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Sources of Pathogenic Nucleic Acids
in Systemic Lupus Erythematosus
Tomas Mustelin*, Christian Lood and Natalia V. Giltiay

Division of Rheumatology, Department of Medicine, University of Washington, Seattle, WA, United States

A hallmark of systemic lupus erythematosus (SLE), and several related autoimmune

diseases, is the presence of autoantibodies against nucleic acids and nucleic

acid-binding proteins, as well as elevated type I interferons (IFNs), which appear to

be instrumental in disease pathogenesis. Here we discuss the sources and proposed

mechanisms by which a range of cellular RNA and DNA species can become pathogenic

and trigger the nucleic acid sensors that drive type I interferon production. Potentially

SLE-promoting DNA may originate from pieces of chromatin, from mitochondria, or from

reverse-transcribed cellular RNA, while pathogenic RNA may arise from mis-localized,

mis-processed, ancient retroviral, or transposable element-derived transcripts. These

nucleic acids may leak out from dying cells to be internalized and reacted to by immune

cells or they may be generated and remain to be sensed intracellularly in immune or

non-immune cells. The presence of aberrant DNA or RNA is normally counteracted by

effective counter-mechanisms, the loss of which result in a serious type I IFN-driven

disease called Aicardi-Goutières Syndrome. However, in SLE it remains unclear which

mechanisms are most critical in precipitating disease: aberrant RNA or DNA, overly

sensitive sensor mechanisms, or faulty counter-acting defenses. We propose that the

clinical heterogeneity of SLE may be reflected, in part, by heterogeneity in which

pathogenic nucleic acid molecules are present and which sensors and pathways they

trigger in individual patients. Elucidation of these events may result in the recognition of

distinct “endotypes” of SLE, each with its distinct therapeutic choices.

Keywords: lupus, interferon, nucleic acid sensors, mitochondria, reverse transcriptase

INTRODUCTION

Systemic lupus erythematosus (SLE) is a serious autoimmune disease characterized by
autoantibodies against nucleic acids and nucleic acid-binding proteins combined with immune
complex deposition and inflammatorymanifestations inmultiple organ systems. The unpredictable
course of the disease with its sudden exacerbations, often with new organ manifestations or
symptoms, make it particularly difficult to manage (1, 2), not the least because the currently
available drugs have limited efficacy and/or serious side-effects. Efforts to develop more selective
and more efficacious therapies that address the core pathobiology of SLE, ideally with limited
general immune suppression, continue to be hampered by our limited understanding of the
underlying molecular drivers and mechanisms (3). To vividly illustrate this, the two newest
therapeutics for SLE are hydroxychloroquine (4, 5) and belimumab (6, 7), approved by the FDA
in 1966 (sic!) and 2011, respectively. Moreover, the latter had barely significant efficacy, only 9.8%
SLE Responder Index improvement over placebo at 52 weeks at the highest 10 mg/kg dose (6).
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Furthermore, while the presence of autoantibodies in SLE has
been recognized for decades and their role in driving disease
is considered well established, B cell depletion by anti-CD20
antibodies have failed to generate statistically significant efficacy
in clinical trials in SLE (8). There is, however, a trend toward a
benefit for patients in agreement with the ability of belimumab to
reduce B cell numbers. It should also be noted that belimumab
may affect plasma cells more than the depletion of CD20-positive
B cells. T cell-directed therapies, such as calcineurin inhibitors
(9) or CD28 blockade with CTLA4-Ig (10), have also yielded
limited disease impact. These outcomes suggest that many of
the well-documented immune abnormalities in SLE may be
consequences, rather than drivers, of this disease.

AUTOANTIBODIES AGAINST NUCLEIC
ACIDS AND NUCLEIC ACID-BINDING
PROTEINS

In SLE, the majority of patients develop autoimmunity
toward nuclear antigens, conveniently measured as anti-nuclear
autoantibodies (ANA). Though not selective for SLE, detecting
ANA is a common test used to screen patients, and may,
together with clinical presentation and other immunological
features, suffice for SLE diagnosis. ANA contains a broad range
of autoantibodies targeting among others chromatin, histones,
double-stranded (ds) DNA, as well as the RNA-binding proteins
Ro, La, Sm, and RNP. Anti-dsDNA antibodies are of particular
interest in SLE, given their high diagnostic potential, with about
70–80% of the patients being positive for these antibodies,
and titers commonly correlating with disease activity. Indeed,
anti-dsDNA antibodies have been included in the classification
criteria (11), as well as a serological component of the disease
activity index SLEDAI (12). Further, anti-dsDNA antibodies are
often associated with severe disease manifestations, including
nephritis. Other than the diagnostic value, including associations
with distinct disease features, these autoantibodies may be
pathogenic through immune complex-mediated inflammation,
complement activation and tissue destruction, and antibody-
directed cellular cytotoxicity. In this review, we will limit our
discussion of autoantibodies to their ability to transport nucleic
acids, shielding them from external nucleases, and efficiently
mediating their uptake into immune cells through Fc receptors,
complement receptors, scavenger receptors, and others.

THE “IFN SIGNATURE” IN SLE PATIENTS

In 2003, Tim Behrens’ group (13), the team of Virginia
Pascual and Jacques Banchereau (14), and Mary Crow (15)
published their discovery that SLE patient blood contain active
type I interferon (IFN) and a high expression level of IFN-
stimulated genes (ISGs), now referred to as the “IFN signature.”
Although indications that IFNα may be important in the lupus
pathogenesis had been published earlier (16–18), this still was a
surprising finding because the principal function of type I IFN
is in host defense against viral infection, while SLE is not an

infectious disease. Nevertheless, the IFN signature is now a well-
established observation in 70–90% of SLE patient populations
world-wide (19–22). Individual IFNs are technically difficult to
measure (23) due to their very low concentrations and presumed
rapid consumption, but it seems that many of the 17 different
type I IFNs, which includes 13 IFNα isoforms, IFNβ, and the
three less explored members, IFNε, IFNκ, and IFNω are elevated
in SLE patients, as well as in patients with Sjögren’s syndrome (24,
25), systemic sclerosis (26, 27), polymyositis, dermatomyositis
(28, 29), rheumatoid arthritis (30, 31), and other related diseases.
Importantly, there seems to be differences between patients in
which specific members of the type I IFN family are elevated (see
sections Patient heterogeneity with regard to nucleic acids and
their sensors? and Can SLE be divided into clinically meaningful
subpopulations based on “endotype”?). In addition, patients may
have increased type II IFN (IFNγ) (25) and/or type III IFNs
(IFNλ1, IFNλ2, and IFNλ3, also known as IL-29, IL-28A, and
IL-28B) (32). While the type I and III IFNs are functionally
overlapping (all genes induced by type III IFNs are also induced
by type I IFNs), IFNγ is instrumental in a distinct aspect of
the immune system, namely the activation of CD4 Th1 and
CD8T cells, natural killer (NK) cells, and other elements of a
general immune response. Nevertheless, over 900 of the 1,300
ISGs induced by IFNγ are also induced by type I IFNs, which
induces a total of over 1,500 ISGs, suggesting significant overlap
in downstream consequences.

Type I IFNs have a spectrum of effects on the immune system
and beyond, particularly upregulating numerous mechanisms of
on anti-viral defense. They stimulate emergency myelopoiesis
(33), monocyte differentiation into myeloid dendritic cells (34,
35), antigen presentation, cytotoxic T cell differentiation (36),
and B cell differentiation into plasma cells (37). The 1,500 ISGs
encode many immune-modulating as well as direct antiviral
proteins (38), including many components of the pathways that
lead to type I IFN production in what constitutes a rapid positive
feedback loop to augment the response.

While an extensive literature illuminates the close association
of type I IFNs with SLE pathogenesis and disease activity (21, 39),
perhaps the most conclusive evidence for a causal role in the
disease was the statistically significant efficacy in phase 2 clinical
trials (40) of an antibody that blocks the type I IFN receptor
used by all type I IFNs. In contrast, an antibody that blocks IFNα

alone (41) was efficacious only in a small subset of patients. It
should also be noted that blocking the type I receptor did not
bring clinical improvement to all SLE patients even if the IFN
signature declined by over 90% in the treated patient population.
Nevertheless, elevated type I IFNs are the closest we have to a
smoking gun in SLE and a set of related autoimmune diseases.
This, in turn, begs the question: why are type I IFNs elevated in
SLE patients?

NUCLEIC ACID SENSORS COUPLED TO
INTERFERON PRODUCTION

Given that the best recognized role of type I IFN is in defense
against viral infection (38), it seems that one could find important

Frontiers in Immunology | www.frontiersin.org 2 May 2019 | Volume 10 | Article 1028

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Mustelin et al. Pathogenic DNA and RNA in SLE

clues about the upstream mechanisms of SLE from recent
advances in viral immunity. The primary threat that a virus
brings is its RNA or DNA genome, which will hijack the
cellular biosynthetic machinery for its own replication and virion
production, with detrimental consequences for the host cell. Even
more alarming, retroviruses will reverse transcribe their RNA
genome and insert the resulting DNA into the host genome as a
permanent provirus. To combat these ancient foes, evolution has
produced several cellular mechanisms for the detection of non-
self RNA and DNA (Figure 1). Four principal pathways operate
in the cytosol and on the surface of intracellular organelles: the
DNA-sensor “cyclic GMP, AMP synthase” (cGAS) (42), the RNA
sensors “retinoic acid-inducible gene I” (RIG-I) (43), “melanoma
differentiation-associated gene 5” (MDA5) (43–45), and “RNA-
activated protein kinase” (PKR) (46, 47), while a fifth pathway
responds to extracellular DNA or RNA brought into the cell
by receptor-mediated endocytosis and is initiated by Toll-like
receptors (TLRs) 3, 7, 8, and 9 in the endosomal compartment.
A mechanism to blend the extracellular and intracellular sensing
pathways was recently reported (48): the transporter protein
SIDT2 in the endosomal membrane functions to let dsRNA
escape the endosome into the cytosol, where it can trigger
MDA5. There are additional, more recently discovered nucleic
acid sensors, such as DDX1, 21, 36, and 41, IFI16, and Aim2
(49). All of these pathways lead to type I IFN production through
activation of IRF3 and related transcription factors. They also
activate other signaling pathways that lead to the production of
additional cytokines. The resulting type I IFNs are secreted, bind
to the type I IFN receptor, and signal through the JAK/STAT
pathways to upregulate ISG-encoded proteins with direct anti-
viral activity, including nucleases, helicases, chaperones, and
many of the sensors and their adapters and signaling proteins
(38). Type I IFN can act in both autocrine and paracrine
fashion and the response to them may differ between different
responding cell types.

Whereas, nucleic acids are the main triggers of type I IFN
production, the cell type producing them and the exact nature of
the triggering nucleic acid will determine which type I IFNs are
produced. For example, plasmacytoid dendritic cells (pDC) have
a particularly high capacity to produce several isoforms of IFNα

in response to viruses or immune complexes that contain nucleic
acids (50–52), including those containing IgE (52), by a TLR7 or
9-dependent mechanism. Non-immune cells, on the other hand,
tend to produce predominantly IFNβ in response to cytosolic
RNA or DNA through the sensors MDA5 (dsRNA), RIG-I
(RNA), and cGAS (dsDNA), with other sensors participating,
particularly in neutrophils that do not express cGAS (53).

TLRs in SLE
TLRs are central to the immune system’s ability to recognize
molecular structures associated with cellular damage or
pathogens (54), including nucleic acids by TLRs 3, 7, 8, and 9
(Figure 1A). Since their discovery over 20 years ago, much of
the early literature assumed that their role in SLE was certain
(55–58), particularly since their ligation triggers type I IFN
production and circulating immune complexes that contain
nucleic acids are present in abundance in most SLE patients

(59), as well as in the patients with related diseases like Sjögren’s
syndrome, polymyositis, dermatomyositis, mixed connective
tissue disease, and others. It still seems very likely that these
immune complexes drive production of IFNα by plasmacytoid
dendritic cells (pDC) primarily through activation of TLR7 and
maybe 9 (60). However, so far all tested antagonists of TLR 7
and/or 9 (61) have failed to provide any efficacy in placebo-
controlled clinical trials in SLE patients. If type I IFNs indeed
are important, but TLR7 and 9 inhibition does not produce a
therapeutic benefit, then reality must be more complex. Indeed,
the more recent discovery of other sensors for nucleic acid,
such as cGAS, RIG-I, and MDA5 introduced other options for
nucleic acid sensing leading to type I IFN. Nevertheless, it still
seems likely that TLR7/9 drive IFN production in response to
circulating immune complexes that contain nucleic acid and
thereby contribute to the IFN signature seen in SLE patients.
Unfortunately, clinical trials with TLR antagonists did not report
what effects these drugs had on the IFN signature.

