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Abstract

Purpose of Review—Advances in understanding the genetic and molecular basis of innate 

immune system activation and function have supported the hypothesis that type I interferons (IFN-

I), essential mediators of anti-viral host defense, are central contributors to the pathogenesis of 

systemic lupus erythematosus (SLE). This review addresses recent data that support the rationale 

for therapeutic targeting of the IFN-I pathway in SLE.

Recent Findings—New insights into mechanisms of cell-intrinsic innate immune system 

activation, driven by endogenous virus-like nucleic acids and potentially modified by 

environmental stressors, provide a model for induction of IFN-I that may precede clinically 

apparent autoimmunity in patients with lupus. Further amplification of IFN-α production, induced 

by nucleic acid-containing immune complexes that activate endosomal Toll-like receptors, 

augments and sustains immune system activation, autoimmunity and tissue damage.

Summary—As demonstrated in murine studies of persistent virus infection accompanied by 

sustained production of IFN-I, blockade of the IFN-I pathway may reverse the immune 

dysregulation and tissue damage that are essential features of the immunopathogenesis of SLE. 

Recent research progress has identified numerous therapeutic targets, and specific candidate 

therapeutics relevant to the IFN-I pathway are under investigation.
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Introduction

Evidence supporting a central and essential role for the type I interferons (IFN-I) in the 

pathogenesis of systemic lupus erythematosus (SLE) and other systemic autoimmune 

diseases has consistently grown over the past decade, building on observations described 

more than thirty-five years ago. Initially viewed as only one of a multitude of immune 

system alterations that characterize patients with SLE, elevated circulating type I interferon 

activity, and particularly high levels of IFN-α, along with evidence of a broad signature of 
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gene products that are regulated by IFN-I, are now recognized as factors that reflect many of 

the genetic variations associated with a diagnosis of SLE and contribute to autoimmunity 

and tissue damage. In light of its role in disease, based on data from both murine and human 

systems, IFN-I is considered as a rational therapeutic target, with drug development efforts 

taking several distinct approaches. This review will summarize many of the important 

research observations published in recent months.

Genetic Associations

Genome-wide association studies have identified a long list of nucleotide variations that are 

associated with a diagnosis of SLE [1]. Meaningful insights into the significance of 

particular genetic associations have been informed by clinical and serologic phenotyping of 

patients, allowing analysis of sequence variants that are associated with presence of 

particular autoantibody specificities or clinical manifestations of disease. With regard to 

IFN-I, variants in genes encoding components of the endosomal Toll-like receptor (TLR) 

pathways and the signaling components downstream of the IFN-I receptor, IFNAR, have 

been striking [2]. Strong associations of gene variants related to the TLR pathway, 

particularly IRF5, with SLE in those patients with autoantibody specificities targeting RNA-

binding proteins, such as Ro, have supported evidence from studies of patient cells ex vivo, 

indicating an important relationship between those autoantibodies and an IFN-I signature. 

The IRF5 risk haplotype is associated with anti-Ro antibodies in asymptomatic individuals, 

and more importantly, in those who later progress to SLE [3].

Recent genetic data have extended the pathways implicated in IFN-I production to those 

TLR-independent pathways that are involved in control of nucleic acid integrity and 

recognition of nucleic acids by cytoplasmic sensors. Rare mutations in several genes 

responsible for modifying cellular nucleic acids have been associated with Aicardi-

Goutieres syndrome (AGS), characterized by high levels of IFN-I, autoantibodies, 

neurologic disease and skin rash [4, 5]*. So far, the genes implicated include TREX1; 

SAMHD1; RNASEH2A, B and C; and ADAR1, with recent studies documenting activation 

of the IFN-I pathway in patients with mutations in ADAR1, responsible for editing of 

noncoding RNA, and in 90% of AGS patients overall [4, 6]. Variations in these same genes 

have also been associated with some cases of SLE, although the specific mutations or 

common variants tend to be distinct from those that account for AGS [7].

