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Abstract

Healthy tissues of the body express relatively low basal levels of interferons. However, following
detection of microbial invasion by sentinel receptors, a cascade of events initiates leading to the
transcriptional induction of interferon genes. Interferons are secreted and act primarily as
paracrine cytokines to bind neighboring cell surface receptors. Binding to interferon receptors
activates a signal pathway to the nucleus inducing a set of interferon-stimulated genes. The
biological activity of these genes confers the unique antiviral and innate immune response of
interferons. The rapid induction of interferons is critical to survival, and equally critical is the
recovery from this defensive state. Either an aberrant response to infection or an inherited genetic
disorder that leads to sustained or increased interferon levels can tip the balance towards
pathogenesis.
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1.1 Introduction

Interest in the clinical use of interferons (IFNs) was based initially on their unique antiviral
activities. However, as their anti-angiogenic, immunoregulatory, and anti-tumor properties
became obvious, their use expanded [1-5]. IFNs are classified into three types based on their
recognition by distinct cell surface receptors. Most successful clinical therapeutic
applications have centered on type I IFNs, notably IFN-a and IFN-B. Nevertheless, the
beneficial clinical use of IFNs is not without adverse effects [6]. Adverse side effects can
include fever, fatigue, myalgia, major depressive disorder, and autoimmunity. It is therefore
not unexpected that a prolonged and sustained action of IFNs in response to infection or due
to an inherited dysregulation of IFN homeostasis can promote pathogenic effects [7, 8].

1.2. Sentinel Receptors

Survival depends on the ability of innate defenses to detect and respond rapidly to infection.
Pattern recognition receptors (PRRs) are cellular sentinels that recognize pathogen
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associated molecular patterns (PAMPSs) as foreign such as nucleic acids, glycoproteins,
lipopolysaccharides, peptidoglycans, and flagellins [9]. The families of PRRs are diverse
and include Toll-like receptors (TLRs), retinoic acid inducible gene I-like receptors (RLRS),
nucleotide-binding oligomerization domain-like receptors (NLRs), Aim2-like receptors
(ALRs), C-type lectin receptors (CLRs), and DNA sensors such as cyclic GMP-AMP
synthase (cGAS) [10-14]. Activation of PPRs that bind nucleic acid ligands typically,
although not exclusively, induce expression of the type | IFN genes. Recognition of PAMP
nucleic acids by PRRs stimulates specific protein interactions, ubiquitination, and
phosphorylation events that transmit danger signals to the nucleus leading to the production
of IFNs (Fig.1). The induction of IFNs appears to have evolved in response to infection by
viruses that possess nucleic acid genomes, whether RNA or DNA, single or double-stranded,
positive or negative sense. However, since RNA and DNA structures are common to both
pathogen and host, this defense strategy has the potential risk of recognizing self-ligands.

1.2.1 Recognition of DNA by the cGAS/STING Pathway in the Cytoplasm

Considerable investigation has been devoted to understanding the specificity and the cellular
localization of receptors that recognize foreign nucleic acid ligands. Cytoplasmic
localization of foreign DNA can be distinguished from host since the mammalian DNA
genome is sequestered within the nuclear envelope. The primary PRR that recognizes
cytoplasmic DNA from virus or bacteria and leads to induction of IFN is the cyclic GMP-
AMP synthase (cGAS) [15, 16]. cGAS activation is triggered following binding to
cytoplasmic DNA to produce cyclic 2’3’-cyclic GMP-AMP (cGAMP). cGAMP functions as
a small molecule second messenger and binds the adaptor, stimulator of interferon genes
(STING), a transmembrane dimer associated with the endoplasmic reticulum [17-19].
Following binding to cGAMP (or cyclic dinucleotides produced by bacteria), STING
relocalizes to the perinuclear Golgi area and recruits ubiquitin E3 ligases needed for
activation of TANK-binding kinase 1 (TBK1). TBK1 phosphorylates STING which in turn
recruits IFN regulator factor 3 (IRF3) for phosphorylation by TBK1 [20]. Phosphorylation
of IRF3 promotes its dimerization, translocation to the nucleus, DNA binding, and induction
of the IFN-B gene and a subset of IFN stimulated genes (1SGs)[21, 22]. The Ix-B kinase
(IKK) complex is also recruited and phosphorylates I«-B to release the NF-xB transcription
factor that contributes to type I/111 IFN gene induction as well as a number of other cytokine
and chemokine genes [23].

