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Preface

Inherited retinal diseases are hereditary diseases causing bilateral irreversible
retinal degeneration and subsequent visual impairment. They are a large
group of genetically and clinically heterogenous disorders which constitute
the leading cause of vision loss in working-age adults or children. They can
be stationary in some diseases, but most vision-threatening inherited retinal
diseases are progressive. Retinitis pigmentosa, the most well-known inher-
ited retinal disease, usually progresses slowly over decades, leading to visual
impairment as the result of diffuse retinal degeneration. However, some
inherited retinal diseases are congenital or early-infantile onset and affected
individuals are legally blind from birth or early infancy.

Diagnosis of inherited retinal disease is often challenging, and reliable
guidance to precise diagnosis is essential for proper management. Although
currently no curative treatment is known for most disorders, patients with
inherited retinal diseases can benefit from genetic counseling, supportive med-
ication, correction of refractive error, and treatment of associated complica-
tions. In recent years, there has been great improvement in our knowledge of
the genetic and cytological background of inherited retinal diseases. Genetic
analysis methods such as next generation sequencing have remarkably reduced
the time and cost required for large-scale analysis of patients’ samples. In
addition, molecular genetic testing is crucial for the treatment prospects of
targeted therapeutics as well as for accurate diagnosis and prognostication.
Studies on gene therapy and stem cell therapy have been successfully carried
out in animal models of inherited retinal diseases. In particular, gene therapy
for Leber congenital amaurosis by RPE65 mutation is now available.

In this book, we first provide an overview of inherited retinal diseases,
including molecular genetics, general principle of treatment, genetic counsel-
ing, and novel treatment methods under research. For each individual disorder,
essential information regarding the genetics, diagnosis, clinical features, and
possible management are discussed based on up-to-date knowledge. Experts
for each inherited retinal disease were recruited as authors of this treatise, and
they tried to include as many images as possible which they encountered dur-
ing clinical practice. Undoubtedly, this treatise will guide the practice of not
only ophthalmologists but also medical students who are seeing patients with
inherited retinal diseases. I would like to thank all of the authors and the proj-
ect coordinators for their special contribution to this work.

Seoul, Korea Hyeong Gon Yu
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Molecular Genetics of Inherited
Retinal Diseases

Dae Joong Ma

Abstract

In the last decade, our understanding of inher-
ited retinal diseases (IRDs) has undergone sig-
nificant advances owing to major achievements
in molecular biology and genetic technolo-
gies. The study of molecular genetics of the
IRDs provides not only a better understanding
of the underlying pathogenesis but also the
development of new therapeutic alternatives.
In this chapter, we review the molecular
genetic characteristics and techniques of
genetic analysis associated with IRDs. We
also discuss the molecular biology of the com-
mon mutations causing IRDs.

Keywords

Inherited retinal disease - Genetic analysis
Molecular genetics - Next-generation
sequencing

1.1 Introduction

Inherited retinal diseases (IRDs) are a clinically
and genetically heterogeneous group of inherited
eye disorders characterized by rod and/or cone

D. J. Ma (<)
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photoreceptor degeneration, such as retinitis pig-
mentosa (RP), Leber congenital amaurosis
(LCA), Stargardt disease (STGD), Best vitelli-
form macular dystrophy (BVMD), and Usher
syndrome (USH). Their estimated prevalence
varies with the IRD subtype: 1/3000-1/50,000
for RP, 1/50,000-1/33,000 for LCA, 1/8000—
1/10,000 for STGD, 1/5000-1/67,000 for
BVMD, and 1/30,000 for USH (http://www.
orpha.net).

IRDs can be classified clinically based on the
following features: (1) which cell type or ana-
tomical location is mainly affected among rod
photoreceptors (RP, rod-cone dystrophy), cone
photoreceptors (cone and cone-rod dystrophy
and achromatopsia), macular dystrophy (STGD,
BVMD, Pattern dystrophy, and Sorsby’s fundus
dystrophy), and choroidal dystrophy (choroider-
emia, central areolar choroidal atrophy, and
gyrate atrophy); (2) whether or not the ocular
phenotypes are associated with other organ
pathologies (syndromic and non-syndromic
forms); (3) whether the disease is stationary or
progressive over time; and (4) the mode of inheri-
tance (autosomal dominant, autosomal recessive,
X-linked, mitochondrial, and simplex) [1, 2].

Presently, the diagnosis of IRDs is mostly
based on clinical findings. However, the variable
age of onset, genotypic heterogeneity (one phe-
notype caused by multiple genes), phenotypic
heterogeneity (various mutations in a single gene
resulting in various phenotypes), incomplete pen-
etrance, unclear inheritance, and progressive

H.-G. Yu (ed.), Inherited Retinal Disease, https://doi.org/10.1007/978-981-16-7337-5_1
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nature of IRDs impede the definitive diagnosis,
and therefore, molecular genetic testing is imper-
ative for the definitive diagnosis of IRDs.

Importance of Molecular
Genetic Diagnostics in IRD

1.2

Obtaining the molecular genetic diagnosis in
IRDs remains challenging because of the large
number of causative genes. To date, more than
270 causative genes have been identified for
IRDs (http://www.sph.uth.tmc.edu/retnet/).
Frequent genetic overlaps also complicate the
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Fig. 1.1 A Venn diagram of the most common forms of
inherited retinal degenerations (IRDs) displays the genetic
heterogeneity of IRDs. Overlapping regions represent the
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molecular genetic diagnosis of IRDs (Fig. 1.1).
For example, some genes responsible for RP
have also been associated with other IRDs, such
as STGD, congenital stationary night blindness
(CSNB), and LCA. Likewise, genes responsible
for syndromic IRDs, such as Bardet-Biedl syn-
drome (BBS), have also been associated with
non-syndromic IRDs, such as RP [1]. However,
this genetic overlap among IRDs with different
phenotypes suggests the common genetic path-
ways with similar underlying mechanisms, which
emphasize the importance of a molecular genetic
approach in IRDs for understanding the patho-
physiology and developing the novel therapeutic
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choice. In addition, the variable expression, oli-
gogenic inheritance, and incomplete penetrance
also complicate the molecular genetic diagnosis
of IRDs [3].

Nevertheless, the molecular genetic diagnosis
of IRDs has several clinical values. First, the
detection of pathogenic genes and mutations
helps obtain the definitive diagnosis of the retinal
condition, which can yield information about the
prognosis. Second, early identification of syn-
dromic IRDs allows the prediction of the sys-
temic complications that may arise. Some
extraocular features, such as hearing loss and
vestibular dysfunction in USH, obesity in BBS,
and cardiomyopathy in Alstrom syndrome, may
not be seen until late childhood [4]. Molecular
genetic testing can identify the risk of systemic
involvement and offer the opportunity to prepare
[5]. Third, based on the molecular genetic find-
ings, treating physicians can provide genetic
counseling to family members, identify carriers,
make the diagnosis prenatally, and reduce the
risk of transmission.

Fourth, the molecular genetic diagnosis can
provide an opportunity for the optimal treatment
for patients.  Voretigene neparvovec-rzyl
(Luxturna™) was approved by the US Food and
Drug Administration (FDA) in December 2017
and indicated for biallelic RPE65 mutation-
associated retinal dystrophy. Currently, more
than 30 clinical trials in relation to gene therapy
for IRDs are registered at ClinicalTrials.gov, RP
with LRAT, MERTK, PDE6B, RLBP1, RPE6S, or
RPGR mutation, LCA with RPE65 or LRAT
mutation, X-linked juvenile retinoschisis with
RSI mutation, achromatopsia with CNGA3 or
CNGB3 mutation, choroideremia with CHM
mutation, and USH with MYOA7A mutation
(https://clinicaltrials.gov/). Thus, identification
of the applicable mutation is a prerequisite for
enrollment in these ongoing gene therapy trials.

Last, knowledge of the molecular genetic
basis of IRDs can lead to a better understanding
of the retinal physiology and pathophysiology,
which can aid in the development of a novel treat-
ment strategy [6—8]. The latest development in
gene therapy is primarily based on the recent
achievement of genetic analysis in IRDs. The

design of other therapeutic interventions also
depends on the molecular biology and genetic
characteristics of inherited diseases. For exam-
ple, approximately 10% of cases of cystic fibrosis
are caused by the nonsense mutations that cause
protein truncation, leading to function loss of
cystic fibrosis transmembrane conductance regu-
lator (CFTR) and consequent disease [9, 10].
Certain aminoglycoside antibiotics (e.g., genta-
micin) can induce ribosomes to read through a
premature stop codon in mRNA, continue the
translation, and produce a complete protein [11].
Topical application of gentamicin drops to the
nasal mucosa cause a local increase in CFTR-
mediated chloride transport [12].

1.3  Techniques of Genetic

Analysis

After the OAT gene was found to cause gyrate
atrophy in 1988, the methods and tools available
for the molecular genetic diagnosis of IRDs con-
tinuously evolved [13]. Currently, more than 270
genes have been found to be associated with
IRDs (http://www.sph.uth.tmc.edu/retnet/).

In general, the aim of genetic analyses is to
determine genomic variations, such as single
nucleotide variants (SNVs), small DNA insertions
or deletions (inDels), copy number variations
(CNVs), or other structural variants (SVs) and
relates these variations to human phenotypes.
The molecular genetic diagnosis can be made
through a direct analysis of the targeted gene
mutation, direct sequence analysis, or linkage
study [14]. A direct mutation analysis is possible
when the related gene has been identified.
However, this approach has less value for IRDs
because of more than 270 disease-associated
genes, heterogeneity of the genotype and pheno-
type, and unclear inheritance patterns, making it
difficult to select genes for direct mutation
analysis.

Given the extreme heterogeneity of IRDs,
next-generation sequencing (NGS), also known
as massively parallel sequencing, has been sug-
gested as a cost-effective approach for the identi-
fication of mutations [15, 16]. The introduction of
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Table 1.1 Comparison of next-generation sequencing methods in terms of inherited retinal degenerations [19-21]

TES WES WGS
Depth >500X >50-100 X >30 X
Size of capture Variable (2-200) | 4,000-20,000 genes 20,000 genes and
non-coding area
Number of variants ~1000 ~20,000 ~4,000,000
Cost per sample ($)? 200-1000 500-1000 Short read: 1000-2500
Long read: 2750-20,000
Turnaround time * 3-6 weeks 8-12 weeks 8-12 weeks
Advantages Customizable Applicable in the case without certain Detect all variants in the
Lowest cost and | clinical diagnosis genome
time Cheaper than WGS and multiple panels No bias in target selection
Identify new variants | Yes Yes Yes
Identify new genes No Yes Yes
Exonic Variants Yes Yes Yes
Intergenic regions No No Yes
Variant in regulatory | No No Yes
regions
Deep intronic variants | No No Yes
Structural variations No No Yes
Copy number Mostly Mostly undetected Yes
variations undetected
InDels Yes Yes Yes
Large InDels Mostly Mostly undetected Yes
undetected
microRNAs No No Yes

TES, targeted exome sequencing; WES, whole exome sequencing; WGS, whole genome sequencing

*May vary depending on the laboratory

NGS allows the analysis of all genes in a defined
linkage interval (targeted NGS), all exons in the
genome (whole exome sequencing [WES]), and
even the entire genomic sequence (whole genome
sequencing [WGS]). Table 1.1 displays the char-
acteristics of common NGS methods [17, 18].

1.3.1 Linkage Analysis
The linkage analysis can be utilized when there
are available polymorphic markers closely linked
to a target gene but without the identification of
the gene itself or when detection of mutations in
the gene is difficult [22]. Traditionally, the link-
age analysis evaluated trait segregation within a
family. When particular traits were co-inherited,
it was suggested that genes associated with the
co-inherited traits were closely linked within the
genome.

Polymorphic markers are now used to deter-
mine whether or not certain genetic polymor-

phisms are co-inherited with the certain
phenotype and help locate the genome associated
with the trait of interest [23]. Polymorphic mark-
ers can be single nucleotide polymorphisms,
simple sequence length polymorphisms, and
restriction fragment length polymorphisms.

The linkage analysis cannot be used to con-
firm the proband’s diagnosis but can be used to
determine whether or not other family members
are likely to have inherited the mutated gene.
This approach relies heavily on making the cor-
rect diagnosis in the proband and knowing the
exact family relationships. However, this tech-
nique has gradually phased out as the techniques
for identifying genetic mutations have advanced.

1.3.2 Sanger Sequencing
Sanger sequencing is the most widely adopted

sequencing technique for a limited number of
exons or amplicons and is still regarded as the
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gold standard DNA sequencing technique. Speed,
flexibility, and accuracy are the advantages of
Sanger sequencing. It is relatively cheap for a
limited number of exons or amplicons. For genes
with more exons or amplicons, it is better to use
the NSG-based approach. In addition, the costs
of Sanger sequencing for large genes, such as
ABCA4 and USHZ2A, are not cheaper than those
of NGS [19].

The value of Sanger sequencing is limited for
detecting mutations in diseases with high genetic
heterogeneity, such as IRDs, because of the long
time, high cost, and a lot of effort required to
sequence many genes. However, Sanger sequenc-
ing is preferred for the segregation analysis of
IRDs.

1.3.3 Next-Generation Sequencing

In the last decade, NGS has evolved in accuracy
and throughput. IRDs are excellent candidates
for screening NGS because of their wide genetic
and phenotypic heterogeneity.

The most significant obstacle for the clinical
application of NGS is the huge volume of data to
analyze. For example, the number of variants
detected is approximately 20,000-50,000 for
each exome [17]. At least 150-500 variants
remain as “probable pathogenic” after the appli-
cation of various bioinformatics filters.
Interpreting these variants is a challenging task in
the clinical setting [18]. The higher error rate
compared to that of Sanger sequencing can be
another obstacle in NGS. The false-positive rate
of NGS is approximately 14-27% [18]. False-
positive results can be obtained from the artificial
mutations generated during template amplifica-
tion or sequencing. Therefore, each type of vari-
ant detected in NGS must be validated by Sanger
sequencing, which increases the cost and turn-
around time [7].

1.3.3.1 Targeted Exome Sequencing

In targeted exome sequencing (TES), also known
as panel-based sequencing or targeted NGS, tar-
geted genomic regions are selectively enriched
and sequenced using NGS. TES can evaluate

exons, introns, and intergenic regions of genes
[20]. TES usually evaluates genes with a prior
knowledge, which are known to be associated
with a specific disease or group of related dis-
eases; therefore, it is not suitable for discovering
a new disease-related gene. TES can sequence
more samples per run with increased reading
depth and coverage and results in being much
more sensitive than the holistic approach of NGS,
including WES and WGS. Several researchers
reported that TES discovered causal variants in
IRDs in 50-76% of cases [24-28]. However, the
sensitivity of a specific gene panel may vary
among ethnic groups [29].

TES is suitable for diagnostic screenings
because of its low costs, short turnaround time,
and less computational burden compared to the
holistic approach of NGS [30]. In IRDs, TES can
be utilized as a first-tier test. If this test is nega-
tive, the holistic approach of NGS, including
WES and WGS, can be considered as the second-
tier test.

However, there are several limitations to
TES. First, researchers need to redesign the panel
to incorporate new genomic regions at an addi-
tional expense. Second, the role of gene modifi-
ers and structural genomic rearrangements cannot
be adequately analyzed with TES [6, 15].
Furthermore, because of the limitations inherent
to polymerase chain reaction (PCR) amplifica-
tion, low coverage of regions, such as GC- and
AG-rich regions, can occur [6].

1.3.3.2 Whole Exome Sequencing

In WES, all protein-coding genes within a
genome containing approximately 180,000
exons are enriched and sequenced. Protein-
coding genes constitute ~1% of the whole
genome but harbor 85% of the disease-causing
mutations [31]. The intergenic and intronic
regions constitute the remaining 99%, which
might cause ~15% of cases. Compared to WGS,
WES sequences exons with higher coverage but
generate fewer data and require fewer data stor-
age resources, making the analysis easier [32].
WES capture kits are expensive, but WES is
more cost-effective than WGS in clinical
applications.
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WES is commonly used for the genetic analy-
sis of a large number of samples in a short time
period. Because most causative mutations can
occur in different coding regions, WES is the best
approach for detecting mutations in heteroge-
neous Mendelian disorders. Patients who have
probable genetic causes but with a nonspecific or
an unusual disease manifestation and those with
clinical diagnoses of genetic heterogeneity were
also good candidates for WES [33, 34]. In a study
comparing WES and three commercial gene pan-
els, WES discovered causative mutations of
genes in 42% of cases, which were not included
in at least one commercial panel [35]. Several
researchers reported success rates of genetic
diagnosis in IRDs with WES ranging from 55 to
72% [36-38].

There are some clear limitations to WES. First,
WES often misses deep intronic variants, large
chromosomal SVs, and CNVs [39]. Second, the
enrichment methods based on PCR may result in
low coverage of regions, such as GC- and AG-rich
regions, similar to TES [40]. Last, this method
captures 92-95% of the exons, so even if that
region is included in the capture probe design,
some mutations may be missed [20].

1.3.3.3 Whole Genome Sequencing

WGS sequences the whole genome containing
coding (exons) and non-coding regions (introns,
regulatory, and intergenic sequences). This
allows the detection of CNVs, intergenic vari-
ants, and other structural rearrangements as well
as exonic sequences, which can cover more than
95% of the entire human genome [41]. WGS
offers extraordinary power, particularly for dis-
covering three groups of pathogenic variants:
SVs, variants in GC-rich regions, and variants in
non-coding regulatory regions, of which cover-
age is significantly improved compared to WES
[42]. Furthermore, recent studies showed that
variants located in microRNA regions and deep
intronic regions could be responsible for IRDs
[43, 44].

As the cost of WGS is continually declining,
more laboratories have access to technology.
However, analyzing vast amounts of genomic
variant data remains challenging.

Molecular Genetics
of Inherited Retinal Disease

1.4

Molecular biological mechanisms associated
with IRD genes are very complex and heteroge-
neous (Fig. 1.2). They include photoreceptor
development defect (CRX, NR2E3, and NRL),
defects in intracellular trafficking and cilia func-
tion (BBSs, CEP290, MYO7A, RAB28, ROMI,
RPGR, TULP1, and USH2A), phototransduction
and outer segment (OS) structure formation
defects (AIPL1, CNGAs, CNGBs GNATSs, GRK 1,
PDEG6s, PRPH2, RHO, and SAG), synaptic trans-
mission defects (CACNAIF, CACNA2D4,
UNC119, and RIMS1), and defects in RPE integ-
rity and function (LRAT, MERTK, and RPEG65)
[2, 45].

1.4.1 Genes Affecting

Photoreceptor Development

1.4.1.1 CRX

The cone-rod homeobox (CRX) gene encodes
a transcription factor that is preferentially
expressed in the photoreceptor of vertebrates.
It regulates gene expression, development, and
maintenance of photoreceptors [46]. Mutations
in CRX cause autosomal dominant RP, autoso-
mal dominant cone-rod dystrophy, and auto-
somal dominant as well as recessive LCA
[47-51].

1.4.2 Genes Affecting Intracellular
Trafficking and Cilia Function

Primary cilia consist of nine microtubule triplets
arranged in a circle with an outer membrane
(“9+0” structure) [52]. Intraflagellar transport
(IFT) and active protein transport along the
microtubules are necessary for the formation and
maintenance of cilia. IFT plays an important role
in cell mobility, fluid transport over epithelial
cells, and sensory perception.
Photoreceptor-connecting cilia (CC) is very
similar in structure to the standard primary cilia.
It acts as a conduit for uni- or bi-directional
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Fig. 1.2 Cellular functions and associated genes in photoreceptors and retinal pigment epithelium

cargo transition compartment between the inner
segments (IS) and OS. Approximately 10% of
OS renews daily, which depends on the synthesis
and transport from the IS across the CC.
Therefore, precise control of ciliary transport is
crucial. For example, rhodopsin is synthesized in
the IS and transported to the disk-forming region
within the OS across the CC using vesicle traf-
ficking [53].

1.4.2.1 CEP290
Centrosomal protein 290 (CEP290) is a
centrosomal-cilia protein that is highly expressed
in the nasal epithelium and neural retina and
plays an important role in centrosome and cilia
function [54, 55]. Mutations in CEP290 cause
ciliogenesis defects, i.e., ciliopathies. CEP290
mutations account for up to 20% of LCA cases in
the Caucasian population as the most common
genetic cause.

Mutations in CEP290 are also associated with
the Senior-Lgken syndrome, Joubert syndrome,
BBS, and Meckel syndrome [56-59].

1.4.2.2 BBSs
BBS is a clinically and genetically heterogeneous
syndromic ciliopathy with autosomal recessive
inheritance. It is characterized by six major
defects, including retinal degeneration, renal
abnormalities, mental retardation, truncal obesity,
hypogenitalism, and postaxial polydactyly [60].
At least 19 genes are associated with BBS, but
mutations in BBSI to BBSI8 gene account for
approximately 70-80% [61]. The BBS (1, 2, 4, 5,
7, 8,9, and 18) proteins form a BBSome complex,
which acts as cargo for the antero- and retrograde
transport at the ciliary transition zone [61]. This
complex formation is facilitated by the BBS-
chaperonin complex formed by BBS-6, 10, and 12
with BBS7. The other BBS proteins work inde-
pendently for recruiting the BBSome at the base of
the cilium or in the centrosome. It has been
hypothesized that ciliary trafficking of the rhodop-
sin is mediated by the BBSome complex along
with Rab8, and they interact during IFT [53].
Mutations in BBS genes express both cone-rod
and rod-cone phenotypes of IRDs [53].
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1.4.2.3 RPGR

The retinitis pigmentosa GTPase regulator
(RPGR) protein is predominantly localized to the
CC [62]. It is presumed to play a role in nucleo-
cytoplasmic transport, intracellular transport of
opsins from the IS to OS, and regulation of disk
morphogenesis.

The RPGR gene is located on the X chro-
mosome, and approximately 70% of X-linked
RP accounts for the RPGR gene mutations
[63—-65]. In addition, mutations of RPGR are
also detected in male simplex RP patients, RP
families with provisional autosomal dominant
inheritance, CRD patients, and MD patients
[66-70].

1.4.2.4 MYO7A
Myosin VIIA (MYO7A) is primarily expressed
in the RPE, photoreceptors, and cochlear and
vestibular neuroepithelia of the inner ear [71]. It
plays a role in the transport of opsin to the OS
through the ciliary plasma membrane in the pho-
toreceptors [72] and the movement of melano-
somes and phagosomes in the RPE [73]. Without
MYO7A, melanosomes are unable to move along
actin filaments and are therefore absent from the
apical RPE [73]. Mutations in MYO7A result in
an abnormally high opsin level in the CC, slowed
distal migration of the disk membranes, and
delayed digestion of phagocytosed photoreceptor
disk membranes [72].

MYO7A mutations cause USH type I, the most
severe subtype with profound congenital deaf-
ness and vestibular dysfunction [74, 75].

1.4.2.5 USH2A

The USH2A gene encodes two alternatively
spliced isoforms, 170 kDa USH2A isoform a and
580 kDa USH2A isoform b [76]. USH2A iso-
form a is a basement membrane protein [77, 78].
USH2A isoform b encodes usherin, which is the
major isoform in the retina and inner ear [79]. In
photoreceptors, usherin is expressed particularly
in the CC and involved in the cargo delivery from
the IS to the OS [76, 79]. However, the exact
function of USH2A in the retina has not been
fully elucidated.

Mutations in USH2A are the most common
cause of USH, accounting for up to 85% of USH
type II cases and causing up to 23% of non-
syndromic autosomal recessive RP [73].

1.4.2.6 RP1

RP1 is a photoreceptor-specific protein expressed
in both rod and cone photoreceptors, localized at
the CC. It is responsible for cilia structure main-
tenance, protein transport between the photore-
ceptor IS and OS, and capturing and stacking the
OS disks for the correct orientation [80].

RPI mutations may cause photoreceptor dys-
function by the misalignment of the OS disk and
disk formation disruption. In addition, RP/ may
also account for rhodopsin transport to the photo-
receptor OS [81]. RP] mutations can cause either
autosomal dominant or recessive RP, accounting
for approximately 5.5% and 1% of cases, respec-
tively [82]. In addition, some recent works sug-
gested that the phenotypic spectrum associated
with RPI mutations should be expanded to MD
and cone-rod dystrophy [83, 84]. Although the
exact mechanism underlying the autosomal dom-
inant or recessive mutation effect of RP/ is still
unclear, different classes of the truncated protein
can cause various effects on the etiology of RP
[85, 86].

1.4.3 Genes Affecting
Phototransduction
and Structure Formation

The phototransduction cascades are basically the
same in both rod and cone photoreceptors [45].
During phototransduction, the captured photons
activate rhodopsin, which leads to dissociation of
transducin subunits By from Ga, followed by
activation of cGMP-phosphodiesterase (PDE).
PDE hydrolyzes cGMP to GMP [87, 88], which
leads to the cyclic-nucleotide-gated (CNG) chan-
nel closure in the OS membrane of the photore-
ceptor. The CNG channels closure results in
hyperpolarization of the photoreceptor and elec-
trochemical signal transmission to the second-
order neurons.



1 Molecular Genetics of Inherited Retinal Diseases

1.4.3.1 PRPH2

The PRPH?2 gene, also known as the Retinal
Degeneration Slow (RDS) gene, encoded a
photoreceptor-specific transmembrane glycopro-
tein, peripherin-2 [89, 90]. Peripherin-2 may
account for disk morphogenesis and maintenance
[91]. In addition, peripherin-2 is predicted to play
a role in regulating disk alignment and size as a
complex with rod OS membrane protein-1
(ROM1) [92, 93].

Mutations in PRPH2 account for 5-10% of
autosomal dominant RP, with primary loss of the
rod photoreceptors and secondary delayed loss of
the cone photoreceptors [94]. However, PRPH2
mutations can also cause autosomal dominant
MD, with cone photoreceptors and central-vision
defects [90]. The different mutation loci caused
the difference in PRPH2 mRNA splicing effi-
ciencies, which may result in the phenotypic het-
erogeneity of PRPH?2 mutations.

The PRPH2 upregulation and function
defects may lead to cone photoreceptor degen-
eration. In contrast, the PRPH2 mutations spe-
cific to rod photoreceptors can cause PRPH2
downregulation and protein localization impair-
ment [95]. These results suggest that the differ-
ent penetrance of PRPH?2 mutants between rod
and cone photoreceptors may result from mRNA
splicing.

1.4.3.2 RHO

The RHO gene encodes rhodopsin, which is a
photo-excitable G protein-coupled receptor
located on the disk membrane of the OS in the
rod photoreceptor. As rhodopsin plays a crucial
role in phototransduction, mutations in rhodopsin
can cause dysfunction of the photoreceptor with
or without degeneration. Mutations of RHO
account for 20-30% of autosomal dominant
RP. Currently, there are more than 200 disease-
causing RHO mutations, which can be divided
into seven classes [96, 97]. Class I mutations
result in the impairment of post-Golgi trafficking
and OS targeting. Class II mutations cause mis-
folding and endoplasmic reticulum retention and
instability. Class III mutations result in vesicular
trafficking and endocytosis disruption. Class IV

mutations are responsible for alterations in the
post-translational modifications and reduced sta-
bility. Class V mutations alter transducin activa-
tion. Class VI mutations affect constitutive
activation. Class VII mutations result in dimer-
ization deficiency. These classifications are not
mutually exclusive. In addition, there are more
mutations that cannot be placed in these
categories.

There is a clinical classification based on their
broad phenotype-genotype correlation, consist-
ing of two classes [96]. Class A shows severe rod
photoreceptor dysfunction with early onset. Class
B shows a milder phenotype with later onset and
slower progression. This different presentation is
probably the underlying molecular biology asso-
ciated with the mutation and genetic modifiers
and environment.

1.4.3.3 PDE6s

Rod cGMP-specific phosphodiesterase 6
(PDE®) is a protein complex composed of «, 3,
and two 7y subunits, which are encoded by
PDEGA, PDEG6B, and PDE6G genes. The PDE6
complex is located on the photoreceptor OS and
hydrolyses cGMP in response to light stimula-
tions, regulates the cGMP-gated cation (Na*,
Ca?*) channels opening in rod and cone photore-
ceptors [98].

Mutations in PDE6A and PDE6B cause a cal-
cium influx into rod photoreceptors and subse-
quent apoptosis, which results in autosomal
recessive RP [99-104]. However, there was a
report of a large consanguineous family with
PDE6G mutation, manifesting with an early-
onset RP phenotype [105].

1.4.3.4 CNGAs and CNGBs

The CNG channel is a protein complex com-
posed of a-(CNGA) and p-(CNGB) subunits in
rod and cone photoreceptors [106]. The opening
of CNG channels in the dark-adapted state results
in sodium and calcium influx, leading to inward
negative current flow. In contrast, the closure of
CNG channels during phototransduction gener-
ates a hyperpolarization wave in the photorecep-
tors [107].
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Mutations in CNGAI and CNGBI, which
encode the CNG channel subunits of the rod pho-
toreceptor, cause autosomal recessive RP [108,
109]. Mutations in the CNGA3 and CNGB3
genes, which encode the CNG channel subunits
of the cone photoreceptor, are responsible for
complete and incomplete achromatopsia [106,
110, 111].

1.4.4 Genes Affecting Synaptic
Transmission

Photons are converted into electrochemical sig-
nals at photoreceptor ribbon synapses with bipo-
lar cells. In the dark, an opening of the L-type
calcium channels in the photoreceptor results in
calcium influx into the cytoplasm, leading to glu-
tamate release. When activated by light, the glu-
tamate release gradually decreases at the ribbon
synapses, which mediates signal transmission
from the photoreceptor to the bipolar cell [112].

1.4.4.1 CACNATF

CACNAIF encodes a subunit of the voltage-
gated L-type calcium channels. Mutations in
CACNAIF account for X-linked CSNB, X-linked
cone-rod dystrophy, and Aland island eye disease
[113-115].

1.4.5 Genes Affecting RPE Integrity
or Function

1.4.5.1 RPE65
The RPEG65 gene encodes retinal pigment epithe-
lium 65 kDa protein (RPE65), also known as reti-
noid isomerohydrolase, is responsible for the
visual pigment restoration [116]. In the initial
step of the phototransduction cascade, 11-cis-
retinal is photoisomerized to all-frans-retinal.
The reconversion of all-frans to 11-cis-retinal is
catalyzed by RPE65 in the RPE, which is crucial
for recombination with opsin and active visual
pigment formation.

The absence of RPE6S5 activity results in the
11-cis-retinal level reduction and retinal esters
accumulation in RPE cells, severe rod and cone

photoreceptor response attenuation, and progres-
sive retinal degeneration because of the block in
the regeneration of 11-cis-retinal [116]. Biallelic
mutations in the RPE65 gene, which disrupt the
visual cycle, are responsible for approximately
6% of LCA and 2% of autosomal recessive RP
[117-119].

Using a viral vector, the healthy RPE65 gene
can be delivered to the retina. Adeno-associated
virus (AAV) has become the best vector for most
gene therapy applications. It can be manufac-
tured to contain only genetic information, which
is intended to be transferred for gene therapy
[120]. AAV has proven to have a favorable safety
profile for many types of gene therapy, no known
associations of diseases, no reproducibility with-
out helper viruses, and less immunogenicity than
other viruses. AAV serotype 2 (AAV2) is used for
the treatment of RPE65-associated IRDs. It has a
natural predilection for retinal cell types and can
induce prolonged levels of gene expression,
which can maximize the intended therapeutic
effects [121]. Instead of eliminating or repairing
defective genes, gene therapy with AAV?2 intro-
duces a normal copy of the gene into the cells as
free-floating DNA outside the chromosome
[122].

Voretigene neparvovec (AAV2-hRPE65v2),
the first FDA-approved gene replacement ther-
apy, consists of an AAV?2 viral vector containing
the human RPE65 cDNA. Voretigene neparvovec
also includes a modified Kozak sequence and uti-
lizes a hybrid chicken p-actin promoter using a
cytomegalovirus enhancer [123]. Voretigene
neparvovec introduces normal copies of the
RPEG65 gene in the RPE cells and causes the pro-
duction of a functional enzyme. For the first
intervention participants in the phase 3 trial, aver-
age multi-luminance mobility test, full-field light
sensitivity test, visual field, and visual acuity
measures have been maintained for 3 years, and
the follow-up is ongoing [123, 124].

1.4.5.2 MERTK

The MER proto-oncogene tyrosine kinase
(MERTK) gene encodes a receptor tyrosine
kinase that is a member of the MER/AXL/
TYRO3 receptor kinase family. It is expressed in
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several tissues but strongly in the RPE and mac-
rophages, which are capable of phagocytosis. It
plays a critical role in regulating cytoskeleton
rearrangement during phagocytosis, an essential
circadian process for homeostasis in photorecep-
tors [125]. In the RPE, MERTK is essential in the
shed photoreceptor OS engulfment before phago-
cytosis [126].

Mutations in MERTK were identified in auto-
somal recessive RP patients, resulting from
defective OS phagocytosis by the RPE [127]. The
associated phenotype is characterized by an early
onset with rapid macular involvement.

1.4.6 Others

1.4.6.1 ABCA4

ATP-binding cassette sub-family A (ABCI)
member 4 (ABCA4) encodes the photoreceptor-
specific ABCR protein. It is an ATP-binding
transporter protein that is localized at the OS disk
membranes [128]. It functions as a flippase for
N-retinylidene-phosphatidylethanolamine  that
facilitates the transport from the disk lumen to
the cytoplasm [129]. This transport activity
makes retinoids not be accumulated in disk
membranes.

Mutations in the ABCA4 gene result in the
accumulation of the toxic bisretinoid A2E and
yellow fundus flecking, leading to RPE atrophy
and photoreceptor cell death [130]. Mutations in
the ABCA4 gene cause autosomal recessive IRDs,
including STGD, RP, cone-rod dystrophy, and
increased susceptibility to age-related macular
degeneration [130].

1.4.6.2 EYS

The eyes shut homolog (EYS) gene encodes the
EYS protein that is expressed predominantly in
the retina [131, 132]. It is an ortholog of the
Drosophila spacemaker (spam) protein, which
plays a key role in maintaining the photoreceptor
morphology [133]. However, little is known
about the exact function of EYS and the underly-
ing pathogenic mechanism of RP associated
with EYS.

Studies on EYS-knockout zebrafish suggest
that EYS is required for maintaining the integrity
of the ciliary pocket lumen in cone photorecep-
tors, photoreceptor OS protein localization, and
maintaining photoreceptor actin filaments [134,
135]. EYS mutations are the commonest cause of
non-syndromic autosomal recessive RP, account-
ing for 5-23.5% of cases [136, 137], and are also
associated with autosomal recessive cone-rod
dystrophy [138].

1.4.6.3 CHM

Choroideremia is an X-linked recessive IRD
caused by hemizygous duplication mutations or
nullizygous deletion in the CHM gene, which
encodes the major transporter REP-1 [139].
REP-1 is involved in the isoprenylation of mono-
meric Rab GTPases (Rabs), which plays a key
role in the regulation of vesicular trafficking,
phagosome fusion, and maturation [140].

CHM mutations cause underprenylation of
Rabs, vesicle trafficking deficiency, and defect in
OS dick phagocytosis by RPE cells [140], which
results in progressive degeneration of choriocap-
illaris, RPE, and photoreceptors.

1.4.6.4 BEST1
The BESTI gene encodes Bestrophin 1 (Bestl),
an RPE-specific transmembrane channel [141]. It
acts as a pentameric anion channel and regulator
of intracellular calcium signaling and cell vol-
ume [142, 143].

BESTI mutations cause various RPE-
photoreceptor abnormalities, including an imbal-
ance between the photoreceptor OS turnover and
RPE phagocytosis [144]. This results in an exces-
sive lipofuscin accumulation expressed as the
formation of vitelliform lesions, a consistent
pathological finding among BESTI-associated
maculopathies.

Mutations in BESTI are associated with sev-
eral clinically heterogeneous IRDs, termed as
bestrophinopathies, including Best vitelliform
macular dystrophy, adult-onset vitelliform
macular dystrophy, RP, autosomal recessive
bestrophinopathy, and autosomal dominant vit-
reoretinochoroidopathy [145].
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1.5 Conclusion

IRDs have long been proven to be a clinical
diagnostic challenge because of the overlapping
phenotypes, variable onset ages, and unclear
inheritance patterns. Advances in molecular
biology and NGS technology have greatly revo-
lutionized the molecular genetic diagnosis of
IRDs. To increase our knowledge of IRDs,
molecular genetics may play a key role in iden-
tifying the underlying mechanism, which is yet
to be fully identified, and is an essential element
in the development of the novel treatment
modalities for this near-incurable devastating
disease.
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Abstract

Inherited retinal diseases (IRDs) are a geneti-
cally and phenotypically heterogeneous group
of neurodegenerative disorders. An accurate
assessment and diagnosis of IRDs are impor-
tant, as it allows the patient to be aware of
their visual limitations and helps to determine
their visual prognosis. Furthermore, through
appropriate examination, physicians will be
able to detect and manage treatable complica-
tions, such as cataract and cystoid macular

edema, monitor for other systemic involve-
ment, provide information on the genetic
nature of the disease, and provide aids and ser-
vices for low vision. This chapter introduces
various testing procedures and how to
approach and evaluate patients with IRDs.
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2.1 Introduction

Inherited retinal diseases (IRDs) are a rare group
of neurodegenerative disorders that are geneti-
cally and phenotypically heterogeneous and
result in progressive visual impairment. IRDs are
estimated to affect around 1 in 2000 individuals
and thereby are the leading cause of vision loss in
persons between 15 and 45 years of age [1, 2].
They affect approximately 200,000 people in the
USA and 4.5 million worldwide. Over 270 caus-
ative genes have been identified, the mutations of
which can cause one or more of the clinical sub-
types of IRD (RetNet: https://sph.uth.edu/retnet/,
last updated February 14, 2020). IRDs can be
clinically classified based on disease progression
and the retinal cell types that are primarily
involved in disease pathogenesis. IRDs can be
sporadic or familial. They can be stationary, such
as in congenital stationary night blindness
(CSNB) and achromatopsia (ACHM), or pro-
gressive, such as in retinitis pigmentosa (RP) and
Stargardt disease (STGD). IRDs can be nonsyn-
dromic (isolated), such as in RP and STGD, or
syndromic, such as in Usher syndrome, which
affects hearing and vision, and Bardet—Biedl
syndrome, which affects vision as well as many
other metabolic and physical characteristics.
Most forms of IRD primarily affect photorecep-
tors, while other forms mainly affect the retinal
pigment epithelium (RPE) or the inner retina.
IRDs can be inherited through all modes of inher-
itance; autosomal dominant (AD), autosomal
recessive (AR), X-linked (XL) or mitochondrial.

2.2 Examination of Patients

with IRDs

A complete record of ocular and medical history,
as well as the family history of eye disease, is to
be obtained at the first visit. Important compo-
nents of patient history include specific symp-
toms such as central scotoma or night blindness
(nyctalopia); the age of onset, which determines
the severity of the disease; and family history to
establish the pattern of inheritance. Examining
other family members is often useful. A complete

knowledge of past medical history and intensive
physical examination are important to establish
systemic associations. It is also important to
exclude patients with suspected IRDs from other
toxic, infectious, and autoimmune disorders that
can mimic IRDs (Fig. 2.1). The clinical assess-
ment includes measurement of best-corrected
visual acuity and intraocular pressure, biomicros-
copy, and dilated ophthalmoscopy. The American
Academy of Ophthalmology’s (AAO) clinical
statement provides recommendations for the
evaluation and clinical assessment of patients
with IRDs [3]. Various testing procedures are rec-
ommended in Table 2.1.

2.2.1 Color Fundus Photography
and Fundus Autofluorescence

Imaging

Standard color or wide-field fundus photography
should be performed at the initial visit to procure
documentation of the disease state as well as the
context to align and compare data from other fun-
dus modalities such as fundus autofluorescence
(FAF) images. Serial fundus photography is use-
ful for recording the progress of a disease over
time (Fig. 2.2). For patients with nyctalopia or
peripheral visual field loss, wide-field imaging is
advantageous because the primary site of disease
is not in the macula in the initial stages of the
disease.

In macular and diffuse retinal dystrophies,
various associated abnormalities in FAF have
been described [4]. Pale yellowish deposits, visi-
ble on the fundus photographs, at the level of
RPE/Bruch’s membrane in Best disease
(Fig. 2.3), adult vitelliform macular dystrophy,
and other pattern dystrophies, as well as STGD
(Fig. 2.4), are associated with an intense focally
increased FAF signal [5, 6].

