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Abstract

Background—Aicardi Goutieres Syndrome (AGS) is a heritable interferonopathy associated
with systemic autoinflammation causing interferon (IFN) elevation, central nervous system
calcifications, leukodystrophy and severe neurologic sequelae. An infant with TREX1 mutations
was recently found to have abnormal C26:0 lysophosphatidylcholine (C26:0 Lyso-PC) in a
newborn screening platform for X-linked Adrenoleukodystrophy, prompting analysis of this
analyte in retrospectively collected samples from individuals affected by AGS.

Methods—In this study, we explored C26:0 Lyso-PC levels and IFN signatures in newborn blood
spots and post-natal blood samples in 19 children with a molecular and clinical diagnosis of AGS
and in the blood spots of 22 healthy newborns. We used Nanostring nCounter™ for IFN-induced
gene analysis and a high-performance liquid chromatography with tandem mass spectrometry
(HPLC MS/MS) newborn screening platform for C26:0 Lyso-PC analysis.

Results—Newborn screening cards from patients across six AGS associated genes were
collected, with a median disease presentation of 2 months. Thirteen out of 19 (68%) children with
AGS had elevations of first tier C26:0 Lyso-PC (>0.4uM), that would have resulted in a second
screen being performed in a two tier screening system for X-linked adrenoleukodystrophy (X-
ALD). The median (95%Cl) of first tier C26:0 Lyso-PC values in AGS individuals (0.43 uM
[0.37-0.48]) was higher than that seen in controls (0.21 uM [0.21-0.21]), but lower than X-ALD
individuals (0.72 pM [0.59-0.84])(p<0.001). Fourteen of 19 children had elevated expression of
IFN signaling on blood cards relative to controls (Sensitivity 73.7%, 95%CI 51-88%, Specificity
95%, 95% CI 78-99%) including an individual with delayed disease presentation (36 months of
age). All five AGS patients with negative IFN signature at birth had RNASEHZB mutations.
Consistency of agreement between IFN signature in neonatal and post-natal samples was high
(0.85).

Conclusion—This suggests that inflammatory markers in AGS can be identified in the newborn
period, before symptom onset. Additionally, since C26:0 Lyso-PC screening is currently used in
X-ALD newborn screening panels, clinicians should be alert to the fact that AGS infants may
present as false positives during X-ALD screening.

Introduction

Aicardi-Goutiéres Syndrome (AGS, OMIM: 225750) is a heritable interferonopathy that
mimics a congenital viral infection®: 2 and results in a devastating early onset neurologic
condition. There are seven genes known to be associated with AGS: the DNA exonuclease
TREX1 (TREX1)3, the three non-allelic components of RNase H2 endonuclease complex
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(RNASEHZA, RNASEHZB and RNASEHZ2C)*, the deoxynucleoside triphosphate
triphosphohydrolase SAM domain and HD domain-containing protein (SAMHDI)?, the
double-strand RNA editing enzyme ADAR (ADARI)%, and the double-strand RNA cystolic
sensor IFIH1/MDAGS (/F/HI)L7. These genes encode proteins that are implicated either in
intracellular nucleic acid accumulation triggering an innate immune response or directly
involved in interferon signaling pathways 8 ©.

AGS typically presents as a subacute encephalopathy in the first year of life, with spasticity,
dystonia, developmental delay or regression, and often rapidly progressive
leukoencephalopathy with intracranial calcifications and severe atrophy on brain MRI10:11,
This period is followed by relative disease stability or slow progression in later years, but
brain damage incurred early in the disease results in irreversible neurologic injury often
associated with very severe neurologic outcomes!2. There is currently no means to screen
for this disorder or to reliably identify affected individuals before the onset of neurologic
devastation, despite the fact that emerging therapies offer the hope of a disease modifying
intervention.

