcription by

alternative mechanisms. Paradoxically, ISG induction can also be blocked by inhibitors of

HDACs, but this blockade is indirect and is likely to be caused by HDAC inhibition at non-

ISG loci84. Type I IFNs also induce H2B ubiquitylation, a positive mark that promotes type

I IFN-driven ISG transcription and is mediated by the E3 ubiquitin ligase BRE1 (REF. 85).

Adenoviruses evade the type I IFN response by disrupting the BRE1 complex and thus

suppressing ISG expression85.

Similarly to other transcription factors, ISGF3 interacts with co-activator or co-repressor

proteins that mediate interactions with the general transcriptional machinery and also

facilitate the recruitment of enzymes that modify chromatin: for example, HATs, HDACs

and histone methyltransferases. STAT1 interacts with the CDK8 subunit of the Mediator co-

activator complex, whereas STAT2 within ISGF3 binds to subunit 14 of Mediator (MED14;

also known as DRIP150) and to RVB proteins53,86,87. The interaction with RVB proteins is

required for type I IFN-induced histone acetylation and Pol II recruitment to various ISG

promoters87. IRF9 within ISGF3 complexes interacts with glucocorticoid receptor-

interacting protein 1 (GRIP1; also known as NCOA2), which is best known as a co-regulator

of the glucocorticoid receptor, to promote ISG expression88. This interaction enables

glucocorticoids to suppress ISG expression by binding GRIP1 and displacing it from ISGF3.
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IFNα-activated STAT3 binds the co-repressor complex SIN3 transcription regulator

homologue A (SIN3A), which contains HDAC1 and HDAC2 and suppresses STAT3-

mediated gene induction89 (FIG. 2). This explains the long-standing puzzle of why STAT3

target genes are not activated by type I IFNs in certain cell types, despite robust STAT3

activation. SIN3A knockdown, which allows type I IFN-activated STAT3 to function,

results in diminished expression of ISGs, supporting the notion discussed above that STAT3

can counterbalance type I IFN-induced STAT1 and ISGF3 function89. Protein inhibitor of

activated STAT1 (PIAS1) is a small ubiquitinrelated modifier (SUMO) ligase that can

suppress STAT1 function and ISG expression by suppressing the binding of STAT1 to DNA

and by acting as a co-repressor to recruit ‘writers’ of negative histone marks90–92.

Transcription elongation

Transcriptional elongation of ISGs is also regulated. After type I IFN-mediated stimulation,

negative elongation factor (NELF) and DRB sensitivity-inducing factor (DSIF) proteins that

promote the pausing of Pol II are recruited to ISGs to restrain transcriptional output83.

Transcriptional elongation at ISG loci is promoted by the Pol II-associated factor 1

homologue (PAF1) complex, which is disrupted by the influenza protein NS1 to facilitate

evasion of the antiviral type I IFN programme by this pathogen93.

Epigenetic landscape

STATs and ISGF3 can remodel chromatin to activate regulatory elements, but what

determines where STATs bind in the first place? The current paradigm is that during cell

differentiation, lineage-determining transcription factors create a cell type-specific

regulatory landscape by allowing access to certain regulatory elements (promoters and

enhancers); in turn, the regulatory landscape of accessible chromatin determines the binding

pattern of signal-activated factors, such as STATs94. The enhancer repertoire is cell type

specific and thus can control the initial pattern of ISG induction, although this regulatory

mechanism has not yet been directly tested for type I IFN responses. Recently it has become

clear that STAT1 primes and/or activates enhancers genome wide during the differentiation

or polarization of T cells and macrophages60,79, and can contribute to the creation of new

enhancers in differentiated cells80. Thus, STAT1 can alter the epigenetic landscape,

suggesting that IFNs have the potential to alter cell responses to subsequent stimuli. Type I

IFN-induced ISG expression is also controlled quantitatively in a cell lineage-specific

manner by the negative histone mark histone H3 lysine 9 dimethylation (H3K9me2), which

attenuates gene expression. Deposition of H3K9me2 at ISGs by the G9A methyltransferase

results in a weaker type I IFN response in fibroblasts than in haematopoietic cells, where

H3K9me2 marks at ISGs are at low levels or absent95. Furthermore, the G9A homologue

euchromatic histone-lysine N-methyltransferase 1 (EHMT1; also known as GLP) catalyses

H3K9 methylation at ISGs to suppress transcription, and knockdown of EHMT1 augments

antiviral immunity96.