1.2.2 Recognition of RNA by RLRs in the Cytoplasm

The induction of the type I IFN genes in response to dsSRNA had long been recognized. Yet
the molecular mechanism did not unfold until the discovery that members of the DEAD-box
RNA helicase family were responsible for sensing foreign cytoplasmic RNA [24]. The
retinoic acid-inducible gene I (RIG-1) and the melanoma differentiation-associated gene 5
(MDADB) helicases can bind RNA and undergo a conformational change revealing their
caspase activation and recruitment domain (CARD) that is responsible for pathway
activation [11, 13, 25]. The RLR CARD domain binds the CARD domain of the downstream
signaling adaptor, mitochondrial antiviral-signaling protein (MAVS). This association
promotes oligomerization, recruitment of ubiquitin E3 ligases, and activation of TBK1 and
IKK complexes that phosphorylate MAVS [20]. IRF3 and Ix-B are in turn recruited and
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phosphorylation leads to IRF3 and NF-xB activation and type | IFN gene induction. The
response to infection by different viruses led to the findings that both RIG-1 and MDA5
recognize dsRNA, and RIG-I recognizes 5’-triphosphate or 5’-diphosphate ends of RNA
with significant secondary structure. Host mRNA, rRNA, and tRNA reside in the cytoplasm,
but host RNA recognition is believed to be spared due to the 5’cap of many mRNAs, the 5°-
monophosphate of tRNAs, the shielding of host RNA by specific binding proteins, and a low
level of RNA degradation or editing.

1.2.3 DNA and RNA Recognition by TLRs in Endosomes

1.3

The Toll gene in Drosophila was the first PRR identified, shown to be essential for an
antifungal defense response [26]. Since then, ten transmembrane Toll homologues (TLRs)
have been described in humans that bind a variety of ligands [11, 27]. A subgroup, TLR3,
TLR7, TLR8, and TLR9, are distinct for their cellular localization within endosomal
membranes, and for their ability to recognize nucleic acids. TLR3 recognizes dsRNA, TLR7
and TLR8 recognize ssRNA, and TLR9 recognizes unmethylated CpG DNA. Since many
viruses and bacteria gain entry into the cell by endocytosis, this TLR localization serves as a
natural defense. In addition, TLR proteolytic processing in endolysosomes facilitates TLR
activation. Ligand binding induces TLR oligomerization and association with cytoplasmic
adaptor proteins. TLR3 binds TRIF (Toll/IL1 receptor-domain containing adapter inducing
IFNB), and TLR7/8/9 bind MyD88 (myeloid differentiation primary response 88). TRIF
binding recruits ubiquitin E3 ligases leading to the activation of TBK1 and the IKK complex
that result in nuclear translocation of IRF3 and NF-xB and transcriptional induction of type |
IFN genes. MyD88 promotes ubiquitination that primarily activates NF-xB.

Interferon Production and Action

PRR-mediated activation of cytoplasmic IRF3 and NF-xB promotes their nuclear
localization and cooperative induction of type | IFN genes, as well as other genes. Activated
IRF3 can induce a subset of IFN stimulated genes (1SGs) prior to the action of IFNs [28],
and NF-xB can induce type Il IFNs and inflammatory cytokines and chemokines [29, 30].
IFNs must be secreted from cells to act by binding specific cell surface receptors that trigger
a signal pathway to the nucleus, now referred to as a JAK-STAT pathway [2, 31]. Although
type | and type 111 IFNs bind distinct receptors, both activate receptor-associated Janus
kinases (JAK), JAK1 and Tyk2. These JAK tyrosine kinases phosphorylate a number of
substrates in the cytoplasm including the signal transducers and activators of transcription
(STATSs), STAT1 and STAT2, that form a heterodimer via their phosphotyrosine and Src
homology 2 (SH2) domains. STAT2 is continually associated with the IRF9 transcription
factor [32], and therefore a trimeric complex forms, commonly known as ISGF3 (ISG factor
3). ISGF3 traffics to the nucleus, binds to genes containing the IFN stimulated response
element (ISRE), and induces transcription of ISGs [33]. The ISGs include transcription
factors such as IRF1 that elicit expression of a secondary set of response genes [34, 35].
ISGs confer both the beneficial and potentially detrimental effects of IFNs.
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1.4 Putting on the Brakes