Interest in epigenetics and publication of multiple studies from members of the ENCODE 

(Encyclopedia of DNA Elements) consortium, focused on identification of genomic sites of 

active transcriptional activity, were followed by recent publication of two studies 

documenting genome-wide hypomethylation of IFN-I-regulated genes in CD4+ T cells [8, 

9]*. Among all hypomethylated genes identified, most are regulated by IFN-I, with the level 

of methylation independent of circulating levels of IFN-I. These observations suggested to 

the authors that epigenetic modification of the genome persists even when IFN-I levels are 

not abundant.
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Subtypes of Type I Interferons

IFN-α comprises 13 subtypes encoded by distinct genes on chromosome 9p, and their 

protein products represent the majority of the IFN-I detected in lupus sera. However, 

analysis of gene transcripts preferentially regulated by IFN-α in comparison to those 

preferentially induced by other IFN-I's suggested potential roles for IFN-β or IFN-ω as 

inducers of the IFN signature in lupus patients [10]. Additional data demonstrated presence 

of IFN-I in lupus sera that could be inhibited by antibodies specific for IFN-β or IFN-ω [11]. 

Recent reports from extensive bioinformatics analyses of gene expression signatures present 

in lupus peripheral blood suggest that in addition to IFN-α, which generates a relatively 

stable pattern of IFN-I regulated gene transcripts over time, other gene clusters may reflect 

induction by IFN-β or IFN-γ and present a more variable pattern in longitudinal samples 

[12-14]*. This impressive analysis by Chaussabel and his colleagues raises important 

questions regarding the contributions of various cell populations and their triggers to the 

overall immune dysregulation observed in patients, and supports the need for more extensive 

studies of drivers of IFN-β production. Although both IFN-α and IFN-β utilize the same 

receptor to initiate downstream signaling and transcription of IFN-I-induced genes, recent 

data suggest that IFN-β can activate IFN-regulated gene transcription independently of the 

IFNAR2 receptor component and induce a somewhat distinct panel of target genes than 

those regulated by IFN-α [15]. A study of IFN-induced gene transcripts in tissue from 

patients with Sjogren's syndrome or dermatomyositis defined probes of IFN-γ effects that 

were distinguishable from IFN-α induction [16]. It will be beneficial to extend studies that 

distinguish signaling and gene regulation by IFN-α vs. IFN-β in order to inform therapeutic 

strategies targeting these pathways.

Cell Types Producing IFN-I, Including Neutrophils

Plasmacytoid dendritic cells (pDC) are poised to produce high levels of IFN-α, perhaps 

based on their constitutive high expression of IRF7, and account for much of the IFN-I 

produced in lupus patients, a conclusion supported by the ablation of the IFN signature and 

induction of pDC death in patients treated with high dose glucocorticoid therapy, as well as 

mouse studies [17]. However, recent data suggest contributions of other cell types, with 

interest in those cells that might be active producers of IFN-I either early in the preclinical 

phase of disease or as mediators of flare in those with established disease [18, 19]*. A study 

of TREX1-deficient mice, associated with increased levels of IFN-I, localized the initiation 

of disease to nonhematopoietic cells, those that might be more likely to produce IFN-β, with 

the participation of immune system cells following later [18]*.

Neutrophils have gained increased attention as inducers of IFN-I based on their production 

of pro-inflammatory defensins, their capacity to generate neutrophil extracellular traps 

(NETs) and extrude potentially stimulatory mitochondrial DNA [20-22]. Neutrophils may 

also produce IFN-I, with a recent study documenting TLR9-independent induction of IFN-α 

secretion induced by free chromatin [22-24]*. A study of SLE bone marrow cells 

demonstrated production of IFN-I by neutrophils, with an associated local IFN signature and 

alterations in B cell development [24]*. It should be noted that a study of lupus mice 

deficient in NADPH oxidase, required for NETosis, showed increased rather than decreased 
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lupus disease [25]. Although the interpretation of those data questioned a role for in vivo 

NETosis in SLE, the developing data suggest that neutrophils can contribute to disease 

through additional mechanisms.

Mechanisms of Induction and Amplification of IFN-I

Important recent advances from studies addressing mechanisms of innate immune system 

activation, whether induced by viral infection or endogenous triggers, have extended the 

investigation of disease mechanisms in lupus beyond the activation of endosomal TLRs to 

address TLR-independent nucleic acid sensing pathways and their downstream 

consequences [26-28]*.

