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Abstract

Investigations of patients with systemic lupus erythematosus (SLE) have applied insights from
studies of the innate immune response to define type | interferon (IFN-I), with IFN-a the dominant
mediator, as central to the pathogenesis of this prototype systemic autoimmune disease. Genetic
association data identify regulators of nucleic acid degradation and components of TLR-
independent, endosomal TLR-dependent, and IFN-I signaling pathways as contributors to lupus
disease susceptibility. Together with a gene expression signature characterized by IFNI-induced
gene transcripts in lupus blood and tissue, those data support the conclusion that many of the
immunologic and pathologic features of this disease are a consequence of a persistent self-directed
immune reaction driven by IFN-I and mimicking a sustained anti-virus response. This expanding
knowledge of the role of IFN-1 and the innate immune response suggests candidate therapeutic
targets that are being tested in lupus patients.

Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) captures the attention and imagination of medical
students and physicians, as well as immunologists and biomedical scientists, due its highly
variable clinical presentation; its striking propensity to affect women in their child-bearing
years, with nine or ten times more women than men diagnosed with the disease; its protean
organ system manifestations and immunologic alterations; and the important lessons that
derive from the search for its etiology and study of its pathogenic mechanisms (1). Advances
in understanding the molecular basis of innate immunity, accelerated by the elucidation of
the TLR system, along with insights gained from analysis of gene transcripts inducible by
type | interferon (IFN-I) in blood cells of patients, have led to identification of IFN-I, and
particularly IFN-a, as a central mediator in the pathogenesis of SLE. This brief review will
describe our current understanding of the role of IFN-I in human lupus. A recent
comprehensive review provides an outstanding summary that incorporates insights from
studies of murine lupus models (2).

The breadth and systemic nature of the common disease manifestations seen in patients with
lupus are consistent with involvement of many immune system players. Rash,
photosensitivity, arthritis, and fatigue are features of most patients. Severe and sometimes
life-threatening disease manifestations include lupus nephritis, typically characterized by
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glomerulonephritis along with renal interstitial inflammation and tubular damage; central
nervous system disease, ranging from cognitive dysfunction to stroke or seizures; and
premature atherosclerosis, conferring increased risk of myocardial infarction (1). Many of
those manifestations have been attributed to production and tissue deposition of self-reactive
antibodies, often in the form of immune complexes and targeting nucleic acids and nucleic
acid-binding proteins. Those autoantibodies are present years before the onset of clinical
disease, and their specificities provide important clues, not yet fully unraveled, to the early
immunologic events that ultimately lead to organ inflammation and damage (3, 4).

The specific targeting of DNA, cell nuclei and components of ribonucleoprotein particles by
lupus autoantibodies, a process that strikes at the core of what we consider “self”, has
directed attention of immunologists to the events that account for disruption of T and B cell
tolerance mechanisms. The pathogenic properties of class-switched 1gG autoantibodies that
can access the extravascular space, activate the complement pathway, and initiate Fc
receptor-mediated cell activation, leading to recruitment of inflammatory cells and tissue
damage, suggested that production of those antibodies is dependent on T cell help (5).
Investigation of the role of the adaptive immune system in lupus pathogenesis led to the
landmark FDA approval of a therapeutic that inhibits B lymphocyte stimulator (BLyS)
(belimumab), as well as anecdotal efficacy (in spite of negative results in randomized
controlled clinical trials) of agents that deplete B cells after binding to cell surface CD20
(rituximab) or inhibit T cell activation by blocking signals through CD28 (abatacept) (6-8).

In spite of these important achievements related to the role of the adaptive immune response
in lupus pathogenesis, it is recognized that production of autoantibodies is not sufficient for
development of clinical lupus, and therapeutic targeting of T and B cells has provided only
partial clinical efficacy. In the context of important gaps in our understanding of lupus, the
explosion of studies detailing the innate immune response, and particularly the role of
endosomal TLRs, has provided an important knowledge base for reconsideration of the early
observation of increased IFN-I levels in patients with SLE (9, 10). More recent elucidation
of cytoplasmic receptors for RNA and DNA, whether microbial in origin or endogenous, has
suggested additional potential mechanisms for induction of IFN-I (11, 12). Investigations by
many laboratories have contributed to the current conclusion that IFN-I, particularly IFN-a,
is a central pathogenic mediator that accounts for many of the immunologic features and
destructive mechanisms that lead to clinical disease in patients (13, 14). Beyond its well-
documented role in anti-virus host defense, persistent and excessive production of IFN-a
and activation of molecular events downstream of the IFN-I receptor are significant early
and sustained events in lupus pathogenesis.

