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ARTICLE INFO ABSTRACT
Keywords: Aicardi-Goutieres Syndrome (AGS) is a rare neuro-inflammatory disease characterized by increased expression of
Aicardi-Goutieres syndrome interferon-stimulated genes (ISGs). Disease-causing mutations are present in genes associated with innate anti-

DNA methylation viral responses. Disease presentation and severity vary, even between patients with identical mutations from the

RNASEH2B 0
Phenotype same family.

Biomari,(l::r This study investigated DNA methylation signatures in PBMCs to understand phenotypic heterogeneity in AGS
Interferon patients with mutations in RNASEH2B. AGS patients presented hypomethylation of ISGs and differential

1SG methylation patterns (DMPs) in genes involved in “neutrophil and platelet activation”. Patients with “mild”
phenotypes exhibited DMPs in genes involved in “DNA damage and repair”, whereas patients with “severe”
phenotypes had DMPs in “cell fate commitment” and “organ development” associated genes. DMPs in two ISGs
(IF144L, RSAD2) associated with increased gene expression in patients with “severe” when compared to “mild”
phenotypes.

In conclusion, altered DNA methylation and ISG expression as biomarkers and potential future treatment
targets in AGS.

1. Introduction disability with motor and cognitive impairment [1]. Notably, AGS
shares symptoms with the systemic inflammatory disease Systemic

Aicardi-Goutieres Syndrome (AGS) is a rare neuroinflammatory Lupus Erythematosus (SLE) and congenital virus infections, including
disease. It is typically characterized by early-onset neuroinflammation cutaneous chilblain lesions, increased expression of type I interferons
with cerebrospinal fluid lymphocytosis, white matter lesions, cerebral (IFNs) and interferon sensitive genes (ISGs), anaemia, neutropenia and

calcifications, and brain atrophy. Most children affected develop severe thrombocytopenia [2-4]. Thus, AGS has been classified as a “type I
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interferonopathy”, a group of Mendelian disorders characterized by
mutations in genes involved in type I IFN signalling and innate antiviral
responses [5].

Aicardi-Goutieres Syndrome is a genetic disorder caused by muta-
tions in (at least) 9 individual genes, namely TREXI, RNASEH2B,
RNASEH2C, RNASEH2A, ADAR1, SAMHDI, IFIH1, LSM11 and RNU7-1
[6-8], all involved in nucleic acid sensing and/or metabolism [6,7]. The
majority of AGS patients carry loss-of-function mutations in RNASEH2B
(36% worldwide, 59% in Italy) [7,8], encoding for one of the three
subunits of RNase H2 enzyme. Within this group, homozygous RNA-
SEH2B p.A177T mutations are the most common [7,8]. Notably, mu-
tations in RNASEH2B have also been reported in SLE, suggesting shared
pathomechanisms between these two diseases [9]. AGS patients car-
rying p.A177T mutation in RNASEH2B show pronounced phenotypic
variability, even within the same family [7].

Notably, disease phenotypes of patients with AGS can vary signifi-
cantly, even between family members who share identical mutations.
While some AGS patients present classical “severe” phenotypes char-
acterized by tetraparesis and severe intellectual disability, some patients
experience later disease onset and “mild” manifestations. Indeed, some
subjects have relatively preserved intellectual function, communication
skills and manual abilities [10]. Thus, a neurologic severity score was
developed to quantify disease severity from “mild” to “severe” (11),
aiming at stratification of patients towards individualized care.

To date, the molecular mechanisms underlying clinical variability of
AGS, especially in patients carrying identical mutations, remain un-
known [11]. It is tempting to speculate that the degree of cytokine
dysregulation and associated inflammation may associate with disease
severity, although there is no published evidence in support of this hy-
pothesis. Over recent years, a group of mechanisms determining the
accessibility of gene regulatory elements to the transcriptional complex
without affecting the underlying DNA sequence has been established
and named “epigenetic” events. Alterations to the epigenome, including
DNA methylation, have been linked with systemic inflammation in SLE
and other systemic inflammatory diseases [12,13]. In some cases,
epigenetic alterations even associate with disease activity and severity
[14]. To date, only one study investigated epigenetic changes in fibro-
blasts derived from AGS patient and described reduced DNA methyl-
ation in genomic regions that associated with an accumulation of RNA:
DNA hybrids [15]. However, altered DNA methylation as a possible
modulator of AGS disease severity in individuals sharing the same ge-
notype has not been investigated yet. To explore the hypothesis that
DNA methylation influences gene expression, thereby affecting associ-
ated clinical phenotypes in AGS patients with the same mutation
(RNASEH2B p.A177T), we performed genome-wide DNA methylation
profiling in peripheral blood mononuclear cells (PBMCs) from AGS pa-
tients and healthy controls.

2. Materials and methods
2.1. Patients and controls

For DNA methylation analysis, ten AGS patients and six healthy
controls were recruited for this study. Patients with AGS were enrolled
at the IRCCS Mondino Foundation, Pavia, Italy. All patients carried the
p-A177T mutation in RNASEH2B and were diagnosed with a “mild” (N
= 5) or “severe” (N = 5) AGS phenotype based on a composite score
combining the Gross Motor Function Classification System [16], the
Manual Ability Classification System [17], and the Communication
Function Classification System [18]. The resulting composite functional
severity score ranged from three (fully preserved motor and communi-
cative function) to 15 (extremely severe impairment of motor and
communicative function). A score > 12 denoted severe impairment, a
score < 12 mild impairment. Since the composite functional score is not
able to sufficiently differentiate individuals at the lower end of function
[11], to better define clinical severity of AGS symptoms and to avoid as

Clinical Immunology 249 (2023) 109299

much as possible a relevant “floor effect”, a recently developed multi-
modal tool for the assessment of neurologic function in AGS [11] was
retrospectively applied to each patient. This final AGS scale score ranges
from O (no neurodevelopmental acquisition) to 11 (preserved neuro-
logical function). We chose a score focusing on neurological symptoms
in the absence of systemic features (such as chilblains or malar rash, etc.)
because we aimed to define molecular signatures that correlate with
neurological outcomes to work towards predictive biomarkers that may
be used for patient stratification and individualized care. We feel this is
of key importance, as neurological outcomes are currently not predict-
able, while chilblains and skin rashes can be managed when present.

Ethnicity and sex matched healthy volunteers were enrolled at the
Transfusion Centre of the IRCCS Policlinico S. Matteo Foundation in
Pavia, Italy (Supplementary Table 1). To validate interferon mRNA
expression signatures, 18 AGS patients carrying mutations in RNA-
SEH2B, RNASEH2C, ADAR1, SAMHD]I, or IFIH1 and 10 healthy controls
were recruited (Supplementary Table 2).