Individuals with AGS have elevated interferon-a levels in cerebrospinal fluid3, CSF
pleocytosis, elevated CSF neopterinl4, and an interferon (IFN) signature characterized by
increased expression of genes induced by the IFN pathway5. These inflammatory markers
are thought to be present very early in the disease course!® 17, and may be present in pre-
symptomatic patients. A recently implemented newborn screening program for X-linked
adrenoleukodystrophy (X-ALD) in the state of New York (USA) unintentionally identified a
single individual with AGS when the child’s first tier C26:0 lysophosphatidylcholine (C26:0
Lyso-PC) blood levels tested above the program’s threshold of 0.4uM (unpublished data).
As a phosphatidylcholine, C26:0 Lyso-PC might reasonably be expected to be increased as
an acute phase reactant and we hypothesized that AGS individuals might have elevation on
newborn screening, due to the severe autoinflammatory disease seen in these individuals. We
evaluated C26:0 Lyso-PC and Interferon Stimulatory Gene expression (IFN signature) in an
additional 18 retrospectively collected newborn screening cards from children with
confirmed AGS. Our objective was to explore the potential for unintended detection of AGS
under some X-ALD newborn screening protocols.

Human subjects participation

Individuals were recruited as part of a leukodystrophy associated registry, the Myelin
Disorders Bioregistry at Children’s Hospital of Philadelphia (USA), and as part of
bioregistry efforts at the Royal Children’s Hospital of Melbourne (Australia) and the C.
Besta Neurological Institute of Milano (Italy), and the National Institutes of Health
Undiagnosed Diseases Program (USA) according to IRB approved protocols. When
available, both neonatal blood spots and post-natal blood samples (taken in PAX gene tubes)
were collected. Clinical information was abstracted for year of birth (to establish length of
time blood cards were stored), age at symptom onset, age at diagnosis, and functional
disease severity as measured by previously used signatures in AGS (Gross Motor Functional
Classification System)18: 19,
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Interferon (IFN) signature

An IFN signature was calculated to assess the presence of autoinflammation in affected
individuals. RNA was extracted from dried blood spots using Norgen Total RNA
Purification Micro Kit or post-natal blood samples, which was collected in PAXgene Blood
RNA tubes (PreAnalytiX), using PAXgene Blood RNA kit (Qiagen), obtained from 19 AGS
individuals and 22 healthy controls during the newborn period and from post-natal blood
samples from 11/19 of the studied AGS individuals and from 51 controls. Extracted RNA
was quantified on Qubit 2.0 fluorometer and RNA integrity number determined using
Agilent 2100 Bioanalyzer. Copy number of mRNA transcripts of the 6 previously reported
type | IFN-inducible genes with increased levels in individuals with AGS (/F/127, IFI44L,
IFIT1, ISG15, RSADZ2, and 5/GLECJ)15 and 4 housekeeping genes (ALASI, HPRT1, TBP,
and TUBB) was quantified using Nanostring nCounter ™ Digital Analyzer as described
(Supplemental methods). The raw copy number of mMRNA transcripts of each type | IFN-
inducible gene was standardized (stdGene) using the geometric mean of the 4 housekeeping
genes for each individual. Then, a Z score for each IFN inducible gene was calculated using
the mean and the standard deviation (SD) in the normal control group according to the type
of sample (see formula below and supplemental material):

stdGene—mean stdGene control group
SD stdGene control group

Zscore Gene=

The 6 gene IFN signature in each individual was calculated using the median of the Z scores
of the 6 genes. The IFN signature as considered positive (IFN high) if their value was =1.96
(>98centile) (one tail analysis was used since only positive IFN signatures in AGS patients
were expected).

