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Abstract

Aicardi–Goutières syndrome (AGS) is an early-onset, autoimmune and genetically
heterogeneous disorder with severe neurologic injury. Molecular studies have established
that autosomal recessive mutations in one of the following genes are causative: TREX1,
RNASEH2A, RNASEH2B, RNASEH2C, SAMHD1, ADAR1 and IFIH1/MDA5. The
phenotypic presentation and pathophysiology of AGS is associated with over-production of
the cytokine Interferon–alpha (IFN-a) and its downstream signaling, characterized as type I
interferonopathy. Astrocytes are one of the major source of IFN in the central nervous
system (CNS) and it is proposed that they could be key players in AGS pathology.
Astrocytes are the most ubiquitous glial cell in the CNS and perform a number of crucial and
complex functions ranging from formation of blood-brain barrier, maintaining ionic
homeostasis, metabolic support to synapse formation and elimination in healthy CNS.
Involvement of astrocytic dysfunction in neurological diseases—Alexander’s disease,
Epilepsy, Alzheimer’s and amyotrophic lateral sclerosis (ALS)—has been well-established. It
is now known that compromised astrocytic function can contribute to CNS abnormalities and
severe neurodegeneration, nevertheless, its contribution in AGS is unclear. The current
review discusses known molecular and cellular pathways for AGS mutations and how it
stimulates IFN-a signaling. We shed light on how astrocytes might be key players in the
phenotypic presentations of AGS and emphasize the cell-autonomous and non-cell-
autonomous role of astrocytes. Understanding the contribution of astrocytes will help reveal
mechanisms underlying interferonopathy and develop targeted astrocyte specific therapeutic
treatments in AGS.

INTRODUCTION

Aicardi–Goutières syndrome (AGS) is a genetic disorder, first
described by Jean Aicardi and Françoise Goutières in 1984 in the
context of work on congenital infections, when they reported eight
infants from five different families with a progressive neurological
disorder (1). Observations of familial cases further suggested a
genetic disorder and ultimately several genes (TREX1, RNASEH2A,
RNASEH2B, RNASEH2C, SAMHD1, ADAR1 and IFIH1/MDA5)
were identified as causative of disease (6, 26, 43, 48, 63). AGS is
characterized by early-onset encephalopathy, progressively result-
ing in loss of motor and cognitive skills with severe intellectual
disability (63). Onset of AGS can occur as early as birth with hepa-
tosplenomegaly, elevated liver enzymes, abnormal neurologic find-
ings and thrombocytopenia. Most affected individuals, however,
show normal development before the onset of AGS symptoms,
which includes a subacute encephalopathy with seizures, extreme
irritability, sterile pyrexias, loss of achieved skills, spasticity, dysto-
nia and slowing of head growth. Over time, disease manifestations
include multisystem involvement, most prominently chilblain skin

lesions, present on the fingers, toes and ears in over 40% of affected
individuals (16). Neuroimaging shows calcification of basal ganglia
predominantly in putamen, globus pallidus and thalamus along
with white matter changes seen primarily in the frontotemporal
region of the brain (1, 36, 43, 63). Cerebral and brain stem atrophy,
bilateral striatal necrosis and intracerebral vasculopathy are some of
the other distinguishable features observed using imaging studies.
Most affected individuals present with symptoms within the first
year of life, with a correlation of decreased survival in patients less
than 5 years of age and the highest mortality rate associated with
TREX1 patients (13).

Affected infants show abnormal cerebrospinal fluid (CSF) with
sterile lymphocytosis (1) and elevated neopterin and tetrahydro-
biopterin, suggesting auto-inflammation that mimics the sequelae
of congenital viral infection. IFN-a levels are increased in serum
and CSF, with the latter being higher (37). In fact, the presence of
increased CSF IFN levels, neopterin and tetrahydrobiopterin with-
out evidence of congenital infection should raise diagnostic consid-
eration for AGS (14). In AGS, the innate immune response
stimulates peripheral upregulation of IFN and downstream end-
organ damage, however questions remain about the source of IFN
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in the central nervous system (CNS). This review provides an over-
view of the genetic and cellular pathways contributing to AGS,
with a focus on involvement of CNS glia particularly astrocytes.

