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Purrose. The purpose of this study was to characterize the phenotypic spectrum of
ophthalmic findings in patients with Alagille syndrome.

MerHops. We conducted a retrospective, observational, multicenter, study on 46 eyes
of 23 subjects with Alagille syndrome. We reviewed systemic and ophthalmologic data
extracted from medical records, color fundus photography, fundus autofluorescence,
optical coherence tomography, visual fields, electrophysiological assessments, and molec-
ular genetic findings.

Resurrs. Cardiovascular abnormalities were found in 83% of all cases (of those, 74% had
cardiac murmur), whereas 61% had a positive history of hepatobiliary issues, and muscu-
loskeletal anomalies were present in 61% of all patients. Dysmorphic facies were present
in 16 patients, with a broad forehead being the most frequent feature. Ocular symp-
toms were found in 91%, with peripheral vision loss being the most frequent complaint.
Median (range) Snellen visual acuity of all eyes was 20/25 (20/20 to hand motion [HM]).
Anterior segment abnormalities were present in 74% of the patients; of those, posterior
embryotoxon was the most frequent finding. Abnormalities of the optic disc were found
in 52%, and peripheral retinal abnormalities were the most frequent ocular finding in
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this series, found in 96% of all patients. Fifteen JAGI mutations were identified in 16
individuals; of those, 6 were novel.

Concrusions. This study reports a cohort of patients with Alagille syndrome in which
peripheral chorioretinal changes were more frequent than posterior embryotoxon, the
most frequent ocular finding according to a number of previous studies. We propose
that these peripheral chorioretinal changes are a new hallmark to help diagnose this

syndrome.

Keywords: Alagille syndrome, retinal dystrophies, jaundice, cholestasis

lagille syndrome (ALGS, OMIM 118450) was first

described by Daniel Alagille,)! who began studying
patients with biliary disease in 1956.2 A study published
in 1975 described 15 patients with one of the hallmarks
of the syndrome, intrahepatic bile duct hypoplasia causing
persistent cholestasis.> In addition, patients were noted to
have other features, such as characteristic triangular facies,
cardiac murmur, vertebral arch defects, intellectual disabil-
ity, and hypogonadism.? The ocular features of ALGS were
discovered later* and form part of the criteria for diagnosing
this disorder.>® The classic criteria to diagnose ALGS were
established in 1987 and required a paucity of the interlobu-
lar bile ducts and at least three of five major features, which
included chronic cholestasis, cardiac disease, anomalies of
the vertebrae, characteristic facial phenotype, and ocular
abnormalities.”~® Posterior embryotoxon, characterized by a
prominent and anterior Schwalbe’s line at the junction of the
corneal endothelium and the uveal trabecular meshwork,? is
a major criterion and has been reported as the most frequent
ocular finding.%'°-12 However, some studies have reported
that the presence of optic disc drusen on ocular ultra-
sound may be more common than posterior embryotoxon
in ALGS."*-'> Other ocular abnormalities that have been
reported include a mosaic pattern of iris stromal hypoplasia,
corectopia, microcornea, strabismus, high myopia, pigmen-
tary retinopathy,'>!® and geographic chorioretinopathy.'
Using wide-field imaging, Esmaili documented one patient
with peripheral chorioretinal atrophy that extended circum-
ferentially bilaterally with a sharp demarcation between the
normal and abnormal retina in the periphery.'® However, the
frequency of peripheral chorioretinal atrophy has not been
previously reported.

The incidence of ALGS is estimated between 1 in 30,000
and 70,000 live births and is inherited in an autosomal
dominant pattern.!” The majority (greater than 90%) of the
cases result from pathogenic variants in the Jagged canonical
Notch ligand 1 (JAGI) gene on chromosome 20p12.!% About
7% of cases have deletions in chromosome 20 that include
this gene.! Only a few cases have reported pathogenic vari-
ants in NOTCH receptor 2 (NOTCH?2) gene on chromosome
1p12.2°-22 Gilbert et al. also described a few molecularly
uncharacterized individuals.?!

