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Abstract

While pulmonary hypertension (PH) is a potentially life threatening complication of many
inflammatory conditions, an association between Aicardi Goutieres syndrome (AGS), a rare
genetic cause of interferon (IFN) overproduction, and the development of PH has not been
characterized to date.

We analyzed the cardiac function of individuals with AGS enrolled in the Myelin Disorders
Bioregistry Project using retrospective chart review (n=61). Additional prospective
echocardiograms were obtained when possible (n=22). An IFN signature score, a marker of
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systemic inflammation, was calculated through the measurement of mMRNA transcripts of type |
IFN-inducible genes (interferon signaling genes or ISG). Pathologic analysis was performed as
available from autopsy samples. Within our cohort, four individuals were identified to be affected
by PH: three with pathogenic gain-of-function mutations in the IFIH1 gene and one with
heterozygous TREX1 mutations. All studied individuals with AGS were noted to have elevated
IFN signature scores (Mann-Whitney p<0.001), with the highest levels in individuals with IFIH1
mutations (Mann-Whitney p<0.0001).

We present clinical and histologic evidence of PH in a series of four individuals with AGS, a rare
interferonopathy. Importantly, IFIH1 and TREX1 may represent a novel cause of PH.
Furthermore, these findings underscore the importance of screening all individuals with AGS for
PH.
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Introduction

Pulmonary hypertension (PH) is a rare but devastating disorder characterized by severe
vasculopathy and elevated pulmonary artery pressures leading to right-sided heart failure.
Recent progress has been made towards understanding the pathophysiology of progressive
PH, which encompasses both genetic and inflammatory influences (1-7). In particular, type
I interferons (IFN-alpha and IFN-beta) have been established as risk factors for the
development of PH (2, 8-11).

A known cause of systemic vasculopathy, Aicardi Goutiéres Syndrome (AGS) (MIM
615846) is a rare genetic disorder characterized by aberrant type | IFN production and
systemic, chronic inflammation (Table 2). Genetic abnormalities in intracellular nucleic acid
sensing machinery (ADARI, IFIH1, RNASEHZA, RNASEHZB, RNASEHZ2C, SAMHDI,
and TREXZI) trigger an endogenous IFN response resulting in extensive end organ damage
injury to the brain, skin, bone marrow, and visceral organs (12-16).

Given the potential risk for PH in this disorder of innate immunity, and after PH was
incidentally identified in two individuals affected by AGS, we sought to characterize the
impact of genetic IFN overexpression on the cardiovascular system within our AGS cohort
of the Myelin Disorders Bioregistry Project (MDBP). We compared measures of
cardiovascular physiology to systemic IFN scores. IFN scores are based on mRNA
expression of IFN signaling genes (ISG) and represent a surrogate marker for
autoinflammation in a variety of disorders (17-19). We identified PH in four individuals
with molecularly confirmed AGS, underscoring the importance of IFNs in the
pathophysiology of PH. As such, PH represents a potentially fatal complication of AGS that
should be closely monitored.
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METHODS:

Myelin Disorders Bioregistry Project (MDBP):

Design: Individuals affected by AGS contacting the Myelin Disorders Bioregistry Project
(MDBP) were consented and enrolled in the MDBP IRB-approved study protocol (IRB# 14—
011236). All individuals with genetically confirmed AGS (ADARI, IFIH1, RNASEHZA,
RNASEHZB, RNASEHZ2C, SAMHD1, and TREX1)and available medical histories were
enrolled in our study (n=102). All affected individuals for whom blood samples were
available were included in ISG assessments. For the cohort undergoing detailed evaluation
for PH, we excluded individuals for whom echocardiography or pulmonary histopathologic
data were unavailable (remaining cohort n=61).