Discrete, well-defined lines of increased FAF
may occur in various forms of retinal dystrophies
[6-8]. These lines appear as a ring-like structure
in RP or macular dystrophies or along the retinal
veins in pigmented paravenous chorioretinal
atrophy (PPCRA) (Fig. 2.5). Although the orien-
tation of these lines in different entities varies,
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Fig. 2.1 (a, b) Fundus photographs of the eyes of a
37-year-old female with hydroxychloroquine retinopathy,
mimicking sectoral retinitis pigmentosa. The patient had
been taking 400 mg of hydroxychloroquine daily for 20
years for the management of systemic lupus erythemato-
sus. (¢, d) Wide-field fundus autofluorescence demon-
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strates diffuse pericentral and nasal hypoautofluorescence.
(e, f) Spectral domain-optical coherence tomography
reveals disruption and irregularity of the retinal pigment
epithelium and perifoveal loss of the retinal ellipsoid
zone. (g, h) Humphrey 30-2 visual field tests show dense
visual field defects in both eyes
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Table 2.1 Clinical evaluation of patients with inherited
retinal diseases [3]

Assessment

History

¢ Ocular (including current needs)

* Medical (including current medications and history
of retinotoxic medication use)

Pedigree (family history)

Clinical ophthalmologic examination

* Best-corrected visual acuity

« Slit-lamp biomicroscopy

* Intraocular pressure

* Indirect ophthalmoscopy

Imaging

* Color fundus photos

* Spectral domain-optical coherence tomography

* Fundus autofluorescence: Short-wavelength with
reduced illumination when possible

« Infrared autofluorescence (when available)

Visual fields

* Kinetic

» Static

* Microperimetry (when available)

Electroretinography

¢ Full-filed ERG (when appropriate)
» Multifocal ERG (when appropriate)
Genetic diagnostic testing

the agreement between similar appearance and
functional findings in FAF images indicates that
these lines in heterogeneous diseases share a
common underlying pathophysiological mecha-
nism [7]. Previous studies have reported abnor-
mal FAF in the form of a parafoveal ring of
increased signal in RP patients [9, 10] (Fig. 2.6).
The ring demarcates the areas of preserved cen-
tral photopic function and also seems to be of
prognostic value as it is useful in assessing the
degree of macular dysfunction in patients with
RP [8, 9, 11]. Functional assessment in cone-rod
dystrophy, cone dystrophy, and macular dystro-
phies exhibiting a parafoveal ring of increased
FAF revealed opposing results compared to RP
(Fig. 2.7). In patients with macular dystrophy,
there was severe retinal dysfunction within the
ring, and the FAF signal and retinal sensitivity
were almost normal outside the ring. Although
the pathophysiological mechanism for this effect
is unknown, the increase in FAF signals observed
in various retinal dystrophies is associated with
an accumulation of lipofuscin in the transition
zone [7, 11].
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Fig. 2.2 (a) Fundus photograph of the right eye of a
12-year-old female with compound heterozygous muta-
tions in ABCA4 (Leu2241Arg/His1865Tyr) causing
Stargardt disease. Her visual acuity was 8/200. The small
patch of geographic atrophy has a shiny base that glistens
in this photograph. Multiple small flecks can also be seen.
(b) At age 21, there has been a modest enlargement of the

central atrophy, and some clumps of dark pigment have
developed, but visual acuity remains 8/200. (c) At age 28,
the area of central atrophy has continued to enlarge, but
visual acuity remains 8/200. (d) Wide-field fundus auto-
fluorescence imaging reveals a loss of autofluorescence in
the area of central atrophy and numerous flecks in the mid
periphery retina
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Fig. 2.3 (a, b) Fundus photographs of the eyes of a
53-year-old male with Best macular dystrophy. There are
classic vitelliform lesions in both eyes. (¢, d) A sharply
demarcated area of increased fundus autofluorescence

(FAF) is visible in the macular area. In the center of the
lesion there is reduced FAF. (e, f) Spectral domain-optical
coherence tomography demonstrates hyper-reflectivity of
the vitelliform material in the subretinal space in both eyes
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Fig.2.4 (a, b) Fundus autofluorescence (FAF) images of  increased FAF signal. Focal areas of decreased FAF cor-
the eyes of a 44-year-old female with Stargardt disease.  respond with retinal pigment epithelial atrophy
Focal flecks visible on the fundoscope show a bright and

Fig.2.5 (a, b) Wide-field fundus photographs of the eyes  hypoautofluorescence corresponding to the areas of cho-
of a 48-year-old female with pigmented paravenous cho-  rioretinal atrophy. Hyperautofluorescent lines appear at
rioretinal atrophy. (¢, d) Wide-field fundus autofluores- the edge of affected areas with hypoautofluorescent
cence images show well-demarcated contiguous areas of ~ signal
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Fig.2.6 (a,b) Wide-field fundus photographs of the eyes  peripheral hypoautofluorescence and a hyperautofluores-
of a 25-year-old female with retinitis pigmentosa. (¢, d)  cent ring
Fundus autofluorescence images demonstrate a diffuse
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Fig. 2.7 (a, b) Fundus photographs of the eyes of a
50-year-old female with macular dystrophy. (¢, d) Fundus
autofluorescence (FAF) images show areas of hypoauto-

2.2.2 Optical Coherence
Tomography

Optical coherence tomography (OCT) provides
detailed in vivo images and quantitative morpho-
metric information of the retinal structure [12]. It
offers cross-sectional imaging of the photorecep-
tors, RPE, and inner retinal layers, including the
retinal nerve fiber layer. The introduction of spec-
tral domain-OCT (SD-OCT) makes the assess-
ment of accompanying retinal pathology, such as
epiretinal membranes [13, 14], cystoid macular
edema [15, 16], or retinal layer schisis [17, 18]
possible in great detail.

fluorescence corresponding to the areas of retinal pigment
epithelial atrophy and the arc of increased FAF

In STGD, OCT can reveal the extent of outer
retinal loss and atrophy of the RPE and can also
accurately distinguish the anatomic level of
flecks [19, 20]. Retinal flecks have an appear-
ance of hyper-reflective deposits opposed to the
RPE, or rarely, further away in the outer nuclear
layer. They are encountered in advanced or
severe stages, with the loss of the photoreceptor
layer within the foveal zone, ultimately leading
to foveal atrophy (Fig. 2.8). In the case of Best
disease, the yellow material of the classic egg-
yolk lesion is in the subretinal space and appears
fairly homogeneous on OCT [21-23] (Fig. 2.3e,
f). In some patients, some of the yellow pigment
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disappears over time and is replaced by clear
fluid. The yellow pigment is denser than the
clear fluid, and gravity causes it to settle at the
bottom of the egg-yolk lesion, creating a fairly
sharp horizontal line that marks the boundary
between the pigment and the fluid. This configu-
ration, known as “pseudohypopyon,”’ causes the
yellow pigment to appear hyper-reflective on
OCT while the clear subretinal fluid appears
hypo-reflective (Fig. 2.9).

OCT can identify vitreoretinal abnormalities
associated with RP that often contribute to the
deterioration of vision in these patients [24]. In
RP, SD-OCT demonstrates loss of the ellipsoid
zone at peripheral locations from early stages
[24, 25]. Cystoid macular edema (CME), which
is commonly associated with RP, can also be eas-
ily seen in SD-OCT, and it is especially useful for
detecting and monitoring CME following treat-
ment (Fig. 2.10). In X-linked retinoschisis
(XLRS), OCT helps to enhance the visualization
of macular pathologic features [26] (Fig. 2.11).

The schisis can occur in different layers of the
neural retina. OCT findings may vary depending
on the disease stage [27].

2.2.3 Visual Field Testing

Visual field assessment is an important aspect in the
management of RP patients. Visual field testing is
crucial for documenting the functional extent of the
visual field from central to the far periphery for
determination of legal blindness and disability, and
to monitor disease progression. In the majority of
RP patients, the earliest visual field defect in kinetic
perimetry is the relative scotoma in the mid periph-
ery, between 30 and 50° from fixation. Scotomas
enlarge, deepen, and coalesce to form a ring of
visual field loss (Fig. 2.12). As ring scotomas
expand toward the far periphery, islands of the rela-
tively normal visual field remain, usually temporal
but occasionally inferior or nasal. The outer edge of
the ring scotoma expands relatively quickly to the

Fig. 2.8 (a, b) Fundus photographs of the eyes of a
12-year-old female with Stargardt disease. The small
patch of geographic atrophy with a uniform light brown
color is seen. There are numerous flecks throughout the

posterior pole. (¢, d) Spectral domain-optical coherence
tomography reveals the loss of foveal photoreceptors and
hyper-reflective deposits corresponding with retinal flecks



2 Approach to Inherited Retinal Diseases 31

Fig. 2.9 (a, b) Fundus photographs of the eyes of a demonstrates hyper-reflective deposit corresponding with
65-year-old male with Best disease. There are vitelliform  yellow pigment and hypo-reflective material correspond-
lesions with a pseudohypopyon appearance in both eyes. — ing with clear subretinal fluid

(¢, d) Spectral domain-optical coherence tomography

Fig. 2.10 (a) The spectral domain-optical coherence implant injection was performed. (b) One month after
tomography images of the eyes of a 61-year-old male reti- ~ Ozurdex® injection, cystoid macular edema substantially
nitis pigmentosa (RP) patient with cystoid macular edema  decreased

in his right eye. Intravitreal dexamethasone (Ozurdex®)
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Fig. 2.11 (a, b) Fundus photographs of the eyes of an
18-year-old male with X-linked retinoschisis reveal foveal
cysts in a spoke wheel pattern (c, d) Spectral domain-
optical coherence tomography demonstrates splitting of

far periphery, while the inner edge constricts slowly
toward fixation [28]. Patients often have a good cen-
tral vision from a small central island, called “‘tunnel
vision,” until they reach their 50s or 60s [29].

For RP patients who drive vehicles, regular
visual field evaluation is mandatory, and should
be performed at least every 2 years. Although the
static perimetry using the Humphrey 30-2 proto-
col is acceptable for the determination of legal
blindness and vision-related disability, kinetic

the inner and outer retinal layers. (e, f) Wide-field fundus
photographs reveal peripheral retinoschisis in the infero-
temporal region in both eyes

perimetry using Goldmann perimetry is the most
common method used for the assessment of
peripheral vision and for licensing requirements
for driving and disability. Almost all RP patients
have to restrict their night driving and eventually
stop driving altogether. Regular evaluation of
full-field kinetic perimetry helps provide patients
with knowledge of their visual limitations.
Regular evaluation also prepares patients on
when to restrict as well as when to stop driving.
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Fig. 2.12 Goldmann kinetic perimetry for a patient with
retinitis pigmentosa at age 53 (a) and 55 years (b). There
are scotomas in the midperiphery. As scotomas enlarge
toward the periphery, central 10° visual field with inferior

2.2.4 Electroretinography

Full-field electroretinography (ERG) is impor-
tant for the diagnosis and staging of IRDs and
is helpful for many patients with diffuse photo-
receptor disease to evaluate the function of
rods and cones. Standardized conditions and

peripheral visual field remains. (¢) Humphrey 10-2 perim-
etry at age 60 reveals constriction of the central island and
deepening of scotomas

evaluation protocols have been established for
electrodiagnostic investigations [30, 31].
ISCEV (International Society for Clinical
Electrophysiology of Vision) has published
and updated standards that enable electroreti-
nography recordings to be compared between
institutions and examiners [32, 33] (Fig. 2.13).
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Dark-adapted 0.01 ERG
(rod response)

Dark-adapted 3.0 ERG

Light-adapted 3.0 ERG
(cone response)

a

(combined rod-cone response)

Light-adapted 3.0 flicker

Dark-adapted 10.0 ERG Dark-adapted 3.0

oscillatory potentials

100 pv
20 ms I

Fig. 2.13 Diagram of the six basic electroretinographies defined by the ISCEV Standard [33]

The ISCEV standard protocol includes dark-
adapted (DA) recordings after 20 min of dark
adaptation to flash intensities of 0.01, 3.0, and
10.0 cd s m? (DA 0.01; DA 3.0; DA 10.0). The
weak flash (DA 0.01) ERG arises in the inner reti-
nal rod bipolar cells and is the only standard test
that selectively monitors rod system function. DA
0.01 ERG abnormalities can be caused by either
rod photoreceptor dysfunction or selective dys-
function occurring post-phototransduction or at
the level of the inner retinal rod bipolar cells. The
DA 3.0 (standard flash) and DA 10.0 (strong
flash) ERGs have inputs from both rod and cone
systems, but the DA rod system contribution dom-
inates in a normal retina. Approximately the first
8 ms of the cornea-negative a-wave reflects rod
hyperpolarizations, and as the a-wave in the DA
10.0 ERG is of shorter peak time and larger than
in the DA 3.0 ERG, it provides a better measure of
rod photoreceptor function. The subsequent cor-
nea-positive b-wave arises mainly in the rod
ON-bipolar cells and reflects a function that is
post-phototransduction. Therefore, DA strong
flash ERG enables localization of dysfunction to
the rod photoreceptors or to a level that is post-

phototransduction or inner retina. The DA oscilla-
tory potentials (Ops) are small high-frequency
components that are thought to reflect amacrine
cell signaling [34].

The standard light-adapted (LA) ERGs pro-
vide two measures of the generalized cone sys-
tem function. Both are obtained to a flash
strength of 3.0 cd s m?, after a standard period
of 10 min of light adaptation in the Ganzfeld,
with a constant background luminance of 30 cd
m~—. A 30 Hz flash stimulus is used to elicit the
LA 30 Hz flicker ERG, generated primarily by
post-receptoral retinal structures. The single
flash cone (LA 3.0) ERG consists mainly of a-
and b-waves. The LA 3.0 ERG a-wave arises in
the cone photoreceptors and OFF-bipolar cells;
the b-wave is dominated by a combination of
cone ON- and OFF-bipolar cell activity, and a
reduced b/a ratio suggests cone system dysfunc-
tion [34].

The full-field ERG is usually the first ancillary
test for classifying IRDs (Fig. 2.14). A multifocal
ERG can be useful for detecting and monitoring
disease progression of diseases that primarily
affect the macula [32].
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Fig. 2.14 Representative full-field electroretinography
(ERG) in a normal subject (a), in a subject with retinitis
pigmentosa (RP) (b), congenital stationary night blind-
ness (CSNB) (c), and cone dystrophy (d). (a) Normal
cone and rod responses. (b) The ERG response was nearly

23 Inherited Retinal Disease

Categories

IRDs can be classified based on the retinal cell
types (rods or cones) that are primarily involved
in disease pathogenesis and thus predominantly
affect the macular or the peripheral retina, respec-
tively. Other ways to classify IRDs are based on
the onset time and progression of vision loss.
Table 2.2 presents one of the ways to classify
IRDs [35]. There has been tremendous progress
in the past few years in understanding the molec-
ular basis of IRDs, and it is now evident that the
disease is characterized by both clinical and

totally extinguished and nonrecordable. (¢) Note the
undetectable rod response and electronegative b-wave
(black arrow). (d) Note the undetectable transient phot-
opic responses and 30 Hz flicker

genetic heterogeneity. IRDs show substantial
clinical and genetic overlap [36]. The distinction
between some IRDs can be very subtle or even
arbitrary, and mutations in a single gene can
result in varied clinical diagnoses [36]. The iden-
tification of pathogenic genes and mutations in
humans has allowed knockout, overexpression,
and, more recently, gene editing techniques to be
used to develop models in rodents and larger ani-
mals. Further progress in the molecular genetics
of IRDs will enable a comprehensive understand-
ing of the disease pathogenesis and better disease
classification, ultimately moving closer to the
successful treatment of IRDs.
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Table 2.2 Classification of inherited retinal diseases [35]

Table 2.2 (continued)

1. Photoreceptor disease
(a) Isolated
(I) Acquired/progressive
(A) Retinitis pigmentosa
(1) X-linked
(i) Autosomal dominant
(iii) Autosomal recessive
(iv) Other multiplex
(B) Cone and cone-rod dystrophy
(1) X-linked
(i) Autosomal dominant
(iii) Autosomal recessive
(iv) Other multiplex
(IT) Congenital/stationary
(A) Leber congenital amaurosis
(B) Severe early childhood-onset retinal
dystrophy
(C) Early childhood-onset retinal dystrophy
(D) Achromatopsia (congenital stationary
cone dysfunction)
(E) Blue cone monochromacy
(F) Congenital stationary night blindness
(1) X-linked
(i) Autosomal dominant
(iii) Autosomal recessive with normal
fundus
(iv) Enhanced S-cone syndrome
(v) Fundus albipunctatus
(vi) Oguchi disease
(G) Congenital stationary synaptic dysfunction
(H) Delayed retinal maturation
(b) Syndromic
(I) Usher syndrome
(A) Type I
(B) Type 11
(C) Type 111
(II) Bardet-Biedl syndrome
(IIT) Neuronal ceroid lipofuscinosis
(IV) Senior-Loken syndrome
(V) Joubert syndrome
(VI) Microcephaly with or without chorioretinopa-
thy lymphedema and mental retardation
(VII) Retinitis pigmentosa with ataxia
(VIII) Peroxisomal biogenesis disorders
(IX) Cohen syndrome
2. Macular dystrophies
(a) Autosomal recessive Stargardt disease
(b) Best disease
(c) Pattern dystrophy
(d) Autosomal dominant Stargardt disease
(e) Sorsby fundus dystrophy
(f) Malattia leventinese
(g) North Carolina macular dystrophy
(h) Syndromic macular diseases
(I) Maternally inherited diabetes and deafness
(IT) Pseudoxanthoma elasticum
(IIT) Homocystinuria with macular atrophy
(IV) Spinocerebellar atrophy
(i) Benign fleck retina

3. Third branch disorders
(a) Choroidopathies
(I) Choroideremia
(I) Gyrate atrophy
(IIT) Late-onset retinal dystrophy
(IV) Nummular choroidal atrophy
(V) Helicoid peripapillary chorioretinal
degeneration
(b) Retinoschisis
(I) X-linked
(IT) Recessive
(c) Optic neuropathies
(I) Nonsyndromic
(A) Autosomal dominant
(B) Autosomal recessive
(C) Leber hereditary optic neuropathy
(II) Syndromic
(A) Wolfram syndrome
(B) Hearing loss
(d) Tumors
(I) von Hippel-Lindau
(IT) Retinoblastoma
(IIT) Tuberous sclerosis
(IV) Gardner syndrome
(e) Vitreoretinopathies
(I) Stickler syndrome
(IT) Familial exudative vitreoretinopathy
(A) Norrie disease
(B) Autosomal dominant
(ITI) Autosomal dominant neovascular
inflammatory vitreoretinopathy
(IV) Wagner disease (erosive vitreoretinopathy)
(V) Knobloch syndrome
(VI) Heritable vascular tortuosity
(A) Autosomal dominant retinal vascular
tortuosity
(B) Cerebroretinal vasculopathy
(C) Facioscapulohumeral dystrophy
(f) Albinism
(I) X-linked ocular albinism
(IT) Oculocutaneous albinism
(A) Nonsyndromic
(B) Hermansky-Pudlak
(C) Chediak-Higashi
(g) Isolated foveal hypoplasia
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Stem Cell and Gene Therapy
for Inherited Retinal Diseases

Philip DeSouza, Un Chul Park, and Susanna S. Park

3.1 Introduction

The neurosensory retina has a complex architec-
ture of different cell types and proteins that func-
tion in the biochemical processes of the visual
cycle. The retinal pigment epithelium (RPE),
adjacent to the outer neurosensory retina, is
essential to the phototransduction process by
supporting the metabolism of the highly active
retinal cells. Mutations to any of these interde-
pendent cells can lead to inherited retinal dis-
eases (IRDs). These IRDs result in progressive
and irreversible vision loss.

Stem cell therapy and gene therapy are prom-
ising therapeutic approaches for the treatment of
retinal degenerative conditions including IRDs.
There are several features of the eye that provide
unique advantages for studying the effect of stem
cell or gene therapy on retinal degeneration. First,
the transplantation site, whether intravitreal, sub-
retinal, suprachoroidal or periocular, can be eas-
ily accessed. Second, given that the eye is a small
enclosed organ, only a small amount of stem cells
or gene therapy products may be required to
achieve a therapeutic response when compared to
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other larger organs. Third, the immune privilege
status of the eye may minimize the risk of
immune rejection of grafted stem cells or gene
therapy products. Last, but not least, the effects
of stem cell and gene therapy can be monitored
easily noninvasively via eye examination and
in vivo imaging modalities given the optical clar-
ity of the ocular media. Various established visual
functional tests, such as visual acuity, electroreti-
nography (ERG), or visual field testing, have
been used to access efficacy and safety of these
novel therapies. Since IRD usually involves both
eyes, the untreated contralateral eye often serves
as an internal control in clinical trials.

This chapter is an up-to-date overview of
advances in stem cell therapy and gene therapy
for treatment of IRD. An updated list of com-
pleted and ongoing clinical trials and relevant
preclinical observations are provided as rationale
for exploring specific therapies.

3.2 Stem Cell Therapy

In general, two strategies were adopted for stem
cell therapy to treat IRD. One is to replace the
diseased or lost cell populations by transplanting
differentiated photoreceptors or retinal pigment
epithelial (RPE) cells. The other is to indirectly
promote the survival of host retinal cells and to
delay disease progression via paracrine trophic
effects of the transplanted cells. For stem cell
treatment of IRD, both approaches can be imple-
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mented irrespective of the underlying genetic
defects. This is the main advantage of stem cell
therapy when compared to gene therapy, which
aims to correct the specific genetic defect. A
majority of intraocular stem cell therapy clinical
trials to date have been focused on age-related
macular degeneration (AMD), but those targeting
IRD are increasing as summarized in Table 3.1.
In this section of the chapter, results of corner-
stone preclinical and clinical studies and recent
progress in stem cell therapy for IRDs are
summarized.

3.2.1 Strategies for Stem Cell
Therapy for Eyes with Retinal

Degeneration

In order to rescue degenerating retina using stem
cells, various strategies have been explored. As
shown in Table 3.1, different sources of stem
cells have been explored including embryonic
stem cells (ESCs), induced pluripotent stem cells
(iPSCs), fetal retinal progenitor cells, bone
marrow-derived mononuclear and CD34+ cells,
and mesenchymal stem cells from various
sources. In addition, different routes of stem cell
administration are being explored including sub-
retinal, intravitreal, and periocular administra-
tion. Furthermore, various preparations of cells
have been explored including single-cell suspen-
sion, cellular sheets, and retinal tissue.

The cells in the RPE play a critical role in
maintaining the health of the overlying photore-
ceptor cells. As such, replacing the diseased RPE
cells with healthy RPE cells may slow down the
progression of retinal degeneration in eyes with
IRD or AMD [1]. In an animal model of retinal
degeneration, intravitreally injected human ESC-
derived RPE cells failed to show regenerative
effects while subretinal injection resulted in res-
cue effects [12, 13]. For subretinal transplantation
of RPE cells, various groups have developed cel-
lular sheets of RPE cells which may be a prefera-
ble form of RPE transplantation than cellular
suspension since delivery of RPE cells as a mono-
layer sheet may allow more physiologic orienta-
tion of the cells relative to Bruch membrane and

overlying photoreceptors [13, 14]. This may be
important for RPE cell adhesion, differentiation,
and migration and more effective support of the
overlying photoreceptor cells [13, 14]. Various
materials have been tested as a supportive scaffold
to mimic Bruch membrane, usually in the form of
electrospun nanofibrous membranes [15-17]. The
scaffold must be non-immunogenic, ultrathin, and
not compromise RPE cellular function. An RPE
monolayer sheet has been developed and explored
in early phase clinical trials for eyes with nonexu-
dative and exudative AMD suggesting feasibility
and safety [18-20]. To date there are no published
clinical trial reports using transplantation of RPE
sheet or patch in human eyes with IRDs. However,
an early phase clinical trial in France has started
enrolling patients with Retinitis Pigmentosa (RP)
for subretinal transplantation of RPE monolayer
derived from human ESCs (Table 3.1;
NCT03963154).

Another cell therapy approach to treat IRD is
via transplantation of photoreceptor progenitor
cells. This may be the preferred approach for
retinal degenerative conditions with primarily
photoreceptor loss. Rod precursors isolated from
the developing retina of mouse could differenti-
ate into rod photoreceptors, and integrate into
the donor retina forming apparent synaptic con-
nections in a murine model of retinal degenera-
tion [21, 22]. Photoreceptor progenitor cells
derived from human ESC also showed apparent
integration and differentiation into functional
photoreceptors after transplantation into the sub-
retinal space of Crx-/-mice [23]. Retinal progen-
itor cells have been cultured and harvested from
human fetal neural tissue also showing regenera-
tive potential in RCS rats and tolerability in early
phase clinical trial [24]. Due to a limited supply
and genetic heterogeneity of human fetal tissue,
photoreceptor cells derived from induced plu-
ripotent stem cells (iPSCs) are being explored
also as potential source for photoreceptor
replacement for eyes with retinal degenerative
disease [25, 26].

Although photoreceptor progenitor cells
transplanted into the subretinal space were
thought initially to integrate into the recipient
retina, recent data suggest that the mechanism for
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photoreceptor integration may likely involve
bidirectional material exchange between the
transplanted and recipient cells rather than
somatic integration [27-30]. Other possible
mechanisms  involving material exchange
between transplanted and recipient cells are
direct cell membrane fusion, free uptake of pro-
tein or nucleic acid, and intercellular trafficking
such as exosomes [13, 31]. Based on these novel
findings, our understanding of the mechanism
underlying the photoreceptor rescue associated
with cell therapy is being re-evaluated [27, 28].

In eyes with mainly retinal damage from IRD
or other types of retinal degeneration, transplan-
tation of just photoreceptor progenitor cells may
not be enough to restore retinal function and mor-
phology since there is secondary remodeling of
the retina beyond the photoreceptor layer [32].
Researchers are exploring retinal regeneration
using tissue with multiple different types of reti-
nal cells arranged in their proper layers to treat
such eyes with advanced retinal degeneration.
Recent development of 3-dimensional (3D) reti-
nal organoids derived from ESC and iPSC
enabled preparation of such retinal tissue for
implantation [33, 34]. Transplantation of ESC or
iPSC-induced 3D retinal sheet in rd/ mouse or
human ESC-derived retinal tissue in primate reti-
nal degeneration model resulted in structured
outer nuclear layers and apparent host-graft syn-
aptic connections [35, 36]. Such studies provide
proof-of-concept evidence in support of trans-
plantation of “retinal tissue” for eyes with
advanced retinal degeneration.

Table 3.1 summarizes the completed and
ongoing clinical trials using stem cells for treat-
ment of IRD. The major sources of stem cells that
are being explored for IRD are as follows: embry-
onic stem cells, induced pluripotent stem cells,
bone marrow stem cells, and fetal stem cells. The
observations made using these major groups of
stem cells in treating IRD are described.

3.2.2 Human Embryonic Stem Cells

Human ESCs are derived from the inner cell
mass of a blastocyst of 5-day-old preimplantation

embryos. Although there are ethical issues and
debates regarding the therapeutic use of human
ESCs, these cells are an unlimited source of plu-
ripotent stem cells for cell therapy. Since trans-
plantation of pluripotent stem cells, including
ESCs, can result in abnormal cellular prolifera-
tion and development of teratomas, many groups
have developed partially differentiated RPE cells
from human ESCs to use for retinal regeneration
[12, 37-39]. These RPE cells derived from
human ESC are very similar to primary human
RPE cells [40]. In preclinical studies, transplan-
tation of human ESC-derived RPE cells in the
subretinal space showed improved visual func-
tion in Royal College of Surgeon (RCS) rats [12,
41, 42], and showed long-term survival (>200
days) of transplanted cells without teratoma for-
mation [39]. Recent preclinical studies showed
rescue effects of GMP (Good Manufacturing
Practice) grade RPE cells derived from human
ESC under xeno-free condition up to 150 days
after subretinal transplantation in RCS rats [43].

The first human clinical trial explored the
safety and tolerability of subretinal transplanta-
tion of human ESC-derived RPE cells in eyes
with vision loss from Stargardt disease
(NCT01345006) and atrophic AMD
(NCTO01344993). This allogeneic cell transplan-
tation was well tolerated in most eyes although
epiretinal membrane formation was noted in a
few eyes and several participants had adverse
effects from systemic immunosuppression
administered to minimize rejection of the cells
[1, 2]. In 13 of 18 eyes treated with subretinal
human ESC-derived RPE cells, patches of
increasing subretinal pigmentation in an area pre-
viously without RPE were observed. This obser-
vation may suggest replacement of damaged RPE
after cell transplantation, but it could also reflect
the released pigment after death of injected
human ESC-derived RPE cells [3]. In this open-
labeled phase I/IT study, seven of eight eyes with
Stargardt disease had stable or improved visual
acuity at 6 months follow-up. In contrast, a phase
I/IT study conducted in the UK using the same
cells showed no significant visual benefit in eyes
with Stargardt disease even after 12 months fol-
low-up [3]. The study findings highlight the
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importance of conducting a prospective
randomized sham-controlled study to evaluate
efficacy of any novel therapy.

Human ESCs can also differentiate into retinal
progenitor cells or photoreceptor cells under
appropriate culture conditions [44]. Human ESC-
derived retinal progenitor cells transplanted in
the subretinal space of nonhuman primates sur-
vived at least 3 months without immunosuppres-
sion and showed extended axonal projections
into the host retina [45]. Based on these promis-
ing preclinical findings, clinical trials using
human ESC-derived retinal cells may be started
exploring this cell therapy for IRD.

3.2.3 Induced Pluripotent Stem

Cells

In a seminal work in 2006, Takahashi and
Yamanaka reprogrammed differentiated somatic
cells to iPSCs, which acquired the ability to self-
renew and differentiate to any type of cells in the
body [46]. Generating pluripotent stem cells
without harvesting them from an embryo or fetus
enables patient-specific autologous stem cell
therapy and avoids the issue of immunogenic
rejection of transplanted cells. Several groups
reported successful differentiation of iPSCs to
RPE cells [47-49]. The RPE cells derived from
iPSCs can form a monolayer of pigmented cells
with tight junctions and show phagocytotic abil-
ity, growth factor secretion, and gene-expression
pattern similar to genuine RPE cells [47, 48, 50].

The first clinical application of autologous
RPE cells derived from iPSCs was performed in
a patient with vision loss from neovascular
AMD. The RPE cell sheet generated from iPSCs
derived from the patient’s skin fibroblasts was
surgically transplanted in the submacular space
after removal of the submacular neovascular
membrane [20, 51]. After 1 year, no ocular or
systemic adverse event was noted. Visual acuity
remained stable and optical coherence tomogra-
phy (OCT) showed good retinal integrity over the
graft. This single case provides proof of concept
that subretinal delivery of autologous RPE cells
generated from iPSCs is possible. Unfortunately,

the clinical trial was placed on hold since some
genetic instability was noted in subsequently
generated iPSC lines [52].

Retinal cell lines derived from iPSCs also may
be explored for IRD. A preclinical study by the
same group showed direct contact between the
host and grafted retinal cells and light-induced
behavioral change after transplantation of iPSC-
derived retinal tissue in a rdl mouse model [53].
In patients with IRD, autologous iPSC-derived
retinal cells can supply an unlimited cell source
for transplantation [54], but the derived cells still
have innate genetic defects responsible for the
retinal degeneration. Thus, allogenic transplanta-
tion of iPSC-derived retinal and RPE cells is also
being explored. Allogenic RPE cells can be
immunogenic, but in HLA-A, -B, and DRBI1-
matched iPSC-derived RPE cells from HLA
homozygous donors, a lack of T cell response
was observed in vitro [55]. In a primate model,
no signs of rejection were observed in MHC-
matched iPSC-derived RPE allograft although
immune response was detected around the MHC-
mismatched grafts [56]. Based on these findings,
investigators in Japan are establishing banks of
iPSC cell lines bearing common HLA combina-
tion in the Japanese population for future alloge-
neic cell therapy clinical trials [31].

3.2.4 Human Retinal Progenitor
Cells

Retinal progenitor cells (RPCs) can be isolated
from developing fetal neural retina. They are
mitotically active and have the potential for
expansion in culture. In particular, they have
potential to differentiate to photoreceptor cells
[57]. These fetal cells are being explored in
early phase clinical trials for IRD (Table 3.1).
Initially, RPCs were used as a fetal retinal sheet
transplanted in the subretinal space of patients
with RP (NCT00345917) and AMD [58]. Recent
observations showed that multipotency and self-
renewal properties of RPCs are maintained
under low oxygen culture conditions [59]. This
makes cultured fetal RPCs feasible cell products
to explore for allogenic cell transplantation.
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One clinical trial underway is a phase I/Ila
trial for the safety and tolerability of subretinally
transplanted human fetal RPCs in patients with
RP (NCT02464436). In this dose-escalating
study sponsored by ReNeuron, participants
received a single subretinal injection of one of
three doses of fetal RPCs. Follow-up is for a year.
This clinical trial is based on promising preclini-
cal observations made in RCS rats, showing that
subretinal transplantation of RPCs was well-tol-
erated and resulted in preservation of vision and
retinal morphology after 12 weeks [60].

Another approach is intravitreal administra-
tion of RPCs. A phase I/Ila clinical trial is evalu-
ating the safety of intravitreal injection of human
RPCs (jCell) developed by the stem cell com-
pany, jCyte, in human patients with RP
(NCT02320812). This trial is based on rationale
that injected fetal RPCs secrete factors that would
slow RP progression, rather than integrate into
the host retina and differentiate to replace the dis-
eased retinal cells. The result of this trial, which
is being prepared for publication, showed that the
cell injection is well tolerated in all tested doses
[31]. Visual acuities of treated eyes were superior
to that of untreated eyes, and vision gain was
dose dependent. Based on these results, a phase
IIb trial (NCT03073733) with a control arm and
masking of study groups has been initiated to
evaluate for the efficacy of this cell therapy.

3.2.5 Bone Marrow Stem Cells

Bone marrow (BM) consists of a heterogenous
cell population consisting mostly of different
blood cells, but it is an excellent source of adult
stem cells. Since less than 0.1% of total cells har-
vested from BM have regenerative potential,
identifying and harvesting the ideal stem cells
from BM can be a challenge. The mononuclear
cell fraction of BM is obtained after removal of
erythrocytes and polymorphonuclear cells from
BM aspirate. It consists mostly of lymphocytes
and monocytes. Hematopoietic stem cells (i.e.,
CD34+ cells in humans) and mesenchymal stem
cells (MSCs) are present in the mononuclear cell
fraction but constitute <0.2% and 0.01% of this
cell fraction respectively [32, 61]. Early phase

clinical trials conducted in Brazil demonstrated
that intravitreal injection of autologous mononu-
clear cells obtained from bone marrow appears to
be well-tolerated in eyes with RP (NCT01560715)
and atrophic AMD (NCTO01518127) [61-63].
Some improved visual function in AMD eyes
was noted and attributed to possible paracrine
effect of CD34+ cells present in the mononuclear
cell fraction [64]. However, the concentration of
CD34+ cells in the monocular cell fraction is
very low.

CD34 is a commonly used cell surface marker
to identify human hematopoietic stem cells and
endothelial progenitor cells [65]. Using a mag-
netic cell sorter, CD34+ cells can be harvested
from the mononuclear cell fraction, resulting in a
purified enriched fraction of CD34+ cell of > 70%
concentration. Since human CD34+ cells are
mobilized from BM to the sites of tissue ischemia
for regeneration and angiogenesis [66], intravit-
real injection of harvested CD34+ cells has been
investigated as potential therapy for ischemic reti-
nal diseases in preclinical studies. In a model of
diabetic retinopathy, homing and integration of
these human cells into the inner retina and retinal
vasculature with preservation of the retinal vascu-
lature has been demonstrated following intravit-
real injection of CD34+ cells [67]. In NOD-SCID
murine model of acute ischemia-reperfusion
injury, normalization of retinal vessels was noted
with no long-term ocular or systemic safety
effects following intravitreal injection of human
CD34+ cells from bone marrow [68].

The regenerative potential of human CD34+
cells does not appear to be limited to ischemic
tissue and has been explored as a potential ther-
apy for IRD. In a murine IRD model, Otani
et al. showed that intravitreal injection of autol-
ogous BM-derived hematopoietic stem cells had
neuroprotective effects [69]. Since injected cells
were only observed within retinal vasculature
and not in the degenerating photoreceptor layer,
a paracrine trophic effect was theorized.
Recently, OCT in vivo retinal imaging showed
that human BM-derived CD34+ cells rapidly
migrate to the degenerating retinal surface after
intravitreal injection in a murine model of IRD
and systemic  immunosuppression  [70].
Although functional benefit was not observed
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with the CD34+ cell injection in this murine
model of rapidly progressive retinal degenera-
tion, altered expression of genes that regulate
photoreceptor function, maintenance, and apop-
tosis was observed.

Based on these preclinical studies, a phase I
clinical trial was conducted to evaluate the safety
and feasibility of intravitreal injection of autolo-
gous BM-derived CD34+ cells in eyes with isch-
emic or degenerative retinal  diseases
(NCTO01736059) [4]. Some of the treated eyes
had IRD, including Stargardt disease and RP. A
high yield of good quality CD34+ cells was har-

Baseline

Central Retina

Peripheral Retina

Fig. 3.1 Adaptive optics-optical coherence tomography
images of the central and peripheral macula of an eye with
Stargardt disease following intravitreal injection of autol-
ogous CD34+ bone marrow stem cells. Hyperreflective
new foci are seen within the retinal layers suggestive of

1 Month

vested from BM of all participants and injected
into the affected eye. No adverse effect was
observed during extended follow-up. Although
the study was not designed to assess efficacy,
various degrees of vision improvement were
observed in most treated eyes, and some cellular
level changes within the retina were observed
using adaptive optics-OCT imaging suggestive of
intraretinal incorporation of the injected cells
(Fig. 3.1).

Another type of stem cell harvested from BM
and explored for retinal regeneration is MSC.
MSC:s constitute < 0.1% of cells in the mononu-

6 Month

intraretinal incorporation of injected stem cells at 1 and 6
months following CD34+ stem cell injection [4] (courtesy
of Athanasios Parorgias, PhD and John S. Werner, PhD of
the Advanced Retinal Imaging Laboratory at University of
California Davis)
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clear cell fraction of BM but can be harvested and
expanded easily in culture [32]. These cells have
plasticity to differentiate into cells of mesenchy-
mal origin, but appear to have regenerative effects
via paracrine mechanisms [71-73]. Intravitreal
and subretinal injection of MSCs showed protec-
tive effects in RCS rats [74]. However, clinical
application of MSCs for IRD is limited thus far
by potential proinflammatory effect and hetero-
geneity in cell populations [75, 76]. After intra-
vitreal and subretinal injection of MSCs, safety
concerns such as reactive gliosis, progressive vit-
reous haze, and fibrous proliferation leading to
retinal detachment, have been reported in pre-
clinical and early phase clinical studies [32, 74—
78]. Currently a clinical trial is exploring
periocular administration of MSCs as treatment
for RP (NCT04224207; Table 3.1).

3.2.6 Three-Dimensional Retinal
Organoid

Three-dimensional retinal organoids resemble
retinal tissue more closely than cultured retinal
cells since they are grown under more physio-
logic conditions and can partially maintain com-
plex architecture and cell-to-cell interaction
within the retina. As such, retinal organoids are
being explored as a possible tissue and cell source
for retinal replacement therapy in eyes with reti-
nal degeneration, including IRD.

After the spontaneous formation of the optic-
cup-like structures from a 3D culture of mouse
ESC aggregates in 2011 [79], recent advances in
the micro-physiological system enabled 3D
organoids to be derived from both iPSCs and
ESCs. The use of these organoids is a promising
approach to approximating the complex architec-
ture of retinal tissue [80-82]. Retinal organoid
resembles rudimentary optic cup- or vesicle-like
structures with a stratified retinal tissue that
resembles physiologic retina. The retinal tissue
contains most of the relevant retinal cell types
including photoreceptors [33, 34]. More mature
photoreceptors with connecting cilium and pho-
toreceptor outer segments can be generated using
retinal organoids [83]. With these strengths, reti-
nal organoids would be a good source of retinal

cells and tissue for transplantation in future
research [34, 35].

Current retinal organoid technologies still
have some limitations that need to be addressed
before they can be used effectively for retinal
replacement. They include high heterogeneity
between cell lines, limited generation of inner
nuclear neurons, lack of tissue vascularization,
lack of physiological interaction between photo-
receptors and RPE, and lack of some essential
cells such as microglia. In addition, retinal organ-
oids can develop tissue degeneration in the center
due to limited perfusion and can take up to 300
days to culture [84-86]. Advances are being
made to overcome some of these limitations. A
recent novel micro-physiological model of
“retina-on-a-chip” under microfluidic condition
enables vasculature-like perfusion of the retinal
organoid and interaction between the mature
photoreceptors and RPE [87].

Currently, retinal organoids are the most phys-
iological in vitro system that can be used to pro-
vide sufficient amounts of clinically relevant
retinal cell populations for cell therapies [84, 85].
With further technical advances, retinal organoid
platform has potential to be used as a research
tool for investigating early retinogenesis, drug
toxicity testing and screening, disease modeling,
and repair [88-90]. Finally, as defined manufac-
turing protocols develop for storable retinal
organoids and RPE, large-scale production and
banking of differentiated retinal tissues can be
possible using organoids [91].

3.2.7 Safety and Adverse Events
with Stem Cell Therapy

Risk of abnormal cellular proliferation leading to
tumor formation is the main safety concern asso-
ciated with stem cell treatment. This risk is mini-
mized by using partially differentiated cells
rather than pluripotent or undifferentiated cells.
Nonetheless, injected cells can undergo further
differentiation and maturation after subretinal
administration induced by the subretinal niche
environment [35, 36]. In the case of iPSC-derived
RPE cells, the risk of tumor formation or cellular
hyperproliferation in athymic nude rats was min-
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imized by removing undifferentiated cells before
transplantation [92, 93]. Although no tumor for-
mation has been reported in stem cell clinical tri-
als to date for IRD, epiretinal membrane
formation has been described near the subretinal
cell injection site [1].

Gene mutation may occur before or after cell
transplantation since mutation of established cell
lines can occur at each stage of cell division.
Thus, the genetic stability of established cell
lines is an important safety feature to consider in
developing stem cell therapy for IRD. This
safety concern was recognized by researchers
conducting the landmark clinical trial using
autologous iPSC-RPE sheets for eyes with
AMD. The trial is currently on hold after identi-
fication of a potentially oncogenic mutation in
the iPSC line [20].

Immune rejection is also an important issue
for allogeneic cell transplantation. The result-
ing inflammation can damage remnant host
retinal tissue as well as the transplanted cells.
Although human ESCs express low level of
HLA class I molecules in the resting state [94],
allogenic transplantation of human ESC-
derived retinal cells can cause an immune
response, necessitating the use of systemic
immunosuppression before and after cell injec-
tion. Unfortunately, adverse events were noted
using systemic immunosuppression in study
participants [3]. Currently, clinical trials are
administering varying degrees of immunosup-
pression since there is some controversy among
researchers regarding what constitutes adequate
immunosuppression to avoid rejection of trans-
planted cells and minimize intraocular inflam-
mation. Based on the relative immune-privileged
status of the eye, some studies are being con-
ducted using no systemic immunosuppression.

In this regard, autologous cell therapy would
be preferred. Autologous intravitreal injection of
bone marrow mononuclear cells and CD34+ cells
have been conducted in early phase clinical trials
without any associated intraocular inflammation
reported to date [4, 61]. Retinal cells derived
from autologous iPSCs would be another source
of autologous cells for treatment of IRD [20], but
these cells can be immunogenic. Activation of
innate immune system can occur induced by

microbial products in the transplants, endoge-
nous proinflammatory factors released during
surgical procedure [13, 95] or by increased
genomic instability and epigenetic abnormalities
that can be developed in the cells during pro-
longed in vitro culture [52, 96]. In the case of
using autologous stem cell for treating IRD, there
also are concerns about the putative genetic
defect being present within the transplanted cells.
A potential solution being explored is the use of
established stable allogeneic iPSC lines with the
best immunological match to the recipient,
selected from a stem cell bank established from
healthy donors [97, 98].