The transmembrane proteins encoded by these two
genes?! play a role in cell signaling during embryonic devel-
opment, notably in the Notch signaling pathway.?® This is
a highly conserved pathway?%?> that regulates cell prolif-
eration, fate, and differentiation®® during different stages
of embryogenesis.??® The protein encoded by JAGI is a
Delta ligand for the Notch receptor(s).>1%%7:28 The protein
encoded by NOTCHZ2 is a receptor that mediates molec-
ular signaling between cells.? Mutations in these genes

contribute to various systemic issues possibly due to a loss
of cellular interactions. However, the exact molecular mecha-
nism of how these genes act in embryogenesis and through-
out life is not well established.?-3°

ALGS is genetically and phenotypically heterogeneous.?
The clinical diagnosis of ALGS is difficult given the variabil-
ity in the clinical presentation, even among family members
who can have incomplete features of this disease and can
even be unaffected.!?1:32 The rate of germline mosaicism
might be relatively high, and the penetrance low.?! The avail-
ability of genetic testing aids in diagnosing this multisystem
syndrome in patients that do not fit the classic clinical spec-
trum. Early diagnosis can contribute to early interventions to
prevent complications in multiple organs and better follow-
up 732

6

This study presents 23 patients with ALGS across differ-
ent ophthalmic clinics with examination findings and multi-
modal imaging findings to characterize the anterior and
posterior segment characteristics of this ultra-rare inherited
disorder.

METHODS

This retrospective study across different institutions was
conducted at Casey Eye Institute in Oregon Health & Science
University (OHSU). The research was approved by the insti-
tutional review boards at all participating centers and was
performed following the Declaration of Helsinki and protec-
tion of the patient’s identity. De-identified clinical history,
clinical findings, ocular imaging, and genetic test results
were collected and analyzed.

Case Identification

Medical records of confirmed cases of ALGS were reviewed
by inherited eye disease specialists. For all cases, demo-
graphic variables, such as age, history of consanguinity, posi-
tive or negative family history, systemic clinical findings, and
genetic testing results, were extracted from medical records.
Data from ophthalmologic findings included ocular symp-
toms, best-corrected visual acuity (BCVA), intraocular pres-
sure (IOP), and ocular examination.

Image Analysis

Images from 46 eyes of 23 patients were used for this
study. Because our cohort consisted of patients from differ-
ent centers, available images varied widely between subjects.
Color fundus photography, fundus autofluorescence (FAF),
and optical coherence tomography (OCT) were assessed
for detailed phenotyping. Kinetic visual field and full-field
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Ficure 1. Anterior and posterior chamber findings of Alagille syndrome in two siblings. Patient 7 (A-C) with scleral icterus, iris stromal
hypoplasia A, and posterior embryotoxon (red arrows) B. Fundus photograph showing a well-demarcated wave border between normal and
abnormal retina in the periphery C. Patient 11 (D-F) with an elevated optic disc (black arrows) in the fundus photograph at age 7 D, ultra-
sonography showing the elevation in optic nerve head (white arrow) E, and autofluorescence 8 years later showing no hyperautofluorescence

(i.e. no signal of optic disc drusen) F.

electroretinogram (ffERG) performed according to Inter-
national Society for Clinical Electrophysiology of Vision
(ISCEV) standards® were also analyzed.

Molecular Analysis

Nucleotide and protein changes collected from medical
records were described as recommended by the Human
Genome Variation Society (HGVS). The variants found were
compared with variations listed in the Human Gene Muta-
tion Database (HGMD) and ClinVar. The VarSome Software
was used to investigate the pathogenicity of the variants. The
variants are reported as “pathogenic,” “likely pathogenic,”
“uncertain significance,” “likely benign,” and “benign.”>* The
frequency was evaluated using gnomAD.

REsuLTts
Clinical Findings

Clinical features are summarized in Table 1. Twenty-three
patients with a confirmed diagnosis from 21 families were
evaluated. Sixteen patients with conclusive molecular test-
ing and seven patients that met clinical criteria for ALGS.
The study population was comprised of 11 male subjects
and 12 female subjects. Their ages at the last review with
ophthalmic pictures ranged from 3 to 52 years (mean = 22;
median = 16).