Medical Record Data Collection: All individuals in the cohort underwent a
retrospective chart analysis for evidence of cardiovascular disease. As per WHO guidelines,
PH was diagnosed by cardiac catheterization was defined as persistently elevated mean
pulmonary arterial pressure of 225 mmHg and a pulmonary capillary wedge pressure of <15
mmHg for precapillary PH (20). In the setting of contraindication to cardiac catheterization
(e.g. critical illness), combined echocardiographic and clinical evidence of PH was utilized
(21). Echocardiographic evidence of PH in the patient cohort included one or more of the
following findings-elevated right ventricular pressure estimate by tricuspid valve regurgitant
jet or flattened intraventricular septum during systole with or without right ventricular
hypertrophy. Clinical evidence of PH in the patient cohort could consist of examination
findings of a single S2, right ventricular heave, hepatomegaly, lower extremity edema,
tricuspid valve regurgitant murmur, pulmonary valve insufficiency murmur, and hypoxemia.
Official reports and digitized echocardiographic studies were reanalyzed when available by
independent pediatric cardiologists. When clinically feasible, prospective echocardiograms
were performed (n=22).

Histopathology: Detailed postmortem examination was conducted on individual 1 with
full parental consent. Tissue samples were processed as per standard protocol. Paraffin-
embedded, formalin-fixed sections were cut at 5-7 micron thickness and stained with
hematoxylin and eosin (HE), periodic acid-Schiff (PAS), and other immunochemical and
immunohistochemical staining techniques.

Interferon signature scores: ISG scores were calculated for all AGS affected
individuals in the MDBP registry with available blood samples (180 AGS samples and 104
control samples) as per established methodology (22-25). In brief, copy number of mRNA
transcripts of the six type | IFN-inducible genes (/F/27, IFI44L, IFIT1, ISG15 RSADZ, and
SIGLECI) (22) and four housekeeping genes (ALASI, HPRT1, TBP,and TUBB) are
quantified using Nanostring nCounter™ Digital Analyzer. The raw copy number of mRNA
transcripts of each type I IFN-inducible gene is standardized (stdGene) using the geometric
mean of the four housekeeping genes for each individual. The six-gene IFN signature in
each individual is calculated using the median of the Z scores. The IFN signature is
considered positive (IFN high) if the value is 21.96 (>98centile) (one tail analysis). ISG
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results were analyzed and compared between affected individuals and controls and also
analyzed between genotypes (Prism Graph Pad software) using non-parametric tests.

MDBP Cohort

Of the 102 individuals with a clinical and molecular diagnosis of AGS enrolled under the
MDBP protocol (Figure 1A), echocardiographic data was available for 61 individuals (60%),
with prospective data obtained for 22 individuals. Overall, four individuals had evidence of
PH (Figure 1B, Table 1). Of those, three individuals had variants in the /F/HI1 gene (n=3/7
total individuals with this genotype) and one in the TREXI gene (n=1/14 total individuals
with this genotype) (Figure 1B). Their clinical histories, relevant to PH, are described below.

Several additional individuals were noted to have non-PH cardiovascular complications as
determined by echocardiogram. This included cardiac hypertrophy in three individuals with
TREX1 pathogenic variants (n=3/14), as has been previously characterized (26). Aortic
dilation was noted in 4 individuals with AGS secondary to changes in ADARI (n=1/6),
SAMHD1 (n=2/9), and TREXI (n=1/14).

PH Clinical Case Histories

Individual 1 was a young man with AGS secondary to a pathogenic variant in /F/H1, who
died at the age of 16 years from cardiopulmonary arrest (Table 1). In the months prior to his
death, his clinical condition declined, with worsening signs of systemic inflammation. One
week prior to his death, he was noted to have mild bilateral lower extremity edema with
episodes of vomiting. His prior cardiac evaluation was limited to an electrocardiogram
(ECG) at the age of 15 which was concerning for possible right ventricular hypertrophy and
prolonged QTc. Following his death and postmortem findings of PH (Figure 2), all historical
cases in our MDBP registry were reviewed for the presence of PH, and individuals were
prospectively screened for PH by echocardiography and clinical findings.

Individual 2 is an 8-year-old boy with profound neurologic delay who was diagnosed with
AGS secondary to a variant in /F/HI (Table 1). He demonstrated the classic neonatal
complications of AGS, including hepatosplenomegaly and severe thrombocytopenia (27).
Signs of pulmonary hypertension on his echocardiogram were first noted prior to his fourth
birthday in the setting of acute illness. This was eventually confirmed by cardiac
catheterization at the age of 7 years. At 8 years of age, he continues to show
echocardiographic evidence of PH, but is clinically stable on ambrisentan, a selective
antagonist of the endothelin type A receptor.