Reported ocular adverse events after subreti-
nal injection of RPE cells derived from EPCs
include cataract progression, focal RPE loss at
the injection site, epiretinal membrane, vitreous
inflammation, and endophthalmitis [1]. However,
other more serious ocular adverse events have
been reported in individuals receiving fee-for-
service unregulated autologous “stem cell” treat-
ments. These unregulated treatment centers are
injecting uncharacterized cells from adipose tis-
sue in both eyes, and permanent catastrophic
bilateral vision loss, as a result, has been reported
in some individuals who received these treat-
ments [99]. Since the final cellular product being
injected in the eye is not characterized and is pre-
pared using unknown methods, it is unclear what
is actually being administered in these fee-for-
service “stem cell” treatments. The cellular prod-
uct may contain unknown and undesired cell
populations, such as fibroblasts and adipose cells,
and may contain reagents that are toxic to the
eye. In the literature, causes of vision loss after
injection of “stem cells” as part of a fee-for-
service unregulated treatment include retinal
detachment secondary to proliferative vitreoreti-
nopathy, epiretinal membrane formation, and
retinal vascular occlusion [32, 99-102].

In contrast, in stem cell clinical trials that are
regulated by public agencies such as the FDA,
the purity, sterility, and health of the cells in the
final product is confirmed by vigorous testing
before the final cell product is released for clini-
cal use. In order to ensure sterility of the final
product, the cells are harvested and manufactured
in a GMP laboratory (Fig. 3.2).
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Fig. 3.2 Image of one of six Good Manufacturing Prac-
tice (GMP) laboratories inside the GMP facility at the
University of California Davis, Institute for Regenerative
Cures. This is where CD34+ stem cells and progenitor
cells are isolated for clinical trials. It is an ISO7 (Class
10,000) cleanroom laboratory with temperature, air pres-
sure, and humidity control. This assures a tightly con-
trolled and highly reproducible environment avoiding
contamination by air particulates. Any person entering
this area must undergo a special gowning procedure and
have special training pertaining to procedures applied in
GMP laboratories (courtesy of Professor Gerhard Bauer,
Director of GMP laboratory)
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Fig. 3.3 Relative frequency of inherited retinal diseases
(a) and associated genes. (b) Mutations in different genes
can result in the same disease phenotype, but with varying
degrees of expressivity. Similarly, different types of muta-
tions within the same gene can lead to several phenotypes
(adapted from Carrigan M, Duignan E, Malone CPG,

When assessing the appropriateness of stem
cell clinical trials for retinal diseases, including
IRD, the relative risks and benefits of the treat-
ment should be carefully reviewed with the study
participant by the investigators. Registration of a
clinical trial on public websites such as www.
clinicaltrials.gov does not confirm that the trial is
regulated. Since all stem cell treatment for retinal
disease is investigational at the current time, indi-
viduals should avoid “trials” with the following
features: [103] fee-for-service, bilateral simulta-
neous treatment, multiplicity of target disorders,
scientifically inappropriate delivery route, and
absence of published preclinical data.

3.3 GeneTherapy

A growing database of over 300 different gene
mutations that cause IRD is maintained online
(Fig. 3.3) [104]. Recent advances in genomic
sequencing

techniques  (including  next-
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early-onset severe retinal dystrophy; RP, retinitis pigmen-
tosa; CSNB, congenital stationary night blindness
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Fig. 3.3 (continued)

generation sequencing and whole genome
sequencing) have allowed for more sophisticated
molecular diagnoses of the IRD. Precise molecu-
lar diagnosis of the IRD is of critical importance
for gene therapy, as the gene size, type of muta-
tion (e.g., nonsense and missense), and autoso-
mal inheritance pattern all dictate gene therapy
options.

The classic principle of gene therapy for the
IRD involves transfection of photoreceptor or
RPE cells that carry defective genes with a nor-
mally functioning gene copy [105]. The anatomy
of the eye and its immune privilege status makes
IRD an ideal target for gene therapy [106]. The
compartmentalized structures of the eye allow
target cells to be reached rather easily with an

RPGRIP1PRPF31

intravitreal injection of therapy in the clinic, or
more directly (but invasively) with a subretinal
injection of therapy in the operating room. More
recently, delivery of treatment via the supracho-
roidal space is also being explored [105].

Types of gene therapy include gene addition,
gene silencing, therapeutic oligonucleotides,
clustered regularly interspaced short palindromic
repeats (CRISPR) gene editing, prime editing
and epigenetic editing. All are being explored for
IRDs. The type of gene therapy selected for a
given IRD often depends on the type of mutation
associated with the IRD. For example, gene addi-
tion or replacement would be appropriate for an
IRD with loss-of-function mutation, in which
there is reduced or abolished protein function.
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Conversely, gene silencing or gene replacement
would be appropriate for an IRD associated with
a gain-of-function mutation, in which there are
deleterious effects due to enhanced or overex-
pressed protein function.

The success of gene therapy is immensely
dependent on the type of vector used and the abil-
ity of the selected vector to navigate the biochem-
ical architecture of target cells. The two major
categories of vectors used for gene therapy are
viral and non-viral vectors. The following are
features of vectors that are considered for selec-
tion for gene therapy: (1) the maximum size of
genetic payload that can be carried, (2) the ability
to deliver the genetic material into nondividing
versus dividing cells, (3) the ability to penetrate
through cell membranes of target cells, (4) the
degree of undesired integration of native viral
DNA into the target cells, (5) the possibility of
unintended insertional mutagenesis or off-target
effects, and (6) the possibility of persistent trans-
genic expression and immunogenicity (7).

A combination of different gene therapies and
vectors has shown promising results in animal
models of IRD and human clinical trials of
IRD. The latest advancements in gene therapy,
such as prime editing and epigenetic editing, sug-
gest extremely precise therapies can be delivered
with minimally deleterious effects [107, 108]. In
this portion of the chapter, a brief overview of the
types of gene therapies and vectors is provided as
introduction to the most up-to-date listing of
gene therapy clinical trials subdivided by specific
IRD being studied.

3.3.1 Types of Gene Therapy
In this chapter, we collectively refer to any modi-
fication of a cell genome as “gene therapy.” This
includes gene addition, gene silencing, and gene
editing. An understanding of the distinction
between these genomic modifications is neces-
sary for understanding the latest IRD gene ther-
apy treatments under investigation.

Prior to the development of gene editing tech-
niques, there was no excision of mutant alleles.
In diseased cells with a genetic mutation result-

ing in a loss-of-function of the coding proteins,
normal genetic information can be inserted some-
where along the genomic sequence to produce
functional proteins; this is sometimes referred to
as “gene augmentation.” [109] For diseased cells
with genetic mutation resulting in abnormal cod-
ing of additional functioning protein, genetic
code could be inserted into the genome to pro-
duce RNA interference molecules (small inter-
fering RNAs or microRNAs) to “knockdown”
translation of the mutant gene [110]. In contrast,
gene editing allows for removal of the mutant
gene in order to achieve a complete “knockout,”
or to exchange it for a functioning allele (“ablate
and replace”).

3.3.2 Vectors

Whatever the approach used for gene therapy, the
genetic material is delivered into the target cells
via a vector. There are two types of vectors avail-
able that have been explored for gene therapy
research and clinical applications, viral and
non-viral.

Most vectors used for IRD are viral vectors.
Viruses are adept at entering cells because they
have protein coats (capsids) that bind proteins on
the cell surface to enter cells. The viral vectors
include adenoviruses, adenovirus-associated
viruses (AAV), alphaviruses, flaviviruses, herpes
simplex viruses, measles viruses, rhabdoviruses,
retroviruses, lentiviruses, Newcastle disease
virus, poxviruses, and picornaviruses [111]. The
most applied viral vectors in gene therapy, includ-
ing the IRD, are summarized in Table 3.2. They
include adenoviruses, AAV, and lentiviruses
(LV).

Nonviral vectors, such as nanoparticles, or
synthetic vectors have had limited use in IRD, but
may be of future importance as a viable carrier
system for gene editing which can involve trans-
fer of larger amount of genetic material.

3.3.2.1 Adenovirus

Adenoviruses have the largest carrying capacity
(up to 48 kb) among the viral vectors and can be
transduced into several cell types regardless of



52

P. DeSouza et al.

Table 3.2 Comparison of commonly used viral vectors (adapted) [5]

Vector | Packaging Diameter | Genome

type capacity (kB) | (nm) type Advantages Disadvantages

AAV | <44 20-22 ssDNA Large variety of target tissues, low | Low packaging capacity,

immunogenicity on first injection pre-existing antibodies

AV >8; up to 48 80-100 |dsDNA | Large packaging capacity Limited ability for
long-term transfection,
high immunogenicity

LV <8.5 80-120 | ssRNA Large packaging capacity Potential insertional
mutagenesis

AAYV, adeno-associated viral vector; AV, adenoviral vectors; LV, lentiviral vector

the cell cycle. They have a limited safety profile
and a shorter persistence of genetic transduction,
lasting months [106]. The limited safety profile
is due to the undesired and variable viral genes
of the vector backbone. These viral gene prod-
ucts trigger an immune response against the
transduced cells. As such, adenoviral vectors are
generally ineffective for pathologies in which
long-lasting transgenic expression is needed,
including IRD. Additionally, the laminar archi-
tecture of the retina appears to result in poorer
transduction of photoreceptor cells when com-
pared to RPE cells following subretinal adminis-
tration [112]. Thus, adenoviral vectors may be
more effective for gene therapy to correct RPE
gene defects than retinal gene defects.
Improvements to adenovirus vectors have been
made to reduce toxicity and increase transgene
expression, but adoption of these vectors for IRD
still remains limited [113].

3.3.2.2 Adenovirus-Associated Virus
Adenovirus-associated viral vectors have been
the most promising vectors to use for gene ther-
apy for IRDs. Adenovirus-associated viruses
(AAVs) require a helper virus (e.g., adenovirus)
for replication. Thus, they intrinsically have min-
imal pathogenicity. Like adenoviruses, they can
transduce mitotic and nonmitotic cells. The major
limitation of AAV vectors is the small payload
capacity (<4.4 kb) which limits their use to deliv-
ery of smaller genes with a short sequence. When
used as a vector for gene editing techniques, the
main components (e.g., Cas9 endonuclease for
CRISPR) must be split into fragments to allow
room for the wild-type gene. This splitting
reduces the efficiency of delivery and editing of
specific genes [114].

There are a variety of AAV serotypes that dif-
fer in the sequence of the capsid protein. The
most studied and utilized is serotype 2 (AAV2).
AAV?2 has been hallmark vector studied for IRD
treatment, and is the vector utilized by voreti-
gene neparvovec (Luxturna). Hybrid AAV vec-
tors, including mosaic or chimeric capsids, have
been developed to optimize cell penetration and
intracellular  trafficking  [106, 115-118].
Unfortunately, more than half the human popu-
lation has had prior exposure to AAV2 and
therefore carry neutralizing antibodies which
may limit their usefulness as vectors.

3.3.2.3 Lentivirus

Lentiviruses (LVs) are a subtype of retrovirus.
Whereas standard retroviruses can only infect
mitotically active cell types, LVs are capable of
infecting non-dividing and actively dividing cell
types [119]. This ability, combined with a larger
payload capacity compared to AAVs, make
lentiviruses a viable vector choice in developing
gene therapies for IRD. However, LV runs a
much higher risk of insertional mutagenesis,
and this must be considered carefully when
developing gene therapies. Lentiviruses have a
transgene cargo capacity of ~8.5 kb and are
capable of infecting post-mitotic RPE cells and,
to a lesser extent, differentiated photoreceptors
[120, 121]. For IRDs, LV vectors have been used
most extensively for ABCA4 mutations (e.g.,
Stargardt disease gene therapy) since the gene is
too large for AAVs [122]. Overall, LV vector for
IRD is best suited for RPE targets, as this cell
type is transduced sufficiently to show an effect.
However, LVs can be used to promote regenera-
tion of damaged photoreceptors via paracrine
effects. Transducing the RPE cells to produce
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growth factors may indirectly promote photore-
ceptor cell regeneration [123].

3.3.2.4 Non-viral Vectors
In order to overcome the limitations of viral vec-
tors, non-viral/synthetic vectors have been devel-
oped. They include nanoparticles of metal,
polymer, lipid, liposomes, and naked DNA that are
electroporated into cells [106, 124, 125]. These
vectors can carry a larger genetic payload than
viral vectors. Their lower risk of immune activa-
tion also makes repeated dosing possible [126].
Non-viral vectors are less expensive and generally
easier to produce compared to viral vectors.
Nanoparticle vectors are usually coated with an
inert component, such as polyethylene glycol, the
chains of which can be modified to target specific
ligands or to co-deliver other molecular cargo [5].
Some disadvantages of synthetic vectors
include toxicity, biologic incompatibility with
certain cell types, and inefficient release of
genetic payload. For example, the vitreous has
been shown to limit the mobility of cationic lipo-
some vectors [127]. Synthetic vectors continue to
be researched and developed, particularly for the
large molecular machinery needed for gene edit-
ing. The use of synthetic vectors for IRD remains
limited, though there are reports of successful
delivery of messenger RNA to the retina [128].
The major limitation of non-viral vectors in IRD
is the transience of transduction when compared
to the viral vectors [129].

3.3.3 Gene Editing

The most common gene editing technology being
explored for gene therapy is CRISPR (Clustered
Regularly Interspaced Short Palindromic
Repeats). This gene editing technology is a repur-
posing of the adaptive immune system used by
bacteria (originally discovered in E. coli) to
detect and clear bacteriophages [130]. The
CRISPR immune system takes foreign, viral
RNA when initially encountered and incorpo-
rates it into a spacer region within the palin-
dromic repeats. This allows the bacterium to
develop immune memory of the bacteriophage’s

RNA products. When the bacteriophage next
attempts to infect the bacterium, the RNA prod-
ucts it releases into the host cell are detected. The
bacterium then transcribes CRISPR RNA
(crRNA) from the appropriate CRISPR DNA
spacer region, which joins with cas complex pro-
teins (endonucleases and helicases). The crRNA
allows the complex to home in on viral DNA and
the cas proteins cleave and destroy it. Thus, a
bacterium’s CRISPR spacer regions contain a
unique history of previous viral infections it has
incorporated into its immune memory [131].

CRISPR gene editing technology hinges on
replacing crRNA with guide RNA (gRNA) devel-
oped in the laboratory to target and manipulate
genomic sequences (Fig. 3.4). Instead of crRNA
for a viral target, gRNA complementary to a spe-
cific allele can be anchored to the cas protein
complex (most commonly Cas9). The complex
will travel to that specific allele and create a
double-stranded break on either side of the
sequence. The DNA strands are then reannealed
by non-homologous-end-joining, thus “editing
out” or “knocking out” the mutant allele. The
Cas9 complex can be modified to do more than
just delete a specific sequence of DNA. For
example, it can be fused with a deaminase protein
to change nucleotides, known as base editing
[132]. It can also be modified to both ligate the
gene sequence and replace it with a new genetic
code through homologous recombination, typi-
cally for the functioning, wild-type allele.

The most recent gene editing technique is
referred to as prime editing. Instead of causing
double-stranded breaks, the Cas9 protein com-
plex “nicks” a single strand of the DNA double
helix, thus reducing the rate of unwanted muta-
genesis. A new guide, called prime editing guide
RNA (pegRNA), contains the RNA template (of
a wild-type allele) for an attached reverse tran-
scriptase enzyme to make a new DNA strand to
insert at the nicked site [107]. The target site is
left with one edited, and one unedited strand that
is mismatched. The prime editor then nicks the
unedited strand, and the cell uses its own DNA
mismatch repair machinery to replace the nicked
strand, using the incorporated, edited strand as a
template.
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A. CRISPR-Cas9 Editing, Active in Dividing Cells

res an indel through
anhomolo

Fig. 3.4 Gene editing with the use of clustered regularly
interspaced short palindromic repeats (CRISPR)-Cas9
through DNA-template-based homology-directed repair
of a Cas9-induced double-stranded break

The development of these gene editing tech-
niques is considered a pivotal breakthrough and
will almost assuredly be the basis for IRD treat-

ment in the future. Indeed, the first CRISPR
treatment ever inserted directly into the human
body occurred in March 2020, as part of a clini-
cal trial to treat Lebers Congenital Amaurosis
(LCA) [133].

3.3.4 Gene Therapy for Inherited
Retinal Disease

There are a variety of current and completed clini-
cal trials for gene therapy of the IRD (Table 3.3).
This chapter is limited to the IRDs that are caused
by single gene mutations that result in progressive
worsening of vision with age. Gene therapy for
common retinal degenerative conditions, such as
AMD and diabetic retinopathy, is being explored
given their high frequency in the population [134].
However, gene therapy for these common condi-
tions remains challenging because of genotypic
and phenotypic heterogeneity and multiple envi-
ronmental risk factors that influence the expres-
sion of these common diseases. Although there
are ongoing clinical trials for neovascular AMD
delivering gene therapy for inhibition of vascular
endothelial growth factor [134], there are no clini-
cal trials to date using gene therapy to limit or
reverse the retinal degeneration associated with
AMD or diabetic retinopathy. Nonetheless, suc-
cess in treating IRD using gene therapy may lead
to research exploring gene therapy for more com-
mon retinal degenerative conditions.

3.3.5 History of Gene Therapy

The first gene therapy in a human was adminis-
tered in 1990 to a 4-year-old girl with severe
combined immunodeficiency (SCID). She was
given an infusion of the wildtype adenosine
deaminase (ADA) gene in a retroviral vector
[135]. The treatment was not completely cura-
tive, but the proof-of-concept was established.
With growing enthusiasm regarding gene therapy
research, many new gene therapy clinical trials
started thereafter.

Unfortunately, the first reported death from a
gene therapy clinical trial occurred in 1999 [136].
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An 18-year-old man, who suffered from a partial
ornithine transcarbamoylase (OTC) deficiency,
died after mounting a severe immune reaction to
the adenoviral vector used to deliver the wildtype
OTC gene. The FDA suspended the trial.
Subsequently, gene therapy trials in the United
States came under increased scrutiny. In 2000,
the FDA and the National Institutes of Health
enacted two new programs to improve patient
protection: Gene Therapy Clinical Trial
Monitoring Plan and the Gene Transfer Safety
Symposia [137]. The overall momentum for gene
therapy clinical trials was dampened thereafter,
but research continued.

The retina became an attractive target for gene
therapy due to the relative immune privilege state
of the eye. Local ocular delivery of gene therapy
may be associated with less risk for systemic
immune reaction. The first published gene ther-
apy study for the IRD was in a mouse model of
RP in 1996 [138]. An adenoviral vector was
delivered via a subretinal injection with the wild-
type gene for phosphodiesterase. These research-
ers extended their work to Briard dogs with an
RPE65 mutation that causes LCA, a severe form
of RP [139]. RPE65 encodes a protein directly
responsible for the generation of 11-cis-retinal in
the phototransduction cycle. Without this func-
tioning protein, Vitamin A cannot be converted to
the chemical form required by photoreceptors,
and there is a progressive loss of photoreceptors.
Canines that received subretinal injection of
wildtype RPE65 in a recombinant adenovirus-
associated vector (rAAV) showed improved
visual function based on ERG and movement in
an obstacle course when compared to control
canines. Younger dogs, with less damaged reti-
nas, demonstrated more recovery of visual func-
tion compared to older dogs.

These promising results led to the first IRD
gene therapy clinical trials in human patients
with LCA [140-142]. In these trials, individuals,
who had LCA from a biallelic missense muta-
tion of RPEG65, received one subretinal injection
of gene therapy. The gene therapy product con-
sisted of a rAAV with wildtype complementary
DNA for RPE65 under the control of a different

promoter depending on the clinical trial. In the
study using a human RPE65 promoter, the gene
therapy was well tolerated but rescue of retinal
function was not observed [140]. However, two
other clinical trials using a stronger promoter
such as the CBA promoter, showed improved
visual function [141, 142]. A phase 1 dose-esca-
lation study enrolled 12 participants, 8—44 years
of age. No adverse effect or visual acuity
improvement was noted, but sustained improve-
ment in visual function based on dark-adapted
full-field sensitivity testing (FST) was observed
which appeared greater with earlier intervention
[141, 143, 144]. Based on these results, a phase 3
study for LCA was started which used a multi-
luminance mobility test (MLMT) developed to
calibrate the ability of participants to navigate
through a maze under dim light [145]. The phase
3 open-labeled study enrolled 31 participants
with crossover at 1 year. The study showed
improvement in MLMT and FST following gene
therapy, especially in younger subjects. The
RPE65 rAAV gene therapy product, marketed as
voretigene neparvovec (Luxturna), was approved
by the FDA in December 2017 for IRD associ-
ated with RPE65 mutation. It is the first FDA-
approved gene therapy and the only
FDA-approved therapy for IRD at the current
time. Subsequently, it also was approved for use
by the European Commission in November
2018. Follow-up studies have shown that the
improvement in MLMT and FST had a sustained
effect for up to 4 years [146, 147].

Many new gene therapy clinical trials for IRD
have started since the success of RPE65 rAAV
gene therapy (Table 3.3). Some of these ocular
clinical trials are showing some promising results
although they only account for less than 2% of all
gene therapy clinical trials [148, 149].

3.3.6 Gene Therapy Clinical Trials

Figure 3.3 summarizes the relative frequency of
IRDs and the genes that have been identified as
associated with IRDs. Many IRDs are being
investigated in clinical trials using gene therapy
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(Table 3.3). The published results of these clini-
cal trials are summarized for each IRD.

3.3.7 Retinitis Pigmentosa

Retinitis pigmentosa (RP) is one of the most rec-
ognized and frequently encountered IRD. It is
characterized by progressive loss of rod photore-
ceptors leading to night blindness and progres-
sive loss of peripheral vision. Retinitis pigmentosa
has tremendous genetic heterogeneity, with over
100 associated genes identified [150]. Generally,
RP is classified as non-syndromic (not affecting
organs or tissues other than the retina), syndromic
(affecting other neurosensory systems, often
hearing), or systemic (affecting multiple tissues)
[151]. The disease is then further classified based
on its Mendelian inheritance pattern.

3.3.7.1 Syndromic Retinitis
Pigmentosa

Usher syndrome, also called deafness-blindness
syndrome, is one of the more well-characterized
syndromic forms of RP. It is an autosomal reces-
sive disorder. There are three different clinical
types of Usher syndrome. Usher syndrome type I
has the earliest onset and most severe vision and
hearing loss. About half of these cases results
from mutations in MYO7A. Other mutations,
such as USHIC, CDH23, PCDHI15, USHIG, or
CIB2, also can cause type 1 Usher syndrome
[152]. Usher syndrome type II has a later age of
onset and is associated with less severe sensori-
neural impairment. Type II Usher syndrome is
caused by one of three gene mutations, ADGRV1,
WHRN (DFNB31), or USH2A [153]. Usher syn-
drome type III is the rarest form, occurring pre-
dominately in individuals of Ashkenazi Jewish
and Finnish heritage. It is associated with CLRN
gene mutations and may manifest clinically at a
later age than other types of Usher syndrome.

There is one active clinical trial for Usher syn-
drome type II that targets a specific mutation of
USH2A in exon 13. It is an intravitreal injection
of an antisense oligonucleotide for exon 13 of the
USHZ2A gene. This is meant to prevent translation
of the mutant exon 13 from the USH2A

mRNA. This technique is called exon skipping
and can be considered a “downstream” approach
of gene silencing, since the mRNA antisense oli-
gonucleotide blocks the mRNA from being trans-
lated rather than preventing transcription of the
gene. Unpublished, interim findings indicate a
single intravitreal injection is safe and well toler-
ated in patients [154].

The other major syndromic RP is Bardet-
Biedl. There is no gene therapy clinical trial for
this or other syndromic RP at the current time.

3.3.7.2 Non-syndromic Retinitis
Pigmentosa

Autosomal Recessive Retinitis Pigmentosa
Two clinical trials are evaluating gene therapy for
selected types of non-syndromic, autosomal
recessive RP. One trial is targeting mutations of
the MERTK gene (MER Proto-Oncogene,
Tyrosine Kinase). This protein is part of the sig-
naling network that regulates phagocytosis of
shed photoreceptors by the RPE [155]. Impaired
phagocytosis leads to an accumulation of debris
within the RPE that is toxic to photoreceptors.
The delivery of normal MERTK using an adeno-
virus vector in rats improved scotopic ERG and
restored RPE phagocytosis [156]. Similar results
were shown using a rAAV?2 vector [157]. These
results led to the phase I trial of subretinally
administered rAAV2-VMD2-hMERTK, which
demonstrated safety [6]. Three of six patients
showed visual acuity gain which was lost after 2
years in two patients.

The other clinical trial for autosomal recessive
RP targets the heterotetrameric phosphodiester-
ase (PDE) 6 complex, which consists of «, f, and
two 7y subunits [158]. The PDE6 complex hydro-
lyzes cGMP after activation of light-sensitive G
protein-coupled receptors in both rods and cones.
Approximately 8% of all diagnosed autosomal
recessive RP is attributed to mutations in the
PDEG6 gene. Notably, PDE6B mutations can also
lead to an autosomal dominant congenital sta-
tionary night blindness. Loss of full function of
PDEG6 activity causes rod-cone degeneration,
though the exact mechanism remains unsolved
[159, 160]. Some researchers suggest that PDE6
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inactivity leads to high levels of calcium in rods,
which cause apoptosis. The current gene therapy
clinical trial uses AAV2/5-hPDE6B administered
subretinally with results pending (Table 3.3).

Autosomal Dominant Retinitis Pigmentosa
While 22 different genes have been identified
associated with autosomal dominant RP, muta-
tions of rhodopsin (RHO gene) is the most com-
mon (30-40%) [158]. Rhodopsin is the first
component of the visual transduction pathway
and is activated by absorption of light. The P23H
mutation within RHO causes rhodopsin misfold-
ing, endoplasmic reticulum stress, and activates
the unfolded protein response, leading to rod
photoreceptor degeneration [161]. A clinical trial
is investigating the use of an antisense oligonu-
cleotide injected intravitreally to prevent transla-
tion of RHO mRNA with a P23H mutation. This
approach was validated in a transgenic mouse
preclinical study [162]. Since there is no modifi-
cation at the DNA level, this treatment would not
be durable or permanent. Patients would require
repeated injections of the antisense oligonucle-
otide. A gene editing approach may lead to a
more elegant and permanent treatment for
patients with P23H RHO mutations.

X-Linked Retinitis Pigmentosa

About 10-15% of RP patients have X-Linked RP
(XLRP). It is characterized by a severe pheno-
type in males and early age of onset [158].
Sometimes, females can manifest a milder phe-
notype due to genetic lyonization. Six gene loci
responsible for XLRP have been mapped (RP6,
RP23, RP24, RP34, RP2, and RPGR). However,
almost 75% of cases of XLRP are due to RPGR
mutations and 15% are due to RP2 mutations.
Retinitis pigmentosa GTPase regulator (RPGR/
RP3) is expressed in rod photoreceptors and is
essential for cell viability while retinitis pigmen-
tosa 2 protein (RP2) codes for human cofactor C
involved in beta-tubulin folding.

X-linked RP is an attractive target for gene
therapy since most cases are caused by mutations
in one of two different genes. The difficulty in
using gene therapy for XLRP is the severity of
disease even at younger age which may make

therapy less successful. There are three clinical
trials for XLRP (Table 3.3). The results of a phase
I/IT clinical trial were recently published [7].
Among 18 patients with XLRP from RPGR
mutations given subretinal AAV8-coRPGR at
three different doses, no adverse effect was noted
except for steroid-responsive subretinal inflam-
mation at higher doses. A dose-dependent
response was observed, with higher-dose cohorts
demonstrating increased retinal sensitivity and
reversal of visual field loss that extended to 6
months of follow-up. These gains were not
observed in the untreated, contralateral eye. A
particularly interesting observation was the
development of a new linear structure on optical
coherence tomography retinal imaging in some
eyes following gene therapy. The investigators
hypothesized that this line may represent regen-
eration of photoreceptor outer segments. This
structural change appeared to correlate with
increased functional visual gain.

3.3.7.3 Leber Congenital Amaurosis

Leber congenital amaurosis (LCA) is usually an
autosomal recessive disease and can be consid-
ered a more severe form of RP that occurs earlier
in life. There have been at least 25 genes impli-
cated in the development of LCA. RPE6S5 is one
of the most frequently mutated genes in LCA and
the target of most current clinical trials [163]. As
previously mentioned, voretigene neparvovec
(Luxturna) was the first gene therapy to obtain
FDA and European Commission approval. The
results from a 4-year phase 1 follow-up and a
2-year phase 3 follow-up indicate a good safety
profile and sustained improvement in visual func-
tion [8].

LCA remains ahead of the other IRD in terms
of gene therapy development. The first gene edit-
ing clinical trial using CRISPR technology has
been started for LCA [9]. The phase I/II study
involves a subretinal injection to treat an LCA
type 10 (LCA10) due to a CEP290 mutation.
CEP290 localizes to the photoreceptor-connect-
ing cilium and is required for outer segment
regeneration and phototransduction [9]. The most
common LCA10-causing mutation is [IVS26—an
adenine to guanine point mutation located within
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intron 26 (referred to as ¢.2991+1655A>QG) that
ultimately results in a premature stop codon.
CRISPR technology is being used to edit
¢.2991+1655A>G in intron 26 of the CEP290
gene.

3.3.8 Choroideremia

As an X-linked IRD, choroideremia results in
nyctalopia and progressive visual field constric-
tion in men. It affects about 1 in 50,000 individu-
als and is characterized by photoreceptor
degeneration and RPE depigmentation [164]. It is
caused by mutations in the CHM gene that
encodes ras-associated blinding (Rab) escort pro-
tein 1, REP1 [165]. This mutation results in RPE
cell death and photoreceptor degeneration. The
first Phase I/II clinical trial with subretinal admin-
istration of the gene therapy product using a
rAAV2 vector showed that 2 of 6 participants had
21 and 11 ETDRS letters improvement at 3.5
years [10]. More recently, results of additional
Phase 2 clinical trials have been published using
the same vector construct. No major safety con-
cerns were noted beyond those associated with
the surgical procedure [166—-169]. The visual
acuity outcomes were mixed among these rela-
tively small studies. One study reported improved
visual acuity in all 14 treated eyes [167]. Other
studies showed some eyes with visual acuity gain
and others with some vision loss [168, 169]. A
larger phase 3 study is planned to further evaluate
the safety and efficacy of this gene therapy.

3.3.9 Achromatopsia

Achromatopsia is a special form of cone dystro-
phy in which individuals have congenital color
blindness, greatly decreased visual acuity, and
photophobia in bright light. ERG shows a charac-
teristic absence of measurable cone response.
Mutations of the B-subunit of the cone cGMP-
gated channel (CNGB3) are responsible for
50-70% of complete achromatopsia [170].
Mutations of the alpha-subunit (CNGA3) account

for about 25% of the disease. Three active clini-
cal trials target CNGA3, while two are targeting
CNGB3 with a subretinal injection of AAV vec-
tor. Though there are some interesting gene ther-
apy results in mouse models, the preclinical
findings are difficult to extrapolate to humans, as
mice lack maculae [171]. Results of one gene
therapy clinical trial targeting CNGA3 showed a
small benefit to visual function in terms of visual
acuity and contrast sensitivity after subretinal
administration [172]. The gene therapy was
administered to 9 subjects using AAV vector and
was well tolerated.

3.3.10 Stargardt Disease

Stargardt disease is commonly recessively inher-
ited, and results in the accumulation of lipofuscin
within the RPE. It is the most common juvenile
macular dystrophy. Fundus examination reveals
classic golden, “pisciform flecks” throughout the
fundus, and fluorescein angiography shows a
dark choroid, as the lipofuscin within the RPE
blocks choroidal fluorescence. A mutation in
ATP-binding cassette subfamily A, member 4
(ABCA4) is the most common cause of this dys-
trophy. Studies of LV gene therapy in a mouse
model of Stargardt disease showed decreased
lipofuscin accumulation [173]. An LV vector was
chosen because the ABCA4 gene (6.8 kb) is too
large to be packaged in an AAV vector. There was
a single clinical trial that investigated the use of a
subretinal injection of LV vector to deliver
ABCA4. However, in early 2020, the study spon-
sor terminated the study (not due to safety rea-
sons). Given the large size of ABCA4 gene,
non-viral vectors or gene editing techniques
would be reasonable alternative approaches for
future study.

3.3.11 X-Linked Retinoschisis

X-linked retinoschisis (XLRS) is characterized
by a schisis or splitting of the neurosensory ret-
ina. It results in decreased central visual acuity in
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boys and men. The causative gene is RS/ which
codes for retinoschisin protein. Retinoschisin
protein is secreted principally in the outer retina,
and its absence results in retinal cavities, reduced
visual acuity, and susceptibility to retinal detach-
ment [11]. RS/ is required for normal function of
the synapse between photoreceptor and bipolar
cells [174].

A gene therapy product using an AAV vector
and delivered intravitreally showed improve-
ments in retinal morphology and electroretino-
gram (ERG) testing in mouse models [175, 176].
This led to two phase I/II clinical trials, one con-
ducted at the National Eye Institute. The studies
use different vector serotypes (AAV2 and AAVS),
but both are delivered intravitreally. Interestingly,
expression of the delivered gene is achieved in
mice with XLRS but not wild-type mice after
intravitreal delivery. It is hypothesized that XLRS
pathology disrupts the inner limiting membrane
barrier, allowing the viral vector to penetrate the
retina and transduce target cells [174—176]. The
initial clinical findings of the phase I/II trial using
AAVS vector showed well-tolerated treatment
except for steroid responsive dose-dependent
ocular inflammation [11]. One treated XLRS
patient showed closure of the schisis cavities.
Systemic antibodies to AAVS were noted in a
dose-related manner but no systemic antibody to
RS1 was detected [11].

34  Summary

There is no doubt that stem cell and gene therapy
are both promising novel therapies for
IRD. Although gene therapy addresses the
genetic defect and may provide a more long-term
therapeutic effect than stem cell therapy, stem
cell therapy can be used to regenerate the dam-
aged retina or RPE regardless of the underlying
genetic defect. Thus, both modes of retinal regen-
eration may play an important role in treating
vision loss associated with IRD.

The ongoing story of stem cell and gene ther-
apy underscores the power of human ingenuity
and scientific progress in translational research.
Like most advancements in science, there will be

both successes and setbacks. But those “Eureka!”
moments, sprung from bench research have led to
promising novel therapies. Whereas individuals
with IRDs have lost their vision with no hope for
recovery, both stem cell and gene therapies pro-
vide new hope and promise for these affected
individuals by providing treatments that may
restore the degenerating retina and preserve sight.
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Retinitis Pigmentosa

Hyeong-Gon Yu

4.1  Introduction

Retinitis pigmentosa (RP) is a serious disease
characterized by progressive degeneration of ret-
ina and usually ends up with bilateral blindness.
RP is the most common inherited retinal disease.
Recent advance in genetic research has greatly
improved our knowledge about RP. Since the first
identification of causal gene Rhodopsin, more
than 60 causal genes and 3000 disease causing
mutations have been reported until now [1]. And
imaging technology such as a high-resolution
spectral domain optical coherence tomography
(OCT) revealed new aspects of RP [2]. In RP
patients, the vision-specific quality of life cannot
be explained only by visual acuity or field, and
both are related to the visual function [3].

The prevalence of typical nonsyndromic RP is
approximately 1:3000-1:5000 worldwide. The
prevalence was 1:5200 in Maine, United States,
and birth incidence was calculated to be 1:3500
[4]. A relatively lower prevalence of 1:7000 was
reported in Switzerland [5]. The registration for
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RP revealed the prevalence of 1:3943 in Denmark
[6]. The prevalence in southern China was 1:4000
[7]. Excluding epidemiologic study obtained
from a small-sized cohort, the prevalence of RP
looks similar among the ethnicities.

The purpose of this chapter is to review the
knowledges that have piled until now about reti-
nitis pigmentosa. The relative rarity and slow
progression of disease make it difficult to reveal
the nature of disease. However, advances in
imaging technologies, cutting-edge genetic anal-
ysis, and gene modifying techniques enable to
progress. Herein, we tried to comprehend the

knowledges about nonsyndromic retinitis
pigmentosa.
4.2 Clinical Findings

4.2.1 Fundus Finding

Retinitis pigmentosa (RP) is the most common
inherited retinal disorder. It is characterized by
rod dysfunction followed by involvement of cone
function. Eventually both rod and cone functions
become severely impaired. Clinical symptoms
include night blindness, progressive visual field
constriction, and gradual visual loss. Retina
appearance shows pale waxy optic disk, attenua-
tion of arteriole, depigmentation, and retinal
degeneration. Degeneration, mottling, and granu-
larity of the retinal pigment epithelium (RPE)
and bony spicule shaped intraretinal pigmentation
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Fig. 4.1 Venn diagram presenting causal genes of multi-
ple inherited retinal disorders. CRD, cone-rod dystrophy;
CSNB, congenital stationary night blindness; ESCS,

appear initially and distinctly from mid-peripheral
area. Although bony spicule seems to typical
finding, not all patients develop bony pigmenta-
tion. Some develop dust-like pigmentation or
nummular hyperpigmentation. Bone spicules
consist of RPE derived cells that detach from
Bruch membrane [8]. And degree of pigmenta-
tions does not reflect disease severity. Macular
abnormality usually occurs at an advanced stage
and is more frequently observed in autosomal-
recessive RP. Macular appearance variably
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enhanced S-cone syndrome; LCA, Leber congenital
amaurosis; MD, macular dystrophy; RP, retinitis
pigmentosa

expressed as to causal gene, type of genetic
alteration, different individual of the family hav-
ing same mutation, or even in different eye of
patient. RP occurs mostly alone in eye but appears
as syndromic form in 20-30% of cases. Retinitis
pigmentosa is a highly variable disorder; some
patients develop symptomatic visual loss in
childhood whereas others remain asymptomatic
until mid-adulthood. RP is one of IRDs, in which
clinical symptoms and causal genes overlap
(Fig. 4.1).
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4.2.2 Prevalence

Typical nonsyndromic RP prevalence is approxi-
mately 1:3000-1:5000 worldwide. The prevalence
was 1:5200 in Maine, United States, and birth inci-
dence was calculated to be 1:3500 [9]. Relatively
lower prevalence of 1:7000 was reported in
Switzerland [5]. The registration for RP revealed
the prevalence of 1:3943 in Denmark [6]. The
prevalence in southern China was 1:4000 [7].

4.2.3 Inheritance

RP is inherited as an autosomal-dominant (AD,
about 30-40% of cases), autosomal-recessive
(AR, 50-60%), or X-linked (XR, 5-15%) trait if
sporadic cases are assumed to be AR [10]. The
proportions of AD, AR, X-linked recessive, and
simplex cases were reported to be 11%, 33.1%,
7.7%, and 48.3%, respectively, in China [11]. In
a study of Japanese RP patients, AD, AR,
X-linked recessive, and simplex cases were
16.9%, 25.2%, 1.6%, and 56.3%, respectively
[12]. Cohort study including 302 Korean RP
patients, the most common inheritance pattern
was sporadic (182 patients, 60.3%), followed by
ARRP (55 patients, 18.2%), ADRP (38 patients,
12.6%), and an unknown pattern (27 patients,
8.9%) [13].

4.3 Clinical Testing

4.3.1 Electroretinogram

Standard electroretinogram (ERG) is essential
for differential diagnoses of inherited retinal dis-
order and helpful for monitoring of disease pro-
gression. Abnormality of ERG can be detected
before nyctalopia or fundus abnormality devel-
ops. In RP patients, mixed rod and cone ERG
shows subnormal a wave and isolated rod
response is reduced severely or barely detected in
scoptopic condition. Cone response can be also
impaired in early stage but usually occur after rod
dysfunction. In photopic condition, bright flash

response decreased and the amplitude of 30 Hz
flicker reduced and delayed [14]. Oscillatory
potentials may also be reduced in RP patients
[15]. Rate of decline in full field ERG ranges
from 9 to 11% annually [16]. Central cone func-
tion decrease is estimated to be 4—7% per year,
which is slower than total ERG activity decay
[17, 18]. In advanced phase, ERG response may
become undetectable. Multifocal ERG can elicit
response and be helpful in this circumstance [19].
Moreover, multifocal ERG amplitude later can be
delayed even in patients having normal looking
retina that it has potential to predict visual field
decline.

4.3.2 Visual Field

Progressive visual field constriction is typical
finding in RP. Therefore, visual field test has been
widely used to be index of disease progression.
Visual field loss is usually symmetric, initially
starts from scotoma of mid periphery to gradu-
ally form ring shape scotoma. And ring shape
scotoma expands inside and outside. Sometimes
concentric visual field loss without annular sco-
toma or arcuate pattern may develop [20]. Kinetic
visual field test is widely used. Annual peripheral
visual field loss is reported to be 2—12% [21, 22].
For central visual field examination, static auto-
matic perimetry is used. Microperimetry mea-
sures retinal sensitivity while matching to specific
macular location accurately that it is adequate for
evaluating macular function with retinal
degeneration.

4.3.3 Optical Coherence
Tomography

Optical coherence tomography is a well-
established method to examine retina structural.
This non-invasive imaging technique provides
detailed morphologic abnormality in situ.
Spectral domain OCT increased our understand-
ing of the structural change in retinal disease.
Thus, OCT enables to infer insight into the
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pathology and predict the prognosis of RP
patients. Here we try to summarize knowledges
about morphologic changes and related retinal
function as well.

4.3.3.1 Outer Retina

The earliest histopathologic change in the rods is
shortening of their outer segments (OS) [23].
This is also reflected as spectral domain optical
coherence  tomography  (OCT) finding.
Photoreceptors reside between outer plexiform
layer and retinal pigment epithelium (RPE). Total
retinal thickness as well as OS thickness of pho-
toreceptor decreased even when inner retina
thickness is not affected and central vision is pre-
served [24]. OS of photoreceptor is located
between inner segment ellipsoid (ISE) band to
retinal pigment epithelium in OCT. Therefore,
integrity of three hyperreflective bands in this
region reflects photoreceptor change in
RP. Central structure is preserved longer than
peripheral structure that length of these bands is
constricting as RP progresses. Preserved length
of band was the longest in the ELM, followed by
the ISE and IZ line. This finding suggests that
retinal layer may become disorganized first at the
1Z, followed by the ISE and finally the ELM [25].
Retinal layer thickness was also observed at tran-
sition zone between healthy and diseased retina.
The structural changes followed an orderly pro-
gression from a thinning of the OS layer, to a
thinning of the outer nuclear layer (ONL) plus
outer plexiform layer (OPL), to a loss of the OS,
to an ONL plus OPL reduced to an asymptoti-
cally small level [26].