Systemic Findings. Systemic history of hepatobiliary
issues, cardiovascular abnormalities, skeletal abnormalities,
and dysmorphic facies were collected based on the subject’s
chart information. These findings are summarized in Table 1.

Hepatobiliary issues were reported in 14 patients (61%
of 23), including jaundice, hyperbilirubinemia, cholestasis,

hepatosplenomegaly, and liver failure, requiring transplan-
tation. Cardiovascular abnormalities were found in 83%
(19/23) of the patients. Among those, heart murmur was
the most frequent cardiovascular finding presented in 74%
(14/19), pulmonary artery stenosis was presented in 53%
(10/19), ventricular septal defect in 26% (5/19), and two
patients presented with atrial septal defect. Musculoskele-
tal anomalies were present in 61% of the patients and
included butterfly vertebrae, scoliosis, spina bifida, short
stature, fractures, and chronic osteomyelitis. Sixteen patients
were described with dysmorphic facies; of those, broad fore-
head was the most frequent finding in 88% (14/16) of the
cases; deep-set eyes were present in 69% (11/16); straight
nose in 56% (9/16); pointed chin in 56% (9/16); prominent
ears in 38% (6/16); and bulbous tip in 25% (4/16). Dysmor-
phic facies were not present in two patients and there was
no comment in the clinic notes about facial characteristics
in records from five patients.

Ophthalmologic Findings. These findings are
summarized in Table 2. The majority of patients (91%)
presented with ocular symptoms, except two patients
(patients 4 and 12). Nyctalopia was reported in 48% (11/23)
of the subjects and was more frequent than photophobia,
which was reported in 35% (8/23) of the patients. Peripheral
vision problems were present in 73% of 22 subjects (one
patient was unable to assess).

The BCVA in each eye ranged from 20/20 to hand motion
(HM). The BCVA of the youngest patient was not tested.
From 44 eyes tested, the plurality of the eyes (30%) was
20/20. The median Snellen visual acuity of all tested eyes
was 20/25, and the mean was 20/40. Most eyes (39 of 44
[89%)]) had a BCVA of 20/50 or better. The BCVA of patient
17 was 20/70 and HM. This patient had diffuse macula atro-
phy and the worst visual acuity of our series. The IOP ranged
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Ficure 2. Multimodal imaging in the left eye of patients with Alagille syndrome. Patient 3 (A-C) at 9-years-old presenting with tortuosity
of the retinal vessels and hypopigmented changes in the retinal periphery on fundus photography A. Autofluorescence (FAF) showing a
wave border in the periphery separating peripheral hyperautofluorescence from posterior normal autofluorescence B. Optical coherence
tomography (OCT) revealed a normal retina structure at the fovea C. Patient 10 (D-F) at 14-years-old presented with attenuated retinal
vessels and pigmentary changes with bone spicules on fundus photography D. FAF demonstrated circumferential hyperautofluorescence
in the mid-periphery and periphery E. OCT identified ellipsoid zone (EZ) granularity temporal to the fovea and loss of EZ nasal to the
fovea F. Patient 11 (G-I) at 15-years-old presented with chorioretinal atrophy in the periphery with few pigmentary changes G. FAF showed
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circumferential autofluorescence loss H. OCT demonstrated normal retinal structure (I). Patient 13 (J-L) at 19-years-old presented with atten-
uated retinal vessels nasally, circumferential chorioretinal atrophy in the periphery, and atrophy from inferior nasal to optic disc on fundus
photography J. FAF demonstrated autofluorescence loss circumferentially and nasal to the optic disc K. OCT showed mild EZ abnormality
near the optic disc L. Patient 16 (M-O) at 22-years-old presented with peripheral retinal changes, mainly nasally on fundus photographs
M. FAF demonstrated a wave border between normal and abnormal retina N. OCT showed normal retina structure O. Patient 18 (P-R)
at 34-years-old presented with attenuated vessels and diffuse atrophic appearance of the retina with bone spicules P. FAF showed the
most severe loss of autofluorescence Q. OCT was characterized by loss of foveal contour and outer retinal atrophy surrounding the fovea
R. Patient 21 (S-U) at 41-years-old presented with well-demarcated peripheral chorioretinal changes with bone spicules in the periph-
ery on fundus photography S. FAF demonstrated well-demarcated hypoautofluorescence in the periphery T. OCT showed normal retina

structure U.

from 8 to 22 mm Hg (mean = 16; median = 16). Only one
eye had a measurement of IOP higher than 21 mm Hg.