2.2. Ethics

The study was approved by the local ethics committee (approval n.
3549/2009 of 30/9/2009 and 11/12/2009, and n.20170035275 of 23/
10/2017), IRCCS Mondino Foundation, Pavia, Italy. Written informed
consent was obtained from all participants and/or their legal guardians.

2.3. Sample processing and DNA isolation

PBMCs were isolated from EDTA blood using standard ficoll (Sigma
Aldrich, MO, USA) gradient centrifugation. Genomic DNA was extracted
using a semi-automated method: Maxwell® 16 System DNA Purification
(Promega, Madison, WI, USA). DNA was quantified with NanoDrop
ND1000 UV-Vis Spectrophotometer and Qubit® fluorometer (Thermo
Scientific, Waltham, MA, USA).

2.4. Genome-wide methylation profiling

The DNA methylation status if >850,000 CpGs was assessed using
the Ilumina Infinium MethylationEPIC array BeadChip (850 K) (Dia-
genode Epigenomic Services, Vienna, Austria, Cat No. G02090000).
Samples from healthy controls and AGS patients with “mild” and “se-
vere” disease phenotypes were randomly distributed across assays to
avoid bias through batch effects.

DNA methylation data were analyzed using the Minfi and ChAMP
packages for R [19,20]. Data acquisition, pre-processing, quality control
and normalization of methylation data were performed as described
previously [13]. Batch effects and covariates (“age category” and
“gender”) were identified and corrected using the ComBat function of
the ChRAMP package [21].

For downstream analysis and data visualization, numerical Beta ()
values were generated ranging from 0 (0% methylation) to 1 (100%
methylation). Differentially methylated positions (DMPs) were deter-
mined based on M values (logit transformation of p) using empirical
Bayes’ moderated t-test method, contained in the limma R package [22].
False discovery rates (FDR) <0.05 were used as significance thresholds.
Only probes with a difference in p values over 10% were kept for
analysis (|AB| > 0.1). Differentially methylated regions (DMRs) were
identified using the DMRCate package [23]. DMPs and DMRs identified
were annotated with relevant information about location of probes such
as their genomic position, gene annotation, etc. The limma pipeline was
used for differential methylation analysis and to calculate moderated t-
statistics; the dmrcate() function was used to combine CpGs to extract
DMRs with a p value cut-off of 10% and a minimum of 15 CpGs.

2.5. Pathway prediction analysis

Gene enrichment analysis was performed for genes presenting at
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least one promoter DMP (TSS1500, TSS200, 5'UTR). Gene Ontology
(GO) analysis for biological processes, cellular components and molec-
ular functions, and KEGG pathway analysis (Kyoto Encyclopedia of
Genes and Genomes) were performed using the R package clusterProfiler
[24]. Only significant GO terms and KEGG pathways were included in
this report (Bonferroni corrected, p < 0.01). To display results, identified
pathways and terms were ordered according to adjusted p values;
complete lists including all KEGG pathways and GO terms identified are
reported in the Supplementary Tables.

2.6. Interferon score

Peripheral blood from AGS patients carrying the RNASEH2B p.
A177T mutation and “mild” (N = 5) or “severe” (N = 5) phenotypes and
11 healthy controls was collected (PaxGene™ tubes, PreAnalytiX,
Hombrechtikon, Switzerland). Tubes were kept at room temperature for
2 h and frozen at —80°C. RNA extraction was performed following
manufacturer’s instructions (PAXgene Blood RNA Kit, PreAnalytiX,
Hombrechtikon, Switzerland). RNA concentrations were measured
using the NanoDrop ND1000 UV-Vis Spectrophotometer (Thermo Sci-
entific, Waltham, MA, USA). Reverse transcription into cDNA was per-
formed using 800 ng of RNA and the iScript™ Reverse Transcription
Supermix kit for RT-qPCR (Bio-Rad, Hercules, CA, USA). Gene expres-
sion was measured using the TaqMan Universal PCR Master Mix
(Applied Biosystems, Paisley, UK) and the Bio-Rad CFX96™ qPCR
platform. The relative abundance of target transcripts was measured
using TagMan probes for IFI44L (Hs00199115 ml), RSAD2
(Hs01057264_m1), IFI27 (Hs01086370_m1), IFIT1 (Hs00356631_gl),
ISG15 (Hs00192713_m1) and SIGLECI (Hs00988063_m1), and HPRT1
(Hs03929096_g1). Gene expression levels in AGS patients were
normalized to the average expression in 11 healthy controls. As previ-
ously suggested by Rice et al. [25], median fold changes of two ISGs
compared to HPRT1 housekeeping gene in 10 normal controls plus two
SDs (+2 SD) was used to create an interferon score (Here: 2.46). For each
patient, the normalized fold change relative to mean values in healthy
controls was calculated. The interferon score consists of the geometric
mean of the two genes included (IFIH1 and RSAD?2); it was considered
“positive” when above the score in healthy controls (>2.46).

2.7. Gene expression

To quantity gene expression of differentially methylated genes ATM,
LIG4, SMG6, RAD50, TERF2, RAB34, SH2D1B and ADAMTS9, standard
semi-quantitative SYBR Green assays, using 200nM of each oligonu-
cleotide, 5 pL of SYBR Green SuperMix (BioRad, Richmond, CA, USA),
and 1 pL of cDNA template or water control. Primer sequences are
available upon reasonable request. Mean Ct values were normalized
against those determined for the HPRTI housekeeping gene. Fold-
change differences relative to healthy controls were determined using
the 2724C method [26].

2.8. Calculation of IFN methylation scores

The Interferome database V.2.01 (http://www.interferome.org) was
used for the identification type 1 IFN-regulated genes in our set of genes
for which DMPs had been identified [27]. Methylation scores were
calculated as previously suggested by Bjork et al. [28]. Briefly, means
(Meanyc) and standard deviation (SDyc) for each DMP associated to
type 1 IFN-regulated genes in the healthy control group were used to
achieve standardised values (SVs) for each individual according to the
formula: SV = (Value-Meanyc)/SDyc, SVs were summed up to total
scores [28].

2.9. Statistical analysis

Geometrical means and standard deviations were used to display
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data. One-Way Analysis of Variance (ANOVA) was used for statistical
analysis, followed by the post hoc Tukey’s test (GraphPad Prism version
5, USA). Shapiro-Wilk normality tests were performed to assess
Gaussian distribution before testing statistical associations between two
variables using Pearson’s correlation. P-values <0.05 were considered
statistically significant. Where appropriate, for multiple comparisons,
Bonferroni adjustment was used and p < 0.01 was considered significant.