GENETIC AND MOLECULAR
MECHANISMS UNDERLYING AGS

While the clinical manifestation of AGS have overlapping features,
particularly the overproduction of IFN, AGS is a genetically hetero-
geneous disease. Crow and colleagues have identified mutations in
seven genes—TREX1, RNASEH2A, RNASEH2B, RNASEH2C,
SAMHD1, ADAR1 and IFIH1/MDA5, that contribute to AGS and
provide a molecular basis for understanding the disease. The inheri-
tance pattern of most of these mutations is autosomal recessive
leading to loss of function; however, there are rare de novo autoso-
mal dominant mutations, in particular with gain of function such as

IFIH1 mutations. We discuss below the function of each of the
gene, downstream signaling pathways and manifestation of disease
due to their genetic aberrations, also represented in Figure 1.

TREX1

Three-prime repair exonuclease 1 (TREX1) is the best studied AGS
causative gene. TREX1 functions as an editor for DNA polymerase
and plays a crucial role in DNA repair mechanism (9, 10, 47).
TREX1 mutations causing AGS are generally autosomal recessive
(62); however, there are reports of autosomal dominant heterozy-
gous TREX1 mutations (62). When TREX1 was first identified,
Rice et al proposed that this enzyme is involved in the DNA proc-
essing pathway to cleave and clear DNA from the cell. They also
proposed that mutations in this enzyme can result in accumulation
of intracellular DNA and its intermediates, which are sensed as for-
eign material triggering an inflammatory immune response (14).

Figure 1. Molecular pathways and activation of innate immune

signaling pathway in AGS. (1) In AGS individuals, the mutated form of

TREX1 loses its ability to inhibit expression of the protein ORF1P

which is essential for assembly of the retro element L1 and hence

mutant TREX1 cannot block the L1 activity. Additionally, altered

TREX1 loses 30 exonuclease activity and fails to degrade products of

reverse transcriptase single-stranded (ss) and double-stranded (ds)

DNA, which starts accumulating and stimulates the innate immune

system via cGAS-STING pathway. This leads to serine-threonine pro-

tein kinase (TBK1) mediated phosphorylation of IFN regulator 3 (IRF3)

triggering Interferon stimulated genes (ISGs) to produce IFN-a. Target-

ing reverse transcriptase could be a good therapeutic target for

TREX1 AGS individuals. (2) RNASEH2, a complex of RNASEH2A,

RNASEH2B and RNASEH2C degrades RNA : DNA hybrid. However,

in AGS individuals, the exact mechanism of how it induces IFN-a stim-

ulation is unknown. Rnaseh2b deficient cells accumulate damaged

cytosolic DNA aggregates in form of micronuclei. These micronuclei

stimulate expression of ISGs via binding to cGAS. This mechanism

could be operating in AGS individuals as it is believed that there is pres-

ence of endogenous damaged DNA molecules. Additionally, micronu-

clei associated with Rnaseh2b deficiency were cleared by induction of

autophagy through pharmacological inhibition of the mechanistic target

of rapamycin (mTOR) pathway and could be a feasible therapeutic

option for RNASEH2B-dependent disease. (3) In SAMHD1 AGS individ-

uals, a likely source of endogenous nucleic acid could be due to failure

to regulate L1 retro transposition. Moreover, mutated SAMHD1 cannot

clear the dNTPs and ssRNA resulting in activation of IFN-a via cGAS-

STING pathway. (4) In ADAR1 mutants, there is an accumulation of

dsRNA and this dsRNA binds to MDA5/IFIH1 and activates the MAVS

pathway further triggering IFN-a production. In addition, the anti-viral

pathways PKR and OAS-RNAse L system are also activated in the

absence of ADAR1 editing. (5) MDA5/IFIH1 mutation is another gene in

AGS individuals which causes increase of IFN-a production by MAVS

pathway. Targeting of the downstream signaling MDA5/MAVS pathway

could also be a promising therapeutic option in AGS individuals with

ADAR1 and MDA5 mutation.
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Yang et al verified this hypothesis and provided evidence for accu-
mulation of ssDNA in Trex1 null mouse fibroblasts (76). Subse-
quent studies showed that TREX1 is not only a DNA exonuclease,
but also functions as an exoribonuclease, indicating that mutations
in TREX1 can also lead to accumulation of RNA along with DNA
(77).