The induction of type | IFNs in response to foreign nucleic acids is critical for an acute anti-
viral and inflammatory response. However, following this innate defense response, the PRR
and IFN signal pathways need to be silenced to maintain homeostasis. Elimination of
extraneous nucleic acids by nucleases, reversal of post-translational modifications, and
proteasome degradation of signaling molecules are some mechanisms of pathway silencing.
Much of our understanding of negative regulation derives from genetic engineering in
murine models, and identification of genetic disorders in autoimmune and inflammatory
human diseases.

1.4.1 Deubiquitination

The ubiquitin E3 ligases that catalyze K63-linked polyubiquitination are notable regulators
of sentinel receptors and have been found to play a critical role in STING, RLR, and TLR
signaling. Ubiquitination stimulates and recruits adaptors and kinases responsible for IRF3,
IRF7, and NF-xB transcription factor activation. As might be expected, de-ubiquitination is
a critical negative regulator [36, 37]. For example, the de-ubiquitinase activity of A20
(7NFAIP3) has been shown by murine gene knockout and biochemical means to be essential
for termination of TLR signaling, for inhibition of RIG-I, and for suppression of IRF3 [38—
41].

1.4.2 IFN Receptor

Multiple negative feedback mechanisms have been identified that regulate the type I IFN
signal pathway. Two ISGs induced by type I IFN, the ubiquitin protease family member
USP18 and 1SG15, act in concert to shut down signaling at the IFN alpha receptor (IFNAR).
USP18 is an isopeptidase that specifically deconjugates the ubiquitin-like 1ISG15
modification from proteins, but independent of its proteolytic activity, it binds to the
IFNAR2 subunit, displaces JAK1, and silences signaling [42]. STAT2 has been described as
an adaptor that mediates USP18 binding to IFNAR2 [43]. Intriguingly, human free ISG15 is
needed to bind and stabilize the USP18 negative regulator, independent of ISG15
conjugation (ISGylation) [44].

1.4.3 Protein Tyrosine Phosphatases

A distinct aspect of STAT activation is their direct tyrosine phosphorylation which confers a
gain of function and enables their specific DNA-binding ability [31]. It is not unexpected
that dephosphorylation controls the longevity of STAT signaling, and this occurs both in the
cytoplasm and the nucleus. STAT1 is distinct from other STATS in that it resides primarily in
the cytoplasm in an unphosphorylated form and is transported into the nucleus following
tyrosine phosphorylation [45-47]. Biochemical purification of a STAT1 phosphatase activity
from nuclear extracts led to identification of the protein tyrosine phosphatase (PTP) PTPN2/
TCPTP as the primary STAT1 nuclear phosphatase [48]. PTPN2 isoforms also reside in the
cytoplasm and with PTPN11/SHP-2 have been shown to contribute to the dephosphorylation
of STAT1 [49].
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1.4.4 Protein Inhibitors of Activated STAT

Protein inhibitor of activated STAT1 (PIAS1) was identified in a yeast two-hybrid assay used
to screen for STAT 1-interacting proteins that might serve to regulate STAT1 function [50].
PIAS1 is a member of a family of proteins that have a SUMO (small ubiquitin-like modifier)
E3 ligase activity [51]. Although sumoylation may not be involved, PIAS1 and PIASy are
transcriptional repressors of STAT1. They primarily function by binding tyrosine
phosphorylated STAT1 and blocking the DNA-binding ability of STAT1 at responsive gene
promoters.