3. Results
3.1. Clinical characterization

Ten AGS patients with the p.A177T mutation in RNASEH2B were
enrolled in the study (Table 1). Five patients presented with the classical
“severe” phenotype with spastic-dystonic tetraparesis, severely
impaired fine-motor and communication abilities. The remaining five
patients presented with a “mild” phenotype, characterized by spastic
diplegia in two cases, and hemiparesis in two cases. Spastic-dystonic
tetraparesis was present in one of these patients. In all patients with
“mild” phenotype, fine motor function is preserved with the ability of
handling objects, and communication function is preserved or quite
adequately represented in all patients.

3.2. DNA methylation patterns vary between AGS patients and controls

Comparing DNA methylation profiles of all AGS patients with mu-
tations in RNASEH2B to healthy controls, we identified 31,598 DMPs
uniquely associated with 10,052 genes (Fig. 1A). Investigating the dis-
tribution of DMPs in relation to CpG island, the vast majority were in the
“open sea” (70.63%). When considering their location in relation to
genes, a high percentage of DMPs was in promoters (52.52%, of which
27.73% were in 5’ untranslated regions (UTRs), 8.33% in the TSS200
and 16.46% in the TSS1500), followed by intergenic regions (21.38%)
and 3’ UTRs (20.87%) (Fig. 1B).

To link altered DNA methylation with signalling pathways, GO terms
enrichment and KEGG pathway analysis were performed. Because DNA
methylation in promoters correlates with low/no transcriptional activity
[29], we focused on 27,202 promoter DMPs (17,951 hyper-, 9251
hypomethylated) uniquely associated with 8807 genes. KEGG analysis
of differentially methylated promoters revealed the involvement of
“Platelet activation” (p = 2.65 x 107%), “Chemokine signalling
pathway” (p = 1.62 x 10~°®) and “Endocytosis” (p = 2.95 x 10~°) in AGS
(Fig. 1C and Supplementary Table 3). GO analysis of “Biological Pro-
cesses” delivered associations between AGS and “mononuclear cell dif-
ferentiation” (p = 3.20 x 107'*) and “lymphocyte differentiation” (p =
3.02 x 1071%). “Cellular Components” analysis delivered genes involved
in “focal adhesion” (p = 6.45 x 10718) and “cell-substrate junction” (p =
6.27 x 10~17). GO “Molecular Functions” analysis delivered enrichment
of “GTPase regulatory activity” (both p = 8.28 x 107'®) and “actin
binding” (p = 1.24 x 107'%) in AGS (Fig. 1D and Supplementary
Table 4).

3.3. Differentially methylated positions shared between “mild” and
“severe” AGS patients

Next, we sought to identify DMPs that were shared between AGS
patients with “mild” and “severe” phenotypes but not with healthy
controls, and such that were distinctly associated with AGS phenotypes
(“mild” vs “severe”). A total of 11,244 DMPs (in the promoters of 6822
genes) were shared between “mild” and “severe” AGS phenotypes: 9175
DMPs (in 3178 genes) uniquely associated with “mild” and 1003 DMPs
(associated with 522 genes) uniquely associated with “severe” AGS
phenotypes (Supplementary Fig. 1).

Gene enrichment analysis considering differentially methylated
genes that were shared between “mild” and “severe” AGS phenotypes
revealed identical results to above mentioned KEGG analyses, including
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Table 1
Clinical features of AGS patients with RNASEH2B p.A177T mutations and “mild” or “severe” phenotypes.
Phenotype Age at Disease Neurological Gross Motor Manual Ability Communication Function Composite AGS
sample onset phenotype Function score score
collection
“Mild”
I - effecti
. . 1I - walks with I - handles objects easily and . € ecF e sende-r.and
Pt1l 3y late hemiplegia e receiver with unfamiliar and 4 11
limitations successfully .
familiar partners
spastic-dystonic V - transported in a III - handles objects with 1II - effective sender and
Pt2 1y late . . e R . . 11 6
tetraparesis manual wheelchair difficulty receiver with familiar partners
Pt 3 3y neonatal hemiplegia I - w.alk's with I - handles objects easily and I - effective 'sender and 4 1
limitations successfully receiver
111 - walks using a 11 - handles most objects, but I - effective sender and
Pt 4 6y late spastic diplegia held-mobility with somewhat reduced receiver 6 10
device quality
Pts sy infantile spastic diplegia I - w‘alk-s with I-handles objects easily and 1 - effective -sender and 4 10
limitations successfully receiver
“Severe”
tic-dystoni V-t ted i V - seld ffecti
Pt6 5y infantile Spastic-ays (?mc ransporte m.a V - does not handle objects .Se om .e. ective, evert 15 1
tetraparesis manual wheelchair with familial partners
tic-d i —t ted i - seldq ffecti
Pt7 ly infantile spastic ystqmc V- transporte 1n.a V - does not handle objects v .se om .e. ective, even 15 2
tetraparesis manual wheelchair with familial partners
Pt8 4y infantile spastlc-dysto.mc V- transported m'a V — does not handle objects v- §eldom 'e'f fective, even 15 1
tetraparesis manual wheelchair with familial partners
tic-dystoni —t ted i - seld ffecti
Pto9 3y infantile spastic-cys ‘?mc V- transporte 1n.a V - does not handle objects v .se om .e. ective, even 15 2
tetraparesis manual wheelchair with familial partners
IV — handles a limited
tic-dystoni -t ted i IV -i istent with familial
Pt 10 4y infantile spastic-dystonic V - transported in a selection of easily managed V - inconsistent with familial 13 5

tetraparesis manual wheelchair

. . L artners
objects in adapted situation P

“platelet activation” (p = 1.05 x 10~%), “chemokine signaling pathway”
(p = 3.59 x 107>), “adrenergic signalling in cardiomyocytes” (p = 2.06
X 10’4) and “Th17 cell differentiation” (p = 3.87 x 10’4) (Supple-
mentary Fig. 2A and Supplementary Table 5). GO “Biological Processes”
identified included “mononuclear cell differentiation” (p = 5.73 x
10711, “regulation of small GTPase mediated signaling” (p = 6.32 x
10711 and “positive regulation of cytokine production” (p = 7.95 x
107!1); GO terms for “Cellular Components” included “focal adhesion”
(p = 7.82 x 1077), “cell-substrate junction” (p = 4.14 x 107'%) and
“specific granule” (p = 2.93 x 107'%). Terms for GO “Molecular Func-
tions” included “GTPase regulatory activity” (p = 9.66 x 1071%),
“nucleoside-triphosphatase regulator activity” (p = 9.66 x 107'%) and
“guanyl-nucleotide exchange factor activity” (p = 4.17 x 10712), which
were also observed above (Supplementary Fig. 2B and Supplementary
Table 6).