Mouse models were developed for AGS to examine the role of
Trex1 in CNS inflammation. Trex1 knock-out mice have a reduced
lifespan with a median age of 6 months and displayed a cardiac
inflammatory response along with autoimmune activation. These
mice failed to show the CNS inflammation seen in AGS individuals
(50). Trex1 D18N knock-in mice similarly manifested systemic
inflammation, lymphoid hyperplasia, vasculitis and kidney abnor-
malities with detection of immune complexes and autoantibodies in
corresponding tissues but did not show a CNS phenotype (27). Fur-
ther, in vitro studies have provided mechanistic insights about how
TREX1 dysfunction contributes to an immune response in AGS.
TREX1 regulates several retroelements including the long inter-
spersed element-1 (LINE1 or L1), observed to be accumulating as
ssDNA retroelements in the heart of Trex1 knockout mice (69). L1
is highly expressed in the nervous system (11) and there are multi-
ple regulatory mechanisms to inhibit L1, TREX1 being one of
them. TREX1 can alter the cellular localization and reduce expres-
sion of the open reading frame (ORF)1p protein, which is crucial
for assembly of L1 elements. Thus, TREX1 has the ability to
deplete ORF1p and block L1 activity; however, mutations in
TREX1 leads to increased ORF1p levels and fails to suppress
expression of L1 elements (39). Treatment with reverse transcrip-
tase inhibitors can block the accumulation of L1 elements and may
be a therapeutic option for TREX1 patients (70).

TREX1 regulates and prevents self-activation of the cGAS-
STING pathway, a downstream signaling pathway of the innate
immune system that senses presence of cytosolic DNA. cGAS
(cyclic GMP-AMP synthase) binds to the detected cytosolic DNA
and produces cyclic GMP-AMP (cGAMP) from GTP and ATP as
substrates respectively (25). cGAMP then binds to stimulator of
interferon genes (STING) leading to phosphorylation of the tran-
scription factor IFN regulator 3 (IRF3), which then enters the
nucleus and stimulates transcription of type I IFN genes (9, 74).
The release of IFN and binding to its cognate receptor induces
expression of IFN-stimulated genes (ISG) known as the “IFN sig-
nature,” leading to a cGAS-STING pathway mediated antiviral
response. The deletion of type I IFN receptor in the Trex1 knockout
mice abolishes the IFN signature completely and rescues the
peripheral immune phenotype, emphasizing the critical role of IFN
signaling in TREX1 mediated AGS pathology (69).

RNASEH2A, RNASEH2B and RNASEH2C

RNASEH2 is a trimeric enzyme consisting of three subunits A, B
and C, encoded by RNASEH2A, RNASEH2B and RNASEH2C
genes respectively, which represent the corresponding catalytic,
scaffolding and protein interaction domains (15). Biallelic muta-
tions in RNASEH2A, RNASEH2B and RNASEH2C result in partial
loss-of-function in AGS, which accounts for over half of all AGS
cases (16, 63). RNASEH2 functions along with RNASEH1 to
degrade RNA:DNA hybrids that arise during DNA replication and
R-loop formation (8). RNASEH2 complex is also involved in

ribonucleotide excision repair mechanism and removes single ribo-
nucleotides embedded in DNA (22, 60, 68).

In AGS a common mechanism of disease is thought to result
from an accumulation of nucleic acids, triggering an immune
response (31, 60). A likely source of nucleic acid accumulation in
RNASEH2A, B and C mutations include retroelements, DNA repli-
cation/repair and DNA fragments generated during cell death (59).
In AGS, RNASEH2A, B and C-compromised cells are postulated
to accumulate RNA:DNA hybrids via retroelements (16); however,
Bartsch et al recently reported that instead of suppressing retro-
transposition, RNASEH2 in fact mobilizes retroelements (3). This
makes it unlikely that the accumulating nucleic acids are derived
from retroelements in RNASEH2A, B and C mutations. Both mice
with complete loss of RNASEH2B activity (Rnaseh2b2/2) and Rna-
seh2b “knock out first” mice (Rnaseh2bKOF), which have reduced
RNASEH2B levels (6% of normal values) result in embryonic and
perinatal death, respectively (4, 31, 60). The embryonic tissues showed
extensive presence of ribonucleotides in genomic DNA validating the
role of RNASEH2 in DNA repair and maintaining genomic stability
(8, 31, 68). Although a DNA damage phenotype was observed in
Rnaseh2bKOF mice, an immune response was not detected in this
model (4).