Photoreceptor layer, especially outer segment
structure, is impaired earlier. Because photore-
ceptor is the first cell which captures and reacts to
photon, loss of photoreceptor or its function can
directly impair visual function. Decrease of pho-
toreceptor outer segment thickness correlated
with central vision decline [27]. Remaining
thickness of photoreceptor is also correlated with
multifocal electroretinogram amplitude and
visual field sensitivity [28]. The thicknesses of
the OS and ONL were significantly and posi-
tively correlated with the retinal sensitivities
measured by Humphrey visual field 10-2 analysis

[29]. Structures related to outer segment, ISE and
EZ bands, are more closely related to vision.
Integrity of ISE and EZ directly affects visual
function [30]. And preserved ISE extent is corre-
lated with visual field area [2, 31]. Overall pro-
gression of visual function in RP has been
reported. Visual field loss has been reported to be
about 5% annually [20, 32]. Amplitude of elec-
troretinogram decreased 16—-19% annually [33].
As psychophysical test is well correlated to outer
retinal structure integrity, macular structure of
SD-OCT may reflect the progression of this func-
tional study in RP [30]. Preserved ISE length
decreases 7-9% annually in X-linked inheritance
RP, which is known having fastest progression.
And that was 3-4% in autosomal-dominant RP
[34, 35]. ISE length of 7% (248 pm) is calculated
as 13% of area, which corresponds to visual field
area constriction. Besides good correlation with
functional study, obtaining OCT image requires
less acquisition time and accompanies less dis-
comfort than visual field and electroretinogram
test. ISE length can be an optimal surrogate bio-
marker of RP progression.

4.3.3.2 Inner Retina

The majority of studies showed that inner retina
is relatively stable while outer retinal change is
distinct in RP. Postmortem morphometric studies
have revealed that retinal ganglion cells are rela-
tively preserved compared to outer nuclear cells
in eyes with RP. Although number of ganglion
cells was reduced, that was less profound than
outer nuclear cell loss [36—-38]. Studies in animal
models of RP also support inner retinal preserva-
tion. Findings from an RP mouse model showed
that retinal ganglion cells were resistant to degen-
eration, and that they retained their fine structures
well after photoreceptor death [39]. Inner nuclear
layer (INL) and inner plexiform layer (IPL) were
thickened in a mouse model of Leber’s congeni-
tal amaurosis (LCA) [40].

Relative preservation or thickening of inner
retina is also observed in vivo OCT study [26, 41,
42]. Several human studies suggested inner reti-
nal thickening in RP patients. Thickening of the
inner retinal layers, including the RNFL and the
GCIPL, was detected on OCT images obtained
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from LCA patients [40]. Based on the findings of
IPL thickening and Miiller glial cell hypertrophy
in a mouse model having the same mutation as
human LCA patients, the authors suggested that
Miiller glial cell activation in neuronal injury
may be responsible for IPL thickening. Mid-
inner retinal (ganglion cell layer to outer plexi-
form layer) thickening was also observed [43].
Inner retinal layer thickening, especially of the
inner nuclear layer, was observed in regions with
outer nuclear layer thinning in RP patients having
certain Rho mutations [44].

The ganglion cell layer is also preserved lon-
ger in OCT study. Ganglion cell inner plexiform
layer (GCIPL) thickness is not different in RP
patients compared to normal control [24].
Centrally located GCIPL was preserved when
foveal multifocal ERG is detectable [41]. When
compared to healthy control, GCIPL was thicker
in less advanced RP and not different in more
advanced RP [42].

Regarding the RNFL, there is discrepancy in
thickness results. Several groups have reported a
relative thickening of the peripapillary RNFL,
but others have reported both thinning and thick-
ening of the peripapillary RNFL [45, 46].
Regional difference of RNFL thickness has been
reported. RNFL was thicker in temporal quadrant
and thinner in nasal quadrant [47]. Macular
RNFL was thicker in RP [42]. Glial cell prolif-
eration within the RNFL or neuronal remodeling
and migration into the RNFL can contribute to
RNFL thickening [47].

Inner retinal thickness is also reported to be
associated with visual function but it is not as
strong and consistent as outer retinal integrity.
Inner nuclear layer (INL) was negatively corre-
lated with visual field sensitivity but this relation
was weaker than OS or ONL. And the thickness
of the RNFL was not correlated with the sensi-
tivity [29]. GCIPL also showed negative correla-
tion with visual acuity but not with visual field
extent [42].

4.3.3.3 Choroid

Degeneration of RPE and choroidal vessel layer
is observed in RP patients. Histopathological
studies have showed RPE and choriocapillaris

degeneration localized to the areas of clinically
apparent atrophy in RP. Previous cross-sectional
studies revealed decreased choroidal thickness in
RP patients than that in controls [48-50].
Moreover, choroid morphology is alternated in
RP. The thickest point of choroid was not subfo-
veal as healthy eyes and exaggerated nasal thin-
ning was observed in two thirds of patients. And
large choroidal vessel layer is affected more than
small choroidal vessel layer [51]. Although cho-
roidal thickness decreases in RP, the correlation
with visual acuity, retinal thickness as well as
disease duration is not consistent. Changes in
choroidal thickness can occur secondary to reti-
nal degeneration. A decreased demand for oxy-
gen and nutrients might result in choroidal
thinning [52]. Alternatively, decrease in trophic
factors due to RPE degeneration could lead to
choroidal thinning [53]. The exact mechanism
underlying changes in choroidal thickness in RP
should be elucidated in further studies.

4.3.3.4 Macular Abnormality

Macular abnormality including cystoid macular
edema (CME) and epiretinal membrane is fre-
quently observed in RP. CME is prevalent in
20-50% and mostly around 20% of RP [54-56].
OCT is sensitive for detecting CME of RP that
CME was detected in 32% of patients who
showed no cystic change in fundus [57].
Moreover, central macular thickness (CMT) was
normal range in 32% of patients who showed
CME because of gradual retinal thinning in RP
[58]. Therefore, one should carefully observe
macular morphology not just judge by CMT to
find CME in RP. In RP eyes, macular edema
showed little dye accumulation in FA and differ-
ent fluid accumulation in OCT. Cystoid spaces
were found mainly in the inner nuclear layer, but
sometimes in the outer nuclear layer, outer plexi-
form layer, and the ganglion cell layer. On the
contrary, diabetic macular edema predominantly
located in the outer plexiform layer [59]. Retinal
atrophy and the destruction of retinal are sup-
posed to contribute macular edema formation of
RP based on the OCT feature [60]. However, the
mechanism of CME in RP in incompletely under-
stood until now. CME is reported to be associated
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with autosomal dominant and female gender
[55]. Visual impact of CME is not clear if it pres-
ent or absent. Severe CME is correlated with ISE
integrity and visual acuity is worse in unilateral
CME eye. Therefore, severe CME seemed to be a
predictor of worse visual outcome [61].

Vitreomacular interface disease is also preva-
lent in RP. Epiretinal membrane has been pre-
sented as second most frequent macular
abnormality in RP with an incidence ranged
15-20% [54, 55, 62]. And vitreomacular traction
(VMT) and lamellar followed in 13.6% and
5.8%, respectively. Longitudinal analysis
revealed significant loss of vision was observed
only in ERM [62].

Summarizing retinal degeneration in RP, outer
retinal is the structure which impaired early.
Integrity of inner retinal tends to be preserved
longer than outer retina. Inner retinal layer
change seems to follow outer retinal loss. Visual
function showed more robust and direct correla-
tion with outer retina integrity. RPE and choroid
are also degenerated to become thinned. OCT
provides clues about pathology in vivo. In addi-
tion to animal model data, OCT images increase
our understanding about RP.

4.3.4 Optical Coherence
Tomography Angiography

Optical coherence tomography angiography is a
recently developed non-invasive imaging tech-
nique utilizing motion contrast imaging of blood
flow to visualize three-dimensional angiogram of
retina and choroid without the need for fluores-
cent dye injection. Although RP is not primary
vascular disease, multiple studies have reported
that retinal and choriocapillaris  micro-
vasculatures are affected in RP. Meta-analysis
about OCTA findings revealed that superficial
and deep vessel density were significantly lower
in foveal and parafoveal zones of RP patients
compared to controls [63]. Outcomes about
foveal vascularity were inconsistent. Toto et al.
and Koyanagi et al. reported that superficial and
deep plexus vascular density was not different in

foveal area [64, 65]. Rezaei et al. reported that
superficial retinal layer plexus was affected in
end stage eyes [66]. Multiple studies also com-
pared choriocapillaris flow between RP patients
and control. Although lower choriocapillaris flow
density and higher flow voids were observed in
RP eyes, meta-analysis revealed there was no sta-
tistically significant difference between RP
patients and control [63, 65, 67]. For FAZ area,
the deep FAZ was significantly larger in RP
patients than in controls, whereas there was no
significant difference in the superficial FAZ in
the two groups.

Association between visual acuity and OCTA
parameters was also analyzed. Visual acuity was
significantly associated with flow density of
parafoveal superficial and deep retina and flow
density of foveal superficial retina [64, 67]. And
superficial FAZ was reported to be associated
with visual acuity [64, 68]. Superficial and deep
capillary plexus vessel densities were correlated
to multifocal electroretinogram values and gan-
glion cell complex layer thickness [65]. One
study reported that FAZ and flow area were
smaller in RP patients having normal visual
acuity. Authors also showed flow areas of super-
ficial retinal layer was associated with the length
of ISE, ELM, and visual field perimeter area
and suggested that OCTA measured flow area
gradually reduced with RP progression [69].
Jauregui et al. observed OCTA progression over
time and revealed that perfusion density
decreased by 2.42% per year at the superficial
capillary plexus and FAZ area increased by
0.078 and 0.152 mm? at superficial and deep
capillary plexus [70].

4.3.5 Fundus Autofluorescence

Fundus autofluorescence (FAF) can reveal
abnormality of RPE. Short wave (SW)-FAF
using blue or green light detects emission from
lipofuscin of RPE while near-infrared (NIR)-
FAF shows signal from melanin or fluorophore
of RPE and choroid [71, 72]. As FAF reflects
degree of degeneration, FAF is increasingly used
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for monitoring of disease progression in
RP. Round or ellipsoid ring shape abnormal
autofluorescence, which is not visible in fundus
examination, is observed in 50-60% of patients
[73]. This ring can be observed in both SW-AF
and NIR-AF. This ring is usually symmetric in
both eyes and located usually from 3 to 20° [74].
This ring indicates transition zone between pre-
served and degenerated outer retina. Relatively
normal retina is observed within the ring and
severely degenerated retina is located outside the
ring. SD-OCT revealed that ISE and ELM are
lost and outer nuclear layer is thinned outside the
ring [75]. Hyperfluorescent ring corresponds to
loss of outer segment and lipofuscin creation. AF
within the ring is iso-fluorescent compared to
normal retinal fluorescence [76]. The ring pro-
gressively constricts and the speed of constric-
tion varies widely. The speed tends to be faster in
large rings. Inner border of the ring corresponds
to the preserved area of cone function. On the
contrary, rod dysfunction spreads throughout the
entire retina even including the fovea [77].
Eventually, the ring may disperse, and this phe-
nomenon is correlated with a widespread loss of
sensitivity and visual acuity [77, 78]. Micro-
perimetry reveals that retinal sensitivity is rela-
tively preserved in the ring and reduced or
undetectable outside the ring [79]. In addition,
other abnormal autofluorescent pattern other
than hyperfluorescent ring can be observed. In
wide field AF, patchy area hypofluorescence is
sometimes observed at mid-periphery and this is
related to peripheral visual defect [80]. Case
having abnormal hyperfluorescence at central
macula is related to central visual loss [78].

4.3.6 Fluorescein Angiography

Fluorescein angiogram (FA) is not widely used in
RP. However, FA has several benefits. FA shows
chorioretinal atrophy better than conventional
fundus image. Vessel attenuation and fluorescein
leakage are often observed. Extend of cystoid
macular edemais well visualized in FA. Choroidal
neovascularization is seldom found in FA.

4.3.7 Adaptive Optics

Adaptive optics device was developed to correct
the aberrations using wave-front sensors and
deformable mirrors. Scanning laser ophthalmos-
copy (SLO) adopting adaptive optics allows
microscopic detection of photoreceptors. Several
studies have reported a decrease of cone density
or increased cone spacing using AOSLO in RP
patients. Foveal cone density was reduced up to
38% before visual acuity and macular structure
were affected in both patients with RP and Usher
syndrome [81]. Another study also showed that up
to 62% reduction on peak cone density in patients
having normal visual acuity and retinal sensitivity
[82]. Retinal mosaicism can be visualized by
AOSLO. Female carriers of X-linked RP having
RPGR mutation showed a mosaic pattern of cone
disruption using AOSLO, who had no visual
symptom and normal retinal thickness [83].

Genetics
of Nonsyndromic RP

4.4

Until now 84 genes and 7 candidate loci are
known to be related to RP. Autosomal-dominant
RP (adRP) includes 25 genes, autosomal-
recessive RP (arRP) includes 55 genes, and
X-linked RP (xIRP) includes 3 genes. In addition, 5
genes are cause of both adRP and arRP. These
genes play an essential role and synthesize struc-
tural protein in neurosensory retina and
RPE. Mutation in specific pathway impairs or
destroys entire visual pathway. Theoretically,
genes sharing common pathway is expected to
express similar phenotype. However, genetic het-
erogeneity modifies activity of pathway that
influences common pathway variably and makes
clinical heterogeneity. Herein, we try to review
the important pathways that affected in RP and to
define the related genes. Phototransduction cas-
cade (10 RP genes related), the visual cycle (7 RP
genes), ciliary structure and transport (35 RP
genes), and the interphotoreceptor matrix (1 RP
gene) are described below. These genes and other
38 RP genes are listed in Table 4.1. Estimated
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Fig. 4.2 Causal genes contribute to nonsyndromic retinitis pigmentosa. This graph is summarization of nine unbiased
next generation sequencing studies about retinitis pigmentosa

relative contribution of genes to nonsyndromic
retinitis pigmentosa is depicted in Fig. 4.2.

4.4.1 Phototransduction Cascade
Phototransduction cascade refers electron trans-
port chain elicited by photon driven excitation of
opsin molecule. Eventually, this cascade trans-
mits electric signal to visual cortex via optic
nerve. This is generally similar in both rod and
cone cell except for the different sensitivity to
dim or bright light.

Rhodopsin (coded by RHO gene) is comprised
of apolipoprotein opsin and chromophore 11 cis
retinal. After capturing photon, 11 cis retinal is
converted to all-trans-retinal isomer and this pro-
cess transforms structure of rhodopsin into pho-
toactive metarhodopsin II [173]. Metarhodopsin
II activates G protein transducin (encoded by
GNAT1I), which then activates cyclic guanosine

monophosphate  (cGMP)  phosphodiesterase
(subunits are encoded by PDE6A, PDE6B, and
PDEG6G), which then hydrolyzes cGMP into
5'-GMP [142]. This lowers concentration of
intracellular cGMP and closes cGMP-gated cat-
ion channel (encoded by CNGAI and CNGBI).
This, in turn, lowers intracellular calcium con-
centration and hyperpolarize that lowers gluta-

mate  concentration at  synapse.  After
phototransduction  completion, this system
returns to before photoactivation state. (1)

Attachment of rhodopsin kinase to arrestin phos-
phorylase metarhodopsin II, then deactivates
transducin [174], (2) converting all-trans-retinal
to 11-cis-retinal by dissociation from photopig-
ment via visual cycle, (3) GTPase accelerating
protein (RGS9) deactivates transducin and photo-
diesterase (subunits encoded by PDE6A, PDEG6B,
and PDE6G) [175], and (4) guanylate cyclase
(encoded by GUCY2D) normalizes intracellular
c¢cGMP [176, 177]. All-trans-retinal dissociates
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from opsin, then 11-cis-retinal adheres to opsin
to re-generate rhodopsin. After that it dissociates
from arrestin. Rhodopsin is depolarized by pro-
tein phosphatase 2A. Rhodopsin is usually non
phosphorylated state in dark circumstances

Most of molecules in rod cell are not so differ-
ent from those of cone cell. There are two differ-
ences between rod and cone. Cone cell has three
different opsins, which have specific for certain
range of wavelength although these are not as
sensitive as opsin of rod. As cone opsin has faster
kinetics than rod opsin, it is rarely saturated.
Although difference from faster kinetics is not
known, it is suggested that fast response of cone
cell allows rapid recovery time. It seems based on
fast phosphorylation of activated cone pigment,
fast dissociation from all-trans-retinal, fast inacti-
vation of transducin [178, 179]. While hydroly-
zation of transducin attached GTP is rate limiting
reaction, concentration of GTPase accelerating
complex is ten times more abundant in cone cell.

4.4.2 \Visual Cycle

Vitamin A derivative, 11-cis-retinal, is main com-
ponent of visual cycle. Vitamin A (all-trans-
retinol), ingested as food, is absorbed via gut and
runs through blood vessel, then converted to
11-cis-retinal in the RPE. Visual cycle is a pro-
cess involved in regeneration of 11-cis-retinal
from all-trans-retinal, which occurs simultane-
ously with phototransduction.

After photoactivation, all-trans-retinal
released from activated photopigment enters into
lumen of outer segment, then reacts with phos-
phatidylethanolamine and generates
N-retinylidene-phosphatidylethanolamine.  Via
the flippase activity of the ABC (ATP-binding
cassette) transporter ABCR (encoded by the
ABCA4), all-trans-retinal is released into the
cytoplasm of the photoreceptor, where it is
reduced to all-trans-retinol by the enzyme all-
trans-retinal dehydrogenase (encoded by the
RDHS, RDHI2, and RDHI14) [149]. All-trans-
retinol moves to subretinal space and binds to
interphotoreceptor  retinoid-binding  protein
(IRBP, encoded by RBP3). Then it is transported

into RP cell and binds to cellular retinol binding
protein (encoded by CRBPI), then is re-
isomerized via cascade associated with lecithin-
retinol acyltransferase (LRAT), RPE65 (retinoid
isomerohydrolase), retinal G coupled receptor
(RGR), and 1l-cis-retinol dehydrogenase
(encoded by RDHS5 and RDHII). Recovered
11-cis-retinal is transported into interphotorecep-
tor matrix space via cellular retinaldehyde-
binding protein (CRALBP, encoded by RLBPI),
then returned to photoreceptor cytoplasm by
IRBP. 11-cis-retinal attached to opsin and gener-
ates new rhodopsin molecule. This process,
known as canonical visual cycle, catalyzes re-
isomerization of retinal in rod cell [180-182].
Recent work revealed cone cell has second non-
canonical visual cycle in addition to above men-
tioned canonical visual cycle. This works
between Muller cell and outer segment. This
cycle, in which not all the protein is revealed,
regenerates 11-cis-retinal 20-fold faster. This
process starts after cone-specific opsin is photo-
bleached and all-trans-retinal is released into
cytoplasm, then all-trans-retinal is reduced to all-
trans-retinol by retinol dehydrogenase (encoded
by RDHS8 and RDHI4) and the cone-specific
retSDR1 (encoded by DHRS3). All-trans-retinol
binds to IRBP and is transported to Muller cell
where dihydroceramide desaturasel (DESI,
encoded by DEGS]I) catalyzes direct isomeriza-
tion of all-trans-retinol that produces 11-cis-
retinol,  9-cis-retinol, and  13-cis-retinol.
Isomerization catalyzed by DESI is reversible
that 11-cis-retinol is vulnerable to re-
isomerization. Cone cells utilize two different
strategies to reduce the risk of re-isomerization.
First, 11-cis-retinol is esterified by multifunc-
tional O-acyltransferase (encoded by MEAT and
AWAT2) and converted to 11-cis-retinyl-ester.
Secondly, newly produced 11-cis-retinol is cap-
tured by CRALBP. Hydrolyzation of 11-cis-
retinyl ester occurs only when CRALBP is
available to bind to 11-cis retinol. Thus, this
mechanism prevents re-isomerization of 11-cis-
retinol. 11-cis-retinol is transported to interphot-
oreceptor matrix when bound to CRALBP. Then,
it binds to IRBP and moved to cone outer seg-
ment. 11-cis-retinol is oxidized to form 11-cis-
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retinal and binds to opsin to produce new
photopigment. Final oxidization reaction occurs
only in cone cell.

4.4.3 Ciliary Transport

Cilium is hair-like microtubule-based projec-
tions, which extends through mammalian cells
with variable shape and size. Cilia are classified
as motile cilia and non-motile primary cilia.
Motile cilium predominantly serves to move fluid
across membrane surface, for example, mucus on
surface of lung epithelium and cerebrospinal
fluid in the ventricles of the brain [183]. On the
contrary, primary cilia lack the central microtu-
bule pair of the motile cilium, exist in vast major-
ity of non-motile eukaryotic cells, and serve as
“antenna” in most sensory organ [184]. As cilia
found on almost all cells in the human body,
mutation in genes encoding cilia protein can
result in syndromic disorder called ciliopathy,
which affects multiple organs.

Photoreceptor cells contain a highly specific
sensory cilium, which consists of distinct sub-
compartments: connecting cilium, basal body,
axoneme, and the ciliary membrane. Until now
mutation of more than 30 cilia protein coding
genes is related to nonsyndromic retinal disease
[185]. As outer segments lack the machinery for
protein synthesis, all of its components should be
synthesized and pre-assembled in the inner seg-
ment and transported. Specialized trafficking
system for protein along the ciliary axoneme has
been termed intraflagellar transport (IFT) and
this is integral to the cilium’s structure and func-
tion [186]. IFT is a bidirectional transportation
system that moves cargos from base to tip (ante-
grade movement: IFT-B complex with kinesin-2
motor complex) or tip to base (retrograde move-
ment: dynein 2-driven IFT-A complexes) using
microtubule-based motile molecules. This sys-
tem is able to move thousands of molecules such
as rhodopsin or arrestin within several seconds.
Although participating in IFT of opposite direc-
tion, separation of complex A and B leads to
defective ciliary transport, suggesting that coop-
erative interaction between IFT complexes [187].

Many genes causing RP are related to multi-
ple proteins associated with ciliary transport.
For example ARL3 and RP2 mediate localiza-
tion of specific kinesins at the tip [188]. IFT is
mediated by IFT proteins (IFT140 and IFT172),
which form two complexes (complex A and B)
attached to cargo transportation system [189].
BBSome complex plays adaptor role between
cargo and IFT complex. BBSome consists of
eight protein subunits and mutation in BBSome
compartments make can Bardet—Biedl syndrome
[190]. However, genes of four subunits of
BBSome (BBS1, BBS2, BBSY, and TTCS) and
that encoding ARL6 (protein recruits the BBSome
complex to the protein membrane) are related to
nonsyndromic RP [191].

Ciliary trafficking is regulated by specified
ciliary structures, called “ciliary gate.” This
structure forms general barrier to the periciliary
particle diffusion and regulates cargo transpor-
tation into the structurally isolated outer seg-
ment. Soluble proteins that are not associated
with the membrane can enter the cilium by pas-
sive diffusion or active transport. Function of
ciliary gate is mediated by distal appendage
(also referred as transition fibers when associ-
ated with ciliary membrane) and transition zone
[192]. Transition fibers execute size-dependent
entry and exit of soluble protein. Y-links and
protein meshwork in transition zone have been
proposed to act as a molecular sieve-like barrier
[193]. Connecting cilium of photoreceptor is
analogous to transition zone of prototypical cil-
ium. Many ciliopathy proteins such as CEP290
localizes to transition zone and serves as hub to
connect the important protein complexes includ-
ing MKS module (CC2D2A/MKS1,3/TCTNs/
TMEMs/B9D1,2) and NPHP module (RPGRIP/
RPGRIP1L/NPHP1/NPHP4) [194]. These mod-
ules interact with nearby transition zone compo-
nent (ex BBSome complex) and complex
contains protein-like RPGR. RPGR gene is pre-
sumed to contribute 70-90% of X-linked RP
and 10-20% of RP [159]. SPATA7
(Spermatogenesis-associated protein7) is sug-
gested to maintain distal connecting cilium via
interacting with RPGR and RPGRIP1 (RPGR
interacting protein 1) [195]. Defect in RPGR/
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RPGRIP1/SPATA7 complex leads to mislocal-
ization of specific opsin that these proteins are
believed to play an important role in transport-
ing this specific opsin [196].

4.4.4 Outer Segment Structure

Outer segment of photoreceptor refers special-
ized compartment consisting of stacked intracel-
lular disks (rod cell) or lamellaec (cone cell).
Proteins participate in outer segment disk devel-
opment or orientation are responsible for some
subtypes of nonsyndromic RP.

Outer segment disk morphogenesis takes two
steps. Growth of the ciliary membrane creates an
evagination with an upper surface at an axonemal
microtubule, and disk internalization begins by
expansion of the rim region that anchors evagina-
tions to the axoneme [197]. F-actin microfila-
ment located at basal axonemal microtubule is
required for evagination of new disks. Retinal
fascin homolog2 (encoded by FSCN2) crosslinks
and bundles F-actin filaments. Peripherin-2
(encoded by PRPH?2) is always accompanied by
the appearance of an enclosing plasma mem-
brane in both rods and cones. PRPH2 helps outer
segment disk rim formation and supposed to be
related to disk stabilization and shedding [145].
Photoreceptor cilia has an ability to release mas-
sive amount of ectosome, which is suppressed
and morphed into disks by PRPH [198]. Rod
outer segment protein 1 (ROM1) assembles with
Peripherin 2 and modifies its function [154].
Although inherited defects in ROM1 do not by
themselves cause monogenic disease, ROM1 can
act as a modifier gene for peripherin associated
disease [199]. Prominin 1 (encoded by PROM1)
that located at the U-shaped disk edge is required
for OS disk edge formation and maintenance.
Prominin 1 serves to generate membrane curva-
ture and tether disk edge in support of disk stack-
ing stability [145]. Protocadherin 21 (also known
as photoreceptor-specific cadherin, encoded by
CDHRI) localized at the basal OS only along the
edges of open disk, also participates in disk mor-
phogenesis cooperatively with PROM1 [200].
Photoreceptor-specific protein RP1 is associated

with axonemal microtubules at the IS-OS junc-
tion and supposed to link nascent OS disk to the
axoneme to render morphogenesis and stacking
[155]. RP1 acts cooperatively with RP1L1 which
resides in similar site and is also related to outer
segment formation [201].

4.4.5 Interphotoreceptor Matrix
Interphotoreceptor matrix (IPM) fills subretinal
space between the photoreceptor cells and the
RPE. Known functional role of IPM includes
retinal adhesion to the RPE, providing receptors
for growth factor presentation, retinoid metabo-
lism, cytoskeleton arrangement, and the transport
regulation of oxygen and nutrients to the photore-
ceptor cells [202]. Therefore, defects in gene
constitutes IPM may cause IRD. Moreover,
extracellular matrix containing IPM may play an
important role in progressive retinal degenerative
disorders [203].

Interphotoreceptor matrix consists of proteins
and carbohydrates secreted by RPE. Major com-
ponents of IPM include glycosaminoglycan, pro-
teoglycan, hyaluronic acid, collagen, elastin
fiber, fibronectin, fibrillin, laminin, and fibulin.
Hyaluronic acid polymer forms large polysac-
charides that produce mesh network. This is
linked to Muller cell via CD44 and to RPE via
RHAMM (receptor for hyaluronic acid mediated
motility)-type binding motifs. And SPACR,
SPACRCAN, PEDF, and IRBP are also con-
nected to hyaluronic network via RHAMM-
binding motifs [204].

Mutation in four genes (IMPG2, RBP3, EYS,
and IMPG1), encoding proteins constitute hyal-
uronan network, is associated with nonsyndromic
RP [205-208]. SPACRCAN (encoded by
IMPG?2) is a chondroitin sulfate proteoglycan
and SPACR (encoded by IMPG]) is a glycopro-
tein. They are closely associated with regulating
hyaluronan during normal ocular development
and aging [209]. IRBP (encoded by RBP), pri-
mary soluble protein in interphotoreceptor
matrix, plays an important role in visual cycle.

EYS gene (encoding Drosophila eyes shut pro-
tein) is the largest gene expressed in human ret-
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ina. The resulting protein, having multiple sites
bind to glycosaminoglycan chain, is an extracel-
lular protein in drosophila. However, this protein
can localize to subcellular compartment in the
cytoplasm and to the axoneme of the connecting
cilium in human [210]. Inhibiting EYS expres-
sion results in outer segment protein mislocaliza-
tion, which suggests ciliary transportation role of
EYS [211]. And EYS seems to be important for
the maintenance of photoreceptor morphology
and visual function [212].

4.5 Management and Treatment
of RP
4.5.1 Counseling

Great advances in genetic sequencing provided
large knowledges about genetics and so as in
RP. Genetic diagnosis becomes routine examina-
tion these days. Gene panel is usually used and
even whole exome or genome sequencing is
available. Detection rate of genetic diagnosis is
reported up to 60-80%. Concurrent familial
genetic testing (Trio study) is recommended.
Proper guideline of ocular and genetic examina-
tion for non-symptomatic children has not been
suggested. Although genetic diagnosis supports
clinical diagnosis and provides additional infor-
mation, phenotype prediction based on genetic
diagnosis is still limited. Understanding the
underlying genetic profile and other modifiers
that can influence the phenotype will help pro-
vide a more reliable clinical prognosis.

4.5.2 Management
of Complications

One of the common complications of RP is lens
opacities, especially posterior capsular opacity.
Pruette et al. reported that lens opacity or pseudo-
phakia was observed in 46.4% of 384 eyes in
American RP patients [213]. Among lens opaci-
ties, 80% was posterior polar cataract, 10% was
nuclear sclerosis, and 20% was both nuclear scle-
rosis and posterior polar opacity. Although older

age group showed higher prevalence of lens opac-
ities, 10.3% of patients younger than 20 showed
cataract. In the study, lens opacity was more prev-
alent in AD inheritance group. Fishman et al.
observed posterior subcapsular cataract (PSC) in
53% out of 338 American RP patients whose
average age was 38.7 years [214]. PSC was more
prevalent in X-linked group while it was relatively
uncommon in AD group. Berson et al. also
reported that lens opacities in RP were most prev-
alent in X-linked inheritance as 72% [215].

Cataract extraction is generally recommended
in RP because subjective visual gain is consider-
able in RP patients. Objective visual gain following
cataract surgery depends on the amount of residual
macular function. Likelihood of visual recovery is
highest in patients whose integrity of foveal ellip-
soid zone is intact [216]. Complications associated
with cataract surgery are reported to be relatively
high in RP, which include zonular insufficiency
(19%), posterior capsular opacification (44-45%),
and anterior capsular opacification (10-38%).
Excessive inflammation after in RP is sometimes
suggested to cause higher rate of complication but
itis not proved. Acceleration of RP progression fol-
lowing cataract surgery is not evidenced yet.

Large randomized controlled study for effec-
tive treatment of CME in RP has not been per-
formed yet. Recently introduced meta-analysis
suggested oral and topical carbonic anhydrase
inhibitors (CAls) as first line treatment [217].
However effect on visual function was inconsis-
tent across studies in spite of definite reduction of
macular edema [218]. Rebound after cessation of
treatment was reported in about 42% of cases.
However, resuming the treatment after discon-
tinuation also showed favorable effect [219]. In
case of inefficacy of CAls intravitreal steroid can
be an alternative treatment. Recent comparative
study showed better visual outcome in dexameth-
asone implant group than oral acetazolamide
group [220]. Intravitreal anti-VEGF agent
showed inconsistent effect overall. Moreover,
VEGF level was not increased in RP, while other
retinal vascular diseases using anti-VEGF shows
substantial increase [221].

While epiretinal membrane is commonly
found in RP, its surgical treatment is usually not
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addressed. Ikeda et al reported long-term out-
come of vitrectomy for epiretinal membrane in
RP. They showed favorable morphological
improvement  without deleterious change.
However visual benefit was limited [222].
Cautions should be addressed because of this
limited effect and possible deleterious damage
following surgery.

4.5.3 Treatment Based on Specific
Genetic Abnormality

Most of genes whose mutation causing RP are
expressed in photoreceptors or RPE. Therefore,
these target cells should be intact if genetic alter-
ation specific treatment takes effect. This means
gene-specific treatment is effective in early stage
when retinal cells minimally impaired. Gene aug-
mentation therapy introduces wild type of cDNA
sequence into target cell that generating healthy
protein. Viral and non-viral vectors are tried. In
RP, viral vectors such as Adeno-associated virus
(AAV) is largely used as to insert genetic cargo
into intravitreal or subretinal space of the eye.
Gene augmentation therapy refers gene product
supplementation and does not impact dominant-
negative genetic mutations. Therefore, this
method is limited to autosomal-recessive inher-
ited genetic mutations, which makes “loss of
function” mechanism. This treatment was first
tried in LCA patient having biallelic RPE65 gene
mutation at 2008. And Luxturna (voretigene
neparvovec-rzyl) was recently FDA approved,
which is the first gene therapy in RP. Hopeful
result in RPE65 gene accelerates the research and
clinical trial of other genes of RP and IRDs
including RP associated with MERTK, PDE6GA,
RPGR, choroideremia, CNGA achromatopsia,
Stargardt disease, and so on. In spite successful
report of these trials, gene augmentation therapy
is facing several challenges. First, long-lasting
maintenance of one-time administration of a
therapeutic vector is unclear. Second, cargo
capacity of currently used is insufficient for cer-
tain genes causing IRDS (Ex, EYS, USH2A).
Control of expressivity, relative scarcity of
patients having target gene, plentiful amount of

cost of the highly individualized forms, risk of
collateral damage associated with subretinal gene
delivery, and ineffectiveness for dominant-
negative mutation are also problematic.

In disease caused by dominant-negative muta-
tion (gain of function mutation) a combined
approach is often warranted. Both gene suppres-
sion and replacement therapies are utilized. An
AAV is initially delivered an RNA interference
(RNAI) based gene suppressor to down-regulate
to inactivate target. Then a separate AAV-vector
to deliver functional replacement of gene is intro-
duced. Additionally, direct gene editing using
CRISPR (clustered regularly interspaced short
palindromic repeats)-CaS is currently raising
expectations. CRISPR technology, derived from
a natural bacterial host defense system against
bacteriophage, is able to cut and remove target
cell’s genome and add the desired functional
gene with precision [223].

Another approach using anti sense oligonucle-
otides (AONSs), which is versatile RNA molecule
binding specific target site of pre-mRNA. This
binding suppresses abnormal splicing resulted
from mutation [224]. Pharmacologic therapy
using small molecule has also been tried to treat
RP having mutation of certain gene. Mutation in
the LRAT and RPEG65 gene disrupts the visual
cycle converting all-trans-retinal into 11-cis-
retinal. Administration of 9-cis-retinyl acetate
showed improvement of vision [134].

4.5.4 Treatment Not Associated
with Specific Genetic
Abnormality

Several nutritional supplements have been rec-
ommended in RP. High dose Vitamin A slowed
progression of cone dysfunction on ERG. Beta
carotene, a dimerized form of vitamin A has
shown b waves on ERG with no change of visual
acuity. Blood concentration of clinical trials
failed to show beneficial effect of docosahexae-
noic acid (DHA) although blood concentration of
DHA was positively correlated with slower pro-
gression in RP. Lutein supplements have modest
effect on slowing extinction of visual field sensi-
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tivity. However, only limited evidence for benefi-
cial effect of these nutritional supplements exist
until now that additional well designed studies on
combined supplements strategies may achieve
more robust conclusions [225, 226].

Cell replacement therapy indicates introducing
retinal progenitor cell or stem cell derived from
non-ocular origin such embryonic stem cell (ESC)
or induced pluripotent stem cell (iPSC) into intra-
vitreal or subretinal space. Individual cell type has
its own strengthness and weakness. Retinal pro-
genitor cell (RPC) is easy to handle and do not
need immunosuppressant but hard to harvest
enough cells. In contrast, stem cell usually
requires complicated process. Because iPSC is
originated from patient, immune reaction is not
concern but correcting genetic abnormality of
iPSC is prerequisite. However, this highly indi-
vidualized treatment takes tremendous costs.
Therefore storage tissue bank of HLA matched
iPSC is suggested as alternative modality of indi-
vidualized treatment [227]. Although cell replace-
ment therapy is starting, it is supposed to provide
great opportunity of treatment option for RP.

Another treatment option for advanced RP is
electronic retinal implant. Currently two prod-
ucts are available, which are Argus II and Alpha
AMS. Inner retinal function should be guaran-
teed to use this device as they stimulate inner
retina. Argus is epiretinal device, which directly
stimulates inner retina, connected to small cam-
era attached to glasses. On the contrary, Alpha
AMS consists of photosensitive photodiode array
implanted sub-retinally, which stimulate bipolar
cells. Retinal implants restore vision in terms of
improving daily performance. Although this
strategy shows affirmative result, side effects,
durability of device, and low resolution are prob-
lems to overcome.

Optogenetic technology is also being tried to
treat RP. Originally these tools were developed
and used in neuroscience. In order to restore
vision optogenetic is used to express light sensi-
tive proteins in subpopulation of retinal neurons
which have no intrinsic light sensitivity. This
allows to start phototransduction where native
photoreceptors or other crucial retinal elements
are damaged. As photosensitive receptor, two

kinds of optogenetic effectors are employed, ion
channels and G-protein-coupled receptors
(GPCRs). Ion channel is fast responder but less
sensitive, which requires intense light, while
GPCRs are sensitive but have slower kinetics.
Currently two clinical trials are underway, both
of which use ion channel and channel rhodopsin.
And viral transduction via AAV is the method to
express photosensitive proteins.

Several kinds of growth factors have been
known to slow down the photoreceptor degenera-
tion, which include brain-derived neurotrophic
factor (BNDF), basic fibroblast growth factor
(bFGF), ciliary neurotrophic factor (CNDF),
glial cell-derived neurotrophic factor (GDNF),
nerve growth factor (NGF), and rod-derived cone
variability factor (rdVCF). Some of these mole-
cules were effective in animal model. Further
studies are required to prove clinical benefit of
treatment based on growth factor supply.
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Syndromic Retinitis Pigmentosa

Chang Ki Yoon

5.1 Syndromic Retinitis

Pigmentosa

Typical retinitis pigmentosa (RP) is defined as
disease confined to eyeball. In some cases,
mutations in known causal genes of RP result in
the phenotype of RP and extraocular manifesta-
tions simultaneously. These genes are listed in
Table 5.1. Moreover, there are systemic multi-
organ disorders that show pigmentary retinopa-
thy. Etiologies are variable including drug
toxicity, infection, monogenic mutation. Some
of these diseases have curable etiology or strat-
egies to relieve or retard some conditions.
Therefore, differential diagnosis is required to
discriminate the cause of pigmentary retinopa-
thy. A multidisciplinary approach is needed
because systemic manifestations are quite het-
erogenous. In this chapter, inherited syndromic
disorders showing typical pigmentary retinopa-
thy will be described. Syndromic RP in this
chapter includes Usher syndrome, ciliopathy,
inborn errors of metabolism, and mitochondrial
disorders (Table 5.2).

C. K. Yoon (X))

Department of Ophthalmology, Seoul National
University Hospital and Seoul National University
College of Medicine, Seoul, Republic of Korea

© Springer Nature Singapore Pte Ltd. 2022

5.2  Usher Syndrome

Usher syndrome is autosomal recessive disorder
having retinopathy and sensorineural hearing
loss (SNHL). Usher syndrome is most common
syndromic RP, which accounts for 18% of RP
[1]. Prevalence of Usher syndrome is reported to
be 3.2-6.2 cases per 100,000 [2]. It comprises
about 50% of total patients who have both blind-
ness and deafness in the USA.

Usher syndrome is clinically classified into
three types. Type 1 shows congenital SNHL,
speech impairment, vestibular dysfunction, and
retinopathy of childhood onset. Type 2 shows
moderate, nonprogressive hearing deficit without
vestibular dysfunction and milder, later-onset
retinopathy [3]. In type 3, most rare form, hear-
ing loss is found lately between the second and
fourth decades of life and progresses slowly.
Retinopathy may start in adulthood. Type 1 and
type 2 comprise 33% and 67% of usher syn-
drome. And the rarest type 3 is 2-4% [4]. Type 3
is reported to be 40% in Finland or Ashkenazi
Jewish populations [5].

In type 1 Usher, one of the earliest signs is
vestibular dysfunction. It can manifest as motor
development delay in childhood or nonprogres-
sive ataxia in adulthood. Although affected
patients overcome areflexia through vision before
visual loss, they are prone to fall down and feel
difficulty in activity requiring balancing. This is
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Table 5.1 Genes underlying both syndromic and non-syndromic IRDs(RPs)

Genes Syndromic IRD Non-syndromic IRD
ABDHI12 PHARC arRP
AHI1 JBTS3 arRP
ARLBP2 RP with situs inversus arRP
ARL3 JBTS35 adRP
ARL6 BBS3 arRP
BBS2 BBS2 arRP
C8ORF37 BBS2 arRP
CC2D2A JBTS9, NKS6 arRP
CEP290 BBS14, JIBTSS5, MKS4, SLSN6 arLCA
CLN3 CLN3 arRP
CLRN1 USH3A arRP
CwC27 RPSKA arRP
DHDDS CDGI1BB arRP
FLVCR1 PCARP arRP
HGSNAT MPS3C arRP
IFT40 SRTDY with/without polydactyly arRP
1QCBI1 SLSNS5 arLCA
MVK HIDS, MEVA arRP
OFD1 JBTS10 XLRP
RPGR RP, sinorespiratory infections and deafness XLRP
TTC8 BBS8 arRP
USH2A USH2A arRP

arRP, autosomal recessive retinitis pigmentosa; arLCA, autosomal recessive Leber’s congenital amaurosis; JBTS,

Joubert syndrome

usually found at neonatal screening and sus-
pected in infants where screening is not available.
Hearing defect in type 2 is mild in low frequency
and severe in high frequency. Hearing deficits do
not usually progress. Vestibular function is usu-
ally normal. Some patients with type 2 have
ataxia, which is supposed to be due to cerebellar
atrophy. Night blindness develops around 15
years in type 1 while it presents variably until the
thirties and after adolescent mostly in type 2 and
3 [3]. Visual prognosis is better in type 2 than
type 1. While most patients lost vision around 15
years in type 1, those of type 2 preserve their
vision longer. Proportion of patients who pre-
serve at least 20/40 vision is 69% in type 1 and
94% in type 2. vision better than 20/80 was 89%
in type 1 and 98% in type 2. In forties, 77% of
type 1 and 95% of type 2 preserve better than
20/200 vision [4]. Macular lesion is well visual-
ized in fluorescein angiogram. Foveal lesions
were seen on fluorescein angiogram more fre-
quently and at an earlier age in type 1 as com-
pared with type 2. And foveal lesion is also more

frequently found in type 1 than type 2. Posterior
subcapsular cataract is observed in about 50% of
both type 1 and 2. Electroretinogram is always
profoundly abnormal. Retinal pigmentation is
barely observed in early childhood. Numerous
subtle retinal pigmentations can be mistaken as
rubella retinopathy or some other retinal disease.

