ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Current Opinion in

Immunology
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A spectrum of human autoinflammatory conditions result from
defects in cytosolic nucleic acid clearance or overexpression of
the nucleic acid sensor STING. These patients often develop
severely debilitating lesions and invariably show robust IFN
signatures that have been attributed to the cGAS/STING
signaling cascade and type | IFN. However, murine models that
recapitulate major features of these syndromes have now
shown that autoinflammation is more likely to depend on type Il
IFN/IFNgamma or type lll IFN/IFNlambda, and further revealed
acritical role for Th1 cells in tissue damage and the persistence
of inflammation. These studies provide important insights
about the types of IFNs, and the interplay of the innate and
adaptive immune systems mediated by these IFNs, that can
initiate and maintain the corresponding human diseases. They
further point to type II/Ill IFNs and effector T cells as targets for
more effective therapeutic strategies in the treatment of these
patient populations.
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Introduction

Microbial nucleic acids (NA) are readily detected by a
diverse collection of NA sensors that routinely survey cells
forsigns of infection or tissue damage. Such RNA and DNA
sensors play a key role in host defense as they both curb
pathogen replication and initiate beneficial repair
responses to tissue injury [1]. However, it is becoming
increasingly clear that these sensors also recognize endog-
enous (mammalian) nucleic acids and thereby activate
programs that result in autoimmune or autoinflammatory
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diseases. The connection between NA sensors and sterile
inflammation was first shown for the endosomal Toll-like
receptors, TLR9 and TLR7 [2,3], and more recently
extended tocytosolic DNA and RNA sensors [4]. In healthy
individuals, NA sensor activation by endogenous ligands is
routinely limited by sequestration of these NA in either the
nucleus or mitochondria where they cannot engage recep-
tors located in the cytosol or endolysosomal compartments.
However this barrier can be breached by lysosome insta-
bility, defects in autophagosome formation, retroelement
activity, DNA damage or DNA replication [4-8]. In addi-
tion, the inappropriate accumulation of mammalian NAs is
constrained by nucleases located outside of cells (DNase 1
or DNase IL3), within the phagolysosomal compartment
(DNase II) or in the cytosol (DNase I1I/Trex1, RNaseH2)
that further ensure that self-ligands do not aberrantly
trigger DNA sensors. Thus, autoinflammation can result
from gain-of-function mutations in the sensors per se, or loss
of function mutations in enzymes required for NA
degradation or metabolism that normally limit the
availability NA ligands.

Autoinflammatory conditions dependent on
nucleic acid sensors

Monoclonal type | interferonopathies

The failure to properly degrade extracellular DNA
derived from cell debris has been implicated in SLE-like
conditions in patient populations and mice deficient in
DNasel or DNAsellL3 expression [9-13]. As with other
models of SLE, it is generally agreed the subsequent NA
activation of endosomal TLRs, working through a
MyDS88/IRAK/Traf6 signaling complex, activate both
NFkB and IRF5/7 pathways to induce the production
of proinflammatory cytokines and type 1 IFNs. In addi-
tion, a spectrum of autoinflammatory diseases are initi-
ated through cytosolic NA sensors. For example, the RNA
sensors MDAS and RIG-I converge on the cytosolic
mitochondria-associated protein MAVS to activate NFkB
and type I IFN programs, and mice expressing a
self-activating mutation in MDAS develop a lupus-like
disease in mice that is dependent on MAVS [14]. The
DNA sensor ¢cGAS (cyclic GMP-AMP synthase) is a
cytosolic nucleotidyl transferase that detects dsDNA
and generates a novel second-messenger 2’-5’cyclic
GMP-AMP (¢cGAMP). cGAMP binds the ER-associated
signaling intermediate STING causing its dimerization
and the subsequent activation of TBK1/IRF3 and IKK/
NFkB pathways, resulting in the induction of type I IFNs
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and proinflammatory cytokines, respectively [15]. The
c¢GAS/STING pathway has been increasingly implicated
in a range of autoinflammatory conditions. Examples or
relevant loss of function (LOF) and gain of function (GOF)
mutations identified in patient populations and the corre-
sponding gene targeted mouse lines are summarized in
Table 1. In accordance with the strong IFN signature
associated with each of these diseases, they have been
categorized as monoclonal type I interferonopathies [16].
However, as the animal models have now revealed (see
below), additional IFNs or IFN-independent pathways are
also likely to contribute to the range of clinical manifesta-
tions exhibited by patient populations.