In human AGS individuals, there is reduced activity of the RNA-
SEH2 complex (63) but it remains challenging to know if reduced
activity of RNASEH2 complex as seen in Rnaseh2bKOF mouse
model leads to DNA damage and accumulation, triggering an
immune response. A knock-in mouse model of Rnaseh2b, Rna-
seh2bA174T/A174T was developed to study the frequently occurring
human mutation A177T that provides some insight into develop-
ment of an immune response (44). The mice had reduced RNA-
SEH2B activity (30% of wild type), but again failed to produce
clinical features of human AGS. However, studies on mouse
embryonic fibroblasts from Rnaseh2bA174T/A174T mice illustrated
that RNASEH2B, like TREX1, triggers an immune response via
the cGAS-STING pathway, serving as a common signaling path-
way in AGS (44). Consistent with this observation, Rnaseh2b defi-
cient cells accumulated aggregates of cytosolic DNA fragments
resembling micronuclei, which are associated with genomic insta-
bility (3). These cytoplasmic membrane-bound DNA co-localized
with the innate immune sensor cGAS, providing direct evidence
for DNA damage mediated activation of cGAS-STING pathway in
RNASEH2 mutations (3). Interestingly, these micronuclei were
cleared by induction of autophagy through pharmacological inhibi-
tion of the mechanistic target of rapamycin (mTOR) pathway and
could be a novel therapeutic approach in AGS patients with RNA-
SEH2B mutations. There are potentially multiple mechanisms regu-
lating activation of innate immunity since the RNASEH2 complex
can have several different mutations in different subunits, localized
to different domains of the enzyme (23).

ADAR1

Adenosine deaminase acting on RNA (ADAR) catalyzes the hydro-
lytic deamination of adenosine (A) to inosine (I) in double stranded
(ds) RNA. This A-to-I editing is believed to be most abundant in
the brain compared with other tissues (33). Site-specific RNA edit-
ing generates new isoforms of encoded proteins, making ADAR1
essential for regulating coding regions, microRNAs and RNA tran-
scripts. There are two isoforms of ADAR1: the constitutively
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expressed ADAR1 p110, which is localized to the nucleus and edits
dsRNA before nuclear export; and the inducible ADAR1 p150, a
full-length isoform which is IFN inducible and localized to the
cytoplasm. Heterozygous and homozygous mutations in ADAR1
can lead to AGS and stimulate IFN production as observed in other
AGS mutations. ADAR1 mutations cause dystonia due to bilateral
striatal neurodegeneration (42) and can also result in dyschromato-
sis symmetrica hereditaria (DSH1) in East Asian population (29).

The Adar1 mouse studies to model AGS have been challenging
as deletion of Adar1 in mice is embryonically lethal at E 12.5 due
to defective hematopoiesis and overproduction of type I IFN (71).
However, when Adar1 null mice are crossed with knock-out mice
of IFN receptor subunit (Ifnr2/2), they live an additional 3–4 days
albeit still being embryonically lethal.

ADAR1 modifies the host RNA to help distinguish between
the foreign and host nucleic acid, thus preventing an abnormal
activation of the innate immune system (46). The downstream
molecular pathways of ADAR1 involve signaling through the
cytoplasmic viral sensor or pattern recognition receptor mela-
noma differentiation-associated protein 5 (MDA5), which binds
to viral dsRNA in the cytoplasm during a viral infection. In the
absence of ADAR, MDA5 binds to the accumulating host
dsRNA and activates the innate immune mitochondrial antiviral
signaling protein (MAVS) pathway in the Adar1 knockouts.
This turns on the transcription factors NF-kB, IRF3/7 and AP1
and further induces production of type I IFN and ISGs. While
ADAR p150 regulates IFN stimulation, increased IFN levels can
also enhance ADARp150 expression through a feedback loop.
Pestal et al have further demonstrated that in Adar1 knock-out
mice, it is the MAVS pathway and not the cGAS-STING path-
way that contributes to embryonic death (56). Recent evidence
demonstrates activation of other innate immune sensors includ-
ing Protein Kinase R (PKR) and the Oligoadenylate-synthetase
(OAS)-Ribonculease L (RNase L) system in the absence of
ADAR editing (11, 38).