Simultaneous visual and auditory dysfunction
requires sophisticated educational and social sup-
port for children having Usher. Although, visual
rehabilitation is not available now, cochlear
implant helps hearing recovery and language
development for affected children.

Until now, 16 genes are reported to be associ-
ated with Usher syndrome. Genes related to type
1 include MYO7A, USHIC, CDH23, PCDHI5,
USHIG, ESPN, type 2 include USH2A, ADGRV 1,
DFNB31. Type 3 genes are CLRNI and HARS,
and atypical Usher syndrome genes are ABHD12,
ARSG, CEP250, CEP78, and CIB2. Genes asso-
ciated with Usher syndrome mostly express pro-
teins in hair bundle and ribbon synapse, which
play an essential role in mechanoelectrical trans-



5 Syndromic Retinitis Pigmentosa

101

Table 5.2 Syndromic retinitis pigmentosa and associated causal genes

Disease

Genes

Usher syndrome

ABHD12, ADGRV1, ARSG, CDH23, CEP250, CEP78,
CIB2, CLRN1, DFNB31, ESPN, HARS, MYO7A,
PCDHI15, USHIC, USHIG, USH2A

Ciliopathies

Bardet-Biedl syndrome

ADIPORI, ARL6, BBIP1, BBS1, BBS2, BBS4, BBSS,
BBS7, BBS9, BBS10, BBS12, C8orf37, CEP19,
CEP290, IFT172, IFT27, INPP5SE, KCNJ13, LZTFLI,
MKKS, MKS1, NPHP1, SDCCAGS, TRIM32, TTC8

Cohen syndrome

VPSI3B (COHI)

Joubert syndrome

CEP120, OFD1, CC2D2A, TCTN1, TCTN2, MKS1,
B9D1, TMEM67, TMEM216, TMEM231, CEP290,
AIH1, NPHP1, INPPSE, RPGRIPIL, PDE6D,
CPLANE], CSPP1, INPPSE, KIAA0586

Senior-Lgken syndrome

NPHP1, INVS/NPHP2, NPHP3, NPHP4, IQCB1/
NPHP5, CEP290/NPHP6, SDCCAGS8/NPHP10,
WDR19/NPHP13, CEP164, TRAF3IP1

Sensenbrenner syndrome (cranioectodermal dysplasia)

IFT122, WDR35, IFT140, IFT43, IFT52, WDR19

Short-rib thoracic dysplasia with or without
polydactyly (includes Jeune, Mainzer-Saldino,
Ellis-van Creveld, and short-rib polydactyly syndrome)

IFT80, DYNC2HI, TTC21B, WDR19, NEK1, WDR35,
WDRG60, IFT140, IFT172, WDR34, CEP120,
KIAA0586, DYNC2LII, IFT52, TCTEX1D2, IFT43,
IFT81, INTU

Inborn errors of metabolism

Alfa-tocopherol transfer protein deficiency (familial TTPA
isolated vitamin E deficiency)
Bassen-Kornzweig syndrome (abetalipoproteinemia) MTTP

Mucopolysaccharidoses

IDUA, IDS, HSS, NAGLU, HGSNAT, GNS, GALNS,
GLBI, ARSB, GUSB, HYAL1

Neuronal ceroid-lipofuscinoses

PPT1, TPP1, CLN3, DNAJCS, CLN5, CLN6, MFSDS,
CLNS8, CTSD, GRN, ATP13A2, CTSF, KCTD7

Refsum disease (phytanic acid oxidase deficiency)

PHYH, PEX7, PEX1, PEX2, PEX26

Mevalonate kinase deficiency MVK
HARP syndrome (hypoprebetalipoproteinemia, PANK2
acanthocytosis, RP, and pallidal degeneration)

PHARC syndrome (polyneuropathy, hearing loss, ABHDI12

ataxia, RP, and cataract)

Mitochondrial disorders

Kearns-Sayre syndrome

MELAS

NARP syndrome (neuropathy, ataxia, and RP)

duction (MET) and neurotransmission, respec-
tively. Usher syndrome proteins interactively
form a molecular complex to develop and main-
tain hair bundle function [6]. USHI proteins
form heteromeric structure to apical interstereo-
cilia development, which is necessary to cohesive
stereocilia formation and hair bundle develop-
ment. In adult, USH1 Protein plays a crucial role
in MET complex. USHI1 protein forms tip-link
with cadherin-23 and postcadherin-15 that func-
tion as gatekeeper of MET channel complex.

USH2 proteins are not participating stereocilia
complex but forms ankle link complex of base of
stereocilia and play an essential role in hair bun-
dle morphogenesis. This structure act in hair
bundle development that forms the typical U or V
shape of inner hair cell and outer hair cell [7, 8].
USH3 protein, clarin-1, is likely to be necessary
for synaptic active zone between MET and inner
hair cells. Hair bundle defect from USH gene
mutation prohibit MET process and result in
hearing loss and vestibular areflexia [9]. Most of
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Usher syndrome is primarily associated with
primary cilia abnormality that Usher syndrome
can be included in ciliopathy.

Usher proteins are observed at connecting
cilium, periciliary membrane complex, inner and
outer segments of photoreceptors. Ethnic differ-
ence is not found between Asian and European
ancestry. USHI proteins have been proposed to
form a protein network mediating membrane—
membrane coupling between photoreceptor outer
segment and the surrounding calyceal processes
[7]. MYO7A protein transport melanosome from
retinal pigment epithelium (RPE) to apical pro-
cess, induce phagocytosis and intracellular move-
ment, and helps translocation of RPE65 for visual
pigment recycle. MYO7A interact with rhodopsin
adaptor protein complex, including Spectrin-pV,
Kinesin II and dynein, and helps rhodopsin trans-
portation. MYO7A is presumed to play a signifi-
cant role in the transportation of proteins and
organelle in RPE and photoreceptors. Retinal
abnormalities observed in MYO7A mutant animal
model are recovered after inserting MYO7A
cDNA using adeno-associated virus (AAV) and
lentivirus. This supports the MYO7A causal rela-
tion in Usher syndrome [8].

USH?2 protein complex is known to be associ-
ated with protein transportation through connect-
ing cilium in periciliary membrane complex. The
USH2 proteins (usherin, Adgrvrl, and whirlin)
have been detected in a spatially restricted inner
segment membrane region that surrounds the
photoreceptor connecting cilium, the periciliary
membrane complex region [6].

5.3 Ciliopathy

Ciliopathy is a major part of syndromic
RP. Cilium is an evolutionary conserved, ubiqui-
tous microtubule-based organelle, which is
essential for the development and maintenance of
cells. Cilium contains motile and immotile cil-
ium. Motile cilium presents in specific cells like
spermatozoa, respiratory tract epithelium. Non-
motile cilia, also called primary cilia, have a
structure of 9-0 microtubule doublet. Primary
cilia sense mechanical stimulation and chemi-

cals, mediate signal transduction that also called
“antenna” of the cell [10]. Dysfunction of pri-
mary cilia results in ciliopathy. This entity of dis-
ease involves multiple organs including
retinopathy, cystic kidney disease, obesity, liver
dysfunction, skeletal anomaly, congenital heart
disease, and central nervous system developmen-
tal disease [11]. Retinopathy is most highly pen-
etrant up to 50% of affected patients.

5.3.1 Bardet-Biedle Syndrome

Bardet reported the patient having retinopathy,
polydactyly, and congenital obesity in 1920.
Biedle added mental retardation and hypogenital-
ism in 1922. This disease is now called Bardet-
Biedle syndrome (BBS). Additionally, paraplegia
and renal abnormality are included. Prevalence is
reported to be 1:160,000. Bedouin of Arab, who
have more consanguineous marriage than other
ethnicities, shows 1:13,500 prevalence [12].
Founder effect may predispose the prevalence of
1:17,500 in New Foundland, Canada [13].

Retinopathy of BBS involves central vision
early and shows less pigmentation than typical
RP. Macular abnormality and RPE/choriocapil-
lary atrophy are observed in early life [14].
Macular abnormality includes macular epiretinal
membrane and leakage in fluorescein angio-
gram. Electroretinogram usually shows cone-rod
type pattern. Retina sometimes shows less pig-
mentary deposit or multiple white patches.
Nyctalopia presents at average 8.5 years old and
legal blindness developed at average 15.5 [1].
Another study reported that 73% were blind at
20 and 86% at 30 [14].

Five cardinal features are incompletely mani-
fested in most of the cases. Schachat and
Maumenee suggested that diagnosis of BBS can
be confirmed only when at least four of five car-
dinal features are presented and one of them is
retinopathy [15]. Pigmentary retinopathy is found
in 90-100% of cases with electroretinogram
abnormality in almost all of the cases [13].
Mental retardation is reported to exist in 40-85%
of cases, and mild in half of cases. Mental retar-
dation is generally regarded as not an essential



5 Syndromic Retinitis Pigmentosa

103

feature of BBS. Although obesity is observed in
most cases, sometimes patients maintain normal
weight from diet and exercise. Polydactyly is
present in 75% of cases, is postaxial, and may
involve any or all extremities. Syndactyly or
brachydactyly is present in 14.4% of patients
[14]. Both are considered equivalent as polydac-
tyly when confirming diagnosis  [13].
Hypogenitalism is present in about half of
patients after puberty. Infertility is particularly
prominent in male Bardet-Biedl patients
although rare patients remain fertile and become
father. Vaginal atresia, urogenital sinuses, uterine
and ovarian hypoplasia and congenital hydrome-
trocolpos have been described in female
BBS. Clinical features of these patients overlap
with diagnostic criteria of McKusick—Kaufman
syndrome.

Renal abnormality is most common in non-
cardinal features around 46-96% [16]. Renal
abnormality, including cysts, agenesis, and scar-
ring, is asserted as sixth cardinal feature because
uremia is fatal. Coincidence of renal abnormality
and hepatic fibrosis is reported. Cardiac anomaly
is present in half of Bedouin familial cases [17].
CNS-related ataxia, abnormal gait, facial hypot-
ony, and high palate are also reported to present
in BBS cases.

Until now, 25 genes have been identified to
cause BBS phenotype [18]. Their proteins are
involved in lipid homeostasis, intraflagellar trans-
port, establishing planar cell polarity, and regula-
tion of intracellular trafficking and centrosomal
functions [19]. The core BBS machinery consists
of the octameric BBSome and the small GTPase.
Eight proteins (encoded by BBSI, BBS2, BBS4,
BBSS5, BBS7, BBSS, BBS9, and BBIPI) comprise
BBSome complex, which is protein complex
plays an adaptor role in transportation and recy-
cle of ciliary membrane proteins. BBS3 (ARL6)
MKKS, BBS10, and BBSI2 take part in making
chaperone complex. I[FT172 and IFT27 form pro-
teins of intraflagellar transport. MKS1 is a com-
ponent of flagella basal body. Proteins of ARL6,
CEP290, and TTCS are observed around con-
necting cilium. Defects in connecting cilium,
vesicular and intraflagellar transport system are
suggested as disease causing mechanism of BBS

[20, 21]. One meta-analysis revealed that BBS2,
BBS7, and BBS9 are more essential for renal
development and function than peripheral com-
partment including BBS1, BBS4, and BBS8
(TTCS8). And a mutation in ARL6 causes less
severe disease [22].

5.3.2 Senior Loken Syndrome

Senior Loken Syndrome (SLS) is characterized
by pigmentary retinopathy and medullary cystic
kidney disease called nephronophthisis (NPHP)
[23]. NPHP is characterized by the development
of fluid-filled cysts known as cystic dilation
within the kidney leading to polyuria, polydipsia,
weakness, fatigue, and eventually end-stage renal
disease. NPHP is the most frequent genetic cause
of renal failure in children and adolescents.
Typical pathologic triad consists of corticome-
dullary cysts, tubular basement membrane, and
interstitial fibrosis. Retinopathy is presented as
RP, Leber congenital amaurosis (LCA), or sector
RP. Visual symptom such as photophobia and
nystagmus can occur in the few years of later in
childhood [24].

Nine genes of 25 known NPHP genes are
identified to cause SLS (NPHP1, SLSN3, NPHP4,
IQCBI/NPHP5, CEP290/NPHP6, SDCCAGS,
WDRI19/NPHP13, TRAF3IPI, and CEPI164).
NPHP genes are expressed in primary cilia, basal
bodies, or centrosomes in kidney epithelial cells
[25]. SLS genes are likely to be involved in cilio-
genesis and regulation of ciliary protein traffick-
ing. They localize to cilia at the ciliary transition
zone, inversin compartment, or subunits of the
IFT complexes. IQCBI (encode a protein
NPHPS) plays cilia functioning through protein
complex with RPGR, calmodulin, and NPHP6.
Moreover, IQCBI is suggested to play role in the
transport of proteins to the OS [26].

5.3.3 Joubert Syndrome
Common symptoms of Joubert syndrome include

hypoplasia of cerebellar vermis, dysregulation of
breath, general developmental delay, loss of vol-
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untary muscle coordination, and eye disease.
Additionally polydactyly, hepatic fibrosis, renal
disease, and retinal dystrophy are manifested that
such case is referred to as cerebello-oculo-renal
syndrome. Ocular motor apraxia is most common
ocular symptom. Strabismus and nystagmus fol-
low. Ptosis, chorioretinal coloboma, and optic
atrophy are also reported. Retinopathy is observed
in 38%. Twenty-eight genes are known to be
involved in the pathogenesis of Joubert syndrome
[27]. Except for OFDI, Joubert syndrome is
inherited in an autosomal recessive pattern.
AHII, INPPtE, ARLI3B, and CC2D2A are most
common causal genes. AHII (Abelson’s helper
integration 1) has been found to play a crucial
role in vesicular trafficking, which is necessary
for normal function of photoreceptor outer seg-
ment [28].

5.3.4 Alagille Syndrome

Alagille Syndrome (ALGS) is an autosomal
dominant, multisystem disorder with variable
phenotypic penetrance. Variable clinical features
include hepatic dysfunction caused by bile duct
paucity, cardiac disease, ocular abnormalities,
skeletal anomalies, and characteristic facial fea-
tures. ALGS is caused mostly (about 90%) by
mutations in JAGGEDI (JAGI), which encodes
the ligand JAGGED in the notch signaling path-
way. Rarely, NOTCH?2 mutation results in ALGS
[29]. Optic disc drusen, angulated retinal vessels,
pigmentary retinopathy, and a posterior embryo-
toxon are reported as ocular manifestations.

5.4  Retinopathy Associated
with Inborn Errors
of Metabolism

5.4.1 Neuronal Ceroid

Lipofuscinoses

Neuronal ceroid lipofuscinoses (NCL) are neuro-
degenerative lysosomal storage diseases. They
are characterized by the accumulation of lyso-
somal storage material and progressive neuro-

logical deterioration with dementia, epilepsy,
retinopathy, motor disturbances, and early death.
The disease is classified into groups according to
the age at which symptoms usually appear. The
main alerting symptoms are a newly observed
psychomotor abnormality followed by evident
dementia [30].

1. Infantile onset NCL (INCL)

This is associated with dysfunction of the
lysosomal enzyme cathepsin D (encoded by
CTSD) and palmitoyl protein thioesterase 1
(encoded by CLNI). Patients having former
mutations are born with microcephaly and
seizures. The latter, develops in second half of
the first year of life, is more frequent. This is
characterized by a decreased muscle tone and
decreased social interactions, followed by a
dramatic loss of psychomotor functions,
myoclonus, seizures, and visual failure.
Ultimately patients develop spasticity and a
vegetative state.

2. Late infantile onset NCL (LINCL)

The most prevalent and typical form in this
group is caused by CLN2, encoding lysosomal
enzyme tripeptidyl peptidase 1 (TPPI).
Acquisition of speech may be delayed in some
patients. Motor decline with clumsiness and
ataxia, deterioration of speech, and epilepsy
are occurred between 2 and 4 years of age.
After third year of life, loss of motor function,
language, vision, and swallowing ability pro-
gresses rapidly, leading to death around the
middle teenage years. Mutations in the CLN1,
CLN5, CLN6, CLN7, CLNS, and CLNI4
genes are rare. They manifest later and prog-
ress slower than CLN2 mutation.

3. Juvenile onset NCL (JNCL)

This is a most prevalent form of NCL. It is
caused by dysfunction of lysosomal mem-
brane protein (encoded by CLN3). Onset is
between 4 and 7 years of age with insidious
visual failure due to a pigmentary retinopathy.
Cognitive decline and abnormal became
apparent. Seizure develops at around 10 years
of age followed by a movement disorder,
speech and swallowing difficulties. Patients
usually deceased in the third decade. Rarely,
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this form of NCL is caused by mutations in
the CLNI, CLN2, CLN5, CLN7, CLNS,
CLN10, or CLNI2 genes.

4. Adult onset NCL (ANCL)

Although this is inherited as autosomal
recessive pattern, autosomal dominant type
has been reported. This extremely rare form
of NCL starts with cognitive impairment and
depression in mid-thirties. Ataxia, parkinson-
ism, and epilepsy followed with or without
visual failure.

Other atypical forms of NCL are also reported.
One of the variant forms is found only in the
Finnish population. INCL has an incidence of
1:50,000 in Scandinavia and 1:100,000 worldwide.
In Germany, incidence of LINCL is 0.46 per
100,000 and that of INCL is 0.71 per 100,000 [31].

Retinopathy involves central vision first and
eventually result in a severe visual loss in child-
hood forms (1-3 of above forms). The ERG
becomes abnormal early in the course of child-
hood forms and is usually abolished within a few
years. The ERG becomes undetectable for
LINCL between 3 and 4 years and for JNCL
between 5 and 7 years of age [32]. However,
visual symptoms and electrophysiologic abnor-
mality are rare on ANCL. The abnormal ERG
pattern varies between disease subtypes.

Accumulation of storage material that is auto-
fluorescent, sudanophilic, and periodic acid-
Schiff-positive within lysosomes in neurons and
other cells. The storage material is a complex
mixture of lipoproteins and hydrophobic pep-
tides. Deposit patterns observed on electron
microscopy can be used for diagnosis and classi-
fication. Granular inclusions are seen in INCL,
curvilinear inclusions predominate in LINCL and
fingerprint inclusions are seen in JNCL [33].

An NCL must be suspected in children and
young adults who initially developed normally
but then present with an unexplained progressive
neurological disorder. The diagnostic approaches
to specific NCL form strongly depend on the age
at manifestation and the definitive diagnosis is
increasingly based on molecular genetic testing.
In special cases, electron microscopic analysis
may be helpful to confirm the diagnosis.

5.4.2 Refsum Disease

Refsum disease is characterized by progressive
neurologic deficit, sensorineural hearing loss,
liver disease, skeletal abnormality, and pigmen-
tary retinopathy. This disease includes two types
of peroxisomal disorder. One is infantile Refsum
disease (IRD), which is caused by deficit of per-
oxisome production, and the other is adult Refsum
disease (ARD) caused by dysfunction of peroxi-
somal enzyme. Peroxism is a single membrane
bound organelle which exists in most of eukary-
otic cells. Peroxisome contains enzymes such as
catalase, hydroxylase and oxidase, participate in
oxidative processes. Blood phytanic acid levels
increase moderately in IRD and highly in ARD.

IRD presents with craniofacial anomaly, severe
hypotony, psychomotor retardation, and hepatic
dysfunction within 6 months, severe hearing loss
in 1 year of age [34]. Ocular manifestation
includes nystagmus, visual decline, retinitis punc-
tata albescence at midperiphery, optic atrophy,
and cataract. Electroretinogram is impaired early
and sometimes shows electronegative pattern.
Affected individuals lose their life in second and
third decades in most cases. Mutations in at least
12 different genetic loci have been implicated in
IRD, such as PEXI, PEX2, and PEX26, and most
commonly affect peroxisomal matrix protein
import and targeting [35].

ARD is an autosomal recessive disease, also
called heredopathia atactica polyneuritiformis.
Survival for ARD is until the 4th-5th decade.
Ataxia, weakness in the extremities, and nyctalo-
pia are early symptoms. Progressive peripheral
neuropathy and peripheral muscle wasting usu-
ally follow. Cardiac conduction defects occur in
early adulthood. Other common findings include
paresthesia, anosmia, deafness, dry skin, epiphy-
seal dysplasia, and spondylitis. Pigmentary reti-
nopathy is not evident until the third decade.
ERG responses are severely impaired or nonre-
cordable at all ages. Phytanic acid levels in blood
and urine are always highly elevated. Protein lev-
els in cerebrospinal fluid (CSF) are elevated in
typical cases. Phytanoyl-coenzyme A hydroxy-
lase (PAHX encoded by PHYH) is deficient in
90% of cases or type 2 peroxisomal targeting sig-
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nal receptor (PTS2 encoded by PEX7) is deficient
in less than 10% of cases [36, 37]. PAHX is a
peroxisomal protein that catalyzes the first step in
the alpha-oxidation of phytanic acid. Defect of
PHYH leads to enzymatically inactive protein
and dysregulates the downward pathways result-
ing in phytanic acid accumulation.

Dietary restriction of phytanic acid can limit
progression of disease and often improve ichthy-
osis, neurologic deficits, and cardiac disease.
Very high blood plasma levels of phytanic acid
can be life threatening. Blood plasma filtration
can be applied in such conditions [38].

5.5 Retinopathy Associated
with Mitochondrial
Disorders

5.5.1 Kearn-Sayre Syndrome

Kearn-Sayre Syndrome (KSS) is a chronic pro-
gressive external ophthalmoplegia (CPEO) plus
syndrome. Characteristic clinical features include
CPEO symptoms, progressive bilateral ophthal-
moparesis, and ptosis plus pigmentary retinopa-
thy under the age of 20 years and cardiac
conduction block. CSF protein concentration
elevation or cerebral ataxia, deafness, small stat-
ures are also manifested [39]. The prevalence of
KSS is estimated to be 1-3 per 100,000 based on
population study [40].

KSS is sporadic in 90% of cases and associ-
ated with large-scale mitochondrial DNA. KSS
clinical feature is much broader and requires a
multidisciplinary approach to diagnose appropri-
ately. The salt-and-pepper retinopathy is most
prominent in the posterior pole or peripapillary
rather than mid-peripheral retina. Pigmentary
change shows mottled appearance more fre-
quently than bony spicule [40]. RPE atrophy,
revealing underlying choroidal vessel, is called
“choroidal sclerosis.” Histopathologic studies
suggest that RPE dysfunction is the causative
mechanism for retinal degeneration.
Electroretinography abnormality is usually mild
compared to RP. Visual symptom presents in
about 50% of patients and this is also rather mild.

5.5.2 Mitochondrial
Encephalomyopathy, Lactic
Acidosis, and Stroke-Like
Episodes

Mitochondrial ~ Encephalomyopathy, Lactic
Acidosis, and Stroke-Like Episodes (MELAS) is
a multisystem disorder with protean manifesta-
tions. Majority of affected individuals (65-76%)
present at or before age of 20 years. MELAS is
suggested to be the most common maternally
inherited mitochondrial disorder with a minimum
prevalence of 0.18/100,000 in Japan [41].
Common clinical manifestations include stroke-
like episodes, encephalopathy with seizures and/
or dementia, muscle weakness and exercise intol-
erance, normal early psychomotor development,
recurrent headaches, recurrent vomiting, hearing
impairment, peripheral neuropathy, learning dis-
ability, and short stature. Pigmentary retinopathy
is observed in about 25% of affected patients
[39]. Lactic acidosis both in blood and CSF is
very common. Muscle biopsy and modified
Gomori stain shows “ragged red fibers.” This
presents mitochondrial proliferation below the
plasma membrane.

The diagnosis is established when it fulfills
certain clinical diagnosis criteria and finds patho-
genic variants in mitochondrial gene testing.
m.3243A>G pathogenic variant in MT-TLI is
present in about 80% of patients. m.3271T>C and
m.3252A>G in MT-TL1 and m.13513G>A in
MT-ND5 follows in less than 10% proportions.
And other genes are reported rarely. Heteroplasmy
in mitochondrial disorders results in varying tis-
sue distribution that pathogenic variant is possibly
not detected in leukocytes. In such a case genetic
testing should be performed in other tissues [42].
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Abstract

Leber congenital amaurosis/early-onset severe
retinal dystrophy (LCA/EOSRD) is a geneti-
cally and phenotypically heterogeneous group
of inherited retinal diseases with widely over-
lapping features. Herein we present in a com-
prehensive and concise manner the clinical
features, molecular genetics, treatment prin-
ciples, novel treatment methods, and retinal
imaging findings of LCA/EOSRD, emphasiz-
ing in some of the most common genotypes:
GUCY2D, CEP290, CRB1, RDHI12, RPEG6S,
TULPI, AIPLI, and NMNATI.
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6.1 Introduction

Leber congenital amaurosis (LCA) and early-
onset severe retinal dystrophy (EOSRD) are a
group of both phenotypically and genetically het-
erogeneous inherited retinal diseases, character-
ized by severe congenital/early-onset visual loss,
nystagmus, and amaurotic pupils, leading into
blindness and lifelong morbidity for the patients.
Below we present the clinical features, molecular
genetics, treatment principles, novel treatment
methods, and retinal imaging findings of LCA/
EOSRD, and we further emphasize in selected
genotypes: GUCY2D, CEP290, CRBI, RDHI2,
RPE65, TULPI, AIPLI, and NMNATI.

6.2 Clinical Features

6.2.1 Signs and Symptoms

Clinical presentation of LCA/EOSRD includes
severe congenital/early infancy visual loss,
amaurotic pupils, nystagmus and a markedly
abnormal or undetectable full-field electroretino-
gram (ERG) [1]. LCA is characterized by roving
eye movements or nystagmus, poor pupillary
light responses, oculodigital sign (poking, rub-
bing, and/or pressing of the eyes), undetectable
or severely abnormal full-field electroretinogram
(ERG), and severe visual impairment from birth
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or the first few months of life. EOSRD is charac-
terized by the onset of visual impairment typi-
cally after infancy but before 5 years old, with
minimal full-field ERG preservation and variably
preserved visual acuity.

Patients with LCA/EOSRD usually present
with the non-syndromic disease, with confined
ocular manifestations, signs, and symptoms.
However, some affected infants may at an older
age, develop manifestations from other systems,
particularly renal disease, including IQCBI-,
IFT140-, and CEP290-associated LCA, which
can lead to syndromic disease, including Joubert
syndrome and Senior-Loken syndrome, with
nephronophthisis and the subsequent develop-
ment of end-stage renal disease.

6.2.2 Fundus Findings

The fundus in LCA/EOSRD can appear normal
at presentation [2] or show a variety of retinal
abnormalities, including pigmentary retinopathy,
white deposits at the level of the retinal pigment
epithelium [3], vascular attenuation, or pseudo
papilledema and macular atrophy. Those with a
normal fundus appearance at birth usually
develop pigmentary retinopathy, optic disc pal-
lor, and vascular attenuation with time. Other late
changes include optic disc drusen, keratoconus,
and lens opacities.

6.3  Retinal Imaging

Multimodal retinal imaging can facilitate diagno-
sis and monitor disease progression, as well as
being a useful tool for the identification of end-
points in the ongoing and anticipated therapeutic
trials.

Optical coherence tomography (OCT) can be
used to investigate the retinal structure in LCA/
EOSRD and monitor disease progression.
Depending on the genotype, patients can have
relatively preserved outer retinal structure on
OCT (even into late adulthood), although foveal
cone outer segment abnormalities and foveal
cone loss can be common early in life. Fundus

autofluorescence (FAF) findings are variable;
normal, reduced AF, central foveal hyperautoflu-
orescence, and/or a perimacular ring of increased
AF has been reported. Specific imaging findings
for selected genotypes are presented later in the
chapter.

6.4  Molecular Genetics

LCA/EOSRD is typically inherited in an autoso-
mal recessive manner. Rarely heterozygous
pathogenic variants in CRX, OTX2, or IMPDHI1,
can lead to autosomal dominant LCA/EOSRD. In
total, the reported LCA/EOSRD-associated
genes (n=25) account for approximately 70-80%
of cases [4, 5], with more genes yet to be identi-
fied. These genes encode proteins with a diverse
range of retinal functions, including photorecep-
tor development/integrity, the visual cycle and
phototransduction [1]. The most common caus-
ative genes are CEP290 [6], GUCY2D [2], CRBI
[7], and RPEG6S [4, 5, 8].

Molecular genetic testing is crucial for accu-
rate diagnosis and for access to current or antici-
pated treatments or participation in clinical trials.
Gene-targeted testing, typically done using mul-
tigene panel tests, requires prior characterization
of the causative gene as a “retinal dystrophy
gene.” Genomic testing (whole genome sequenc-
ing) enables the clinician to explore genes not
previously known to be associated with retinal
dystrophy and/or identification of complex
genetic alterations [9].

6.5 Treatment Principles

6.5.1 Symptomatic Management

Management of most forms of LCA/EOSRD is
symptomatic. The rate of visual loss varies, with
some genes associated with faster progression.
Affected children benefit from correction of
refractive error, use of low vision aids when pos-
sible, and optimal access to educational and
work-related opportunities. Infants with severe
visual impairment may also have delays or diffi-
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culties with speech, social skills, and behaviour,
highlighting the importance of a multi-specialist
approach.

6.5.2 Novel Treatment Methods

It is of paramount importance to molecularly
characterize LCA/EOSRD patients in order to
facilitate access to, and potential benefit from, the
ongoing advances in the field. The first FDA- and
EMA-approved gene therapy is available for
LCA/EOSRD-associated with RPE65 [10, 11],
and there are multiple other trials underway for
LCA/EOSRD and other inherited retinal dis-
eases. Following successful gene supplementa-
tion therapy in experimental models of AIPLI-,
RDHI2-, GUCY2D-, and RPGRIP-associated
LCA, clinical trials in these subsets of LCA are
either ongoing or likely in the future. A different
gene therapy technique utilizing antisense
oligonucleotide-mediated exon skipping to abro-
gate the disease-causing variant is also showing
promise [12]. A phase 3 clinical trial investigat-
ing the safety and efficacy of intravitreal injec-
tions of this type of therapy for CEP290-associated
LCA is ongoing.

6.6  Specific Causes of LCA/

EOSRD

GUCY2D, CEP290, CRBI1, RDHI12, and RPE65
are the most common causes of LCA/EOSRD,
and they are presented below, together with
TULPI, AIPLI, and NMNATI due to distinctive
findings, in greater detail.

6.6.1 GUCY2D-LCA/EOSRD

Patients with GUCY2D-LCA/EOSRD (OMIM
600179) often have relatively normal fundi, in
contrast to most other LCA/EOSRD genotypes
[2]. GUCY2D encodes retinal guanylate cyclase-1
(RetGC1), which plays an important role in pho-
toreceptor recovery following phototransduction,
thereby disease-causing variants in GUCY2D and

subsequent RetGCl1 deficiency result in the bio-
chemical equivalent of chronic light exposure
[1]. There can be relatively preserved outer reti-
nal structure on OCT in many patients (even into
late adulthood, Fig. 6.1a), although foveal cone
outer segment abnormalities and foveal cone loss
have been observed [2, 13]. FAF findings are
variable; normal, central foveal hyperautofluo-
rescence, and/or a perimacular ring of increased
AF have been reported (Fig. 6.1a) [2]. A phase
1/2 gene therapy trial (NCT03920007) is ongo-
ing for subretinal administration of SAR439483.

6.6.2 CEP290-LCA/EOSRD

CEP290 is localized to the connecting cilia of
photoreceptors and the centromeres. OCT studies
of CEP290-LCA/EOSRD (OMIM 610142) have
shown that despite profound cone dysfunction,
the foveal architecture is structurally preserved
until the fourth decade of life in some patients;
although with abnormal inner and outer seg-
ments, in contrast to the early loss of rod photore-
ceptors [6, 13]. FAF imaging reveals a perifoveal
hyperautofluorescent ring in most patients
(Fig. 6.1b), and areas of decreased signal in older
patients (pigmentary retinopathy) [6]. Phase 1/2
(AGN-151587 (EDIT-101), NCT03872479) and
Phase 2/3 (sepofarsen (QR-110), NCT03913143)
antisense oligonucleotide-mediated exon skip-
ping, gene therapy trials are ongoing for patients
with compound heterozygous or homozygous
intron 26 ¢.2991+1655A>G CEP290 variant.
That specific intronic variant is the most common
disease-causing variant, having been identified in
at least one allele in 58-77% of CEP290-LCA
patients [6, 14].

6.6.3 CRB1-LCA/EOSRD

CRBI is a major component of the outer limiting
membrane and co-localizes with the zonula adhe-
rens, and likely has a role in retinal development
[1]. CRBI-associated disease (OMIM 604210)
has nummular pigmentation, maculopathy, rela-
tive preservation of para-arteriolar RPE, intrareti-
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GUCY2D

Fig. 6.1 Retinal imaging of GUCY2D, CEP290, and
CRBI—Leber congenital amaurosis/early-onset severe
retinal dystrophy (LCA/EOSRD). (a—¢) Fundus autofluo-
rescence (FAF) imaging with corresponding horizontal
trans-foveal optical coherence tomography (OCT). (a)
GUCY2D-LCA/EOSRD; relatively preserved outer reti-
nal structure on OCT and normal-appearing FAF. (b)

nal cystoid spaces, with retinal thickening and
loss of lamination on OCT (Fig. 6.1c) [15]. Not
all findings are present in all patients. Altered
retinal lamination with increased RNFL thick-
ness; is a rather unique finding for CRBI com-
pared to other LCA/EOSRD genotypes [16].
CRBI variants can be associated with a range of
phenotypes and corresponding retinal imaging
findings, including retinitis pigmentosa [17],
Coats-like vasculopathy, and maculopathy [18].

6.6.4 RDH12-LCA/EOSRD

RDH]I?2 is a photoreceptor retinoid metabolism
protein. RDH]I2-associated disease (OMIM
608830), which gives rise to an EOSRD pheno-
type, is characterized by early-dense intraretinal
pigment migration and maculopathy [19]. OCT
reveals severe loss of structure, often from 10
years of age [20]. Macular atrophy is a universal
finding on FAF (centrally decreased signal), and
with disease progression, the area of atrophy
extends peripherally in a variegated watercolour-

oy e ?

CRB1

CEP290-LCA/EOSRD; preserved foveal architecture on
OCT, despite the profound functional loss, and FAF imag-
ing with a perifoveal hyperautofluorescent ring. (¢) CRB1-
LCA/EOSRD; nummular pigmentation, maculopathy,
relative preservation of para-arteriolar RPE on FAF, and
intraretinal cystoid spaces on OCT

like pattern (Fig. 6.2a), which usually corre-
sponds to the retinal vasculature [20]. Recently
the phenotypic spectrum of RDHI2 has been
extended to include later onset and milder pheno-
types [21, 22]. Similar to the successful treatment
of RPE65-LCA/EOSRD, another retinoid metab-
olism protein, RDH2-associated disease, is a
potential target for gene therapy which is being
actively investigated [23].

6.6.5 RPE65-LCA/EOSRD

As mentioned above RPE6S is a retinoid cycle
protein. RPE65-deficiency (OMIM 180069) is
associated with reduced or absent AF on FAF
imaging, suggesting low or absent levels of lipo-
fuscin in the RPE (Fig. 6.2b) [3, 24]. OCT studies
have demonstrated relatively normal retinal
thickness in some patients, with more commonly
a central macular area of the relatively preserved
retina with a surrounding ring of thinning or
more widespread retinal loss (Fig. 6.2b) [3, 25].
There is an FDA- and EMA-approved gene ther-
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Fig. 6.2 Retinal imaging of RDHI2, RPEG65 and

NMNATI—Leber  congenital — amaurosis/early-onset
severe retinal dystrophy (LCA/EOSRD). (a) RDHI2-
LCA/EOSRD; FAF shows a centrally decreased signal
with atrophy extending peripherally in a variegated
watercolour-like fashion. OCT shows severe loss of struc-

apy for RPE65-EOSRD (Luxturna (Voretigene
neparvovec-rzyl), Spark Therapeutics), and
ongoing Phasel/2 trials for other vectors
(NCT02946879, AAV2/5 - OPTIRPEGS).

6.6.6 TULP1,AIPL1,
and NMINAT1-LCA

TULPI (OMIM 602280), AIPLI (OMIM
604323) and NMNATI (OMIM 608700) are
uncommon genetic causes of LCA and are clini-
cally characterized by early maculopathy.

TULPI is expressed exclusively in the retina
and is involved in protein trafficking, including
the transport of rhodopsin [26]. A perifoveal ring
of increased signal on FAF, and a thinned retina,
with photoreceptor loss on OCT are common
findings. A salt-and-pepper retinopathy with
midperipheral RPE atrophy can develop with age
[27].

NMNATI encodes nicotinamide mononucleo-
tide adenylyltransferase 1, and participates in
coenzyme NAD biosynthesis, which is neuropro-
tective [28]. NMNATI maculopathy typically is

ture and macular atrophy. (b) RPE65-EOSRD; the
reduced signal on FAF imaging and OCT showing the
preserved structure at the central macula. (¢) NMNATI-
LCA; near-infrared imaging and corresponding OCT
scan, of a patient with severe and extensive maculopathy

severe, early-onset and extensive (Fig. 6.2c), with
pigment clumping (including nummular pigmen-
tation), both visible on FAF and OCT [29].
Similar to RDH12, the phenotypic spectrum of
NMNATI has been extended to the later onset
and a milder phenotype [28].

In AIPLI-L.CA no patient is identified in the
literature with residual outer retinal structure
beyond the age of 4 years [13, 30]. AIPLI encodes
Aryl-hydrocarbon-interacting-protein-like 1—a
photoreceptor-specific co-chaperone that inter-
acts specifically with the molecular chaperone
HSP90 and modulates the stability of and assem-
bly of the HSP90 with retinal cGMP phosphodi-
esterase [31]. A compassionate use gene therapy
study is ongoing for AIPLI-LCA.

6.7 Concluding Remarks

and Future Prospects

Advances in molecular genetic techniques have
greatly simplified molecular diagnosis. Similarly,
advances in retinal imaging and retinal function
testing have improved knowledge of disease nat-
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ural history, which is key to identifying treatment
effects in clinical trials of novel therapies. The
ongoing challenge, which is becoming increas-
ingly explored in clinical trials, is to develop
novel therapies that will improve function and/or
slow degeneration.Financial DisclosuresThe
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Congenital Stationary Night

Blindness

Bum-Joo Cho

7.1  Introduction

Congenital stationary night blindness (CSNB) is
a disease group including congenital non-
progressive retinal disorders characterized by
reduced night vision and impaired dark adapta-
tion [1]. This disease group is quite rare, and the
prevalence of CSNB has been estimated at 0.34
per 100,000 in Northern Europe [2]. The preva-
lence might have been underestimated because
night blindness symptom decreases due to the
expansion of night lighting in urban cities, and
night vision is not routinely measured [1]. Like
the name of the disease, night blindness is typical
which is generally not progressing [3]. Other
associated abnormalities are color vision defect,
nystagmus, photophobia, strabismus, refractive
error, and fundus abnormality [4, 5]. Clinical pre-
sentation may appear differently depending on
the causative gene.

CSNB is associated with genetic abnormalities
in several steps of the intraretinal visual pathway,
involving signal processing of photoreceptors,
retinoid recycling of retinal pigment epithelium
(RPE), or signal transmission of retinal bipolar
cells [1]. In the past, the classification of CSNB
mainly relied on clinical features and electroreti-
nography (ERG) findings. Recent advances in
genetics have provided an advanced understand-
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ing of the causative genes of CSNB and their
pathogenesis [6]. In addition to 17 genes reported
for CSNB by 2015 [1], four genes were newly
identified for autosomal recessive CSNB [7].

CSNB with Normal Fundus
Appearance

7.2

CSNB with a normal fundus appearance is more
common than CSNB with an abnormal fundus.
This group can be divided into three subtypes
according to the full-field ERG findings: the
complete form of Schubert—-Bornschein type, the
incomplete form of Schubert—-Bornschein type,
and Riggs type [8]. Miyake et al. subdivided the
Schubert-Bornschein type according to the
results of electrophysiologic tests, dark adapta-
tion curve, and refractive error into a complete
form and an incomplete form [9].

7.2.1 Schubert-Bornschein Type

CSNB, Complete Form

Schubert—-Bornschein type CSNB is the most
commonly reported type of CSNB [1] and is
caused by ON- or both ON- and OFF-bipolar cell
pathway dysfunction [10]. The typical ERG find-
ing shows a normal or minimally reduced scoto-
pic ERG a-wave and a severely reduced b-wave,
thus giving an electronegative waveform [11].
This ERG pattern means abnormalities in the

n7
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signaling process from the photoreceptor cell to
the bipolar cell. Of Schubert—Bornschein type
CSNB, the complete form (cCSNB) is caused by
ON-bipolar cell dysfunction, while the OFF-
bipolar cell function is preserved [10]

7.2.1.1 Clinical Presentation

In ¢cCSNB, night vision is significantly reduced
in nearly all patients [12], and day vision is also
moderately reduced [13]. The patients with
cCSNB are mostly myopic, showing a mean
refractive error of —7.4 D in a Dutch study [13].
No significant difference is reported for refrac-
tive error and visual acuity between different
cCSNB genotypes [13]. Nystagmus and strabis-
mus are frequent [13], and nystagmus may
decrease over time [1]. Color vision defects may
occur in 14% of the patients [13]. However,
visual field is usually within normal limits [13].

7.2.1.2 Electrophysiology

In dark-adapted (DA) 0.01 ERG, the ERG
response completely disappears, and in DA 3.0
ERG, the a-wave is normal or minimally subnor-
mal, but the b-wave is severely reduced or lost
[9]. This implies that the rod response does not
appear, and the cone response is greatly reduced.
The oscillatory potential usually does not appear,
suggesting an abnormality in the retinal middle
layer [9]. The ERG of S-cone cells, which has
connections only to the ON-bipolar cells, also
appears markedly abnormal [14, 15].