Evidence for increased type | IFN and IFN-inducible gene expression in SLE

Among the multitude of immunologic mediators that are dysregulated and the immune
functions that are altered in patients with SLE and in murine lupus models, elevated IFN-I
represents a consistent theme over many decades of investigation. In 1969 it was reported
that inducing production of IFN-1 in vivo in young NZB/NZW F1 mice, genetically
susceptible to developing spontaneous lupus-like disease but prior to evident pathology,
accelerated production of lupus autoantibodies and tissue damage (15). The stimulus in that
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system was polyinosinicpolycytidylic acid (poly I:C), mimicking dsRNA. The authors’
interpretation of their data was that in the setting of a genetically susceptible host, nucleic
acids can induce autoimmunity and lupus-like disease mediated by IFN-I, a concise view
that is now supported by human data. Examples of development of autoimmunity,
particularly characterized by autoantibody specificities typical of SLE, along with reports of
development of clinical lupus or related systemic autoimmune diseases, in patients who
received recombinant IFN-a for treatment of hepatitis C or a hematologic disorder, support
the capacity of IFN-I to induce an autoimmune syndrome in some individuals, presumably
those endowed with genetic susceptibility supportive of an autoimmune response (16).

Observations of elevated levels of IFN-I in the blood of lupus patients were initially reported
in 1979 based on assays that quantified protection of virus-infected cells from death (9). The
demonstration of a broad IFN-I-induced gene (IFIG) transcript signature in SLE PBMC
emerged from several labs in 2003, providing a compelling visual picture that suggested a
dominant role for some components of that cytokine family in the disease (17-21). Recent
data from epigenetic analyses of hypomethylated genome sites support activation of many
genes related to IFN-I signaling (22, 23). Several hundred gene transcripts define this
signature, and while various laboratories have settled on use of panels of IFIG as a
biomarker characteristic of SLE, including anywhere from one to twenty-one or more
specific transcripts usually quantified by real-time PCR, in fact most are highly correlated,
and measurement of a small number of transcripts provides a good measure of the functional
effect of IFN-I in vivo based on study of PBMC or whole blood ex vivo (24, 25). Among the
classic IFIGs, IFIT1 is particularly representative, but many others are equally informative.
While it was possible that a viral mimic of IFN-I's effects, or some other stimulus, was
responsible for the striking gene expression pattern, inhibition of IFN-a with neutralizing
antibodies eliminated most of the capacity of patient plasma to induce the same IFIGs (26).
In adult lupus patients approximately 60-80% will demonstrate the IFIG signature, which is
expressed in many cell types (27), and in children with SLE the signature is nearly universal
(18). In contrast to many viral infections where IFN-I is produced in the initial stage of
infection but is not persistent over time, in patients with SLE the IFN-I gene expression
signature, as well as serum or plasma IFN-I activity, persists chronically. In cross-sectional
studies the level of IFIG expression is correlated with disease activity, but in longitudinal
studies IFIG expression can remain stable or variable over time, with inconsistent
relationship to disease flares (28-31).

With continued analysis of large datasets derived from study of lupus peripheral blood,
statistical approaches such as K-means cluster analysis have identified subgroups of IFIG
transcripts that are differentially expressed in some patients (29, 32). While the clinical
significance of these IFIG clusters is not yet clear, it is of interest that a dominant cluster is
enriched in those transcripts typically measured in IFN-1 biomarker panels and primarily
inducible by IFN-a, and a second cluster includes IFIG that are more typically induced by
IFN-B. Notably, EIF2AK2, encoding IFN-inducible double-stranded RNA-activated protein
kinase (PRKR), is in the second IFIG cluster identified in our dataset and in one of the
clusters defined by Chaussabel, is preferentially induced by IFN-B, and is not included
among the transcripts measured in most IFN-I biomarker panels (19, 32-35) (Olferiev, M.,

J Immunol. Author manuscript; available in PMC 2015 June 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Crow

Page 4

Crow, M.K., unpublished observations). It should be noted that IFN-v, typically a product of
the adaptive immune response, can contribute to activation of many of the IFIGs, and
elevated IFN-y mRNA is seen in some lupus patients (19, 24, 25, 32, 34, 35). While the
collective literature supports IFN-a, comprised of 13 distinct proteins, as the most abundant
IFN-I in patients with lupus, the complexity of the IFN signature and the potential for
additional IFN-I species, as well as IFN-vy, to contribute to that gene expression signature
and lupus pathogenesis is supported by demonstration of increased expression of the IFN-Is
IFN-B and IFN-® in lupus blood compared to that of healthy donors (25). A possible role for
IFN-A, a type Il IFN, in SLE remains to be fully explored (36).