MDA5/IFIH1

MDA5, the pattern recognition receptor (described above) is tran-
scribed by the IFIH1 (interferon induced with helicase C domain 1)
gene in humans and heterozygous mutations in IFIH1 are also
reported to cause AGS (51, 65). A mouse model of Ifih1 was gener-
ated using spontaneous mutagenesis using N-ethyl-N-nitrosourea
(ENU) leading to the missense mutation G821S. These mice devel-
oped lupus-like nephritis and systemic autoimmune symptoms with
elevated IFN levels (24); however, no CNS phenotype was
reported. ADAR1 negatively regulates MDA5 (Ifih1) mediated
antiviral response as double knockouts of Adar2/2 Ifih12/2 sur-
vived postnatally with decreased ISG levels; although the mice
died 2 days postnatally. A knock-in mouse model of catalytically
inactive Adar1E861A/E861A was developed and also found to be
embryonically lethal. However, Adar1E861A/E861A Ifih12/2 mice
were viable and looked fairly normal, indicating that the loss of
enzymatic activity of ADAR1 can be overcome by removing the
MDA5 sensor (40). Thus, ADAR and MDA5 signaling are inti-
mately connected and targeting these downstream signaling path-
ways can be a promising mechanism for blocking mutant ADAR1
mediated inflammation.

SAMHD1

SAMHD1 (SAM and HD domain containing deoxynucleoside tri-
phosphate tryphosphohydrolase 1) is a deoxunucleotide triphospho-
hydrolase enzyme that prevents cDNA synthesis by hydrolyzing
and depleting the pool of dNTPs in the cytoplasm. SAMHD1 also
displays a 30 exonuclease activity against RNA and DNA. There is
evidence that deficiency of SAMHD1 in fibroblasts results in
increased genomic DNA damage (35) and similar to TREX1,
SAMHD1 is a negative regulator of LINE1 retrotransposition (78).
As seen with ADAR1, SAMHD1 also plays an important role in
regulating the immune system and functions as a viral restriction
factor. SAMHD1 can bind to viral DNA and restrict human HIV-1
infections by reducing dNTP concentrations below the levels
needed for retroviral reverse transcription (16).

Murine Samhd1 displays restricted retroviral infection and while
the Samhd1 null mice produced spontaneous type I IFN, they
appeared normal and did not present with a CNS phenotype (5).
However, a zebrafish model with samhd1 deficiency resulted in
cerebrovascular phenotype accompanied by increased transcription
of IFN and ISGs as seen in human individuals (33). While a good
rodent model with CNS phenotype is not available for Samhd1, the
fish model can potentially be employed for testing and understand-
ing mechanisms in vivo. Cytosolic DNA sensing in the absence of
SAMHD1 triggers cGAS/STING pathway inducing production of
IFN and ISGs (45) and activation of the innate immune response
(64). SAMHD1 also diminishes myeloid and T cell responses to
HIV infections, modulating the adaptive immune response (45).
While SAMHD1 acts as a checkpoint to prevent activation of IFN
mediated innate response, the downstream transcription factor
IRF3 in turn induces Samhd1 transcription (75). Thus, SAMHD1
keeps in check both activation of the innate and the adaptive
immune system through modulation of signaling pathways and co-
stimulatory molecules but loss-of-function due to SAMHD1 muta-
tions leads to a cascade of inflammatory response.

As described above, the molecular mechanisms driving IFN
responses in the different genes causing AGS has been fairly well
understood. While the role of peripheral immune cells and how
they mount IFN response through these pathways is explored in
AGS, the cellular contributions of CNS cells, particularly astrocytes
is not completely clear. In the next sections, we will be reviewing
the potential role of astrocytes and discuss some studies that have
addressed this question.

ASTROCYTES MAINTAIN CNS
HOMEOSTASIS

Astrocytes are the most abundant glial cells in the CNS and con-
duct important homeostatic functions in the CNS, including energy
supply to neurons, maintenance of the blood–brain barrier (BBB),
regulation of the excitatory neurotransmitter glutamate and recent
evidence involving synapse formation, elimination and synaptic
plasticity (49). Under disease, trauma and/or inflammatory condi-
tions, astrocytes become hypertrophic with upregulation of the
intermediate filament glial fibrillary acidic protein (GFAP) and key
inflammatory genes, a process known as reactive astrogliosis. Reac-
tive astrocytes play an essential role in regulating CNS inflamma-
tion and can exert both harmful and beneficial effects depending on
the CNS insult. As observed in spinal cord injury, reactive
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astrocytes play a beneficial role in confining the spread of inflam-
mation to area adjoining the lesion and forming a barrier to inflam-
matory cells in CNS (66). But in neurodegenerative and
autoimmune conditions, reactive astrocytes can wield devastating
effects through release of cytokines, chemokines, neurotoxic mole-
cules leading to BBB disruption with ensuing encephalopathy and
eventual neuronal damage and death (66, 67).