7.2.1.3 Genetics and Pathogenesis

The main associated genes for cCSNB include
NYX, TRPM1, GRM6, GPR179, and LRIT3 [1,
13]. NYX gene is located on the X chromosome
(Xpl1.4), so the mutation of NYX gene usually
results in an X-linked recessive inheritance pat-
tern [16]. GRM6, TRPM1, GPR179, and LRIT3
genes are related to the proteins present in the
dendrite of ON-bipolar cells and associated with
the autosomal recessive inheritance pattern [17—
20]. Specifically, the TRPM1 (the transient recep-
tor potential cation channel, subfamily M,
member 1) encodes a receptor potential cation
channel in ON-bipolar cells [21], and its muta-
tion is reported to cause CSNB in Japanese and

Korean patients [10, 22]. Histopathological stud-
ies also suggested that the abnormality of
Schubert-Bornschein type CSNB is in the bipo-
lar cell layer of the retina [23].

7.2.2 Schubert-Bornschein Type
CSNB, Incomplete Form

The incomplete form CSNB (icCSNB) is a sub-
type of Schubert—Bornschein CSNB, which has
an abnormality in both the ON- and OFF-bipolar
cell pathways [1].

7.2.2.1 Clinical Presentation

In icCSNB, night vision problem is relatively less
prevalent (54%) compared to cCSNB [13], and
the subjective discomfort was also much lower
[12]. Nevertheless, these patients had nystagmus
(66%) and strabismus (38%) quite frequently
[13]. Day vision of the patients was much worse
(logMAR, 0.52) than that of cCSNB patients
(logMAR 0.30) [13]. icCSNB showed less myo-
pic refractive error (—4.8D), having 22% of
hyperopic patients [13]. Color vision defect is
also quite frequent (47%), but visual fields are
normal [13]. The clinical presentation of icCSNB
appears variable especially when associated with
the CACNAIF mutation [24]. Fundus appear-
ance is usually normal, the thinning of the gan-
glion cell layer, inner plexiform layer, inner
nuclear layer, and RPE/photoreceptor outer seg-
ment complex may be observed in the nasal area
to the fovea [25].

7.2.2.2 Electrophysiology

Unlike the ERG of cCSNB, the response to the
scotopic dim flash ERG, or DA 0.01 ERG, is
decreased, but not completely diminished
(“incomplete”) [9]. In the scotopic bright flash
ERG, or DA 3.0 ERG, the a-wave appears nearly
normal, but the b-wave is significantly reduced,
giving an electronegative waveform [9]. The nor-
mal a-wave may imply normal rod phototrans-
duction [1]. On the other hand, the LA 3.0 ERG
is significantly reduced, with a much decreased
b/a ratio [1]. The LA 3.0 flicker is markedly
delayed having a bifid peak [1].



7 Congenital Stationary Night Blindness

119

7.2.2.3 Genetics and Pathogenesis

The most common genetic cause is the mutation
in CACNAIF, which shows an X-linked reces-
sive inheritance [1, 25, 26]. The CACNAIF
encodes a calcium-channel al-subunit gene in
Xpl1.23 [26]. In a patient having frameshift
mutation in CACNALF, the synapses in the outer
nuclear layer were abnormal [27]. Thus far, the
associated genes with icCSNB are known to
affect the presynaptic proteins, thus disturbing
both ON- and OFF-bipolar cell pathways [1]. In
addition, the mutations in CABP4 and
CACNA2D4 may present icCSNB with an auto-
somal recessive inheritance pattern [13, 28, 29].
Most of the patients having CABP4 mutation
presented hyperopia [13, 30].

7.2.3 Riggs Type CSNB

The Riggs-type CSNB is known to be caused by
the dysfunction of the phototransduction of the
rod cells [7].

7.2.3.1 Clinical Presentation

As in the first-reported family having Riggs type
of CSNB in 1838, the patients usually have a nor-
mal visual function other than decreased night
vision [31]. The symptoms include mild night
blindness, but no high myopia or nystagmus, and
normal day vision [1, 32]. Visual fields and color
vision are also within normal limits [1]. Fundus
appearance is also normal [32].

7.2.3.2 Electrophysiology

The ERG of Riggs type shows a scotopic a-wave
reduction and preserved photopic responses [,
10]. The DA 0.01 ERG is usually undetectable
implying severe rod cell dysfunction [8]. The
amplitude of a-wave in DA 3.0 ERG is also sig-
nificantly reduced, which means rod cell dys-
function [33]. The significantly reduced a-wave
is a distinguished feature from Schubert—
Bornschein type CSNB [8]. In DA 3.0 ERG, the
b/a ratio may be also reduced, but the electroneg-
ative ERG may sometimes occur [1]. On the
other hand, dark-adapted cone cell function is
preserved or slightly reduced [1, 32]. The scoto-

pic red flash ERG also shows a preserved x-wave
showing a normal cone function [8].

7.2.3.3 Genetics and Pathogenesis

The implicated genes in Riggs type CSNB
include RHO, GNAT1 (G protein subunit alpha
transducin 1), and PDE6B (cGMP-
phosphodiesterase) of the rod cells [8]. These
genes are believed to be involved in the photo-
transduction process of rod cells, and the muta-
tion may cause the rod cells to act as if they were
exposed to a constant background light [1]. The
Nougaret family had their mutation in p.
Gly38Asp mutation in GNAT1 [34], and the
Danish Rambusch family also showed a p.
GIn200Glu mutation in the GNAT1 gene [35].
The GNAT1 mutation usually presents an autoso-
mal recessive inheritance or autosomal dominant
pattern [1, 36]. A heterozygous missense muta-
tion in cGMP-phosphodiesterase, p.His258Asn,
was also reported in autosomal dominant CSNB
[37], and the truncating mutation in PDE6B was
reported in a Riggs-type of CSNB [38]. The auto-
somal dominant inheritance pattern usually pres-
ents with the mutation in the RHO (rhodopsin)
gene, such as Ala292Glu or Thr94lle [39, 40].
The Gly90Asp mutation in RHO may also induce
a CSNB with the fundus appearance of bony
spicules [41].

7.3  CSNB with Abnormal Fundus
Appearance
7.3.1 Oguchi Disease

Oguchi disease is a very rare type of CSNB hav-
ing characteristic golden sheen fundus with nor-
mal visual acuity and visual fields [8].

7.3.1.1 Clinical Presentation

Patients with Oguchi disease complain of con-
genital night blindness, but visual acuity, color
vision, and visual field are usually normal [8].
The fundus was discolored to a peculiar gold or
gray-yellowish color and was accompanied by a
metallic luster [42]. The golden sheen may
change depending on the intensity or angle of
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incident light during examination [43]. After pro-
longed dark adaptation, the golden sheen recov-
ers to normal, showing time differences between
areas of the retina [44]. The recovery of the
golden color of the fundus was named as “Mizuo—
Nakamura phenomenon” or just “Mizuo phe-
nomenon” [43, 44]. When exposed to light again,
the retina slowly reverts back to its original gold
color [44]. In the optical coherence tomography
(OCT), the length of the rod cell outer segment is
shortened in the light adaptation state and recov-
ers after prolonged dark adaptation, which may
explain the restoration of fundus discoloration
[45, 46]. Oguchi’s disease generally does not
progress but may progress with photoreceptor
degeneration [1].

7.3.1.2 Electrophysiology

The scotopic ERG response after 20 min of dark
adaptation is similar to those of Riggs-type of
CSNB, fundus albipunctatus and vitamin A defi-
ciency showing severe and selective rod photore-
ceptor dysfunction [1]. DA 0.01 ERG response
does not appear [47], and DA 3.0 ERG shows a
significantly reduced a-wave and a decreased b/a
ratio having a shortened b-wave peak time [8].
An electronegative waveform may appear, but the
dark-adapted cone response is not affected [47].
The light-adapted ERG responses are normal for
both ON- and OFF-responses [8, 48]. The appear-
ance of cone-rod break point on the dark adapta-
tion curve is delayed [49].

After prolonged dark adaptation, the rod cell
function recovers, and the ERG response to a
single flash show normalized a- and b-waves
[50]. However, after that, the scotopic ERG
responses turn to be abnormal and need another
prolonged dark adaptation to be normalized [50].

7.3.1.3 Genetics and Pathogenesis

The implicated genes in Oguchi disease include
SAG and GRKI1 [51-54]. The GRK1 (G protein-
coupled receptor kinase) and the SAG (arrestin)
genes are associated with the deactivation pro-
cess of the phototransduction cascade, and the
continued activation of the phototransduction

gives rise to the abnormal desensitization of the
rod cells [1, 55]. Oguchi disease shows an auto-
somal recessive inheritance pattern [1].

7.3.2 Fundus Albipunctatus

Fundus albipunctatus is a subtype of CSNB
showing multiple yellow-white dots in the retina
with macular sparing [8].

7.3.2.1 Clinical Presentation

Patients with Fundus albipunctatus usually have
night blindness and delayed dark adaptation [1].
Visual acuity and color vision are generally nor-
mal [1]. Visual fields are usually normal in fun-
dus albipunctatus [56], but adult-onset central
visual loss may occur [57]. Fundus examination
reveals multiple small white or yellowish dots in
the posterior pole and mid-periphery, while the
macula is spared [58]. The characteristic dots are
densely distributed around the lateral vascular
arcades, but the number decreases toward the
periphery [1] There is usually no optic nerve pal-
lor, retinal vessel attenuation, or pigmentary bone
spicules [1]. The flecks in childhood may become
in the form of fine punctuate dots, may fade, and
may increase in number [59, 60]. Those white
dots are presumed to have 11-cis-retinal precur-
sors [61]. The fundus appearance may be similar
to retinitis punctata albescens, but the latter is
progressive and has a worse visual prognosis [1].
However, fundus albipunctatus may sometimes
progress with macular atrophy and cone dystro-
phy [62, 63].

The white dots may be hyperautofluorescent
in young patients but maybe iso- or hypoauto-
fluorescent in old patients [1, 57]. The back-
ground autofluorescence is severely reduced
implying the disruption of retinoid recycling
[61]. In the OCT, white dots appear as deep
hyperreflective lesions around the external limit-
ing membrane and the ellipsoid zone [57, 58]. In
adaptive optics, a lower macular cone density
with disrupted macular cone mosaic arrange-
ment is observed [64].
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7.3.2.2 Electrophysiology
In the ISCEV-standard DA 0.01 ERG, the a-wave
and b-wave are nearly diminished, resembling
the result of Riggs type CSNB or vitamin A defi-
ciency [65]. On the other hand, the scotopic red
flash ERG presents a preserved cone function [8].
The DA 3.0 ERG shows a reduced a-wave with or
without a decreased b/a ratio [57]. In less than
half of the patients, the b-wave of the light-
adapted cone ERG is decreased [66], but the
majority may show normal light-adapted ERG
responses [8, 65]. The delay of the LA flicker
ERG may be presented [1]. The abnormal rod
and cone ERGs may occur in childhood [67].
ISCEV-standard ERG cannot make a diagno-
sis alone because recovery should be demon-
strated after extended dark adaptation. After
prolonged dark adaptation, the rod cell response
recovers significantly or becomes normal [57]. It
usually takes several hours and varies from
patient to patient [65].

7.3.2.3 Genetics and Pathogenesis

Most of the patients have the mutation in the
RDHS5 (11-cis retinol dehydrogenase 5) gene
[65]. RDHS5 encodes retinol dehydrogenase,
which is responsible for converting 11-cis-retinol
to 11-cis-retinal in RPE [1]. RDHS is associated
with the recycling of rhodopsin in RPE, and its
dysfunction causes delayed rhodopsin regenera-
tion [68]. In most patients, the rhodopsin level
normalizes after prolonged dark adaptation,
which may require overnight time [1]. The RDHS5
mutation of fundus albipunctatus shows an auto-
somal recessive inheritance pattern [65, 69].
Some of non-Asian cases have not reported the
RDHS5 mutation [70, 71]. The association with
compound heterozygous mutation in RPE65 is
also reported, which induced a more severe form
of early-onset rod-cone dystrophy [67].
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Abstract

of exudative age-related macular degenera-
tion (AMD), choroidal neovascularization

Vitelliform macular dystrophy (VMD) is a
group of macular dystrophy characterized by
the subretinal accumulation of yellow yolk-
like materials, which predominantly affects
the macula. Best vitelliform macular dystro-
phy is among the most common autosomal
dominant (AD) retinal dystrophy caused by
mutations in the BESTI gene. Since first
identification of BEST gene in 1998, molec-
ular biology and pathophysiology of BEST]
gene and vitelliform macular dystrophy were
studied. Recent advances in genetic analysis
have described over 200 different human
BESTI mutations to date, associated with a
broad spectrum of ocular diseases, called
bestrophinopathy. However, the genotype-

(CNV), or central serous chorioretinopathy
(CSC). Here, in addition to describing the
clinical characteristics of VMD, this chapter
focuses on the clinical genetics of BESTI
gene in VMD.
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8.1 Introduction

phenotype correlation in VMD is largely
unexplored. Genetic test is clinically impor-
tant in the diagnosis of VMD because the
clinical features of VMD are similar to those
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Macular dystrophy is a group of heritable disor-
ders that cause ophthalmoscopically visible mac-
ular abnormalities. Vitelliform macular dystrophy
(VMD) is a group of macular dystrophy charac-
terized by the subretinal accumulation of yellow
yolk-like materials, which predominantly affects
the macula. Best vitelliform macular dystrophy
(BVMD) is named after Friedrich Best, who
described a family with a history of early-onset
macular degeneration in 1905 [1]. BVMD is
among the most common autosomal dominant
(AD) retinal dystrophy caused by mutations in
the BESTI gene. Since the first identification of
BESTI gene in 1998 [2], molecular biology and
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pathophysiology of BEST! gene in VMD have
been studied. Recent advances in genetic analysis
have described over 200 different human BEST/
mutations to date, associated with a broad spec-
trum of ocular diseases, called bestrophinopathy
[3, 4]. Bestrophinopathy includes five clinically
distinct categories: BVMD, adult-onset vitelli-
form macular dystrophy (AVMD), autosomal
recessive bestrophinopathy (ARB), autosomal
dominant vitreoretinochoroidopathy (ADVIRC),
and retinitis pigmentosa. AVMD was first
described by Gass in 1974, who initially termed
it peculiar foveomacular dystrophy [5]. AVMD is
one of the most common forms of macular dys-
trophy as well [6]. Many investigators suggested
that AVMD is a mild form of BVMD within the
same spectrum because the clinical features of
AVMD were similar to those of early-stage
BVMD, and the age of onset was highly variable
[7-9]. Clinically, BVMD is distinguished from
AVMD by an earlier age of onset, larger lesion
size, and an abnormal electrooculogram (EOG).
Clinical features of VMD are similar to those of
exudative age-related macular degeneration
(AMD), choroidal neovascularization (CNV), or
central serous chorioretinopathy (CSC). Thus, a
genetic test is clinically important in the diagno-
sis of VMD. Here, in addition to describing the
clinical characteristics of VMD, this chapter
focuses on the clinical genetics of the BESTI
gene in VMD (BVMD and AVMD).

8.2 Epidemiology and Asian

Perspective

VMD is an autosomal dominant macular dystro-
phy with an estimated prevalence of 1 in
10,000 in USA [10], 2/10,000 in Sweden [11],
1.5/100,000 in Denmark [12], and 1 in 16,500 to
1 in 21,000 in Olmsted County, Minnesota, USA
[13]. Males are more affected than females (3:1)
[11, 12]. Despite the update of novel mutations
of BESTI in Asian VMD patients, there was no
report of the prevalence of VMD in Asian coun-
tries. Thus, a study of the prevalence of VMD
with genetic analysis in Asian countries is
necessary.

8.3  Molecular Biology
The BESTI gene consists of 11 exons, including
non-coding exon 1, which encode the bestrophin-
1 protein (585 amino acids). The functional
bestrophin/UPF0187 domain is located at exon
2-9. Bestrophin-1 is a retinal pigment epithelium
(RPE) protein hypothesized to function as a Ca**-
activated CI” channel (CaCC), or a regulator of
ion transport [14]. Bestrophin-1 is predominantly
expressed in the basolateral membrane of the
RPE [15]. X-ray structure of chicken BEST1-Fab
complexes indicates that Bestrophin-1 forms a
homo-pentamer and functions as a CaCC [16].
Disease-causing mutations are prevalent within
the gating apparatus. In addition, Bestrophin-1
functions as a regulator of intracellular calcium
signaling and influences transepithelial electrical
properties [17]. Recently, patient stem cell-
derived RPE used for the function of bestrophin-1
reveals that bestrophin-1 assembles into a key
calcium-sensing chloride channel in human RPE
[18]. Further study using RPE cells from patient-
derived induced pluripotent stem cells (iPSc) har-
boring BEST mutations is required to elucidate
the exact functional role of bestrophin-1.
Recently, a novel perspective on the role of
BEST-1 mutation in the pathogenesis of BVMD
was reported by Gao et al. [19] In this study,
apoptotic markers caspase-3 and PARP expres-
sion were significantly increased in BESTI-
pcDNA3.1 p.S142G and p.A146T group. Also,
flow cytometry showed that the apoptosis rates
were significantly increased in the BESTI-
pcDNA3.1 p.V143F, p.S142G, and p.Al146T
group compared with the wild-type group, sug-
gesting that BEST1 mutations does not only
affect CaCC function but also may have a role in
apoptosis and degenerative changes of RPE.

8.4 Clinical Features

8.4.1 BVMD

BVMD is an early-onset autosomal dominant
disorder showing extremely variable penetrance
and expressivity. The diagnosis of BVMD shows
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a bimodal age distribution, the first maximum
peak was made during childhood, but the second
peak was made following puberty and extending
into the sixth decade of life [20]. Before the era
of genetic analysis, the diagnosis of BVMD was
based on typical fundus findings, family history,
and a decreased Arden ratio (light peak/dark
trough) of EOG with a normal electroretinogram
(ERG), which may contribute to the variability of
penetrance, expressivity, and onset age.

BVMD is caused by dysfunction of
Bestrophin-1 protein, a CaCC protein located on
the basolateral membrane of RPE, causes abnor-
mal fluid and ion exchange that decrease pump-
ing the fluid from the subretinal space, resulting
in swelling of RPE and subretinal lipofuscin
accumulation [21]. Histopathologically, autoflu-
orescent material was accumulated in the outer
retina and the subretinal space in BVMD, which
is considered as indigestible components of pho-
toreceptor outer segments that accumulate due to
the lack of direct apposition of the outer segments
and the RPE [22]. Eventual phagocytosis of these
older materials over time would load the RPE
cells and may account for excessive accumula-
tion of abnormal lipofuscin in RPE cells across
the entire fundus [23]. These findings coincide
with the decreased Arden ratio of EOG, less than
1.5, seen in BVMD, which suggest generalized
dysfunction of the RPE. Even otherwise, asymp-
tomatic carriers of BEST'] mutations will exhibit
an altered EOG [24]. Full-field ERG is generally
normal, but the multifocal ERG amplitudes of the
central and pericentral responses were signifi-
cantly reduced in the majority of patients [25].
However, the photoreceptor structure evaluated
by cellular imaging with adaptive optics scanning
light ophthalmoscopy was retained within active
BVMD lesions, even in apparently advanced dis-
ease [26, 27].

Five progressive stages can be defined based
on fundus examination [21, 28]. However, these
stages are not observed in all patients, nor do they
occur consecutively. The first previtelliform stage
is characterized by the absence of symptoms and
subtle RPE changes such as RPE mottling and a
small yellow spot. On optical coherence tomog-
raphy (OCT), RPE and ellipsoid zone (EZ) dis-

ruption was detectable in a small fraction of eyes
[29, 30]. A slight thickening of the interdigitation
zone was also observed [31]. EOG is abnormal,
and fluorescein angiogram (FA) shows window
defects. Visual acuity remains intact in most
patients. The previtelliform lesions are character-
ized by absence or only slight autofluorescence
on fundus autofluorescence (FAF) imaging.

The second vitelliform shows a well circum-
scribed, circular, homogeneous, yellow-opaque,
0.5 to 3-disc diameter sized, yolk-like macular
lesions. The remaining part of the fundus usually
has a normal appearance, but multifocal lesions
also can be seen. The accumulation of hyperre-
flective vitelliform material is clearly visible on
OCT below the neurosensory retina, located
between the EZ and the RPE. The disruption of
outer retinal layers and neurosensory retinal
detachment with subretinal fluid can be seen in
many cases [29, 30]. The yellowish subretinal
material is intensely hyperautofluorescent in FAF
imaging. FA shows marked hypofluorescence in
the zone covered by blockage of fluorescence.
Metamorphopsia, blurred vision and a decrease
of central vision can occur.

In the third pseudohypopyon stage, the vitel-
liform material accumulates inferiorly and devel-
ops a fluid level. On OCT, the upper part of the
lesion is observed as hyporeflective area located
between RPE and EZ, with clumping of hyper-
reflective material on the posterior retinal sur-
face. The lower part of the lesion, where the
vitelliform material is still accumulated, shows a
highly reflective area located in the subretinal
space. FA shows hypofluorescence in the lower
part resulting from the blockage by the vitelli-
form material. The superior part shows hyperflu-
orescent due to transmission defects linked to
RPE and chorioretinal atrophy in the early phase.
FAF shows a loss of autofluorescence, particu-
larly in the upper part.

The fourth vitelliruptive stage is characterized
by the partial reabsorption of the vitelliform
material. This vitelliform material becomes less
homogeneous to develop a ‘“scrambled-egg”
appearance. OCT shows an optically empty
lesion between EZ and RPE, with clumping of
hyperreflective material on the posterior retinal
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surface like the upper part of the pseudohypo-
pyon. The areas of focal RPE hypertrophy can be
observed as hyperreflective mottling on the RPE
layer on some parts. FAF shows decreased auto-
fluorescence centrally but increased autofluores-
cence at the outer border of the lesion.

In the last atrophic/fibrotic stage, RPE atrophy
and loss of central vision occur after rupture and
reabsorption of the cystic lesion. FA shows
hyperfluorescence without leakage. OCT reveals
thinning of all the retinal layers and diffuse dis-
appearance of outer retinal layers within the mac-
ular area, with highly hyperreflective thickening
at the RPE level [30, 32]. Atrophic lesions are
characterized by decreased autofluorescence on
FAF.

Choroidal neovascularization (CNV) may
develop and can lead to form a disciform scar.
Patients usually experience sudden visual distur-
bance with central scotoma and/or metamor-
phopsia, showing a macular hemorrhage on
fundus examination. In that case, FA shows
hyperfluorescence because of CNV and leakage.
Intravitreal anti-vascular endothelial growth
(VEGF) injection was effective in treating CNV
complicated with BVMD and safe even in chil-
dren [33-35].

Patients with BVMD undergo a progressive
decrease of vision over time. In a study that eval-
uated the course of visual decline of 53 patients
in BVMD with BESTI mutation [36], the median
age at the onset of visual symptoms was 33 years.
Twenty-five percent of patients retained visual
acuity of 20/40 or better at the age of 66 years.
Another study evaluated 47 patients with BVMD,
and 74% of patients older than 30 years old had a
visual acuity of 20/100 or worse in at least one
eye [37].

Along with the recent developments in multi-
modal imaging, many studies have demonstrated
some parameters that would account for the prog-
nosis of BVMD. Several studies demonstrated
that ellipsoid zone (EZ) status represents a valu-
able functional marker in VMD. While larger EZ
alterations resulted in worse BCVA, optically
preserved islet resulted in better BCVA [38-40].
In addition, outer nuclear layer (ONL) thickness

was negatively correlated with BCVA and the
stage progression of BVMD [40]. Interestingly,
Parodi et al. have identified intraretinal hyperre-
flective foci in OCT images of BVMD patients.
The number of these intraretinal lesions increased
as the stage of the disease progressed and was
negatively correlated with BCVA [41]. Although
the origin of these lesions is still unclear, histo-
pathologic studies suggest that these originate
from the RPE cells that have been detached from
Bruch’s membrane and have migrated into the
vitelliform material, eventually arriving into the
neurosensory retina [42]. By using polarization-
sensitive OCT, a novel imaging technique that
provides tissue-specific contrast, RPE cells were
found in the vitelliform material and the neuro-
sensory retina, which supplements the results
from previous studies [43].

OCT angiography (OCTA) also served to pro-
vide a novel insight into the pathophysiology and
prognosis of BVMD. In a cross-sectional case
series, OCTA revealed that superficial capillary
plexus (SCP) and deep capillary plexus (DCP)
were significantly impaired in stage 3-5 com-
pared to normal controls [44]. The foveal avascu-
lar zone (FAZ) at DCP was enlarged as stage
progressed. The vessel density of DCP was sig-
nificantly correlated with the patients’ stage and
BCVA. In another prospective case series, OCTA
detected non-exudative macular neovasculariza-
tion in 96% of patients in stages 4 and 5 [45].
Interestingly, these new vessels were not detected
by conventional FA and ICGA. Most macular
neovascularization with exudative manifestations
was seen in stages 2 and 3 and rarely in stages 4
and 5, which implies that new vessels arise in
early stages and tend to stabilize later on at the
end stages of the disease.

8.4.2 AVMD

Gass reported a 3-generation family and six spo-
radic patients characterized by one-third disc
diameter sized bilateral subfoveal vitelliform
lesions with onset between the ages of 30 and 50
years accompanied by slowly progressive visual
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loss as “peculiar foveomacular dystrophy” [5].
They also showed occasional paracentral drusen,
normal to slightly subnormal response on EOG
but normal ERG and color vision [5]. AVMD
shows a variable genetic inheritance, although
most cases are sporadic [46]. Patients with
AVMD may be asymptomatic but become symp-
tomatic in the fourth or fifth decade of life with
blurred vision, metamorphopsia or scotoma and
typically have a slow progression of vision loss
[47]. Patients with AVMD typically presents with
around, yellowish subretinal deposit in one-third
to one disc diameter size within the macular area,
similar fundus finding to the vitelliform stage of
BVMD.

The initial yellow lesion may present in only
one eye and appear as small yellow flecks in the
paracentral area. EOG shows a normal or slight
reduction in the Arden ratio, which is obviously
abnormal in BVMD. The macular lesion appears
as hyperautofluorescent in FAF. The vitelliform
deposit usually appears as initially hypofluores-
cent but gradually becomes hyperfluorescent on
the edges by staining of the dye in FA [48] and
appears hypofluorescent on indocyanine green
angiography (ICGA). OCT reveals a dome-
shaped hyperreflective lesion located between
the retina and RPE [49]. The foveal thinning and
EZ disruption are also observed and probably
explain the progressive visual loss [50, 51].

AVMD progression is characterized by frag-
mentation and reabsorption of the vitelliform
material [6]. Macular atrophy progressively
replaces the vitelliform deposits at the advanced
stages of the disease in most cases [51], but most
patients retain reading vision throughout life [52,
53]. CNV may be complicated in a few cases, six
out of 51 patients developed CNV after a 6-year
follow-up [54]. Anti-VEGEF therapies have shown
to be effective in the treatment of CNV associ-
ated with AVMD [55].

Recently, several AVMD studies based on
OCTA have been published. OCTA was more
sensitive in detecting CNV than conventional FA
in AVMD patients in pseudohypopyon stage [56].
In quantitative analysis, there was a significant
reduction of vessel density of SCP in parafoveal

and perifoveal zones. The vessel density of DCP
was higher in the parafoveal zone. The foveal
avascular zone area was larger in DCP, and cho-
riocapillaris vessel density was lower in the para-
foveal zone [57, 58].

8.5 Genetic Aspects

8.5.1 BVMD

Currently, only genetic test for mutation analysis
of the BESTI gene leads to confirmation of a
clinical diagnosis of BVMD. Note that Individuals
with clinical findings of BVMD occasionally
have a normal EOG, turning out to have a patho-
genic variant of BESTI [59]. In case of atypical
BVMD [3], genetic test for confirmation should
be performed. Over 300 BEST/ mutations with
significant clinical heterogeneity require a thor-
ough genetic analysis and clinical examinations
to a better understanding of genotype-phenotype
correlations in BVMD. Most mutations of BEST/
gene in BVMD and AVMD are missense muta-
tions. Table 8.1 shows a list of missense muta-
tions of BEST] gene in BVMD and AVMD.

Most genetic studies were performed in
Western countries, including USA, England,
Sweden, Denmark, Germany, Netherlands, Italy,
and France. BEST] mutations are extremely het-
erogenous, but several mutations have been fre-
quently found (Thr6Pro, Arg25Trp, Arg218Clys,
Tyr227Asn, Arg243Val, 1le295del, Gle300Asp,
Asp301Glu, and Asp302Asn). Interestingly,
these frequent mutations are ethnic specific
(44.4% of Asp302Asn in Danish [12] and 36.8%
of Arg25Trp in Italian [103]).

Currently, only limited reports are available in
Asian genetic studies of BEST1 from Chinese
[62, 68, 84, 86, 92, 97, 104, 105], Japanese [60,
100], and Korean [9]. The mutation spectrum of
the BESTI gene in Asian patients of BVMD is
different from those in Western patients [105].
Six novel missense mutations (Thr2Asn,
Leu75Phe, Ser144Asn, Arg255Trp, Pro297Thr,
and Asp301Gly) and one previously reported
mutation (Arg218Cys) were identified [62].
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Three novel mutations Tyr4lle [68], Ala291Val
[68], and Phell3Leu [92] in BVMD were
reported. Lin [97] reported two novel heterozy-
gous mutations 304delAsp and Trp229Gly, in
Chinese BVMD patients. Liu [84] reported four
previously reported mutations (Serl6Phe,
Serl44Asn, Glu292Lys, and.Glu300Lys) and
twonovel disease-causing mutations (Thr307Asp,
Argd7His) in  Chinese  patients  with
BVMD. Recently, 39 distinct disease-causing
BEST]1 variants, including 13 novel variants, and
two reported variants but novel for autosomal
recessive bestrophinopathy (ARB) were found in
a large Chinese cohort study (n = 92) [106]. Of
these 39 mutations, 23 were associated with
BVMD, 14 with ARB, and two (c.604C>T and
¢.898G>A) with both BVMD and AMD. Most
BVMD mutations were missense (97.78%),
while ARB was associated with more complex
mutations. Hot regions for mutation were located
in exon 2, 6, and 8 in BVMD patients and in
exons 5 and 7 in ARB patients.

In Japanese study [60], 22 patients, includ-
ing 16 probands from 16 families with BVMD
were analyzed. All 16 probands exhibited char-
acteristic BVMD fundus appearances, abnor-
mal EOG, and normal ERG responses with the
exception of one diabetic retinopathy proband.
Genetic analysis identified 12 BEST1 variants
in 13 probands (81%). Of these, ten variants
(Tyr2Arg, Arg25Trp, Phe80Leu, Val81Met,
Alal95Val, Arg218His, Gly222Glu, Val-
242Met, Asp304del, and GIlu306Asp) have
been previously reported in BVMD, while two
variants (Ser7Asn and Pro346His) were novel
disease-causing mutations.

In Korea, we reported a BVMD patient
(Fig. 8.1) carrying Asn296Lys mutation, which is
a causative mutation of multifocal BVMD in
German patient [74]. Arg218Leu is a novel
disease-causing mutation in BVMD (Fig. 8.2).
We also reported a genetically confirmed case of
ARB carrying Leu40Pro mutation in the BEST/
gene(Fig. 8.3). These findings expand the spec-
trum of BEST] genetic variation in Asia and will
be valuable for genetic counseling for patients
with BVMD [105].

BVMD shows variable expressivity and
incomplete penetrance at the clinical level
(Fig. 8.4). Disease-causing effect of BESTI
mutations seems to be cumulative over time [96].
In genotype-phenotype relationship of Dutch
study [73], median age of onset of visual symp-
toms was 33 years (range: 2—78). The cumulative
risk of VA below 0.5 (20/40) was 50% at 55 years
and 75% at 66 years. The cumulative risk of VA
declines less than 0.3 (20/63) was 50% by age 66
years and 75% by age 74 years. Most patients
(96%) had missense mutations; the Thr6Pro,
AlalOVal, and Tyr227Asn mutations were most
common. The visual decline was significantly
faster in patients with an Alal0Val mutation than
either the Thr6Pro or the Tyr227Asn mutation.

In the recent Chinese study, despite the typical
macular appearance of BVMD, no clear
genotype-phenotype correlation was observed
[105]. In the Asian BVMD cohort, genetic tests
should be performed for the diagnosis with thor-
ough clinical examinations to -elucidate a
genotype-phenotype correlation.

8.5.2 AVMD

In AVMD, several mutations in BESTI gene have
been identified, including p.Alal46Lys [107], p.
Thr6Pro, p.Argd7His, P.Ala243Val, and p.
Asp312Asn [75], and p.Jle38Ser [9]. Table 8.1
includes the list of missense mutations in AVMD. In
addition, AVMD is associated with mutations in
PRPH?2 [108], IMPG1 [109], IMPG2 [110].

Age of onset is a major criterion to distinguish
BVMD from AVMD [78]. Thus, systematic
screening of BESTI and PRPH?2 has been sug-
gested in BVMD and AVMD. BEST! screening
should be recommended to patients with an age
of onset less than 40 years, and PRPH?2 screening
should be recommended to patients with an age
of onset more than 40 years. For an onset between
30 and 40 years, PRPH?2 can be screened if no
mutation has been detected in BESTI. In this
screening approach, we found PRPH2 mutation
of p.Pro219_Pro221delinsPro in a 39-year-old
female without BEST mutation (Fig. 8.5).
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Fig. 8.1 Best vitelliform macular dystrophy (BVMD). A
32-year-old man carrying p.Asn296Lys mutation in the
BESTI gene was incidentally found on routine fundus
examination for a pilot license. The visual acuities (VA)
were 20/20 in both eyes. (a, f) Bilateral BVMD of vitel-
liruptive stage shows scattered yellow-white vitelliform
deposits. (b, g) Vertical optical coherent tomography
(OCT) shows serous retinal detachment and hyperreflec-

tive vitelliform materials at RPE in both eyes. (c, h)
Fluorescein angiography (FA) shows the late pooling of
fluorescein dye at the vitelliform lesion. (d, i) Fundus
autofluorescent (FAF) image of the vitelliruptive lesion
shows increased autofluorescence at the inferior part of
ruptured vitelliform lesions and at the border of the serous
retinal detachment. (e, j) Indocyanine green angiography
(ICGA) shows hypercyanescence in the left eye
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Fig. 8.2 Best vitelliform macular dystrophy (BVMD). A
39-year-old man carrying Arg218Leu mutation in the
BEST] gene had multiple injections of anti-VEGF agents
(10 for right eye and 5 for left eye) in both eyes. At initial
presentation, the vitelliform stage of right eye (a) reveals
a highly reflective subfoveal pillar without surrounding
SRF (b). Small round vitelliform lesion with central cica-
tricial change was found in the left eye (e). OCT reveals

marked RPE loss at the fovea (f). Six months later, FAF
shows dispersed materials with hyperautofluorescence
(¢), and OCT reveals the disappearance of the subfoveal
pillar with a progression to vitelliruptive stage (d) in the
right eye. FAF shows central hypoautofluorescence and
surrounding hyperfluorescent lesions. OCT reveals that
hypoautofluorescent lesion corresponds to the enlarged
RPE loss (h)



[e]

Vitelliform Macular Dystrophy

143

Fig. 8.3 Autosomal recessive bestrophinopathy (ARB).
A 52-year-old female visited our clinic with decreased
visual acuity of both eyes. Her visual acuity was 20/400 in
both eyes. On fundus examination, scar changes at fovea
were noted in right eye (a). Autofluorescence image
shows hypoautofluorescent fovea with hyperautofluores-
cent ring at perifovea (b) OCT exam reveals RPE atrophy
with mild subretinal fluid (¢). Similar changes were seen
in her left eye (d—f). She informed us that out of eight

8.6  Future Perspectives

for Therapy

The development of gene and cell therapies is
promising in various retinal diseases. Indeed,
the results of clinical trials using iPSC-derived
RPE cells in wet age-related macular degenera-
tion [111] or AAV/RPEG65 vectors in Leber’s
congenital amaurosis [112] were already
reported. Therapeutic intervention of inherited

siblings, her brother also had similar symptoms. Genetic
study confirmed the diagnosis of ARB carrying Leu40Pro
mutation in the BEST/ gene. Her brother was also exam-
ined at our clinic. His visual acuity was 20/125 in both
eyes. Fundus examination showed yellowish lesions at the
fovea with pigmentary change in his right eye (g).
Hypoautofluorescent lesions sparing the foveal center
were noted (h). OCT shows mild SRF (i). Similar changes
were seen in his left eye (j-1)

retinal dystrophy should be primarily aimed at
the restoration of normal gene (i.e., BESTI
gene in BVMD and AVMD). However, until a
decade ago, this therapeutic goal was ideal but
unachievable due to the lack of a proper bio-
technology. Recent advances in genome editing
technology using CRISPR system and gene
delivery system are promising and harness the
CRISPR-based genome editing for therapeutic
applications. Since its first therapeutic applica-
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Fig. 8.4 Best vitelliform macular dystrophy (BVMD). A
24-year-old man carrying Leul4Ser mutation in the
BEST] gene who had received multiple injections of anti-
VEGEF agents (4 for both eyes) and multiple photody-
namic therapies (3 for right eye and 2 for left eye) in both
eyes for the treatment of subfoveal choroidal neovascular-
ization visited our clinic for a regular check-up. 11 years
ago, the patient’s right eye was at vitelliform stage (a).
Time-domain OCT revealed highly reflective subfoveal
vitelliform material without SRF (b). After 11 years, scar
changes at fovea was noted (¢) with mild SRF surround-
ing foveal scar on spectral-domain OCT (D). Macular scar
with atrophic changes of RPE was confirmed as hypoau-

tions in retinal disease using wet AMD animal
models [113, 114], in vivo genome editing
using CRISPR-Cas9 enlarged its therapeutic
applications both in genetic diseases harboring

tofluorescent lesions on autofluorescence image, confirm-
ing stage 5 BVMD (e). The left eye of the patient also
showed vitelliform lesions on fundus photography 11
years ago (f). Time-domain OCT revealed highly reflec-
tive vitelliform material without SRF, confirming vitelli-
form stage of BVMD (g). 11 years later, the left eye
advanced to vitelliruptive stage (h), and spectral-domain
OCT showed an optically empty lesion between EZ and
RPE, with clumping of hyperreflective material on the
posterior retinal surface (i). Autofluorescence image
showed dispersed hyperautofluorescent lesions at perifo-

vea (j)

mutations [115, 116] and non-genetic degener-
ative diseases [113, 114, 117].

The conventional concept of gene therapy to
deliver a normal copy of BEST! gene into RPE
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Fig. 8.5 Adult-onset vitelliform macular dystrophy
(AVMD). A 39-year-old woman carrying Pro219_
Pro221delinsPro in PRPH?2 gene suffered from dysmor-

would be effective in the treatment of VMD of
haploinsufficiency phenotype, which is caused
by BESTI mutations that exclusively result in a
loss of sufficient wild-type protein. In a recent
report, Ji et al. have successfully restored Ca?*
dependent CI™ currents in patient-derived RPEs
with dominant mutations by WT BESTI gene
supplementation via adeno-associated virus
[118]. In addition, simple destruction of mutant
proteins at the DNA level is achievable by
genome editing of mutant BESTI allele using
CRISPR-Cas9.

Currently, many BEST! mutations cause
VMD through dominant-negative effect. In addi-
tion, in over 300 mutations of BESTI gene, a
large number of BEST] mutations are missense
mutations; thus, a precise base-editing using
base-editors enables literally complete recovery
of normal gene [119, 120]. According to the
recent advances in genome editing technology
using CRISPR system, in vivo genome editing
has emerged as a potential treatment strategy for
inherited retinal dystrophies [121].

There have been efforts to develop alternative
treatments to gene-specific therapies, given their
costs. A recent study has investigated whether
FDA-approved small molecules sodium phenyl-
butyrate (4PBA) and 2-naphthoxyacetic acid
(2-NOAA) would functionally rescue bestrophin
1 function in RPE generated from induced plu-
ripotent stem cells derived from BVMD patients
[122]. This study showed that these molecules,

145

phopsia of right eye. OCT reveals subfoveal vitelliform
lesion in the right eye (a) and left eye (b)

acting as a chemical chaperone to enhance pro-
tein folding in the endoplasmic reticulum, restore
the expression and function of mutant bestrophin
1 proteins.

8.7 Summary

VMD is among the most common autosomal
dominant macular dystrophy. Multimodal imag-
ing with SD-OCT, FAF, FA, and ICGA is useful
to the diagnosis of VMD. Genetic test is clini-
cally important in the diagnosis of VMD because
the clinical features of VMD can be similar to
those of exudative AMD, CNV, or CSC. Future
studies are needed to identify the prevalence of
precise genetic mutations of BESTI in Asian
VMD patients. This could provide a clear
genotype-phenotype correlation in VMD. In
vitro studies using RPE cells from patient-
derived iPSC help to understand the molecular
biology of bestrophin-1 protein. Furthermore,
in vivo genome editing using CRISPR-based
base-editors might be a potential treatment
strategy for the correction of missense muta-
tions in VMD.

All procedures followed were in accordance
with the ethical standards of the responsible com-
mittee on the institutional review board and with
the Helsinki Declaration of 1975, as revised in
2000. Informed consent was obtained from all
patients for being included in the study.
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Abstract

Stargardt disease 1 (STGD1; MIM 248200),
which is the most prevalent inherited macular
dystrophy, is an autosomal recessive condition
caused by pathogenic variants in the ABCA4
gene (ATP-binding cassette subfamily A
member 4; MIM 601691). Over the last two
decades, clinical and molecular genetic stud-
ies of STGD1/ABCA4 have been intensively
conducted worldwide and an understanding of
the pathophysiology promotes clinical thera-
peutic trials. In this review, we describe clini-
cal manifestations, genetic characteristics,
pathophysiology, and treatment approaches.
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9.1 Introduction

Stargardt macular dystrophy or Stargardt disease
(STGD1: OMIM; 248200), first described in
detail by Karl Bruno Stargardt of the University
of Strasbourg in 1909, is one of the most com-
mon macular dystrophies [1-7]. The prevalence
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of STGD1 has been estimated to be 10-12.5 per
100,000; however, scientific evidence for this is
lacking [3, 4, 8, 9].

