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Abstract

Aicardi Goutiéres Syndrome (AGS) is a monogenic interferonopathy caused by abnormalities in
the intracellular nucleic acid sensing machinery (7TRE4X1, RNASEHZA, RNASEHZB,
RNASEHZ2C, SAMHD1, ADARI, or IFIHI). Most individuals affected by AGS exhibit some
degree of neurologic impairment, from spastic paraparesis with relatively preserved cognition to
tetraparesis and severe intellectual disability. Because of this heterogeneity, it is important to fully
characterize the developmental trajectory in AGS.

To characterize the clinical presentation in AGS, early features were collected from an
international cohort of children (n=100) with genetically confirmed AGS. There was a
heterogeneous age of onset, with overlapping clusters of presenting symptoms: altered mental
status, systemic inflammatory symptoms, and acute neurologic disability. Next, we created
genotype-specific developmental milestone acquisition curves. Individuals with microcephaly or
TREXI-related AGS secondary were the most severely affected, and less likely to reach
milestones, including head control, sitting, and nonspecific mama/dada. Individuals affected by
SAMHD1, IFIHI1, and ADAR attained the most advanced milestones, with 44% achieved verbal
communication and 31% independently ambulated. Retrospective function scales (Gross Motor
Function Classification System, Manual Ability Classification Scale, and Communication
Function Classification System) demonstrated that two-thirds of the AGS population are severely
affected.

Our results suggest multifactorial influences on developmental trajectory, including a strong
contribution from genotype. Further studies are needed to identify the additional factors that
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influence overall outcomes to better counsel families and to design clinical trials with appropriate
clinical endpoints.
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Introduction

Aicardi Goutiéres Syndrome (AGS) is a rare genetic disorder of excessive interferon (IFN)
production resulting in systemic inflammatory injury (1, 2). Genetic abnormalities in the
intracellular nucleic acid sensing machinery (7TREX1, RNASEHZA, RNASEHZB,
RNASEH2C, SAMHD1, ADARI, and /FIHI) trigger an aberrant IFN response, which
results in extensive end organ damage (1, 3-5).While all identified individuals affected by
AGS exhibit some degree of neurologic impairment, this can range from mild spastic
paraparesis with normal intelligence to tetraparesis and severe cognitive disability. The
magnitude of this developmental heterogeneity challenges clinical trial development. While
there is a known association between genotype and overall clinical severity (6), there is an
unmet need for fully understanding the impact of genotype on developmental trajectory. As
we transition into the era of therapeutic options, it is important to characterize the impact of
genotype on developmental expectations so that appropriate outcomes can be selected (6).

In this study, a retrospective international cohort of 100 individuals affected by AGS was
analyzed for age and symptoms at presentation and a detailed developmental history was
obtained. Using developmental milestones, we were able to create genotype-specific
developmental trajectories. Future studies are needed to characterize additional variables that
influence overall clinical course.

Methods

Patient Ascertainment and Enrollment

A total of 100 individuals from 94 families affected by AGS were recruited through the
Myelin Disorders Bioregistry Project (MDBP) (IRB approved), an arm of the Global
Leukodystrophy Initiative Clinical Trial Network (GLIA-CTN) at 3 institutions (Children’s
Hospital of Philadelphia, Istituto di Ricerca Clinica C. Mondino, and Spedali Civili of
Brescia). AGS was defined as documented neurologic disability in the context of a change in
an AGS-related gene: TREX1, RNASEHZA, RNASEHZB, RNASEHZC, SAMHDI,
ADARI, or IFIHI (Supplemental Table).This neurologic disability ranged from isolated
spastic paraparesis to profound global developmental delay. Individuals without a known
genetic diagnosis or those with insufficient developmental histories were excluded.

Data Extraction and Collection

Demographic information, including age at last evaluation and mortality, was collected
(Table 1; Supplemental Table) (7).Date of acquisition of milestones was obtained from
parental questionnaires and confirmed with medical record review. Microcephaly was
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identified in medical records and defined as more than two standard deviations from the
mean for head circumference at the time of final data collection. Presenting information was
extracted from concurrent medical records wherever feasible to minimize recall bias.