The data from patients suggest the view that many of the immunologic and clinical
manifestations of SLE might be biologic consequences of IFN-1 that is either excessively
produced and/or improperly regulated. In that regard, while it has been challenging to
accurately measure total IFN-I protein in SLE blood due to the multiple IFN-1 family
members and the presence of IFN-I inhibitors in some individuals (37), functional assays of
IFN-I activity present in plasma or serum of patients support increased production as one
important mechanism (26). That interpretation does not discount the important role of
genetic factors that impact the cellular response to IFN-I, contributing to a more persistent or
exaggerated expression of the cytokine's target genes in some individuals. Overall, elevated
circulating IFN-I activity and IFIG expression observed in most SLE patients, and to some
extent in those with other systemic autoimmune diseases (38-40), suggest the view that SLE
is the prototype disease that behaves immunologically like a poorly-controlled chronic viral
infection, albeit in the absence of a documented virus (41-43).

Genetic contributions to activation of the type | IFN pathway

Among the insights that have emerged from genome-wide association studies (GWAS) of
lupus patients is the observation that many of the genetic variants associated with SLE
encode proteins involved in activation or regulation of the innate immune response (44).
Some contribute to availability of endogenous immune stimuli, a number regulate pathways
that mediate production of IFN-I and some regulate the cellular response to IFN-I. That
increased IFN-I is a genetically conferred risk factor for development of SLE was shown in
family studies (45). Other genetic variants associated with SLE encode proteins that are
likely to regulate efficiency of antigen presentation, thresholds for activation of T or B
lymphocytes or efficiency of intracellular signaling in those cells, and others likely regulate
tissue vulnerability to injury or repair mechanisms (44, 46, 47).

Insight into mechanisms that generate inducers of the IFN-1 pathway comes from studies of
a rare clinical syndrome, Aicardi-Goutieres syndrome (AGS), describing children with distal
extremity skin lesions, neurologic dysfunction, anti-DNA antibodies and elevated IFN-I.
Genetic studies in several AGS cohorts identified mutations in TREX1, encoding DNase 111
(48, 49). Rare patients with bona fide SLE have mutations in that gene, and GWAS studies
have identified a common variant with significant association with lupus (50). Additional
genetic mutations associated with AGS encode enzymes that regulate degradation of RNA
or DNA-RNA hybrids; mutations of SAMHD1, ADARL1, and members of the RNASEH2
family are associated with AGS, some cases of SLE and elevated IFN-I (51).
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These data complement the longstanding observation of a high risk of SLE among
individuals with deficiencies in early components of the complement pathway — C1q, C2
and C4 (52). While those mediators have broad functions in host defense, among their
important roles is promoting clearance of debris derived from apoptotic or necrotic cells that
might otherwise provide an inappropriate innate immune stimulus. Taken together, these
genetic association data point to endogenous nucleic acids as important triggers for IFN-I
production, and possibly SLE, and emphasize the significance of effective degradation and
removal of potentially stimulatory genomic products.

Additional GWAS data provide strong support for the endosomal TLRs and their
downstream signaling components in increased IFN-I production, SLE susceptibility and
pathogenesis. Among the genes and genetic loci associated with SLE are TLR7, IFN-
regulatory factor 5 (IRF5), IRF7, IRAK1 and TNFAIP3, encoding a regulator of the NFxB
pathway activated by endosomal TLRs (44). The relationship of the lupus-associated IRF5
genotype to elevated serum IFN-I activity implicates that downstream mediator of the TLR7
and TLR9 signaling pathways in IFN-1 production and might also be relevant to induction of
IFN-I by cytoplasmic nucleic acid sensors (53, 54). Of interest, the relationship between the
lupus-associated IRF5 genotype and serum IFN-I activity is primarily observed in those
lupus patients who demonstrate positive serologic tests for autoantibodies reactive with
RNA-associated proteins (Ro, La, Sm or RNP) or DNA (54). The interpretation of those
data is that the IRF5 genetic variant, a transcription factor downstream of the endosomal
TLRs, is most relevant to lupus pathogenesis and IFN-I production when an appropriate
stimulus for those TLRs, nucleic acid-containing immune complexes, is available. The link
between such immune complexes and a strong IFN-I signature is a theme that has been
supported by many laboratories (55-58). A contribution of the SLE-associated IRF5 genetic
haplotype to production of anti-Ro antibody, even in asymptomatic women, and to
progression to clinical lupus was demonstrated in a study of mothers of children with
neonatal lupus (59). All of the mothers had high titer anti-Ro antibodies, but only some had
elevated serum IFN-1. The data suggest that in addition to conferring increased risk for IFN-
I production driven by nucleic acid-containing immune complexes, signaling components of
the endosomal TLR pathways might contribute to production of lupus autoantibodies.
Genetic polymorphisms associated with TLR-independent cytoplasmic sensors of nucleic
acids or their downstream signaling mediators are also being identified. Variants in genes
encoding the dsRNA sensor IFIH1 (MDAJ5) and the adaptor MAVS (IPS-1) are associated
with SLE (60, 61).