ASTROCYTES AS MEDIATORS OF
NEUROINFLAMMATION

IFN-a is a common biomarker for all AGS mutations, that serves
as an inflammatory mediator driving an immune disease not just in
the peripheral system but also in the CNS. Astrocytes and microglia
are thought to be the primary cells that produce IFN-a in CNS in
response to a viral infection or when exposed to synthetic ds RNA
polyinosinic–polycytidylic acid (poly I:C) treatment; although there
are conflicting reports about neuronal production of IFN-a (41, 52,
53). Screening of the cytokines CXCL10 (chemokine [C-X-C
motif] ligand 10) and IFN-a using multiplexed-luminex assay
exhibited increased cytokine levels in CSF and serum of AGS indi-
viduals, serving as a diagnostic biomarker (72) and supporting the
presence of intrathecal accumulation of IFN-a and related cyto-
kines. Additional evidence of astrocytes as an IFN-a source came
from studies in post-mortem brain tissue of AGS affected individu-
als, which revealed co-localization of the astrocyte marker GFAP
with the cytokines IFN-a and CXCL10 (72).

To directly address the effect of IFN-a produced from astro-
cytes, Ian Campbell’s group developed a transgenic mouse model
expressing IFN-a specifically in astrocytes using a GFAP promoter
(2, 7). These mice developed a clinical phenotype that closely
matched the AGS individuals including encephalopathy, neurode-
generation, seizures and calcium deposits in the basal ganglia.
While this model is not a true genetic AGS model, it represents a
phenotypic model of AGS. In an in vitro model, astrocytes differ-
entiated from immortalized human neural stem cells (ihNSCs) were
exposed to poly I:C to induce an innate immune response, which
led to elevated levels of GFAP, IFN, CXCL-10, TNF-a (Tumor
Necrosis Factor-alpha) and other cytokines (18). When these astro-
cytes were treated chronically with IFN-a for three weeks, they dis-
played reduced proliferation, increased reactivity and dysregulation
of astrocyte-specific genes and proteins crucial for the maintenance
of white matter. Interestingly, withdrawal of IFN-a for 7 days after
chronic exposure did not rescue the effects exerted, indicating
involvement of a downstream IFN-a mediated signaling cascade in
astrocytes (18). Together, the in vivo and in vitro studies serve as a
proof of principle that astrocyte mediated IFN-a release can initiate
a cascade of neuroinflammatory events exerting cell autonomous
and non-cell autonomous effects.

IMPACT OF PERIPHERAL
INFLAMMATION ON ASTROCYTES

In the context of AGS, peripheral cells could also be involved in
influencing astrocytic inflammatory responses and we have pro-
posed and depicted this peripheral-CNS cross-talk and different cel-
lular contributions occurring in AGS in Figure 2. Loss of function
in AGS causative genes and the ensuing deficits in nucleic acid

metabolism initiates activation of the innate immune cells- dendritic
cells (DC) and macrophages (54, 55). Along with peripheral circu-
lation of DCs, a prominent increase in DCs, particularly plasmacy-
toid DC (PIDC) was reported in the CSF of AGS affected
individuals (28) and the PIDCs are known to be potent producers
of IFN-a (61). Thus, it is feasible that PIDCs can directly cause
reactive astrogliosis and impact other CNS cells. Macrophages can
similarly be activated peripherally along with DCs triggering adapt-
ive B and T cell responses. Histological studies have shown infil-
trating T cells (CD31 cells) in the brains of AGS individuals (34),
which accompanied by CSF lymphocytosis in AGS (71) could
activate astrocytes. One study has directly addressed this lympho-
cyte–astrocyte cross talk and reported that lymphocytes can cause
astrogliosis through activation of the pro-apoptotic enzyme cathep-
sin D, which upon blocking is protective and decreases astrocyte
activation (58).

In CSF of AGS individuals, circulating systemic and brain-
reactive auto-antibodies were found and interestingly when the
antibodies were tested, the IgGs were targeted toward astrocytes
and endothelial cells in brain sections of post-mortem AGS individ-
uals (20). This deposition of IgG could likely lead to reactive astro-
gliosis as well as contribute to vascular damage and
microangiopathy. In fact, knock-down of TREX1 in endothelial
cells makes them inflammatory and stimulates release of cytokines
(19) and exposure to IFN-a further increases calcification of human
vascular smooth muscle cells (34).