Standard functional scores, the Gross Motor Functional Classification Scale (GMFCS), the
Manual Abilities Functional Classification Scale (MACS), and the Communication Function
Classification Scale (CFCS), were assigned from medical records as previously described, at
the last available clinical encounter (2, 8-11). These scales are composed of 5-levels with ‘I’
representing normal function and V'’ representing complete impairment. The Gross Motor
Function Classification System (GMFCS) describes motor impairment (11). Children scored
as ‘I’ are independently ambulatory without limitations, while children scored as a ‘V’
require full assistance including with head control. The Manual Ability Classification Scale
(MACS) helps to score fine motor skills (10), with a ‘I’ representing normal dexterity and
“V’ representing the requirement for total assistance. The Communication Function
Classification System (CFCS) is used to classify communication skills (8). A CFCS score of
‘I” represents effective communication as both sender and receiver, while a “V’ score
represents severe impairment even between familiar partners.

Statistical analysis

Results

Developmental milestones were grouped by genotype and compared to the normative data
derived from the Denver Developmental Screening Test |1 (DDST-11) using the p-value log
rank test (7). Skill acquisition was binned by percentage of the cohort who had attained a
skill at a given age. In order to compare achievement of milestones by genotype, we created
Kaplan-Meier curves for acquisition of developmental milestones. We included indicator
variables for each genotype group to evaluate the independent effects of genotype.

Age of acquisition of milestones was also plotted, including the age at which percentiles of
the population (p10 for 10%, p25 for 25%, etc) had achieved that specific milestone. These
data were grouped by genotype and compared to the normative data derived from the Denver
Developmental Screening Test 11 (DDST-I1). The 1992 revision of the DDST, the DDST-II,
has been validated across many populations of children with developmental disabilities and
brain injuries (12). We selected specific items from the DDST-II to represent the range of
skills observed in the AGS population.

Cohort features and presentation

In total, 100 children were included in our international cohort (Table 1). Genotype,
symptoms and age at presentation, and developmental milestone acquisition were extracted
by retrospective chart review (Figure 1, Supplemental Table). The median age at final
milestone collection was 59 months, with a range of 2 months to 34 years. Five individuals
are known to be deceased at the time of last data collection, with a range of age at death of 3
months to 9 years. All deceased individuals were from the 7REXZ and ADAR1 cohorts.
RNASEHZ2A-related AGS (n=5) and RNASEHZ2C-related AGS (n=2) had insufficient
numbers for inclusion in comparative analyses (Figure 1A).
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The age at presentation was calculated by genotype (Figure 1B). Within a genotype, there
was notable heterogeneity of features and age at presentation. Children with 7TREXI-related
AGS presented at a young age (average 1.0 months, range birth to 3 months). Children with
IFIH1-related AGS had the widest range of age at first clinical symptom: birth to 96 months.
Detailed information on presenting symptoms was available for 64 patients. Among all
genotypes combined, children with microcephaly had a younger age of onset (mean 2.5
months versus 11.4 months, p<0.001).

The most common presenting features were altered mental status (extreme irritability or
lethargy; n=41), feeding intolerance (n=40); and neurologic change (loss of gross motor
skills and/or spasticity or dystonia, or seizures; n=49). Additionally, some individuals also
presented with manifestations of systemic autoinflammation (e.g. fevers, skin involvement,
feeding intolerance, hepatitis) (Figure 1C). Clinical onset was more likely to be
characterized by acute neurologic decompensation in ADAR and /F/HI related AGS (p-
value = 0.002 compared to other genotypes while 7REX1 and RNASEHZB were more
likely to present with altered mental status (p-value = 0.0229). Of note, as children with
TREXI-related disease presented at such a young age, it would be difficult to discern
neurologic disability at that age. Systemic symptoms at onset were more likely in TREX1
and RNASEH2B versus other genotypes combined (p-value = 0.03; however, the difference
between individual genotypes was not statistically significant (p = 0.083).

Children presenting with altered mental status are characterized by a lower age of onset (3.3
months compared to 9.6 months, p-value=0.011).There was not a statistically significant
association between the presence of microcephaly and grouped or individual genotypes (p =
0.422 and 0.09, respectively).

Acquisition of developmental milestones—Kaplan-Meier curves characterized the
percentage of children that attained a skill at a given age (Figures 2-5). Developmental
milestone acquisition correlated with microcephaly, age at presentation, and presenting
symptoms. There was a significant correlation between microcephaly and developmental
skill achievement (p<0.005) for all assessed milestones (Figure 2).Similarly, earlier age of
onset (before 6 and 12 months of age respectively) was associated with significantly worse
outcomes regarding developmental milestones acquisition, even when adjusted for genotype
in a Cox PH model (log-rank p<0.005, Cox PH p < 0.02 ).Children who presented with
altered mental status, characterized as either sustained irritability or lethargy, had
significantly decreased early milestone acquisition (p<0.005 except for babbling, p=0.97).