Recent advances in TLR research has revealed intriguing
new details about the mechanisms of their ligand interactions,
including their ability to bind self-nucleic acids (62–66). While
TLR9 was originally proposed to only sense bacterial DNA with
CpG sites, it is now clear that it can also recognize chromosomal
and mitochondrial DNA (digested into small fragment by
DNase II). Similarly, TLR3 responds to self-derived non-coding
RNA, such as U1 RNA that might be released upon cellular
stress, including exposure to UV radiation, while TLR7 and 8
can also recognize RNA and DNA degradation products (66).
Another recent study found that phagocytosis of anti-dsDNA IgE
antibodies (found to be increased in some SLE patients) via the
high-affinity FcεRI receptor for IgE, mediates TLR9-mediated
sensing of self-DNA in the phagosomes and potentiates IFN
production by plasmacytoid dendritic cells (52).

Another potentially important aspect of the TLR pathways
is that the TLR7 and TLR8 genes are located on the X-
chromosome: there are indications that TLR7 may escape the
normal silencing of one of the two X chromosomes in females
(67), resulting in higher levels of TLR7 expression and, hence,
stronger responses to TLR7 simulation in immune cells in
women, perhaps contributing to the 9:1 gender bias in SLE. In
further support of a role of TLR7 quantity in the disease, copy
number variations (68, 69) and single-gene polymorphisms (70)
in TLR7 are associated with SLE susceptibility.

Activation of cGAS and RNA Sensors in
SLE
A recent paper provided the first direct evidence that the cGAS
pathway is activated in at least a subset of SLE patients: the second
messenger cyclic-guanine, adenosine-2,3-phosphate (cGAMP),
which is synthesized exclusively by cGAS upon DNA binding,
was detected by mass spectrometry in 7 of 30 SLE patients (71).
While it may seem that this represents a small portion of SLE
patients, it is important to recognize that the data represent a
single snap-shot in time and that cGAMP is a short-lived second
messenger present in minute quantities. Thus, it may well be that
cGAMP is elevated in more SLE patients.
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FIGURE 1 | Schematic illustration of the cellular sensors of pathogenic DNA and RNA and their signaling pathways leading to type I IFN production. (A) Extracellular
nucleic acids present in immune complexes, free mitochondria, or other structures can be internalized into cells by receptor mediated endocytosis and trafficked to

endosomes that contain TLR3, 7, 8, or 9, which recognize dsRNA, ssRNA, and dsDNA, respectively. TLR3 signals through the TRIFF adapter and the protein kinases

TBK1 and IKKε, which phosphorylate and activate the IRF3 transcription factor, which (with co-factors) transactivates the gene for IFNβ. TLR7, 8, and 9 signal through

the MyD88 adapter and the IRAK4 protein kinase to primarily phosphorylate and activate transcription factors IRF5 and IRF7, which participate in the transactivation

of some or all of the 13 genes for isoforms of IFNα. Finally, the SIDT2 transporter in the endosome membrane can mediate the exit of dsRNA into the cytosol of the

cell to be sensed by MDA5. (B) Cytosolic RNA from exogenous viruses, or endogenous transcripts improperly deaminated by ADAR1, or containing recognizable

retroviral motifs (HERV RNA), or potentially other aberrant RNA species can trigger RIG-I or MDA5, which principally bind ssRNA and dsRNA, respectively. Upon ligand

binding RIG-I or MDA5 trigger the oligomerization of the MAVS protein, which assembles a protein complex on the mitochondrial membrane, resulting in activation of

the TBK1 protein kinase, which activates IRF3. (C) Cytosolic DNA from exogenous viruses, pieces of chromatin, mitochondrial DNA, or reverse-transcribed RNA,

triggers dimerization and activation of cGAS leading to the synthesis of cGAMP, which activates the STING adapter on the surface of the endoplasmic reticulum (ER).

STING, in turn, activates the TBK kinase, which activates IRF3.

Direct evidence for activation of RNA sensors in SLE patients
was also reported recently (72). Twenty two of sixty-seven
examined SLE patients had evidence of polymerization of
the mitochondrial antiviral signaling protein MAVS, which is
downstream of both RIG-I and MDA5 (Figure 1B) and acts by
generating a protein complex that activates the kinases required
for IRF3 activation and type I IFN production. This aggregation
of MAVS indicates that either RNA sensor was triggered in 32%
of the patients.

AICARDI-GOUTIÈRES SYNDROME–A
MONOGENIC DISEASE OF NUCLEIC ACID
PROCESSING

Additional insights into themolecular mechanisms that can drive
type I interferons and cause interferon-dependent human disease
come from amonogenic inherited inflammatory syndrome called
Aicardi-Goutières syndrome (AGS) (73–77), which, together
with a few related diseases, is included in the concept of the “type
I interferonopathies” (78). AGS usually presents neonatally as a
suspected serious viral infection with fever, chills, and a failure
to thrive, accompanied by high levels of type I IFNs. However,
a virus is not detected and the symptoms continue unabated.
Over time, AGS patients develop neurological deficits and brain

calcifications, likely due to the neurotoxicity of IFNs, as well as
systemic autoimmunity with autoantibodies against nucleic acids
and nucleic acid-binding proteins very similar to those in SLE
patients. In fact, many AGS patients meet the diagnostic criteria
for SLE (73–77).

AGS is a caused by mutations in any one of eight
genes: TREX1, RNASEH2A, RNASEH2B, RNASEH2C, SAMHD1,
ADAR1, IFIH1, TMEM173 (73–77). The first 5 of these genes are
primarily involved in the defense against retroviruses and their
endogenous remnants in our genome (79). In fact, many of these
genes were first discovered as “restriction factors” by researchers
studying how HIV replicates in certain cells, but not in others.
The revelation that our genome contains many evolutionarily
conserved genes that confer resistance toHIV suggested that HIV
is not the first exogenous retrovirus to infect us, but, in fact, is just
the latest in a very long series of retroviral infections resulting
in germline integrations of numerus families of retroviruses that
today constitute as much as 8% of our genome (or as much
as ∼40% if other retroelements of ancient retroviral origin are
also counted).

The three other genes that can induce AGS are homozygous
loss-of-function mutations in the gene for “adenosine deaminase
acting on RNA 1” (ADAR1), IFIH1 which encodes MDA5,
and the gain-of-function variant of TMEM173 which encodes
constitutively active STING (the direct effector protein for
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cGAS, Figure 1C) and results in the constitutive activation of
this pathway in the absence of aberrant DNA (80). The two
latter genes demonstrate that chronic activation of RNA sensing
(MDA5) or DNA (cGAS/STING) leads to an SLE-like condition
in humans.

SOURCES OF TYPE I IFN-TRIGGERING
DNA AND RNA

Since type I IFNs are elevated in most SLE patients and
appear to play an important role in SLE pathogenesis and since
perturbations in nucleic sensing pathways lead to a disease
(i.e., AGS) characterized by chronically elevated type I IFN
and autoimmunity with many of the same autoantibodies as in
SLE, it seems logical to ask if sensor-triggering nucleic acids
might be present in SLE patients. Alternatively, the function or
regulation of one or several sensors might be faulty. Although
evidence exists for the association of genetic variants of DNA
and RNA sensors with SLE, and mutations in them can cause
type I interferonopathies (80), such mutations are present in a
very small subset of SLE patients. Hence, it would be important
to elucidate which nucleic acids are aberrantly present in SLE
patient. What is their nature and origin?

Although viruses have long been suspected to play some
role in triggering several different autoimmune diseases, there
is little evidence for a persistent presence of viral RNA or
DNA in SLE patients. If aberrant nucleic acids are present in
SLE patients to trigger the DNA and/or RNA sensors discussed
above, they likely are derived from endogenous sources, such
as chromosomal DNA, mitochondrial DNA, DNA made by
reverse-transcription fromRNA templates, RNA transcripts from
normally silent loci of ancient viral origin (that still somehow
resemble viral RNA), mis-edited RNA, or otherwise altered or
improperly processed RNAmolecules (Figure 1). We will discuss
these potential sources one by one.

Chromosomal DNA
While chromosomal DNA normally is well protected by myriad
binding proteins and a highly ordered packing into nucleosomes
and higher order structures, DNA damage or faulty DNA
replication can, in principle, dislodge smaller pieces of DNA,
for example as nuclear blebs or micronuclei found in cancers
(81). The existence of several effective DNA repair mechanisms
indicate that DNA damage does occur in cells for a variety of
reasons, including during normal aging. It is conceivable that
DNA damage could produce pieces of DNA that trigger cGAS
and subsequent type I IFN production (82, 83). Loss of DNA
degradation by DNase1L3 causes an autosomal recessive form of
SLE with early life onset and high prevalence of nephritis (84),
and loss of the Trex1DNase (85, 86) also leads to constitutive type
I production and SLE or AGS, indicating that rapid elimination
of aberrant DNA is important for the maintenance of health.

Cell death, whether by physiological programmed cell
death mechanisms, such as apoptosis, or, more likely, by
more pathological, inflammatory, or toxic mechanisms like
necrosis, pyroptosis, or necroptosis, can result in the release

of chromosomal DNA (and RNA) into the extracellular milieu
(87, 88). Many protective processes have evolved to minimize
this exposure to chromatin and the highly toxic histones
(89). Apoptotic cells are recognized by specific receptors for
phosphatidylserine, annexin V, and other molecules that serve
to mark apoptotic cells to facilitate their rapid removal by
tissue macrophages (90) and the reticuloendothelial system.
When these mechanisms are faulty or overwhelmed by massive
numbers of dying cells, anti-nuclear and nucleic acid-directed
autoantibodies and autoimmune disease may develop (87).
For example, severe viral infections that are accompanied
by immune-mediated killing of large numbers of infected
cells typically result in measurable titers of anti-nucleic acid
autoantibodies in otherwise healthy individuals. However, these
titers tend to be relatively modest and they decline after the
infections is cleared. The complement system (91), particularly
C1q, also participates in the non-inflammatory removal of
dying cells, perhaps explaining why complement deficiencies
predispose to SLE (92). C1q also influences type I IFN production
by a more direct mechanism (93, 94).

Mitochondrial DNA
Another source of nucleic acids are the mitochondria (95, 96),
which serve many functions besides oxidative phosphorylation
and production of ATP, such as metabolism, inflammation and
cell death. Though mainly found intracellularly, we recently
discovered that neutrophils can extrude mitochondria together
with chromosomal DNA during the formation of neutrophil
extracellular traps (NETs) (95, 97). The externalization of
mitochondria depended on the generation of reactive oxygen
species (ROS) and the extruded mitochondria contained
highly oxidized (8-OHdG) mitochondrial DNA, inducing IFNβ

generation in a process requiring the intracellular DNA sensor
adaptor protein, STING (95). Blocking mitochondrial ROS
generation in vivo ameliorated lupus-like disease in MRL/lpr
mice (95). These observations appear to be clinically relevant
as ex vivo neutrophils from SLE patients displayed ongoing
mitochondrial ROS production and spontaneous extrusion of
oxidized inflammatory mitochondrial DNA (95). Similar to NET
formation, as described above, other forms of cell death, such
as TNF-mediated necroptosis, have been shown to involve the
release of intact mitochondria into the extracellular environment
(98, 99). Though the intracellular source(s) of extruded DNA has
yet to be verified in other forms of cell death, e.g., pyroptosis, we
find it likely that any form of cell death that includes breakdown
of the plasmamembrane will result in the release of mitochondria
or their components, such as mitochondrial DNA.