Notably, several genes previously associated with type I interferon
signalling were differentially methylated between AGS patients and
controls, which included IFI44L, RSAD2, MX1, PARP9, IFITM1, IRF7,
IFIT3 and ADARI, one of the 9 AGS-causing genes (Supplementary
Fig. 2C) (7).

3.4. Differentially methylated positions separate “mild” from “severe”
AGS patients

A total of 9175 promoter DMPs (3004 hypo-, 6171 hypermethylated)
uniquely associated with a “mild” AGS phenotype. KEGG analysis
considering genes with DMPs associated with “mild” phenotypes iden-
tified an enrichment for several immunological pathways, including
chemokine (p = 1.06 x 107%), TNF (p = 4.55 x 10~*) and NF-kB sig-
nalling pathways (p = 6.15 x 107, T (p = 7.86 x 107>) and B cell
receptor signalling pathways (p = 9.86 x 10~% Fig. 2A and Supple-
mentary Table 7). GO analysis revealed a significant enrichment of
genes involved in “Biological Processes” including “leukocyte activation
involved in immune response” (p = 4.09 x 10713), “cell activation
involved in immune response” (p = 5.38 x 107'%) and “mononuclear
cell differentiation” (p = 1.07 Xx 10716). With respect to “Cellular

Components”, significantly enriched GO terms included “cell-substrate
junction” (p = 8.04 x 10713 and “focal adhesion” Pp=112x 10712,
GO “Molecular Functions” included “GTPase regulator activity” (p =
1.45 x 107'2), “nucleoside-triphosphatase regulator activity” (p = 1.45
x 107!2) and “actin binding” (p = 2.55 x 10~'!) (Fig. 2B and Supple-
mentary Table 8).

Notably, among the most differentially methylated genes associated
with “mild” AGS, we observed genes involved in DNA damage and repair
(such as ATM, RAD50, and LIG4), nonsense-mediated mRNA decay
(NMD) (SMG6) and telomere maintenance (TERF2) (Fig. 2C). Semi-
quantitative analysis of gene expression levels in PBMCs delivered sig-
nificant differences between controls and AGS patients with “mild”
phenotypes for TERF2 and SMG6. While higher levels of ATM and a
decreased expression of LIG4 and RAD50 were seen in AGS patients with
“mild” phenotypes, differences did not reach statistical significance
(Supplementary Fig. 3A).

Lastly, we performed a KEGG analysis considering 1003 promoter
DMPs (610 hypo-, 393 hypermethylated) uniquely associated with “se-
vere” phenotypes. Enrichment was only noted for one pathway,
“Maturity onset diabetes of the young” (p = 2.46 x 10~°) (Fig. 2D and
Supplementary Table 9). GO “Biological Processes” enriched terms
included “neuron projection guidance” (p = 2.04 x 10~%), “axono-
genesis” (p = 2.22 x 10~*) and “axon development” (p = 2.34 x 10~%.
We identified one cellular components term associated with “severe”
AGS, namely “cell leading edge” (p = 8.54 x 10~2), and three terms for
molecular function, all related to DNA-binding transcription activator
activity, RNA polymerase II-specific (p = 1.09 x 10~7), DNA-binding
transcription activator activity (p = 1.48 x 1077) and DNA-binding
transcription repressor activity (p = 5.45 x 1073 (Fig. 2E and Supple-
mentary Table 10).

Interestingly, some ISGs (e.g., IFI44L and RSAD2) exhibited CpGs
specifically hypomethylated only in patients with “severe” AGS pheno-
types. Moreover, in “severe” AGS patients, genes involved in the “fusion
of phagosomes with lysosomes” (RAB34), in the “transport from the
endoplasmic reticulum to the Golgi” (ADAMTS9) and in the “function-
ality of natural killer (NK) cells” (SH2D1B) pathways were found to be
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Fig. 1. DNA methylation profiles differentiate PBMCs from AGS patients and healthy controls. (A) Heat map depicting differentially methylated positions (DMPs)
between AGS patients carrying the RNASEH2B p.A177T mutation and healthy controls (FDR < 0.05, |AB| > 0.1). Normalized DNA methylation levels are displayed
on the right with red indicating reduced methylation and yellow indicating increased methylation levels. (B) Genomic distribution of DMPs in relation to genomic
regions and CpG island, respectively. (C) KEGG pathway analysis of genes with at least one DMP in their promoter. (D) GO analysis of differentially methylated genes.
GO terms related to biological process, cellular component and molecular function are shown. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 2. KEGG and GO analyses of differentially methylated genes uniquely associated with “mild” or “severe” AGS (RNASEH2B p.A177T). (A, B) KEGG and GO
analyses of genes that were differentially methylated only in AGS patients with “mild” phenotypes. (C) Differences in p values of selected CpG sites identified as DMPs
uniquely associated with a “mild” phenotype. (D, E) KEGG and GO analyses of genes that were differentially methylated only in AGS patients with “severe” phe-
notypes. (F) Differences in § values of selected CpG sites identified as DMPs uniquely associated with a “severe” phenotype.

differentially methylated (Fig. 2F). Expression of IFI44L and RSAD2 was

significantly increased in AGS patients with “severe” but not in “mild”

phenotypes (Supplementary Fig. 4). Expression of RAB34 was increased
in both “mild” and “severe” AGS. No statistically significant differences
were observed for SH2D1B (Supplementary Fig. 3B). Notably, ADAMTS9
was not expressed in ex vivo isolated PBMCs from controls or AGS

patients.

3.5. Differentially methylated regions associate with disease severity

To identify larger DMRs associated with AGS and disease pheno-
types, regions including a minimum of 15 CpGs were analyzed. As above
for DMPs, regions that were shared or uniquely associated with “mild”
or “severe” AGS phenotypes were investigated. The majority of DMRs

identified (11) were specifically associated with a “severe” disease, 4
associated with AGS but were shared between “mild” and “severe”
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disease, and 6 regions were uniquely associated with “mild” phenotypes
(Fig. 3A). The 4 DMRs associated with all AGS phenotypes uniquely
associated with 10 genes, including the ones encoding for the tran-
scription factors HIVEP3, the trans-membrane protein Semaphorin 6B
(SEMAG6B), the acute phase protein Leucine Rich Alpha-2-Glycoprotein 1
(LRG1), and the enzymes histidine ammonia-lyase (HAL) (Table 2).
Genes associated with DMRs are involved in the KEGG pathway “His-
tidine metabolism” (p = 0.0107) (Fig. 3B and Supplementary Table 11).
GO “Molecular Functions” analysis highlighted the involvement of
“carbon-nitrogen lyase activity” (p = 0.0226), “Semaphorin receptor
binding” (p = 0.0399), “transforming growth factor beta receptor” (p =
0.0416), and “chemorepellent activity” (p = 0.0485) in both “mild” and
“severe” AGS (Fig. 3C and Supplementary Table 12).