Translational regulation of type I IFN responses

A well-established antiviral mechanism of type I IFNs is the global suppression of

translation, which serves to inhibit the production of viral proteins and thus viral replication.
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Type I IFNs suppress translation in part by inducing ISGs that directly suppress

translation10, such as protein kinase RNA-activated (PKR; also known as eIF2AK2), which

phosphorylates and inactivates the key translation factor eukaryotic translation initiation

factor 2A (eIF2A). Type I IFN-induced suppression of translation and its role in antiviral

responses has been reviewed97; here we focus on how translational regulation affects the

type I IFN response by modulating the expression of STAT proteins and ISGs. A key

question is how the translation of effectors of host defence, such as ISGs, is maintained and

regulated in the setting of globally suppressed translation.

Although type I IFNs broadly suppress translation, in certain cell types they activate

phosphoinositide 3-kinase (PI3K)–AKT–mammalian target of rapamycin (mTOR)

signalling64,98–101, a pathway that strongly promotes translation by inactivating the

translational suppressor eIF4E-binding protein 1 and activating p70S6 kinase, which in turn

activates eIF4 translation initiation factors. Although mTOR signalling typically selectively

promotes the translation of transcripts containing conserved terminal oligopyrimidine (TOP)

and/or pyrimidine-rich translational element (PRTE) sequences in their 5′ untranslated

regions (UTRs)102,103, IFNAR–mTOR signalling also promotes translation of select ISGs

via activation of p70 S6 kinase and eIF4 translation initiation factors99,100. This pathway

might contribute to increased IRF7 translation, with attendant downstream induction IFNα

production104. Type I IFNs also increase the frequency of cycles of translational activity and

arrest that occur in cells that are infected with RNA viruses that activate PKR, and this

activity seems to facilitate the translation of host proteins that are important for cell

survival105.

IFNβ induces the expression of various miRNAs that can contribute to an antiviral state by

targeting viral and possibly host transcripts, resulting in decreased translation and increased

degradation (reviewed in REF. 23). Several cellular miRNAs that target STAT1, STAT2 and

IFNβ transcripts are induced by type I IFNs, including miR-146a, which is also induced by

PRR and inflammatory cytokine signalling21,23. Thus, it seems that type I IFN-induced

miRNAs participate in feedback inhibition and can also be induced by other factors to cross-

regulate type I IFN responses. The regulation of type I IFN responses by miRNAs merits

additional investigation, and a substantial advance has been the identification of host

transcripts that are directly targeted by type I IFN-induced miRNAs. This was achieved by

using the HITS-CLIP technique to identify transcripts that are associated with RNA-induced

silencing complexes (P. Herztog, unpublished observations).

ISG-encoded proteins can inhibit translation broadly or target specific transcripts10.

Widespread suppression of general translational machinery has been documented for IFN-

induced protein with tetratricopeptide repeats 1 (IFIT1) and IFIT2, which bind and inhibit

eIF3-mediated formation of the ribosomal preinitiation complex106,107, whereas PKR

phosphorylates and inhibits the eIF2 complex, which is important for ribosomal function.

The general translational repressor 4E-BP, which is regulated by type I IFN–mTOR

signalling, can suppress IRF7 translation104, which might serve as a preventive measure to

limit IRF7 expression in the absence of positive regulatory signals. In addition, IRF7

translation is suppressed by the fellow ISG 2′-5′-oligoadenylate synthase-like protein 1

(OASL1) in an inducible and highly specific manner. Although it does not affect translation
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globally, OASL1 specifically suppresses IRF7 translation by binding to a double stem–loop

structure in the IRF7 5′UTR108. Thus, the translation of ISGs during a type I IFN response

can be regulated by unique sequences that are present in their mRNAs. OASL1 expression

increases after the stimulation of type I IFNs, so this represents a negative feedback pathway

that limits the duration or intensity of the type I IFN response.