Mitochondria and mitochondrial DNA may also be released
from live cells upon their activation, as shown in neutrophils,
eosinophils, mast cells and platelets (100–103). In neutrophils,
this process has been coined “vital” NETosis, as the neutrophil
remains alive after the extrusion event. Circulating platelets
are thought to be the primary source of cell-free mitochondria
given the large abundance of platelets in blood. Work from
the laboratory of Eric Boilard has demonstrated that platelets,
upon activation, may extrude naked mitochondria able to
undergo respiratory burst (103). Unless these mitochondria
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are rapidly cleared, secreted phospholipase A2 will hydrolyze
and weaken the mitochondrial membrane, causing disruption
and the release of inflammatory mitochondrial DNA and other
damage-associated molecules (103). Platelet-mediated extrusion
of mitochondria can occur in concentrated platelet preparations
and is associated with adverse reactions upon transfusions (103,
104). Mitochondria can also be released as part of microparticles
from many different cells, including platelets, neuronal and
glial cells, as well as hepatocytes (103, 105, 106). The role of
platelet-mediated release of mitochondrial DNA is of particular
interest in rheumatic disease, including SLE, given the marked
platelet activation and subsequent development of cardiovascular
morbidity and mortality observed in these patients (107–110).

While the role of mitochondrial extrusion and mitochondrial
DNA (oxidized or not) in SLE remains to be clarified, it is
clear that they can be derived from many different cells and
involve either the activation or death of these cells. It also
appears that the DNA sensors TLR9 (105, 111–113) and
cGAS (95, 114, 115) can be triggered by mitochondrial DNA,
presumably depending on its subcellular location or pathway
of receptor-mediated internalization (Figure 1). Elevated
amounts of free mitochondrial DNA have been observed in
several conditions, including chronic inflammatory diseases,
trauma, cardiovascular disease and rheumatoid arthritis, perhaps
promoting inflammation and even mortality (103, 116–118).
Further studies to elucidate the mechanisms by which extruded
mitochondria and/or mitochondrial DNA are cleared will be
important for our understanding of this biology and for the
design of therapeutic regimens to prevent the contribution of
mitochondria and/or their DNA to human autoimmunity.

Reverse-Transcribed RNA
The third source of DNA that may trigger type I IFN synthesis
is intracellular DNA made by the reverse transcription of
cellular RNA. Our genome encodes three different families
of reverse transcriptases (RTs): telomerase (TERT), the pol
genes of many endogenous retroviruses, and the second open-
reading frame (ORF2) of the long interspersed nuclear element-
1 (LINE1). Of these enzymes, telomerase is highly specialized
to synthesize TTAGGG repeats in the 194 telomeres of our
diploid chromosomes using the TERC RNA template (119, 120),
while retroviral RTs only function to convert the RNA genome
of an incoming retrovirus to a DNA provirus and to insert it
into the genome. Although our genome contains thousands of
endogenous retroviral provirus loci, none of them appear to
be infectious anymore (with the possible exception of HERV-
K113). This leaves only the LINE1 ORF2 enzyme as a candidate
RT capable of generating aberrant DNA that could trigger
type I IFN production through cGAS activation. It has been
demonstrated to have robust RT activity (121–123), which is
key for retrotransposition (124) and which is sensitive to some
clinically used RT inhibitors (125, 126).

The LINE1 element represents a remnant of an ancient
retrovirus that retained, or later acquired, a degree of autonomy
through the conservation of a primordial RT, which endows it
with the ability to transpose by a “copy and paste” mechanism.
The LINE1 RNA transcript is 6 kb long and contains two

open-reading frames (79): ORF1, which encodes a 40-kDa
RNA-binding protein that co-localizes with LINE1 mRNA in
stress granules together with other RNA-binding proteins (127),
such as Ro60, La, and U1 Small nuclear ribonucleoprotein
of 70 kDa (127), and ORF2, which encodes a 150-kDa RT
and endonuclease. Attesting to the effectiveness of the LINE1
element’s ability to transpose, there are over half a million
copies of it throughout our genome. However, due to defense
mechanisms (including those encoded by the AGS genes) and
mutational rate, the vast majority of these copies are truncated
and mutated and no longer have the ability to transpose. It has
been estimated that < 180 LINE1 copies are seemingly intact,
but that only 5 or 6 of them are active (“hot”) today (128). The
LINE1 ORF2-encoded RT is also involved in generating and
transposing Alu element copies (129) and was, over evolutionary
time, responsible for generating all of our processed pseudogenes
(130). In other words, the LINE1-encoded RT has had a profound
impact on our genome and our health.

The study of AGS revealed that transcription of retroelement
loci is very low in healthy individuals, but that AGS patients
have elevated levels of retroelement mRNAs and proteins,
including enzymatically active LINE1 RT (79). In fact, LINE1
RT may be the main producer of pathogenic DNA that
triggers type I IFN production (131) in AGS patients with
TREX1, RNASEH2A, RNASEH2B, RNASEH2C, and SAMHD1
mutations. TREX1 is the DNase that degrades intracellular DNA
made by reverse transcription (86, 132), including DNA in
complex with RNA as occurs during reverse transcription, while
RNaseH2 preferentially acts on the RNA in such heteroduplexes
(77). Finally, SAMHD1 is a phosphohydrolase specific for the
deoxynucleotide triphosphates (dATP, dTTP, dGTP, and dCTP)
required for reverse transcription (133). In a mouse model of
AGS, the Trex1−/− mouse (86), the animals develop a systemic
inflammation with immune cell infiltrates in many organs and
they die early from a severe carditis. These animals can be rescued
from death by treatment with the RT inhibitors tenofovir plus
nevirapine (134), indicating that reverse transcription is a key
step in the pathogenesis of systemic inflammation in this model.
However, there is also a published paper refuting these data (135).
A human clinical trial with RT inhibitors in AGS is under way.

There is some evidence that LINE1 retroelements are activated
also in SLE patients (136–138). This appears to correlate
with a global decrease in DNA methylation, which is well
documented in SLE (139, 140) and likely relates to the decreased
expression of DNA methylases DNMT1 and DNMT3a (141,
142). Demethylating agents like 5-aza-2′deoxycytidine (143)
also cause a dramatic upregulation of LINE1 and Alu element
transcription in lymphocytes (144). In addition, transfer of 5-
aza-2′deoxycytidine-treated T cells into healthymice results in an
SLE-like disease (145). The drugs that can induce “drug-induced
lupus,” notably hydralazine and procainamide, are demethylating
agents (146). Other known triggers of lupus flares, like UV light,
oxidative stress, inflammation and exogenous viruses also induce
genomic hypomethylation (147, 148).

We are aware of only two papers that report the detection
of LINE1-encoded ORF1 and ORF2 proteins in samples from
patients with SLE or related diseases. Mavgrani and co-workers
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(136) showed by immunoblotting and immunohistochemistry
that p40/ORF1 was readily detectable in kidney samples from
lupus nephritis patients and in salivary gland biopsies of Sjögren’s
patients. Staining correlated with IFNβ in somatic cells and
IFNα in infiltrating plasmacytoid dendritic cells. As activation of
LINE1 elements in autoimmune patients (136–138) appears to
involve demethylation of the LINE1 promoter (136, 138, 140),
these authors also analyzed the methylation of CpG sites in
the LINE1 promoter and found it to be reduced in patients
with elevated LINE1 expression. In the second paper, Kalogirou
et al. demonstrated that ORF2 is upregulated in the ductal
cells of salivary gland biopsies from patients with Sjögren’s
syndrome (149).

Cellular RNAs and RNA Editing by ADAR1
Many viruses have an RNA genome and do not (unlike the
retroviruses) generate any DNA. A set of cellular RNA sensors
have evolved to detect these viruses (150) (Figure 1B), a
challenging task given the abundance of cellular RNA species.
It remains incompletely understood how these sensors can
distinguish between self and foreign RNA molecules, but the
length of double-stranded RNAs (150) and cappingmodifications
of the 5′ and 3′ ends of RNA molecules (151), as well as the
presence or absence of other types of RNA processing, appear to
matter. The delicate balance between the recognition of self- vs.
foreign RNA is well illustrated by the IFIH1-A947T allele, which
encodes a variant of MDA5 that enhances anti-viral immunity,
but increases the risk of autoimmunity (152, 153).

Extracellular RNA, for example in immune complexes with
the Ro protein (154), can also enter immune cells via receptor-
mediated endocytosis followed by trafficking to the endosomal
compartment where TLR3 will react to dsRNA and TLR7 and 8
with single-stranded RNA (as well as other ligands, see section
TLRs in SLE). From this compartment, dsRNAmay also exit into
the cytosol through the SIDT2 channel (48) to trigger cytosolic
MDA5. This pathway likely exists to aid in the detection of
RNA viruses that are captured by antibodies, complement, or
scavenger receptors.

The role of ADAR1 is also very interesting as this enzyme
is involved in the post-transcriptional editing of mRNAs by
converting adenosine to inosine, which is read as a guanosine
during translation. Interestingly, in humans (unlike other
organisms) the majority of the deaminated adenosines are non-
coding and located in RNAmolecules derived from Alu elements
and other transposable sequences (155). The induction of type I
IFN bymutated ADAR1 is dependent onMDA5, but not on RIG-
I, suggesting that RNA editing is important and that its absence
triggers the MDA5 pathway as if viral dsRNA was present.

Endogenous Retroviral RNA
While exogenous viruses introduce RNA (or DNA) molecules
that can be recognized as foreign by cellular sensors, it remains
doubtful that RNA transcripts from endogenous proviruses
(which constitute as much as 8% of our genome) would be
seen as foreign as they are transcribed and processed by the
normal cellular machinery. Nevertheless, since these sequences
are of viral origin, it is possible that some of them still contain

sequence motifs that allow cellular RNA sensors to recognize
them as non-self. If so, one would expect the relevant loci to
be among the most recently incorporated ones, which may not
yet have accumulated domesticating mutations. Furthermore,
since most people do not develop autoimmunity, one would
also assume that they normally are effectively silenced in healthy
individuals, but perhaps aberrantly expressed in patients with
SLE or related diseases.

Transposable Element RNA
A much more interesting category of RNAs in autoimmunity
research are those encoded by Alu elements and other short
transposable elements, not perhaps because of their origin, but
because they have been experimentally implicated in several
settings. An important paper in this respect reported that
a large portion of all RNA present in circulating anti-Ro
autoantibody immunocomplexes was Alu element RNA (154).
In fact, other SLE autoantigens, such as La (156), also bind Alu
RNA. Furthermore, Ro−/− mice (157) develop autoimmunity
resembling SLE, suggesting that the normal function of Ro is
important for preventing the Alu element RNA, and perhaps
other cellular RNA molecules (158, 159), from triggering RNA
sensors. The discovery that the RNA-editing enzyme ADAR1
primarily edits Alu transcripts in humans (155) and that the
LINE-1 encoded RT has catalyzed the reverse transcription and
genomic insertion of over a million copies of the Alu element in
our genome, as well as the co-localization of LINE1 proteins with
Ro and La, hints at a central, but still enigmatic, role of this RNA
biology in SLE pathogenesis. It also remains unknown how Ro-
Alu RNA complexes end up in the extracellular compartment,
but one can suspect that cell death by several programmed
mechanisms must be involved.

PATIENT HETEROGENEITY WITH REGARD
TO NUCLEIC ACIDS AND THEIR
SENSORS?

While it seems likely that type I IFNs play an important role in the
pathogenesis of SLE and related diseases, it also becoming clear
that their inhibition is not a cure for all patients. For example,
10–30% of SLE patients do not have an IFN signature, suggesting
that their disease does not involve elevated type I IFNs and
may therefore be molecularly altogether different. Furthermore,
within the subpopulation of SLE patients with an IFN signature,
therapeutic antibodies that neutralize IFNα (41, 160, 160, 161)
or all type I IFNs (by blocking their receptor) (40) have been
clinically efficacious in some patients, but not in others. The
reasons for this heterogeneity are not understood, but may be
related to the complexity of the interferon system, the coverage
of different interferons by the therapeutics, the upstream drivers
of type I IFN production, which depend not only on the cells that
produce them but also the ligands that drive type I IFN. It should
also be noted that even if pathogenic nucleic acid species induce
much of their downstream effect through type I IFNs, there are
also some IFN-independent consequences (e.g., through NF-κB
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activation) that may contribute to SLE, but not be blocked by
IFN antibodies.

At present, it is not known whether SLE patients with an
elevated type I IFN gene signature always have the same nucleic
acid sensor(s) activated or if each individual patient has a unique
pattern that may include any or all of them. It is also unknown
if the same pathogenic nucleic acid species are present in all
patients, or if they too are different from patient to patient.
Furthermore, we cannot entirely exclude the possibility that
the nucleic acid sensors are sufficiently dysfunctional (for any
number of reasons) to trigger type I IFN production even in
the absence of any aberrant DNA or RNA. However, based on
the heterogeneity of SLE and the heterogeneity in response to
therapeutic IFN blocking antibodies, we find it most likely that
there is also heterogeneity in the presence of pathogenic DNA
and RNA species resulting in the activation of a different set of
sensors in each patient.

