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REVIEW ARTICLE

Spectrum of Neuroradiologic Findings Associated with
Monogenic Interferonopathies

P. Benjamin, S. Sudhakar, F. D’Arco, U. Löbel, O. Carney, C.-J. Roux, N. Boddaert,
C. Hemingway, D. Eleftheriou, and K. Mankad

ABSTRACT

SUMMARY: The genetic interferonopathies are a heterogeneous group of disorders thought to be caused by the dysregulated expression of
interferons and are now commonly considered in the differential diagnosis of children presenting with recurrent or persistent inflammatory
phenotypes. With emerging therapeutic options, recognition of these disorders is increasingly important, and neuroimaging plays a vital role. In
this article, we discuss the wide spectrum of neuroradiologic features associated with monogenic interferonopathies by reviewing the literature
and illustrate these with cases from our institutions. These cases include intracerebral calcifications, white matter T2 hyperintensities, deep WM
cysts, cerebral atrophy, large cerebral artery disease, bilateral striatal necrosis, and masslike lesions. A better understanding of the breadth of
the neuroimaging phenotypes in conjunction with clinical and laboratory findings will enable earlier diagnosis and direct therapeutic strategies.

ABBREVIATIONS: AGS ¼ Aicardi-Goutières syndrome; ICC ¼ intracranial calcifications; IFN ¼ interferon; SLE ¼ systemic lupus erythematosus; SAVI ¼
STING-associated vasculopathy of infancy; WMH ¼ white matter hyperintensities

Interferons (IFNs) are a family of cytokines that are induced
through the stimulation of pattern-recognition receptors that

sense pathogen-derived nucleic acids.1-3 They exert their activity
through a complex network of regulatory pathways (Fig 1) for
modulating innate/acquired immunity and resistance to viral infec-
tions.2-4 These tightly regulated mechanisms protect against inap-
propriate immune activation triggered by endogenous nucleic
acids while maintaining a rapid and effective response to exoge-
nous nucleic acids derived from pathogens.3,4 The interferonopa-
thies are an expanding group of disorders that are thought to
disrupt this delicate equipoise by overactivation of the IFN
response, resulting in pathology from chronic inflammation.2-5 In
their most distinctive form, these diseases are monogenic neuroin-
flammatory disorders of infancy.3-5

In 1984, Aicardi and Goutières6 described a disorder with pro-
gressive encephalopathy, CSF lymphocytosis, and neuroradiologic
findings that mimic transplacental infection but test serologically
negative. We now know that this disorder, which we refer to as
Aicardi-Goutières syndrome (AGS), is characterized by genetic
mutations that disrupt mechanisms that protect against inappropri-
ate immune activation triggered by endogenous nucleic acids.1,3,4

The subsequent dysregulated expression of IFNs is thought to pro-
mote unwanted inflammatory responses through their pleiotropic
effects.2-4 This interferonopathy hypothesis is supported by the fact
that elevated IFN levels in the CSF and blood have long been
described in patients with AGS.1,7 More recently, upregulation of
interferon-stimulated genes, an “interferon signature,” which can
be detected in peripheral blood, has been reported to be present in
most patients with AGS and other interferonopathies.1,3,4 As more
mutations in these genes are described, a broad spectrum of pheno-
types with considerable overlap has been revealed, many of which
have prominent systemic manifestations, including inflammatory
vasculopathy and systemic autoimmune disease.3,4,8-10 Recognition
of these diseases has become increasingly important not only for
more reliable genetic counseling but because of the emergence of
promising therapeutic strategies.3,11,12 Neuroimaging often provides
a valuable clue to the diagnosis of this expanding group of disor-
ders3,5,11,13-15 and will be the focus of this article.

Search Strategy
MEDLINE and EMBASE were searched from inception to week
1 of 2021 using the Ovid online portal. We used the following
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keywords: 1) “interferonopathy” (n¼ 245), 2) “Aicardi-Goutières
syndrome” (n ¼ 501), 3) 1 and “intracranial calcification” (n ¼
10), 4) 1 and “brain” (n ¼ 34), 5) 1 and “neuroimaging”, 5) 2 and
“neuroimaging” (n ¼ 5), and 6) 1 and 2 (n ¼ 79). The abstracts
were reviewed to determine whether the article should be
included. The search was supplemented by searching the bibliog-
raphies of relevant articles.