Regulation of chronic IFN responses

The antiviral and immune stimulatory properties of type I IFNs during acute viral infections

are well established, and their dual protective and deleterious roles in acute bacterial

infections have also been reviewed1. Less is known about the role of the chronic increase of

type I IFNs and the associated type I IFN response (which is observed as an ‘IFN

signature’ of ISG expression) in various autoimmune diseases and chronic viral and

mycobacterial infections. A chronic type I IFN response is associated with the autoimmune

diseases systemic lupus erythematosus (SLE), Sjogren’s syndrome, systemic sclerosis,

myositis and rheumatoid arthritis109. Disease-associated allelic variants in IFN pathway

genes and in ISRE sequences that are present in enhancers and promoters genome wide also

link the IFN pathway with these diseases110,111. A type I IFN signature is detected in

patients who are chronically infected with hepatitis C virus (HCV) and HIV112, and more

recently it was described and, surprisingly, linked with increased disease activity in the

chronic mycobacterial diseases tuberculosis and lepromatous leprosy113–116. In this section,

we review the potential role of type I IFN responses in these settings and discuss how the

complex milieu of these chronic diseases can regulate type I IFN responses to affect disease

pathogenesis. Type I IFNs also have an important role in anticancer resistance, which will

not be reviewed because the regulation of IFN responses in this context has not been well

established.

Functions of type I IFNs in autoimmune diseases

Generally, type I IFNs are thought to have a pathogenic role in autoimmune diseases by

promoting antigen presentation and lymphocyte responses and inducing chemokine

expression (FIG. 5a). In addition, myeloid cells in several autoimmune diseases, including

SLE, express increased levels of STAT1, suggestive of the priming mechanisms described

above that augment IFN responses117. Thus, IFN-mediated priming can contribute to

increased cell activation and responsiveness to inflammatory factors in autoimmune

diseases. However, IFNs can also have a protective role in autoimmune diseases118. An

allelic variant of tyrosine-protein phosphatase non-receptor type 22 (PTPN22) that has been

associated with the development of autoimmunity in humans and mouse models was

recently shown to confer diminished type I IFN production119, which is consistent with a

protective role for type I IFNs. In addition, type I IFNs are protective in animal models of

arthritis and inflammatory bowel disease and are therapeutically effective in multiple

sclerosis. They are likely to mediate protection in these situations by suppressing the

production and function of inflammatory cytokines, suppressing the proliferation of

pathogenic cell types, suppressing TH17 cell responses and regulating the blood–brain

barrier120. In summary, type I IFNs can have both deleterious and protective effects in

autoimmune diseases (FIG. 5a). Their role in human autoimmune diseases will only be
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clarified with the completion of on-going clinical trials involving IFN blockade. Given that

autoimmune diseases are characterized by fluctuating expression of many of the factors

described above that regulate type I IFN responses, such as PRR ligands and cytokines, it is

likely that type I IFN responses change over time and might predominantly activate or

suppress immune responses at different stages of disease.

Cross-regulation between TNF and IFN signalling pathways

Cross-regulation among type I IFNs and pro-inflammatory cytokines that drive disease

pathogenesis is likely to help shape the role of type I IFNs in autoimmune diseases. For

example, there is substantial crosstalk between the signalling pathways induced by type I

IFNs and TNF, a cytokine that is pathogenic in human autoimmune diseases, including

rheumatoid arthritis and inflammatory bowel disease121. Based on findings that type I IFNs

and TNF can mutually suppress each other’s expression, that TNF blockade can elicit a type

I IFN signature in patients’ blood and that TNF production is low in the NZB/W mouse

model of SLE, Banchereau and colleagues proposed that an imbalance between these two

cytokines leads to unrestrained excessive action of TNF or type I IFN, which results in

distinct phenotypes of autoimmune disease122. We have discovered additional complexity in

the cross-regulation of TNF and type I IFN responses, as we have found that TNF drives

ISG expression in synovial macrophages from patients with rheumatoid arthritis123, but at

the same time it limits type I IFNmediated signalling and modulates the pattern of ISG

expression (L.T.D., G. Kalliolias and L.B.I., unpublished results). Thus, the regulation of

type I IFN responses by TNF might determine the balance between potential pathogenic and

protective roles for type IFNs in the pathogenesis of rheumatoid arthritis.