Other genetic associations implicate signaling triggered by the type I IFN receptor (IFNAR)
in increased expression of IFIGs. STAT4 and TYK2 encode components of the signaling
pathway that induces IFIG transcription (62, 63). In addition, OPN, encoding osteopontin,
appears to be important in regulating the IFN-I response (64).

Genetic variants that favor both innate and adaptive immune activation, perhaps in the
setting of environmental factors that generate stress or oxidative damage, might be required
to achieve a level of immune disruption required for inflammation, tissue damage and
clinical signs and symptoms to develop (65).
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Mechanisms contributing to type I IFN production in SLE

Plasmacytoid dendritic cells (pDC), which constitutively express IRF7, are the major IFN-a-
producing cells, and available data implicate those cells in SLE. Intravenous high dose
glucocorticoid therapy, provided as a treatment for lupus clinical flares, or the proteosome
inhibitor bortezomib, depletes pDCs from the blood and temporarily ablates the IFN-I gene
expression signature (18, 66). Moreover, studies of involved tissue from lupus patients
identify pDCs proximate to cells that express high levels of IFIG or their protein products,
supporting a direct role for local IFN-I production in the activation of the IFN-I pathway by
adjacent cells (67). Other cell types, such as fibroblasts and epithelial cells, are known to
produce IFN- and other IFN-Is and might contribute to the IFN-I that is proposed to be
pathogenic in patients. Neutrophils, a cell type that has captured recent interest as an inducer
and producer of IFN-I (68-70), likely augment the IFN-I levels detected in patients. In fact,
recent data document expression of IFN-a and IFIGs in neutrophils resident in lupus bone
marrow, a logical site for TLR-mediated induction of IFN-a, given the presence of
autoantibody-producing long-lived plasma cells and cell debris derived from apoptotic cells
(72).

Advances in immunology that followed the description of the TLRs and the elucidation of
the cytoplasmic nucleic acid sensors coincided with observations of a dominant IFN-I gene
expression signature in many lupus patients and together stimulated active investigation of
the mechanisms that favor production of IFN-1 in SLE. Best developed is literature
documenting the capacity and immunopathologic and clinical significance of nucleic acid-
containing immune complexes in the induction of IFN-a after those complexes access
intracellular endosomal TLRs, particularly TLR7 and TLR9 (55-58). In vitro systems have
been used to demonstrate induction of IFN-I-induced gene transcripts, and in some cases
IFN-a protein, in unfractionated PBMC or pDCs by serum or plasma from some lupus
patients, isolated IgG or immune complexes from patients, or reconstituted immune
complexes that contain autoantibodies and either RNA or necrotic or apoptotic cellular
material. This effect can be inhibited by blockade of FcyRIla or degradation of RNA or
DNA and is augmented by cell products produced in the setting of inflammation, such as
HMGBL or LL37 (72, 73).

This in vitro demonstration of the potent IFN-inducing capacity of immune complexes
containing nucleic acid, particularly those with RNA that can trigger cell activation through
TLR7, has provided a view of the pathogenic role for autoantibodies in augmenting and
perpetuating immune system activation that goes beyond the more traditional role of
autoantibodies and immune complexes as relatively passive inducers of inflammation after
deposition in target tissue. The immunopathogenic significance of RNA-containing immune
complexes for lupus disease is supported by the clear association between autoantibodies
that target the RNA-associated proteins Ro, La, Sm and RNP and the presence of an IFN-I
signature in lupus PBMC (74).

Recent studies are defining the contribution of additional signals generated by FcR ligation
and intracellular components of the autophagy pathway to the induction of IFN-a triggered
through endosomal TLRs (75). Ligation of the FcR on pDCs by a large DNA-containing
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immune complex regulates recruitment of microtubule-associated protein 1 light chain 3
(LC3) to phagosomes in a PI3K-dependent process that also involves recruitment of
autophagy proteins ATG5 and ATG7 to the phagosome. Induction of IFN-a by those
complexes via IRF7 requires LC3, a potential point of differential regulation of IFN-I- vs.
TNF-dependent clinical syndromes, as DNA-immune complex-mediated TNF production by
pDCs does not require LC3. While this pathway has not yet been directly studied in lupus
patients, GWAS data have identified lupus-associated polymorphisms in ATG5, supporting
the potential immunopathogenic relevance of the coordination of phagosome formation and
autophagy proteins in IFN-a production (76).