Anterior segment findings were present in 74% (17/23)
of patients. Posterior embryotoxon (Fig. 1B) was the most
common anterior chamber abnormality and presented in
70% (16/23) of patients. Microcornea was present only in
one subject, and iris stromal hypoplasia was present in five
patients (22%,; see Fig. 1A). A total of four patients had bilat-
eral cataracts (17%). The most frequent type of cataract was
posterior subcapsular. Two patients (patients 22 and 23)
were pseudophakic in both eyes due to cataract surgeries,
which occurred in their fifth decade of life.

Posterior segment abnormalities were reported in 96%
(22/23) of the patients. Abnormalities of the optic disc
were found in 12 patients (52%). These abnormalities were
described as optic nerve drusen in three patients, elevated
disc in six, anomalous nerve in one, swelling of the optic disc
in one, and horizontally oval shaped in another one patient.
Macular appearance varied from normal (22%) to diffuse
atrophy, and 78% of all patients presented with macular
changes including atrophy, pigmented, mottling, and gran-
ular changes. One patient (patient 19) presented with an
isolated optic cyst in the OCT. Patient 8 presented with vitre-
omacular traction syndrome in the left eye and low visual
acuity. All patients underwent OCT in our cohort. Periph-
eral retinal abnormalities were the most frequent ocular
finding in this series, reported in 22 subjects (96%). Only
patient 12 had a description of normal periphery. Periph-
eral retinopathy was best seen with wide-field autofluores-
cence that showed peripheral hyperautofluorescent areas
with well-demarcated borders that corresponded with areas
of peripheral chorioretinal atrophy symmetrically in both
eyes (Fig. 2). Not all patients had wide-field images avail-
able. Only 13 patients underwent wide-field color and
autofluorescent wide-field pictures. Three patients under-
went fundus autofluorescence of the posterior pole. Seven
patients underwent no wide-field color pictures (Table in
the Supplementary Material). Retinal function was assessed
using Kkinetic visual fields (Fig. 3) and full-field electroretino-
gram. Among nine individuals that underwent visual field, it
correlated well with intact areas of autofluorescence. Among
17 patients that underwent electroretinography, 14 patients
demonstrated abnormal recordings with a pattern of rod-
cone dysfunction, with rod responses being more decreased
than cone responses, whereas 2 patients had isolated rod
dysfunction (patients 9 and 21). Patient 2, the youngest
patient that underwent ffERG, presented with normal rod
and cone dependent responses.

Molecular Findings

JAG1 mutations were identified in 16 individuals. We
identified six novel variants not reported in the disease-

related variation databases, such as ClinvVar and HGMD.
These included two nonsense variants ¢.2694C>A
(p.Cys883%), and ¢.719dupC (p.Lys241%); 4 frameshift
variants  ¢.1713dupC  (p.Cys572Leufs*2), c¢.3234dupT
(p.Val1079Cysfs*30), ¢.1268_1269insA (p.Asn423Lysfs*6),
and ¢.2066del (p.Phe689Serfs*54). The remaining 10
patients presented with previously reported vari-
ants: ¢.2230C>T (p.Arg744%,! c.2473 (p.GIn825%) 3!
€.1899_1900delTG (p.Cys633%),*° ¢.2698C>T (p.Arg900%),>
c.1191delG (p.Lys397Asnfs*15),% c.1563_1564del
(p.Cys522Serfs*8),”  ¢.2587dupT  (p.Cys863Leufs*16),%
€.439+1G>A* and ¢.1395+3A>G.>>* None of the patients
presented with NOTCH2 mutations. Four patients were not
tested. No mutation was found in patient 3. In two patients,
molecular findings were not available.