1.4.5 Suppressors of Cytokine Signaling

The family of suppressors of cytokine signaling (SOCS) are transcriptionally induced in
response to cytokines and function as classical negative feedback regulators [52, 53]. SOCS1
was identified by three groups simultaneously either as an inhibitor of macrophage
differentiation, a binding partner of JAK in a yeast two-hybrid assay, or a protein with
similarity to STAT SH2 domain [54-56]. SOCS1 is transcriptionally induced in response to
IFN and feeds back to reduce signals that originate at the receptor. SOCS proteins have a
central SH2 domain and a conserved carboxyl terminal domain known as a SOCS box. The
SH2 domain of SOCS proteins can bind to phosphorylated tyrosine residues on receptors or
JAKs. The SOCS box contains elongin C and Cullin 5 binding sites which recruit the Rbx
protein and forms an active E3 ubiquitin ligase able to modify targets by lysine 48
ubiquitination for proteasome-mediated degradation. SOCS1 has an additional amino
terminal domain known as a kinase inhibitory domain (KIR). The KIR domain of SOCSL1 is
able to inhibit the catalytic activity of TYK2 and JAK1 associated with the IFNAR, and this
appears to be its primary mechanism of IFN pathway silencing.

Specific and redundant mechanisms are in place to repress PRR signaling and the response
to IFNs. More recently, an array of noncoding RNAs induced by IFNs have been found to
negatively modulate signaling molecules and ISGs [57]. Rather than an on-off switch, the
IFN response appears to be regulated as a rheostat.

1.5 Human Type | Interferonopathies

Early studies with complex autoimmune diseases such as systemic lupus erythematosus
syndrome noted that patients expressed inappropriate high levels of type I IFNs in the
absence of obvious infection. It wasn’t until 2011 that Yanick Crow proposed to
conceptually unify this set of inherited autoimmune and inflammatory diseases with the
terminology of type | interferonopathies [8]. Interferonopathies are now categorized as
Mendelian disorders that produce high levels of IFNs either due to gain-of-function
mutations in signaling molecules that stimulate the type | IFN response pathway, or loss-of-
function mutations in negative regulators of the type I IFN system. Many of the mutations in
type | interferonopathies are involved in recognition and response to self-nucleic acids.
Although there is a diversity in clinical phenotypes, the unifying concept helps us to
understand and potentially treat these diseases.
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1.5.1 Systemic Lupus Erythematosus (SLE)

SLE is a chronic heterogeneous autoimmune disease with inflammatory manifestations in
multiple organs and cumulative tissue damage [58]. Disease characteristics include nucleic
acid autoantibodies and increased production of type | IFNs. An increased IFN-induced gene
signature is a fundamental feature in peripheral blood leukocytes of patients with SLE [59,
60]. Much of our understanding of the effects of type | IFNs on immune cells is based on
studies with microbial infections, but SLE patient symptoms persist in the absence of
infection [61]. Type | IFNs are known to activate natural killer cells, differentiate dendritic
cells, regulate macrophages, and shape T and B cell development [62-65]. These cells
produce additional cytokines and chemokines that promote chronic inflammation and long-
term detrimental effects. The detrimental effects include neutrophil recruitment and lysis
forming neutrophil extracellular traps with networks of chromatin. One of the triggers of
SLE is thought to result from inefficient apoptotic and immune clearance. A humber of
susceptibility loci have been identified and validated in murine models, and several genetic
mutations identify the failure to clear extraneous nucleic acids.

DNasel is a major nuclease in serum and secretions. A murine model of DNasel-deficiency
was shown to produce classical symptoms of SLE [66]. Subsequently, loss-of-function
mutations in DNASEI and a homolog DNASE1L 3 were found to be linked to a form of SLE
[67, 68]. In addition to DNAsel mutations, whole genome sequencing of samples from
patients with an IFN gene signature and autoinflammatory disease identified causative
mutations in DNASEZ[69]. The inability to degrade self-DNA leads to the activation of
sentinel DNA sensors and the production and action of type I IFNs with chronic
inflammation (Fig.1). Another nuclease deficiency was identified in SLE. An autosomal-
dominant form of lupus was linked to aberrant DNA degradation with the identification of a
missense mutation in 7REXI (three-prime repair exonuclease 1) [70]. Subsequently whole
exome sequencing identified 7REXI mutations in a number of SLE patients [71]. TREX1 is
an abundant intracellular DNase encoding a 3’5’ repair exonuclease 1 and can be induced
by IFN. TREX1 knockout mice die from overwhelming inflammation and myocarditis with
atype I IFN gene signature, and specific depletion of TREX1 in dendritic cells is sufficient
to cause systemic disease [72, 73].