Patients with AGS exhibited 6 DMRs uniquely associated with “mild”
phenotypes that affect 10 genes including two ISGs, namely IFITM1 and
IFITM2 (Table 3). Gene enrichment analysis considering genes associ-
ated with DMRs delivered enrichment of GO “Biological Processes”
“response to interferon-alpha” (p = 0.0027), “negative regulation of
viral entry into host cell” (p = 0.034), “negative regulation of viral life
cycle” (p = 0.048) and “response to interferon-beta” (p = 0.073) (Fig. 3D
and Supplementary Table 13). Eleven DMRs specifically associated with
“severe” AGS phenotypes affected 17 genes (Table 4), including Integrin
Subunit Alpha E (ITGAE), Neutrophil elastase (ELANE), Ras Homolog
Family Member H (RHOH) and G Protein-Coupled Receptor Kinase 2
(ADRBK1), all involved in immunological pathways and/or
neurodevelopment.

3.6. Expression of ISGs correlates with AGS disease severity

Because type I “interferon signature”, a routinely performed labo-
ratory test to quantify pathologically activated gene expression and
disease activity, are elevated in patients AGS [25], we tested IFN
expression to discriminate between “mild” and “severe” AGS pheno-
types. Indeed, individual genes included in the signature previously
suggested by Rice et al. [8,25] (IFI44L, IFI27, SIGLEC1, and RSAD2) and
the complete signature consisting of 6 genes (also including IFIT1 and
IST15) discriminated between “mild” and a “severe” AGS phenotypes
(Supplementary Fig. 4). As described above, two ISGs, IFI44L and
RSAD2, were among the most strongly hypomethylated genes in AGS.
Considering the expression of abovementioned genes involved in the
type I interferon signature, most significant differences were observed in
IFI44L and RSAD2 (Supplementary Fig. 4 and Fig. 4A and B). Calculation
of a “reduced” interferon score including only IFI44L and RSAD2 using
the formula provided by Rice et al. [25], highlighted that almost all
patients with “severe” AGS presented a positive interferon score, while
only few AGS patients with “mild” phenotypes did (Fig. 4C). Thus, the
“reduced” IFN signature may represent a faster and cheaper method to
discriminate between these two phenotypes when compared to the
“entire” panel of 6 genes.

Lastly, we investigated possible correlations between AGS disease
severity and IFN scores considering 10 healthy controls and 10 AGS
patients with the RNASEH2B p.A177T mutation (5 “mild”, 5 “severe”
phenotypes), which resulted in the identification of a moderate negative
correlation between disease activity and interferon scores (r = —0.54, p
= 0.02) (Fig. 4D). Interferon scores were assessed also in AGS patients
carrying mutations in other AGS-related genes, namely TREX1, RNA-
SEH2C, SAMHDI, and IFIHI. This confirmed the moderate negative
correlation between disease severity and ISG expression (r = —0.57,p =
0.002; Fig. 4E).

3.7. ISG methylation correlates with clinical severity scores

We wondered whether IFN expression is reflected by DNA methyl-
ation patterns and calculated an IFN methylation score following the
method suggested by Bjork et al. [28]. Type 1 IFN-regulated gene
associated DMPs were identified using the Interferome database (http://
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www.interferome.org) [27]. A total of 6421 IFN-associated DMPs were
identified relating to 2647 genes (of 9050 genes identified comparing
AGS patients versus healthy control; 29% of all genes). IFN methylation
scores were higher in AGS patients when compared to healthy controls,
and higher in patients with “mild” when compared to “severe” AGS
(Fig. 4F). Notably, as DNA methylation can vary in either direction and a
large number of genes are included in the score, this does not auto-
matically translate to reduced DNA methylation in one versus the other
disease phenotype. Considering DMP-based ISG methylation scores, a
positive correlation was identified between methylation scores and AGS
disease activity (r = 0.73, p = 0.01, Fig. 4G). Similarly, when consid-
ering DMPs in promoter regions of IFI44L and RSAD2 genes, the
methylation score was reduced in AGS patients when compared to
controls, no significant differences were observed between “mild” and
“severe” phenotypes and no correlation was observed between methyl-
ation scores and AGS disease activity (Supplementary Fig. 5).

4. Discussion

This study identified differential DNA methylation and ISG expres-
sion patterns in AGS patients carrying the RNASEH2B p.A177T mutation
when compared to healthy controls, and between AGS patients with
“mild” versus “severe” phenotypes. Prediction of developmental tra-
jectories in AGS patients remains challenging and limits the ability to
offer individualized care. Indeed, AGS patients show various degrees of
neurologic impairment, which particularly applies to patients carrying
the “common” p.A117T mutation in RNASEH2B [10]. While associa-
tions between genotypes and clinical severity exist [7], the molecular
causes of variability within individual genotypes have not been
revealed.

Molecular modifiers affecting disease phenotypes in monogenic
autoimmune/inflammatory diseases are complex and may include ge-
netic factors (e.g., additional risk alleles) and epigenetic alterations
[12,30]. The latter may be the result of environmental impacts, hor-
mones, ongoing inflammation [31], and others [32,33]. To date, the
molecular mechanisms underlying clinical variability in AGS remain
unknown. To investigate the involvement of epigenetic alterations in
phenotype variability among AGS patients with the RNASEH2B p.A177T
mutation, we performed DNA methylation profiling in PBMCs from
healthy controls and AGS patients covering a range of clinical pheno-
types (from “mild” to “severe”). DNA methylation was chosen as an
established epigenetic modification that has been linked with disease
expression in individuals predisposed for the development of SLE [34].
Moreover, DNA methylation is considered the most stable epigenetic
modification [35]. Comparative DNA methylation profiling of AGS
versus controls and “mild” versus “severe” AGS highlighted the
involvement of pathways previously associated with autoimmune/in-
flammatory diseases, including “platelet activation” [36] [37] [38] and
“focal adhesion” [39].