Loss of function mutations in Trex1 associated with
autoinflammation

Overactivation of NA sensors can lead to a broad spectrum
of debilitating autoinflammatory human diseases. One
example involves children that develop Aicardi—Goutieres
syndrome (AGS). These patients share a spectrum of over-
lapping clinical manifestations that include early onset
neurological disorders associated with sterile inflammation
of the central nervous system, deforming arthropathies and
vascular lesions of the hands and toes [17]. A subset of AGS
patients have loss of function mutations in the cytosolic
DNase Trexl, a 3-5’ exonuclease that degrades DNA
accumulated in the cytosol. These patients fail to ade-
quately degrade DNA leading to DNA accrual in the
cytosol and the production of excessive levels of type I
interferon [18]. Mutations in additional nucleases or
enzymes involved in NA metabolism such as the RNase

Table 1

H2 complex, SAMHD1, and ADAR-1 have also been
implicated in AGS [17,19-22].

Murine models have been used to explore the molecu-
lar mechanisms that drive autoinflammation in
Aicardi-Goutiéres patients [23-27]. Trex1™~ mice
have been the most useful. They initially present with
an inflammatory myocarditis, associated with high
expression of a range of IFN-stimulated genes, that
is dependent on IRF3 and the type I IFN receptor
(IFNaR). They subsequently develop inflammation of
other organ systems including skeletal muscle, stom-
ach, and skin, although there is no evidence of the CNS
inflammation that is prominent in many of the
AGS-afflicted children [23,28,29]. Nevertheless, the
association between Trexl dysfunction, systemic
inflammation and type I IFN established the model
as a useful tool for exploring the molecular mechanisms
responsible for inflammation. It was then shown that
STING deficiency completely ablated the production
of type I IFNs and systemic inflammation in these mice
and that cytokine production by STING-sufficient
myeloid and stromal cells played a key role in
disease progression [29,30]. Tissue inflammation also
depended on the presence of lymphocytes as Rag-
deficient and T cell-deficient Trex1 ™~ mice showed
prolonged survival [23,29]. In accordance with
the strong IFN signature in the patient
populations and the genetic evidence linking type |
IFNs to inflammation in the murine model, AGS
patients are a prime example of monoclonal type
I interferonopathy.

Disease manifestations in patient and murine populations with NA-sensor-dependent autoinflammation

Disease Mutated protein Patient manifestations Murine model manifestations Murine model
PRR dependency
SLE DNase | L3 (LOF) ANA, glomerulonephritis, IgG ANA, splenomegaly,
DNase | (LOF) deposition, lymphocyte glomerulonephritis, IgG deposition, MyD88
hyperactivation lymphocyte hyperactivation
MDAS5 (GOF) ANA, IgG deposition, MAVS
glomerulonephritis
Aicardi- TREX1 . . Myocarditis and additional multi-
Goutieres Leul.(c.)dy§trophy, intracranial . organ inflammation, ANAs
RNase2A,2B,2C calcifications, throlmbcl)cyltopen!a, Embryonic lethal STING
SAMHD1 he;?atomegaly, chilblain-like skin No phenotype
ADAR lesions Embryonic lethal MAVS
SAVI STING (GOF) Systemic inflammation, lymphopenia, Systemic inflammation, STING
vasculopathy, pulmonary fibrosis lymphopenia, pulmonary fibrosis
DNase I DNase Il (LOF) Anemia, splenomegaly, liver fibrosis, Embryonic lethality due to anemia STING
deficiency extramedullary hematopoiesis,
arthropathy, glomerulonephritis
Late onset of inflammatory arthritis STING, AIM2
Early onset of systemic Unc93B1

DNase Il
(LOF) x IFNAR KO

inflammation
Excessive accumulation of bone in
BM and spleen

STING, Unc93B1
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Loss of function mutations in DNasell associated with
autoinflammation

DNasell-deficiency represents another example of LOF
nuclease activity that results in autoinflammation. In the
case of DNasell, the animal models were originally
developed by Nagata and coworkers many years before
human DNasell-deficient patients were identified. They
found that loss of DNasell results in embryonic lethality
driven by excessive levels of type I IFN and the ensuing
development of severe anemia [31,32]. DNasell 7/~
IFNaR /", DNasell /" STING /", and DNasell /~
¢GAS™~ double knockout mice survive, implicating
c¢GAS/STING-driven type I IFN production as the cause
of prenatal death [31,33,34]. However, the DNasell 7/~
IFNaR /™ mice are not disease-free. They develop a late
onset inflammatory arthritis that is STING-dependent
but presumably due to inflammatory cytokines down-
stream of the NFkB activated pathway [35]. The
inflammasome-forming cytosolic DNA sensor AIM2 is
also involved in the arthritic process [36], and may be
responsible for the high levels of ILL-1 that contribute to
the arthritic phenotype.

Rodero er al. subsequently identified 3 patients whose
autoinflammatory conditions were associated with LOF
mutations in DNasell [37]. These individuals were char-
acterized by an IFN signature in PBMCs, anemia, ele-
vated erythroblast counts, and hepatosplenomegaly, all
indicative of extrameduallary hematopoiesis. They also
developed membranous glomerulonephritis, liver fibro-
sis, and a type of deforming arthropathy previously
described in other patients with monoclonal type I
interferonopathies.