Less well developed is literature in human SLE supporting a relationship between activation
of the TLR7 or TLR9 pathways and induction of those antibody specificities that ultimately
target the protein or nucleic acid components of the stimulatory self-particle. The
intersection between an endosomal TLR compartment accessed by a U1 RNA-Sm protein
particle derived from a spliceosome, for example, or a hY RNA-Ro protein particle, and an
antigen processing compartment might provide both self-antigen and adjuvant (the nucleic
acid) to induce effective antigen-presenting capacity and, ultimately, T-cell dependent
autoantibodies. Extensive data support a relationship between activation of the TLR
pathway and production of autoantibodies that target RNA-protein particles (74, 77). Studies
in other systems support the capacity of TLR ligand-associated self-proteins to facilitate
presentation to T cells (78). As noted, the enrichment of lupus-associated IRF5
polymorphisms in asymptomatic individuals with high titer anti-Ro antibody is consistent
with a relationship between the endosomal TLR pathways and autoantibody production (59).
Work in the murine system supports the importance of B cell activation through endosomal
TLRs in lupus, implicating B cell surface immunoglobulin receptors in capturing self-
antigens that co-ligate TLRs and providing a possible mechanism for production of specific
autoantibodies (77, 79, 80). Work by Bolland and others in studies of the BXSB murine
model, characterized by a translocation and duplication of TLR7, emphasizes the
relationship between TLR7, autoantibodies that target RNA-associated proteins, IFN-I
induction, and disease pathogenesis (81).

While the role of nucleic acid-containing immune complexes in IFN-I production is well
documented, those mechanisms that might account for IFN-I production prior to serologic
evidence of autoimmunity are less well developed. The elucidation of the TLR-independent
pathways that involve intracellular nucleic acid sensors, along with careful characterization
of patients with rare lupus-like syndromes, provides support for a potential role for those
pathways early in the pre-clinical stages of systemic autoimmune disease and might involve
nonhematopoietic cells (48, 82). As noted, the association of mutations or deficiencies in
important cell proteins that control availability of potentially stimulatory nucleic acids,
including TREX1, components of the ribonuclease H2 enzyme complex, SAMHD1, and
ADARL, with IFN-I production and lupus-like disease is stimulating active investigation of
the nature of nucleic acids that accumulate in the absence of those enzymes (83, 84). An
important paper describing increased levels of IFN-p in TREX1-deficient mice drew the
conclusion that impaired degradation of intracellular DNA might provide an innate immune
stimulus that could drive an IFN-I response and prime the immune system for excessive
activation and induction of autoimmunity (85). In that work, Stetson demonstrated DNA
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fragments enriched in genomic retrotransposon sequences, such as long interspersed nuclear
element-1 (LINE-1, L1) and Alu, in DNA cloned from TREX1-deficient mice. In addition,
recent data indicate that AGS patients deficient in SAMHD1 function show impaired
regulation of L1 transposition (86). Our studies of kidney and salivary gland tissue from
patients with SLE or Sjogren's syndrome, respectively, demonstrate expression of L1 RNA
transcripts that are highly correlated with IFN-1 expression in the same tissue (87)
(Sagalovskiy, 1., Mavragani, C., Crow, M.K., unpublished observations). Extensive and
redundant quality control mechanisms, including those mediated by the noted enzymes
along with members of the APOBEC and DNA methyltransferase protein families,
contribute to maintenance of genome integrity, and altered function of any one or more of
those mechanisms could generate a breech, resulting in virus-like stimuli with the potential
to induce a host defense response that mimics a viral infection. However, in contrast to
infection by an exogenous virus that induces a rapid burst of IFN-I followed by a well-
orchestrated immune response that rapidly brings the infection under control, impaired
control of genomic viral-like elements could result in chronic or recurrent activation of
innate immune response pathways and alter the threshold for adaptive immune system
activation in response to self-antigens, increasing risk for autoimmune disease. Recent data
identify the cytoplasmic sensors of endogenous or microbial DNA and RNA as contributors
to TLR-independent IFN-I production. DAI/ZBP1 and the cyclic GMP-AMP synthase
(cGAS), which binds DNA and induces IFN-f after associating with the adaptor protein
STING, and RIG-1 and MDAJ5, recognizing 5’ triphosphate RNA or dsRNA and signaling
through the adaptor MAVS, encoded by IFIH1 (with genetic variants associated with SLE),
are of interest as mediators of IFN-I production (11, 12, 88-93). Oxidative damage to DNA,
as assessed by 8-hydroxyguanosine DNA modifications, might confer resistance of DNA to
degradation by TREX1 or other mediators of genome integrity, promoting activation of
cytoplasmic DNA sensors (65). Both cytoplasmic DNA and RNA sensing pathways activate
IKKe, TBK1 and IRF3, in some cases inducing IFIG, even in the absence of IFN-I, and
other cytoplasmic helicases (DDX24) regulate these signaling pathways (94-96). These
insights into mechanisms of IFN-pathway activation that do not require autoantibody-
containing immune complexes suggest a number of candidate therapeutic targets.