Individual 3 was a 4-month-old boy noted to have respiratory distress shortly after birth
requiring intubation, identified to have a pathogenic variant in /F/H1 (Table 1). He was
diagnosed with PH at 1 month of age. Serial echocardiograms demonstrated significant PH
with right ventricular hypertrophy and elevated right ventricular pressure estimate based on
tricuspid regurgitant jet. Despite some transient respiratory improvement with the treatment
of his PH with sildenafil, he ultimately died at 4 months of age from respiratory
complications. An autopsy was not obtained.
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Individual 4 presented at 2 months of age with irritability and poor growth, found to have
biallelic variants in 7REXI (Table 1). An echocardiogram revealed borderline left
ventricular hypertrophy and mild-to-moderately elevated right ventricular pressures with
systolic septal flattening. Based on his cardiac testing and clinical history, he was diagnosed
with PH, and he died at the age of 12 weeks from worsening respiratory distress. His general
autopsy evaluation, which is unavailable for further review, was unremarkable by report.

Individuals 1-3 were found to have heterozygous variants in /F/HI (Table 1). The variants
found in individuals 1 and 2 arose de novo, while parental testing was unavailable for
individual 3. The p.Arg337Gly change found in individual 1 is located in a conserved
residue in the core helicase-1 domain, while the p.Arg720GIn change in individual 2 is
found within the helicase-2 domain (28). The p.Leu979Trp change in individual 3 results in
a missense variant within helicase C domain 1. All three variants have never previously been
reported in population allele frequency databases and are listed in the ClinVar database as
pathogenic or likely pathogenic in all cases. The variants are all predicted damaging by a
suite of /n silico prediction tools. Genetic testing of Individual 4 revealed two variants in
TREX1 (p.Argl69His and p.Alal94fs), classified as likely pathogenic and pathogenic
respectively, per the American College of Medical Genetics variant classification criteria
(29, 30). Parental testing was unavailable for individual 4.

Following the unexpected death of individual 1, postmortem examination was conducted.
The gross pathology findings in the brain were consistent with the diagnosis of AGS,
including calcifications and global atrophy most prominent in the basal ganglia (31). At
autopsy, the lungs were grossly unremarkable and within normal weight parameters for body
length. Microscopic examination demonstrated a wide range of findings, including features
of pulmonary hypertensive arteriopathy affecting pulmonary arteries (PA) of all size (Figure
2). Virtually all PAs demonstrated muscular hypertrophy (Figure 2A-1). Most of the
pulmonary arterial vasculature demonstrated neointimal formation and established
concentric fibrosis (Figure 2A-K) (32). In some vessels, the extensive fibrosis resulted in
luminal occlusion (Figure 2D). Additionally, we noted PA occluded by well-formed thrombi
(Figure 2 H-1). The diffuse microthrombi found within his pulmonary vasculature are a
known feature of PH and may represent a consequence of the low cardiac output state of the
right ventricle and insufficient pulmonary blood flow (33). Highly complex architectural
alterations consistent with plexiform and dilation lesions were seen associated with
markedly remodeled pulmonary arteries (Figure 2J-K) (33-35). Arterial remodeling was
demonstrated by prominent elastin fibers as shown by Verhoeff-van Gieson (VVG)
histochemical staining (Figure 2L) (36). Immunohistochemical staining of lung sections
revealed fibrointimal proliferation with infiltration of macrophages (CD163™) (Figure 2M)
and tunica medical thickening as demonstrated by smooth muscle actin (SMA) staining
(Figure 2N), both previously described in PH (33).

Examination of the heart revealed right-sided cardiac dilation, consistent with his prior ECG
(Figure 20) (33). Additional findings included signs of chronic congestive hepatopathy
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(nutmeg liver and microscopic evidence of significant fibrosis) and systemic vascular
changes (lipid laden macrophage infiltration) suggestive of a local vasculopathy (data not
shown).