Remarkably, in addition to the joint inflammation
described above that develops at ~5-6 months of age,
DNasell '~ IFNaR /™ mice also develop an early onset
systemic autoinflammatory condition that has remarkable
similarities to the DNasell LOF patients [38,39]. Shared
clinical manifestations include pancytopenia, high serum
titers of proinflammatory cytokines and chemokines,
splenomegaly associated with extramedullary hematopoi-
esis, autoantibody production and liver fibrosis. However,
these clinical manifestations cannot be due to type I IFNs
(due to lack of the appropriate receptor) and are also not
dependent on STING [39,40]. Unexpectedly, they
depend on expression of functional Unc93B1, a chaper-
one for endosomal TLRs, implicating these TLRs in
many aspects of the autoinflammation apparent in the
murine model. T lymphocytes again play a critical role in
disease pathogenesis. Although DNasell /= IFNaR ™/~
mice are lymphopenic, the residual T cells are highly
active and carry a type II IFNvy signature. Moreover,
IFN+vyR-deficiency prevents the development of activated
T cells and splenomegaly, and also limits additional
features of autoinflammation in the periphery. Neverthe-
less, the BM of IFNyR ™/~ mice is still perturbed.

STING gain of function mutations associated with
autoinflammation and the role of type | IFN

A spectrum of GOF mutations in STING have been
identified in over 25 patients who develop an autoinflam-
matory disease now designated SAVI (STING-associated
vasculopathy with onset in infancy) [41-44]. SAVI
patients exhibit early onset systemic inflammation, asso-
ciated with an IFN signature, lymphopenia, severe skin
vasculopathy and interstitial lung disease that can result
in pulmonary fibrosis and respiratory failure. These SAVI
mutations lead to spontaneous dimerization and activa-
tion of STING that occurs independently of cGAS. On
the basis of the association between STING and the
induction of type I IFNs, these patients have been
considered another example of monoclonal type I
interferonopathy [16]. Despite the severe phenotypes
of many SAVI patients, identical mutations in different
individuals can have very different clinical presentations
[45,46]. Thus, a better understanding of how, when and
where overactivation of STING causes sterile inflamma-
tion is clearly needed.

The two most common mutations in SAVI N154S and
V155M have been modeled in mice (N153S and V154M)
to explore these questions [47,48]. Both models exhibit
decreased survival rates, spontaneous IFN signatures,
elevated serum cytokine levels, T cell and B cell lym-
phopenia, splenomegaly, and lung inflammation. A direct
comparison of both mutations in the same colony
revealed significantly differences in activation levels both
in vitro and iz vivo; the V154M mutation has more robust
STING activity and the V154M mutant mice develop a
more severe disease phenotype where lung inflammation
progresses to lung fibrosis [49]. However, quite unexpect-
edly, disease outcome in both strains of SAVI mice is
completely unaffected by IRF3-deficiency or IFNaR-
deficiency [48-50], and therefore independent of type 1
IFNSs. These discoveries raise important questions about
the source and/or impact of the IFN signature in SAVI
patients. Type III IFNs (IFN\) are members of the IL.-10
family that, like type I IFNs, play an important role in
anti-viral immunity following engagement of NA-sensing
receptors and activate similar Jak/STAT pathways
[51,52]. However, in contrast to the ubiquitously
expressed type I IFN receptor, expression of the type
IIT IFN receptor is more limited and found predomi-
nantly on epithelial cells where it plays a unique role in
the protection of barrier surfaces [53]. Intriguingly, intra-
nasal administration of cyclic dinucleotide induced pro-
duction of both IFNvy and IFNN\ in the lung, without
inducing IFNB [54]. In addition, IFNX has been impli-
cated in kidney fibrosis in patients with lupus nephritis
[55]. IFNAR expression has also been found on neutro-
phils, DCs, and lupus B cells [56-58]. Moreover, there is
evidence of increased serum IFNwy titers and increased
numbers of IFNwvy-producing T cells in SAVI patients
[59]. Therefore, the origin of the IFN signature in patient
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populations with autoinflammatory conditions warrants
further attention and may include IFNN produced by a
variety of cell types as well as IFN+y produced by either T
cells or NK cells.