Given limitations in genotype incidence, we were able to perform sub-analysis for only 5 of
the genotypes. /FIH1, TREX1, RNASEHZB, SAMHDI, and ADAR (Figure 3-5).
Responsive smile was the most attained skill across the entire AGS population (Figure

5). TREX1-related AGS was the most severely affected, and this cohort was statistically
distinct from the other AGS-genotypes for most skills including smiling, bringing hands
together, achieving head control, babbling, and sitting without support (p <0.005). Children
affected by variants in SAMHDI1, ADAR, and /F/H1 overall attained the most advanced
development. As previously published, individuals with RNASEHZB-related AGS
demonstrated a milder neurologic course compared to individuals with TREX1 mutations
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(2). The developmental trajectory of RMASEHZB-related AGS was compared to the
combined cohort of individuals with SAMHDI, IFIH1, and ADAR mutations. These cohorts
were distinct in head control (p = 0.032), rolling over (p = 0.044), standing alone (p =
0.043), and walking well (p = 0.033), all of which were less likely to be attained in
RNASEHZB-related AGS.To better assess the developmental trajectory as a whole, the age
of milestone acquisition was used to create plots of AGS-specific developmental skill
acquisition (Figure 6). These provide a visual demonstration of skill acquisition in our AGS
cohorts, for example, fewer than 20% of children with 7REXZ-related AGS achieve rolling
over by the age 161 months and fewer than 45% achieve smiling. In SAMHDI1-related AGS,
individuals are more likely to achieve spoken language (6 words) and independent
ambulation than in other genotypes.

Functional assessment scales—Finally, we applied retrospective functional
assessment scales (GMFCS, MACS and CFCS) to the last available clinical encounter
(Figures 7A and 7B).All but one child affected by 7REXI scored a “V’ on the GMFCS,
MACS, and CFCS scales. The other genotypes, /FIH1, RNASEH2B, SAMHDI, and ADAR,
demonstrated significant functional diversity, with both mildly and severely impaired
individuals within each genotype.

Conclusions

AGS is a genetically heterogeneous disorder caused by changes within the nucleic acid
sensing machinery, resulting in sustained interferon production. While all children described
to date with AGS demonstrate some degree of neurologic impairment, we confirm that the
presentation and degree of disability is highly variable (Figures 2—7). This study contributes
detailed developmental information to collective published works related to the neurologic
features of AGS (2, 6, 13-15). In particular, the current work builds upon our understanding
of overall neurologic outcomes in AGS through detailed developmental history analyses (6).
As we move towards therapeutic development in AGS and clinical trial design, it is
increasingly important to establish a deeper understanding of the neurologic trajectory of
AGS.

To this end, we characterized the features of presentation and the overall developmental skill
acquisition across the AGS genetic spectrum.As anticipated, we found that children across
all genotypes had variable age of onset and presenting symptoms (Figure 1). This
underscores one difficulty with early recognition and diagnosis of AGS as the presentation
can be heterogeneous. Additionally, the ascertainment of presenting features is complicated
by parental recall bias. Many children had delayed development prior to an AGS-specific
clinical presentation, as previously described (6). We hypothesize that this pre-presentation
period is a key window for potential future therapeutic interventions.

While this study supports genotype as a significant variable affecting neurologic outcomes
in AGS, significant intra-genetic cohort variability (Figure 7) suggests the importance of
other unidentified factors that may influence the age of presentation and overall outcome.
We hypothesize that additional confounding variables may include environmental exposures
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(such as illnesses) and complementary genetic polymorphisms within the IFN pathway. The
difficulty in accounting for these variables is a limitation of the current study.

As most individuals with AGS are currently identified because of a prominent CNS
involvement, this study may overestimate severity of neurologic dysfunction of the ultimate
population. Additionally, as part of the Global Leukodystrophy Initiative Clinical Trial
Network across 3 child neurology divisions, our population is biased to include children
with severe neurologic impairment. Given the variable involvement of other organ systems
in AGS, it is possible that individuals with the same genotypes, but without CNS injury,
have not been yet identified. For example, no individuals affected by Familial Chilblain
Lupus from 7REXI mutations were included in this cohort. This underscores the need for a
better appreciation of the breadth of disease associated with AGS-related genes.