Immunosuppression mediated by type I IFNs

Several recent studies in mice and humans have shown that type I IFNs can have a

predominantly suppressive role in the chronic phase of infection with LCMV,

Mycobacterium tuberculosis and Mycobacterium leprae114–116,124–126 (FIG. 5b). During

chronic infection of mice with the clone 13 strain of LCMV, type I IFNs induce suppressive

factors, such as IL-10 and programmed cell death 1 ligand 1 (PDL1), in addition to ISGs and

pro-inflammatory cytokines. The suppressive factors are dominant, as type I IFN blockade

or IFNAR1 deficiency results in decreased expression of PDL1 and IL-10 and the

concomitant clearance of viral infection, which is dependent on CD4+ T cells and increased

IFNγ production. Augmented IL-10 production mediated by type I IFNs also contributes to

the exacerbation of disease in a mouse model of M. tuberculosis infection115. Type I IFN-

induced IL-10 can suppress M. tuberculosis infection in part by inhibiting production of

IL-1, which is important for controlling infection by this pathogen in mice127. Similarly,

type I IFNs have a predominantly suppressive role in chronic disseminated lepromatous

leprosy lesions in patients infected with M. leprae113. Immunosuppressive mechanisms

include the induction of IL-10, which antagonizes the IFNγ-mediated antimicrobial

programme that drives pathogen clearance and disease resolution in self-healing tuberculoid

lesions113. Anti-proliferative effects of type I IFNs might also contribute to

immunosuppression in chronic infections. Collectively, these studies suggest that, when

viral or bacterial infections cannot be cleared, sustained type I IFN signalling assumes a

predominantly immunosuppressive role, possibly to limit host toxicity and thus limit
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morbidity during persistent infection. This work has important implications for the role of

type I IFNs in chronic human infections such as HIV, HCV and M. tuberculosis. Heightened

type I IFN signatures correlate with severity of HCV128,129 and tuberculosis114, which is

consistent with an immunosuppressive role for type I IFNs, and increased levels of IL-10

and/or PDL1 have been detected in patients with these infections and in patients with

HIV130. Thus, type I IFN-induced immunosuppressive mechanisms might be broadly

operative in various chronic infections. These studies suggest a rethinking of not only the

role of type I IFNs in chronic infection but also the apparently paradoxical notion that type I

IFN-blocking therapies might actually enhance specific immunity and promote clearance of

chronic infections.

The aforementioned studies show how the functions of type I IFNs can switch from being

primarily antimicrobial and immune-stimulatory in nature during acute infection to being

predominantly immunosuppressive at later, chronic stages of infection. It is possible that this

switch in function is mediated by some of the mechanisms we have described in this Review

that regulate type I IFN responses. This might occur by the unmasking of latent suppressive

signalling pathways induced by IFNs. For example, the induction of IL-10 and PDL1 is

mediated at least in part by STAT3, and a release of type I IFN-activated STAT3 from

repression by SIN3A could help to drive IL-10 and PDL1 expression. An interesting area for

future investigation will be an analysis of how type I IFN responses are regulated and

reprogrammed during chronic infection and autoimmune diseases, which could be mediated

by the epigenetic mechanisms described above.

Closing remarks

Similarly to most cytokines, type I IFNs induce balanced responses in which activating

signals that induce antiviral states and promote immune responses are counterbalanced by

suppressive signals that limit toxicity to the host and enable coexistence with chronic

pathogens. These balanced responses are fine-tuned by host factors at multiple levels,

including signalling, transcription and translation, to sculpt immune responses that are

appropriate for host defence and survival. Pathogens can exploit some of these regulatory

mechanisms to escape immune responses, including the targeting of type I IFN responses by

pathogen-encoded molecules131. In addition, dysregulation of type I IFN responses can

contribute to autoimmune diseases. A greater understanding of the mechanisms that regulate

type I IFN responses is required to guide the development of rational therapies that promote

the eradication of pathogens and alleviate autoimmune diseases. This is particularly

important for autoimmune diseases in which type I IFNs might be pathological, such as

SLE, and also for chronic infections in which unexpected immunosuppressive roles for type

I IFNs have recently been described, including infections with HIV, M. leprae and M.

tuberculosis that exert an enormous burden on human health. Promising and exciting new

areas for further research include the roles of epigenetics, non-coding RNAs, translational

regulation and cell metabolism in modulating type I IFN responses. Advances in these areas

would aid the development of therapeutics that could selectively target pathogenic

components of type I IFN responses while leaving IFN-mediated host defences intact. In

addition, new technologies, including those that enable genome-wide analyses, offer

promise for a more comprehensive investigation of type I IFN responses in the human
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immune system110,132,133 and should facilitate the development of targeted therapies. the

targeting of type I IFN responses by pathogenencoded molecules131. In addition,

dysregulation of type I IFN responses can contribute to autoimmune diseases. A greater

understanding of the mechanisms that regulate type I IFN responses is required to guide the

development of rational therapies that promote the eradication of pathogens and alleviate

autoimmune diseases. This is particularly important for autoimmune diseases in which type I