Toll-like receptor-independent induction

As noted above, insights from studies of AGS patients pointed attention to the 

intracytoplasmic sensors of RNA and DNA [29]. RIG-I and MDA5 are cytoplasmic 

receptors for RNA and trigger activation of TBK1 and IRF3, ultimately driving transcription 

of IFN-β and other proinflammatory cytokines through a process dependent on MAVS, an 

adaptor that associates with mitochondria, facilitating productive signaling [30]. Feedback 

regulation of this pathway can be mediated by IFN-I-dependent induction of a helicase, 

DDX24, that binds RNA and inhibits effective signaling [31]. Additional sensors of RNA 

and DNA have now been defined, with cyclic-GMP-AMP synthase (cGAS) holding 

particular interest [32-36]. Recognition of cytosolic double-stranded (ds)DNA by cGAS 

induces production of cGAMP and activates the stimulator of IFN genes (STING). Civril et 

al. pointed out the structural similarity between cGAS and 2′-5′ oligoandenylate synthase 

(OAS1), a cytosolic sensor of dsRNA and an IFN-I-regulated gene [36]. cGAMP binding to 

STING activates IRF3 and induces transcription of IFN-β but can also induce anti-viral 

genes independent of IFN-I [37]*. New information is also suggesting that IRF5 is involved 

in IFN-induced gene transcription mediated by the TLR-independent pathway in some cell 

types [38]. It is likely that additional sensors of intracellular nucleic acids and components 

of their downstream signaling pathways will be defined.

Induction of innate immune system activation and particularly IFN-I production by 

intracellular nucleic acids raises important questions regarding the nature of the endogenous 

RNAs and DNAs that are most effective in driving these pathways. The concept that 

endogenous nucleic acids might promote an anti-virus-like host response suggests novel 

mechanisms of induction of altered immune regulation and ultimately autoimmunity and 

autoimmune disease. Elucidation of those endogenous triggers is a particularly promising 

area of current and future research (Figure 1). Research characterizing the functions of 

proteins encoded by the AGS-associated genes, TREX1, SAMHD1, and RNASEH2A, B 

and C, has drawn particular attention to virus-like sequences derived from host genomic 

elements and suggests the intriguing hypothesis that self-nucleic acids, like exogenous 

microbes, can trigger common cytoplasmic sensors and IFN-I if they are not efficiently 

degraded or regulated [39-41]. Among the attractive genomic candidates that might generate 

nucleic acid stimuli of innate immune system activation is the non-long terminal repeat 

transposon long interspersed nuclear element-1 (LINE-1), which is present in the human 

genome in multiple copies and has the potential to transcribe an mRNA encoding an RNA-
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binding protein and a reverse transcriptase [42]. The TREX1 gene product can metabolize 

reverse-transcribed DNA, such as that encoded by LINE-1 [41]. SAMHD1 encodes an 

enzyme that removes phosphates from dNTPs, reducing available nucleotides for reverse 

transcription, and can act as a LINE-1 restriction factor [43-45]. SAMHD1 deficiency can 

trigger a DNA damage response and IFN-I production [45]. Members of the RNASEH2 

family remove ribonucleotides from RNA-DNA hybrids. Innate immune activation, IFN-I 

production and AGS syndrome have also been associated with altered ADAR1 expression or 

function [6]. ADAR1 encodes an RNA-specific adenosine deaminase that converts 

adenosine to inosine in dsRNAs, particularly those enriched in Alu sequences, and typically 

functions as a suppressor of the cell intrinsic IFN-I response. In all cases, impaired 

regulation of genome integrity and quality control of nucleic acids can allow activation of 

intrinsic sensors that trigger transcription of IFN-I.

A potential role for environmental factors to modify nucleic acid ligands of intracellular 

sensors is suggested by recent data indicating that oxidative modifications to DNA, resulting 

in 8-hydroxyguanosine (8-OHG), decreased degradation of that DNA by the TREX1 gene 

product, 3′ repair exonuclease I [46]*. 8-OHG was detected in skin of lupus patients that had 

been exposed to UV light and co-localized with IFN-I. These results suggest a potential 

mechanism that might incorporate a well-documented environmental trigger of lupus flare, 

IV light, with augmented intracellular sensing of DNA to generate pathogenic levels of IFN-

I.

Toll-like receptor-dependent amplification

While new information regarding TLR-independent pathways driving IFN-I production 

suggests mechanisms that might act early in the pre-autoimmune phase of lupus, activation 

of endosomal TLRs, particularly TLR7, remains a highly significant pathway for 

amplification of the IFN-I response and lupus disease once autoantibodies have been 

produced [47]. It is well established that immune complexes carrying potentially stimulatory 

nucleic acids and their associated proteins access the endosomal compartments after binding 

the Fc receptor FCGR2A, and TLR7 activation is closely associated with presence of 

autoantibody specificities targeting RNA-associated proteins in lupus patients [48]. New 

data are extending understanding of the requirements for effective downstream signaling 

after those immune complexes access the TLR. Autophagy, a pathway that mediates 

isolation and digestion of intracellular pathogens, as well as targeting their components to 

the TLR compartments, has been implicated in IFN-I production in response to DNA 

immune complexes. In a process that requires ATG5 (with polymorphisms associated with 