Based on GWAS and other genetic data, it also seems that a
great deal of patient heterogeneity is conferred by the presence of
disease-predisposing or -protective alleles in many genes, most of
which are immune-related. While pathogenic nucleic acids may
be instrumental in initiating and perpetuating SLE, the overall
sensitivity of the immune system, as determined by all these gene
variants in immune-related genes (e.g., MHC and PTPN22), will
affect how readily such nucleic acids tip the balance between
transient responses vs. frank autoimmune disease. Interestingly,
the SLE-predisposing variant of PTPN22 not only affects T and B
cell signaling, but also type I IFN production (162).

CAN SLE BE DIVIDED INTO CLINICALLY
MEANINGFUL SUBPOPULATIONS BASED
ON “ENDOTYPE”?

The unpredictable response of patients with SLE to standard
of care medication is a significant challenge in rheumatology.
The current paradigm is to treat patients with escalating
doses of increasingly potent immunosuppressive drugs until the

clinical response is deemed sufficient and then taper off the
strongest immunosuppressants, particularly steroids. Even so,
many patients never achieve complete remission but continue
to suffer various degrees of symptoms that compromise their
health and quality of life, not to mention the threat of
sudden exacerbations.

In contrast, the treatment of rheumatoid arthritis made an
important advance with the introduction of etanercept in 1999
(163–165). However, this drug also gave rise to the concept
of “TNF-non-responders.” While most patients at least initially
respond clinically to etanercept and other TNF blockers, 20–30%
respond poorly, if at all. Other biologics have typically met with
similar outcomes: good efficacy in many patients, but always a
number of non-responders or initial responders who lose efficacy
over time. It seems that non-responders represent individuals
whose disease differs molecularly from the responders’, such that
the disease process does not involve, or readily circumvents, the
specific target for the drug and therefore continues unabated.

We believe that this responder/non-responder dichotomy is
also relevant in SLE and related diseases, where new drugs
in recent clinical trials have generally yielded poor efficacy
or a minority of (partial) responders and a majority of non-
responders. As SLE is clinically highly variable, it is easy to
believe that it is molecularly heterogenous as well. We propose
here that SLE patients could be grouped into molecularly
distinct categories (“endotypes”) based on which nucleic acid
sensors are active and the IFN species produced in response to
them (Figure 2):

1) IFN-independent SLE, represented by the 10–30% of patients
who do not have a type I IFN gene signature and, therefore,
unlikely any nucleic acid sensor activation.

2) SLE patients whose elevated and disease-driving type I IFNs
are restricted to isoforms of IFNα, which are predominantly
made by immune cells via TLR7/9 in response to circulating
immune complexes that contain nucleic acids.

3) SLE patients with predominantly IFNβ, which is typically
made by epithelial and other cells via activation of cGAS,

FIGURE 2 | Proposed endotypes of SLE based on type I IFN subtype and relevant nucleic acid sensors. The first column represents the four proposed endotypes of

SLE with double arrows connecting them to the relevant nucleic acid sensors. The predicted (or known) effects on each SLE endotype of an antibody that neutralizes

IFNα only (sifalimumab), an antibody that blocks all type I IFNs (anifrolumab), and hypothetical cGAS or RT inhibitors are indicated as “yes” for a substantial clinical

benefit, “no” for none, and “partial” if only one of two parallel mechanisms are expected to be inhibited.
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RIG-I, or MDA5. These patients may be at an early stage
of SLE development (including preclinical disease), and have
not yet developed circulating immune complexes with nucleic
acids. Alternatively, their disease will never develop such
immune complexes.

4) SLE patients who have numerous IFNαs and IFNβ (and
perhaps IFNε, IFNκ, or IFNω) and both TLR7/9 and
intracellular nucleic acid sensor pathways active. If the third
category includes early disease, this fourth endotype may
contain severe and late stage disease.

What we propose is the personalized medicine notion that
patients suffering from a disease like SLE can be subdivided
by patient endotype into subsets that share a specific molecular
mechanism that originally initiated and continues to perpetuate
their disease, and that the inhibition of this mechanism by
a selective therapeutic approach will provide a strong clinical
benefit specifically to patients within this subset, but perhaps
not to others. Practical examples of this concept exist in medical
practice today in oncology and respiratorymedicine (166) but are
still absent in rheumatology. Key to the utility of this concept
is the development of practical tests (“biomarkers”) that can
determine which endotype individual patients belong to. In
this particular case, such biomarkers would naturally quantitate
nucleic acids, the activation of the sensors, and/or assess the
spectrum of IFNs in patient blood or tissue.

To fully test our SLE endotype concept, future trials with
new and more targeted therapeutics for SLE should include the

relevant biomarkers to ask if therapeutic efficacy falls within one

or another SLE endotype. In other examples of the endotype
concept (166), this type of patient stratification approach has
resulted in astonishing levels of efficacy within the relevant
endotype, but marginal impact on patients of other endotypes.
Oftentimes, these same clinical trials failed to meet their primary
endpoint when the all-comers population was assessed.

AUTHOR CONTRIBUTIONS

TM, CL, and NG contributed equally to the writing of this
review and share accountability for its content.

FUNDING

Our work is supported by NIH grant R21AR075134 (TM), Lupus
Research Alliance grant 519414 (CL), Lupus Research Alliance
grant 519408 (NG), and UL1 TR002319 (ITHS Catalyst Award)
from the National Center for Advancing Translational Sciences,
NIH (NG).

ACKNOWLEDGMENTS

We apologies to all those colleagues whose many important
papers we could not cite due to space constraints. We are
grateful to Professor Keith Elkon for providing valuable feedback
and suggestions.

REFERENCES

1. Gensous N, Marti A, Barnetche T, Blanco P, Lazaro E, Seneschal J,

et al. Predictive biological markers of systemic lupus erythematosus

flares: a systematic literature review. Arthritis Res Ther. (2017)

19:238. doi: 10.1186/s13075-017-1442-6

2. Kramer N, Krey PR. SLE: use of laboratory tests in diagnosis and

management. J Med Soc N J. (1983) 80:344–9.

3. Touma Z, Gladman DD. Current and future therapies for SLE:

obstacles and recommendations for the development of novel

treatments. Lupus Sci Med. (2017) 4:e000239. doi: 10.1136/lupus-2017-0

00239

4. Ponticelli C, Moroni G. Hydroxychloroquine in systemic

lupus erythematosus (SLE). Expert Opin Drug Saf. (2017)

16:411–9. doi: 10.1080/14740338.2017.1269168

5. Rainsford KD, Parke AL, Clifford-Rashotte M, Kean WF. Therapy

and pharmacological properties of hydroxychloroquine and

chloroquine in treatment of systemic lupus erythematosus, rheumatoid

arthritis and related diseases. Inflammopharmacology. (2015)

23:231–69. doi: 10.1007/s10787-015-0239-y

6. Furie R, Petri M, Zamani O, Cervera R, Wallace DJ, Tegzova D, et al.

A phase III, randomized, placebo-controlled study of belimumab, a

monoclonal antibody that inhibits B lymphocyte stimulator, in patients

with systemic lupus erythematosus. Arthritis Rheum. (2011) 63:3918–

30. doi: 10.1002/art.30613

7. Boyce EG, Fusco BE. Belimumab: review of use in

systemic lupus erythematosus. Clin Ther. (2012) 34:1006–

22. doi: 10.1016/j.clinthera.2012.02.028

8. Ramos-Casals M, Sanz I, Bosch X, Stone JH, Khamashta MA. B-cell-

depleting therapy in systemic lupus erythematosus. Am J Med. (2012)

125:327–36. doi: 10.1016/j.amjmed.2011.09.010

9. Mok CC. Calcineurin inhibitors in systemic lupus erythematosus. Best

Pract Res Clin Rheumatol. (2017) 31:429–38. doi: 10.1016/j.berh.2017.

09.010

10. Hoi A, Littlejohn G. Is there still a role for abatacept in the

treatment of lupus? Expert Opin Biol Ther. (2014) 14:1345–

50. doi: 10.1517/14712598.2014.935329

11. Tan EM, Cohen AS, Fries JP, Masi AT, McShane DJ, Rothfield NF, et al. The

1982 revised criteria for the classification of systemic lupus erythematosus.

Arthritis Rheum. (1982) 25:1271–7. doi: 10.1002/art.1780251101

12. Bombardier C, Gladman D, Urowitz M, Caron D, Chang C, SLE tCoPSi.

Derivation of the SLEDAI. a disease activity index for lupus patients.Arthritis

Rheum. (1992) 35:630–40. doi: 10.1002/art.1780350606

13. Baechler EC, Batliwalla FM, Karypis G, Gaffney PM, Ortmann WA, Espe

KJ, et al. Interferon-inducible gene expression signature in peripheral blood

cells of patients with severe lupus. Proc Natl Acad Sci USA. (2003) 100:2610–

5. doi: 10.1073/pnas.0337679100

14. Bennett L, Palucka AK, Arce E, Cantrell V, Borvak J, Banchereau J, et al.

Interferon and granulopoiesis signatures in systemic lupus erythematosus

blood. J Exp Med. (2003) 197:711–23. doi: 10.1084/jem.20021553

15. Crow MK, Kirou KA, Wohlgemuth J. Microarray analysis

of interferon-regulated genes in SLE. Autoimmunity. (2003)

36:481–90. doi: 10.1080/08916930310001625952

16. Ronnblom L, Alm GV. A pivotal role for the natural interferon alpha-

producing cells (plasmacytoid dendritic cells) in the pathogenesis of lupus.

J Exp Med. (2001) 194:F59–63. doi: 10.1084/jem.194.12.f59

17. Blomberg S, Eloranta ML, Cederblad B, Nordlin K, Alm GV,

Ronnblom L. Presence of cutaneous interferon-alpha producing

cells in patients with systemic lupus erythematosus. Lupus. (2001)

10:484–90. doi: 10.1191/096120301678416042

18. Ronnblom LE, Alm GV, Oberg KE. Possible induction of

systemic lupus erythematosus by interferon-alpha treatment in a

Frontiers in Immunology | www.frontiersin.org 9 May 2019 | Volume 10 | Article 1028

https://doi.org/10.1186/s13075-017-1442-6
https://doi.org/10.1136/lupus-2017-000239
https://doi.org/10.1080/14740338.2017.1269168
https://doi.org/10.1007/s10787-015-0239-y
https://doi.org/10.1002/art.30613
https://doi.org/10.1016/j.clinthera.2012.02.028
https://doi.org/10.1016/j.amjmed.2011.09.010
https://doi.org/10.1016/j.berh.2017.09.010
https://doi.org/10.1517/14712598.2014.935329
https://doi.org/10.1002/art.1780251101
https://doi.org/10.1002/art.1780350606
https://doi.org/10.1073/pnas.0337679100
https://doi.org/10.1084/jem.20021553
https://doi.org/10.1080/08916930310001625952
https://doi.org/10.1084/jem.194.12.f59
https://doi.org/10.1191/096120301678416042
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Mustelin et al. Pathogenic DNA and RNA in SLE

patient with a malignant carcinoid tumour. J Intern Med. (1990)

227:207–10. doi: 10.1111/j.1365-2796.1990.tb00144.x

19. Ronnblom L, Eloranta ML. The interferon signature in

autoimmune diseases. Curr Opin Rheumatol. (2013) 25:248–

53. doi: 10.1097/BOR.0b013e32835c7e32

20. Ronnblom L, Eloranta ML, Alm GV. The type I interferon system

in systemic lupus erythematosus. Arthritis Rheum. (2006) 54:408–

20. doi: 10.1002/art.21571

21. Eloranta ML, Ronnblom L. Cause and consequences of the activated

type I interferon system in SLE. J Mol Med (Berl). (2016) 94:1103–

10. doi: 10.1007/s00109-016-1421-4

22. Chiche L, Jourde-Chiche N, Whalen E, Presnell S, Gersuk V, Dang K,

et al. Modular transcriptional repertoire analyses of adults with systemic

lupus erythematosus reveal distinct type I and type II interferon signatures.

