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cGMP-AMP synthase paves the way
to autoimmunity
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In mammalian cells, immune responses to
viral infection often invoke germ-line-encoded
nucleic acid-binding pattern-recognition
receptors, the engagement of which results
in the induction of type I interferons (IFNs).
Following the discovery that intracellular DNA
could trigger Toll-like receptor-independent IFN
production in a variety of mammalian cells, the
relevant signaling pathway was shown to involve
TBK1, IRF3, and STING (1-4). However, the

major sensor of cytoplasmic DNA remained
elusive until the ground-breaking discovery by
James Chen and his colleagues of the nucleo-
tidyltransferase ¢cGAS (cGMP-AMP synthase)
(5, 6). In this system, recognition of cyto-
plasmic DNA by cGAS generates a second
messenger molecule, cGAMP (cGMP-AMP),
which in turn activates the endoplasmic retic-
ulum-resident adaptor protein STING. Acti-
vated STING subsequently translocates from
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Fig. 1.

(A) Under physiological conditions, TREX1 degrades cytosolic DNAs, whereas DNasell degrades lysosomal

DNA. (B) TREX1 or DNasell inhibition results in the accumulation of endogenous DNA, in response to which the DNA
sensor cGAS synthesizes the second messenger cGAMP. Through binding to STING, cGAMP promotes a phosphory-
lation cascade resulting in IRF3 translocation to the nucleus. IRF3 is responsible for the transcription of IFN-a and -p,
which trigger autoantibody production and systemic autoinflammation.
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the endoplasmic reticulum to the Golgi com-
partment, where it recruits TBK1 and the tran-
scription factor IRF3, resulting in antiviral
gene expression.

Because nucleic acids are present in all
viruses and are not easily mutated for the
“purpose” of recognition-avoidance by a pro-
spective host, innate immune detection of vi-
ral nucleic acids appears highly strategic in
terms of antiviral defense. However, the use
of nucleic acids as pathogen-associated mo-
lecular patterns has potential complications,
in that self-derived nucleic acids might also
pose a risk of triggering an antiviral response.
One way of avoiding such inappropriate sig-
naling would be through the degradation of
self-DNA in a controlled fashion.

TREX]I, previously referred to as DNaselll,
is an exonuclease that degrades cytoplasmic
DNA (7). The TREXI protein is encoded by
a single exon on chromosome 3p21, in which
mutations have been associated with several
distinct, albeit in some cases overlapping, hu-
man disease phenotypes, including the type I
IFN-related disorders Aicardi-Goutiéres syn-
drome (AGS), familial chilblain lupus (FCL),
and systemic lupus erythematosus (SLE) (8).
The Trexl-deficient mouse demonstrates a
life-limiting inflammatory phenotype, where
tissue damage is completely abrogated by a
cross with mice deficient in the IFN receptor
IFNAR1 (9). DNasell is another nuclease,
this time acting as an endonuclease located
in lysosomes (10). DNasell knockout mice
die in utero because of an inability of macro-
phages to digest nuclear DNA expelled from
erythroid precursor cells, thus inducing the
embryotoxic production of type I IFNs via
the same pathway delineated in the Trex1-null
mouse model (11). No human Mendelian dis-
ease has yet been described due to dysfunction
of DNasell. However, it is of note that the
retained nucleic acids in the DNasell knock-
out animal also signal to the production of
inflammatory cytokines, such as TNF-a. Thus,
mice with a double deficiency of DNasell and
a functional type I IFN receptor do not die
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prenatally. Rather, they develop polyarthritis
as they age, which phenotype bears remark-
able resemblance to the human disorder rheu-
matoid arthritis (12).

In PNAS, Gao et al. (13) report their find-
ings on crossing the cGAS knockout mouse
with both Trexl- and DNasell-deficient
mice. Their data show that cGAS is central
to the induction of an IFN-mediated autoim-
mune state, including the production of au-
toantibodies, in both models (Fig. 1). It is of
further note that abrogation of cGAS activity
completely rescues the two phenotypes that
have been described in association with DNa-
sell deficiency (ie., in the presence/absence
of a functional IFN receptor), indicating that
DNA signaling via c¢GAS is central to both
IFN and inflammatory cytokine induction in
this setting.

It has already been shown that STING is
essential for the development of a phenotype
in the context of Trexl and DNasell de-
ficiency (14, 15). One unexpected finding of
the current study (13) is the observation that,
when crossed to a Sting null model, both
Trex1 and DNasell null mice demonstrate a
marked elevation of cGAMP levels, over and
above those observed in the single null animals.
These data indicate that STING is not only
triggered by cGAMP, but also plays a role in
facilitating cGAMP clearance by a currently
unknown mechanism. Considering that
the double-knockout null mice do not display
any phenotype, it appears that high levels of
c¢GAMP per se do not cause any adverse effects.

AGS and FCL represent examples of the
so-called type I interferonopathies, a recently
suggested disease grouping in which an up-
regulation of type I IFN is considered central
to disease pathogenesis (16). AGS and FCL
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are rare. However, highly penetrant muta-
tions in TREX1 were reported to be respon-
sible for up to 2% of nonsyndromic SLE (17,
18), and DNA signaling is likely relevant in
the broader category of lupus (19). The rec-
ognition of phenotypes as type I interferono-
pathies will be of importance as the possibility
of “anti-IFN therapies” becomes a reality.
Such strategies could include the use of anti-
IFN antibodies, JAK inhibitors, and molecules
blocking components of the innate immune
response pathway, including cGAS.

The results now reported by Gao et al. (13)
in relation to the role of cGAS in murine
Trexl deficiency corroborate data recently
published by the team of Dan Stetson (20).
Gao et al. (13) emphasize the salvage of

the Trex1-associated phenotype even on the
background of heterozygosity for a cGAS
knockout allele. This latter point is of poten-
tial major significance if it translates to the
human system; because it suggests that future
therapies designed to block ¢cGAS might be
efficacious at doses that may not entail the
risk of iatrogenic immunodeficiency con-
sequent upon a loss of signaling to viral
DNA. We look forward to the develop-
ment of such therapeutic molecules to test
this hypothesis.
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