As an example of recruitment bias, we hypothesize that the differences in the developmental
skill acquisition in the Italian versus the US cohorts may be due differences in ascertainment
by diagnostics strategies. In Italy, the primary diagnostic method is targeted mutation or
gene panel analysis, and the children selected for testing are typically “classic” severe
presentations with microcephaly and/or intracranial calcifications. In the US, an increasing
number of individuals are ascertained by whole exome sequencing for more non-specific
symptoms. A more agnostic approach to genetic diagnosis leads to an expansion of
phenotypes of AGS.

Overall, children with AGS reached milestones in the same linear developmental course as
neurotypical children. Interestingly, there was a small cohort of children who were able to
attain new skills for years beyond the expected age of acquisition (Figure 2-5). In our study,
we identified 3 distinct cohorts: mild, intermediate, and severe impairment. The mild
involvement category included children who were either walking independently or with
assistive devices, or had normal speech with some floor mobility. Intermediate category
patients have floor mobility through rolling, and some communication skills (includes
babbling and language). Severe patients have no mobility, poor head control, and no
communication beyond a social smile. These groups clustered by genotype, although
genotype alone was not sufficient to predict the course in an individual patient. Individuals
with AGS related to SAMHDI, IFIH1, and ADAR mutations achieve a greater number of
developmental milestones compared to individual with TREX1-related AGS. TREXI-related
AGS was statistically distinct from the other genotypes for most milestone acquisitions, and
the RNASEHZB was similar to the milder cohort except for early fine motor function
(bringing hands together and reaching), rolling over, and the acquisition of 6 words. Notably,
individuals with RNASEHZA and RNASEH2C were not able to be included in these
analyses due to low rates of enrollment and overall prevalence. This study is also limited in
that it was retrospective and thus the results from functional outcome tools were largely
unavailable.

From this study, we have a deeper understanding of the kinetics of development of children
with AGS. This study also illustrates potential challenges in clinical trials in the AGS
population. As the developmental trajectory of AGS is heterogeneous, it may be challenging
to demonstrate clinical efficacy of any future interventions across a mixed population
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requiring careful consideration of variables including microcephaly, age of onset and
genotype. Additionally, in individuals with the severe developmental phenotype, traditional
measures of motor and cognitive performance may have significant floor effects. Future
clinical studies may benefit from the creation of an AGS-specific scale, similar to what has
been developed in other rare diseases (16, 17). Identifiable variables that may affect long-
term outcome, such as age of onset, presenting symptoms, genotype, and microcephaly,
should be considered in the design of future clinical trials with the selection of appropriate
clinical endpoints. In this study, we began to explore the association between genotype and
phenotype in this unique disorder. Future studies are needed to validate our findings and
further understand AGS-genotype specific subpopulations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Genetics and features at presentation of the US-Italian AGS cohort. A. Genotypic

distribution of individuals with AGS across the US and Italian cohorts. B. The age at
presentation in months is shown as sorted by genotype. The error bars represent min-max.
Individuals with symptoms present at birth were noted as presenting at 0 months. C Features
at presentation were classified into non-exclusive categories: neurologic symptoms [Neuro]
(e.g. seizures, sudden change in tone, or developmental regression), altered mental status
[AMS] (irritability or lethargy), systemic inflammation [Systemic] (e.g. feeding intolerance
and fevers), rash [Rash], and Microcephaly. Clinical presentation is shown by age.
PvalueswerecalculatedusingMann-Whitneytwo-tailedt-testsand designated as * = < 0.05, **
=<0.01, and *** = < 0.005.
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Figure2.

Developmental milestone acquisition in microcephalic versus nonmicrocephalic individuals.
Age at developmental skill acquisition was presented with Kaplan-Meier curves. P-values
were calculated using the log-rank (Mantel-Cox) test comparing individuals with
microcephaly (>2 standard deviations below the mean head circumference for age) to all
other individuals and was <0.005 for all milestones.
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andADAR, as represented with Kaplan-Meier curves. P-values were calculated using the
Log-rank(Mantel-Cox)test comparing genotype sand is designated as * for p<0.05, ** for p

<0.01, and *** for p < 0.005.

J Child Neurol. Author manuscript; available in PMC 2020 August 04.

IFIH1

- ADAR1

SAMHD1
RNASEH2B
TREX1



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Adang et al.