IFNs might be pathological, such as SLE, and also for chronic infections in which

unexpected immunosuppressive roles for type I IFNs have recently been described,

including infections with HIV, M. leprae and M. tuberculosis that exert an enormous burden

on human health. Promising and exciting new areas for further research include the roles of

epigenetics, non-coding RNAs, translational regulation and cell metabolism in modulating

type I IFN responses. Advances in these areas would aid the development of therapeutics

that could selectively target pathogenic components of type I IFN responses while leaving

IFN-mediated host defences intact. In addition, new technologies, including those that

enable genome-wide analyses, offer promise for a more comprehensive investigation of type

I IFN responses in the human immune system110,132,133 and should facilitate the

development of targeted therapies.
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Glossary

MicroRNAs (miRNAs). Small RNA molecules that regulate the expression of genes

by binding to the 3′ untranslated regions of specific mRNAs.

Degron

sequence

Degrons are signals within proteins that target them for rapid

degradation. Degrons can be overt, as in the case of the N-end rule, or

covert, as in the case of cyclins. For example, cyclin B must be rapidly

destroyed after mitosis, and this is achieved by kinase-regulated access

to a ‘destruction box’ sequence in cyclin B that stimulates

polyubiquitylation and subsequent degradation by the proteasome.

Mediator A multiprotein complex that functions as a co-activator of transcription

in all eukaryotes.

Sumoylated A sumoylated protein has undergone a type of post-translational protein

modification in which the ubiquitin-like protein SUMO (small ubiquitin-

related modifier) is covalently attached to the protein by an enzymatic

cascade that is analogous to the cascade involved in protein

ubiquitylation.

CpG islands Sequences of 0.5–2 kilobases that are rich in CpG dinucleotides. They

are mostly located upstream of housekeeping genes and also of some

tissue-specific genes. They are constitutively hypomethylated in many

animal cell types.
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RVB proteins ATP-binding proteins that belong to the ATPase-associated with diverse

cellular activities (AAA) family of ATPases. They are found in different

protein and nucleoprotein complexes that have roles in diverse cellular

responses, including transcription, mitosis, development, apoptosis and

DNA damage responses.

IFN signature A pattern of increased expression of interferonstimulated genes (ISGs) in

tissue samples or stimulated cells. The IFN signature is typically

detected by using a high-throughput approach, such as microarray or

RNA sequencing, to analyse gene expression.
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New insights into type I interferon production

When microbial products are sensed by various cellular receptors, interferon-α (IFNα)

and IFNβ are induced, resulting in a type I IFN-mediated autocrine loop that induces

IFN-stimulated gene (ISG) expression. This process is well characterized and has been

reviewed elsewhere4–6. However, several recent reports have extended our understanding

of how the production of type I IFNs is regulated. Key new insights include:

• Basal levels of type I IFN production under physiological conditions are

maintained by the commensal microbiota15–17.

• Type I IFNs can be induced by host factors and cytokines such as tumour

necrosis factor (TNF), which signal via IFN-regulatory factor 1 (IRF1) rather

than via IRF3 and IRF7 (REFS 28,29), and by macrophage colony stimulating

factor (M-CSF) and receptor activator of NF-κB ligand (RANKL).

• IFNε is constitutively expressed by the female reproductive tract epithelium, and

its expression is regulated by sex hormones134.

• Glycogen synthase kinase 3 (GSK3) negatively regulates IFNβ production135.

• Histone deacetylase 3 (HDAC3) is important for Ifnb expression136. This

supports a role for chromatin remodelling and epigenetic mechanisms in type I

IFN production.

• Tyrosine-protein phosphatase non-receptor type 22 (PTPN22), which is linked

to autoimmunity, associates with TNF receptor-associated factor 3 (TRAF3) to

augment Toll-like receptor (TLR)-induced type I IFN production119.