Most cases present with central visual loss
(visual acuity decline or central scotoma), which
often begins within the first or second decades of
life [10, 11]. Patients typically show macular
atrophy with yellow-white flecks at the level of
the retinal pigment epithelium (RPE) of the pos-
terior pole on ophthalmoscopy (Fig. 9.1) [12—14].
However, there is vast heterogeneity in clinical
manifestations, resulting in a large spectrum of
clinical presentations, onset, progression, psy-
chophysical and electrophysiological findings,
and variable prognosis [10, 11, 14-53].

In the 1990s, the genetic locus responsible
was mapped to 1pl3 [54-56], and causative
mutations in the ABCA4 (ATP-binding cassette
subfamily A member 4: Online Mendelian

Inheritance in Man identifier; 601691) gene were
first reported by Allikmets et al. in patients with
autosomal recessive Stargardt macular dystrophy
[57, 58]. The carrier frequency for a disease-
associated ABCA4 variant may be as high as
1:20, and the true prevalence of retinopathy
caused by disease-causing ABCA4 variants is
likely much higher than that of STGD1 [8, 59].
The vast allelic heterogeneity of ABCA4 is illus-
trated clearly by the number of reported sequence
variations (>1200) in the ABCA4 gene [4,
60-74].

Clinical and molecular genetic investigations
of STGD1/ABCA4 have documented a highly
variable phenotype, including macular dystro-
phy, cone dystrophy, cone-rod dystrophy, and
“retinitis pigmentosa”. Currently, the term
“ABCA4-associated retinal disease” refers to the
broad range and variability of clinical manifesta-

Fig. 9.1 Typical findings of Stargardt macular dystrophy
(STGD1). Fundus photographs of the right eye showed
macular atrophy with yellow-white flecks at the level of
the retinal pigment epithelium (RPE). Fundus autofluores-
cence (FAF) imaging identified an area of decreased auto-

fluorescence (DAF) at the macula and multiple foci of
abnormal AF. Spectral-domain optical coherent tomogra-
phy (SD-OCT) demonstrated the thinned sensory retina
and RPE at the macula, with multiple hyperrefractive foci
corresponding to flecks
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tions of retinopathy due to pathogenic ABCA4
variants [10, 11, 17, 26, 64].

In general, knowledge of the underlying
pathophysiology of ABCA4-associated retinal
disease promotes ongoing and planned human
therapeutic trials [3, 75, 76]. We herein describe
clinical manifestations, genetic characteristics,
pathophysiology, and treatment approaches.

9.2  Clinical Presentations

Patients with ABCA4-associated retinal disease
commonly present with progressive central
vision loss, often in the first/second decades of
life, but though time of onset can vary [10, 11,
14, 20]. In addition, onset is associated with dis-
ease severity, whereby earlier-onset disease is
frequently related to more deleterious ABCA4
variants compared with adult-onset disease,
which is more frequently associated with mis-
sense variants [14, 26].

For the clinical diagnosis and monitoring of
ABCA4-associated retinal disease, comprehensive
investigations are crucial, including fundus pho-
tography, fundus autofluorescence (FAF) imaging,
spectral-domain optical coherence tomography
(SD-OCT), kinetic and static visual field testing,
microperimetry, adaptive optics imaging, and
electrophysiological findings (including pattern,
full-field, and multifocal -electroretinograms;
PERG, ffERG, mfERG), as recorded according to
the international standard of International Society
for Clinical Electrophysiology of Vision (ISCEV)
[77-81] (Figs.9.2,9.3,9.4 and 9.5, Tables 9.1, 9.2,
9.3,9.4,9.5 and 9.6) [3, 4]. Clinical classifications
are useful for assessing disease severity and are
associated with genotypic severity [10, 11, 13-15,
22,26, 31, 33, 40, 66].

At an early stage, ophthalmoscopy reveals
normal or minimal retinal changes, including
foveal reflex abnormality and RPE disturbance,
with or without vision loss [14, 20, 25]. Retinal
imaging with FAF, SD-OCT, and electrophysio-
logical assessment are useful for diagnosis [3, 14,
25, 36, 82]. Notably, paediatric patients with
ABCA4-associated retinal disease may not have
flecks on fundoscopy or FAF at the early stage

but may develop them in association with increas-
ing macular atrophy in the natural course
(Fig. 9.2) [14]. In the very early phase of
childhood-onset disease with relatively preserved
vision, macular atrophy involves the parafovea
with spared foveola and these changes are pre-
ceded by tiny, foveal, yellow, hyperautofluores-
cent dots in some cases [14, 20, 25].
Hyperreflectivity at the base of the outer nuclear
layer, described as “thickening of the external
limiting membrane”, may represent a structural
change at the level of the foveal cone nuclei [20].

The clinical and genetic features of ABCA4-
associated retinal disease with late onset have been
increasingly studied recently [26, 27, 83-86].
Patients with late-onset ABCA4-associated retinal
disease frequently show the foveal-sparing (FS)
phenotype (Fig. 9.5) [26, 84]. Additionally, patients
with ABCA4-associated retinal disease often main-
tain foveal structure/function associated with pre-
served visual acuity [26]. SD-OCT identifies outer
retinal tabulation at the edge of atrophy in approxi-
mately half of cases, suggesting primal damage of
the RPE/choroid in this phenotype [26]. In con-
trast, patients with primal “foveal atrophy” exhibit
the sensory retinal atrophy at the early stage [26].
The presence of two distinct phenotypes (non-FS
and FS ABCA4-associated retinal disease) suggests
more than one disease mechanism in ABCA4-
associated retinal disorder [26]. The different dis-
tribution of disease-causing ABCA4 variants
between these two phenotypes also supports this
hypothesis, with a relatively high proportion of
¢.5882G>A (p.Gly1961Glu) for the no-FS pheno-
type and a high proportion of c.6089G>A (p.
Arg2030GIn) for the FS phenotype [26].

FAF is a noninvasive imaging modality that
uses the autofluorescence properties of lipofuscin
and related fluorophores to provide valuable
information on the distribution of lipofuscin in
the RPE [11]. FAF subtypes have been character-
ized in a longitudinal cohort of 68 patients, as fol-
lows: type l—a decreased autofluorescence
(DAF) signal at the fovea surrounded by a homo-
geneous background; type 2—a localized DAF
signal at the macula surrounded by a
heterogeneous background with numerous foci
of abnormal signal; and type 3—multiple low
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Fundus grade 1

Fundus grade 2

Fundus grade 3a

Fundus grade 3b

Fundus grade 3c

Fundus grade 4

Fig. 9.2 Classification of fundus appearance in ABCA4-  associated retinal disorder. Detailed descriptions are pro-
associated retinal disorder. Fundus grading is performed  vided in Table 9.2 (Fujinami et al. Clinical and Molecular
based on the presence of macular atrophy, flecks, foveal — Characteristics of Childhood-Onset Stargardt Disease.
sparing, and peripheral atrophy in patients with ABCA4-  Ophthalmology 2015)
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Baseline (Age 9) Baseline (Age 9)

Baseline (Age 10)

Baseline (Age 10)

Baseline (Age 10)

e S

Baseline (Age 12)

Fig. 9.3 Development of macular atrophy and flecks in
childhood-onset ABCA4-associated retinal disorder. At
baseline, fundus photography showed normal or minimal
macular abnormalities with evidence of macular abnor-

signal areas at the posterior pole with a heteroge-
neous background (Fig. 9.4, Table 9.6) [11]. The
rate of atrophy enlargement (mm?*year) was sig-
nificantly different, at 0.06 in type 1, 0.67 in type
2, and 4.37 in type 3. Moreover, it was concluded
that the AF type at baseline influences atrophy
progression during the median follow-up of 9.1
years, which showed an association with geno-

Follow-up (Age 14) Follow-up (Age 14)

Follow-up (Age 16) Follow-up (Age 16)

Follow-up (Age 12)

Follow-up (Age 12)

Follow-up (Age 16) Follow-up (Age 16)

mality detected by FAF. Over the follow-up period,
remarkable macular atrophy and macular and/or periph-
eral flecks developed, which were more evident by both
fundus photography and FAF imaging

typic severity (Table 9.6) [11]. Consequently, a
prospective longitudinal study of children and
adults with ABCA4-associated retinal disease
(n = 90) was conducted [22]. The DAF area was
symmetric between eyes, and the mean rate of
progression was 0.69, 0.78, and 0.40 (0.36) mm?
year for children, adults with childhood-onset
disease, and adults with adult-onset disease,
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FAF type 1 (Baseline) to FAF Type 1 (Follow-up)

FAF type 1 (baseline) to FAF type 2 (follow-up)

FAF type 2 (baseline) to FAF type 2 (follow-up)

FAF type 2 (baseline) to FAF type 3 (follow-up)

FAF type 3 (baseline) to FAF type 3 (follow-up)

Fig. 9.4 Fundus autofluorescence (FAF) patterns and associated with deleterious ABCA4 variants. Detailed
progression in ABCA4-associated retinal disorder. FAF  descriptions are provided in Table 9.3 (Fujinami et al. A
classification was performed based on the size of the DAF  longitudinal study of Stargardt disease: quantitative
area and background features (heterogeneous/homoge- assessment of fundus autofluorescence, progression, and
neous). A severe type (type 3) exhibited rapid progression ~ genotype correlations. Invest Ophthalmol Vis Sci. 2013)
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Foveal sparing fundus pattern 1

Foveal sparing fundus pattern 2

Foveal sparing fundus pattern 3

Foveal sparing fundus pattern 4

Fig. 9.5 Fundus appearance, FAF images, and spectral-
domain optical coherent tomography of the foveal-sparing
phenotype. In patients with foveal-sparing ABCA4-
associated retinal disorder, visual acuity was maintained,
and foveal structure and function was relatively preserved.
Outer retinal tabulation, as shown with an arrow at the

respectively [22]. Quantification of the DAF area
was highly reliable and should be a robust struc-
tural endpoint in clinical trials [22].
Electrophysiological assessment is important
for confirming the diagnosis of ABCA4-associated
retinal disease and providing better informed
advice on disease prognosis [10]. A classification
of three functional phenotypes based on electro-

edge of atrophy, is often observed, suggesting the primal
damage of RPE/choroid in this late-onset phenotype.
Detailed descriptions of the classification are provided in
Table 9.5 (Fujinami K et al. Clinical and molecular analy-
sis of Stargardt disease with preserved foveal structure
and function. Am J Ophthalmol. 2013.)

physiological findings has been well established:
Group l—dysfunction confined to the macula;
Group 2—macular and generalized cone system
dysfunction; Group 3—macular and both general-
ized cone and rod system dysfunction (Fig. 9.6,
Table 9.4) [10, 15]. A longitudinal study in a large
cohort of 59 patients with a mean follow-up inter-
val of 10.5 years has been reported [10]. A total of
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Table 9.1 Classical classification of clinical findings in
Stargardt macular dystrophy

Stage 1 | Confined central macular lesions ranging
from irregular pigmentary mottling to
well-defined lesions of RPE atrophy with a
characteristic “beaten-bronze” or “snail-
slime” appearance underlying central or

paracentral scotomas

Stage 2 | Presence of yellow fundus flecks, some of
which may be resorbed, beyond 1 disc diameter
from the fovea extending beyond the vascular

arcades and regions nasal to the optic disc

Stage 3 | Diffusely resorbed flecks and choriocapillaris

atrophy within the macula

Stage 4 | Extensive choriocapillaris atrophy throughout
the posterior pole resulting in moderate to severe

restriction of peripheral fields

Fishman, G. A. et al. Variation of clinical expression in
patients with Stargardt dystrophy and sequence variations
in the ABCR gene. Arch Ophthalmol. 1999

Table 9.2 Classification of fundus
ABCA4-associated retinal disease

appearance in

Grade 1 | Normal fundus

Grade 2 | Macular and/or peripheral flecks without
central atrophy

Grade 3a | Central atrophy without flecks

Grade 3b | Central atrophy with macular and/or
peripheral flecks

Grade 3c | Paracentral atrophy with macular and/or
peripheral flecks, without a central atrophy

Grade 4 | Multiple extensive atrophic changes of the
RPE, extending beyond the vascular arcades

Fujinami et al. Clinical and Molecular Characteristics of
Childhood-Onset Stargardt Disease. Ophthalmology. 2015

Table 9.3 Classification of fundus autofluorescence pat-
tern in ABCA4-associated retinal disease

Pattern 1 | Localized low AF signal at the fovea
surrounded by a homogeneous background
with/without perifoveal foci of high or low

signal

Pattern 2 | Localized low AF signal at the macula
surrounded by a heterogeneous
background and widespread foci of high or
low AF signal extending anterior to the

vascular arcades

Pattern 3 | Multiple areas of low AF signal at posterior
pole with a heterogeneous background and/

or foci of high or low signal

Fujinami et al. A longitudinal study of Stargardt disease:
quantitative assessment of fundus autofluorescence, progres-
sion, and genotype correlations. Invest Ophthalmol Vis Sci.
2013.; Georgiou M et al. Prospective Cohort Study of
Childhood-Onset Stargardt Disease: Fundus Autofluorescence
Imaging, Progression, Comparison With Adult-Onset
Disease, and Disease Symmetry. Am J Ophthalmol. 2020

Table 9.4 Classification of functional phenotypes based
on electrophysiological findings in ABCA4-associated
retinal disease

Group | Confined macular dysfunction (normal

1 full-field ERG)

Group | Macular dysfunction with generalized cone
2 dysfunction

Group | Macular dysfunction with generalized cone
3 and rod dysfunction

ERG, electroretinogram

Lois et al. Phenotypic subtypes of Stargardt macular
dystrophy-fundus flavimaculatus. Arch Ophthalmol 2001;
Fujinami et al. A longitudinal study of Stargardt disease:
clinical and electrophysiologic assessment, progression,
and genotype correlations. Am J Ophthalmol. 2013

Table 9.5 Fundus pattern of ABCA4-associated retinal
disease with preserved foveal structure and function

Foveal-sparing
pattern 1

Patchy parafoveal atrophy
surrounded by numerous yellow-
white flecks

Numerous yellow-white flecks at the
posterior pole without atrophy
Mottled RPE changes and/or
localized parafoveal yellow-white
flecks

Multiple patchy atrophic lesions,
extending beyond the arcades

Foveal-sparing
pattern 2

Foveal-sparing
pattern 3

Foveal-sparing
pattern 4

Fujinami et al. Clinical and Molecular Analysis of
Stargardt Disease with Preserved Foveal Structure and
Function. Am J Ophthalmol. 2013

Table 9.6 Classification of genotypes based on the pres-
ence of deleterious variants in ABCA4-associated retinal
disease

Genotype | Two or more likely deleterious variants

A

Genotype | One deleterious variant and one or more

B missense or in-frame insertion/deletion
variant(s)

Genotype | Two or more missense or in-frame

C insertion/deletion variants

Fujinami et al. Clinical and Molecular Characteristics of
Childhood-Onset  Stargardt Disease. Ophthalmology
2015; Fujinami et al. Clinical and Detailed Genetic
Characteristics of an International Large Cohort of
Patients With Stargardt Disease: ProgStar Study Report 8.
Br J Ophthalmol. 2019
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Fig. 9.6 Functional phenotype based on electrophysio-
logical findings and progression in ABCA4-associated
retinal disorder. Full-field electroretinograms (ffERGs)
and pattern ERG (PERG) of three representative cases of
each functional phenotype (ERG group) and a normal
subject are presented. ERG group classification is per-
formed based on the presence of macular dysfunction
(abnormal PERG, mfERG, or focal macular ERG), gener-
alized cone dysfunction (abnormal light-adapted (LA)
ffERG responses), and generalized rod dysfunction

(abnormal dark-adapted (DA) ffERG responses). Detailed
descriptions are provided in Table 9.4. All patients with
initial DA ffERG abnormalities demonstrated clinically
significant electrophysiological deterioration over 10
years; only 20% of patients with normal ffERGs at base-
line showed clinically significant progression (Fujinami
et al. A longitudinal study of Stargardt disease: clinical
and electrophysiological assessment, progression, and
genotype correlations. Am J Ophthalmol 2013)
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22% of cases from Group | at baseline showed
ERG group transition during the follow-up term,
with 11% progressing to Group 2 and 11% to
Group 3. Forty-seven percent of the cases in Group
2 progressed to Group 3. There was clinically sig-
nificant ERG deterioration, at 22% for Group 1,
65% for Group 2, and 100% for Group 3 [10]. In a
consequent prospective study, patients with a
Group 3 ERG functional phenotype showed a sig-
nificantly greater progression rate [22]. Such data
are supported by an association with genotype
grouping and are helpful in designing the proto-
cols, selecting patients, and assessing the efficacy
of potential therapeutic interventions [10].

Recently, multicentral international large-
cohort studies have been conducted [70, 72]. The
retrospective and prospective multicentre Natural
History of the Progression of Atrophy Secondary
to Stargardt Disease (ProgStar) studies were
launched to characterize the natural history of
STGD1 and identify sensitive, reliable, and clini-
cally relevant outcome measures, which are
needed for clinical trials [40]. ProgStar studies
investigated demographics, visual acuity, FAF,
microperimetry, and genetics in detail in a large
cohort (>250 subjects) [28—40, 66]. In a ProgStar
retrospective study of a subset of 224 eyes (mean
age, 33.0 = 15.1 years), the total mean area of
DAF at the first visit was 2.6 mm?, and the mean
progression was 0.35 mm?*/year [33]. In a pro-
spective study with 12 months of observation, the
mean total area of DAF at baseline was 4.07 mm?,
and the estimated progression of DAF was
0.64 mm?/year [30]. The rate of progression
depended on the initial size of the lesion in both
these retrospective and prospective studies, as
previously reported by other longitudinal studies
[11, 87, 88]. The data obtained in the ProgStar
studies are helpful for identifying outcome mea-
sures in clinical trials.

9.3  Molecular Genetics

The ABCA4 gene located at chromosome 1p22.1
is a large and highly polymorphic gene [4]. The
estimated size of ABCA4 is 6819 bp, including 50
exons, that encode a 2273-amino acid protein

[57, 58]. Over 1200 disease-associated variants
in the ABCA4 gene have been identified in macu-
lar dystrophy, cone dystrophy, cone-rod dystro-
phy, and retinitis pigmentosa [4, 7, 8, 17, 22].
This allelic heterogeneity makes it challenging to
establish genotype—phenotype correlations [17].
In general, deleterious variants are associated
with earlier-onset disease with a more severe
phenotype and missense variants with later-onset
disease with a milder phenotype; certain mis-
sense variants can have severe functional effects
similar to deleterious ones (e.g. ¢.1622T>C (p.
Leu541Pro)/c.3113C>T (p.Alal038Val) (com-
plex), c.3064G>A (p.Glul022Lys), c.4469G>A
(p-Cys1490Tyr), ¢.3259G>A (p.Glul087Lys),
c.4577C>T  (p.Thr1526Met), c.4918C>T (p.
Argl1640Trp), and c.6449G>A (p.Cys2150Tyr)
[16-19, 60].

A recent study aiming to identify ABCA4 pre-
mRNA splicing defects utilizing in vitro splice
assays in human embryonic kidney 293T cells
detected a number of putative disease-causing
noncanonical splice site variants, including deep-
intronic ABCA4 variants [4, 67, 70, 89-91].
Although structural variants in the ABCA4 gene/
locus are thought to be relatively rare based on
previous reports [4, 65, 67, 92-94], over 40 vari-
ants have been reported to date [4]. Interestingly,
hypomorphic and modifier alleles have been
intensively studied recently. One popular variant
is ¢.5603A>T (p.Asnl1868Ile) with high allele
frequencies of approximately 7% in the European
population [95]. The pathogenicity of this hypo-
morphic variant ¢.5603A>T (p.Asnl1868lle)
under a specific condition (in trans with a delete-
rious ABCA4 variant) has been reported and
patients harbouring this variant present late-onset
disease [95, 96].

Furthermore, ABCA4 founder variants have
been identified in several populations. Most of
the reported founder variants are present in
European  populations;  ¢.2588G>C  (p.
Gly863Ala/p.Gly863del) in the West European;
[92] ¢.1622T>C (p.Leu541Pro)/c.3113C>T (p.
Alal038Val) in the German; [97] ¢.3386G>T
(p-Argl129Leu) in the Spanish; and [98]
¢.2894A>G (p.Asn965Ser) in the Danish [99]. In
contrast, a limited number of ABCA4 founder
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variants have been reported in non-European
populations,  including  c.6320G>A  (p.
Arg2107His) in the African population [99].
Regional differences due to ethnic background
were also identified in the United States in the
ProgStar genetics study [66].

Further studies are required to understand the
genetic causes for the disease in the non-European
population. To solve these problems, interna-
tional collaborative studies have been ongoing in
the East Asia Inherited Retinal Disease Society
(EAIRDs; https://www.eairds.org/) [100], aiming
to understand ethnicity-based disease character-
istics and develop/apply therapeutic approaches
in Asian populations.

discs, and ultimately toxic levels of bisretinoid
A2PE in the photoreceptor membranes [102,
104, 107]. A2PE is hydrolyzed to form the
highly toxic metabolite N-retinylidene-N-
retinyl-ethanolamine (A2E), which accumulates
as a major component of lipofuscin in RPE cells
and eventually causes RPE dysfunction and death
with subsequent photoreceptor dysfunction/loss
[105, 108]. Previous studies of ABCA4-knockout
mice support the aforementioned pathogenesis,
though there are limitations such as the lack of a
macula in mice and the mild phenotype in a
mouse model showing later-onset disease with
slower degeneration than that of typical human
patients with STGD1 [103, 109].

9.4 Disease Mechanism

ABCA4, previously described as ABCR, is a
member of the ABC transporter gene superfamily
that encodes a retinal-specific transmembrane
protein, is a member of the ATP-binding cassette
transporter superfamily [101, 102]. ABCA4 is
localized to the rim of the outer segment discs of
both cone and rod photoreceptors and plays a role
in the active transport of retinoids from the pho-
toreceptor to the RPE in the retinoid cycle [101-
104]. ABCA4 includes two transmembrane
domains (TMD), two glycosylated extracellular
domains (ECD), and two nucleotide-binding
domains (NBD) (Fig. 9.7) [102].

The retinoid cycle involves enzyme-catalysed
reactions converting all-trans-retinal, which is
generated by photobleaching of rhodopsin or
cone opsin, to 11-cis retinal [101-103, 105, 106].
All-trans-retinal is released from the light-
activated rhodopsin or cone opsin into the outer
segments to form a complex with phosphatidyl-
ethanolamine (PE), resulting in N-retinylidene-
phosphatidylethanolamine ~ (N-ret-PE);  this
complex is transported actively to the disc sur-
face by ABCA4.

Failure of active transport due to ABCA4 dys-
function/mislocalization leads to inefficient
removal of N-ret-PE from the photoreceptor
outer segments and causes accumulation of
bisretinoid compounds in the outer segment

9.5 Therapeutic Approaches
ABCA4-associated retinal disease is an attractive
target for therapeutic interventions, considering
the high prevalence and well-studied disease
course [4, 75, 76, 110]. Moreover, the retina has
several advantages for the development and
implementation of novel therapies: accessibility,
compartmentalization, and an immune-privileged
nature, as well as the possibility of measuring
potential therapeutic outcome noninvasively
[110].

In addition, several treatment approaches have
been developed for ABCA4-associated retinal
disease, ranging from variant-specific approaches
to more generally applicable cell replacement, as
based on the primary genetic abnormality and
disease stage at the time of treatment [75, 76,
110]. Therapeutic trials of compounds, gene aug-
mentation, and cell transplantation are ongoing
(Table 9.7; https://clinicaltrials.gov/).

In addition, several therapeutic trials with
compounds that target different aspects of the
retinoid cycle have been specifically developed,
and these treatments are potentially beneficial for
slowing or preventing progression in ABCA4-
associated retinal disease [111]. The aims of
these agents are either (1) to reduce the formation
of toxic products of the retinoid cycle by reduc-
ing the delivery of vitamin A or to inhibit various
enzymes participating in the cycle or (2) to
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Fig. 9.7 A schematic of ABCA4 protein structure. The
ABCA4 gene transcribes a large retina-specific ABCA4

N-HALF

protein with two transmembrane domains (TMD), two

Table 9.7 Clinical trials for ABCA4-associated retinal disease

ID

Intervention

Compound administration

NCT00346853
NCT02402660
NCT00060749
NCT03033108
NCT03772665
NCT03297515
NCTO01278277
2018-001496-20
NCT03364153
Gene augmentation
NCTO01367444
NCT01736592
Cell transplantation
NCT01920867
NCTO03011541
NCT02903576
NCT01345006
NCTO01469832
NCT03772938

4-Methylpyrazole (alcohol dehydrogenase inhibitor)

ALK-001 (chemically modified vitamin A)
DHA (omega-3 fatty acid)

Emixustat (inhibitor of RPE65)

Emixustat (inhibitor of RPE6S)

MADEOS (omega-3 fatty acid)

Saffron (neuroprotectant)

Soraprazan (H*,K*-ATPase inhibitor)
Zimura (inhibitor of complement factor C5)

SAR422459 (lentiviral delivery ABCA4 cDNA)
SAR422459 (lentiviral delivery ABCA4 cDNA)

Bone marrow-derived stem cells

Bone marrow-derived stem cells
hESC-derived RPE cells

hESC-derived RPE cells (MAO9-hRPE)
hESC-derived RPE cells (MA09-hRPE)
Stem/progenitor cells

hESC, human embryonic stem cell
The information has been provided on the public database (https://clinicaltrials.gov/)

directly target

toxic
A2E. Visual cycle modulators are candidates for
the former treatment [112—116]. A phase II clini-
cal trial with chemically modified vitamin A,

metabolites such as

C-HALF

Phase

Phase 1
Phase 2
Phase 1
Phase 2
Phase 3
NA
Phase 1/2
Phase 2
Phase 2

Phase 1/2
Phase 1/2

NA
NA
Phase 1/2
Phase 1/2
Phase 1/2
Phase 1/2

2273

glycosylated extracellular domains (ECD), and two
nucleotide-binding domains (NBD)

Status

Completed
Recruiting
Completed
Completed
Recruiting
Recruiting

Unknown

Active

Active, not recruiting

Terminated
Active, not recruiting

Enrolling by invitation
Recruiting

Unknown

Completed
Completed

Enrolling by invitation

which does not dimerize and stops N-ret-PE and
A2E formation, is ongoing [117, 118].

Gene augmentation has been increasingly
applied to photoreceptor diseases, with the goal of
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slowing or preventing further retinal degeneration
[75, 76, 110]. To this end, adeno-associated virus
(AAV) vectors have been the major choice for the
gene transfer system of human gene therapy.
However, there is a size limitation; that is, the
ABCA4 gene is larger than the current AAV vector
capacity [119]. Considering the larger cargo capac-
ity of lentiviruses, subretinal injection of a lentivirus
vector delivering ABCA4 has been developed,
which is in an ongoing Phase I/II clinical trial [120].
A phase I/I stem cell therapy trial with sub-
retinal transplantation of human embryonic stem
cell (hESC)-derived RPE cells has also been
ongoing in patients with severe and advanced
ABCA4-associated retinal disease, given that
RPE cell dysfunction/loss is believed to precede
photoreceptor cell dysfunction/loss [121, 122].

9.6 Conclusion

ABCA4-associated retinal disease is one of the
most common causes of inherited retinal disease
and is highly heterogeneous both phenotypically
and genetically. A number of clinical and genetic
investigations have been performed to understand
the underlying disease mechanisms, allowing
several therapeutic trials to be conducted.
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Abstract

Cone dystrophy is a rare genetic retinal disor-
der characterized by primary cone degenera-
tion and secondary rod involvement, with a
variable fundus appearance. The loss of cones
leads to predominant symptoms such as
decreased visual acuity, color vision defects
and day blindness. Cone dystrophies are
genetically heterogeneous and can be inher-
ited by autosomal recessive, autosomal domi-
nant or X-linked recessive patterns.
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10.1 Introduction

Cone dystrophy or cone-rod dystrophy is a rare
genetic retinal disorder characterized by primary
cone degeneration and secondary rod involve-
ment or concomitant loss of both cones and rods
(cone-rod dystrophy), with a variable fundus
appearance. The prevalence of cone/cone-rod
dystrophy is estimated at 1/40,000 [1].
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Cone dystrophies usually present in childhood
or early adult life, with many patients developing
rod photoreceptor involvement in later life,
thereby leading to considerable overlap between
cone and cone-rod dystrophies.

10.2 Clinical Feature
and Diagnosis

Cone dystrophies are characterized by retinal
pigment deposits visible on fundus examination,
predominantly localized to the macular region. In
contrast to typical retinitis pigmentosa (RP), also
called the rod-cone dystrophy which is caused by
primary loss in rod photoreceptors and later fol-
lowed by the secondary loss in cone photorecep-
tors, cone dystrophy reflects the opposite
sequence of the events.

The predominant symptoms are decreased
visual acuity, central scotoma, color vision
defects, hemeralopia (day blindness), photoaver-
sion (avoidance of light due to decreased visual
acuity) and decreased sensitivity in the central
visual field, later followed by progressive loss in
peripheral vision and night blindness. The age of
onset of vision loss may be from the late teens to
the sixties.

The clinical course of cone dystrophy is
generally more severe and rapid than RPs,
leading to earlier central vision loss. At the end
stage, however, cone dystrophies do not differ
from RPs.
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Early color vision abnormality appears even
when visual acuity is still not significantly
affected in patients with cone dystrophy. This
distinguishes cone dystrophy from Stargardt dis-
ease and other macular dystrophies. At birth, no
symptoms of cone dysfunction are present, unlike
the disorders of cone or rod monochromatism.

The fundus appearance is variable. In the early
stage, the fundus appears normal, or fine macular
lesions and optic disc pallor may be the only
signs. Pigmentary deposits resembling bony
spicules can be found frequently in the macular
area. Macular atrophy or a bull’s-eye maculopa-
thy, peripheral retinal pigment epithelium atro-
phy, intra-retinal pigmentation migration and
arteriolar attenuation are shown as the disease
progresses. It may be difficult to establish the
correct diagnosis in the early stage of the disease
because of the lack of observable retinal changes.

Electrophysiologic test confirms a marked
generalized abnormality of cone function with
comparatively little change in rod function in
the early stage. The ERG shows a substantial
loss of single-flash and 30-Hz flicker response,
whereas rod and mixed responses are relatively
spared. Older patients may show some loss of
rod sensitivity also [2]. A subset of patients has
been described in whom the full-field ERG
appears normal, and involvement of only the
foveal or central cones has been documented
[3]. Macular focal cone ERG is useful to detect
cone dystrophy as most of the patients show
smaller responses than normal individuals and
also to anticipate the progression of cone-rod
dystrophy [4].

Peripheral visual fields remain normal,
whereas the central visual field and visual acuity
are decreased in young patients. Patchy losses of
peripheral vision follow in the later phase of the
disease.

10.3 Genetics of Cone/Cone-Rod
Dystrophy

Cone dystrophies are most frequently nonsyn-
dromic, however, they may also be part of sev-
eral syndromes, such as Alstrom syndrome,

Bardet-Biedl syndrome and Spinocerebellar
Ataxia Type 7.

Nonsyndromic cone dystrophies are geneti-
cally heterogeneous (28 genes have been identi-
fied). The four most commonly mutated genes
are ABCA4 (1p22.1), responsible for 30-60% of
autosomal recessive CRDs, CRX (19q13.33)
and GUCY2D (17p13.1), responsible for many
reported cases of autosomal dominant CRDs,
and RPGR (Xpl1.4), responsible for X-linked
CRDs [5-8].

Most of the sporadic cases of cone dystro-
phies are considered to be autosomal recessive
genetic abnormality. The AR genes causing
cone dystrophy include ABCA4, ADAMY,
CACNA2D4, CDHRI, CNGB3, KCNV2,
PDE6C, RAX2, RDHS5, RPGRIPI. Biallelic
variants of POCIB were recently reported to
cause autosomal recessive nonsyndromic cone
dystrophy [9]; POC1 B has been shown to play
important roles in centriole assembly and/or sta-
bility and ciliogenesis [10].

Clinical features and progression patterns
vary, even in the same family members with
autosomal dominant cone dystrophy [11]. The
genes inherited AD are PRPH2, AIPL1, HRG4,
RIMS1, PITPNM3, PROM1, CRX, GUCAIA
and GUCY2D. The GUCA1A and GUCY2D
are associated with the cGMP pathway. CRX
is a transcription factor of photoreceptor
homeobox.

X-linked recessive cone dystrophies are
associated with the genes such as RPGR,
CACNALIF, or COD2 [12]. The female carrier
may show subtle symptoms with various clini-
cal presentations.

Taken together, it seems that most genes
responsible for cone dystrophies or cone-rod
dystrophies are involved in other types of reti-
nal dystrophies, including RPs and other mac-
ular dystrophies. Any gene causing retinal
dystrophy may potentially be involved in the
pathogenesis of cone dystrophies, and the chal-
lenge is to understand the underlying mecha-
nisms. Likewise, the question of why some
mutations in a gene lead to CRD whereas oth-
ers cause RP remains unresolved for several
genes.
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10.4 Differential Diagnosis

Differential diagnosis of cone dystrophy includes
other hereditary cone disorders (including achro-
matopsia and allied cone dysfunction syndromes,
cone dystrophy and Stargardt disease) and the
rod-cone dystrophy, also known as retinitis pig-
mentosa, which is distinguished by the sequence
of photoreceptor involvement (rod photorecep-
tors followed by cone photoreceptors).

Patients with retinitis pigmentosa typically
present with night blindness in the early stage of
the disease. In the fundus, pigment deposits are
located in the periphery. In some cases, retinitis
pigmentosa has a typical slow progression, but
macular involvement occurs quite early, with
some loss of central visual acuity. A disease his-
tory characterized by predominant night blind-
ness and prominent rod involvement on ERG
supports the diagnosis of retinitis pigmentosa. In
the late-stage RP or cone dystrophy, the differen-
tial diagnosis may be difficult. At that time, the
typical changes in ERG are undetectable.

Leber congenital amaurosis (LCA) is associ-
ated with a high degree of visual impairment,
which is already present at birth, and appears
either as a rod- or cone-predominant disease, or
both. Nystagmus, poor light fixation and reactiv-
ity, visual acuity lower than 20/400 and flat ERG
are cardinal signs of the disease. Differential
diagnosis with early-onset CRD may be difficult
because both diseases share the same clinical
signs. The presence of a lapse time of several
years before dramatic worsening of the visual
disability will allow to classify the disease as
CRD rather than LCA.

Stargardt disease is a maculopathy in which
the peripheral retina usually remains free of
lesions. The disease is easy to recognize with the
presence of yellow flecks that may cover the
entire fundus (fundus flavimaculatus), hyperfluo-
rescent macular lesions (bull’s eye) and dark cho-
roid on the fluorescein angiography. However,

there are extended lesions in some late-stage
Stargardt cases, and in addition, a number of
CRD are caused by the “Stargardt gene,” ABCA4.
In these cases, the early stage of the CRD may be
similar to Stargardt disease, but in a decade, signs
of peripheral involvement occur.

Achromatopsia is stationary cone dystrophy
that appears at an earlier age and is inherited as
an autosomal recessive trait. To date, three
genes associated with achromatopsia have been
characterized: CNGA3 and CNGB3, located at
2qll and 8q2l, which encode the a- and
B-subunits of the cGMP-gated cation channel in
cone cells, respectively, and GNAT?2, located at
1p13, which encodes the cone a-transducin
subunit [13-17]. Achromatopsia can be differ-
entiated with progressive cone dystrophy based
on the lack of disease evolution and the normal
fundus.

10.5 Treatment

Currently, there is no therapy that stops the evo-
lution of the disease or restores the vision, and
the visual prognosis is variable, with early central
vision loss and progressive visual dysfunction
leading to legal blindness before 40 years of age
in most cases.

Management aims at slowing down the degen-
erative process, treating the complications and
visual rehabilitation.

Dark sunglasses or miotics may be helpful in
reducing photophobia in some patients with cone
dystrophies. Many patients also benefit from low
vision aids such as magnifiers, closed-circuit
television devices, and software for computer
screen text enlargement.

Genetic counseling may be of benefit for
patients and their families. A precise phenotypic
diagnosis is always mandatory and is particularly
useful in the absence of familial history or in spo-
radic cases (Fig. 10.1).
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Fig. 10.1 A 19-year-old man has experienced a gradual
decline of visual acuity for several years. The best-
corrected visual acuities were 20/100 in OD and 20/200 in
OS. Goldmann's visual field examination shows relative
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X-Linked Retinoschisis

11

Christopher Seungkyu Lee

11.1 Introduction

Since Josef Hass first described X-linked retinos-
chisis (XLRS, OMIM 312700) in two affected
brothers in 1989 [1], XLRS has been shown to be
one of the most common juvenile-onset retinal
degeneration in males with an estimated preva-
lence of 1:5000-1:20,000 [2]. Haas believed that
the disease was inflammatory in nature [1], but
X-linked pattern of inheritance was demonstrated
15 years later [3], and the term “X-linked retinos-
chisis” was first coined in 1953 [4], which is
widely accepted now.

11.2 Genetics

RS1, the causative gene for XLRS was identified
in 1997 [5]. To date, over 200 different mutations
in the RS/ gene have been found (http:/www.
dmd.nl/rs/index.html). The RS/ gene is orga-
nized in six exons and exclusively expressed in
the photoreceptors and bipolar cells [6]. Its
encoded protein, retinoschisin, however, is a
secreted protein composed of 224-amino acids
and can be found throughout the retinal layers [7,
8]. Retinoschisin is thought to be involved in cel-
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lular adhesion and cell—cell interaction through
its discoidin domain, which is highly conserved
across different species [5]. Most disease-causing
RSI mutations are located within discoidin
domain that is composed of approximately 150
amino acids, thus constituting the majority of the
retinoschisin [9] (Fig. 11.1).

The penetrance of XLRS is nearly complete,
but phenotype is highly variable; siblings,
related individuals, and unrelated individuals
with same mutation show significant phenotypic
variability [10-15]. Unlike other X-linked reti-
nal dystrophies such as choroideremia, female
carriers rarely present with retinal abnormalities
[14, 16, 17].

11.3 Clinical Features

Patients usually present with visual loss between
the ages of 5 and 10 [18]. Visual acuity is highly
variable, but usually better than 20/100, and
asymmetry in visual acuity between two eyes in
the individual patient is a frequent finding [18,
19]. The hallmark of XLRS is the presence of a
spoke-wheel pattern of fold-like changes radiat-
ing from fovea in the fundus of young patients,
typically younger than 30 years of age (Fig. 11.2).
In patients older than 30 years, the foveal retinos-
chisis can present with nonspecific retinal abnor-
malities [2]. Peripheral retinoschisis mostly in
the lower temporal quadrant is present in approx-
imately 50% of patients [18]. The so-called
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Fig. 11.1 Schematic Leader RS1 Discoidin C-terminal
diagram of retinoschisin. Sequence Domain Domain Segment
Most disease-causing

mutations are located 1 24 63 220 224

within discoidin domain

Fig. 11.2 Fundus images and electroretinogram (ERG)
of an 18-year-old man clinically diagnosed with X-linked
retinoschisis. His older brother showed similar retinal
findings. Spoke-wheel pattern of folds radiating out from
the fovea are seen in fundus photography of the right eye
(a) and the left eye (b). Horizontal optical coherence
tomography images through the fovea show schisis cavi-

vitreous veils may result if the thin inner wall of
a peripheral schisis cavity is separated (Fig. 11.3).
Bridging vessels can cross between two walls of
schisis cavity and course directly into the vitre-

Right EYE Left EYE
1 N b 2
\a/d'__\_/-/—/\

1o 20.0ms/div

ties in the ganglion cell layer, inner nuclear layer, and
outer plexiform layer/outer nuclear layer in both the right
eye (c) and the left eye (d). Dark-adapted 10.0 ERG shows
‘negative’ ERG with absent b-waves in both eyes (e, f).
Note asymmetry in anatomical and functional findings
between right and left eyes

ous, which can cause hemorrhage into the schisis
cavity or vitreous cavity [18]. If additional break
occurs in the outer wall of the schisis, retinal
detachment may occur. Vitreous hemorrhage can
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Fig. 11.3 Vitreous veil is seen in the inferotemporal
quadrant of the peripheral retina in the right eye of a
53-year-old man with X-linked retinoschisis (XLRS) car-
rying an RS/-gene p.Argl02Trp mutation (a). Barrier
laser photocoagulation scars are seen along the demarca-
tion of peripheral retinoschisis. Autofluorescence imaging
shows atrophic changes in the macula and irregular-

occur in up to one third of patients [20] and reti-
nal detachment can develop in about 5-20% of
patients [12]. Development of full-thickness
macular hole is a rare complication [21-23].
Additional retinal findings include Mizuo phe-
nomenon [24], diffuse white retinal flecks [25],
and Coats’-like exudative retinopathy [26] in few
cases of XLRS.

Nowadays, spectral-domain optical coherence
tomography (SD-OCT) is the major diagnostic
tool for XLRS. The region of retinoschisis
detected with SD-OCT often extends well beyond
the area of ophthalmoscopically detected spoke-
wheel pattern up to vascular arcades [16, 27].
Anatomical locations of schisis have long been a
subject of interest. Histopathological study dem-

shaped parafoveal autofluorescent ring (b). Splitting of
the Spoke-wheel pattern abnormality in the fovea is not
apparent in this adult XLRS patient. Horizontal optical
coherence tomography image through the fovea shows
that schisis is mostly located in the inner nuclear layer,
more prominently on the nasal side of the macula (c)

onstrated the splitting of retinal nerve fiber layer
(NFL) in enucleated eyes with advanced XLRS
with retinal detachment, but schisis at foveomac-
ular region was not described in these reports [28,
29]. OCT studies showed that the splitting of
retina can involve any retinal layer, most fre-
quently involving the inner nuclear layer (INL)
and outer nuclear layer (ONL) in the foveomacu-
lar region [16, 27, 30-36]. More superficial split-
ting involving ganglion cell layer (GCL) and
NFL appears to be present more frequently in
extramacular region than foveomacular region
[16, 27, 37]. These OCT findings are in agree-
ment with the fact that retinoschisis protein is
found in all retinal layers [7, 8] and suggest that
different fundus locations and different retinal
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layers may have different levels of resistance to
development of schisis, with INL at foveomacu-
lar region being the most vulnerable. In older
patients, OCT may show the retinal thinning and
epiretinal membrane without retinoschisis, which
makes it difficult to differentiate XLRL with
other macular diseases [38].