Lyso-PC- MS/MS analysis of neonatal blood spots

Lyso-PC tandem mass spectrometry (MS/MS) analysis was performed as per previously
completed studies?? using residual banked newborn screening cards (supplemental methods)
in 19 individuals with mutation confirmed AGS. At least one 3mm punch of the newborn
screening blood spot of consented individuals was used for analysis. High-purity grade high
performance liquid chromatography (HPLC) solvents were used (J.T. Baker Co or Burdick
& Jackson, Inc.) as well as standards D4-26:0-lyso-PC (internal standard) and 26:0-lyso-PC
from Avanti Polar Lipids, Inc. Quantitation of 26:0 Lyso-PC was performed by analyzing the
signal of the target analyte compared with the signal of the internal standard. Data from the
calibration curves for 26:0 Lyso-PC show a linear response (R2 = 0.99) in dynamic range of
0.1-20 pmoles per 3mm newborn screening spot2L. All prepared samples with first tier
C26:0 Lyso-PC concentrations that were greater than or equal to 0.4 UM were verified by
reflex analysis by use of HPLC-MS/MS as described previously2 to minimize false-positive
results (second tier 26:0 Lyso-PC). Those samples with results from 0.24 to 0.39 uM on
second tier analysis were considered borderline (in routine newborn screening a repeat
specimen would be requested) and those samples with HPLC-MS/MS results 0.4 uM were
considered positive screens for X-ALD?2. The values of C26:0 Lyso-PC determined in blood
spots of the 19 AGS individuals were compared with those determined in blood spots of
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controls (670,524 controls in the first tier and 11,353 for the second tier) and 24 ALD
individuals, from the X-ALD screen program in the state of New York determined by the
same procedures.

Post-natal testing of plasma very long chain fatty acids, lyso-PC and associated
peroxisomal function testing

Very long chain fatty acids (VLCFA) and C26:0 Lyso-PC were measured in a total of 56
plasma samples from 36 AGS individuals, including 8 individuals from the 19 AGS affected
individuals studied by newborn screening. VLCFA were measured according to standard
clinical testing approaches at the Kennedy Krieger Institute 23. Post-natal plasma C26:0
Lyso-PC measurements were also performed according to previously published methods 2.
Descriptive analysis of these results was performed.

Peroxisomal functional testing on fibroblasts in AGS individuals

Standard clinical laboratory assays of peroxisomal function were performed on cultured skin
fibroblasts obtained from six AGS individuals unrelated to the individuals tested by newborn
blood spots. These assays include very long chain fatty acid content?®, peroxisomal
plasmalogen synthesis enzyme activity 26, branched chain fatty acid (phytanic and pristanic)
enzyme activity?”: 28 and catalase distribution 2°,

Statistical analysis

Descriptive data as age or IFN signatures and C26:0 Lyso-PC levels are presented by their
median and interquartile range (IQR). Factors influencing the value of IFN signature in
blood spots, post-natal blood samples, and the value of C26:0 Lyso-PC in blood spots were
assessed by multivariate linear regression models, including all variables with p>0.1 in
univariable linear regression (data not shown), and approached by forward stepwise
procedure; only the variables that remained significant were considered as independent
predictors. Linear regression coefficients and 95% confidence interval (CI) were used to
measure the effect of predictors. Study of consistency of agreement between neonatal and
post-natal samples for IFN signature was done using the interclass correlation coefficient
(ICC) in which 1CC<0.4 bad, 0.75 good, >0,75 very good correlation)3C. 95%CI for
sensitivity and specificity of IFN signature for the diagnosis of AGS was assessed with
Wilson procedure. Comparison of values of C26:0 Lyso-PC between groups (AGS, controls
and ALD individuals) was done by Kruskall Wallis test as Barlett’s test showed non
homogenous variances between groups. Statistical software (STATA version 13.1;
StataCorp, Texas, USA) was used for all the analyses.

Results

Genotype and phenotypic characteristics of AGS individuals

Nineteen individuals with mutations across six of the seven AGS associated genes were
identified for this study, with an equal distribution across genders and disease presentation in
the first three years of life (Table 1 and supplemental Table 1). There was broader variation
of age at diagnosis, in part because some individuals were identified before genes associated
with AGS had been identified (Table 1 and supplemental Table 1). AGS was suspected in 17
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patients because of clinical symptoms, in 1 patient because a sibling was affected, and in 1
patient based on newborn screening for X-ALD. Molecular diagnosis was confirmed by
Sanger sequencing (11/19), Next generation Sequencing (7/19), or MLPA (1/19).
Cerebrospinal fluid analysis for interferon-a. and neopterin/tetrahydrobiopterin was
performed in 5 and 9 individuals respectively (12/19 in total) and were abnormal in all but
one individual with RNASEHZB mutations in whom it was performed at 19 years of age,
more than 18 years after symptom onset (data not shown).

