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Intracellular Nucleic Acid Detection in Autoimmunity

John T. Crowl?, Elizabeth E. Gray?, Kathleen Pestall, Hannah Volkman?, and Daniel B.
Stetson”

Department of Immunology, University of Washington School of Medicine, Seattle, WA 98109
USA

Abstract

Protective immune responses to viral infection are initiated by innate immune sensors that survey
extracellular and intracellular space for foreign nucleic acids. The existence of these sensors raises
fundamental questions about self/non-self discrimination because of the abundance of self-DNA
and self-RNA that occupy these same compartments. Recent advances have revealed that enzymes
that metabolize or modify endogenous nucleic acids are essential for preventing inappropriate
activation of the innate antiviral response. In this review, we discuss rare human diseases caused
by dysregulated nucleic acid sensing, focusing primarily on intracellular sensors of nucleic acids.
We summarize lessons learned from these disorders, we rationalize the existence of these diseases
in the context of evolution, and we propose that this framework may also apply to a number of
more common autoimmune diseases for which the underlying genetics and mechanisms are not
yet fully understood.
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Introduction

A fundamental property of the immune system is to distinguish self from non-self and only
mount a specific and robust immune response against the latter (1). In 1989, Charles
Janeway, Jr proposed the theory of pattern recognition that remains the predominant
conceptual framework for understanding how the innate immune system accomplishes this
self/non-self discrimination (2). Pattern recognition theory postulated the existence of
pattern recognition receptors (PRRs) that evolved to detect features of microbes that are
distinct from our own physiology. Importantly, these features must be essential to the
microbe and evolutionarily constrained so that they cannot readily mutate away from PRR
detection. For bacteria, such features are abundant: cell wall lipopolysaccharides and
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peptidoglycans offer structures that are starkly different from nearly anything found in a
human cell. Similarly, the unique sugars of fungal cell walls offer an unambiguous target for
PRRs. Viruses, however, present a unique challenge because every component of a virion is
made from the infected host cell. What feature of viruses is sufficiently distinct from the
host to provide an attractive, faithful target for innate immune receptors?

Remarkable advances over the past ~17 years have revealed that the answer to this question
is a compromise that challenges the fidelity of self/non-self discrimination. Most, if not all,
antiviral responses are initiated by innate immune receptors that detect viral nucleic acids (3,
4). On the one hand, this makes sense because all viruses have a genome composed of either
DNA or RNA, and viruses cannot replicate without a genome. On the other hand, DNA and
RNA are among the most abundant macromolecules in all of our cells, which means that
nucleic acid sensors have perhaps the highest potential among PRRs for encountering
endogenous ligands.

In parallel with the definition of the sensors and signaling pathways that mediate nucleic
acid detection, it has become increasingly apparent that these same sensors that protect us
from viral infection can also drive specific human autoimmune diseases when they are
inappropriately activated by endogenous nucleic acids. This dichotomy between protective
immunity and autoimmune disease driven by the same innate immune response is the
subject of this review. We will first summarize our current understanding of the nucleic acid
sensing pathways, as well as the emerging framework of accessory enzymes that aid in
establishing thresholds of self/non-self discrimination. We then evaluate rare human
disorders in which endogenous nucleic acids trigger a self-directed antiviral response with
severe pathological consequences. Finally, we summarize important lessons learned from the
parallel studies of innate antiviral immunity and rare human diseases and propose that this
framework may offer a useful paradigm for considering the confluence of genetics and
environmental factors that underlie common autoimmune diseases like systemic lupus
erythematosus (SLE).

Innate immune sensors of nucleic acids

The identification of the sensors of foreign nucleic acids that control the inducible
inflammatory and antiviral response dates back to the year 2000, when Akira and colleagues
reported that Toll-like receptor 9 (TLR9) is activated by DNA (5). The identification of
TLR3 as a sensor of double-stranded RNA followed shortly thereafter (6). In 2004, three
groups demonstrated that TLR7, originally characterized as the receptor responsible for the
antiviral properties of small imidazoquinoline compounds (7), is a sensor of single-stranded
RNA (8-10). TLR8, which is present in primates but not mice, similarly detects sSRNA (8).

The nucleic acid-sensing TLRs have been studied extensively over the past 15 years, and a
number of excellent reviews summarize the signaling pathways, cell biology, and functions
of these receptors (3, 11, 12). Together, these TLRs detect viruses and other microbes by
sampling endocytosed material. In other words, the source of the nucleic acids that activate
these TLRs is distinct from the cells that detect them. Here, we highlight three key points
about these TLRs. First, the nucleic acid-sensing TLRs are not expressed on the surface of
cells; rather, they are localized to endosomes by a process that requires the trafficking

Annu Rev Immunol. Author manuscript; available in PMC 2019 March 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crowl et al.

Page 3

chaperone protein UNC93B1 (Figure 1; 13-15). This endosomal localization is essential for
preventing autoreactivity against self nucleic acids (16, 17). Second, the endosomal
localization of TLRs 3, 7, 8, and 9 is coupled to proteolytic processing that eliminates a
significant portion of their leucine-rich repeat-containing ectodomains (15, 18). This
processing is important for receptor function, revealing an additional mechanism that
restricts signaling by the nucleic acid-sensing TLRs to endosomal compartments. Third, the
inducible gene expression activated by these TLRs is “wired” differently depending on cell
type. In conventional dendritic cells (DCs) and macrophages, activation of TLR7 or TLR9
drives a strong pro-inflammatory response, but in plasmacytoid DCs these same receptors
trigger a potent type | interferon (IFN) response (19, 20). Interestingly, expression of TLR7
and TLR9 by B cells is important for the production of autoantibodies against DNA,
chromatin, and ribonucleoproteins, which are hallmarks of SLE (21-23).

In addition to the TLRs, a second system of receptors is positioned in the cytosol to detect
foreign nucleic acids within infected cells. The RNA sensors are the RIG-1 and MDA5
helicases, known as RIG-I-like receptors (RLRs). RLRs detect structural features of viral
RNA that are scarce within host RNAs and activate a potent antiviral response that includes
the inducible production of type I IFNs (4, 24). In particular, RIG-I binds to double-stranded
RNAs that contain 5’ triphosphates or diphosphates and mediates the antiviral response to
several classes of RNA viruses (25-27). MDAS is activated by long, double-stranded RNA,
the precise nature of which is unknown, and it is the non-redundant sensor that activates the
IFN response to picornavirus infection (28). These RLRs signal through the adaptor protein
MAVS that is found on the surface of mitochondria and links RNA detection to the
activation of the TBK1 kinase and the IRF3 transcription factor that are important for IFN
production (Figure 1; 29-32).