Consistent with the increased ISG expression previously reported in
AGS [25,40], this study identified altered DNA methylation, which was
in agreement with previous studies in clinically related diseases SLE and
Sjogren’s syndrome [41-45]. Interferon signatures are commonly tested
in AGS to assess disease activity and/or severity [46]. To date, no as-
sociations between ISG expression and severity have been identified
[7,8]. Here, we confirm previously reported increased type I IEN sig-
natures in AGS [25] and, for the first time, identified differential ISG
expression between AGS patients with “mild” versus “severe” pheno-
types, and “moderate” correlation (r = —0.54) [47] between ISG
expression and a numeric neurological disease activity score [11].
Notably, differences between controls and disease phenotypes were
more pronounced at the DNA methylation level, and correlations be-
tween DNA methylation and neurological disease activity was “strong”
[47] (r = 0.73). Thus, results from this study support a link between
altered ISG methylation and AGS phenotypes.

Intriguingly, hypomethylation of ADAR1, for which loss-of-function
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Fig. 3. Shared and phenotype-specific DMRs. (A) A total of 4
DMRs (blue) were shared between “mild” and “severe” AGS
phenotypes (RNASEHZ2B p.A177T), 11 DMRs were uniquely
associated with a “severe” phenotype (dark blue), and 6 were
uniquely associated with “severe” phenotypes (light blue). (B,
C) KEGG and GO analyses of genes affected by DMRs and
shared by “mild” and “severe” AGS patients. (D) GO analysis of
genes affected by DMRs specifically associated with “mild”
phenotypes. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of
this article.)
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Table 2
DMRs shared between “mild” and “severe” AGS phenotypes.

Clinical Immunology 249 (2023) 109299

Chromosome Start End width strand Number of CpGs maxdiff meandiff Genes included in the DMR
chr12 96,388,589 96,391,252 2664 * 16 —0.26 —0.11 RP11-256L6.3, HAL
chr19 4,539,943 4,544,574 4632 16 -0.18 -0.10 CTB-50L17.14, LRG1, SEMA6B

« RP6-109B7.5, RP6-109B7.3,
chr22 46,449,430 46,451,518 2089 18 -0.27 —0.12 FLI27365, C220rf26
chrl 42,383,598 42,385,941 2344 16 0.33 0.11 HIVEP3

Table 3
DMRs uniquely associated with “mild” AGS phenotypes.

Chromosome Start End width strand Number of CpGs maxdiff meandiff Genes included in the DMR

chrll 312,518 317,932 5415 * 29 0.23 0.11 IFITM2, IFITM1
chr6 31,539,539 31,541,461 1923 * 19 0.18 0.10 LTA
chr10 129,533,731 129,537,990 4260 22 0.43 0.11 FOXI2, AL391005.1
chrl7 46,678,719 46,681,635 2917 * 17 0.26 0.12 HOXB-AS3, HOXB3, HOXB6
chr6 31,650,735 31,651,676 942 * 20 —-0.19 -0.10 LY6G5C
chr6 30,038,254 30,039,801 1548 32 0.37 0.13 RNF39

Table 4

DMRs uniquely associated with “severe” AGS phenotypes.

Chromosome Start End width strand Number of CpGs maxdiff meandiff Genes included in the DMR
chrl7 79,004,850 79,007,529 2680 * 16 -0.23 -0.13 BAIAP2-AS1
chrl7 3,704,471 3,708,018 3548 * 15 —0.30 -0.14 ITGAE, CTD-3195I5.5
chr13 114,828,264 114,831,550 3287 15 —0.29 —0.13 RASA3
chrll 67,048,673 67,053,929 5257 * 18 —0.26 —0.12 ADRBK1
chr19 850,975 854,522 3548 * 15 —0.24 -0.13 ELANE

chr8 144,652,862 144,656,997 4136 22 —0.23 —0.10 RP11-661A12.9, MROH6, NAPRT1
chrl6 4,101,611 4,105,170 3560 * 16 -0.25 —0.12 ADCY9

chrl4 24,539,335 24,541,377 2043 * 15 -0.25 -0.11 CPNE6

chr7 100,463,206 100,465,833 2628 * 17 —0.30 —0.12 SLC12A9, TRIP6

chr4 40,191,785 40,195,318 3534 18 0.21 0.10 RHOH

chrl7 46,679,135 46,681,635 2501 * 16 0.24 0.12 HOXB-AS3, HOXB3, HOXB6

mutations had been described in AGS [48], may be an attempt of the
gene regulation machinery to control pathologic activation of type I IFN
pathways by upregulating ADAR expression. Patients with “mild” phe-
notypes had DMPs located in the promoter region of genes involved in
DNA damage and repair mechanisms, including ATM, a protein kinase
with a key role in DNA damage responses (DDRs). Its canonical activa-
tion depends on double-strand breaks (DSBs) and the Mrell-Rad50-
Nbsl (MRN) complex [49] or oxidative stress [50], and was linked to
metabolic stress, more precisely to the inhibition of glycolysis [51].
Furthermore, RAD50 associated with “mild” AGS, orchestrates the DDR
response in DSBs, replication fork (RF) collapse, dysfunction of telo-
meres, and viral invasion [52]. In addition, the LIG4 gene, also char-
acterized by DMPs, encodes for ligase IV which is part of the non-
homologous end-joining mechanism, required for DNA double-
stranded break repair, preventing replication fork stalling [53]. Muta-
tions in RNASEH2B block the replication fork, thereby contributing to
genome instability and extensive DNA damage [54,55]. ATM plays a
critical role in limiting DNA damage in RNASEH2B-deficient astrocytes,
and its inhibition results in increased yH2AX foci (the phosphorylated
version of histone H2AX and a marker of DNA damage [56]) and ISG
expression [57]. Thus, the DMPs identified here may protect from DNA
damage in AGS, resulting in a “milder” phenotype of the disease.
Subsequently, KEGG and GO analyses identified the same general
signalling pathways in both “mild” and “severe” AGS phenotypes. Thus,
it seems that a shared inflammatory “background” characterized by
immune system activation and inflammation may be amplified by the
involvement of additional molecular mechanisms in some patients with
“severe” AGS. Indeed, considering pathway analyses, “severe” AGS pa-
tients exhibited differential DNA methylation in genes involved in
developmental processes including embryonic organ, forebrain, and
renal system development. Though not detectable on the mRNA level

using qPCR, among the genes differentially methylated in “severe” AGS
was ADAMTS9, a disintegrin and metalloproteinase involved in pro-
teoglycan cleavage and gastrulation [58]. Its expression is induced by
inflammatory cytokines [59], suggested as a methylation-based
biomarker in osteoarthritis [60]. Another hypomethylated gene in “se-
vere” AGS was the GTPase RAB34 that regulates phagolysosome for-
mation, thereby priming of CD8"' T cell responses against pathogens
[61], and ciliogenesis [62]. Ciliary defects have been linked with a va-
riety of neurological disorders, including cerebellar and brain anomalies
[63], highlighting the role and link of these two genes to the neuro-
logical symptoms observed in patients with a “severe” AGS phenotype.