Arthritis Rheumatol. (2014) 66:1583–95. doi: 10.1002/art.38628

23. Rodero MP, Decalf J, Bondet V, Hunt D, Rice GI, Werneke S, et al. Detection

of interferon alpha protein reveals differential levels and cellular sources in

disease. J Exp Med. (2017) 214:1547–55. doi: 10.1084/jem.20161451

24. Bodewes ILA, Al-Ali S, van Helden-Meeuwsen CG, Maria NI,

Tarn J, Lendrem DW, et al. Systemic interferon type I and type

II signatures in primary Sjogren’s syndrome reveal differences

in biological disease activity. Rheumatology (Oxford). (2018)

57:921–30. doi: 10.1093/rheumatology/kex490

25. Hall JC, Baer AN, Shah AA, Criswell LA, Shiboski CH, Rosen A, et al.

Molecular subsetting of interferon pathways in sjogren’s syndrome. Arthritis

Rheumatol. (2015) 67:2437–46. doi: 10.1002/art.39204

26. Eloranta ML, Franck-Larsson K, Lovgren T, Kalamajski S, Ronnblom A,

Rubin K, et al. Type I interferon system activation and association with

diseasemanifestations in systemic sclerosis.Ann RheumDis. (2010) 69:1396–

402. doi: 10.1136/ard.2009.121400

27. Wuttge DM, Lood C, Tufvesson E, Scheja A, Truedsson L, Bengtsson AA,

et al. Increased serum type I interferon activity in early systemic sclerosis

patients is associated with antibodies against Sjogren’s syndrome antigens

and nuclear ribonucleoprotein antigens. Scand J Rheumatol. (2013) 42:235–

40. doi: 10.3109/03009742.2012.736532

28. Baechler EC, Bauer JW, Slattery CA, Ortmann WA, Espe KJ, Novitzke J,

et al. An interferon signature in the peripheral blood of dermatomyositis

patients is associated with disease activity. Mol Med. (2007) 13:59–

68. doi: 10.2119/2006-00085.Baechler

29. Niewold TB, Kariuki SN, Morgan GA, Shrestha S, Pachman LM. Elevated

serum interferon-alpha activity in juvenile dermatomyositis: associations

with disease activity at diagnosis and after thirty-six months of therapy.

Arthritis Rheum. (2009) 60:1815–24. doi: 10.1002/art.24555

30. Rodriguez-Carrio J, Alperi-Lopez M, Lopez P, Ballina-Garcia FJ, Suarez A.

Heterogeneity of the type I interferon signature in rheumatoid arthritis: a

potential limitation for its use as a clinical biomarker. Front Immunol. (2017)

8:2007. doi: 10.3389/fimmu.2017.02007

31. El-Sherbiny YM, Psarras A, Md Yusof MY, Hensor EMA, Tooze R,

Doody G, et al. A novel two-score system for interferon status segregates

autoimmune diseases and correlates with clinical features. Sci Rep. (2018)

8:5793. doi: 10.1038/s41598-018-24198-1

32. Zahn S, Rehkamper C, Kummerer BM, Ferring-Schmidt S, Bieber T, Tuting

T, et al. Evidence for a pathophysiological role of keratinocyte-derived

type III interferon (IFNlambda) in cutaneous lupus erythematosus. J Invest

Dermatol. (2011) 131:133–40. doi: 10.1038/jid.2010.244

33. Buechler MB, Teal TH, Elkon KB, Hamerman JA. Cutting edge:

type I IFN drives emergency myelopoiesis and peripheral myeloid

expansion during chronic TLR7 signaling. J Immunol. (2013) 190:886–

91. doi: 10.4049/jimmunol.1202739

34. Lee PY, Li Y, Kumagai Y, Xu Y, Weinstein JS, Kellner ES,

et al. Type I interferon modulates monocyte recruitment and

maturation in chronic inflammation. Am J Pathol. (2009)

175:2023–33. doi: 10.2353/ajpath.2009.090328

35. Blanco P, Palucka AK, Gill M, Pascual V, Banchereau J. Induction of dendritic

cell differentiation by IFN-alpha in systemic lupus erythematosus. Science.

(2001) 294:1540–3. doi: 10.1126/science.1064890

36. Kolumam GA, Thomas S, Thompson LJ, Sprent J, Murali-Krishna K. Type

I interferons act directly on CD8T cells to allow clonal expansion and

memory formation in response to viral infection. J ExpMed. (2005) 202:637–

50. doi: 10.1084/jem.20050821

37. Joo H, Coquery C, Xue Y, Gayet I, Dillon SR, Punaro M, et al. Serum from

patients with SLE instructs monocytes to promote IgG and IgA plasmablast

differentiation. J Exp Med. (2012) 209:1335–48. doi: 10.1084/jem.20111644

38. Schoggins JW,Wilson SJ, Panis M, Murphy MY, Jones CT, Bieniasz P, et al. A

diverse range of gene products are effectors of the type I interferon antiviral

response. Nature. (2011) 472:481–5. doi: 10.1038/nature09907

39. Ronnblom L. The importance of the type I interferon system in

autoimmunity. Clin Exp Rheumatol. (2016) 34(4 Suppl 98):21–4.

40. Furie R, Khamashta M, Merrill JT, Werth VP, Kalunian K, Brohawn P,

et al. Anifrolumab, an anti-interferon-alpha receptor monoclonal antibody,

in moderate-to-severe systemic lupus erythematosus. Arthritis Rheumatol.

(2017) 69:376–86. doi: 10.1002/art.39962

41. Petri M, Wallace DJ, Spindler A, Chindalore V, Kalunian K, Mysler E,

et al. Sifalimumab, a human anti-interferon-alpha monoclonal antibody,

in systemic lupus erythematosus: a phase I randomized, controlled, dose-

escalation study. Arthritis Rheum. (2013) 65:1011–21. doi: 10.1002/art.37824

42. Gao D, Li T, Li XD, Chen X, Li QZ,Wight-Carter M, et al. Activation of cyclic

GMP-AMP synthase by self-DNA causes autoimmune diseases. Proc Natl

Acad Sci USA. (2015) 112(42):E5699–705. doi: 10.1073/pnas.1516465112

43. Yoneyama M, Kikuchi M, Matsumoto K, Imaizumi T, Miyagishi M, Taira

K, et al. Shared and unique functions of the DExD/H-box helicases RIG-I,

MDA5, and LGP2 in antiviral innate immunity. J Immunol. (2005) 175:2851–

8. doi: 10.4049/jimmunol.175.5.2851

44. Loo YM, Gale M, Jr. Immune signaling by RIG-I-like receptors. Immunity.

(2011) 34:680–92. doi: 10.1016/j.immuni.2011.05.003

45. Keating SE, Baran M, Bowie AG. Cytosolic DNA sensors

regulating type I interferon induction. Trends Immunol. (2011)

32:574–81. doi: 10.1016/j.it.2011.08.004

46. Radetskyy R, Daher A, Gatignol A. ADAR1 and PKR, interferon stimulated

genes with clashing effects onHIV-1 replication.Cytokine Growth Factor Rev.

(2018) 40:48–58. doi: 10.1016/j.cytogfr.2018.03.007

47. Wang TT, Li ZG, Wang Q. The RNA-Specific adenosine deaminase ADAR1

inhibits human protein kinase R activation. Viral Immunol. (2018) 31:537–

8. doi: 10.1089/vim.2018.0056

48. Nguyen TA, Smith BRC, Tate MD, Belz GT, Barrios MH,

Elgass KD, et al. SIDT2 Transports extracellular dsRNA into

the cytoplasm for innate immune recognition. Immunity. (2017)

47:498–509. doi: 10.1016/j.immuni.2017.08.007

49. Vance RE. Cytosolic DNA sensing: the field narrows. Immunity. (2016)

45:227–8. doi: 10.1016/j.immuni.2016.08.006

50. Bao M, Liu YJ. Regulation of TLR7/9 signaling in plasmacytoid dendritic

cells. Protein Cell. (2013) 4:40–52. doi: 10.1007/s13238-012-2104-8

51. Cao W, Bover L, Cho M, Wen X, Hanabuchi S, Bao M, et al. Regulation of

TLR7/9 responses in plasmacytoid dendritic cells by BST2 and ILT7 receptor

interaction. J Exp Med. (2009) 206:1603–14. doi: 10.1084/jem.20090547

52. Henault J, Riggs JM, Karnell JL, Liarski VM, Li J, Shirinian L, et al. Self-

reactive IgE exacerbates interferon responses associated with autoimmunity.

Nat Immunol. (2016) 17:196–203. doi: 10.1038/ni.3326

53. Yu Z, Chen T, Cao X. Neutrophil sensing of cytoplasmic, pathogenic DNA

in a cGAS-STING-independent manner. Cell Mol Immunol. (2016) 13:411–

4. doi: 10.1038/cmi2015.34

54. Kawai T, Akira S. TLR signaling. Semin Immunol. (2007) 19:24–

32. doi: 10.1016/j.smim.2006.12.004

55. Barrat FJ, Meeker T, Gregorio J, Chan JH, Uematsu S, Akira S, et al. Nucleic

acids of mammalian origin can act as endogenous ligands for Toll-like

receptors andmay promote systemic lupus erythematosus. J ExpMed. (2005)

202:1131–9. doi: 10.1084/jem.20050914

56. Elshabrawy HA, Essani AE, Szekanecz Z, Fox DA, Shahrara S. TLRs,

future potential therapeutic targets for RA. Autoimmun Rev. (2017) 16:103–

13. doi: 10.1016/j.autrev.2016.12.003

57. Giltiay NV, Chappell CP, Sun X, Kolhatkar N, Teal TH, Wiedeman AE, et al.

Overexpression of TLR7 promotes cell-intrinsic expansion and autoantibody

production by transitional T1 B cells. J Exp Med. (2013). 210:2773–

89. doi: 10.1084/jem.20122798

58. Shen N, Fu Q, Deng Y, Qian X, Zhao J, Kaufman KM, et al. Sex-

specific association of X-linked toll-like receptor 7 (TLR7) with male

Frontiers in Immunology | www.frontiersin.org 10 May 2019 | Volume 10 | Article 1028

https://doi.org/10.1111/j.1365-2796.1990.tb00144.x
https://doi.org/10.1097/BOR.0b013e32835c7e32
https://doi.org/10.1002/art.21571
https://doi.org/10.1007/s00109-016-1421-4
https://doi.org/10.1002/art.38628
https://doi.org/10.1084/jem.20161451
https://doi.org/10.1093/rheumatology/kex490
https://doi.org/10.1002/art.39204
https://doi.org/10.1136/ard.2009.121400
https://doi.org/10.3109/03009742.2012.736532
https://doi.org/10.2119/2006-00085.Baechler
https://doi.org/10.1002/art.24555
https://doi.org/10.3389/fimmu.2017.02007
https://doi.org/10.1038/s41598-018-24198-1
https://doi.org/10.1038/jid.2010.244
https://doi.org/10.4049/jimmunol.1202739
https://doi.org/10.2353/ajpath.2009.090328
https://doi.org/10.1126/science.1064890
https://doi.org/10.1084/jem.20050821
https://doi.org/10.1084/jem.20111644
https://doi.org/10.1038/nature09907
https://doi.org/10.1002/art.39962
https://doi.org/10.1002/art.37824
https://doi.org/10.1073/pnas.1516465112
https://doi.org/10.4049/jimmunol.175.5.2851
https://doi.org/10.1016/j.immuni.2011.05.003
https://doi.org/10.1016/j.it.2011.08.004
https://doi.org/10.1016/j.cytogfr.2018.03.007
https://doi.org/10.1089/vim.2018.0056
https://doi.org/10.1016/j.immuni.2017.08.007
https://doi.org/10.1016/j.immuni.2016.08.006
https://doi.org/10.1007/s13238-012-2104-8
https://doi.org/10.1084/jem.20090547
https://doi.org/10.1038/ni.3326
https://doi.org/10.1038/cmi2015.34
https://doi.org/10.1016/j.smim.2006.12.004
https://doi.org/10.1084/jem.20050914
https://doi.org/10.1016/j.autrev.2016.12.003
https://doi.org/10.1084/jem.20122798
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Mustelin et al. Pathogenic DNA and RNA in SLE

systemic lupus erythematosus. Proc Natl Acad Sci USA. (2010) 107:15838–

43. doi: 10.1073/pnas.1001337107

59. Lloyd W, Schur PH. Immune complexes, complement, and anti-DNA in

exacerbations of systemic lupus erythematosus. Medicine. (1981) 60:208–

17. doi: 10.1097/00005792-198105000-00004

60. Lovgren T, Eloranta ML, Bave U, Alm GV, Ronnblom L. Induction of

interferon-alpha production in plasmacytoid dendritic cells by immune

complexes containing nucleic acid released by necrotic or late apoptotic cells

and lupus IgG. Arthritis Rheum. (2004) 50:1861–72. doi: 10.1002/art.20254

61. Wang D, Bhagat L, Yu D, Zhu FG, Tang JX, Kandimalla ER, et al.

Oligodeoxyribonucleotide-based antagonists for toll-like receptors 7 and 9.