This accumulating evidence of circulating cytokines and mono-
cytes, DCs, auto-antibodies and ongoing degeneration of the endo-
thelial cells points toward a potential breach of the BBB. It is
possible that the astrocyte end feet juxtaposed next to the endothe-
lial cells and leaky BBB elicits astrogliosis. We propose that cross
talk between the two arms- “Peripheral IFN signature” and “CNS
IFN signature” together contribute to the ongoing pathogenesis
observed in AGS individuals.

CELL-AUTONOMOUS AND NON-CELL-
AUTONOMOUS ROLE OF ASTROCYTES
IN AGS

A few studies have directly addressed the role of astrocytes as a
source of IFN-a and as mediators of inflammatory cascade in AGS.
Cuadrado et al demonstrated the significance of loss-of-function in
genes involved in AGS, using ihNSCs derived and post-mortem tis-
sue derived astrocytes (19). When the AGS genes -TREX1,
SAMHD1, RNASEH2A and ADAR1 were silenced using lentivirus
in these astrocytes, a significant induction of IFN-a expression,
ISG signaling and release of pro-inflammatory cytokines and che-
mokines was observed in astrocytes with TREX1 knockdown. In
addition, specific knockdown of TREX1 resulted in extensive astro-
cytic apoptosis and a heightened immune response leading to a
cell-autonomous effect in astrocytes compared to knockdown of
other mutations. This TREX1 phenotype was in line with the early
prognosis and severity reported in TREX1 patients (13).

Previous studies have shown that TREX1 suppresses activity of
the retroelement L1 using an over-expression system and a recent
study addressed how endogenous TREX1 regulates L1 in human
induced pluripotent stem cell (iPSC) derived neurons and astrocytes
(68). To model AGS, the iPSC lines were generated with frameshift
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mutations in TREX1 with an early stop codon resulting in a non-
functional TREX1 deficient cell. TREX1 deficient neural precursor
cells (NPCs), neurons and astrocytes displayed accumulation of
ssDNA in their cytoplasm and deep sequencing data confirmed
high expression of L1 elements in NPCs. Interestingly, accumula-
tion of L1 elements in neurons resulted in a cell-autonomous toxic-
ity. While increased L1 expression did not exert toxicity on TREX1
deficient astrocytes, they displayed increased levels of IFN and
ISGs, which was reversed upon treatment with reverse transcription
inhibitors (70). Furthermore, conditioned media from TREX1 defi-
cient astrocytes caused neuronal toxicity over time that was miti-
gated with IFN receptor blockers. Interestingly, human cortical
organoids were generated using control and TREX1 deficient stem
cells, which resulted in microencephaly-like size reductions due to
neuronal death, similar to what is observed in AGS individuals
(70). Thus, TREX1 mutation in AGS leads to both a cell autono-
mous and non-cell autonomous effect on neurons due to loss of L1

regulation, downstream activation of the cGAS-STING pathway
and elevated secretion of IFN signature. This study elegantly mod-
eled TREX1 mutation and examined the mechanisms through
which retroelements activate immune responses in astrocytes and
impair neuronal survival.

Considerable work remains to be done to address the contribution
of astrocytes in other AGS mutations. The embryonic lethality in
Adar1 mutant forms a barrier in understanding CNS pathology and
contribution of astrocytes in ADAR associated AGS phenotype.
However, recent work from Heraud-Farlow et al provides evidence
for significant upregulation of IFN signature in E12.5 fetal brains of
the editing deficient Adar1E861A/E861A mice (30). This study implies
there is a CNS source for increased IFN production, potentially con-
tributed by astrocytes and microglia. While mechanisms of IFIH1/
MDA5 mediated peripheral immune responses have been studied
extensively, astrocyte specific IFIH1/MDA5 mechanisms in AGS
have not been directly explored and remain to be tested. There is