In line with altered DNA methylation, differential mRNA expression
was observed between controls and AGS patients. Increased mRNA
expression was not closely mirrored by reduced DNA methylation in all
cases. The ISGs IFI44 and RSAD2, both included in the type I IFN
signature proposed by Rice et al. [25] and the here suggested “reduced”
IFN signature, exhibit reduced DNA methylation (in their promoter re-
gion) alongside increased gene expression. Also, in RAB34, SH2D1B,
RAD50 and ATM, DNA methylation and mRNA expression were dia-
metric. At SMG6, increased DNA methylation in the 1st intron associated
with increased mRNA expression, and at LIG4, reduced DNA methyl-
ation of the 1st intron associated with increased mRNA expression. In
both cases, altered methylation does not affect previously reported
regulatory regions or coding elements. While no experimental data are
available in the literature for these genes, altered methylation may affect
recruitment of suppressors or activators of transcription [64]. Notably,
in LIG4, only regions from 2nd exon and 3’ of it are translated into
protein [65]. Increased DNA methylation at TERF2 affected the 6th
exon. This may affect transcription efficacy of the region, which may
affect gene expression, but likely has less impact on gene expression
when compared to alterations to regulatory elements [66,67]. Lastly,
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Fig. 4. ISG expression and interferon scores in relation to AGS phenotypes. (A, B) Relative quantification (RQ) of interferon-stimulated genes (ISGs) IFI44L and
RSAD2. (C) IFN scores were calculated as the median of the RQ of the two ISGs in patients and healthy controls. The line represents the cut-off value (2.46)
determined according to the method reported by Rice et al. (25). Results are reported as mean + standard deviation. Data were analyzed with Tukey’s tests (* p <
0.05; ** p < 0.01; *** p < 0.001; ****p < 0.0001). (D) Correlation analysis between IFN scores and AGS scores (“mild” versus “severe” AGS) in patients with the
RNASEH2B p.A177T mutation. After assessing Gaussian distribution, Pearson tests were used to test correlation. Patients were considered to have a classic severe
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IFN scores and AGS scores of AGS patients with additional genotypes. *p < 0.05 (F) IFN methylation score calculated in patients and healthy control according to the
method reported by Bjork et al. (27). Results are reported as mean =+ standard deviation. Data were analyzed with Tukey’s test (** p < 0.01; ****p < 0.0001). (G)
Correlation between IFN methylation scores and AGS clinical scores in patients with RNASEH2B p.A177T mutations. *p < 0.05. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

though ADAMTS9 expression was not detected on the mRNA level in ex
vivo isolated PBMCs, reduced DNA methylation in patients with AGS
suggests increased ability for gene expression. Indeed, as mentioned
above, DNA methylation is only one of the players involved gene
regulation that regulates chromatin accessibility to the transcriptional
complex [68]. Lastly, for all seeming discrepancies between methylation
and gene expression, it must be considered that gene expression can be
affected by activation status of immune cells, the transcription factor
micro-environment, most of which can be affected by sample handling

10

and experimental conditions [69,70].

Considering DMRs containing a minimum of 15 CpGs, 4 DMRs
common between “mild” and “severe” AGS were identified proximal to
10 genes, including the transcription factor HIVEP3 (Human Immuno-
deficiency Virus Type I Enhancer-Binding Protein). HIVEP3 regulates
inflammatory pathways and may have a critical role in the female pre-
dilection of SLE [71]. It is involved in cognitive function and pain
modulation [72], and polymorphisms are associated with Parkinson’s
disease [73-76]. Another gene of interest in the vicinity of these DMRs,
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SEMAG6B, is hypermethylated in AGS. SEMA6B plays a role in axon
guidance and neurodevelopment [77-79]. A stop mutation in SEMA6B
was reported in a patient with global developmental delay, progressive
ataxia, epilepsy and disabling positive and negative truncal myoclonus
[80], and truncating variants affecting the last exon have been linked
with progressive myoclonic epilepsy [81]. Furthermore, the Leucine
Rich Alpha-2-Glycoprotein 1 (LRG1), an acute phase protein [82]
elevated in the cerebrospinal fluid (CSF) during neuroinflammation and
bacterial meningitis [83], was hypermethylated in AGS patients. Lastly,
a hypermethylated DMR affecting the histidine ammonia-lyase (HAL)
encoding gene was observed. This enzyme is involved in histidine
metabolism and functional impairment was linked with oxidative stress
in rheumatoid arthritis and chronic kidney disease [84], and neuro-
developmental delay [85]. Six DMRs uniquely associated with “mild”
AGS and affected 10 genes. Enriched GO terms were related to responses
to IFN-a/—p, and regulation of viral entry and cell cycle. IFN-p release in
AGS patients is the consequence of an accumulation of undigested
endogenous nucleic acids that mimic a viral infection [5]. Thus, the
affected ISGs IFITM1 and IFITM2 encode for the interferon induced
transmembrane proteins 1 and 2, and their altered methylation and
expression were reported also in other autoimmune diseases, including
Sjogren’s syndrome and SLE [86,87]. The LTA gene, encoding for lym-
photoxin-a, belongs to the TNF superfamily and is involved in multiple
sclerosis (MS), Alzheimer’s disease and cerebrovascular diseases. In MS,
up-regulation of LTA in the CSF, CNS plaques and active brain lesions
may cause inflammatory exacerbation, promote demyelination, and
impede remyelination [88]. The transcription factors HOXB3 and
HOXB6 are part of the developmental regulatory system and confer
specific positional identities to cells along the anterior-posterior axis
[89,90]. HOXB3 plays a role in glioblastoma development by promoting
proliferation and cell invasion of glioma cells [91]. Roubroeks et al.
identified 12 hypermethylated regions in HOXB6 that associated with
Alzheimer’s disease [92]. The RNF39 gene, encoding for the transcrip-
tion factor RNF39 (Ring Finger Protein 39), is located in the MHC class 1
region on chromosome 6. It is associated with early synaptic plasticity
and has been linked with MS [93]. In Japanese populations, RNF39
polymorphisms are associated with Behcet’s disease, an auto-
inflammatory vasculitis with neurological involvement [94]. Lastly,
hypomethylation of this gene was identified in CD4" T cells from SLE
[95] and MS patients [93].