Interferon Scores

IFN signaling gene (ISG) scores based on mRNA expression of ISGs have been used to
assign a severity score of autoinflammation in a variety of disorders, including AGS (22) and
systemic lupus erythematous (17, 18). We measured ISGs in individuals affected by AGS as
per established protocol (22-24). As previously described, all individuals with AGS had
elevated IFN levels compared to control samples (Mann-Whitney; all genotypes <0.0001,
except for RNASEHZA, p=0.001) (Figure 1C). Of note, not all individuals had significantly
increased values. Individuals with /F/HI variants had higher ISGs compared to other AGS
genotypes (Mann-Whitney all p<0.0001). ISG data was available for the three individuals
with /F/H1-related PH (individuals 1-3) and did not statistically differ from the total
subcohort of /F/H1-affected individuals (Figure 1D). Blood ISGs were not available for
individual 4 (TREXI).

Discussion

Due to the widespread, sustained production of type I IFN, individuals with AGS
demonstrate extensive inflammatory injury, including systemic vasculopathy (26, 27, 37—
41). This report is the first to characterize the association between AGS and PH, a
potentially fatal and under-diagnosed complication, in four affected individuals. In these
individuals, the PH was diagnosed at variable ages during childhood, suggesting that PH
may occur at any stage of AGS. Three individuals in our cohort with molecular confirmation
of AGS were found to have /F/H1 pathogenic variants, representing 30% of the total /F/H1
cohort with available cardiac physiologic data (Figure 1B). The fourth identified individual
had TREXI-associated AGS, 7% of the TREXI cohort (Figure 1B).

Regarding the postmortem analysis of PH (Individual 1, Figure 2), undiagnosed,
longstanding PH may have contributed to his unexpected death. The plexiform and dilatation
lesions seen in his lung vasculature are considered to be a morphologic hallmark of severe
pulmonary hypertension, consistent with a Grade 5 category of the histologic Heath-
Edwards pulmonary hypertension classification (42). The presence of intimal concentric
fibrosis, plexiform and dilatation lesions suggest the pulmonary disease was irreversible and
longstanding (43-45). Additionally, the presence of open intrapulmonary bronchopulmonary
anastomoses (IBA) shunts in this patient is additional evidence of severe pulmonary
hypertension (46, 47). The chronicity of disease in this case is further documented by
dilation and hypertrophy of the heart including the right side, as well as chronic congestive
hepatopathy. While the connection between /F/H1 and PH was substantiated across multiple
individuals and modalities of measure, the confirmation of PH in the individual with
TREX-related AGS was limited by a lack of detailed diagnostic and pathologic data. The
significance of the association between 7REXZ and PH particularly warrants further
validation.
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While AGS is known to affect the vascular system, the full impact of this innate
inflammatory condition on systemic vasculopathy is currently under-characterized. The skin
ulcerations and chilblains found in individuals affected by AGS are hypothesized to be
secondary to an underlying vasculopathy (37, 40, 41). Pathologic examination of AGS-
associated brain injury often demonstrates a calcifying microangiopathy (48) and
occasionally large vessel vasculopathy (38). In addition to classic AGS, TREXI-associated
disease can also cause retinal vasculopathy with cerebral leukodystrophy and is a genetic
risk factor for the development of lupus (49, 50). Pathogenic variants of /F/H1 are also
associated with Singleton—Merten syndrome (SMS) (MIM 182250) (51), a disorder with
significant pulmonary and cardiovascular complications, including aortic root dilation and
peripheral vasculopathy (Table 2) (52).

This study furthers our understanding of the impact of systemic IFN overexpression on the
cardiovascular system. In addition to the novel identification of pulmonary hypertension in a
subset of individuals with AGS with /F/HI and TREXI variants, we also confirm the
presence of hypertrophic cardiomyopathy in patients with AGS (26) and describe aortic
dilation in a broader number of genotypes. While the connection between AGS and PH has
not been previously described, other monogenic causes of IFN overproduction have been
linked with inflammatory pulmonary and cardiac issues (Table 2). In particular, STING-
associated vasculopathy with onset in infancy (SAVI) (gain of function variants in the DNA-
sensor stimulator of interferon genes (STING) encoded by TMEM173), results in
inflammatory interstitial lung disease (53). Other genetic disorders with chronic activation of
IFN pathways, including Trisomy 21, can similarly develop PH (54-56). Exogenous type |
IFN can facilitate vascular injury and PH specifically (9, 10), including the synthetic type |
IFNs employed in chronic inflammatory disorders such as hepatitis and multiple sclerosis (8,
11, 57, 58).