T cells in autoinflammation

The STING signaling cascade has been extensively
studied in myeloid cells, but STING is also expressed
by both T cells and B cells where its activity has been less
well explored. Larkin ez a/. first showed that STING
agonists induced both type I IFN and an ISG in T cells,
but also activated cell stress and death pathways; these
outcomes were amplified by co-engagement of the TCR
[60]. Recent studies from Wu ez @/. have further identified
a novel UPR motif in STING and shown that the SAVI
mutation renders T cells hyperresponsive to TCR-
induced ER-stress and ensuing cell death through this
UPR motif [61]. This function of STING most likely
accounts for the T cell lymphopenia consistently
observed in SAVI mice and may also contribute to loss
of B cells. Nevertheless, limited numbers of T cells
persist in these mice as activated effector cells and T’
cells are required for lung pathology [61].

The surviving T cells in lymphopenic DNasell '~
IFNaR ™/~ mice also bear markers of activation. Quite
unexpectedly, activated DNaseIl /= IFNaR ™~ CD4 T
cells have the capacity to transfer the Unc93B1-depen-
dent phenotype to DNase-sufficient Ragl ~/~ mice where
they induce BM inflammation, limit pro-B cell develop-
ment and induce extramedullary hematopoiesis and
splenomegaly. As mentioned above, DNasell /~
IFNaR™~ T cells do not become activated in IFNyR-
deficient mice and IFNvyR-deficient mice cannot transfer
autoinflammation. Nevertheless, CD11b* cells are
expanded in the BM of IFN+vyR-deficient mice. Together

these studies point to a feed forward loop, in which

Figure 1

aberrant activation of DNaseIl /= antigen presenting
cells provokes the development of a pathogenic T cell
subset that not only mediates tissue pathology but is also
fully capable of inducing the development of hyperactive
APCs in DNase-sufficient mice and thereby reinitiating
the autoinflammatory program (Figure 1).

Conclusions

Mutations that impact either the expression or traffick-
ing of NA sensors or result in the inappropriate accu-
mulation of their NA ligands can lead to an ever-
growing list of severe autoinflammatory syndromes
associated with an interferon signature. Since these
patients frequently exhibit a robust interferon signa-
ture, and develop overlapping clinical manifestations of
disease, they are often categorized under the general
term of monoclonal interferonopathy. Activation of the
c¢GAS/STING cytosolic DNA sensing pathway of and
the ensuing production of type I IFNs have been
increasingly implicated in the development of these
interferonopathies. However, murine models of auto-
inflammation have provided important mechanistic
insights and shown that type I IFN signaling is not
required for many of the clinical manifestations that
recapitulate the corresponding human syndromes.
Moreover, the animal models have further demon-
strated the critical role of the adaptive immune system,
and in particular a Thl-like CD4 subset, in the reinitia-
tion as well as the pathological outcomes of autoin-
flammation. This paradigm may well extend to other
examples of autoinflammation, and if so, therapeutic
strategies for the treatment of patients with
‘Monoclonal Interferonopathies’ will need to target
both the initiating innate immune and also the sustain-
ing adaptive immune compartments in order to prevent
the recurrence of inflammation.
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Autoinflammation results from hyperactivation of nucleic acid sensors in hematopoietic and non-hematopoietic components of the innate immune
system. Aberrantly activated antigen presenting cells in turn stimulate cell reactive T cells to differentiate into Th1 effector cells that can both
mediate tissue damage and also reinitiate autoinflammation in naive recipients.

www.sciencedirect.com

Current Opinion in Immunology 2019, 61:74-79



78

Autoimmunity

Conflictof interest statement
Nothing declared.

Acknowledgements

This work was supported by N.I.H. grant AI128358 (AMR) and the Lupus

Research Alliance (AMR)(KN).

References

10.

11.

12.

13.

14.

15.

16.

17.

Tan X, Sun L, Chen J, Chen ZJ: Detection of microbial infections
through innate immune sensing of nucleic acids. Annu Rev
Microbiol 2018, 72:447-478.

Leadbetter EA, Rifkin IR, Hohlbaum AM, Beaudette BC,
Shlomchik MJ, Marshak-Rothstein A: Chromatin-lgG complexes
activate B cells by dual engagement of IgM and Toll-like
receptors. Nature 2002, 416:603-607.

Lau CM, Broughton C, Tabor AS, Akira S, Flavell RA, Mamula MJ,
Christensen SR, Shlomchik MJ, Viglianti GA, Rifkin IR et al.: RNA-
associated autoantigens activate B cells by combined B cell
antigen receptor/Toll-like receptor 7 engagement. J Exp Med
2005, 202:1171-1177.

Ahn J, Barber GN: Self-DNA, STING-dependent signaling and
the origins of autoinflammatory disease. Curr Opin Immunol
2014, 31:121-126.

Terman A, Kurz T, Gustafsson B, Brunk UT: Lysosomal
labilization. /UBMB Life 2006, 58:531-539.

Stetson DB: Endogenous retroelements and autoimmune
disease. Curr Opin Immunol 2012, 24:692-697.