Shortly after the RLRs were discovered, an analogous pathway for type | IFN induction
triggered by cytosolic DNA was described (33, 34). The principal intracellular DNA sensor
is CGAS (35), which binds to DNA and catalyzes the synthesis of cyclic GMP-AMP
(cGAMP; 36), a 2°, 3’-linked dinucleotide (37-39). cGAMP then binds to and activates
STING, a transmembrane adapter protein on the endoplasmic reticulum (ER) that links
DNA detection to TBK1/IRF3 (40-42). In general, the cGAS-STING pathway is important
for the antiviral response triggered by DNA viruses and retroviruses (43, 44).

Together, the TLR, RLR, and the cGAS-STING pathways are essential for host defense
against viral infection. However, the potent antiviral responses triggered by these nucleic
acid sensors come with the high potential cost of autoreactivity against the abundant self
nucleic acids that reside within every host cell. Indeed, recent advances in our understanding
of rare human autoimmune diseases have illuminated several key enzymes that regulate the
activation of these sensors by preventing the formation or accumulation of self-derived
immunostimulatory nucleic acids. Below we describe these enzymes and the diseases that
arise when they are mutated. We focus primarily on the intracellular nucleic acid sensing
pathways because the potential contributions of TLRs to autoimmunity are well established
and excellent comprehensive reviews covering this topic already exist (45-48). Building
from these recent studies of rare monogenic disorders, we extract lessons that can be applied
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to the study of more common autoimmune diseases, with implications for the development
of promising new therapies.

Rare disorders of nucleic acid sensing in humans

As described above, much progress has been made in identifying and characterizing the
nucleic acid sensors that trigger the inducible antiviral response. In parallel with the
definition of these innate immune pathways, the genetic diagnoses of several rare monogenic
disorders in humans has illuminated the fundamental importance of negative regulation of
nucleic acid sensors. These disorders, collectively referred to as type | interferonopathies
(49), are characterized by the constitutive production of type I IFNs and an inflammatory
response directed at self tissues. Broadly, the type | interferonopathies can be categorized
into four classes. First, and perhaps best studied, Aicardi-Goutieres Syndrome (AGS) is
caused by mutations in the genes encoding one of five enzymes, four of which regulate the
accumulation of intracellular nucleic acids that activate either the cGAS-STING pathway or
the RLR-MAVS pathway. Additional examples of enzymes that regulate intracellular nucleic
acid sensing add to our understanding of these interferonopathies. Second, mutations that
result in hypersensitive or constitutively active RLR-MAVS or cGAS-STING pathways can
cause diseases that may not require ligand-dependent activation of the pathways. Third, rare
mutations in extracellular nucleases cause severe, SLE-like disease phenotypes that are
likely driven primarily by TLRs, not intracellular sensors. Finally, failure to control
signaling by the type I IFN receptor can result in disease that may not be driven by any
single innate immune pathway. These diseases and their underlying mechanisms have been
the subject of excellent recent reviews (50-52). Below, we highlight some key points about
them and the conceptual framework that has emerged from studying them.

Aicardi-Goutiéres Syndrome and metabolism of intracellular nucleic acids—
Aicardi-Goutiéres Syndrome (AGS) was first described in the 1980s as an inherited
encephalopathy accompanied by elevated levels of type | IFNs that resembled the sequelae
of congenital virus infection (53, 54). AGS symptoms include calcifications in the white
matter of the brain, leukocyte infiltration into the central nervous system, profound
psychomotor retardation owing to loss of motor neurons, and skin rashes known as
chilblains (51). AGS is a rare disorder, with approximately 500 affected families known
worldwide. Starting in 2006, Yanick Crow and his colleagues have identified mutations in
seven genes that cause AGS, accounting for the majority of clinically diagnosed cases of this
disease. While there is significant phenotypic overlap in patients with mutations in each of
these genes, inflammation in certain tissues appears to be associated with mutations in some
AGS genes but not others. These shared and unique clinical features of AGS have been
extensively characterized (51, 55, 56), and for the purpose of this review we focus on a few
broad insights illuminated by each of the five known AGS enzymes.

1 Trexl.: Trex1 is a DNA exonuclease, the activity of which was discovered by Tomas
Lindahl almost 50 years ago in extracts prepared from rabbit bone marrow (57). Cloning of
the TREXI gene revealed its homology to proofreading DNA exonucleases in bacteria (58,
59). However, unlike the proofreading exonucleases, Trex1 is anchored by its c-terminus to
the cytosolic face of the ER membrane (60, 61). Trex1 is active against single stranded DNA
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and the nicked strand of double-stranded DNA (62, 63). The identification of TREX1
mutations in AGS and familial chilblain lupus (64, 65) revealed a role for Trex1 as a key
regulator of the antiviral response. Importantly, all of the AGS mutations in 7REX can be
classified as classic loss of function alleles that severely compromise Trex1 exonuclease
activity (63), leading to the simple proposition that Trex1 metabolizes immunostimulatory
DNA.

The mouse model of Trex1 deficiency has been particularly instructive in defining its role as
a key negative regulator of the innate antiviral response. Similar to AGS, 7rexI-/-mice
have an elevated type I interferon signature and develop profound inflammation in multiple
tissues, leading to significant mortality. All aspects of this disease require cGAS, STING,
the IRF3 transcription factor, the type | IFN receptor, and lymphocytes, revealing a specific
genetic pathway that links Trex1 deficiency to lethal autoimmunity (61, 66-68).
Interestingly, 7rexZ—/—mice uniformly develop inflammatory myocarditis and lack
detectable inflammation in the brain, whereas AGS in humans affects the brain but only
rarely the heart (55). The reasons that underlie the difference in target tissues between Trex1
deficiency in humans and mice remain unclear.