Monogenic Interferonopathies and Neuroimaging
The Online Supplemental Data provide a list of interferonopathies in
which neuroimaging findings have been described; Fig 1 illustrates
the key pathways involved. Common neuroimaging findings across
the interferonopathies include intracerebral calcifications and T2
white matter hyperintensities (WMH) (Online Supplemental Data).

AGS, the best-described group of interferonopathies, is charac-
terized by mutations in any of several genes (including TREX1,
RNASEH2A/B/C, SAMHD1, ADAR1, IFIH1),3 which are involved
in the metabolism of nucleic acids or their recognition.1 Recent

additions to this are LSM11 and RNU7-1, which encode small nu-

clear ribonucleoproteins, which are key components of the U7 repli-

cation-dependent histone pre-messenger RNA–processing complex,

which is thought to help maintain the structure of nucleosomes,

preventing activation of cyclic GMP-AMP synthase by nuclear

DNA.16

TREX1 mutations are associated with a true neonatal presen-

tation (Figs 2 and 3) and, therefore, mimic transplacental infec-
tion.17 Most patients, however, present a little later, with the most

frequent mutations occurring in RNASEH2B (Fig 4).7,18 The neu-

roimaging phenotypes continue to expand as these mutations are

better described and more are discovered. For example, intracra-

nial vasculopathy has been described with SAMHD1mutations,19

and bilateral striatal necrosis, with ADAR1 mutations (Online

Supplemental Data).20

Similar destructive neuroinflammatory conditions have been

documented in genetic disorders in which other components of the

FIG 1. A highly simplified diagram highlighting key pathways affected in type 1 interferonopathies, in which neuroimaging findings have been
described. The black bars indicate inhibition, and the arrows, activation. ? indicates that the mechanism of IFN induction is unclear. CGAS indi-
cates cyclic GMP-AMP synthase; TBK1, TANK-binding kinase 1; IRF3, IFN regulatory factor 3; MAVS, mitochondrial antiviral-signaling protein;
IFNAR, IFN a/b receptor; JAK1, Janus kinase 1; TYK2, tyrosine kinase 2; PSMB8, proteasome subunit b type-8; TREX1, three prime repair exonucle-
ase 1; RNASE H, ribonuclease H; SAMHD1, SAM And HD domain-containing deoxynucleoside triphosphate triphosphohydrolase 1; IFIH1, inter-
feron induced with helicase C domain 1; PNPT1, polyribonucleotide nucleotidyltransferase 1; DNASE2, deoxyribonuclease 2; ACP5, acid
phosphatase 5; ISG15, interferon-stimulated gene 15; RNU7-1, RNA, U7 small nuclear 1; USP18, ubiquitin-specific peptidase 18; STAT2, signal trans-
ducer and activator of transcription 2; ER, endoplasmic reticulum; mtDNA, mitochondrial DNA.

2 Benjamin � 2022 www.ajnr.org



IFN signaling pathway are affected (Online Supplemental
Data).1,3,13 For example, loss-of-function mutations in ubiquitin-
specific peptidase 18 (USP18), which is a negative regulator of type
I IFN signaling, is also associated with intracerebral calcification
andWMH (Online Supplemental Data).13,21

In some interferonopathies, systemic findings are a more
prominent feature, such as interstitial lung disease in STING-
associated vasculopathy of infancy (SAVI) or skin lesions in
proteasome-associated autoinflammatory syndromes (Online
Supplemental Data). Intracranial calcifications have also been
described in a few of these cases and can, on occasion, provide
an important clue to the diagnosis.

Due to the considerable overlap in the neuroimaging pheno-
types, it is seldom possible to make a diagnosis on the basis of neu-
roradiologic findings alone, and these should always be considered
in conjunction with clinical and laboratory findings (Fig 5).

Indeed, neuroimaging can sometimes have normal findings, and
the lack of neuroimaging findings, like intracranial calcifications,
does not exclude an interferonopathy, certainly early on in the dis-
ease. In the rest of this article, we describe both characteristic and
more unusual neuroradiologic features associated with interfero-
nopathies, including findings that could lead one to suspect certain
mutations. These include intracerebral calcifications, WMH, deep
WM cysts, cerebral atrophy, large cerebral artery disease, bilateral
striatal necrosis, and masslike lesions.