Increased availability of stimulatory nucleic acids would implicate IFN-I production and
activation of IFIGs as an underlying and chronic/recurrent mechanism that generates an
immune system that is “primed” to respond to additional triggers with further immune
activation and inflammation. In that regard, neutrophils are of interest as potential amplifiers
of the IFN-I pathway. Long implicated in lupus pathogenesis in studies demonstrating their
engulfment of cell nuclei (the so-called “LE cell”), neutrophils also produce and induce
IFN-I (68-71). Whether neutrophils induce IFN-I as intact cells or rather as degradation
products or subcellular particles remains a question of current interest. The concept of
neutrophil extracellular traps (or NETS) was proposed as an organizing mechanism for a
collection of stimulatory factors, including DNA, that could promote IFN-I production by
pDCs, but the in vivo relevance of this phenomenon has been difficult to demonstrate
(97-99). The alternate view that neutrophil-derived organelles containing DNA might serve
as delivery vehicles for induction of IFN-I, and potentially for induction of anti-DNA
antibodies, is an attractive concept that could be viewed as representing a parallel
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mechanism to that just described for induction of IFN-I by genomic viral-like elements (100,
101). In settings in which neutrophils become activated, either by exogenous stimuli or by
nucleic acid-containing immune complexes, mitochondria enriched in potentially
stimulatory DNA might be particularly effective in triggering IFN-I production and might
even serve as inducers and targets of anti-DNA autoantibodies. In our longitudinal studies,
gene transcripts encoding proteins expressed in neutrophil granules are associated with lupus
flares, possibly implicating neutrophil activation in clinical exacerbations (Olferiev, M.,
Crow, M.K., unpublished observations).

Contribution of IFN-I to immunopathogenesis of SLE

Data from studies of host defense in response to virus infection, along with bioinformatic
analysis of IFIG, identify aspects of immune function that might be modified by the high
level IFN-I seen in most lupus patients (102, 103). While IFN-I can alter function of
myeloid and lymphocyte lineage cells in a manner consistent with many of the immunologic
alterations that characterize patients with SLE (104), it is difficult to determine whether
those IFN-I effects are directly pathogenic. Recent murine studies examining the role of
IFN-I in the context of chronic lymphocytic choriomeningitis virus infection provide an
excellent model when considering the pathogenic potential of sustained elevated levels of
IFN-1 in patients with SLE (42, 43). In those mice, IFN-I blockade reduced pathologic
immune activation and restored the architecture of damaged tissue, suggesting that in the
lupus scenario, sustained production of IFN-1 is also pathogenic.