The studies of 7rexI-/—mice strongly implicate endogenous DNA molecules as the cause of
this form of AGS. What is the source of this DNA? There are at least three possibilities that
are not mutually exclusive. First, Trex1 is a potent anti-retroviral enzyme that targets cONA
formed by reverse transcription of retroelements (61). Supporting this notion is the
observation that Trex1 can also metabolize the cDNA of HIV (69). Moreover, SAMHD1,
another AGS enzyme, is a potent HIV restriction factor (see below). Finally, treatment of
Trex1-/-mice with a cocktail of reverse transcriptase inhibitors ameliorates disease (70). A
second possibility is that Trex1 is important for eliminating DNA byproducts of DNA
replication or DNA repair (71, 72). Until quantitative analysis of the DNA that accumulates
in Trex1-deficient cells is performed, the precise origins of these DNAs will continue to be
debated. A third possibility is that Trex1 regulates inflammation independent of its DNA
exonuclease activity (73). However, the fact that the disease in 7rexI-/-mice is entirely
CGAS- and STING-dependent implicates DNA metabolism as the primary function of Trex1
(66-68).

2 RNase H2.: Mutations in the genes encoding any of the three subunits of the
heterotrimeric RNase H2 enzyme cause AGS (74). Interestingly, and unlike the TREX1
mutations, AGS-mutant RNase H2 enzymes retain all or most of their measurable catalytic
activity /n vitro (75). RNase H2 is capable of two distinct activities: incising the RNA strand
of an RNA-DNA hybrid, and cleaving the phophodiester backbone adjacent to a single
ribonucleotide in double-stranded DNA (76). Interestingly, RNase H2-deficient mice,
generated by deletion of the Rnaseh2b gene, are embryonic lethal early in development (76,
77). This lethality is caused by defective removal of single ribonucleotides from replicating
genomic DNA, which results in massive genome instability and p53-dependent cell cycle
arrest. Remarkably, misincorporation of ribonucleotides into replicating DNA occurs at a
frequency of approximately 1 in 7,000 base pairs in the absence of RNase H2 activity,
making them the most common base lesions in genomic DNA (76). Interestingly, and likely
because of the early lethality, RNase H2-deficient mice do not show evidence for a systemic
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type I IFN signature (76). However, two recently generated knock-in mice that express AGS
alleles of RnasehZaand Rnaseh2bhave an IFN signature that is cCGAS- and STING-
dependent (Figure 1; 78, 79). The nature of the immunostimulatory nucleic acids that
accumulate in RNase H2-deficient cells and trigger cGAS remains incompletely defined,
although evidence suggests that they are related to the damage caused by ribonucleotide
incorporation into DNA (78, 80).

3 SAMHD1.: When mutations in the SAMHD1 gene were originally identified in AGS,
its function remained unknown (81). Two years later, two groups identified SAMHDL1 as the
essential myeloid restriction factor for HIV-1 that is targeted for degradation by the Vpx
accessory protein of HIV-2 (82, 83). SAMHD1 is a dNTP triphosphoydrolase that starves
the HIV reverse transcriptase of the dNTPs required for generation of cDNA (84, 85). A
number of studies have suggested that SAMHD1 is also an RNA exonuclease and that this
activity is important for HIV restriction (86-89). However, this RNase activity may be a
contaminant that copurifies with SAMHDL (90, 91). Moreover, a recent study demonstrated
that the IFN signature in Samhdl-/—mice, which do not develop overt autoimmune disease,
is dependent on the cGAS-STING DNA sensing pathway (Figure 1; 92), which is consistent
with the targeting of ANTPs by SAMHDL. One possible explanation for why Samhd1—/-
mice do not develop AGS-like disease is the observation that resting dNTP levels in mouse
myeloid cells are higher than in human cells, rendering these mouse cells more refractory to
SAMHD1-mediated dNTP depletion (93).

As with all of the AGS enzymes, the identity of the cGAS ligands that accumulate in
SAMHD1-mutant cells remains incompletely defined. The well-characterized function of
SAMHD1 as an HIV restriction factor that blocks cDNA synthesis (82-85), together with its
similar ability to block retroelements (94), suggests that retroelement cDNA is a relevant
source of cGAS ligands. However, others have shown that SAMHD1-mutant cells
accumulate DNA damage, suggesting a distinct origin of the immunostimulatory DNAs
regulated by SAMHD1 (95). Intriguingly, one AGS patient with SAMHDI mutations
developed chronic lymphocytic leukemia (96), and somatic SAMHDI mutations have been
discovered in other CLL cases that are not accompanied by AGS (97). Although these
remain the only known associations of any AGS genes with cancer, the connections between
nucleic acid metabolism, DNA damage, and innate immunity require further study.

4 ADARI.: The three AGS enzymes described above are all regulators of the cGAS-
STING pathway. The identification in 2012 of AGS mutations in the ADAR gene that
encodes the ADAR1 RNA editing enzyme suggested a disease mechanism independent of
DNA sensing (98). ADARL1 is a deaminase that converts adenosines to inosines within RNA
(99). Inosine is decoded as a guanosine, leading to amino acid changes, RNA splice site
disruption, and read-through of stop codons (99). There are two isoforms of ADAR1: the
smaller p110 isoform that is constitutively and ubiquitously expressed, and the larger p150
isoform that is strongly IFN-inducible (99, 100). Adar-/-mice are embryonic lethal and
develop a massive type | IFN signature that precedes this lethality (101). Remarkably, this
embryonic lethality is driven by the MDA5-MAVS pathway (102-104), and not the RIG-I-
MAVS pathway (104), revealing a monogamous relationship between ADAR1 and MDADb.
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Moreover, as suggested by the existence of AGS mutations that are found only in the p150
isoform of ADARL1 (98), ADAR1 p150 is uniquely responsible for regulation of MDADS,
whereas the p110 isoform contributes to development (104).

What are the RNA ligands of MDAGS that are edited by ADAR1? Studies have implicated the
RNAs of the highly structured Alu retroelements as the primary targets of ADARL in cells,
which suggests the possibility that failure to edit these sequences creates RNA ligands that
are specifically detected by MDAS (105). Alus are the most prolific of the retroelements,
with millions of copies that together account for approximately 11% of the DNA content of
the human genome (106). Other potential sources of endogenous MDAJ ligands include
structured regions of mMRNA 3’ untranslated regions (UTRs) that are known to be edited by
ADARL1 (103). A clearer understanding of the intersection of RNA editing and the MDA5-
dependent antiviral response promises to provide important insight into the origins of AGS,
as well as a number of other human autoimmune diseases in which polymorphisms in the
IFIHI (MDADS) gene have been found (107-110).