Intracerebral Calcification
Intracerebral calcifications (ICC) have been reported to be present
in .90% of subjects with AGS.18 ICC are also described in most
other interferonopathies, even when systemic features predominate
such as proteasome-associated autoinflammatory syndromes and
SAVI (Online Supplemental Data).3 Calcifications tend to be punc-

tate or linear, reflecting their relation-
ship to microvascular structures. Often
sagittal or coronal reconstructions
make it easier to appreciate the rela-
tionship with the deep, perforating ves-
sels or deep medullary veins/arteries
(Fig 6). The calcifications (Figs 2 and
3) are most commonly symmetric and
seen in the basal ganglia and deep WM
and dentate nuclei of the cerebellum18

but can be seen throughout the brain.
The morphology of the calcifications
varies from fine/punctate to larger
conglomerates. TREX1 mutations are
usually associated with more severe cal-
cifications.18 Neuropathologic studies

FIG 2. T2, gradient recalled-echo (GRE) and T1-weighted images of a 9-day-old boy with a TREX1
mutation demonstrating basal ganglia and periventricular calcifications.

FIG 3. CT, SWI, and T2-weighted images of a boy with a TREX1 mutation. The upper row shows imaging at 2months of age, and the lower row,
at 2 years of age. There are periventricular, basal ganglia, brainstem, and cerebellar WM calcifications, which progress with time. Note the inter-
val volume loss with WM rarefaction, most marked in the anterior temporal lobes.
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show calcifications in the walls of medium/small vessels and peri-
vascular spaces.22-24 One study has suggested that IFNs act directly
on vascular smooth-muscle cells, inducing a calcifying microangi-
opathy.24 The increasing use of MR imaging as the first imaging
technique in clinical practice may reduce the identification or rec-
ognition of intracranial calcifications, but the sensitivity can be

improved by using gradient-echo or
susceptibility-weighted sequences. CT
is recommended in patients in whom
interferonopathies are suspected and
no calcifications are seen on MR
imaging.18

WMAbnormalities
WMH have been described in most
interferonopathies (Online Supple-
mental Data) and appear to be the most
common finding in those with a later
disease onset when ICC are less com-
mon.25 Neuropathologic studies in
AGS show inhomogeneous demyelin-
ation and astrogliosis, which is, again,
supportive of a microangiopathy.22,23

WM involvement is most commonly
diffuse or with a frontotemporal pre-
dominance, but involvement can also
be periventricular or patchy.18 TREX1

mutations are associated with more severe involvement, causing
WM rarefaction in the anterior frontal and temporal lobes and
deep WM cysts.15,18,26 Delayed myelination can be associated with
RNASEH2Bmutations (Fig 7) but progresses with time because it is
not a primary disorder of myelination.18 Interferonopathies should
also be considered in patients with MR imaging findings inter-
preted as periventricular leukomalacia.18,23

Brain Volume Loss
The degree of brain volume loss (Figs 3 and 7) depends on
when the patient presents during the course of the disease,
and it can be progressive. It is likely to be due to a combina-
tion of gray and WM volume loss. Although not always
obvious on imaging, the neocortex and cerebellar cortex can
be involved with numerous microinfarcts seen on some neu-
ropathologic studies, which are likely to contribute to brain
volume loss.23,24 Pontocerebellar hypoplasia has also been
reported, but this is relatively infrequent and is likely subse-
quent to the supratentorial brain volume loss.15,18,26,27

FIG 4. A 1-year-old girl with a RNASEH2B mutation. There are patchy WMH throughout the brain. Symmetric T2-signal abnormality is noted in
the globus pallidus, thalamus, and dentate nucleus. There is global cerebral volume loss. CT confirms basal ganglia calcifications.

FIG 5. A potential route to the diagnosis of monogenic type 1 interferonopathies. The red boxes
contain clinical, laboratory, and imaging findings that lead one to suspect an interferonopathy.
The green boxes contain diagnostic tests performed when a monogenic type 1 interferonopathy
is strongly suspected. ESR indicates erythrocyte sedimentation rate; WBC, white blood cells; ISG,
interferon-stimulated genes; TORCH, (T)oxoplasmosis, (O)ther Agents, (R)ubella (also known as
German Measles), (C)ytomegalovirus, and (H)erpes Simplex; mRNA, messenger RNA.

FIG 6. A CT study in axial and sagittal reconstructions shows punc-
tate and linear branching calcifications along the deep perforators in
a 7-year-old boy with a SAMHD1mutation.
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Large Cerebral Artery Disease
Intracerebral large-artery involvement, including stroke,
Moyamoya-type vasculopathy, aneurysms, and stenosis of single
vessels, has most often been reported with SAMHD1 mutations
(Fig 8)18,19 and less frequently with TREX1 mutations.28

Neuropathology in a patient with a SAMHD1 mutation also
showed calcifying microangiopathy,24 which suggests a disease
process similar to the that in other interferonopathies (Fig 6).
The reason for the increased frequency of large-vessel disease in
these mutations, however, is uncertain.