As changes in the AGS-related gene 7REXI are a risk factor for the development of SLE,
and the two disorders share several pathophysiologic features, we hypothesize that the
mechanism of injury may be similar as well (49, 50). In SLE, inflammatory neutrophils
result in IFN-dependent vascular injury (59). Furthermore, elevation of IFNs and
downstream markers of interferonopathies have been documented in individuals with
systemic sclerosis-associated PH, and mouse models of PH implicate a role for
interferonopathies in the development of PH (3).

As the breadth of vascular injury associated with excessive IFN production is fully
appreciated, we can better characterize the multisystem involvement found in individuals
with AGS and other genetic interferonopathies. In particular, we identified that AGS may
represent a novel cause of PH, a potentially fatal complication of IFN over-activation. As
such, we would recommend screening all individuals with known AGS for PH. Given the
extent of neurologic involvement, there are unique challenges to the recognition of PH in the
AGS population. Accordingly, at the time of diagnosis, individuals should be referred to a
pediatric cardiologist for evaluation by echocardiogram and ECG. If there is concern for
right ventricular dysfunction, a brain-type natriuretic peptide (BNP) or NT-pro-BNP should
be obtained (21). The required frequency of longitudinal monitoring has yet to be
established as the rate of disease progression is unknown.
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With any clinical concerns, individuals should be urgently evaluated as PH is a potentially
fatal complication. Signs and symptoms of PH may include cyanosis or hypoxemia,
increasing fatigue, lower extremity edema, frequent dizziness or near-syncope and syncope,
and respiratory symptoms of shortness of breath, dyspnea on exertion, and increased work of
breathing. Furthermore, as therapeutic trials to treat interferonopathies such as AGS
commence, inclusion of patients with a co-diagnosis of PH may be warranted, and the effect
of drug treatment on progression of PH could be a clinically important outcome measure.
This study describes a novel connection between AGS and PH, emphasizing the need for
further study in this population as well as the characterization of /F/HZ and TREXZ in
idiopathic PH of childhood.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Genetics and IFN scores in individuals with AGS.
(A). The distribution of molecular results is shown. (B). Cardiac evaluation within the AGS

cohort is shown by genotype (white=ECHO unavailable or not done; grey=no PH detected,;
black=PH present). (C). IFN signaling gene (ISG) scores were calculated and an IFN
signature was derived for all AGS affected individuals in the MDBP registry for whom
blood samples were available (180 AGS samples and 104 control samples). Across all
genotypes of AGS, ISG scores were significantly increased compared to control samples (by
Mann-Whitney all p<0.0001 except for RMASEHZA, p=0.001). (D) Individuals with /F/H1
variants had higher ISGs compared to other AGS genotypes (Mann-Whitney all p<0.0001).
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Figure 2: Pathology features consistent with pulmonary hypertension.
H+E stained sections of both small and large arteries show marked muscular hypertrophy

(A, B), marked cellular intimal proliferation (C) leading to complete luminal occlusion (D).
Also noted was concentric intimal fibrosis (E) and intraluminal thrombus formation (F). H
+E sections showed histologic features consistent with severe pulmonary hypertension
including plexiform (*) and dilation (arrow) lesions associated with markedly remodeled
pulmonary arteries (PA) (G, H, ). Open intrapulmonary bronchopulmonary anastomoses
(K) that bridge the pulmonary arteries and bronchial arteries (BA), along with marked BA
remodeling and occlusions (J) are present (Br: bronchiole). Microscopic examination of the
lungs included elastin [Verhoeff-van Gieson (VVG), L] stained sections showing marked
pulmonary artery remodeling. Immunohistochemistry on lung sections revealed fibrointimal
proliferation with infiltration of macrophages (CD163*, M) and tunica medical thickening
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[smooth muscle actin (SMA)*, N]. Gross examination of the heart showing dilatation of the
right ventricle (O).
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Clinical characteristics of 4 individuals with AGS and PH
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Individual 1 2 3 4
AGS + + + +
Gene IFIH1 IFIH1 IFIHI TREX1
Variant €.1009A>G; €.2159G>A €.2936T>G c.506G>A c.581delC
(p.Arg337Gly) (p.Arg720GIn) (p.Leu979Trp) (p.Arg169His) (p.Arg194fs)
(Het., de novo) (Het., de novo) (Het.) (Het.) (Het.)
gnomAD Variant Allele 0.0000 0.0000 0.0000 0.000291 0.0000
Frequency
PolyPhen Score Probably Probably Probably Probably N/A
Damaging (1.0) Damaging (0.992) Damaging (1.0) Damaging (1.0)
SIFT Score Damaging Damaging Damaging Damaging N/A
CADD Score 25.3 27.4 26.6 33 39
ACMG Classification Pathogenic Likely pathogenic Likely pathogenic | Likely pathogenic Pathogenic
Age of disease presentation 10 months Birth Birth 2 months
Neonatal complications - + + +
Presence of PH + + + +
Age of PH presentation 16 years 7 years 1 month 2 months
Mechanism of diagnosis of Autopsy ECHO, cardiac ECHO ECHO
catheterization
Outcome Death Medical Death Death
management
Signs and symptoms of systemic + + + +
inflammation
CNS perivascular + - + +
calcifications
Gl (e.g., hepatitis, poor weight + + + +
gain, feeding intolerance)
Dermatologic (e.g., vasculitic + + + -
rashes, psoriasis, eczema)
Hematologic (e.g., - + + UK
thrombocytopenia, anemia)
Ophthalmologic UK - + UK
Hypercholesterolemia + - UK UK