Lan YY, Londono D, Bouley R, Rooney MS, Hacohen N: Dnase2a
deficiency uncovers lysosomal clearance of damaged nuclear
DNA via autophagy. Cell Rep 2014, 9:180-192.

Lan YY, Heather JM, Eisenhaure T, Garris CS, Lieb D,
Raychowdhury R, Hacohen N: Extranuclear DNA accumulates
in aged cells and contributes to senescence and
inflammation. Aging Cell 2019, 18:e12901.

Napirei M, Karsunky H, Zevnik B, Stephan H, Mannherz HG,
Moroy T: Features of systemic lupus erythematosus in
Dnase1-deficient mice. Nat Genet 2000, 25:177-181.

Yasutomo K, Horiuchi T, Kagami S, Tsukamoto H, Hashimura C,
Urushihara M, Kuroda Y: Mutation of DNASE1 in people with
systemic lupus erythematosus. Nat Genet 2001, 28:313-314.

Shin HD, Park BL, Kim LH, Lee HS, Kim TY, Bae SC: Common
DNase | polymorphism associated with autoantibody
production among systemic lupus erythematosus patients.
Hum Mol Genet 2004, 13:2343-2350.

Al-Mayouf SM, Sunker A, Abdwani R, Abrawi SA, Almurshedi F,
Alhashmi N, Al Sonbul A, Sewairi W, Qari A, Abdallah E et al.: Loss-
of-function variant in DNASE1L3 causes a familial form of

systemic lupus erythematosus. Nat Genet 2011, 43:1186-1188.

Sisirak V, Sally B, D’Agati V, Martinez-Ortiz W, Ozcakar ZB,
David J, Rashidfarrokhi A, Yeste A, Panea C, Chida AS et al.:
Digestion of chromatin in apoptotic cell microparticles
prevents autoimmunity. Cell 2016, 166:88-101.

Funabiki M, Kato H, Miyachi Y, Toki H, Motegi H, Inoue M,
Minowa O, Yoshida A, Deguchi K, Sato H et al.: Autoimmune
disorders associated with gain of function of the intracellular
sensor MDAS. Immunity 2014, 40:199-212.

Chen Q, Sun L, Chen ZJ: Regulation and function of the cGAS-
STING pathway of cytosolic DNA sensing. Nat Immunol 2016,
17:1142-1149.

Rodero MP, Crow YJ: Type | interferon-mediated monogenic
autoinflammation: the type I interferonopathies, a conceptual
overview. J Exp Med 2016, 213:2527-2538.

Crow YJ, Manel N: Aicardi-Goutieres syndrome and the type |
interferonopathies. Nat Rev Immunol 2015, 15:429-440.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Crow YJ, Hayward BE, Parmar R, Robins P, Leitch A, Ali M,
Black DN, van Bokhoven H, Brunner HG, Hamel BC et al.:
Mutations in the gene encoding the 3’-5° DNA exonuclease
TREX1 cause Aicardi-Goutieres syndrome at the AGS1 locus.
Nat Genet 2006, 38:917-920.

Crow YJ, Leitch A, Hayward BE, Garner A, Parmar R, Griffith E,
Ali M, Semple C, Aicardi J, Babul-Hirji R et al.: Mutations in genes
encoding ribonuclease H2 subunits cause Aicardi-Goutieres
syndrome and mimic congenital viral brain infection. Nat Genet
2006, 38:910-916.

Pokatayev V, Hasin N, Chon H, Cerritelli SM, Sakhuja K, Ward JM,
Morris HD, Yan N, Crouch RJ: RNase H2 catalytic core Aicardi-
Goutieres syndrome-related mutant invokes cGAS-STING
innate immune-sensing pathway in mice. J Exp Med 2016,
213:329-336.

Rice GlI, Kasher PR, Forte GM, Mannion NM, Greenwood SM,
Szynkiewicz M, Dickerson JE, Bhaskar SS, Zampini M, Briggs TA
et al.: Mutations in ADAR1 cause Aicardi-Goutieres syndrome
associated with a type | interferon signature. Nat Genet 2012,
44:1243-1248.

Dale RC, Gornall H, Singh-Grewal D, Alcausin M, Rice GI, Crow YJ:
Familial Aicardi-Goutieres syndrome due to SAMHD1
mutations is associated with chronic arthropathy and
contractures. Am J Med Genet A 2010, 152A:938-942.

Stetson DB, Ko JS, Heidmann T, Medzhitov R: Trex1 prevents
cell-intrinsic initiation of autoimmunity. Cell 2008, 134:587-598.

Behrendt R, Schumann T, Gerbaulet A, Nguyen LA, Schubert N,
Alexopoulou D, Berka U, Lienenklaus S, Peschke K, Gibbert K
et al.: Mouse SAMHD1 has antiretroviral activity and
suppresses a spontaneous cell-intrinsic antiviral response.
Cell Rep 2013, 4:689-696.