• Post-transcriptional mechanisms regulate type I IFN production. Ifna and Ifnb

transcripts contain various RNA regulatory elements, which confer stability or

instability depending on the associating RNA-binding factors. The transcripts

contain AU-rich elements (AREs) in their 3′ untranslated region (UTR), as well

as other motifs in their 5′ UTR and coding region137. These elements are likely

to confer either stabilization or destabilization depending on distinct associating

RNA-binding proteins, which have yet to be fully elucidated. A recent report

showed that the stability of Ifnb mRNA transcripts during infection with

particular viruses is dependent on protein kinase RNA-activated (PKR) activity,

which prevented de-adenylation of the Ifnb transcript138. Because over 20

different genes encode type I IFN proteins, for which the corresponding

transcripts contain diverse RNA regulatory elements, this provides a rich

resource for tight regulation, potentially functioning to ensure efficient

translation of IFN transcripts during infection with pathogens that target one

particular regulatory element or translational mechanism137.
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Figure 1. Type I interferon controls innate and adaptive immunity and intracellular
antimicrobial programmes

On pathogen detection, infected cells produce type I interferons (IFNs). Innate immune

cells, such as macrophages and dendritic cells (DCs), produce type I IFNs after sensing

pathogen components using various pattern-recognition receptors (PRRs), which are found

on the plasma membrane, in endosomes and throughout the cytosol. In particular,

plasmacytoid DCs (pDCs) produce large quantities of IFNα. Non-immune cells, such as

fibroblasts and epithelial cells, predominantly produce IFNβ. In infected and neighbouring

cells, type I IFNs induce the expression of IFN-stimulated genes (ISGs), the products of

which initiate an intracellular antimicrobial programme that limits the spread of infectious

agents. Innate immune cells also respond to type I IFNs by enhancing antigen presentation

and the production of immune response mediators, such as cytokines and chemokines.

Adaptive immunity is also affected by type I IFNs: for example, type I IFNs can augment

antibody production by B cells and amplify the effector function of T cells. PAMP,

pathogen-associated molecular pattern.
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Figure 2. The canonical type I interferon signalling pathway

On engagement, the interferon-α receptor (IFNAR, which is composed of the IFNAR1 and

IFNAR2 subunits) activates Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2).

Phosphorylation of the receptor by these kinases results in the recruitment of signal

transducer and activator of transcription (STAT) proteins, phosphorylation, dimerization and

nuclear translocation. The three predominant STAT complexes that are formed in response

to type I interferon (IFN) control distinct gene-expression programmes. The interferon-

stimulated gene factor 3 (ISGF3) complex (which is composed of STAT1, STAT2 and IFN-

regulatory factor 9 (IRF9)) binds to IFN-stimulated response element (ISRE) sequences to

activate classical antiviral genes, whereas STAT1 homodimers bind to gamma-activated

sequences (GASs) to induce pro-inflammatory genes. STAT3 homodimers indirectly

suppress pro-inflammatory gene expression, probably by the induction of as-yet-unknown
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transcriptional repressors. Type I IFN-activated STAT3 is bound by the co-repressor

complex SIN3 transcription regulator homologue A (SIN3A), which suppresses induction of

direct STAT3 target genes by promoting de-acetylation of STAT3 and histones. Type I IFNs

also activate STAT4 and can activate STAT5 and STAT6 in a context-dependent manner

(not depicted). CXCL9, CXC-chemokine ligand 9; MX1, IFN-induced GTP-binding protein

Mx1; OAS, 2′-5′-oligoadenylate synthase; P, phosphate.
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Figure 3. Type I interferon signalling is regulated by heterologous pathways

Various receptor pathways cross-regulate the type I interferon (IFN) response; this alters the

expression levels and activation states of IFN signalling components. Various mitogen-

activated protein kinase (MAPK)-activating pathways, such as those induced by pattern-

recognition receptors (PRRs), enhance signal transducer and activator of transcription 1

(STAT1) transcriptional activity through phosphorylation of a conserved carboxy-terminal

serine. Low-level basal signalling by immunoreceptor tyrosine-based activation motif

(ITAM)-containing receptors also augments Janus kinase 1 (JAK1) activity through

activation of spleen tyrosine kinase (SYK) and protein tyrosine kinase 2 (PYK2).