DISCUSSION

JAG1 gene contains 26 exons that code for a 1218 amino
acid protein. The protein consists of several evolutionar-
ily conserved domains without mutational hotspots.>® From
the 16 patients with conclusive genetic testing, 6 muta-
tions found were classified as novel variants in JAGI gene.
All of them were absent from the gnomAD database. Most
of the mutations found in our study introduce prema-
ture stop codons. This finding is consistent with previ-
ous reports.?'3> Pathogenic variants in JAG1 are commonly
protein-truncating, including frameshift, nonsense, small
deletions, and less commonly missense or whole gene
deletions.”! Both whole gene deletions and intragenic
pathogenic variants can cause similar phenotypes due to
a haploinsufficiency of JAG1. Until now, no genotype-
phenotype correlations have been noted with JAGI muta-
tions neither NOTCH2.*!

The classic ocular finding of ALGS is posterior embry-
otoxon, a malformation related to neural crest defects.?
Posterior embryotoxon, an asymptomatic feature, can be
found in 8 to 15% of normal individuals.!> Optic disc drusen
are a frequent finding in this disease.®'? In this large series,
we identified an additional common feature of ALGS. Almost
all patients in our series presented with well-demarcated
peripheral chorioretinal changes that were better seen by
FAF. Although this peripheral chorioretinal atrophy has been
reported before,'®4%41 the frequency was unknown and
there have only been limited reports of progression.'” There
have been reports of peripheral changes before, Puklin
showed this well demarcated peripheral changes in 1981.9°
Thirty-three years after Esmaili showed for the first time
using wide field FAF the autofluorescence loss in the periph-
ery of a patient with ALGS.'® Makino and colleagues also
showed the same pattern of peripheral autofluorescence loss
and macular involvement extending to peripapillary region
in a sleep-mask appearance.?'~% Interestingly, we found this
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Figure 3. The visual field responses correlated with intact areas of autofluorescence in Alagille syndrome. Patient 6 (A, B). Autofluorescence
(FAF) in the right eye (OD) showing hypoautofluorescent spots in the periphery and around the vessels, and macular involvement with a
hypoautofluorescent ring surrounding the fovea A. The kinetic visual field (KVF) in the right eye showed a central scotoma that corresponds
to the macular involvement B. Patient 11 (C, D). FAF OD demonstrated circumferential peripheral hypoautofluorescence C. KVF OD showed
mildly constricted isopters to all targets that correspond to peripheral dysfunction D. Patient 13 (E, F). FAF OD showed circumferential
peripheral hypoautofluorescence and loss of autofluorescence nasal to the optic disc E. KVF OD showed moderately constricted isopters to
all targets, mainly temporal, corresponding to nasal chorioretinal changes F. Patient 16 (G, H). FAF OD showed inferior nasal hypoautoflu-
orescence G. KVF OD demonstrated superior temporal constricted isopter to I4e that probably corresponds to the loss of autofluorescence
in the inferior nasal area H. Patient 21 (I, J). FAF OD showed circumferential peripheral hypoautofluorescence and loss of autofluorescence
nasal to the optic disc I. KVF shows constriction to all targets, mostly superior temporal, in a pattern corresponding to the autofluorescence
loss.
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sleep-mask appearance in just few cases. The majority of our
patients presented with loss of autofluorescence mainly in
the periphery. Our cross-sectional study suggests that this
atrophy is progressive in a centripetal direction, but longitu-
dinal studies in the same patients are necessary to confirm
this. Hingorani study examined 22 children from ages 5
months to 15 years and found a lower rate of changes in the
periphery than we found studying patients from ages 3 to 52
years.!? It is possible that atrophy was not present in younger
ages. On the other hand, an autopsy of a 7-month-old boy
with ALGS due to JAG1 mutation found thin, atrophic, and
hypopigmented RPE with speckled hyperpigmentation scat-
tered throughout the retina, especially in the periphery.’
Additionally, an autopsy of a 6-year-old boy found extensive
retinal pigmentary changes, with a demarcation line 4 mm
posterior to the equator sparing the central retina.!! Another
reason that we likely found more peripheral changes is that
wide-field cameras are now available to more easily inspect
the far periphery.