J Med Chem. (2009) 52:551–8. doi: 10.1021/jm8014316

62. Miyake K, Kaisho T. Homeostatic inflammation in innate immunity. Curr

Opin Immunol. (2014) 30:85–90. doi: 10.1016/j.coi.2014.08.003

63. Ohto U, Ishida H, Shibata T, Sato R, Miyake K, Shimizu T. Toll-like

receptor 9 contains two DNA binding sites that function cooperatively to

promote receptor dimerization and activation. Immunity. (2018) 48:649–

58. doi: 10.1016/j.immuni.2018.03.013

64. Ohto U, Shibata T, Tanji H, Ishida H, Krayukhina E, Uchiyama S, et al.

Structural basis of CpG and inhibitory DNA recognition by toll-like receptor

9. Nature. (2015) 520:702–5. doi: 10.1038/nature14138

65. Tanji H, Ohto U, Shibata T, Miyake K, Shimizu T. Structural reorganization

of the toll-like receptor 8 dimer induced by agonistic ligands. Science. (2013)

339:1426–9. doi: 10.1126/science.1229159

66. Tanji H, Ohto U, Shibata T, Taoka M, Yamauchi Y, Isobe T, et al. Toll-like

receptor 8 senses degradation products of single-stranded RNA. Nat Struct

Mol Biol. (2015) 22:109–15. doi: 10.1038/nsmb.2943

67. Souyris M, Mejia JE, Chaumeil J, Guery JC. Female predisposition

to TLR7-driven autoimmunity: gene dosage and the escape

from X chromosome inactivation. Semin Immunopathol. (2018)

41:153–64. doi: 10.1007/s00281-018-0712-y

68. Kelley J, Johnson MR, Alarcon GS, Kimberly RP, Edberg JC. Variation

in the relative copy number of the TLR7 gene in patients with systemic

lupus erythematosus and healthy control subjects. Arthritis Rheum. (2007)

56:3375–8. doi: 10.1002/art.22916

69. Garcia-Ortiz H, Velazquez-Cruz R, Espinosa-Rosales F, Jimenez-Morales

S, Baca V, Orozco L. Association of TLR7 copy number variation with

susceptibility to childhood-onset systemic lupus erythematosus in Mexican

population.Ann RheumDis. (2010) 69:1861–5. doi: 10.1136/ard.2009.124313

70. Tian J, Ma Y, Li J, Cen H, Wang DG, Feng CC, et al. The TLR7

7926A>G polymorphism is associated with susceptibility to systemic lupus

erythematosus.Mol Med Rep. (2012) 6:105–10. doi: 10.3892/mmr.2012.865

71. An J, Durcan L, Woodward JJ, Karr R, Teale T, Elkon KB. cGAMP

and cGAS are expressed in a subset of patients with systemic lupus

erythematosus and associate with disease activity. Arthritis Rheum. (2017)

69:800–7. doi: 10.1136/annrheumdis-2016-eular.3752

72. Shao WH, Shu DH, Zhen Y, Hilliard B, Priest SO, Cesaroni M, et al. Prion-

like aggregation of mitochondrial antiviral signaling protein in lupus patients

is associated with increased levels of type I interferon. Arthritis Rheumatol.

(2016) 68:2697–707. doi: 10.1002/art.39733

73. Aicardi J, Goutieres F. A progressive familial encephalopathy in infancy

with calcifications of the basal ganglia and chronic cerebrospinal

fluid lymphocytosis. Ann Neurol. (1984) 15:49–54. doi: 10.1002/ana.

410150109

74. Crow YJ, Chase DS, Lowenstein Schmidt J, Szynkiewicz M, Forte GM,

Gornall HL, et al. Characterization of human disease phenotypes

associated with mutations in TREX1, RNASEH2A, RNASEH2B,

RNASEH2C, SAMHD1, ADAR, and IFIH1. Am J Med Genet A. (2015)

167A:296–312. doi: 10.1055/s-0036-1592307

75. Crow YJ, Vanderver A, Orcesi S, Kuijpers TW, Rice GI. Therapies

in aicardi-goutieres syndrome. Clin Exp Immunol. (2014)

175:1–8. doi: 10.1111/cei.12115

76. Ramantani G, Kohlhase J, Hertzberg C, Innes AM, Engel K,

Hunger S, et al. Expanding the phenotypic spectrum of lupus

erythematosus in Aicardi-Goutieres syndrome. Arthritis Rheum. (2010)

62:1469–77. doi: 10.1002/art.27367

77. Pokatayev V, Hasin N, Chon H, Cerritelli SM, Sakhuja K, Ward JM, et al.

RNaseH2 catalytic core Aicardi-Goutieres syndrome-relatedmutant invokes

cGAS-STING innate immune-sensing pathway in mice. J Exp Med. (2016)

213:329–36. doi: 10.1084/jem.20151464

78. Crow YJ, Manel N. Aicardi-Goutieres syndrome and the

type I interferonopathies. Nat Rev Immunol. (2015) 15:429–

40. doi: 10.1038/nri3850

79. VolkmanHE, Stetson DB. The enemy within: endogenous retroelements and

autoimmune disease. Nat Immunol. (2014) 15:415–22. doi: 10.1038/ni.2872

80. Melki I, Rose Y, Uggenti C, Van Eyck L, Fremond ML, Kitabayashi N,

et al. Disease-associated mutations identify a novel region in human STING

necessary for the control of type I interferon signaling. J Allergy Clin

Immunol. (2017) 140:543–552.e5. doi: 10.1016/j.jaci.2016.10.031

81. Gekara NO. DNA damage-induced immune response: micronuclei provide

key platform. J Cell Biol. (2017) 216:2999–3001. doi: 10.1083/jcb.201708069

82. Ullal AJ, Reich CF III, Clowse M, Criscione-Schreiber LG, Tochacek M,

Monestier M, et al. Microparticles as antigenic targets of antibodies to DNA

and nucleosomes in systemic lupus erythematosus. J Autoimmun. (2011)

36:173–80. doi: 10.1016/j.jaut.2011.02.001

83. Lande R, Ganguly D, Facchinetti V, Frasca L, Conrad C, Gregorio J, et al.

Neutrophils activate plasmacytoid dendritic cells by releasing self-DNA-

peptide complexes in systemic lupus erythematosus. Sci Transl Med. (2011)

3:73ra19. doi: 10.1126/scitranslmed.3001180

84. Al-Mayouf SM, Sunker A, Abdwani R, Abrawi SA, Almurshedi F,

Alhashmi N, et al. Loss-of-function variant in DNASE1L3 causes a

familial form of systemic lupus erythematosus. Nat Genet. (2011) 43:1186–

8. doi: 10.1038/ng.975

85. Namjou B, Kothari PH, Kelly JA, Glenn SB, Ojwang JO, Adler A, et al.

Evaluation of the TREX1 gene in a large multi-ancestral lupus cohort. Genes

Immun. (2011) 12:270–9. doi: 10.1038/gene.2010.73

86. Stetson DB, Ko JS, Heidmann T, Medzhitov R. Trex1 prevents

cell-intrinsic initiation of autoimmunity. Cell. (2008) 134:587–

98. doi: 10.1016/j.cell.2008.06.032

87. Elkon KB. Review: cell death, nucleic acids, and immunity: inflammation

beyond the grave. Arthritis Rheum. (2018) 70:805–16. doi: 10.1002/art.40452

88. Pisetsky DS. DNA as a marker of cell death in systemic lupus erythematosus.

Rheum Dis Clin North Am. (2004) 30:575–87. doi: 10.1016/j.rdc.2004.

04.009

89. Chen R, Kang R, Fan XG, Tang D. Release and activity of histone in diseases.

Cell Death Dis. (2014) 5:e1370. doi: 10.1038/cddis.2014.337

90. Fadok VA, Bratton DL, Konowal A, Freed PW, Westcott JY, Henson

PM. Macrophages that have ingested apoptotic cells in vitro inhibit

proinflammatory cytokine production through autocrine/paracrine

mechanisms involving TGF-beta, PGE2, and PAF. J Clin Invest. (1998)

101:890–8. doi: 10.1172/JCI1112

91. Elkon KB, Santer DM. Complement, interferon and lupus. Curr Opin

Immunol. (2012) 24:665–70. doi: 10.1016/j.coi.2012.08.004

92. Bowness P, Davies KA, Norsworthy PJ, Athanassiou P, Taylor-Weideman

J, Borysiewicz LK, et al. Hereditary C1q deficiency and systemic lupus

erythematosus. Quart J Med. (1994) 87:455–64.

93. Lood C, Gullstrand B, Truedsson L, Olin AI, Alm GV, Ronnblom L,

et al. C1q inhibits immune complex-induced interferon-alpha production

in plasmacytoid dendritic cells: a novel link between C1q deficiency

and systemic lupus erythematosus pathogenesis. Arthritis Rheum. (2009)

60:3081–90. doi: 10.1002/art.24852

94. Santer DM, Hall BE, George TC, Tangsombatvisit S, Liu CL, Arkwright

PD, et al. C1q deficiency leads to the defective suppression of IFN-alpha in

response to nucleoprotein containing immune complexes. J Immunol. (2010)

185:4738–49. doi: 10.4049/jimmunol.1001731

95. Lood C, Blanco LP, Purmalek MM, Carmona-Rivera C, De Ravin SS, Smith

CK, et al. Neutrophil extracellular traps enriched in oxidized mitochondrial

DNA are interferogenic and contribute to lupus-like disease.NatMed. (2016)

22:146–53. doi: 10.1038/nm.4027

96. Caielli S, Athale S, Domic B, Murat E, Chandra M, Banchereau R,

et al. Oxidized mitochondrial nucleoids released by neutrophils drive type

I interferon production in human lupus. J Exp Med. (2016) 213:697–

713. doi: 10.1084/jem.20151876

97. Lood C, Hughes GC. Neutrophil extracellular traps as a potential source

of autoantigen in cocaine-associated autoimmunity. Rheumatology (Oxford).

(2017) 56:638–43. doi: 10.1093/rheumatology/kew256

Frontiers in Immunology | www.frontiersin.org 11 May 2019 | Volume 10 | Article 1028

https://doi.org/10.1073/pnas.1001337107
https://doi.org/10.1097/00005792-198105000-00004
https://doi.org/10.1002/art.20254
https://doi.org/10.1021/jm8014316
https://doi.org/10.1016/j.coi.2014.08.003
https://doi.org/10.1016/j.immuni.2018.03.013
https://doi.org/10.1038/nature14138
https://doi.org/10.1126/science.1229159
https://doi.org/10.1038/nsmb.2943
https://doi.org/10.1007/s00281-018-0712-y
https://doi.org/10.1002/art.22916
https://doi.org/10.1136/ard.2009.124313
https://doi.org/10.3892/mmr.2012.865
https://doi.org/10.1136/annrheumdis-2016-eular.3752
https://doi.org/10.1002/art.39733
https://doi.org/10.1002/ana.410150109
https://doi.org/10.1055/s-0036-1592307
https://doi.org/10.1111/cei.12115
https://doi.org/10.1002/art.27367
https://doi.org/10.1084/jem.20151464
https://doi.org/10.1038/nri3850
https://doi.org/10.1038/ni.2872
https://doi.org/10.1016/j.jaci.2016.10.031
https://doi.org/10.1083/jcb.201708069
https://doi.org/10.1016/j.jaut.2011.02.001
https://doi.org/10.1126/scitranslmed.3001180
https://doi.org/10.1038/ng.975
https://doi.org/10.1038/gene.2010.73
https://doi.org/10.1016/j.cell.2008.06.032
https://doi.org/10.1002/art.40452
https://doi.org/10.1016/j.rdc.2004.04.009
https://doi.org/10.1038/cddis.2014.337
https://doi.org/10.1172/JCI1112
https://doi.org/10.1016/j.coi.2012.08.004
https://doi.org/10.1002/art.24852
https://doi.org/10.4049/jimmunol.1001731
https://doi.org/10.1038/nm.4027
https://doi.org/10.1084/jem.20151876
https://doi.org/10.1093/rheumatology/kew256
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Mustelin et al. Pathogenic DNA and RNA in SLE

98. Maeda A, Fadeel B. Mitochondria released by cells undergoing TNF-

alpha-induced necroptosis act as danger signals. Cell Death Dis. (2014)

5:e1312. doi: 10.1038/cddis.2014.277

99. Nakajima A, Kurihara H, Yagita H, Okumura K, Nakano H. Mitochondrial

extrusion through the cytoplasmic vacuoles during cell death. J Biol Chem.