1.5.2 Aicardi-Goutieres Syndrome (AGS)

Aicardi and Goutiéres described a disease in children in 1984 with severe encephalopathy
and immune cell infiltration in cerebrospinal fluid, and these children were found to have
high levels of IFN-a in their cerebrospinal fluid and serum [74]. Many individuals with AGS
do not survive childhood. In addition to neurological symptoms, painful skin lesions called
chilblains often occur, which are also common in SLE. Similar to SLE, the inherited
interferonopathies that lead to AGS result from aberrant activation of nucleic acid sentinel
receptors.

Genetic loci were mapped in families that associated with AGS, and subsequently mutations
in the 7TREXZ were identified at these loci [75]. Biochemical analyses were also performed
with extracts of cell lines derived from AGS patients. Using poly(dA) as substrate, cells
from AGS patients showed no detectable TREX1 activity. As with SLE, the inability to
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degrade self-DNA was linked to AGS, but not all patients had a TREX1 mutation. Screening
for other mutations by SNP array and high-density genotyping of several families of AGS
patients led to the finding of homozygous mutations in SAMHDA (sterile alpha motif
domain and histidine-aspartic domain-containing protein) [76]. SAMHDL1 is a dNTP
hydrolase that lowers intracellular dNTP pools and can stimulate exonuclease activity. As
with SLE, a resultant increase in self-DNA with SAMHD1 deficiency can lead to STING
activation and type I IFN production.

Additional genetic loci that track with AGS families identified defects in RNA degradation
or RNA recognition to cause the inflammatory phenotype [77]. High-density genotyping of
microsatellite markers identified mutations in the RNASEH2 enzyme complex. RNase H2 is
an endonuclease that catalyzes RNA cleavage of RNA/DNA duplexes. It is a heterodimeric
complex of three subunits, and mutations in any one of these subunits causes loss-of-
function. Mutations in different AGS families were found in RNASEH2A, RNASEHZB, and
RNASEHZ2C. More recently whole exome sequencing was used to evaluate Mendelian loci
associated with AGS, and results identified a defective RNA-editing enzyme, ADAR1
(adenosine deaminase acting on dsRNA) [78]. ADARL1 is both continually expressed and
can be induced by IFN [79]. It binds to dsSRNA and deaminates adenosine C6 to produce
inosine. Mutations in mice that produce a defective ADARL1 lead to embryonic death,
however mice can be rescued with a concurrent deletion of the RLR RNA sensor, MDA5
[80]. This result provided evidence that an essential function of ADARL is the editing of
self-RNA so that it is not recognized by the MDAS5 RNA sensor to trigger inappropriate
induction of type | IFNs. Supportive of this tenet was the discovery of gain-of-function
mutations in the gene encoding MDADS (/F/H1, IFN induced with helicase C domain 1) in
AGS patients that were negative for mutations in 7TREX1, RNAseHZ2, SAMHDI, and
ADARI [81]. Results indicate that activating mutations in MDAS produce a protein that
binds RNA more avidly leading to signal transmission and increased induction of type |
IFNSs.

1.5.3 STING-Associated Vasculopathy with Onset in Infancy (SAVI)/ Familial Chilbain

Lupus (FCL)

Patients with a systemic inflammatory syndrome that includes cutaneous lupus
erythematosus and pulmonary fibrosis are often characterized with SAVI or FCL. Symptoms
can begin early in life and present with vasculopathy and severe skin lesions. The patients
usually present with increased levels of type | IFN and 1SGs. Whole genome sequencing
identified unifying gain-of-function mutations in the gene encoding STING (TMEM173,
transmembrane protein 173) [82—84]. Patient cells showed constitutive activity of the STAT1
transcription factor, localization of STING protein in the Golgi indicative of its activation,
and enhanced STING dimerization in the absence of ligand. The continuous signaling of
STING stimulates kinases and transcription factors that turn on type | IFN genes.