5 IFIHUMDADS.: The dominant (heterozygous) AGS-causing mutations in the /F/H1/
MDAS5 gene are the only known gain of function mutations in this disease, and they directly
affect the activation thresholds of MDAS by endogenous RNAs (111). As such, the
mechanism of disease associated with these /F/HZ mutations is distinct from the enzymes
described above, which prevent the formation or accumulation of immunostimulatory
nucleic acids. Thus, these /F/H1 mutations can be considered together with additional
known mutations in RNA and DNA sensing pathways that cause their constitutive activation,
as described in more detail below.

Two other non-AGS enzymes illustrate the importance of metabolism of intracellular nucleic
acids as a key mechanism to prevent autoreactivity. The SKIV2L component of the cytosolic
RNA exosome is important for the elimination of damaged RNAs and the turnover of
MRNASs (112). Interestingly, SKIV2L also is a potent negative regulator of the RLR-MAVS
pathway (Figure 1; 113). Biallelic mutations in the human SKIV2L gene cause a rare disease
called tricohepatoenteric syndrome (THES), which is characterized by growth retardation,
craniofacial abnormalities, and intestinal dysfunction (114). Most of these symptoms likely
reflect the role of SKIV2L in RNA turnover, but it is interesting to note that SKIV2L-THES
patients have a peripheral blood IFN signature that is as robust as that observed in AGS
(113).

Lastly, mice deficient in the lysosomal DNase 2 develop a potent, cGAS- and STING-
dependent type I IFN signature during development that results in embryonic lethality
(Figure 1; (68, 115-118). This implies that in the absence of DNase 2, failure to degrade
lysosomal DNA results in “leakage” of this DNA to the cytosol and activation of cCGAS. To
date, there are no known mutations in the human DNASEZ gene that are associated with
disease.

Mutations in sensors that drive constitutive activation—A second class of human
interferonopathies is caused by activating mutations in the nucleic acid sensors or key
adaptor proteins themselves. Such mutations render the pathways constitutively active in the
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absence of ligand, more sensitive to lower amounts of ligand, or both. As described above,
the AGS mutations in /F/HZ/MDAJS fall into this class (111). Other heterozygous, gain of
function mutations in either DDX58RIG-I or /F/HI/MDAGS are also found in another rare
disorder called Singleton-Merten Syndrome (SMS), which is characterized by premature
tooth loss, calcifications in the aorta, and overproduction of type I IFNs (119-121).
Although the disease symptoms of AGS and SMS are largely non-overlapping, one
particular mutation in /F/HZ/MDAS results in a clinical presentation that has both AGS-like
and SMS-like features (122), revealing the potential for phenotypic overlap in these diseases.

STING-associated vasculopathy with onset in infancy (SAVI) is a rare inflammatory disease
caused by dominant activating mutations in 7MEMZ1 73, which encodes the STING adaptor
of the intracellular DNA sensing pathway (123). SAVI is characterized by severe vasculitis
in the extremities, and some cases involves severe lung inflammation. These symptoms are
distinct from those of AGS, but the recent discovery of additional heterozygous STING
mutations associated with SLE-like features and chilblain lupus highlight a spectrum of
outcomes that can be driven by STING activation (124-126). These mutations are thought to
bypass the need for cGAMP binding to STING, leading to its dimerization and constitutive
activation in the absence of cGAS activation by DNA (123-125).

Metabolism of extracellular nucleic acids—AlI of the mutations described in the first
two classes of interferonopathies described above influence the activation of the cGAS-
STING or the RLR-MAVS pathways. In contrast, mutations in two extracellular DNases
cause diseases resembling SLE that likely involve dysregulated activation of TLRs, rather
than intracellular sensors. First, mice deficient for DNase 1, the most abundant secreted
deoxyribonuclease, develop high titer anti-nuclear autoantibodies (ANA) and
glomerulonephritis (127). Moreover, heterozygous mutations in DNASEI have been
identified in rare cases of SLE that present with high-titer ANAs (128). Although the precise
nucleic acid sensors that drive these disease features have not yet been tested, the
extracellular location of DNase 1, together with the well established role for TLRs in the
detection of extracellular complexes of proteins and nucleic acids, strongly implicates
DNase 1 as a key regulator of TLR signaling (46).

Recently, human mutations in the DNASE1L3 gene were discovered in families with
inherited cases of severe SLE (129), as well as in an extremely rare disorder called
hypocomplementemic urticarial vasculitis syndrome (HUVS), which can be accompanied by
severe SLE (130). A recent study of DNaselL 3-deficient mice demonstrated that this
enzyme is uniquely capable of digesting DNA contained within membrane-associated
“microparticles” that circulate in blood, and found that the potent anti-chromatin
autoantibody response is entirely MyD88-dependent, strongly implicating DNasellL3 as a
key regulator of TLR signaling (131).

Finally, human mutations in the ACP5 gene that encodes the tartrate-resistant acid
phosphatase (TRAP) cause spondyloenchondrodysplasia (SPENCD) (132), a disease
characterized by disturbances in bone homeostasis that also presents with a type | IFN
signature and variable systemic autoimmune phenotypes. Although TRAP is not itself a
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nuclease, it appears to regulate TLR signaling (133), revealing another potential mechanism
for limiting the activation of TLRs.

“Generic” regulators of type | IFN signaling—In addition to the pathway-specific
regulators of nucleic acid sensors described above, newly characterized human
interferonopathies reveal a fourth mechanism of disease in which signaling by the type I IFN
receptor becomes dysregulated, leading to amplification of IFN signaling and
overproduction of IFNs. Loss of function mutations in the /SG15 gene that encodes an IFN-
inducible, ubiquitin-like molecule result in an interferonopathy that is associated with failure
to accumulate the USP18 protease that removes ISG15 conjugates from proteins and is a
potent negative regulator of type | IFN receptor signaling (134). Similarly, mutations in the
USP18 gene cause pseudo-TORCH syndrome, which has some overlapping clinical features
with AGS, including intracranial calcifications (135). Because these mutations affect IFN
receptor signaling, not a specific pathway, it is probable that no single IFN-inducing
pathway is responsible for the dysregulated IFN response.

Sidebar: Autoimmune versus autoinflammatory disease?