There is a paucity of information about the ophthalmo-
logic spectrum of symptoms and visual function in ALGS
with chorioretinopathy. Esmaili did not describe poor night
vision or poor peripheral vision.'® Orssaud reported three
patients from the same family with ALGS presenting with
narrowing of the peripheral fields** and Elshatory reported
a case with constricted fields to less than 10 degrees in
the right eye and less than 5 degrees in the left eye.”> We
found more nyctalopia than photophobia in our series, and
decreased peripheral vision was the most frequent symptom
found in 73% of the patients. This symptom was supported
by loss of kinetic visual fields. There is also a paucity of
information on the ERG abnormalities in existing literature.
The retinal disease involves both rods and cones. We found
82% of rod-cone dysfunction and only 12% with isolated rod
dysfunction (Table in the Supplementary Material).

Little is known about the underlying pathological mech-
anism that might cause chorioretinal atrophy in this disease.
In an autopsy of a 6-year-old patient, Johnson et al. found
massive accumulation of lipofuscin in the RPE and Bruch
membrane in the peripheral and equatorial zones of the
retina.!’ Although the mechanism that causes this accumula-
tion is uncertain, it is known that accumulation of lipofuscin
leads to toxic effects in RPE and ultimately photoreceptors.*

Alternatively, the pathogenesis of the chorioretinal atro-
phy in the periphery with loss of visual field may be
associated with progressive vascular abnormality leading
to anatomic and functional loss. Researchers showed that
interfering in the Notch signaling pathway in mouse models
causes retinal dysplasia and that this pathway plays a crit-
ical role in retinal vascular development.’” Vascular reti-
nal abnormalities have been described in patients with
ALGS.'340 Additionally, cardiac and noncardiac vascular
anomalies are also associated with ALGS and therefore
vasculopathy has been proposed to be the primary abnor-
mality in ALGS.*® Elshatory et al. has already presented a
case with choroidal bilateral neovascularization reinforcing
the involvement of notch pathway in vascular homeostasis.*5

Cardiac and hepatic abnormalities are the findings that
most impact mortality and morbidity.>? El-Koofy reported the
presence of cardiac murmur only in 38% of the patients.’
This incidence was lower than that reported by Emerick,
who found cardiac murmurs in 97% of the patients with a
wide variety of cardiovascular anomalies.'? We found that
61% (14/23) of patients had a cardiac murmur based on chart
review. Interestingly, we also found intrafamilial variability
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in our study. The affected brother (patient 11) of patient 7,
who died after a liver transplant, did not present with hepa-
tobiliary issues. He presented with a cardiac murmur, poste-
rior embryotoxon, and peripheral circumferential chorioreti-
nal atrophy, which triggered his diagnosis.

This study suggests that the presence of peripheral chori-
oretinal atrophy may be useful for diagnosing ALGS in older
children and adults. The retrospective nature of this study,
the small sample size, inevitable given the rarity of this
syndrome, and the variable multimodal imaging from differ-
ent institutions prevented characterization of these abnor-
malities over time. Nonetheless, this study is the largest case
series of ALGS focusing on multimodal retinal findings with
detailed characterization of this previously described chori-
oretinal pathology. Additional studies are necessary to deter-
mine the progression of the peripheral dystrophy in a longi-
tudinal follow-up.

In summary, ALGS has variable expression, and not all
patients have the classic phenotype. We found that a char-
acteristic peripheral chorioretinal degeneration that corre-
lates with loss of function in the visual field is common
in patients with ALGS. Posterior changes in the periphery
were more common than posterior embryotoxon, an asymp-
tomatic and classic feature. An ophthalmologic evaluation
with multimodal retinal imaging should be pursued for all
patients suspected to have ALGS.
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