(2008) 283:24128–35. doi: 10.1074/jbc.M802996200

100. Yousefi S, Gold JA, Andina N, Lee JJ, Kelly AM, Kozlowski E, et al. Catapult-

like release of mitochondrial DNA by eosinophils contributes to antibacterial

defense. Nat Med. (2008) 14:949–53. doi: 10.1038/nm.1855

101. Yousefi S, Mihalache C, Kozlowski E, Schmid I, Simon HU. Viable

neutrophils release mitochondrial DNA to form neutrophil extracellular

traps. Cell Death Differ. (2009) 16:1438–44. doi: 10.1038/cdd.2009.96

102. Zhang B, Asadi S, Weng Z, Sismanopoulos N, Theoharides TC.

Stimulated human mast cells secrete mitochondrial components that

have autocrine and paracrine inflammatory actions. PloS ONE. (2012)

7:e49767. doi: 10.1371/journal.pone.0049767

103. Boudreau LH, Duchez AC, Cloutier N, Soulet D, Martin N, Bollinger J, et al.

Platelets release mitochondria serving as substrate for bactericidal group

IIA-secreted phospholipase A2 to promote inflammation. Blood. (2014)

124:2173–83. doi: 10.1182/blood-2014-05-573543

104. Marcoux G, Duchez AC, Rousseau M, Levesque T, Boudreau LH,

Thibault L, et al. Microparticle and mitochondrial release during extended

storage of different types of platelet concentrates. Platelets. (2017) 28:272–

80. doi: 10.1080/09537104.2016.1218455

105. Garcia-Martinez I, Santoro N, Chen Y, Hoque R, Ouyang X, Caprio S,

et al. Hepatocyte mitochondrial DNA drives nonalcoholic steatohepatitis

by activation of TLR9. J Clin Invest. (2016) 126:859–64. doi: 10.1172/

JCI83885

106. Zhao Z, Wang M, Tian Y, Hilton T, Salsbery B, Zhou EZ, et al. Cardiolipin-

mediated procoagulant activity of mitochondria contributes to traumatic

brain injury-associated coagulopathy in mice. Blood. (2016) 127:2763–

72. doi: 10.1182/blood-2015-12-688838

107. Linge P, Fortin PR, Lood C, Bengtsson AA, Boilard E. The non-haemostatic

role of platelets in systemic lupus erythematosus. Nat Rev Rheumatol. (2018)

14:195–213. doi: 10.1038/nrrheum.2018.38

108. Lood C, Amisten S, Gullstrand B, Jonsen A, Allhorn M, Truedsson L,

et al. Platelet transcriptional profile and protein expression in patients

with systemic lupus erythematosus: up-regulation of the type I interferon

system is strongly associated with vascular disease. Blood. (2010) 116:1951–

7. doi: 10.1182/blood-2010-03-274605

109. Lood C, Tyden H, Gullstrand B, Jonsen A, Kallberg E, Morgelin

M, et al. Platelet-derived S100A8/A9 and cardiovascular disease in

systemic lupus erythematosus. Arthritis Rheumatol. (2016) 68:1970–

80. doi: 10.1002/art.39656

110. Manzi S, Meilahn EN, Rairie JE, Conte CG, Medsger TA, Jr, Jansen-

McWilliams L, et al. Age-specific incidence rates of myocardial

infarction and angina in women with systemic lupus erythematosus:

comparison with the Framingham study. Am J Epidemiol. (1997)

145:408–15. doi: 10.1093/oxfordjournals.aje.a009122

111. Zhang Q, Raoof M, Chen Y, Sumi Y, Sursal T, Junger W, et al. Circulating

mitochondrial DAMPs cause inflammatory responses to injury. Nature.

(2010) 464:104–7. doi: 10.1038/nature08780

112. Oka T, Hikoso S, Yamaguchi O, Taneike M, Takeda T, Tamai T, et al.

Mitochondrial DNA that escapes from autophagy causes inflammation and

heart failure. Nature. (2012) 485:251–5. doi: 10.1038/nature10992

113. Bliksoen M, Mariero LH, Torp MK, Baysa A, Ytrehus K, Haugen F,

et al. Extracellular mtDNA activates NF-kappaB via toll-like receptor

9 and induces cell death in cardiomyocytes. Basic Res Cardiol. (2016)

111:42. doi: 10.1007/s00395-016-0553-6

114. West AP, Khoury-Hanold W, Staron M, Tal MC, Pineda CM, Lang SM, et al.

Mitochondrial DNA stress primes the antiviral innate immune response.

Nature. (2015) 520:553–7. doi: 10.1038/nature14156

115. Rongvaux A, Jackson R, Harman CC, Li T, West AP, de

Zoete MR, et al. Apoptotic caspases prevent the induction

of type I interferons by mitochondrial DNA. Cell. (2014)

159:1563–77. doi: 10.1016/j.cell.2014.11.037

116. Wang L, Xie L, Zhang Q, Cai X, Tang Y, Hang T, et al. Plasma

nuclear and mitochondrial DNA levels in acute myocardial infarction

patients. Coron Artery Dis. (2015) 26:296–300. doi: 10.1097/MCA.00000000

00000231

117. Nakahira K, Kyung SY, Rogers AJ, Gazourian L, Youn S, Massaro AF,

et al. Circulating mitochondrial DNA in patients in the ICU as a marker

of mortality: derivation and validation. PLoS Med. (2013) 10:e1001577;

discussion e1001577. doi: 10.1371/journal.pmed.1001577

118. Lam NY, Rainer TH, Chiu RW, Joynt GM, Lo YM. Plasma

mitochondrial DNA concentrations after trauma. Clin Chem. (2004)

50:213–6. doi: 10.1373/clinchem.2003.025783

119. Chan SR, Blackburn EH. Telomeres and telomerase. Philos Trans R Soc Lond

B Biol Sci. (2004) 359:109–21. doi: 10.1098/rstb.2003.1370

120. Autexier C, Lue NF. The structure and function of telomerase

reverse transcriptase. Annu Rev Biochem. (2006) 75:493–

517. doi: 10.1146/annurev.biochem.75.103004.142412

121. Mathias SL, Scott AF, Kazazian HH, Jr, Boeke JD, Gabriel A. Reverse

transcriptase encoded by a human transposable element. Science. (1991)

254:1808–10. doi: 10.1126/science.1722352

122. Piskareva O, Denmukhametova S, Schmatchenko V. Functional

reverse transcriptase encoded by the human LINE-1 from

baculovirus-infected insect cells. Protein Expr Purif. (2003)

28:125–30. doi: 10.1016/S1046-5928(02)00655-1

123. Clements AP, Singer MF. The human LINE-1 reverse transcriptase:effect of

deletions outside the common reverse transcriptase domain. Nucleic Acids

Res. (1998) 26:3528–35. doi: 10.1093/nar/26.15.3528

124. Dombroski BA, Feng Q, Mathias SL, Sassaman DM, Scott AF, Kazazian

HH, Jr, et al. An in vivo assay for the reverse transcriptase of human

retrotransposon L1 in Saccharomyces cerevisiae. Mol Cell Biol. (1994)

14:4485–92. doi: 10.1128/MCB.14.7.4485

125. Dai L, HuangQ, Boeke JD. Effect of reverse transcriptase inhibitors on LINE-

1 and Ty1 reverse transcriptase activities and on LINE-1 retrotransposition.

BMC Biochem. (2011) 12:18. doi: 10.1186/1471-2091-12-18

126. Jones RB, Garrison KE, Wong JC, Duan EH, Nixon DF, Ostrowski

MA. Nucleoside analogue reverse transcriptase inhibitors differentially

inhibit human LINE-1 retrotransposition. PloS ONE. (2008)

3:e1547. doi: 10.1371/journal.pone.0001547

127. Goodier JL, Cheung LE, Kazazian HH Jr. Mapping the LINE1 ORF1 protein

interactome reveals associated inhibitors of human retrotransposition.

Nucleic Acids Res. (2013) 41:7401–19. doi: 10.1093/nar/gkt512

128. Brouha B, Schustak J, Badge RM, Lutz-Prigge S, Farley AH, Moran JV, et al.

Hot L1s account for the bulk of retrotransposition in the human population.

Proc Natl Acad Sci USA. (2003) 100:5280–5. doi: 10.1073/pnas.0831042100

129. Dewannieux M, Esnault C, Heidmann T. LINE-mediated retrotransposition

of marked Alu sequences. Nat Genet. (2003) 35:41–8. doi: 10.1038/ng1223

130. Esnault C, Maestre J, Heidmann T. Human LINE retrotransposons generate

processed pseudogenes. Nat Genet. (2000) 24:363–7. doi: 10.1038/74184

131. Stetson DB, Medzhitov R. Recognition of cytosolic DNA activates

an IRF3-dependent innate immune response. Immunity. (2006) 24:93–

103. doi: 10.1016/j.immuni.2005.12.003

132. Yang YG, Lindahl T, Barnes DE. Trex1 exonuclease degrades ssDNA to

prevent chronic checkpoint activation and autoimmune disease. Cell. (2007)

131:873–86. doi: 10.1016/j.cell.2007.10.017

133. Rice GI, Bond J, Asipu A, Brunette RL, Manfield IW, Carr IM, et al.

Mutations involved in Aicardi-Goutieres syndrome implicate SAMHD1

as regulator of the innate immune response. Nat Genet. (2009) 41:829–

32. doi: 10.1038/ng.373

134. Beck-Engeser G, Eilat D, Wabl M. An autoimmune disease

prevented by anti-retroviral drugs. Retrovirology. (2011)

8:91. doi: 10.1186/1742-4690-8-91

135. Achleitner M, Kleefisch M, Hennig A, Peschke K, Polikarpova A,

Oertel R, et al. Lack of Trex1 causes systemic autoimmunity despite

the presence of antiretroviral drugs. J Immunol. (2017) 199:2261–

9. doi: 10.4049/jimmunol.1700714

136. Mavragani CP, Sagalovskiy I, Guo Q, Nezos A, Kapsogeorgou EK, Lu P,

et al. Expression of long interspersed nuclear element 1 retroelements and

induction of type I interferon in patients with systemic autoimmune disease.