The words autoimmune and autoinflammatory are sometimes used interchangeably to
describe a particular disease state, often because the precise underlying mechanisms that
drive disease remain unknown or controversial. It is useful to understand the distinctions
between these two terms and what they describe (136). An autoinflammatory disease is one
in which the clinical presentation is driven by the innate immune system. In other words,
neither T cells nor B cells are essential for the disease process. Perhaps the best examples of
autoinflammatory diseases are the cryopyrin-associated periodic syndromes (CAPS), which
are caused by gain of function mutations in the human NVLRP3 gene (50, 137). Mouse
models of these CAPS-associated NLRP3alleles reveal that the disease is independent of
both T and B cells (138). In contrast, autoimmune diseases require T cells and/or B cells as
essential mediators of the pathophysiology. Importantly, such autoimmune diseases can
originate specifically within the innate immune system, yet their clinical manifestation
requires lymphocytes. In AGS, arguments can be made for both autoinflammatory and
autoimmune components (51), highlighting another important point: some disease
symptoms can be solely due to dysregulated innate immunity, whereas others can be driven
by T and B cells. AGS patients develop abundant autoantibodies that only partially overlap
with those found in SLE (51, 139). In the 7rexZ-deficient mouse model of AGS, T and B
cells are absolutely required for disease, and tissue-specific autoantibodies are readily
apparent (61, 66). While the human disease could be more autoinflammatory in nature than
its mouse model, it will be important to understand the relative contributions and potential
crosstalk between autoinflammatory and autoimmune mechanisms in AGS.

Lessons learned from rare human autoimmune disorders

The diseases described above, together with the discovery of the gene mutations that cause
them, offer a number of broad lessons that can inform the way we think about not only these
rare disorders, but also other, more common autoimmune diseases that share clinical
symptoms. We summarize some of these key lessons below.
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Nucleic acid metabolism is essential for preventing autoimmune disease—The
use of innate immune sensors of nucleic acids to detect viral infection fits with the Janeway
PAMP-PRR paradigm because one feature shared by all viruses is a genome composed of
nucleic acids. While some nucleic acid sensors detect fairly precise ligand structures, like
the 5° phosphate moieties and double-stranded character of RIG-I RNA ligands, others have
more generic specificities, like that of cGAS for any double-stranded DNA of sufficient size.
Because foreign and self nucleic acids are made of the same four bases joined by the same
phosphodiester bonds, the selectivity of these sensors for foreign nucleic acids over host
nucleic acids is constrained by the structural features and locations of foreign nucleic acids
that can be used to distinguish them from self (52). This imperfect selectivity, in turn,
necessitates additional mechanisms that set thresholds for the activation of these sensors.
The enzymes that metabolize nucleic acids described above are clear examples of trans-
acting factors that establish thresholds by eliminating or preventing the formation of
immunostimulatory nucleic acids.

A corollary to this lesson is that there are many potential sources of endogenous
immunostimulatory nucleic acids, each with its own dedicated mechanism(s) of regulation.
For example, DNase 1 and DNaselL 3, despite both being extracellular nucleases, have
distinct roles in the elimination of extracellular DNA (131). Similarly, the identification of
three enzymes that each non-redundantly regulate the cGAS-STING pathway strongly
implies multiple sources (and possibly distinct structures) of intracellular DNA ligands of
CGAS. We predict that there are additional enzymes and pathways, not yet discovered, that
serve a similar purpose by targeting other sources of nucleic acids. Understanding the full
breadth of these pathways will solidify the framework established in the context of the
monogenic interferonopathies and will offer new places to look for genetic causes of orphan
rare diseases.

Interferon-driven diseases can be classified into specific pathways—As shown
in Figure 1 and described above, nearly all of the currently known type I interferonopathy
genes can each be paired with one of four specific pathways: TLRs, CGAS-STING, RLR-
MAVS, or IFN receptor signaling. It is interesting to note that some of these gene mutations
were identified before the sensors and key signaling adapters of the relevant pathway were
discovered, for example the mutations in TREX1, RNASEHZA, RNASEH2B, RNASEHZ2C,
and SAMHD!1 that are now known to be upstream of the cGAS-STING pathway (64, 74).
Thus, the rare diseases have informed our understanding of the innate immune pathways,
and vice versa. A simple but very important lesson is that the genetics of each specific case
of disease implicate one — and only one — innate immune pathway as its underlying cause.
This has fundamental implications for treating each case of disease based on the specific
pathway affected. Moreover, as discussed below, we propose that this lesson can be
extrapolated to other, more common autoimmune diseases that are accompanied by a type |
IFN signature.

Multiple individual pathways can converge on a similar clinical presentation—

One surprise that has emerged from the study of mouse models of AGS is that it can be
caused by mutations that affect either the cGAS-STING pathway or the MDA5-MAVS
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pathway. This is particularly interesting in light of the fact that cGAS and MDAGS bear no
resemblance to each other, they are activated by completely different ligands, and each
evolved to detect completely distinct classes of pathogens. How, then, could unrestrained
signaling by either of these separate pathways result in a clinical presentation that, upon
initial diagnosis, is highly similar? Importantly, careful, long-term study of hundreds of AGS
patients has revealed certain clinical features that are uniquely associated with specific AGS
genotypes (55, 56), but the shared features are both striking and surprising. Just as defining
the breadth of regulatory mechanisms for each pathway will increase our understanding of
these rare diseases, the convergence of multiple pathways on a similar disease presentation
also increases the genetic “space” into which a particular disease-causing mutation can fall.

There is an evolutionary advantage to an exuberant, sensitive antiviral
response—Humans and their primate ancestors have been under intense selective pressure
due to viral infections for tens of millions of years (140). Viruses like influenza, polio and
smallpox have strongly shaped human evolution in the recent past of recorded history, which
only spans a few thousand years. Thankfully, vaccines have either dramatically reduced
(polio) or completely eliminated (smallpox) the devastating consequences of some of these
viruses. However, these viruses and others have left indelible imprints on the current human
population. Antiviral proteins that are at the front lines of defense are the principal targets of
virus-encoded antagonists. In turn, these host proteins are under strong selective pressure to
escape antagonism by altering amino acids at key sites of interaction with the virus-encoded
proteins. Such escape mutants, which appear randomly in each generation, restore the
antiviral response and provide an advantage to the host in combating a specific viral
infection. This ongoing conflict of virus-mediated antagonism and host escape by mutation
is referred to as an evolutionary “arms race,” the signatures of which can be identified by
comparative analysis of primate genes and inference of the rate of host protein evolution
(140).

It is not surprising that nearly all of the antiviral pathways implicated in the rare human
autoimmune diseases discussed above are under strong positive selection in primates: cGAS,
STING, the RLRs, and MAVS are clear examples (141-144). Although the precise viruses
and antagonists that have driven this positive selection are often difficult to identify, key
examples illustrate the selective advantages that are conferred by “new” alleles that escape
specific viral antagonists (145, 146).