Individuals presented with developmental abnormalities, irritability or seizures (Table 1).
Individuals were very neurologically impaired, as typically seen in AGS, based on
retrospective assignment of Gross Motor Function Classification System (based on
examinations on subjects at average age of 81.7 months, range 5 — 276 months). Most had
severe motor impairment (level V in 16/19, 84.2%), with only a few with some preservation
of motor function (level 1V in 2/19, 10.5% and level 111 in 1/19, 5.3%).

The infant identified as part of newborn screening (individual 4 Table 2) for X-ALD with
elevated C26:0 Lyso-PC (index case) was symptomatic, suggestive of a non X-ALD
etiology. The infant subsequently had negative Sanger sequencing analysis for mutations in
ABCD1 and genes associated with peroxisomal disorders, thus excluding X-ALD, and had
molecular testing confirming AGS.

IFN signaling gene expression in blood spots and correlation with post-natal blood and
blood spots samples in Aicardi Goutiéres Syndrome

Extracted RNA from neonatal blood spots obtained during the newborn period was available
in 19 AGS individuals and 22 controls. Twelve AGS individuals had follow up blood post-
natal samples (median age at the sample collection was 110 months old, IQR 26-202).
Median age at which post-natal blood samples were obtained in the 51 control individuals
was 213 months old (IQR 58-523).

Overall 17/19 (94%) AGS individuals and 6/73 (8%) control individuals had at least one
positive IFN signature in one of the samples, p<0.001 (Table 1 and Figure 1). In neonatal
blood spots samples, the IFN signature was positive in 14/19 patients and 1/22 controls
(Sensitivity 73.7%, 95%CI 51-88%, Specificity 95%, 95% CI 78-99%). The median of the
IFN signature value in neonatal blood spots samples was 12.6 (IQR 0.4-18.6) in AGS
individuals and 0.28 (IQR —0.36 — 0.01) in controls, p<0.001 (Figure 1).

In post-natal blood samples obtained from PAX gene tubes, the IFN signature was positive
in 10/12 AGS individuals, and in 6/51 controls (Sensitivity 83%, 95%CI 55-95%,
Specificity 88%, 95%CI 76-94%). The median IFN signature value in post-natal blood
samples was 8.24 (IQR 5.1-13.7) in AGS individuals and —0.33 (-0.53 — 0.36) in controls,
p<0.001 (Figure 1).

The 6 individuals in whom at least 1 sample showed a negative IFN signature all had
RNASEHZB mutations. Three individuals had blood spot negative but post-natal positive
IFN signature, 1 individual had positive blood spot but negative IFN signature in a post-natal
sample, and 2 individuals had negative IFN signature in both blood spot and post-natal
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samples. The value of the IFN signature was lower in individuals with RNASEHZB
mutation (p<0.001). Overall, we did not find significant differences in the value of the IFN
signature when comparing neonatal blood spots with post-natal blood samples (mean 12.4 vs
10.4, p=0.627). Consistency of agreement between IFN signature in samples obtained during
neonatal period (blood spots) and post-natal age (blood samples) was high (interclass
correlation coefficient=0.85, 95%CI 0.48-0.96, p=0.002).

In multivariate linear regression analysis, only the absence of an RNASEHZB mutation (coef
15.1 95%Cl 7.8-22.5) was an independent factor influencing the value of IFN signature in
blood spots. We found that sex, age at onset, and storage time of the newborn blood spot had
no effect on IFN signatures. The value of the IFN signature in post-natal blood sample was
influenced positively by the absence of a RNASEHZB mutation (coef 10.4, 95%CI 1.9-19.0)
and an older age at the onset of symptoms (coef 0.8, 95%CI 0.4-1.2).