Conversely, strong activation of ITAM-containing receptors by high-avidity crosslinking

suppresses IFNα receptor (IFNAR) signalling via protein kinase C (PKC)-mediated

recruitment of SH2 domain-containing protein-tyrosine phosphatase 2 (SHP2), which

dephosphorylates signalling intermediates. Cytokine signalling pathways, including the

interleukin-1 (IL-1) pathway, inhibit type I IFN responses by directly promoting IFN

receptor turnover via p38 kinase and casein kinase II (CK2). Various cytokines that signal

through JAK–STAT pathways, including type I IFNs, regulate the expression levels of both
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positive and negative regulators of the IFN response pathways. JAK–STAT-induced positive

regulators include STAT1 and IFN-regulatory factor 9 (IRF9), whereas negative regulators

include the suppressor of cytokine signalling (SOCS) protein family and ubiquitin carboxy-

terminal hydrolase 18 (USP18). Inhibitor of NF-κB kinase-ε (IKKε)-mediated STAT1

phosphorylation inhibits STAT1 homodimerization, thereby promoting activation of the

IFN-stimulated gene factor 3 (ISGF3) complex rather than STAT1 homodimers in response

to type I IFN. IKKε expression is induced by various pathways, including tumour necrosis

factor (TNF)- and PRR-induced pathways. MicroRNAs induced by cytokine and PRR

pathways downregulate the expression of IFN response signalling proteins: for example,

miR-146a suppresses STAT1 expression, and miR-155 causes a collective reduction in

various IFN signalling proteins. AGO2, Argonaute 2; RISC, RNA-induced silencing

complex.
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Figure 4. Type I interferon induction of interferon-stimulated genes involves chromatin
remodelling and recruitment of various transcriptional activators

In unstimulated cells, interferon-stimulated gene (ISG) transcription is suppressed by

repressive transcription factors such as forkhead box protein O3 (FOXO3), high nucleosome

occupancy due to low GC nucleotide content and repressive complexes bound to methylated

histones. On type I interferon (IFN) stimulation, the IFN-stimulated gene factor 3 (ISGF3)

complex (which contains signal transducer and activator of transcription 1 (STAT1), STAT2

and IFN-regulatory factor 9 (IRF9)) binds to ISG promoters and enhancers, recruiting

various chromatin remodelling and transcriptional activator complexes. These complexes
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include the CREB-binding protein (CBP) histone acetyltransferase, the BRG1 chromatin

remodelling factor, the multi-subunit Mediator co-activator complex, the Pol II-associated

factor 1 homologue (PAF1) elongation factor and bromodomain-containing proteins (BRDs)

such as BRD4 that bind to acetylated histones. BRDs recruit positive transcription

elongation factor b (pTEFb), which augments transcription by phosphorylating RNA

polymerase II (Pol II). CDK8, cyclin-dependent kinase 8; EHMT1, euchromatic histone-

lysine N-methyltransferase 1; H4ac, histone H4 acetylation; H3K9me2; histone H3 lysine 9

dimethylation.
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Figure 5. Persistent type I interferon exposure in autoimmune disease and chronic infection
induces immunosuppressive pathways

a | In autoimmune diseases such as systemic lupus erythematosus (SLE), chronic type I

interferon (IFN) production is perpetuated in part by dysregulated or persistent stimulation

of antigen-presenting cells (APCs), including plasmacytoid dendritic cells (pDCs), by

immune complexes and by damage-associated molecular pattern molecules (DAMPs).

Persistent type I IFN exposure results in increased T and B cell effector function, leading to

autoantibody production and ultimately autoimmune disease. Chronic stimulation by

immune complexes and DAMPs (and potentially IFNs) also increases monocyte production

of interleukin-10 (IL-10), which suppresses innate and adaptive immunity. Type I IFNs can

also suppress cytokine production by innate immune cells. Although type I IFNs are

generally thought to promote some autoimmune diseases, such as SLE, their balancing

suppressive role might be dominant in other autoimmune diseases such as multiple sclerosis.

The immunosuppressive properties of type I IFNs might contribute to increased

susceptibility to particular infections in SLE. b | During chronic viral or bacterial infections,
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cells continuously produce type I IFNs. Chronic type I IFN exposure of innate immune cells

ultimately induces immunosuppressive pathways involving IL-10 and programmed cell

death 1 ligand 1 (PDL1), which suppress the function of T cells and feed back to also

suppress innate immune cells. In chronic lymphocytic choriomeningitis virus (LCMV) and

Mycobacterium leprae infections, persistent type I IFN exposure suppresses effective

pathogen clearance pathways involving IFNγ. IFNR, IFN receptor; PD1, programmed cell

death 1.
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