A simple model has emerged from the study of host-virus arms races: viral antagonists
reduce the function of specific antiviral pathways (often incompletely), and escape
mutations in host sensors restore the function of the pathway by evading antagonism (Figure
2A). However, there is another way for the host to escape viral antagonism without physical
evasion of the antagonist: by increasing the sensitivity and amplitude of the pathway itself.
This could be accomplished in at least two ways. First, mutations in sensors that make them
more active at lower thresholds of ligand confer a hypersensitive pathway that could
function even in the presence of a viral antagonist; the /F/H1 mutations in AGS are clear
examples of this (111). Second, hypomorphic mutations in pathway-specific negative
regulators can similarly enhance the strength of the antiviral response (Figure 2B). For
example, consider an antiviral pathway (MDA5-MAVS) that is important for host defense
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against a specific picornavirus that places strong selective pressure on humans (e.g.,
poliovirus). A virus-encoded antagonist could reduce the MDA5-MAVS pathway to 20% of
normal within infected cells, which would strongly favor viral replication and dissemination.
Hypomorphic mutation in a key, MDA5-specific negative regulator (ADAR1) could triple
the strength of the MDA5-MAVS pathway, thus restoring the antiviral response to 60% of
normal, which would confer increased resistance even in the presence of continued
antagonism (Figure 2B).

There are three important features of mutations in negative regulators that distinguish them
from escape mutations in the direct host targets of viral antagonists. First, there are many
ways to create a hypomorphic negative regulator by mutation, the simplest of which is to
acquire a catastrophic frameshift mutation that destroys the encoded protein (if that protein
does not have another essential function). In contrast, useful escape mutations in sensors are
not only largely confined to the specific physical interface between the host protein and the
antagonist, they must also preserve functionality of the host protein itself. In other words,
mutations that escape direct antagonism are more constrained than mutations in pathway
specific negative regulators, yet both can have a similar effect in the context of host defense.
Second, hypomorphic mutations in negative regulators would, in principle, yield enhanced
protection against ALL viruses for which that particular pathway is important. In contrast,
specific escape mutations in a sensor can solve antagonism by one particular virus-encoded
protein, but perhaps create vulnerability to a second, unrelated virus. For example, the
human allele of the TRIM5a lentiviral restriction factor efficiently prevents infection by an
ancient, extinct retrovirus, but may have rendered human cells uniquely susceptible to HIV,
which entered the human population millions of years later (147). Finally, negative
regulators, unlike activating sensors, are usually not direct targets of virus-encoded
antagonists, which means that they can exert their effects without specific interference by the
virus.

We propose that the unique solutions to the host-virus conflict offered by hypomorphic
mutations in negative regulators of antiviral pathways, in the context of antagonism of these
same pathways by viruses, may explain the prevalence and potential maintenance of
mutations in some AGS genes. For example, the A177T AGS allele of RNASEHZB and the
P193A allele of ADAR are present in the human population at frequencies of ~1/800 and
~1/460, respectively (Y. Crow, personal communication). One key prediction raised by this
proposal is that carriers of AGS alleles will have a “heterozygous advantage” in host defense
against specific viruses. Although this has not yet been tested, the emergence of new mouse
models and the definition of the pathways regulated by each AGS enzyme will allow for the
design of such experiments. Another important point, the implications of which are
discussed in more detail below, is that rare alleles that emerged recently in evolutionary time
can confer both an advantage in host defense and a strong predisposition to autoimmune
disease.
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A framework for understanding genetics and mechanisms of common autoimmune

diseases

One interesting aspect of the rare diseases described above is that the study of their
underlying mechanisms paralleled the characterization of the innate immune sensors of
nucleic acids. Although the specific pathways implicated in these monogenic disorders are,
in most cases, clearly established, a key outstanding question is whether these examples are
informative for a number of more common diseases that share some underlying features.
The best example of this is systemic lupus erythematosus (SLE), which remains particularly
vexing in both diagnosis and treatment. SLE, like AGS, is a disorder of nucleic acid
detection, characterized by autoantibodies specific for DNA, chromatin, and
ribonucleoproteins. These autoantibodies are thought to be responsible for the variable
symptoms of the disease, which include skin and joint inflammation, kidney pathology, and
in some cases heart and brain involvement. Diagnostic criteria include 11 factors, any four of
which are sufficient for SLE diagnosis in a particular individual (148). Thus, SLE can be
considered a constellation of related disorders, and heterogeneity in clinical phenotype
remains a key obstacle to understanding this disease. Moreover, despite much progress in
defining innate immune mechanisms, the principal treatments that manage inflammation in
SLE have remained the same for the past few decades and solely treat the symptoms of the
disease, not its underlying mechanism(s).

Can AGS provide insight into SLE? One possibility is that the rare, isolated diseases
described above are just that: isolated examples that are not informative for explaining either
the genetics or the mechanisms of a common disease like SLE. This would mean that the
mechanisms that regulate the antiviral response uncovered by these rare diseases similarly
do not apply to SLE. However, such lack of overlap, genetically or mechanistically, seems
unlikely, particularly in light of the identification and strong genetic association of TREX1
and RNASEHZ mutations with SLE (80, 149, 150), as well as a specific TREXI mutation
found in both AGS and SLE cases (150). Instead, we propose that the conceptual framework
illuminated by rare interferonopathies not only applies to SLE, but also offers new insights
that can inform clinical diagnosis, patient phenotyping, ongoing genetic studies, and the
development and patient-specific utilization of new therapeutics.

SLE Genetics: Common versus rare alleles—SLE, while much more prevalent than
the monogenic disorders described above, is not a very common disease: current estimates
place the incidence of SLE at approximately 25-150 per 100,000 people, with large
variation among geographic and ethnic populations and a 9:1 ratio of affected females to
males (151). In contrast, type | diabetes is approximately ten times more prevalent than SLE
in the United States (152). SLE has a major genetic component, with monozygotic twin
concordance rates of up to 40% (153). However, most efforts to understand the genetic
contributions to SLE have focused on the “common disease, common allele” framework
(154), which holds that common diseases reflect the cumulative contributions of many
common alleles, each of which has a small effect on the disease. In other words, each case of
SLE is thought to be the summation of many “small” problems. For example: a slightly
enhanced innate immune response plus a minor deficiency in T cell negative selection plus a
marginal increase in sensitivity of B cell receptor signaling plus a small defect in the

Annu Rev Immunol. Author manuscript; available in PMC 2019 March 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crowl et al.