SLE), activated PI3K, and microtubule associated protein (MAP) 1A/1B-light chain 3 

(LC3), the autophagy pathway and TLR9 collaborate to promote IRF7-dependent IFN-I 

production induced by DNA-containing immune complexes [49]. These requirements are 

distinct from those that induce TNF through the NF-kB pathway downstream of TLR9. New 

data characterizing the potential role of TLR8 in autoimmune and inflammatory disease 

indicate distinct outcomes of TLR7 and TLR8 activation, with TLR8 promoting 

inflammatory arthritis [50].
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Impact on Immune Function and Tissue Damage

The IFN-I signature provides a window into mechanisms of induction and amplification of 

autoimmunity and disease in lupus, but also reflects expression of gene products in multiple 

cell types with important impact on immune function. Of interest, a recent study of isolated 

mononuclear cell (T cell and monocyte) populations compared gene expression in a small 

number of SLE patients to healthy donors who had received a live attenuated yellow fever 

vaccine 7 days prior to blood collection [51]. Level of expression of most of the typical IFN-

I regulated gene transcripts was stronger in the lupus cells than in those from subjects 

injected with live virus. In addition, the lupus cells demonstrated increased expression of 

pattern recognition receptors from both TLR-dependent and TLR-independent pathways. 

The authors suggested that their data were consistent with a sustained anti-microbial innate 

immune response. In that regard, two informative publications from studies of virus-infected 

mice provide an excellent model for predicting the impact of a sustained anti-virus like state 

characterized by persistent elevated levels of IFN-I, as is observed in patients with SLE [52, 

53]*. Mice with persistent infection with lymphocytic choriomeningitis virus show sustained 

immune activation, impaired regulation of immune reactivity and lymphoid tissue 

disorganization. In the human system, IFN-α is expressed in untreated patients infected with 

HIV-1 and is associated with lymphopenia and lymphocyte activation [54]. It is likely that 

many of the similar defects or alterations in immune function in SLE cells that have been 

observed over decades of study can be attributed to the effects of IFN-I. For example, a 

recent study showed that IFN-α decreased the suppressive effect of apoptotic cells on 

dendritic cell function, a well described property of apoptotic cells [55]. A recent review 

describes many of the immunomodulatory actions of IFN-I that may be relevant to SLE 

[56].

In addition to promoting immune system activation and impaired regulatory mechanisms, 

the sustained production of IFN-I documented in many lupus patients contributes to tissue 

and organ inflammation and damage. Recent data demonstrate damage to renal podocytes 

and inhibition of differentiation of podocyte precursors to mature cells by IFN-I, with IFN-β 

responsible for inducing podocyte death [57]. Extensive data focused on mechanisms of the 

accelerated atherosclerosis characteristic of SLE document at least several effects of IFN-I, 

including reduction of endothelial cell precursors and propensity of low-density 

granulocytes to undergo NETosis with the potential to generate vascular damage [58]. 

Activated platelets can express CD154/CD40 ligand which when bound to its CD40 receptor 

on pDCs can induce IFN-I production [59]. The IFN-I signature and platelet aggregation are 

associated with vascular events, and Kaplan's group has shown an association of IFN-I with 

decreased endothelial function measured by flow mediated dilatation, increased carotid 

intimal medial thickness and severity of coronary calcification in lupus patients [60].

Interferon-Targeted Therapeutics

In view of the increasingly strong case for IFN-I playing a central pathogenic role in SLE, 

IFN-α and other IFN-I pathway components are recognized as rational therapeutic targets. 

Agents that directly bind and inhibit interaction of IFN-α with its receptor, IFNAR, are most 

advanced in clinical development. At least three monoclonal anti-IFN-α antibodies are in 
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development, with two advancing through phase II studies [61-63]. Published studies to date 

indicate variable inhibition of the IFN-I signature in patients treated with these antibodies, 

with a sense that the signature is more refractory to inhibition in those with more active 

disease [62, 64]. Encouraging progress is suggested by the recent announcement that a phase 

IIb study of sifalimumab (MEDI-545) met its primary endpoint in patients with moderate or 

severe lupus (http://www.astrazeneca.com/Media/Press-releases/Article/20140512--

astrazeneca-announces-medimmunes-mavrilimumab-sifalimumab-met-primary-endpoints-

Phase-IIb-studies).