AGS: Aicardi Goutieres Syndrome; Het.: heterozygous; gnomAD: Genome Aggregation Database; CADD — Combined Annotation Dependent
Deletion; ACMG — American College of Medical Genetic; N/A — Not Available; CNS: central nervous system; c/w: consistent with; GI:

gastrointestinal; PH: pulmonary hypertension; UK: unknown
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Comparison of genetic interferonopathies with cardiovascular complications
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C domain-containing
protein 1

Retinoic acid-inducible
gene | (RIG-1)-like receptor

Disorder Aicardi Goutiéres Syndrome Singleton-Merten STING-associated Deficiency of
(AGS) syndrome (SMS) vasculopathy with adenosine deaminase
(40, 51, 60) onset in infancy (SAVI) | 2 (DADA2)
(53, 60, 61) (61-64)
Gene(s) ADAR1 IFIH1 TMEM173 ADA2
IFIH1 DDX58
SAMHD1
TREX1
RNASEHZA
RNASEHZB
RNASEH2C
Protein(s) Multiple Interferon-induced helicase Stimulator of interferon Deficiency of

genes (STING)

adenosine deaminase 2
(DADA?2)

IFN activation

Relationship to Varies by gene, but includes NA
metabolism and sensing

Intracellular nucleic acid
sensing machinery

DNA sensing machinery
(61)

Purine metabolism
(64)

PH (this report) Cerebral
vasculopathy and infarction
(particularly SAMHD1) (39)

Aortic valve insufficiency
and calcification (52) HTN
(52)

Pericarditis (65)

machinery
CV and Peripheral vasculopathy with Peripheral vasculopathy Peripheral vasculopathy Medium vessel
pulmonary secondary tissue damage with secondary tissue with secondary tissue vasculopathy with
involvement Cardiomyopathy (particularly damage (40) damage (53) secondary cerebral
TREX1) (13) Concentric LVH (52) Interstitial lung disease infarcts
Pericardial effusion (13) Left atrial and aortic root (53) HTN
HTN (13) dilation (52) Lung fibrosis (53)

inflammation Cytopenias
Glaucoma
HSM

PN

Severe Gl

(66, 67)

Extra CV/pulm Aseptic fevers

discomfort and poor feeding
Skin involvement (vasculitic
rashes, psoriasis, eczema)
Autoantibody production,
including autoimmune thyroiditis

Dental anomalies
Glaucoma
Psoriasis

Skeletal anomalies

Aseptic fevers
Extremity gangrene
Skin involvement
(vasculitis rashes,
ulcerations, vasculitis)

Aseptic fevers
Cytopenias

HSM

PN

Recurrent infections
Severe Gl discomfort
Skin involvement
(erythemia nodosum,
ulcerations)

CV: cardiovascular

GI: gastrointestinal

HSM: hepatosplenomegaly

HTN: hypertension

IFN: interferon

LVH: left ventricular hypertrophy
NA: nucleic acid

PH: pulmonary hypertension

PN: peripheral neuropathy

Pulm: pulmonary
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