In addition to data supporting a damaging effect of IFN-I when sustained over time are
studies in the human system, including data from patients. An activity in lupus serum that
was inhibited by anti-IFN-a antibody augmented T cell stimulatory function in an allogeneic
mixed lymphocyte reaction system, suggesting that IFN-a might also promote activation of
self-reactive T cells (105). IFN-a induces BLyS, thereby providing support for B cell
differentiation, and supports immunoglobulin class switching to generate potentially
pathogenic autoantibodies (106). More direct evidence for a pathogenic role for IFN-a in
lupus comes from analysis of tissue. Studies of skin biopsies from patients with cutaneous
lupus or SLE document pDCs and MX1, a classic IFIG, in the biopsy tissue (67). Synovial
tissue from lupus patients with arthritis is rich in IFIG's, including gene transcripts similar to
those seen in lupus PBMC. The gene expression pattern in lupus synovial tissue is
distinguished from that of patients with rheumatoid arthritis, which shows only modest
expression of IFIGs in some patients (107). The functional significance of these distinct
patterns has been explored in studies of osteoclast differentiation which suggest that high
expression of IFN-B might inhibit osteoclastogenesis and skew myeloid cells toward antigen
presenting cell function rather than a bone resorbing phenotype based on induction of
CXCL11 by IFN-1 (108). Additional data support a pathogenic role for IFN-a in two organ
systems that are most associated with morbidity and mortality of lupus patients: the kidney
and the cardiovascular system. pDCs are enriched in kidneys of patients with
membranoproliferative glomerulonephritis, and IFN-a transcripts are present in biopsy
specimens from those patients (109). Data from murine lupus models demonstrate that IFN-
a can accelerate disease and contribute to renal damage (110). IFN-a also damages
podocytes and induces chemokines that are responsible for recruitment of inflammatory
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cells, particularly neutrophils, to kidney and other involved tissue (111). In that regard, high
level expression of IFN-induced chemokines may be a biomarker of future disease flare
(112). Substantial support for IFN-a playing a pathogenic role in premature atherosclerosis
in lupus has been provided by several groups, with IFN-a inhibiting production or survival
of endothelial progenitor cells that are important for vascular repair and promoting foam cell
formation (113, 114). A contribution of IFN-a to the central nervous system manifestations
of lupus is suggested by the recent observation that neurotoxic lymphocytes can be activated
by IFN-a and mediate CNS damage based on their toxic effects on astrocytes (115).

Taken together, descriptive data from lupus patients, in vitro studies and data from murine
models support a variety of pathogenic effects of IFN-a that are likely to contribute to many
of the immune system alterations that characterize SLE, and, indirectly, to the tissue
manifestations of disease.

Progress in therapeutic targeting of IFN-1in SLE

In view of the abundant data from lupus patients as well as murine lupus models supporting
a significant, if not central, role for IFN-a in the pathogenesis of SLE and potentially other
systemic autoimmune diseases, therapeutic targeting of the IFN-1 pathway has emerged as
an important focus of drug development efforts, as recently reviewed (116). Therapeutic
strategies addressing mechanisms of induction of IFN-a, direct blockade of IFN-a and its
receptor, and modulators of its downstream signaling pathway are being evaluated for their
capacity to reduce disease activity, permit reduction of steroid dose or prevent future disease
flares.

The most direct approach to therapeutic inhibition of the type | IFN pathway involves
blockade of its major stimulus, IFN-a, with a monoclonal antibody (mAb). Three anti-IFN-
a mADbs are in development, and safety data indicate that they are generally well tolerated
(116, 117). AGS-009 has successfully completed a phase la safety trial. Sifalimumab
(MEDI-545) partially inhibited expression of IFIGs in whole blood cells and in skin in some
patients, but the degree of inhibition of the IFN signature was greater patients with moderate
disease (mean SLE Disease Activity Index, SLEDALI, 5.2) than in patients with more active
disease (mean SLEDAI of 11.0) (118, 119). Most patients receiving 3 mg/kg or 10 mg/kg IV
of rontalizumab (with mean SLEDAI of 3.4) demonstrated >50% reduction of IFIGs in
whole blood but did not successfully achieve a level comparable to healthy donors or
patients with a low IFN score (120). Of note, all patients receiving single or multiple doses
of that mADb recovered their IFN signature by six months after the last dose, suggesting that
the stimulus for induction of type | IFN remained operative in vivo. Higher doses of
antibody might provide more effective blockade, however a potential role for additional IFN
types, including IFN- or IFN-w, not targeted by the tested agents, or inadequate blockade of
some IFN-a family members, must be considered as an explanation for the incomplete IFIG
inhibition noted. In contrast to the inhibition of IFIG in lupus skin by anti-IFN-a mAb, the
IFN signature seen in psoriatic skin was not inhibited by sifalimumab, nor was any
indication of clinical efficacy seen in psoriasis patients. IFN-x, a distinct type | IFN, is
particularly expressed in skin and might account for the lack of effect of an IFN-a specific
mAD in the psoriasis study (121).
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A creative approach to generating endogenous polyclonal anti-IFN-a, with the goal of
inhibiting pathogenic IFN-a, has been reported in preclinical studies and more recently in a
first in human study of a so-called IFN-kinoid, a complex of recombinant IFN-a with KLH
(122). Injection of the IFN-kinoid resulted in T cell-dependent production of neutralizing
IFN-a antibody that reduced expression of IFIGs in whole blood samples.

The partial amelioration of disease in lupus mice after administration of an antibody specific
for IFNAR identifies an alternative approach to reducing the IFN signature (123).
MEDI-546 mADb, specific for subunit 1 of IFNAR, prevents association of subunit 1 with
subunit 2 of IFNAR, thereby blocking downstream signaling events. This mAb has been
administered to patients with diffuse systemic sclerosis and, in contrast to the partial effects
on IFIG expression in the sifalimumab and rontalizumab studies, resulted in nearly complete
inhibition of IFIG expression in peripheral blood and skin with several dosing regimens
(124).