1.5.4 Singleton-Merten Syndrome (SMS)

SMS patients present with dental dysplasia, calcifications in a major arteries and heart
valves, and osteoporosis. Although the clinical manifestations are distinct from other
interferonopathies, patients display a chronic expression of type | IFN and IFN induced
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genes. Whole exome sequencing identified gain-of-function mutations in two RNA sensors.
A specific mutation encoding the MDAGS gene, /F/H1, was found to cause classical SMS
[85]. Introduction of the activated mutant MDAS gene into tissue culture cells produced an
increase in IFN-B expression in a dose dependent manner. Patients with a more atypical
SMS who primarily manifested aortic calcification and skeletal abnormalities were found to
harbor a different activating mutation in the gene encoding RIG-1, DDX58 (DExD/H-box
helicase 58) [86]. Expression of the constitutive RIG-1 mutant was shown to promote
phosphorylation and activation of IRF3. Mice harboring the RIG-1 gene mutation
spontaneously developed lupus-like systemic autoimmune symptoms in the absence of viral
infection.

1.5.5 Pseudo TORCH Syndrome (PTS)

The acronym TORCH (toxoplasmosis, other, rubella, cytomegalovirus, and herpes simplex)
has been used to describe symptoms that resemble a viral infection. However PTS occurs in
the absence of an infectious agent and is an autosomal recessive condition that frequently
manifests with intracranial calcification and microcephaly [87]. The IFN gene signature of
PTS patients led to identification of loss-of-function mutations in USP18[88]. As described
in section 1.4, USP18 is a negative regulator of the type I IFN receptor. In the absence of this
negative regulation there is long-lasting IFN signaling. Cells from patients showed persistent
STAT?2 tyrosine phosphorylation and high levels of ISGs. Expression of defective USP18 in
tissue culture cells led to an increase in protein ISGylation. ISG15 has multiple intracellular
functions as a conjugated protein and as a free protein, and in addition, as a secreted form it
was shown to promote IFN-y production in T cells [89]. Patients identified with null alleles
in /SG15have an enhanced type | IFN signature, and a milder phenotype with respect to
autoinflammatory disease [44]. The action of other ISGs to dampen the IFN response has
been demonstrated in mice particularly in the context of microbial infection [90-92]. For
example, the loss of IFIT2/ISG54 leads to increased inflammatory chemokine levels during
Candida albicans infection [92]. The inflammatory response appears to reflect the ability of
IFIT2 to inhibit NADPH oxidase and reactive oxygen species that induce chemokine
production and immune cell recruitment. Future investigations are likely to identify other
inborn errors associated with the type | IFN system that normally regulate inflammatory
responses.

Summary

Elucidation of the mechanisms by which cells respond to nucleic acids with the induction
and response to IFNs has advanced our understanding of inherited autoinflammatory
diseases. The integration of a clinical phenotype with specific genetic mutations can be used
to more accurately diagnose chronic inflammatory diseases. Autoinflammatory diseases may
share some similar phenotypes and yet also have unique symptoms. Inherited genetic
mutations may involve not one but multiple genes, some of which remain to be identified. A
specific set of autoinflammatory diseases has found to have a unifying phenotype of an
increased IFN gene signature, and they have been designated type | interferonopathies [93—
95]. They include diseases mentioned above as well as those less understood such as
systemic sclerosis, Sjogren’s syndrome, rheumatoid arthritis, and idiopathic myositis.
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Therapeutic interventions that block IFN signaling, such as the JAK inhibitors, are just

be

ginning to be tested. Whether monogenic or multigenic, identifying type |

interferonopathies may help to design effective clinical treatments for inherited

au

toinflammatory diseases.
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. Type | interferonopathies define a set of autoinflammatory diseases with an

. Mendelian inherited mutations are causally linked to type | interferonopathies

. Continuous activation of sentinel nucleic acid sensors, or loss of interferon

Highlights

increased interferon gene signature

pathway silencing promotes type | interferonopathies
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Figure 1: Conceptual Diagram of type | IFN Induction by Nucleic Acid Sensors and the cellular
response to IFN.

Left) RNA and DNA sentinel receptors (TLRs, RLR, and cGAS) bind nucleic acids and
mediate signals that stimulate ubiquitin E3 ligases (UbE3L) and kinases to activate latent
transcription factors such as NFxB and IRF3. Type I IFN genes are induced and IFN
proteins are secreted. Right) IFN binding to specific receptors activates latent JAKs and
tyrosine phosphorylation of STAT1 and STAT2. Phosphorylation promotes dimerization and
the specific DNA-binding ability of the STAT1/STAT2/IRF9 complex that induces
expression of IFN-stimulated genes (ISGs). Some of the negative regulators of IFN
induction and response are highlighted in red text.
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