Page 14

clearance of apoptotic cells. Such a model is not only difficult to prove genetically or
experimentally, it also offers little insight into the design and implementation of novel
therapies. As stated in a recent review about autoimmunity, “when the proposed solution to a
problem is more complicated than the problem itself, there is often something wrong (155).”

Genome wide association studies (GWAS) of SLE have densely scanned patient and control
populations for common alleles associated with disease. The single nucleotide
polymorphisms (SNPs) selected as “tags” for GWAS are considered “common” because
they are generally present in the human population at frequencies of ~5% or greater.
Because of their prevalence, most of these alleles are ancient, originating in humans greater
than 50,000 years ago (156, 157). While over 40 genomic regions relating to expected innate
and adaptive immune pathways have been implicated through GWAS (158), these loci
account for less than a quarter of the proposed heritability of SLE, and the functional
consequences of most identified SNPs remain uncharacterized. The question remains: where
is the missing genetic contribution to SLE? Will more GWAS in more patients slowly chip
away at the remaining 75% of unexplained genetics? Or is there another solution to the
complexity of SLE genetics that cannot be found among common allelic variation?

What if each case of SLE, instead of being a conglomeration of small problems with many
disparate pathways, is more like the monogenic interferonopathies in that it is driven by one
big problem with one pathway? What if the relatively “common” occurrence of SLE reflects
the number of individual pathways that can lead to SLE when compromised, particularly
since we now know from the monogenic interferonopathies that multiple pathways can
converge on a similar clinical presentation? What if the underlying genetics of SLE reflect
the contributions of rare alleles with a strong effect on disease? Lastly, what if these alleles
are recent and not ancient? Importantly, such alleles would be invisible to GWAS because of
their rarity in the human population and lack of consistent linkage to more common “tag”
SNPs (157). A similar view has recently been proposed and clearly articulated by others
(159). In light of the evolutionary model described above that rationalizes the existence of
alleles that strongly predispose to autoimmunity, it is worth considering this possibility and
its implications in more detail. Specifically, we will discuss the IFN signature of SLE in the
context of the “one big problem with one pathway” framework, the potential intersection of
genetics with specific environmental triggers of SLE, the need for careful, patient-specific
clinical phenotyping to enrich emerging genetic data, and finally the implications for
development and implementation of new therapies. Progress in each of these areas will
inform the others and will provide a clearer framework for treating SLE.

The sources of the IFN signature in SLE: finite choices—One key feature of SLE
that overlaps with the monogenic interferonopathies is the fact that most SLE patients have a
detectable IFN signature that can be sampled in their peripheral blood (160, 161). The
definition of IFN-inducing innate immune sensors over the past 16 years has revealed that
there are three — and likely only three — specific sensing pathways that activate IFN
production: cGAS-STING, RLR-MAVS, or TLRs (TLRs 3, 4, 7/8, 9). A fourth mechanism,
illuminated by rare human mutations in 1ISG15 and USP18 (134, 135), is that a failure to
control IFN receptor signaling leads to overamplification of IFN production that is not
initiated by a specific innate immune pathway. We propose that the IFN signature in each
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SLE patient will likely be driven by one — and only one — of these pathways. Knowing which
pathway is responsible for disease in each patient will transform our understanding of how
to treat SLE, as discussed below.

The intersection of genetics and environmental triggers—Despite the high
monozygotic twin concordance and familial segregation of SLE, environmental factors
strongly influence the development of disease in susceptible individuals. Since SLE is a
disorder of nucleic acid detection, virus infections are attractive candidates for
environmental triggers of disease. A number of viruses that are common in the human
population, including Epstein-Barr Virus (EBV), have been proposed to contribute to
development of SLE (162, 163). One difficulty in assigning causality for a common virus
like EBV is the fact that EBV is nearly ubiquitous in the human population (164), but only a
small fraction of humans develop SLE. New insights into the finite sources of the IFN
signature may offer a new way to consider environmental triggers of SLE as pathway-
specific instigators of disease. Put simply, individuals with a hyperactive cGAS-STING
pathway might progress to disease in response to infections that are distinct from those that
trigger disease in individuals with an enhanced MDA5-MAVS pathway (Figure 3A). In the
case of cGAS-STING, such triggers may include EBV, human cytomegalovirus (HCMV), or
other DNA viruses. For MDA5-MAVS, triggers may be restricted to those viruses for which
this specific pathway is important, including common picornaviruses like the enteroviruses
(28). In each case, the dysregulated, pathway-specific antiviral response could result in
heightened IFN production, increased presentation of self antigens in a prolonged
inflammatory setting, and enhanced activation of lymphocytes.

An alternative possibility is that a “generic” infection that causes a systemic type | IFN
response could serve as a trigger for pathway-specific autoimmune disease (Figure 3B). For
example, the /F/H1 gene that encodes MDAS is a highly IFN-inducible gene that is
maintained at low levels in uninfected cells (28). Mutations that sensitize the MDA5S
pathway could become particularly hyperactive in the context of IFN-mediated upregulation,
such that the increased expression of MDAS5 would drive more sensitive detection of
endogenous RNA ligands and instigate autoreactivity. In this scenario, the trigger virus does
not necessarily need to be matched to the sensitized pathway in each patient, and a virus like
Influenza A virus (which is primarily sensed by RIG-I and not MDADB; 28), could still
unleash MDA5-mediated autoreactivity through a systemic IFN response (Figure 3B).

SLE patient clinical phenotyping—As discussed above, SLE is characterized by
marked clinical heterogeneity, exemplified by the 11 criteria for SLE diagnosis that show
considerable variability among patients (148). Moreover, SLE is a chronic, relapsing disease
in which certain clinical symptoms appear and then resolve, only to flare again at a later date
(165). If each case of SLE represents a strong predisposition caused by one of a finite
number of possibilities, it is possible that the clinical phenotypes caused by mutations in
each pathway might share certain features that may allow more accurate connection of
genotype to phenotype, with important predictive power in both directions.