As nucleic acid-containing immune complexes are potent triggers of endosomal TLRs and
IFN-1, therapeutic approaches that degrade the nucleic acid components of those complexes
or inhibit TLR activation and downstream signaling hold particular promise as they would
be predicted to reduce levels of type I IFN, limit the capacity of immune complexes to
induce new IFN-I and might also reduce production of autoantibodies (125-127). In that
regard, treatment of lupus patients with hydroxychloroquine, documented to inhibit IFN-I
production induced by lupus immune complexes in vitro, is now standard of care due to its
demonstrated reduction of lupus flares (128). Studies in progress are investigating the safety
of several oligonucleotide inhibitors of endosomal TLRs. Additional therapeutic approaches
might target kinases and adaptors required for effective induction of IFN-a through the TLR
pathway (PI3K) or those activated by cytoplasmic nucleic acids (IKKg, cGAS, STING)
(129). While not specific for IFN-1, inhibition of the Jak-STAT signaling pathway with Jak
kinase inhibitors might reduce the induction of IFIGs and their downstream effects (130).

Summary and Conclusion

Detailed study of lupus patients and insights from murine models, superimposed on
significant advances in the characterization of the mechanisms that trigger and regulate the
innate immune system in the setting of viral infection, have identified IFN-I, and particularly
IFN-q, as a central pathogenic mediator in SLE. Genetic variants associated with a diagnosis
of SLE, along with in vitro and ex vivo studies of patient cells and tissues, point to the
significance of effective regulation of endogenous nucleic acids, potential triggers of
cytoplasmic receptors, as well as components of TLR-activating immune complexes, in
determining lupus susceptibility. A comprehensive view of lupus, with IFN-I a focal point,
establishes this prototype disease as one in which endogenous nucleic acids provide a
sustained stimulus for a broad immune response that should be reserved for infection with a
persistent virus. Our preferred view is that cytoplasmic nucleic acids enriched in virus-like
properties might be an early stimulus, while DNA enriched in neutrophil-derived organelles
might be particularly associated with lupus flare (Figure 1). Once autoantibodies have been
produced, nucleic acid-containing immune complexes provide a particularly potent stimulus
for sustained immune dysregulation and disease. Perhaps less important than precisely
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defining the sequence of events that culminate in clinical lupus is the recognition that
multiple points of innate immune regulation, including both TLR-independent and TLR-
dependent mechanisms, provide candidate therapeutic targets with potential to lead to
therapies that improve outcomes for patients. While important questions remain to be
satisfactorily addressed, notably the explanation for the extreme sex skewing of the disease
and the contribution of environmental agents to disease pathogenesis, the recent insights into
the central role for IFN-1 and the innate immune response in this challenging disease hold
important potential for advancing care of patients.
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Figurel. Typel IFN-centric view of SLE pathogenesis
Numerous polymorphisms in genes encoding regulators of nucleic acid degradation or

mediators of pathways involved in induction of or response to IFN-I, along with
environmental factors that lead to cellular stress or oxidative damage, generate a host
endowed with enhanced capacity to activate the IFN-I pathway. A favored view is that
stimulatory endogenous nucleic acids activate cytoplasmic nucleic acid sensors and induce
IFN-I, possibly enriched in IFN-f, although an exogenous viral trigger remains possible. A
recent study suggests that this early event might occur in nonhematopoietic cells (82). The
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resulting IFN-I will prime an adaptive immune response, and in a host enriched in gene
variants that lower the threshold for lymphocyte activation, a self-reactive immune response
may be favored. When autoantibodies target nucleic acids or nucleic acid-binding proteins,
immune complexes form and strongly amplify IFN-I production, predominantly IFN-a,
through Fc receptor-dependent activation of pDCs mediated by endosomal TLRs. The
adjuvant activity of the immune complex also amplifies the autoimmune response to the
associated nucleic acid-binding proteins. Neutrophils can respond to exposure to IFN-1 and
immune complexes with extrusion of nucleic acids and associated proteins, in the form of
mitochondria or neutrophil extracellular traps (NETS), produce IFN-I and contribute to
disease flares. Neutrophils and pDCs can each amplify production of IFN-I by the other cell
type, modify function of adaptive immune system cells and amplify autoimmunity. The
immunologic consequences of this sustained viral-like response result in broad immune
dysregulation, inflammation and tissue damage.
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