In addition to targeting IFN-I directly, antibodies specific for a chain of IFNAR and 

inhibitors of the endosomal TLRs are in development [65-67]. An interesting approach to 

generating endogenous neutralizing anti-IFN-α antibodies utilizes administration of a so-

called IFN-α-kinoid, composed of IFN-α coupled to a classic T cell-dependent antigen, 

keyhole limpet hemocyanin [68]. Degradation of the stimulatory TLR7 ligands in RNA-

containing immune complexes using RNase is another therapeutic concept in development 

[69]. Rheumatologists treating lupus patients should be gratified to recognize that treatment 

with hydroxychloroquine, extensively used as background therapy in patients with SLE, 

inhibits production of IFN-α by pDCs stimulated ex vivo with TLR9 and TLR7 agonists 

[70]. The current approaches to therapeutically target the IFN-I pathway in lupus have been 

summarized recently [71]*.

Conclusions

IFN-I is increasingly recognized as a central pathogenic mediator in patients with SLE. 

Characterization of cytoplasmic sensors of nucleic acids and genetic data identifying 

mutations in regulators of genome integrity and nucleic acid degradation support the 

hypothesis that cell-intrinsic production of IFN-I driven by endogenous nucleic acids is an 

early event that can prime the immune system for development of autoimmunity and 

immune dysregulation. With more sophisticated analysis of complex gene expression 

profiles, it is now recognized that IFN-β, in addition to IFN-α, could be an important early 

innate immune system product that promotes cell priming and autoimmunity. In that regard, 

data demonstrating a transient increase of IFN-I-induced gene transcripts in children 

genetically predisposed to type I diabetes but prior to the development of autoantibodies 

support IFN-I pathway activation as a primary event in some autoimmune diseases [72]. 

Abundant data support an important role for the endosomal TLRs in driving sustained 

production of IFN-α, with TLR7 and immune complexes containing its RNA ligands 

representing the system most responsible for persistent IFN-α production, immune 

dysregulation and tissue damage. Although pDCs are the most active producers of IFN-α, 

neutrophils are gaining attention as both drivers and potential producers of IFN-I. The 

evolution of research that has defined the genetic basis of increased IFN-I production, the 

molecular mechanisms of its induction, its impact on autoimmunity and immune regulation 

and ultimately tissue damage together make a strong case for continued development of 

therapies that target the relevant mechanisms and mediators.
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Key Points

1. Characterization of the altered function of enzymes associated with the Aicardi-

Goutieres syndrome, along with advances in studies of the innate immune 

response to virus infection, draw attention to the potential role of cytoplasmic 

receptors for RNA and DNA and their nucleic acid triggers in cell-intrinsic 

production of IFN-I.

2. Virus-like sequences in the human genome are attractive candidates for 

triggering of innate immune responses in SLE.

3. Environmental stressors, including UV light, may impair regulation of genome 

integrity and nucleic acid quality, contributing to innate immune system 

activation.

4. Activation of endosomal TLRs with nucleic acid-containing immune complexes 

provides a strong and sustained stimulus for IFN-α production.

5. The IFN-I pathway is a rational target for therapeutic modulation in SLE.

Crow Page 12

Curr Opin Rheumatol. Author manuscript; available in PMC 2015 September 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



Figure 1. Induction of type I interferon in lupus pathogenesis
Recent data from studies of cytoplasmic sensors of RNA and DNA, including RIG-I, MDA5 

and cGAS, suggest that in addition to exogenous microbes, endogenous triggers can activate 

signaling pathways that induce IFN-I, with IFN-β the dominant product. Stimulatory 

cytoplasmic RNA or DNA, in some cases enriched in endogenous retrotransposon 

sequences, may result from impaired regulation of genome integrity or altered nucleic acid 

degradation. Cell-intrinsic induction of IFN-I may represent a primary mechanism that 

primes the immune system for development of autoimmunity. Once autoantibodies have 

formed, nucleic acid-containing immune complexes, including those derived from products 

of apoptosis, necrosis, NETosis, or extrusion of mitochondria, can access endosomal TLR7 

or TLR9 and induce high level production of IFN-α by plasmacytoid dendritic cells, 

amplifying and sustaining immune dysregulation and promoting inflammation and tissue 

damage. Free chromatin might be a cell-extrinsic inducer IFN-I production by neutrophils, 

contributing to lupus pathology.
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