The phenotypic parameters that are simplest in principle are unique and easily accessible
biomarkers that would identify pathway-specific dysregulation. The most promising of such
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biomarkers is the cGAMP product that is formed by cGAS after detection of DNA (36).
Quantitation of cGAMP abundance by mass spectrometry is relatively straightforward and
sensitive, and mouse models of AGS have demonstrated markedly enhanced cGAMP
abundance in affected tissues (67, 68). Adaptation of this protocol to a clinical test on
peripheral blood samples holds considerable promise for identifying patients with elevated
cGAMP levels that would strongly implicate the cGAS-STING pathway as an important
determinant of the disease process in this subset of individuals.

Apart from the clear diagnostic utility of cGAMP measurements, there are no currently
known additional biomarkers that would unambiguously identify any of the remaining
nucleic acid pathways. The gene expression profiles induced by the RLR-MAVS pathways
and the cGAS-STING pathways are remarkably similar (33), and the IFN and inflammatory
signatures identified in peripheral blood can be shared to some extent by all of the pathways
described above. However, using differential gene expression as a tool to classify patients
into groups can enable stratification of disease states, as evidenced by a recent longitudinal
study of 158 SLE cases (166). Combining these sophisticated analyses with deeper genetic
profiling of patients will pave the way for new breakthroughs in molecular diagnosis of SLE.

Another potential source of pathway-specific biomarkers would be revealed if the
endogenous nucleic acids that trigger each pathway can be unambiguously identified and
reliably measured. For example, in the case of ADAR1, the extent of editing of specific (and
currently incompletely characterized) RNAs could provide a means to identify insufficient
RNA editing as a biomarker that would directly implicate the MDA5-MAVS pathway as a
key contributor to specific cases of disease. For Trex1, RNase H2, and SAMHD1,
accumulated cytosolic DNAs, perhaps of specific and restricted origins, could also be
measured. For extracellular enzymes like DNaselL 3, a clinical test for degradation of
microparticle DNA using serum samples from SLE patients, like the prototype described in
a recent study (131), could implicate dysregulation of extracellular DNA metabolism in a
subset of patients. Although assays to measure the instigating nucleic acids as a specific
proxy of disease remain hypothetical for now, the potential utility of such diagnostic tools
highlights the need for further study of the sources of endogenous ligands for antiviral
nucleic acid sensors.

Implications for therapies—In the past 50 years, only a single new drug has been
approved by the FDA for the treatment of SLE: belimumab, which is a humanized
monoclonal antibody that blocks Blys/BAFF (167). With the rapid advancements in our
understanding of the innate immune pathways that can contribute to SLE, more new drugs
are now in trials for SLE than ever before. These include blockade of type I IFNs and
inflammatory cytokines, and depletion of B cells (167). However, many obstacles remain.
Perhaps the most daunting challenge is confronting the clinical heterogeneity of SLE and
developing predictive models to determine which patients would benefit from which therapy.
This is especially important for new clinical trials because if a small number of patients
benefit from a specific therapy but the majority do not (or if some get worse), the trial will
fail.
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The framework developed by the study of AGS and related diseases offers a starting point
for considering targets of new therapies and strategies for implementing them. Restating our
key prediction, we propose that each case of SLE is likely caused by dysregulation of one of
a small number of finite innate immune pathways. Advances in understanding the genetics
of SLE, together with patient phenotyping and identification of new biomarkers that
implicate specific pathways, will offer new avenues for creating therapies. Of course, the
question of whether such new therapies would ameliorate disease, particularly in the context
of established inflammation, is another key obstacle. Perhaps more importantly, the
confluence of these areas will enable selective treatment of those patients who are most
likely to benefit from a specific therapy.

One illustrative example, hinted at by several mouse studies, underscores the importance of
knowing which pathway is dysregulated in a particular disease state. The cGAS-STING
pathway drives the type | IFN signature in mouse models of three AGS enzymes: Trex1,
RNase H2, and SAMHD1 (61, 66-68, 78, 79, 92, 168). In the case of Trex1-deficient mice,
both cGAS and STING are essential for all aspects of the autoimmune disease (66—68).
These findings make cGAS a tantalizing therapeutic target that could benefit patients with
mutations in five of the seven known AGS genes. However, in three separate mouse models
of autoimmunity, genetic ablation of the cGAS-STING pathway not only has no positive
effect, it actually makes the disease worse. First, deleting 7mem173 (STING) in the
MRL.Fas'P" mouse model of SLE, which is driven primarily by TLRs (22), worsens clinical
symptoms, increases autoantibody titers, and accelerates mortality (169). Second, crossing
Adar-deficient mice, in which the IFN response is driven exclusively by MDA5-MAVS
(103, 104), to 7mem173-/-mice results in an exacerbated IFN signature compared to plain
Adar—/-embryos (104). Finally, autoantibodies in DNase1L3-deficient mice, which are
MyD88-dependent, are elevated in Dnase1/3—/-;Tmem173-/—mice (131). These studies
illuminate an important point regarding the potential for cGAS-targeted therapies: they
should only be used when disease is cGAS-dependent. Treating the wrong patients with an
otherwise promising drug might actually worsen disease, which further emphasizes the need
to link genetics to pathways and clinical phenotypes in SLE.

Concluding Remarks

We have attempted to highlight the remarkable recent progress that has been made in the
identification of nucleic acid sensing pathways, together with rare human diseases caused by
their inappropriate activation. As we learn more about the genetics and mechanisms of rare
human interferonopathies, we will be able to apply these lessons to the study of more
common autoimmune diseases in which type | IFNs play a central role.
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Figure 1: Pathway-specific negative regulator s of nucleic acid sensing.
Endosomal TLRs and sensors of cytosolic nucleic acids are depicted, together with key

negative regulators. See text for details on each.
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Figure 2: Nucleic acid sensing and the host-virus conflict.
A: Two viruses are shown, each of which encodes a distinct antagonist of the same sensing

pathway. An escape mutation in the sensor that overcomes antagonism by virus A does not
impact continued antagonism by virus B. B: A mutation in a pathway-specific negative
regulator increases the overall strength of the sensing pathway, conferring increased
resistance to both viruses even in the presence of their antagonists.
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Figure 3: Pathway-specific and generic triggers of autoimmune disease.
A: In individuals with a sensitized cGAS-STING pathway, the enhanced response to DNA

viruses might predispose to autoimmunity, but the normal response to infection with
picornavirus, an RNA virus, might not. Conversely, individuals with a sensitized MDA5
pathway may be triggered by picornavirus infection, not DNA virus infection. B: In
individuals with a sensitized MDAS pathway, an infection that causes systemic type | IFN
production may increase the abundance of MDAS within cells, leading to autoreactivity

against endogenous ligands.
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