Bilateral Striatal Necrosis
Bilateral striatal necrosis has been reported in the context of
ADAR1 (Fig 9) and PNPT1 (Fig 10) mutations in addition to
WMH and ICC.20,29,30 Imaging can show bilateral striatal swel-
ling and signal abnormality with cavitation/atrophy on follow-up
imaging. Globus pallidus swelling and signal abnormality can
also be seen (Fig 11). The mechanism remains unclear, and meta-
bolic disorders should be ruled out. These findings can some-
times be seen in a para-/postinfectious setting, and it has been
hypothesized that local neuroinflammation may contribute to
synaptic dysfunction and excitotoxicity.31 Freckle-like skin
lesions are characteristic of ADAR1mutations.29

Masslike Lesions
Masslike or ring-enhancing lesions have been described in heterozy-
gous C-terminal frameshift mutations in TREX1 (causing a disorder
called retinal vasculopathy with cerebral leukodystrophy), which
occur in conjunction with ICC and scattered WMH, though this
disorder tends to present later in life.32 These lesions are often mis-
diagnosed as tumors or as other inflammatory diseases such as sar-
coidosis. Neuropathology can show necrotizing granulomatous
inflammation.11 The presence of coexistent neuroimaging features
such as ICC should alert the clinician to the potential diagnosis of
interferonopathy.

Hemorrhage
Deep GM, cerebellar, and intraventricular hemorrhage has been
described in patients with USP18 deficiency11,33 and TREX1
mutations.18 Although these patients had coexistent coagulopa-
thies, the location of the hemorrhage is reminiscent of that seen
with COL4A1 mutations and could conceivably be due to an
underlying vasculopathy. Subdural and subarachnoid hemor-
rhage has also been reported in patients with a STAT2 mutation,
which disrupts STAT2 interaction with USP18, a key negative
regulator of IFN signaling.34

Some Differential Diagnoses to Consider
Due to the nonspecific nature of the neuroradiologic findings, the
differential diagnosis is wide, including other inflammatory and
neurogenetic disorders. In cases of neonatal presentation, con-
genital infections should first be ruled out. It has been suggested
that “true periventricular” calcification in the ependymal/sub-
ependymal regions is more suggestive of infection.35 Other fea-
tures that make infection more likely include malformations of
cortical development and anterior temporal cysts as seen in con-
genital cytomegalovirus (Fig 12).35

Other conditions known to be associated with an increased
expression of IFN-regulated genes include systemic lupus ery-
thematosus (SLE)36 and juvenile dermatomyositis.37 These, how-
ever, tend to present later in life, and systemic features usually
predominate. The most common neuroimaging findings
described with SLE are also of a microangiopathy, including non-
specific focal WMH,38 brain atrophy, intracranial calcifications,
and hemorrhage,39 though other inflammatory findings such as

FIG 7. A 24-week-old boy with a RNASEH2Cmutation with WM abnormalities in the frontal and temporal lobes and generalized volume loss.

FIG 8. Lacunar infarct in the right putamen in a 7-year-old boy
with a SAMDH1 mutation. The angiogram on the right demon-
strates a Moyamoya-type vasculopathy with occlusion of the
right M1 and A1 (arrow).
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leptomeningeal enhancement, large-
vessel vasculitis, and masslike lesions
have also been described.40

Hyperinflammatory clinical syn-
dromes like hemophagocytic lympho-
histiocytosis should also be considered.
Hemophagocytic lymphohistiocytosis
can be primary, resulting from genetic
defects or secondary to infection,
malignancy, immunosuppression, or
autoimmune diseases such as SLE.
CNS involvement is common, and the
neuroimaging findings are variable,
including focal/diffuse WMH, perivas-
cular enhancement (particularly in the
posterior fossa), meningeal enhance-
ment, masslike lesions, and hemor-
rhage (Fig 13).41

Some leukodystrophies, like
Cockayne syndrome, can have a very
similar appearance with diffuse
WMH and ICC. Unlike AGS, there is
a severe delay or an arrest in myeli-
nation, and the calcifications can be
cortical/leptomeningeal (Fig 14).42

Genetic microangiopathies such as
collagen IV (COL4A1/A2) related dis-
ease can also show similar imaging
findings.35 They are characteristically
associated with porencephalic cysts or
periventricular leukomalacia.43 It has
been suggested that the calcification is
more subtle, involving subependymal/
periventricular regions (Fig 15).43