Figure 2. Peripheral and CNS cellular contributions toward IFN

signature and its downstream effects in AGS. (1) The presence of

AGS mutation causes abnormal accumulation of nucleic acids, which

leads to activation of the cGAS-STING and MDA-MAVS pathway in

the innate immune cells–dendritic cells and macrophages. They mount

an inflammatory response through release of interferon alpha (IFN-a),

activation of IFN stimulated genes (ISG) and induction of other cyto-

kines. (2) These innate immune cells further activate the adaptive

immune monocytes, triggering the T and B cells to release inflamma-

tory molecules and auto-antibodies, respectively. (3) The peripheral

IFN-a signature causes microangiopathy and AGS mutations affect the

health of endothelial cell through release of pro-inflammatory cyto-

kines and deposition of calcifications. (4) A clinical diagnostic marker

for AGS is increased CSF IFN-a and lymphocytosis, with supporting

evidence of infiltrating T cells observed in post-mortem brains from

AGS individuals. (5) This peripheral IFN signature impinges on the

underlying BBB and the adjoining astrocyte end feet, potentially con-

tributing to astrogliosis. (6) The astrocytes harboring the AGS mutation

have a cell autonomous effect leading to astrogliosis along with

release of IFN-a and stimulating production of ISGs. (7) Astrocytes

with AGS mutations, particularly TREX1 mutations, have altered

survival eventually leading to cell death. (8) Along with the cell-

autonomous effect of neurons on themselves, astrocyte mediated

release of IFN signature can in turn exert a non-cell autonomous

effect resulting in neuronal toxicity and death. (9) While it is not tested

yet, harboring AGS mutations could potentially activate microglia

directly in a cell-autonomous fashion or through release of IFN signa-

ture from astrocytes causing reactive microgliosis, which can further

propagate non-cell autonomous effects. (10) Similarly, the contribution

of oligodendrocytes in AGS is not explored and could potentially wor-

sen the ongoing pathology in the CNS due to loss of oligodendrocytes

and myelinated axons.
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evidence that astrocytes respond to complexed poly I:C, a ds-RNA
mimic, by binding to IFIH1/MDA5 and activating the TLR-3 path-
way through NFjB and IRF-3 activation leading to production of an
IFN signature (21). Astrocytes have higher expression of SAMHD1
than microglia and since SAMHD1 lowers dNTP pool and infectiv-
ity of viruses, astrocytes are more resistant to virus infectivity (55).
In AGS, SAMHD1 mutation results in loss of function, potentially
making the astrocytes vulnerable, activation of innate immune path-
ways and increased production of cytokines.

In summary, so far, the role of astrocytes in AGS is demon-
strated only for TREX1 mutations, which displays higher disease
severity compared to other genetic mutations. The cell autonomous
and non-cell autonomous role of astrocytes in other mutations in
AGS remains an open question. Similarly, the contribution of
microglia as a source of the IFN mediated inflammatory cascade in
AGS is also unexplored.

PERSPECTIVE

AGS is a genetically heterogeneous disease caused by mutations in
enzymes that cause either accumulation of immune stimulatory
nucleic acids or directly instigates the innate immune sensors,
which then converge on the downstream cGAS-STING and MDA-
MAVS signaling pathways. The resulting cellular pathogenesis
through induction of IFN-a and cascade of ISGs and cytokines
leads to autoinflammatory disease and tissue destruction (16).
Murine models of AGS have failed to recapitulate the CNS compo-
nent of the disease observed in humans. The advent of individual
derived human stem cells may help circumvent the disparity
observed between human and mouse models. The human TREX1
astrocyte studies indeed proved that astrocytes become dysfunc-
tional and participate in the ongoing pathogenesis occurring in
AGS through activation of the IFN pathway. Currently, there is no
cure for AGS although therapies are being developed based on
immuno-modulatory drugs. Prior unsuccessful treatments for pre-
vention of neurologic injury have included azathioprine, methyl-
prednisolone with immunoglobulin, methylprednisolone or
immunoglobulin alone (17). Other neurological conditions such as
Alzheimer’s disease, ALS and epilepsy have targeted astrocyte cell
replacement strategies and/or astrocytic pathways based on disrup-
tion of important astrocyte homeostatic functions (metabolic sup-
port, glutamate regulation, inflammatory and signaling pathways).
Similarly, understanding molecular mechanisms leading to astro-
cyte death, release of cytokines and ensuing inflammation in AGS
can be harnessed for drug development strategies. A better under-
standing of mutation specific disease onset and diagnosis will also
allow for timely intervention, which will be crucial in mitigating
the disease and reducing tissue damage due of auto-inflammation.
While tremendous progress has been made in the last decade about
AGS, future directions will require efforts in modeling the different
AGS mutations to understand CNS pathology and dissect the
underlying mechanisms for translational and clinical studies.
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