Hiller B, Achleitner M, Glage S, Naumann R, Behrendt R, Roers A:
Mammalian RNase H2 removes ribonucleotides from DNA to
maintain genome integrity. J Exp Med 2012, 209:1419-1426.

Wang Q, Khillan J, Gadue P, Nishikura K: Requirement of the
RNA editing deaminase ADAR1 gene for embryonic
erythropoiesis. Science 2000, 290:1765-1768.

Rehwinkel J, Maelfait J, Bridgeman A, Rigby R, Hayward B,
Liberatore RA, Bieniasz PD, Towers GJ, Moita LF, Crow YJ et al.:
SAMHD1-dependent retroviral control and escape in mice.
EMBO J 2013, 32:2454-2462.

Morita M, Stamp G, Robins P, Dulic A, Rosewell I, Hrivnak G,
Daly G, Lindahl T, Barnes DE: Gene-targeted mice lacking the
Trex1 (DNase lll) 3'->5’ DNA exonuclease develop
inflammatory myocarditis. Mol Cell Biol 2004, 24:6719-6727.

Gall A, Treuting P, Elkon KB, Loo YM, Gale M Jr, Barber GN,
Stetson DB: Autoimmunity initiates in nonhematopoietic cells
and progresses via lymphocytes in an interferon-dependent
autoimmune disease. Immunity 2012, 36:120-131.

Ahn J, Ruiz P, Barber GN: Intrinsic self-DNA triggers
inflammatory disease dependent on STING. J /Immunol 2014,
193:4634-4642.

Yoshida H, Okabe Y, Kawane K, Fukuyama H, Nagata S: Lethal
anemia caused by interferon-beta produced in mouse
embryos carrying undigested DNA. Nat Immunol 2005, 6:49-56.

Okabe Y, Kawane K, Akira S, Taniguchi T, Nagata S: Toll-like
receptor-independent gene induction program activated by
mammalian DNA escaped from apoptotic DNA degradation. J
Exp Med 2005, 202:1333-1339.

Ahn J, Gutman D, Saijo S, Barber GN: STING manifests self DNA-
dependent inflammatory disease. Proc Nat/ Acad Sci U S A
2012, 109:19386-19391.

Gao D, Li T, Li XD, Chen X, Li QZ, Wight-Carter M, Chen ZJ:
Activation of cyclic GMP-AMP synthase by self-DNA causes
autoimmune diseases. Proc Nat/ Acad Sci U S A 2015, 112:
E5699-E5705.

Kawane K, Ohtani M, Miwa K, Kizawa T, Kanbara Y, Yoshioka Y,
Yoshikawa H, Nagata S: Chronic polyarthritis caused by

Current Opinion in Immunology 2019, 61:74-79

www.sciencedirect.com


http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0005
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0005
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0005
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0010
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0010
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0010
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0010
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0015
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0015
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0015
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0015
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0015
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0020
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0020
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0020
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0025
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0025
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0030
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0030
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0035
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0035
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0035
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0040
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0040
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0040
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0040
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0045
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0045
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0045
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0050
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0050
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0050
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0055
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0055
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0055
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0055
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0060
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0060
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0060
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0060
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0065
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0065
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0065
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0065
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0070
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0070
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0070
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0070
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0075
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0075
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0075
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0080
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0080
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0080
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0085
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0085
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0090
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0090
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0090
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0090
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0090
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0095
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0095
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0095
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0095
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0095
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0100
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0100
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0100
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0100
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0100
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0105
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0105
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0105
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0105
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0105
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0110
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0110
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0110
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0110
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0115
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0115
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0120
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0120
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0120
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0120
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0120
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0125
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0125
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0125
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0130
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0130
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0130
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0135
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0135
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0135
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0135
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0140
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0140
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0140
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0140
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0145
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0145
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0145
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0145
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0150
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0150
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0150
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0155
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0155
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0155
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0160
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0160
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0160
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0160
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0165
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0165
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0165
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0170
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0170
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0170
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0170
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0175
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0175

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

The role of type | IFN and T cells in NA receptor driven autoinflammation Niindel and Marshak-Rothstein 79

mammalian DNA that escapes from degradation in
macrophages. Nature 2006, 443:998-1002.

Baum R, Sharma S, Carpenter S, Li QZ, Busto P, Fitzgerald KA,
Marshak-Rothstein A, Gravallese EM: Cutting edge: AIM2 and
endosomal TLRs differentially regulate arthritis and
autoantibody production in DNase ll-deficient mice. J Immunol
2015, 194:873-877.

Rodero MP, Tesser A, Bartok E, Rice Gl, Della Mina E, Depp M,
Beitz B, Bondet V, Cagnard N, Duffy D et al.: Type | interferon-
mediated autoinflammation due to DNase Il deficiency. Nat
Commun 2017, 8:2176.