Calcifications of the cerebral
microvessels are also seen in primary
familial brain calcification, a group of
neurogenetic disorders associated with
diverse motor, cognitive, and psychiat-
ric symptoms.44 Calcifications are typ-
ically symmetric, commonly involving
the deep GM structures. The autoso-
mal dominant form can be caused by
mutations in genes encoding phos-
phate transporters (SLC20A2, XPR1)
or platelet-derived growth factor B and
its receptor (PDGFB, PDGFRB). An
autosomal recessive form has been
described with mutations in encod-
ing junctional adhesional molecules
(JAM2, JAM3), myogenesis-regulating
glycosidase (MYORG), and occludin
(OCLN).45 Calcification is more severe
in the autosomal recessive form involv-
ing the subcortical WM. Brainstem cal-
cification may be more common with
MYORGmutations.44

FIG 9. A, Bilateral putaminal signal abnormality in a 4-year-old boy with a confirmed ADAR1
mutation. There was no diffusion restriction. B, A different patient also with an ADAR1 mutation
showing cavitation in both putamina.

FIG 11. Atypical imaging features in a 4-year-old girl with an ADAR1 mutation showing a T2 signal ab-
normality and mild diffusion restriction in the globi pallidi bilaterally (arrows), but not in the putamina.

FIG 10. An 18-month-old girl with a PNTP1 mutation with signal abnormality and decreased vol-
ume of both the putamina and globi pallidi. Diffusion restriction is seen in the globi pallidi.
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Some conditions with clinical and
imaging overlap to transplacental infec-
tion may ultimately turn out to be inter-
feronopathies. One such example is
RNaseT2mutations, which result in loss
of ribonuclease T2 protein function,
causing accumulation of ribosomal
RNA.46 RNaseT2mutation causes cystic
leukoencephalopathy without megalen-
cephaly. The imaging findings are very
similar to those of congenital cytomega-
lovirus infection and are characterized
by anterior temporal lobe cysts and
extensiveWM hyperintensities in a nor-
mal-sized brain.

CONCLUSIONS
Neuroimaging is essential in interfero-
nopathies, in which neuroinflamma-
tion is a predominant feature, as in
AGS. Even when systemic features pre-
dominate, neuroimaging can often pro-
vide an important clue to the diagnosis.
However, the spectrum of findings is
wide and should always be considered
in conjunction with clinical and labora-
tory findings. A common feature on
neuroimaging seems to be evidence of
calcifying microangiopathy character-
ized by WMH and ICC, which is best
picked up on susceptibility-weighted
MR imaging sequences or CT, though
large-vessel disease, bilateral striatal ne-
crosis, hemorrhage, and masslike
lesions are also seen with some

FIG 12. T2-weighted MR imaging of a 9-day-old girl with congenital cytomegalovirus infection
showing polymicrogyria (white arrow), periventricular calcifications (gray arrow), and anterior
temporal lobe cysts (black arrow).

FIG 13. A 6 month-old girl with perforin-deficient hemophagocytic lymphohistiocytosis. There is
diffuse WM signal abnormality seen on the T2-weighted image and multiple enhancing pseudotu-
moural lesions seen on the T1 postcontrast image (T11C) in the left thalamus and posterior tem-
poral and occipital lobes bilaterally.

FIG 14. A 6-year-old boy with Cockayne syndrome showing subcortical and basal ganglia calcifications on SWI and diffuse WM signal abnormal-
ity seen on the T2-weighted image. There is marked WM volume loss.
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mutations. A CT scan is recommended when type 1 interferonopa-
thies are suspected and no calcifications are seen on MR imaging.
The list of interferonopathies and associated neuroimaging find-
ings will, no doubt, continue to grow as more genotype-phenotype
correlations are identified.

As a common feature, all interferons activate the Janus kinase
signal transducers of activation and the transcription signaling
pathway (Fig 1).47 There are now several encouraging reports, with
Janus kinase inhibitor therapy resulting in a prompt and sustained
recovery, sometimes with an improvement or stabilization in
imaging appearance.11,33,34 Reverse-transcriptase inhibitors have
also been shown to reduce interferon signaling in patients with
AGS.48 Clinical trials are currently underway. These promising
new therapeutic strategies make recognition of these disorders all
the more important. As this field continues to grow, neuroimaging
is likely to play an increasing role in diagnosis, monitoring, and
prognostication.
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