A total of 11 DMRs specifically associated with “severe” AGS affected
17 genes. Several genes, including ITGAE, ELANE, RHOH, ADRBK1 and
RASA3 have previously been linked to immunological pathways. ITGAE,
encodes for the Integrin Subunit Alpha E, also known as CD103, a
marker of memory T cells. It contributes to the development of airway
inflammation in asthma [96], participates in the development of allergic
contact hypersensitivity [97], and the induction of cutaneous inflam-
matory disorders [98]. In inflammatory MS lesions, CD8" T cells
exhibited reduced expression of surface molecules involved in leukocyte
egress from inflamed tissues and increased CD103 expression [99,100].
A demethylated region affecting the ELANE gene was observed exclu-
sively in “severe” AGS. The ELANE gene encodes for neutrophil specific
elastase that plays a role in granulocyte differentiation [101,102]; its
deficiency causes neutropenia, a common finding in AGS [4]. The RHOH
gene, that was hypomethylated in “severe” AGS, encodes for the atypical
Rho GTPase which is predominantly expressed by hematopoietic cells.
Increased expression allows bypassing TCR f-selection, a key step in T
cell development [103]. Its dysregulated expression has been linked to
SLE, primary immunodeficiencies and psoriasis [104]. The ADRBK1I
gene is hypermethylated in “severe AGS” and encodes the G protein-
coupled receptor kinase 2. In microglial cells, GRK2 regulates TLR3-,
TLR4-, and TLR-9-mediated inflammatory signalling [105] and
inflammation-induced neurodegeneration [106]. The RAS P21 protein
activator 3, encoded by the RASA3 gene, plays a role in erythropoiesis
and megakaryopoiesis. It is involved in cell cycle progression and
maintenance of ROS levels during terminal erythroid differentiation
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[107]. Its deficiency affects thrombopoiesis and associates with severe
thrombocytopenia [108], a symptom associated with AGS [1,4]. RASA3
plays a critical role in T cell migration, homeostasis, and function [109].
In MS, RASA3 is involved in the generation and (dys-)regulation of
pathogenic Th17 cells [110]. “Severe” AGS patients exhibited hyper-
methylation of RASA3, which may contribute to reduced gene expres-
sion and increased generation of pathogenic Th17 cells. While the role of
Th17 cells in AGS has not been investigated yet, these effector T cells are
closely linked to the pathophysiology of SLE [111]. Lastly, 4 “severe”
AGS associated DMRs affected NAPRT1, ADCY9, CPNE6, SLC12A9, all
involved in cell metabolism. Extracellular NAPRT (eNAPRT) levels are
increased in acute inflammatory diseases, contributing to the activation
of macrophages [112]. Loss-of-function mutations associated with
schizophrenia, and partial loss of NAPRT1 function alters brain devel-
opment in zebrafish [113]. Niacin (the substrate of NAPRT1) bioavail-
ability is crucial for neuronal survival and function in humans; its
deficiency is a pathogenic factor for neurological deficits and dementia,
neuronal injury and psychiatric disorders [114]. The ADCY9 gene en-
codes for adenyl cyclase type 9 that hydrolyses ATP to produce the
second messenger cyclic AMP. It is the most abundantly expressed
adenylate cyclase in the brain [115]. Cyclic AMP has a central role in
signalling pathways associated with the pathogenesis of immune-
mediated diseases, including SLE [116]. The CPNE6 gene encodes for
Copine-6, a calcium sensor expressed in the postnatal brain [117] and is
hypermethylated in “severe” AGS patients. Copine-6 regulates sponta-
neous neurotransmission within central synapses and its overexpression
leads to a decrease in the frequency of spontaneous miniature post-
synaptic currents. Downregulation of copine-6 increases the frequency
of these currents [118]. Abnormal expression in the brain may play a
role in epilepsy [119] and may contribute to structural and synaptic
plasticity, learning and memory [117,120]. SLC12A9 and TRPI6 are in
the same hypermethylated region. SLC12A9 encodes for an electro-
neutral cation-chloride cotransporter of currently unknown function
[121]. The Thyroid Hormone Receptor Interactor 6 (TRIP6) is an
adaptor protein that interacts with a variety of proteins controlling
cellular processes including transcription, motility, cytoskeletal
remodelling, activation of NF-kB and the expression of TNF-a and IL-6
[122], brain ciliogenesis [123] and neurodevelopment [124-126].

Taken together DMPs and DMRs identified in AGS relate to genes
involved in inflammatory responses, immunodeficiency, and neuronal
development or neuropathology. This suggests that altered DNA
methylation may not only serve as a marker of disease severity, but also
represent future therapeutic targets to alter disease outcomes. Interferon
expression (I[FI44L, RSAD2) and methylation scores correlate with AGS
disease severity. However, correlation of gene expression scores is
relatively weak when compared to DNA methylation scores. These dif-
ferences may be caused by DNA methylation being more robust that
mRNA expression, especially in relation to environmental factors
affecting the patient (stress, temperature, infections, etc.) but also the
biospecimen collected [69,70].

While this study delivers promising results suggesting DNA methyl-
ation as future tool for activity assessment, outcome prediction and,
potentially, even therapeutic target, it has limitations. The relatively
small number of AGS patient in the cohort should, however, be seen in
the context of the rarity of this pathology. Furthermore, while matched
for sex and ethnicity, patient samples were not age matched. Due to
legislation in Italy, healthy individuals were adults. We corrected for this
in silico during data analysis. Bulk PBMCs, rather than single immune
cell subsets, were chosen because of small blood volumes available from
young children and the associated challenge of achieving high enough
DNA concentrations for sequencing. For the future, we are planning
studies in single immune cell subpopulations. Lastly, data is from a
single centre cohort (national reference centre in Italy). Further work is
needed to confirm findings in larger unrelated and multi-ethnic cohorts,
and may result in tools to predict neurodevelopmental outcomes,
monitor responses to treatment, disease activity and progression.
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5. Conclusions

DNA methylation patterns are altered in peripheral immune cells
from AGS patients. Differential DNA methylation may contribute to
inflammation, disease phenotypes and severity in AGS patients with the
RNASEH2B p.A177T mutation. This is reflected by increased ISG
expression in patients with “severe” as compared to “mild” phenotypes.
Molecular interferon scores based on gene expression or DNA methyl-
ation, including IFI44L and RSAD2 expression, associate with “severe”
disease and may serve as predictor of disease courses and inform indi-
vidualized care. Results require confirmation in larger independent AGS
patient cohorts, also including patients with additional disease-causing
mutations.
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