Page 12
Hands together = |FIH1
100 ==+ ADAR1
5 «#« SAMHD1
'g 75"‘ R N RNASEHZB
© 0
I e ——————— = e = TREX1
S 504 Ary J
c .
(] Foo®
o Fokok
g 25+
o_
I 1 I 1 1
0 12 24 36 48
Age (months)
Reach
100
°
o
e
'a TV ITOTVITOTVITeTV 0
£
(]
5 *kk
o
[}
o
I 1 | 1 1
0 12 24 36 438
Age (months)
Thumb-finger grasp
100+
?
Q 754
©
£
2 50 0000 et in0ctnd Gutn@ctm
§ - LR X X *k
E 25
0
I 1 || 1 1
0 12 24 36 48
Age (months)

Figure 4.

Fine motor milestone acquisition by genotype. Age at developmental skill acquisition was
determined for the 5 most prevalent genotypes, IFIH1, TREX1, RNASEH2B, SAMHD1,
andADAR, as presented with Kaplan-Meiercurves. P-values were calculated using the Log-
rank(Mantel-Cox)test comparing genotypes and is designated as * for p<0.05, ** for p <

0.01, and *** for p < 0.005.

J Child Neurol. Author manuscript; available in PMC 2020 August 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Adang et al.

Percent attained

Percent attained

Smile

100+ .
75+ d
50
254
0_
I I 1 1 1
0 12 24 36 48
Age (months)
One word
100
754
50 greeeesees
o o T CEXXXN] '_":_ Ju———
25+ — -
d
0 ~
I 1 1 1 1
0 12 24 36 48
Age (months)
Figure5.

Percent attained

Percent attained

100+

75+

100

75+

50+

25+

Page 13

Dada-mama (non-specific)

TV T TV T TV T TV T Y = o

Kk

T T 1
24 36 48

Age (months)

Six words

etsscscsee
.

-
seevsnves -

Age (months)

Social and language milestone acquisition by genotype. Age at developmental
skillacquisitionwasdeterminedforthe5Smostprevalentgenotypes, IFIH1, TREX1,
RNASEH2B,SAMHD1, andADAR, as presented with Kaplan-Meiercurves. P-values were
calculated using the Log-rank(Mantel-Cox)test comparing genotypes and is designated as *

for p<0.05, ** for p < 0.01, and *** for p < 0.005.
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Developmental skill acquisition plots were created for the overall AGS population and for
the 5 most common genotypes, TREX1, RNASEH2B, SAMHD1, ADAR, and IFIH1. The
designation of 10’ represents less than 10% of the population has acquired a milestone by
the age indicated on the x-axis, while the designation of ‘90’ represents that up to 90% of
the population has acquired the skill by the given age. The color-coded heat map indicates
the percentage of the population who has attained the milestone at a given age, as shown on

the x-axis.
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Figure 7.

A.Overall performance by retrospective functional assessment scales in the AGS population.
The Gross Motor Function Classification System (GMFCS) describes motor impairment (I’
= independently ambulatory without limitations, *V’ = full assistance including with head
control). The Manual Ability Classification Scale (MACS) helps to score fine motor skills
(‘" = normal dexterity, “V’ = requirement for total assistance with manual tasks). The
Communication Function Classification System (CFCS) is used to classify communication
skills (‘I = effective communication as both sender and receiver, ‘V’ = severe impairment
even between familiar partners).B-D. Performance by retrospective functional assessment
scales in the AGS population by genotype.
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Table 1.
Demographic Information.
L Systemic Altered mental Neurologic
Total N (% of all Agezgtqgt'%ﬁ?n symptoms at status at symptoms at Microcephaly N
individuals) gwonths presentation % presentation % presentation % (%)
of genotype of genotype of genotype
All 100 6.9 40 41 49 51 (51)
TREX1 17 (17) 1 375 56.3 43.8 13 (81.3)
RNASEH2B | 35 (35) 5.4 55.9 52.9 38.2 15 (42.8)
RNASEH2A | 5(5) 2.7 40.0 0.0 60.0 2 (40.0)
RNASEH2C | 2(2) 0.5 100.0 100.0 0.0 2(100.0)
SAMHD1 12 (12) 7 417 50 41.7 7 (58.3)
ADAR 15 (15) 115 28.6 21.4 71.4 7 (46.7)
IFIH1 14 (14) 14.6 143 214 78.6 5(35.7)
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