Neonatal blood spot C26:0 Lyso-PC, VLCFA, and peroxisomal studies in AGS

In the first tier analysis, 13 of out 19 (68%) individuals with AGS had elevations of first tier
C26:0 Lyso-PC (>0.4uM) that would have resulted in determination of second tier 26:0
Lyso-PC via a second screen being performed in a two tier screening system for X-ALD
(Table 2). In the first tier, the mean of C26:0 Lyso-PC values in AGS individuals was 0.43
UM (1C95% 0.37-0.48), which was higher than controls (mean 0.21 uM, 1C95% 0.21-0.21),
but lower than ALD individuals (mean 0.72 uM, 1C95% 0.59-0.84) (p<0.001) (Figure 2).

In the second tier, only 3 AGS individuals showed second tier 26:0 Lyso-PC values greater
than the borderline cut-off of >0.24 puM that in routine screening would have resulted in a
request for repeat testing. None of the samples from AGS affected individuals showed
second tier results =0.4 uM which would result in a referral to a speciality care center as a
positive result for X-ALD. The value of the second tier C26:0 Lyso-PC in AGS individuals
(mean 0.17 uM, 1C95% 0.13-0.20) also showed intermediate levels between controls (mean
0.08 UM, 1C95% 0.08-0.08) and ALD individuals (mean 0.54 pM, 1C95% 0.42-0.66)
(Figure 2).

Multivariate linear regression analysis analyzing the factors that influence the value of C26:0
Lyso-PC (15t and 2" tiers) identified higher median values of IFN signature in blood spot
and time from sample (blood spot) to analysis of C26:0 Lyso-PC as positive influencing
factors, and age of disease onset as a negative influencing factor (p<0.01) (Supplemental
Tables 2 and 3).

VLCFA were performed on all 19 newborn screening samples (Supplemental Table 4) and
post-natal VLCFA were measured in a total of 56 plasma post-natal samples from 36 AGS
individuals, including 9 individuals from the newborn screening cohort for whom post-natal
samples were available. None of the samples exhibited a pattern of VLCFA that is consistent
with the diagnosis of a peroxisomal disorder (i.e. a triad of elevated C26:0 and C26/C22 and
C24/C22 ratios) (Supplemental Table 4). Further peroxisomal studies on banked fibroblasts
from AGS affected individuals didn’t exhibit evidence of a generalized peroxisomal
disorder.
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Discussion

Based on the experience of a single AGS newborn with 7REXIZ mutations detected during
newborn screening for X-ALD (unpublished data, individual LD_1179.0), we designed the
current study to explore the relevance of C26:0 Lyso-PC, very long chain fatty acids, and
interferons to AGS in the newborn and post-natal periods. We find that 13 of 19 newborn
blood spots from infants with AGS had first tier C26:0 Lyso-PC levels above the 0.4uM
threshold that is commonly used in X-ALD newborn screening. AGS individuals showed
higher mean values of first tier C26:0 Lyso-PC than controls but lower than X-ALD
individuals (Figure 2). We find no further evidence of very long chain fatty acid disturbances
to suggest an underlying peroxisomal dysfunction in plasma or fibroblast testing in these or
additional AGS individuals. Thus it is presumed that the finding of elevated C26:0 Lyso-PC
in AGS subjects represents a false positive for X-ALD screening. We speculate that elevated
C26:0 Lyso-PC, and perhaps elevations in other phosphatidylcholines, may be a marker of
an undefined downstream inflammatory pathway in AGS pathophysiology 31 32,

Elevated interferon-a. levels have long been recognized as a hallmark of AGS!3. The IFN
signature, a measure of expression of interferon signaling genes, is considered a biomarker
for the disease 1°. Of the newborn blood spot samples available for testing, 14 of 19 samples
had elevated IFN signatures on neonatal blood spots (Figure 1). In the five individuals
without an IFN signature at birth, all individuals had RNMASEHZ2B mutations; however, not
all individuals with RNASEH2B mutations causing AGS have negative IFN signatures 1°,
Limitations to this approach are that none of the blood spots were from a patient with an
ADARI mutation and that there are small numbers of patients with the individual genes, in
particular RNASEHZA, RNASEH2C and /F/H1 mutations for which a single affected
individual was affected.

It is important to note that the IFN signatures in all but one neonatal blood spot sample in

this study were tested retrospectively. Although length of time the blood spots were stored
did not correlate with IFN signatures in this small sample, prospective testing of neonatal

blood spots cards could have been more sensitive.