Baum R, Nundel K, Pawaria S, Sharma S, Busto P, Fitzgerald KA,
Gravallese EM, Marshak-Rothstein A: Synergy between
hematopoietic and radioresistant stromal cells is required for
autoimmune manifestations of DNase II-/-IFNaR-/- Mice. J
Immunol 2016, 196:1348-1354.

Pawaria S, Niindel K, Gao KM, Moses S, Busto P, Holt K,
Sharma RB, Brehm MA, Gravallese EM, Socolovsky M et al.: The
role of IFNy-producing Th1 cells in a type | IFN-independent
murine model of autoinflammation resulting from DNase II-
deficiency. Arthritis Rheumatol 2019 http://dx.doi.org/10.1002/
art.41090. [Epub ahead of print] PMID: 31464028.

Pawaria S, Moody K, Busto P, Nundel K, Choi CH, Ghayur T,
Marshak-Rothstein A: Cutting edge: DNase Il deficiency
prevents activation of autoreactive B cells by double-stranded
DNA endogenous ligands. J Immunol 2015, 194:1403-1407.

Liu Y, Jesus AA, Marrero B, Yang D, Ramsey SE, Sanchez GAM,
Tenbrock K, Wittkowski H, Jones OY, Kuehn HS et al.: Activated
STING in a vascular and pulmonary syndrome. N Eng/ J Med
2014, 371:507-518.

Jeremiah N, Neven B, Gentili M, Callebaut |, Maschalidi S,
Stolzenberg MC, Goudin N, Fremond ML, Nitschke P, Molina TJ
et al.: Inherited STING-activating mutation underlies a familial
inflammatory syndrome with lupus-like manifestations. J Clin
Invest 2014, 124:5516-5520.

Munoz J, Rodiere M, Jeremiah N, Rieux-Laucat F, Oojageer A,
Rice GlI, Rozenberg F, Crow YJ, Bessis D: Stimulator of
interferon genes-associated vasculopathy with onset in
infancy: a mimic of childhood granulomatosis with
polyangiitis. JAMA Dermatol 2015, 151:872-877.

Chia J, Eroglu FK, Ozen S, Orhan D, Montealegre-Sanchez G, de
Jesus AA, Goldbach-Mansky R, Cowen EW: Failure to thrive,
interstitial lung disease, and progressive digital necrosis with
onset in infancy. J Am Acad Dermatol 2016, 74:186-189.

Melki I, Rose Y, Uggenti C, Van Eyck L, Fremond ML,
Kitabayashi N, Rice Gl, Jenkinson EM, Boulai A, Jeremiah N et al.:
Disease-associated mutations identify a novel region in
human STING necessary for the control of type | interferon
signaling. J Allergy Clin Immunol 2017, 140:543-552 e545.

Picard C, Thouvenin G, Kannengiesser C, Dubus JC,
Jeremiah N, Rieux-Laucat F, Crestani B, Belot A, Thivolet-
Bejui F, Secq V et al.: Severe pulmonary fibrosis as the first
manifestation of interferonopathy (TMEM173 mutation).
Chest 2016, 150:e65-71.

Bouis D, Kirstetter P, Arbogast F, Lamon D, Delgado V, Jung S,
Ebel C, Jacobs H, Knapp AM, Jeremiah N et al.: Severe
combined immunodeficiency in stimulator of interferon
genes (STING) V154M/wild-type mice. J Allergy Clin Immunol
2018, 143:712-725.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Warner JD, Irizarry-Caro RA, Bennion BG, Ai TL, Smith AM,
Miner CA, Sakai T, Gonugunta VK, Wu J, Platt DJ et al.: STING-
associated vasculopathy develops independently of IRF3 in
mice. J Exp Med 2017, 214:3279-3292.

Motwani M, Pawaria S, Bernier J, Moses S, Henry K, Fang T,
Burkly L, Marshak-Rothstein A, Fitzgerald KA: Hierarchy of
clinical manifestations in SAVI N153S and V154M mouse
models. Proc Natl Acad Sci U S A 2019, 116:7941-7950.

Luksch H, Stinson WA, Platt DJ, Qian W, Kalugotla G, Miner CA,
Bennion BG, Gerbaulet A, Rosen-Wolff A, Miner JJ: STING-
associated lung disease in mice relies on T cells but not type |
interferon. J Allergy Clin Immunol 2019, 144:254-266.

Ank N, Iversen MB, Bartholdy C, Staeheli P, Hartmann R, Jensen UB,
Dagnaes-Hansen F, Thomsen AR, Chen Z, Haugen H et al.: An
important role for type lll interferon (IFN-lambda/IL-28) in TLR-
induced antiviral activity. J Immunol 2008, 180:2474-2485.