Arthritis Rheumatol. (2016) 68:2686–96. doi: 10.1002/art.39795

137. Mavragani CP, Nezos A, Sagalovskiy I, Seshan S, Kirou KA, Crow MK.

Defective regulation of L1 endogenous retroelements in primary Sjogren’s

Frontiers in Immunology | www.frontiersin.org 12 May 2019 | Volume 10 | Article 1028

https://doi.org/10.1038/cddis.2014.277
https://doi.org/10.1074/jbc.M802996200
https://doi.org/10.1038/nm.1855
https://doi.org/10.1038/cdd.2009.96
https://doi.org/10.1371/journal.pone.0049767
https://doi.org/10.1182/blood-2014-05-573543
https://doi.org/10.1080/09537104.2016.1218455
https://doi.org/10.1172/JCI83885
https://doi.org/10.1182/blood-2015-12-688838
https://doi.org/10.1038/nrrheum.2018.38
https://doi.org/10.1182/blood-2010-03-274605
https://doi.org/10.1002/art.39656
https://doi.org/10.1093/oxfordjournals.aje.a009122
https://doi.org/10.1038/nature08780
https://doi.org/10.1038/nature10992
https://doi.org/10.1007/s00395-016-0553-6
https://doi.org/10.1038/nature14156
https://doi.org/10.1016/j.cell.2014.11.037
https://doi.org/10.1097/MCA.0000000000000231
https://doi.org/10.1371/journal.pmed.1001577
https://doi.org/10.1373/clinchem.2003.025783
https://doi.org/10.1098/rstb.2003.1370
https://doi.org/10.1146/annurev.biochem.75.103004.142412
https://doi.org/10.1126/science.1722352
https://doi.org/10.1016/S1046-5928(02)00655-1
https://doi.org/10.1093/nar/26.15.3528
https://doi.org/10.1128/MCB.14.7.4485
https://doi.org/10.1186/1471-2091-12-18
https://doi.org/10.1371/journal.pone.0001547
https://doi.org/10.1093/nar/gkt512
https://doi.org/10.1073/pnas.0831042100
https://doi.org/10.1038/ng1223
https://doi.org/10.1038/74184
https://doi.org/10.1016/j.immuni.2005.12.003
https://doi.org/10.1016/j.cell.2007.10.017
https://doi.org/10.1038/ng.373
https://doi.org/10.1186/1742-4690-8-91
https://doi.org/10.4049/jimmunol.1700714
https://doi.org/10.1002/art.39795
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Mustelin et al. Pathogenic DNA and RNA in SLE

syndrome and systemic lupus erythematosus: role of methylating enzymes. J

Autoimmun. (2018) 88:75–82. doi: 10.1016/j.jaut.2017.10.004

138. Huang X, Su G, Wang Z, Shangguan S, Cui X, Zhu J, et al. Hypomethylation

of long interspersed nucleotide element-1 in peripheral mononuclear cells of

juvenile systemic lupus erythematosus patients in China. Int J Rheum Dis.

(2014) 17:280–90. doi: 10.1111/1756-185X.12239

139. Lim YW, Sanz LA, Xu X, Hartono SR, Chedin F. Genome-wide DNA

hypomethylation and RNA:DNA hybrid accumulation in Aicardi-Goutieres

syndrome. Elife. (2015) 4: e08007. doi: 10.7554/eLife.08007

140. Javierre BM, Fernandez AF, Richter J, Al-Shahrour F, Martin-Subero JI,

Rodriguez-Ubreva J, et al. Changes in the pattern of DNA methylation

associate with twin discordance in systemic lupus erythematosus. Genome

Res. (2010) 20:170–9. doi: 10.1101/gr.100289.109

141. Balada E, Ordi-Ros J, Serrano-Acedo S, Martinez-Lostao L, Rosa-Leyva

M, Vilardell-Tarres M. Transcript levels of DNA methyltransferases

DNMT1, DNMT3A and DNMT3B in CD4+ T cells from

patients with systemic lupus erythematosus. Immunology. (2008)

124:339–47. doi: 10.1111/j.1365-2567.2007.02771.x

142. Nawrocki MJ, Majewski D, Puszczewicz M, Jagodzinski PP.

Decreased mRNA expression levels of DNA methyltransferases type

1 and 3A in systemic lupus erythematosus. Rheumatol Int. (2017)

37:775–83. doi: 10.1007/s00296-017-3711-8

143. Momparler RL. Molecular, cellular and animal pharmacology

of 5-aza-2′-deoxycytidine. Pharmacol Ther. (1985) 30:287–

99. doi: 10.1016/0163-7258(85)90053-1

144. Howard G, Eiges R, Gaudet F, Jaenisch R, Eden A. Activation

and transposition of endogenous retroviral elements in

hypomethylation induced tumors in mice. Oncogene. (2008)

27:404–8. doi: 10.1038/sj.onc.1210631

145. Quddus J, Johnson KJ, Gavalchin J, Amento EP, Chrisp CE, Yung RL,

et al. Treating activated CD4+ T cells with either of two distinct DNA

methyltransferase inhibitors, 5-azacytidine or procainamide, is sufficient to

cause a lupus-like disease in syngeneic mice. J Clin Invest. (1993) 92:38–

53. doi: 10.1172/JCI116576

146. Cornacchia E, Golbus J, Maybaum J, Strahler J, Hanash S, Richardson B.

Hydralazine and procainamide inhibit T cell DNA methylation and induce

autoreactivity. J Immunol. (1988) 140:2197–200.

147. Lieberman MW, Beach LR, Palmiter RD. Ultraviolet radiation-induced

metallothionein-I gene activation is associated with extensive DNA

demethylation. Cell. (1983) 35:207–14. doi: 10.1016/0092-8674(83)

90223-4

148. Li TH, Schmid CW. Differential stress induction of individual Alu loci:

implications for transcription and retrotransposition. Gene. (2001) 276:135–

41. doi: 10.1016/S0378-1119(01)00637-0

149. Kalogirou EM, Piperi EP, Tosios KI, Tsiambas E, Fanourakis G, Sklavounou

A. Ductal cells of minor salivary glands in Sjogren’s syndrome express

LINE-1 ORF2p and APOBEC3B. J Oral Pathol Med. (2018) 47:179–

85. doi: 10.1111/jop.12656

150. Kell AM, Gale M, Jr. RIG-I in RNA virus recognition. Virology. (2015)

479–480:110–21. doi: 10.1016/j.virol.2015.02.017

151. Goubau D, Schlee M, Deddouche S, Pruijssers AJ, Zillinger T, Goldeck

M, et al. Antiviral immunity via RIG-I-mediated recognition of RNA

bearing 5′-diphosphates. Nature. (2014) 514:372–5. doi: 10.1038/nature

13590

152. Robinson T, Kariuki SN, Franek BS, Kumabe M, Kumar AA, Badaracco M,

et al. Autoimmune disease risk variant of IFIH1 is associated with increased

sensitivity to IFN-alpha and serologic autoimmunity in lupus patients. J

Immunol. (2011) 187:1298–303. doi: 10.4049/jimmunol.1100857

153. Gorman JA, Hundhausen C, Errett JS, Stone AE, Allenspach EJ, Ge Y,

et al. The A946T variant of the RNA sensor IFIH1 mediates an interferon

program that limits viral infection but increases the risk for autoimmunity.

Nat Immunol. (2017) 18:744–52. doi: 10.1038/ni.3766

154. Hung T, Pratt GA, Sundararaman B, Townsend MJ, Chaivorapol C,

Bhangale T, et al. The Ro60 autoantigen binds endogenous retroelements

and regulates inflammatory gene expression. Science. (2015) 350:455–

9. doi: 10.1126/science.aac7442

155. Chung H, Calis JJA, Wu X, Sun T, Yu Y, Sarbanes SL, et al. Human ADAR1

prevents endogenous RNA from triggering translational shutdown. Cell.

(2018) 172:811–24. doi: 10.1016/j.cell.2017.12.038

156. Maraia RJ, Intine RV. Recognition of nascent RNA by the human La antigen:

conserved and divergent features of structure and function. Mol Cell Biol.

(2001) 21:367–79. doi: 10.1128/MCB.21.2.367-379.2001

157. Xue D, Shi H, Smith JD, Chen X, Noe DA, Cedervall T, et al. A

lupus-like syndrome develops in mice lacking the Ro 60-kDa protein,

a major lupus autoantigen. Proc Natl Acad Sci USA. (2003) 100:7503–

8. doi: 10.1073/pnas.0832411100

158. Chen X, Smith JD, Shi H, Yang DD, Flavell RA, Wolin SL. The

Ro autoantigen binds misfolded U2 small nuclear RNAs and assists

mammalian cell survival after UV irradiation. Curr Biol. (2003) 13:2206–

11. doi: 10.1016/j.cub.2003.11.028

159. Stein AJ, Fuchs G, Fu C, Wolin SL, Reinisch KM. Structural insights into

RNA quality control: the Ro autoantigen bindsmisfolded RNAs via its central

cavity. Cell. (2005) 121:529–39. doi: 10.1016/j.cell.2005.03.009

160. Merrill JT, Wallace DJ, Petri M, Kirou KA, Yao Y, White WI, et al. Safety

profile and clinical activity of sifalimumab, a fully human anti-interferon

alpha monoclonal antibody, in systemic lupus erythematosus: a phase

I, multicentre, double-blind randomised study. Ann Rheum Dis. (2011)

70:1905-13. doi: 10.1136/ard.2010.144485

161. Rosman Z, Shoenfeld Y, Zandman-Goddard G. Biologic

therapy for autoimmune diseases: an update. BMC Med. (2013)

11:88. doi: 10.1186/1741-7015-11-88

162. Kariuki SN, Crow MK, Niewold TB. The PTPN22 C1858T polymorphism

is associated with skewing of cytokine profiles toward high interferon-

alpha activity and low tumor necrosis factor alpha levels in patients

with lupus. Arthritis Rheum. (2008) 58:2818–23. doi: 10.1002/art.

23728

163. Goldenberg MM. Etanercept, a novel drug for the treatment of patients with

severe, active rheumatoid arthritis. Clin Ther. (1999) 21:75–87; discussion

1–2. doi: 10.1016/S0149-2918(00)88269-7

164. Moreland LW, Schiff MH, Baumgartner SW, Tindall EA,

Fleischmann RM, Bulpitt KJ, et al. Etanercept therapy in

rheumatoid arthritis. a randomized, controlled trial. Ann Intern

Med. (1999) 130:478–86. doi: 10.7326/0003-4819-130-6-199903160-

00004

165. Weinblatt ME, Kremer JM, Bankhurst AD, Bulpitt KJ, Fleischmann

RM, Fox RI, et al. A trial of etanercept, a recombinant tumor

necrosis factor receptor:Fc fusion protein, in patients with

rheumatoid arthritis receiving methotrexate. N Engl J Med. (1999)

340:253–9. doi: 10.1056/NEJM199901283400401

166. Lodge KM, Knolle MD, Jha A. Asthma: from diagnosis to

endotype to treatment. Am J Respir Crit Care Med. (2018)

197:1065–7. doi: 10.1164/rccm.201710-2139RR

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Mustelin, Lood and Giltiay. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 13 May 2019 | Volume 10 | Article 1028

https://doi.org/10.1016/j.jaut.2017.10.004
https://doi.org/10.1111/1756-185X.12239
https://doi.org/10.7554/eLife.08007
https://doi.org/10.1101/gr.100289.109
https://doi.org/10.1111/j.1365-2567.2007.02771.x
https://doi.org/10.1007/s00296-017-3711-8
https://doi.org/10.1016/0163-7258(85)90053-1
https://doi.org/10.1038/sj.onc.1210631
https://doi.org/10.1172/JCI116576
https://doi.org/10.1016/0092-8674(83)90223-4
https://doi.org/10.1016/S0378-1119(01)00637-0
https://doi.org/10.1111/jop.12656
https://doi.org/10.1016/j.virol.2015.02.017
https://doi.org/10.1038/nature13590
https://doi.org/10.4049/jimmunol.1100857
https://doi.org/10.1038/ni.3766
https://doi.org/10.1126/science.aac7442
https://doi.org/10.1016/j.cell.2017.12.038
https://doi.org/10.1128/MCB.21.2.367-379.2001
https://doi.org/10.1073/pnas.0832411100
https://doi.org/10.1016/j.cub.2003.11.028
https://doi.org/10.1016/j.cell.2005.03.009
https://doi.org/10.1136/ard.2010.144485
https://doi.org/10.1186/1741-7015-11-88
https://doi.org/10.1002/art.23728
https://doi.org/10.1016/S0149-2918(00)88269-7
https://doi.org/10.7326/0003-4819-130-6-199903160-00004
https://doi.org/10.1056/NEJM199901283400401
https://doi.org/10.1164/rccm.201710-2139RR~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Sources of Pathogenic Nucleic Acids in Systemic Lupus Erythematosus
	Introduction
	Autoantibodies Against Nucleic Acids and Nucleic Acid-Binding Proteins
	The ``IFN Signature'' in SLE Patients
	Nucleic Acid Sensors Coupled to Interferon Production
	TLRs in SLE
	Activation of cGAS and RNA Sensors in SLE

	Aicardi-Goutières Syndrome–a Monogenic Disease of Nucleic Acid Processing
	Sources of Type I IFN-triggering DNA and RNA
	Chromosomal DNA
	Mitochondrial DNA
	Reverse-Transcribed RNA
	Cellular RNAs and RNA Editing by ADAR1
	Endogenous Retroviral RNA
	Transposable Element RNA

	Patient Heterogeneity With Regard to Nucleic Acids and Their Sensors?
	Can SLE be Divided Into Clinically Meaningful Subpopulations Based on ``Endotype''?
	Author Contributions
	Funding
	Acknowledgments
	References