Demonstration of elevated IFN response gene expression as well as C26:0 Lyso-PC
elevations in a subset of AGS individuals at birth indicates that interferon activation in these
individuals precedes the onset of symptoms by several months, and that the elevation of
phosphatidylcholines is likely consistent with this early inflammatory response. This finding
suggests that it might be possible to detect AGS in infants prior to clinical disease
manifestations. Whether this will help prevent neurologic injury if an effective therapy were
to be identified remains to be established, but emerging therapies in AGS add increasing
urgency to an early diagnosis. Thus, as X-ALD newborn screening is adopted, practitioners
should be aware of the potential for incidental identification of AGS affected infants; if
peroxisomal testing is inconclusive, the possibility of AGS should be considered.
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Highlights

Aicardi Goutiéres Syndrome (AGS) is a heritable interferonopathy associated
with systemic autoinflammation causing interferon (IFN) elevation, central
nervous system calcifications, leukodystrophy and severe neurologic
sequelae.

An infant with TREX1 mutations was recently found to have abnormal C26:0
lysophosphatidylcholine (C26:0 Lyso-PC) in a newborn screening platform
for X-linked Adrenoleukodystrophy, prompting analysis of this analyte in
retrospectively collected samples from individuals affected by AGS.

Thirteen out of 19 (68%) children with AGS had elevations of first tier C26:0
Lyso-PC (>0.4uM), that would have resulted in a second screen being
performed in a two tier screening system for X-linked adrenoleukodystrophy
(X-ALD).

This suggests that inflammatory markers in AGS can be identified in the

newborn period, before symptom onset.

Additionally, since C26:0 Lyso-PC screening is currently used in X-ALD
newborn screening panels, clinicians should be alert to the fact that AGS
infants may present as false positives during X-ALD screening.
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IFN score in AGS versus controls
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Figure 1. IFN signaling genes in newborn blood spots and post natal samples in AGS versus
controls

Interferon signaling gene score (IFN signature), calculated in each individual using the
median of the Z scores of the 6 genes in previously published scores (see methods). The IFN
signature was considered positive (IFN high) if their value was =1.96 (>98centile). IFN
signature was elevated in a majority of neonatal samples and correlated with post-natal
signatures where available. * post-natal signatures were used only for those patients for
whom neonatal signatures were available and do not represent the full range of post-natal
signatures in the AGS population.
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26-LPC in AGS versus controls and ALD
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Figure 2. C26:0 lysophosphatidylcholine (LPC) levels (Tier 1 C26:0 LPC and Tier 2 C26:0 LPC)
in newborn blood spots from control, AGS affected and ALD affected infants

AGS affected infants have C26:0 LPC levels in the range of requirement for a repeat
analysis (p<0.001) in a majority of cases. Second tier analysis is more reliable in

discriminating AGS from ALD individuals, but second tier 26:0 LPC in AGS is still above
the typical range of controls (p<0.001).
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Characteristics of AGS affected individuals

Table 1
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Age of onset (median, range) |

2 months (0-36 months)

Age at diagnosis (median, rang) |

9 months (0-236 months)

Gender | male 9/19 and female (10/19)

Genotype TREX1 (4/19) 21%
RNASEHZA (1/19) 5.3%
RNASEHZB (9/19) 47.3%
RNASEHZC (1/19) 5.3%
SAMHDI (3/19) 15.7%
IFIH1 (1/19) 5.3%

Presenting symptom Developmental delay (7/19) or regression (4/19) 57.8%
Seizures including infantile spasms (hypsarrythmia in 1 individual) 15.8%
(3/19)
Irritability (5/19) 26.3%

Additional disease features present in subsets of patients | Feeding impairment (7/19) 36.8%
Sleep abnormalities (2/19) 10.5%
Microcephaly (7/19) 36.8%
Tone abnormalities (7/19) 36.8%
Sterile pyrexia (3/19) 15.8%
Hepatomegaly, hematochezia, excessive startle reactions, gait 5.3% each

anomalies and easy fatigability were described in one individual each
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