Andreakos E, Zanoni |, Galani |IE: Lambda interferons come to
light: dual function cytokines mediating antiviral immunity and
damage control. Curr Opin Immunol 2019, 56:67-75.

Galani IE, Triantafyllia V, Eleminiadou EE, Koltsida O,
Stavropoulos A, Manioudaki M, Thanos D, Doyle SE, Kotenko SV,
Thanopoulou K et al.: Interferon-lambda mediates non-
redundant front-line antiviral protection against influenza
virus infection without compromising host fitness. Immunity
2017, 46:875-890 e876.

Blaauboer SM, Mansouri S, Tucker HR, Wang HL, Gabrielle VD,
Jin L: The mucosal adjuvant cyclic di-GMP enhances antigen
uptake and selectively activates pinocytosis-efficient cells in
vivo. elLife 2015, 4.

Zickert A, Oke V, Parodis |, Svenungsson E, Sundstrom Y,
Gunnarsson |: Interferon (IFN)-lambda is a potential mediator in
lupus nephritis. Lupus Sci Med 2016, 3:e000170.

Blazek K, Eames HL, Weiss M, Byrne AJ, Perocheau D, Pease JE,
Doyle S, McCann F, Williams RO, Udalova |A: IFN-lambda resolves
inflammation via suppression of neutrophil infiltration and IL-
1beta production. J Exp Med 2015, 212:845-853.

Yin Z, Dai J, Deng J, Sheikh F, Natalia M, Shih T, Lewis-Antes A,
Amrute SB, Garrigues U, Doyle S et al.: Type lll IFNs are
produced by and stimulate human plasmacytoid dendritic
cells. J Immunol 2012, 189:2735-2745.

Jenks SA, Cashman KS, Zumaquero E, Marigorta UM, Patel AV,
Wang X, Tomar D, Woodruff MC, Simon Z, Bugrovsky R et al.:
Distinct effector B cells induced by unregulated toll-like
receptor 7 contribute to pathogenic responses in systemic
lupus erythematosus. Immunity 2018, 49:725-739 e726.

Seo J, Kang JA, Suh DI, Park EB, Lee CR, Choi SA, Kim SY, Kim Y,
Park SH, Ye M et al.: Tofacitinib relieves symptoms of
stimulator of interferon genes (STING)-associated
vasculopathy with onset in infancy caused by 2 de novo
variants in TMEM173. J Allergy Clin Immunol 2017, 139:1396-
1399 e1312.

Larkin B, llyukha V, Sorokin M, Buzdin A, Vannier E, Poltorak A:
Cutting edge: activation of STING in T cells induces type | IFN
responses and cell death. J Immunol 2017, 199:397-402.

Wu J, Chen YJ, Dobbs N, Sakai T, Liou J, Miner JJ, Yan N: STING-
mediated disruption of calcium homeostasis chronically
activates ER stress and primes T cell death. J Exp Med 2019,
216:867-883.

www.sciencedirect.com

Current Opinion in Immunology 2019, 61:74-79


http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0175
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0175
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0180
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0180
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0180
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0180
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0180
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0185
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0185
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0185
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0185
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0190
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0190
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0190
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0190
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0190
http://dx.doi.org/10.1002/art.41090
http://dx.doi.org/10.1002/art.41090
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0200
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0200
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0200
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0200
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0205
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0205
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0205
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0205
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0210
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0210
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0210
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0210
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0210
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0215
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0215
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0215
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0215
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0215
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0220
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0220
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0220
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0220
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0225
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0225
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0225
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0225
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0225
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0230
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0230
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0230
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0230
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0230
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0235
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0235
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0235
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0235
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0235
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0240
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0240
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0240
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0240
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0245
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0245
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0245
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0245
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0250
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0250
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0250
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0250
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0255
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0255
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0255
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0255
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0260
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0260
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0260
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0265
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0265
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0265
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0265
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0265
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0265
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0270
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0270
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0270
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0270
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0275
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0275
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0275
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0280
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0280
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0280
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0280
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0285
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0285
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0285
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0285
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0290
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0290
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0290
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0290
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0290
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0295
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0295
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0295
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0295
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0295
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0295
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0300
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0300
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0300
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0305
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0305
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0305
http://refhub.elsevier.com/S0952-7915(19)30049-4/sbref0305

	The role of nucleic acid sensors and type I IFNs in patient populations and animal models of autoinflammation
	Introduction
	Autoinflammatory conditions dependent on nucleic acid sensors
	Monoclonal type I interferonopathies
	Loss of function mutations in Trex1 associated with autoinflammation
	Loss of function mutations in DNaseII associated with autoinflammation
	STING gain of function mutations associated with autoinflammation and the role of type I IFN
	T cells in autoinflammation

	Conclusions
	Conflictof interest statement
	Acknowledgements