Electroretinogram (ERG) typically shows a
so-called negative ERG, in which the a-wave is
larger than the b-wave in contrast to the normal
findings. But the a-wave can be normal or even
reduced in XLRS patients due to aging and pro-
gressive atrophy of the retinal pigment epithe-
lium (RPE) [39]. Negative ERG is present in
about 50% of patients [2] and is less commonly
associated with missense mutations in RS/ gene
than with nonsense, splice-site, or frame-shifting
insertions/deletions [40]. The origin of ERG dys-
function is an abnormality in ON- and OFF-
pathways on bipolar cells [41].

Fundus autofluorescence is often used for dif-
ferential diagnosis of macular dystrophies.
Spoke-wheel pattern of hyper-hypo autofluores-
cence can be seen in the fovea of XLRS patients.
The parafoveal hyperautofluorescence is present
in some older patients, which may represent an
intermediate stage of increased metabolic load in
photoreceptor and RPE [42] (Fig. 11.3b).

Fluorescein angiography is typically unre-
markable and generally not required for diagno-
sis of XLRS, but it can be useful in differentiating
foveomacular schisis in XLRS from other causes
of cystoid macular edema showing angiographic
leakage. Focal area of fluorescein leakage within
peripheral schisis cavity or focal area of mottled
hyperfluorescence due to RPE atrophy can be
present in XLRS. Capillary nonperfusion area at
the peripheral retina has been also described [43].

11.4 Differential Diagnosis

A foveal retinoschisis may by present in enhanced
S-cone syndrome (Goldmann-Favre syndrome).
Differential diagnosis of peripheral retinoschisis
with early onset retinal detachments includes
X-linked Norrie disease, familial exudative vit-
reoretinopathy (FEVR), and Stickler syndrome.

Retinal detachments in Norrie disease are often
present at birth and visual function is nearly
absent. Avascular peripheral retina and dragged
retinal vessels are typical features of
FEVR. Stickler syndrome is often associated
with hearing and facial abnormalities. Negative
ERG in young males can be seen in congenital
stationary night blindness.

11.5 Treatment Options

In general, treatment of XLRS is limited to low-
vision aids at the moment. A few studies have
shown some success with topical or oral carbonic
anhydrase inhibitors in improving vision and
decreasing retinal thickness [44-48]. Scatter
laser photocoagulation performed to treat periph-
eral schisis and prevent retinal detachment may
actually cause retinal detachment, possibly by
making breaks of schisis outer wall [18, 49].

Surgical intervention is generally indicated in
the context of severe complications including
retinal detachment and vitreous hemorrhage.
Surgical treatment of foveomacular schisis is not
generally indicated. Because intercellular adhe-
sion force in the retina could be ‘weak’ due to
abnormal retinoschisin, only weak tractional
force from the vitreous might be enough to aggra-
vate the splitting of retina in foveomacular schi-
sis. In this regard, vitrectomy with the intent of
relieving vitreous traction has been advocated by
some researchers, especially in cases of progres-
sive XLRS, which in general resulted in greater
degree of anatomical improvement, compared to
visual improvement [S0-52].

Gene therapy is a viable approach to treat
patients with inherited retinal degeneration.
There is no known naturally occurring animal
model for XLRS, so retinoschisin knockout
(RsI-KO) mouse has been developed that dis-
plays features similar to human XLRS [53, 54],
which were shown to be reversed by delivery of
RS1 gene [55-57]. In 2018, the result of phase I/
IIa clinical trial with AAV8-RS1 gene therapy for
XLRS was published, which showed transient
cavity closure in one of nine participants and
dose-related intraocular inflammations [58].
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11.6 Visual Prognosis

Visual prognosis of XLRS has been a controver-
sial subject. Visual decline may be progressive in
adulthood [59], but some studies reported rela-
tively stable vision after teenage years in the
absence of serious complications such as retinal
detachment and vitreous hemorrhage [12, 19]. In
older patients, macular atrophy may cause poor
visual acuity [20]. These findings confirm the
high degree of clinical variability in XLRS.
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12.1 Introduction
Von Hippel-Lindau Disease (VHL disease) is a
syndrome characterized by a multiorgan neo-
plasm including retinal hemangioblastoma (RH),
hemangioblastoma of brain and spinal cord, renal
cell carcinoma, and pheochromocytoma [1, 2]. It
is an autosomal dominant disorder caused by a
mutation in the VHL gene located on chromo-
some 3 [1, 3]. The approximate incidence of
VHL disease is 1 in 36,000 live births: one of the
most common familial cancer syndrome [1, 4].
RH, also called as retinal capillary hemangio-
blastoma, retinal capillary hemangioma or retinal
angioma, is a benign vascular neoplasm originat-
ing in the neurosensory retina or optic disc [1, 5].
The prevalence of VHL had been estimated to be
30-58% among the patients with RH, and spo-
radic RH can also arise in the absence of VHL
disease [5, 6]. Because of the life-threatening
manifestations and natures of the disease, proper
ophthalmologic examination has a critical role in
early diagnosis and treatment of VHL disease.
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12.2 Genetics

VHL disease is caused by a germline alteration
of VHL tumor suppressor gene located on chro-
mosome 3 (3p25-26) [3, 7, 8]. The VHL protein
(pVHL), product of the gene, participates in an
adaptive response to hypoxic conditions [9].
The pVHL has a role in the ubiquitination and
degradation of hypoxia-inducible factor-1 alpha
(HIF-1 alpha), a transcription factor that
induces vascular endothelial growth factor
(VEGEF) expression [10]. Deficiencies of pVHL
can cause excessive accumulation of HIF, lead-
ing to the upregulation of genes associated with
hypoxia [8, 11]. These can eventually induce
the formation of various lesions including
hemangioblastoma, cyst, and other types of
tumors [8].

12.3 Clinical Features
12.3.1 Systemic Features

Various types of benign or malignant tumors or
cysts can develop in multiple organs, including
central nerve system (brainstem, cerebellum,
endolymphatic sac, and spinal cord), eye (ret-
ina), visceral organs (adrenal glands, pancreas,
and kidneys), and epididymis or broad liga-
ment [1, 4, 5].
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12.3.2 Ocular Features

RH is known as the most common presentation
of VHL disease [5, 6, 12, 13]. The prevalence
of ocular involvement in VHL disease is esti-
mated to be from 38 to 60%, but because of the
low prevalence of the disease, the accurate
prevalence has not been clearly defined [12-
14]. RH has been reported to be involved uni-
laterally in 42.1% and bilaterally in 57.9% in
VHL patients [13].

RH can show different characteristics accord-
ing to its type, location, and size [5]. During the
early periods, RH can be seen as small and sessile
lesions similar to microaneurysm. As the tumor
grows, the features can be changed into a more
nodular appearance [5]. It usually appears as a

round, red, or grayish well-circumscribed lesion
and can be accompanied by feeding arterioles
and draining venules as the tumor aggravates.
The course of the disease varies depending on its
clinical characteristics, but most of RH grows
over time and can cause lipid exudation, intrareti-
nal edema, and exudative retinal detachment
(Fig. 12.1) [15]. The tumor is exclusively found
in peripheral retina (84.7%), less in juxtapapil-
lary area only (8.0%), and both juxtapapillary
area and peripheral retina (7.0%) [13].

Visual acuity of the patients with VHL dis-
ease and ocular involvement had been reported
to be 20/20 or better in 84.6%, 20/25 to 20/40 in
9.5%, 20/50 to 20/160 in 3.0%, and 20/200 or
worse in 3.0% [12]. Longitudinal analysis of RH
in VHL disease revealed that most cases demon-

Fig. 12.1 A case of a 34-year-old male patient with von
Hippel Lindau disease and retinal hemangioblastoma. (a)
The tumor is located in inferotemporal retina on left eye.
(b) The tumor shows hyperfluorescence and late leakage

on a fluorescein angiography. (c¢) After 9 years, multiple
new hemangioblastomas appeared on retina and the fluo-
rescein angiography shows multiple hyperfluorescent
lesions with leakage
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strated relatively stable anatomy and visual
function over 8 years, and 16.1% of the eyes
experienced decreased vision more than ten let-
ters [15]. Greater vision loss in ocular involve-
ment was associated with the existence of
juxtapapillary RH, additional development of
RCH in new location, and increased number and
extent of RH. Systemic factors associated with
the poor prognosis were younger age at baseline
and onset of ocular VHL disease, fellow eye

185

involvement, and missense or protein-truncating
germline mutations [15].

RH developed in juxtapapillary area or at disc
may have different clinical characteristics and is
perhaps difficult to discern with fundus examina-
tion [5, 12]. In some cases, the tumors appear as
localized fullness at disc or disc margin, and these
can be seen as distinct whitish-pink lesions with
the growth. Feeder arterioles and draining venules
are not typically visible (Fig. 12.2) [5, 12].

Fig. 12.2 A case of a 52-year-old male patient with von
Hippel-Lindau disease and juxtapapillary hemangioblas-
toma. (a) A pinkish vascular lesion is noted inferior to the
optic disc on left eye. (b) Fluorescein angiography shows

early hyperfluorescence. (¢) The tumor is located in inner
retina with hyper-reflectivity (courtesy of Prof. Hyeong-
Gon Yu, Seoul National University, Seoul, Korea)
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12.4 Diagnosis of Retinal
Hemangioblastoma and von
Hippel-Lindau Disease

Based on the characteristic findings of the RH on
fundus examination, the diagnosis can be made.
Early RHs can show very small lesions and these
may look similar to other microvascular abnor-
malities. Wide field fundus photography and
fluorescein angiography are useful diagnostic
tools. Wide field fundus photography may be
helpful in monitoring tumor growth or additional
development in new lesions. Fluorescein angiog-
raphy shows early hyperfluorescence and late
staining or leakage of the RH [5, 6, 13]. Optical
coherence tomography may be useful in moni-
toring the macular edema, exudation, or trac-
tion caused by RH. Ultrasonography can be
utilized to assess features, echogenicity, size, or
diameter of the tumor. RH is seen as a solid
mass with smooth margin and is usually not
accompanied by posterior shadowing or choroi-
dal properties [5, 12].

Because of the various, progressive and multi-
focal nature, comprehensive screening should be
provided for patients. Recommended tests and
intervals for screening for individuals at risk are
summarized in Table 12.1 [1, 16].

12.5 Treatment of Ocular von
Hippel-Lindau Disease

The main goal of treatment is a regression of a
lesion without permanent adjacent retinal dam-
age. Small extrapapillary RH can be ablated with
focal laser treatment. However, as RH grows,
ablation with laser can be difficult and may cause
secondary adjacent retinal damage. Therefore,
timely diagnosis and earlier treatment are
essential. Several treatment modalities including
laser photocoagulation, cryotherapy, radiother-
apy (plaque radiotherapy, external beam radia-
tion or proton beam radiation), trans-pupillary
thermotherapy, photodynamic therapy (PDT),
intravitreal injection of anti-VEGF drugs or ste-
roid or vitreoretinal surgery can be considered
(Fig. 12.3) [17-28].

Table 12.1 Recommended tests and time for screening
of von Hippel-Lindau disease

Test Start age and frequency
Ophthalmoscopic exam Infancy
(Fundoscopy) (every year)

Plasma, 24 h urinary
catecholamines and
metanephrines

At an age of 2
(every year or when
blood pressure is

elevated)
MRI At an age of 11 (every
(craniospinal axis) year)
CT and MRI Onset of auditory

(internal auditory canals) symptoms
(hearing disturbance,
tinnitus, vertigo, or

difficulties of balance)

Ultrasound At an age of 8

(abdomen) (every year, MRI if
clinically indicated)

CT At an age of 18 years or

(abdomen) earlier if indicated

clinically (every year)

Audiological assessment If clinically indicated

CT, computed tomography; MRI, magnetic resonance
imaging

Adapted from Lonser RR et al. von Hippel-Lindau dis-
ease. Lancet 2003; 361:2059-2067 and Choyke PL et al.
von Hippel-Lindau disease: genetic, clinical, and imaging
features. Radiology 1995; 194:629-642

Small extrapapillary RH smaller than 1.5 mm
in diameter can be ablated with laser photocoag-
ulation. Various types (argon green, diode, or
krypton laser) can be used, and direct photoco-
agulation of the hemangioma and feeder vessel
with a duration of 0.2-0.4 s may be helpful [18,
21, 22, 29, 30].

Extrapapillary RH with a diameter between
1.5 and 4.5 mm is difficult to be ablated with
laser photocoagulation. Laser photocoagulation
with a longer duration of more than 0.4 s may be
needed to blanch the lesion. After the laser treat-
ment, increase in retinal hemorrhage, exudative
retinal detachment, or vitreous hemorrhage can
rarely develop [31]. Trans-scleral cryotherapy or
PDT can be applied in cases that do not respond
to laser photocoagulation [17, 32-35].

In large extrapapillary RH or complicated by
rhegmatogenous or tractional retinal detachment,
surgical intervention may be helpful [36, 37].
The large tumor can be excised with en bloc
resection and the retina can be attached with or
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Fig. 12.3 A case of a 20-year-old female patient with von
Hippel Lindau disease and retinal hemangioblastoma. The
patient germline mutation was ¢.208G > A (p.Glu70Lys).
(a) Retinal hemangioblastoma is located at inferotempo-
ral quadrant with a dilated vessel of left eye. (b)
Fluorescein angiography shows hyperfluorescence and
staining of the lesion. (¢, d) On optical coherence tomog-

without retinectomy [36, 37]. Careful postopera-
tive examination is needed due to the possible
development of neovascular glaucoma or prolif-
erative vitreoretinopathy [5, 36, 37].

raphy, subretinal and intraretinal fluid with hyper-
reflective foci are shown and hemangioblastoma is found
in retina. (e) After focal laser photocoagulation, macular
edema was not resolved. (f) After intravitreal injection of
bevacizumab, macular edema was diminished (courtesy
of Prof. Hyeong-Gon Yu, Seoul National University,
Seoul, Korea)

In cases of juxtapapillary RH, direct photoco-
agulation can result in a decrease in visual field
or visual acuity [38]. Therefore, asymptomatic
lesions are wusually observed with closed
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follow-up and examinations. In cases of RH
affecting the central macula with exudation and
visual acuity, PDT can decrease exudation in
some cases [23, 35].

Based on the evidences implicating VEGF
expression is involved in the pathogenesis of
VHL disease, antiangiogenic pharmacotherapy
had been tried in some trials [10, 39—41]. Dahr
et al tried intravitreal pegaptanib sodium (3 mg)
injection in patients with juxtapapillary or extra-
paillary RH every 6 weeks for at least six times
and two of five patients experienced a decrease in
exudation, while other three patients did not
respond to the treatment [39]. Wong et al. tried
intravitreal ranibizumab (0.5 mg) injection every
4 weeks for 6-12 months, but the treatment
showed limited beneficial effects [40].
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Abstract

Various rare macular dystrophies have been
reported with various prognoses, some with
known causative genes with mutation.
Diagnosis can be made clinically with typical
cases, but many require genetic testing for
confirmative diagnosis.
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13.1 Occult Macular Dystrophy
In 1989, Miyake et al first reported three patients
from a family that a hereditary macular dystro-
phy with no visible fundus abnormality [1].
Occult macular dystrophy shows bilateral pro-
gressive decrease in vision of 20/25-20/200 [2],
with severe color vision impairment in most
cases [3]. Onset of symptom varies, but disease
severity seems to be worse with earlier onset of
symptoms [4].
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Typically, fundus appearance and fluorescein
angiography show no abnormalities [5], but mild
hyper-autofluorescence can be seen at the mac-
ula, which can aid in the diagnosis [6]. Cone
function is decreased on electroretinography
(ERG), and rod function is preserved especially
in young age [7]. Macular waves are decreased or
nearly absent on multifocal ERG [8].
Photoreceptor layer and outer nuclear layer
defects can be found on optical coherence tomog-
raphy [9-11]. Abnormal findings of multifocal
ERG and optical coherence tomography were
found to have significant correlation [12].

Most cases show autosomal dominant or spo-
radic inheritance patterns, and RP1L1 gene at
8p23 has been identified to be related with occult
macular dystrophy [13]. Missense mutations in
this gene are considered as the cause, but the
exact pathophysiologic mechanism remains
uncertain [14].

13.2 Butterfly-Shaped Pigment
Dystrophy (Pattern Dystrophy)

Since its first reported in 1970 in a family of
four siblings and their offspring with pigmen-
tation in the macula in a butterfly-shaped pat-
tern, many studies have been reported on
butterfly-shaped pigment dystrophy, or pattern
dystrophy [15].

Decreased visual function or metamorphopsia
may be present, but many cases are identified on
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routine eye exams because vision is preserved and
progression is slow in many cases [16]. Bilateral
symmetric pigmentation can be observed show-
ing various shapes. Most cases show butterfly-
shaped pigmentation in deep layers of the central
retina, thus pigmentation can be poorly visualized
with red-free light. The fovea and foveal reflex are
normal, and the superficial layers of the retina
including retinal vessels and optic nerve and cho-
roid are normal. The butterfly-shaped pigmenta-
tion shows blocked fluorescence on fluorescein
angiography with sharp margins. The photorecep-
tor layer and inner retinal layers are normal, and
visual acuity, visual field, color vision, dark adap-
tation, and ERG are normal. Diffuse dysfunction
of the retinal pigment epithelium causes abnormal
electrooculography. On autopsy, photoreceptors
and retinal pigment epithelium are lost in the
areas of pigmentation, while choriocapillaris are
normal. Lipofuscin accumulation can be observed
outside the involved area.

Most cases are autosomal dominant [17].
Peripherin/RDS gene mutations are identified in
many cases, but other genes associated with other
macular dystrophies have also been found to be
associated [18], and mutation in the CTNNA1
gene has also been identified [19]. Some cases
show incomplete penetrance as in vitelliform
macular dystrophy, and carriers can be identified
with electrooculography.

The typical pigmentation makes it readily
discriminative from other inherited macular
dystrophies, but macular dystrophy in Steinert—
Curschmann myotonic dystrophy shows similar
appearance requiring differential diagnosis.

13.3 Sorsby Fundus Dystrophy

In 1949, Sorsby et al reported change in the fun-
dus resembling inflammation in the posterior
pole [20]. Bilateral change in the fundus was
observed with abrupt decrease of vision, with
autosomal dominant inheritance pattern. This
lesion was similar with autosomal dominant cen-
tral areolar choroidal dystrophy, and difficult to
differentiate from disciform macular degenera-
tion or true inflammatory reactions.

Visual loss and nyctalopia in the third to fourth
decades of life are typical, with prominent pre-
sentation in the 40s. Fastly progressing central
scotoma with abrupt increase in size and depth
causing visual loss within several months accom-
panied with decreased color vision is the usual
presentation.

The first signs on fundoscopy include bilateral
macular edema with hemorrhage and exudation,
progressing to pigmentation and scar formation.
Atrophy of the retinal pigment epithelium
becomes prominent with time, and underlying
choroidal vessels are visible. This process pro-
gresses to the periphery through 3—4 years, and
abnormal pigmentation and retinal pigment epi-
thelium extend to the far periphery, resembling
diffuse choroidal atrophy. Fluorescein angiogra-
phy findings vary according to the stage of the
disease, with filling defect of the choriocapillaris
in early stages, progressing to atrophy of the cho-
riocapillaris and prominent larger choroidal ves-
sels in late stages. Choroidal neovascularization
or polypoidal choroidal vasculopathy has also
been reported [21]. Dark adaptation is usually not
affected, but sometimes delayed with progressed
disease. ERG is normal, but b wave is decreased
with decreased rod function with progression.

The typical pathologic finding of Sorsby fun-
dus dystrophy is lipid and protein accumulation
between the Bruch’s membrane and retinal pig-
ment epithelium, up to 30 pm in some cases [22].
Subretinal hemorrhage and exudation can be
present in some cases. Autosomal dominant
inheritance is associated with mutation in 22q13,
and tissue inhibitor of metalloproteinase-3
(TIMP3) gene mutation is considered as the
causative mutation.

Other retinal and choroidal dystrophies should
be differentiated, including vitelliform macular
dystrophy, which may have a similar appearance
due to exudation. Diffuse choroiditis and disci-
form macular degeneration should also be differ-
entiated. Diffuse atrophy in the progressed stages
can mimic diffuse atrophy due to high myopia,
gyrate atrophy of the choroid, and choroideremia.
Also, autosomal dominant central areolar choroi-
dal dystrophy should also be considered.
Treatment includes anti-vascular endothelial
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growth factor antibody injection for accompa-
nied choroidal neovascularization or polypoidal
choroidal vasculopathy [23-25].

13.4 Bietti’s Crystalline
Retinopathy

Crystalline retinopathy can be observed due to
various causes, including toxic retinopathies,
hereditary diseases, and chronic retinal detach-
ment, but this rare form of crystalline retinopathy
was first reported in 1937 by Bietti, described as
yellow-white crystalline lipid deposits in the ret-
ina and sometimes cornea with tapetoretinal
degeneration. The cause is unknown, but abnor-
mality of the retinal pigment epithelium and dis-
ruption of the outer retinal blood barrier causing
leak is the suspected pathophysiologic mecha-
nism. Various degrees of retinal pigment epithe-
lium and choriocapillaris loss are observed with
crystalline deposits throughout all layers of the
retina, also accompanied by superficial crystal-
line deposits in the corneal limbus [26, 27].

Typical crystalline deposits and choriocapil-
laris atrophy on fluorescein angiography usually
lead to the diagnosis. Photoreceptor loss pro-
gresses with enlargement of this atrophy, and crys-
talline deposits disappear leaving choriocapillaris
atrophy, which can be observed on optical coher-
ence tomography [28, 29]. The size and location of
the involved area determine the degree of involve-
ment of visual acuity, dark adaptation, and ERG
findings, with decrease of ERG and increased
severity of nyctalopia with progression.

Differentiation with retinitis pigmentosa is
needed, and up to 3—10% of cases of retinitis pig-
mentosa showing autosomal recessive pattern
had been identified as crystalline retinopathy in a
previous report. Less retinal vascular sclerosis is
observed in crystalline retinopathy, and ERG is
relatively preserved [27].

On biopsy of the cornea, complex lipid inclu-
sions and cholesterol deposits were identified in
fibroblasts and epithelial cells, also found in lym-
phocytes, leading to suspicion that abnormal sys-
temic lipid metabolism is involved in the
pathophysiology [30].

Autosomal recessive inheritance in suspected,
but autosomal dominant cases has also been
reported. Mutation in CYP4V2, one of the cyto-
chrome p450 family, has been identified, which is
involved in the metabolism of fatty acids. In a
recent study on Korean and Japanese patients,
over 50% of patients were found to have the
¢.802-8_810del17insGC mutation in both alleles,
but was not associated with clinical severity [31].

13.5 Autosomal Dominant Radial
Drusen (Doyne Honeycomb
Retinal Dystrophy)

Autosomal dominant radial drusen are found
inner to the Bruch’s membrane and are thought to
be secreted from the retinal pigment epithelial
cells. Initially patients are asymptomatic and
identified through routine funduscopic examina-
tions, but eventually vision decreases accompa-
nied by metamorphopsia. Usually patients
present in their 20s and 30s [32], with a few
round yellowish brown lesions in their posterior
poles that turn white later. In their middle-ages,
multiple white discrete dots cover the posterior
pole, in a mosaic or honeycomb pattern. Usually
bilateral and symmetric, the drusen are larger
near the fovea, and are round and white and dis-
crete compared to fundus flavimaculatus. As the
disease progresses, the drusen near the center
conglomerate, and retinal pigment epithelial
atrophy appears in the retina. Pigmentation may
increase and atrophy of the choriocapillaris and
larger choroidal vessels occurs. Often drusen dis-
appear leaving atrophic areas. Usually autosomal
dominant radial drusen progress in radial fashion
from the macula and optic disk area, leaving the
optic disk and vessels and far periphery intact.
On fluorescein angiography, multiple round
hyperfluorescent dots are visible in the arterial
phase, which partially correspond with the
lesions visible on fundoscopy. Areas of retinal
pigment epithelial atrophy not definitely visible
on fundoscopy can be visualized with fluorescein
angiography. Large drusen do not show hyper-
fluorescence due to blockage of choroidal fluo-
rescence, while smaller ones allow visualization
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of the underlying background hyperfluorescence
of the choroid. The lesions show no leakage,
sparing the optic nerve, retinal vessels, and
peripheral retina. Choroidal neovascularization
may occur, which can be observed on optical
coherence tomography [33, 34]. Vision remains
normal in the early stages, progressively declin-
ing in further stages. As deposits are accumulated
under the retinal pigment epithelium toward the
choroid, photoreceptors remain intact longer than
in fundus flavimaculatus, but after 10-20 years,
photoreceptor damage may occur. Vision loss is
rare before 40, but may progresses to central sco-
toma. Color vision remains normal while visual
function is spared as in other macular diseases.
Dark adaptation is normal, but may be slightly
decreased in advanced cases. ERG is normal, but
increased b wave latency may be observed in
advanced cases. Electrooculography is normal,
but becomes subnormal with increased area of
involvement. Symptoms and findings are usually
less severe than fundus flavimaculatus.

Round accumulation of hyaline bodies in reti-
nal pigment epithelium is observed histologi-
cally. When compared to drusen in age-related
macular degeneration, collagen type IV was
found only in autosomal dominant radial drusen,
but other components were similar [35].

Autosomal dominant inheritance with muta-
tion of the fibulin gene (EFEMP1) on chromo-
some 2 is reported as the genetic cause [36, 37].

Differentiation with degenerative drusen of
age-related macular degeneration is required.
Degenerative drusen can also be observed in
other diseases such as hyalinosis cutis et mucosae
(Urbach—Wiethe syndrome). Fundus flavimacu-
latus, fundus albipunctatus, and fleck retina of
Kandori should also be differentiated.

13.6 Others

13.6.1 North Carolina Macular
Dystrophy

North Carolina macular dystrophy was first
reported in 1971 by Lefler et al in an Iris family
in North Carolina with retinopathy and amino-
aciduria [38]. Symmetric bilateral large lesions

are seen on the macula at birth, with no pro-
gression during lifetime. Mutation in the
MCDRI gene on 6q [39] involved in regulation
of retinal transcription factor PRDMI13 has
been reported [40, 41].

13.6.2 Dominant Cystoid Macular
Dystrophy

Initially cystoid macular edema occurs with
progression to macular atrophy and surrounding
pigmentation. Mild decrease in vision occurs in
young patients, but progresses with age. The
retinal vessels and optic nerve head are spared
late into the disease. On fluorescein angiogra-
phy, typical capillary leak around the macula
can be found, which progresses to window
defects in atrophic areas. ERG is usually nor-
mal, but electrooculography is subnormal, also
progressing with age. Yellow-blue and red-green
color vision are all decreased. Initially the reti-
nal pigment epithelium is involved, but inner
and outer blood retinal barrier seems to be bro-
ken down secondarily. Mutation at 7pl5.3 is
thought to be associated, but the exact gene has
not been identified yet [42].
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Abstract

The differential diagnosis of macular dystro-
phies may be challenging because of their
overlapping clinical phenotypes. Genetic test-
ing may contribute to define and diagnose
these diseases accurately. This chapter deals
with several macular dystrophies, including
Sorsby fundus dystrophy, North Carolina
macular dystrophy, Doyne honeycomb retinal
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a cause of the disease. The purpose of this
chapter is to provide an overview of these
disorders.

Keywords

Sorsby fundus dystrophy - North Carolina
macular dystrophy - Doyne honeycomb
retinal dystrophy - Bietti’s crystalline
dystrophy

The original version of this chapter has been revised. The
correction to this chapter can be found at https:/doi.
org/10.1007/978-981-16-7337-5_18

1. H. Cho (<)

Department of Ophthalmology, College of Medicine,
Soonchunhyang University,

Dongnam-gu, Cheonan, Korea

© Springer Nature Singapore Pte Ltd. 2022, corrected publication 2022

14

141 Sorsby Fundus Dystrophy
Sorsby fundus dystrophy (SFD) is a fully pene-
trant autosomal dominant degenerative disease of
the macula, which was first described by Sorsby
and Mason in 1949 [1].

14.1.1 Molecular Genetics

SFD is caused by variants in the gene encoding
the tissue inhibitor of metalloproteinases-3
(TIMP3), located on chromosome 22q12.3 [2].
Most of the known variants of TIMP3 are
Ser181Cys [2], Ser156Cys [3], and Tyr172Cys
[4]. These SFD-associated TIMP3 variants pro-
mote the formation of higher molecular weight
protein complexes, which is a product of dimer-
ization/multimerization of the variant TIMP3
molecules [5]. This may alter TIMP3-mediated
extracellular matrix turnover and result in the
accumulation of TIMP3 variants in the Bruch’s
membrane (BM) of patients with SFD [6]. The
formation of drusen-like deposits in the BM
could contribute to the thickening of this mem-
brane with pathological outcomes, including
impaired transport of nutrients and growth fac-
tors, leading to retinal pigment epithelium (RPE)/
photoreceptor dysfunction [7]. In addition, Majid
et al. demonstrated that a TIMP3 variant can
induce apoptosis of RPE cells, suggesting that
this apoptosis may be the final pathway of SFD
[8]. Furthermore, TIMP3 has been recently

197

H.-G. Yu (ed.), Inherited Retinal Disease, https://doi.org/10.1007/978-981-16-7337-5_14


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-7337-5_14&domain=pdf
https://doi.org/10.1007/978-981-16-7337-5_14#DOI

198

I.H.Cho

shown to be a potent inhibitor of angiogenesis,
which may, in part, account for the complication
of choroidal neovascularization (CNV) found in
SFD [9].

14.1.2 Clinical Manifestation

Patients with SFD are usually asymptomatic
during the first decades of life. Some patients
may be aware of the difficulties in dark adapta-
tion and color vision for a decade or more prior
to losing their central vision. Central visual loss
typically occurs in the fourth to sixth decades
because of CNV and subretinal hemorrhage.
According to a previous study, the median age
of severe visual loss in the first and second eye
was 45 and 59 years, respectively [10].
Preneovascular fundus examination shows nor-
mal to diffuse or focal subretinal yellow-white
deposits at the level of the BM [11]. Later in the
course of the SFD, retinal degeneration pro-
gresses to involve the retina anterior to the mac-
ula. The peripheral retina is usually spared from
degeneration.

14.1.3 Differential Diagnosis

The differential diagnosis includes retinal
diseases-associated macular atrophy and/or CNV,
including age-related macular degeneration
(AMD), Doyne honeycomb retinal dystrophy,
pattern dystrophy, and late-stage Best disease.
SFD has considerable phenotypic overlap with
AMD; however, earlier onset, strong inheritance
pattern, and late involvement of peripheral cho-
rioretinal atrophy are important distinguishing
characteristics of SFD.

14.1.4 Management

Jacobson et al. [12] suggested that night blind-
ness from SFD was caused by the chronic depri-
vation of vitamin A from the photoreceptors due
to the thickened BM separating the RPE from the

choriocapillaris. A short-term reversal of night
blindness at the early stage of SFD after oral
administration of vitamin A at a dose of 50,000
IU/day has been reported [12]. However, vitamin
A is not a widely used treatment because of the
potential toxicity associated with its long-term
use at high doses [13]. Treatment for CNV in
SFD includes laser treatment, photodynamic
therapy, and intravitreal steroid injection; how-
ever, their efficacy is limited. Intravitreal anti-
vascular endothelial growth factor (VEGF)
injections, such as bevacizumab and ranibizumab
have shown promise in delaying visual loss due
to CNV [10, 13].

14.2 North Carolina Macula
Dystrophy

North Carolina macular dystrophy (NCDM) is an
autosomal dominant macular dystrophy with a
variable phenotype. NCDM is a congenital devel-
opmental abnormality of the macula that does not
progress in severity [14]. However, some pro-
gression and vision loss can occur because of the
development of CNV [15].

Small et al. [15] described the grading system
of NCDM as follows:

e Grade 1: good visual acuity (20/20-20/30)
with bilateral multiple small drusen-like
deposits in the central macula.

e Grade 2: good to moderate visual acuity
(20/25-20/200) with bilateral confluent
drusen-like deposits in the central macula.

e Grade 3: moderate to poor visual acuity
(20/20—count fingers) with bilateral excavated
lesions of the macula. The macular atrophic
lesion commonly has a ring of pigmentation
and fibrous tissue at its peripheral edge.

Even in the case of grade 3 NCDM, the visual
acuity is better than that could be predicted from
the fundus appearance. Grade 3 macular atrophic
lesions could be confused with congenital toxo-
plasmosis, but visual acuity is generally worse in
the latter. Notably, approximately half of the
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patients with NCDM are asymptomatic; there-
fore, the absence of a history of other affected
family members may not be useful in correctly
diagnosing NCDM.

Full-field electroretinogram (ERG) shows
normal findings, indicating that retinal dysfunc-
tion is confined to the macular area. The ERG
pattern is usually normal in grades 1 and 2 but
abnormal in grade 3. The electrooculogram
(EOG) 1is either normal or shows a mildly
reduced Arden ratio. Interestingly, dark adapta-
tion and color vision are normal in patients with
NCDM [14].

Through linkage analysis, Small et al. [16]
mapped NCDM to chromosome 6q. Although
most families show linkage to the 6q locus, two
families with identical phenotypes (MCDR3)
have been mapped to chromosome 5q, indicating
genetic heterogeneity in this disorder [17, 18].

14.3 Doyne Honeycomb Retinal
Dystrophy/Malattia
Leventinese/Autosomal
Dominant Drusen

In 1899, Doyne honeycomb retinal dystrophy
(DHRD) was first described phenotypically by
Doyne [19]. He found early-onset retinal dystro-
phy with white deposits in a honeycomb pattern
at the macula and nasal to the disk in the eyes of
four sisters. In 1925, Vogt reported similar phe-
notypic fundus findings in a cluster of likely
related individuals in the Leventine Valley of
Switzerland [20]. He named it Malattia
Leventinese (ML). Until 1999, DHRD and ML
were considered separate entities because of their
phenotypic variability and histopathological find-
ings [21]. However, Stone et al. [22] identified a
missense mutation (Arg345Trp) in the EGF-
containing fibrillin-like extracellular matrix pro-
tein 1 (EFEMPI) gene on chromosome 2 in both
families with DHRD and MLVT, confirming that
the two represented slight phenotypic variants of
the same disease.

14.3.1 Molecular Genetics

DHRD is characterized by an autosomal domi-
nant mutation (Arg345Trp) in the EFEMP] gene
encoding fibulin-3 [22]. EFEMP]I is located on
chromosome 2p16. Fibulin-3 is widely expressed
in the extracellular matrix throughout the body;
however, its exact function is unknown [23].
Arg345Trp mutation may induce resistance to the
degradation of fibulin-3 rather than impairment
of function [23]. Fue et al. [24] found that
EFEMPI-Arg345Trp knockin mice developed
deposits between the BM and the RPE. Such
deposits may contain an increased amount of
fibulin-3. In a recent study, Stanton et al. [25]
suggested that fibulin-3 plays a central role in the
development of basal laminar deposits, and dele-
tion of EFEMPI in mice protects against the
development of basal laminar deposits. These
deposits could contribute to RPE/photoreceptor
dysfunction and may induce sequelae, including
geographic atrophy and CNV.

14.3.2 Clinical Manifestation

The disease severity of DHRD varies widely with
the evidence of interocular, intrafamilial, and
interfamilial variability in visual loss and natural
history [20]. Patients with DHRD may be asymp-
tomatic early in the course of the disease, and the
onset of symptoms is usually at the age of 30-50
years. Patients may describe an initial insidious
onset of visual symptoms, such as reduced cen-
tral vision, photophobia, slow dark adaptation,
paracentral scotoma, and metamorphopsia [26—
28]. Loss of color vision occurs at a later stage
[28]. In the advanced stage of the disease, which
usually occurs in the seventh or eighth decade of
life, central vision is involved, and visual acuity
is severely impaired, predominantly because of
RPE atrophy and scarring [29, 30]. CNV can
develop but it is a rare complication [28, 31-33];
however, it can sometimes be associated with
subretinal hemorrhage [34].
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Fundus findings are typically characterized by
early-onset drusenoid deposits involving the pos-
terior pole and peripapillary area. These small
drusen at the early stage can become large and
more confluent at later stages [35, 36] (Fig. 14.1).

Optical coherence tomography (OCT) imaging
can reveal focal dome-shaped, saw-tooth, or dif-
fuse hyperreflective deposits with elevation
between the BM and RPE, usually becoming
more confluent over time [37]. The outer retinal

Fig. 14.1 Fundus photography, optical coherence tomog-
raphy, and fundus autofluorescence of a 32-year-old man
with Doyne honeycomb retinal dystrophy. (a, b) Fundus
photographs show diffuse and confluent drusen with vari-
able size, widely distributed in the posterior pole and peri-
papillary area. (¢, d) Optical coherence tomography reveals

bilateral extensive hyperreflective thickening beneath the
retinal pigment epithelium accompanied by wavy uplift and
intraretinal fluid accumulation in the right eye. (e, f) Fundus
autofluorescence shows hyperautofluorescent spots corre-
sponding to large drusen (Courtesy of Prof. Eun Kyoung
Lee, Seoul National University, Seoul, Korea)
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layer may be preserved early in the disease, but
later stages can show variable or diffuse inner
segment/outer segment junction (IS/OS junction)
loss and outer retinal disruption. OCT is also use-
ful for detecting CNV and geographic atrophy
(Fig. 14.1). Fundus autofluorescence (FAF) [36]
allows visualization of the health of the RPE/
photoreceptor complex. Drusen of DHRD can be
hypo-or hyper-autofluorescent, but one study
showed that larger drusen are typically more
hyper-autofluorescent [37]. Central areas of the
posterior pole may be hypo-autofluorescent
because of central geographic atrophy and loss or
dysfunction of the RPE. On fluorescein angiogra-
phy (FA) and indocyanine green angiography
(ICG), large round drusen are hypofluorescent at
the early phase and become hyperfluorescent at
the late phase. However, small drusen are hyper-
fluorescent at the early phase and decrease their
fluorescence toward the late phase [36-38]
(Fig. 14.2).

14.3.3 Differential Diagnosis

Differential diagnosis for patients with early-
onset drusen include Stargardt disease, North
Carolina macular dystrophy, Sorsby fundus dys-
trophy, Best disease, Pattern dystrophy, and age-
related macular degeneration.

14.3.4 Treatment

Currently, there is no proven treatment for
DHRD. Typically, patients with DHRD are man-
aged conservatively by observation. A series of
anti-VEGF agents can be used for CNV
development.

14.4 Bietti’s Crystalline Dystrophy

Bietti’s crystalline dystrophy (BCD) is an autoso-
mal recessive retinal degeneration that was first
described by Bietti in 1937 [39]. He reported
three patients with crystalline deposits in the ret-

ina, scattered retinal pigment, chorioretinal atro-
phy, and yellow-white spots in the limbal cornea.
In 1968, Bagolini and Ioli-Spada presented a
30-year follow-up data on these three patients
and an additional six patients and designated this
condition as Bietti’s tapetoretinal degeneration
with marginal corneal dystrophy [39]. They con-
firmed that BCD is a progressive and degenerative
condition. Welch [40] identified the presence of
lipid inclusion in the fibroblasts and corneal epi-
thelium by analyzing a corneal limbus biopsy
obtained from a patient with BCD, and described
the condition as “crystalline retinopathy.” Li
et al. [41] identified the CYP4V2 gene as a caus-
ative gene variant of BCD, which is involved in
fatty acid metabolism. Lockhart et al. [42] devel-
oped an animal model that showed retinal crys-
talline deposits and metabolic lipid disturbances
in Cyp4v3-/~ knockout mice, corresponding with
BCD findings in humans.

14.4.1 Molecular Genetics

The CYP4V2 variant is related to the pathogene-
sis of BCD, which is expressed in a vast majority
of body tissues, especially the RPE and retina,
with a lesser degree of expression in the cornea
[41, 43]. The CYP4V2 gene belongs to the cyto-
chrome p450 gene family. It is an 1l-exon
sequence that encodes a 525-amino acid protein,
and plays an important role in lipid metabolism
[43]. Functional alteration of CYP4V2 may lead
to impaired binding, elongation, or desaturation
of fatty acids [44]. Lee et al. [44] found that the
conversion of fatty acid precursors into n-3 poly-
unsaturated fatty acids is lower than normal in
patients with BCD. This may be caused by a dys-
function of microsomal omega hydroxylase,
which degrades lipids with mitochondrial and
peroxisomal beta-oxidation enzymes, and the
protein is encoded by CYP4V2 [45].
Histopathologic studies have found panchorio-
retinal atrophy with complex lipid inclusion in
choroidal fibroblasts [46], which may be a cause
of progressive atrophy of the choriocapillaris and
RPE layer in patients with BCD [47].



Fig. 14.2 Fluorescein angiography and indocyanine
green angiography of the same patient as in Fig. 14.1. (a,
¢) In the early phase of fluorescein angiography, indistinct
hypofluorescence corresponding to large drusen and dif-
fuse pinpoint hyperfluorescence corresponding to small
drusen are noticed. (b, d) In the late phase of fluorescein
angiography, ill-defined zone of hyperfluorescence corre-

sponding to large drusen and less intense hyperfluores-
cence of the small drusen are visible. (e, f) Indocyanine
green angiography reveals multiple hypofluorescent dots
corresponding to large drusen with small hyperfluorescent
spots of the small drusen (Courtesy of Prof. Eun Kyoung
Lee, Seoul National University, Seoul, Korea)
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The hallmark sign of BCD is white spots or crys-
tals in the retina and corneal stroma. Initially,
patients with BCD are often asymptomatic, and
the first clinical manifestation most commonly
appears between the second and third decade of
life. As BCD progresses, symptoms appear grad-
ually and painlessly and include night blindness,
visual field constriction, color vision impairment,
floaters, and photopsias. At the advanced stage of
BCD, patients experience profound visual
impairment and become legally blind.

In 1986, Yugawa et al. [48] classified BCD
into the following three stages:

e Stage 1: RPE atrophy with uniform fine white
crystalline deposits is observed in the macular
area.

e Stage 2: RPE atrophy extends beyond the pos-
terior pole. Choriocapillaris atrophy, in addi-
tion to RPE atrophy, appears markedly at the
posterior pole. Crystalline deposits in the
lesion vary in shape and size and tend to
become confluent. The number of crystalline
deposits is lower in the advanced atrophic
areas of the RPE-choriocapillaris complex.

e Stage 3: RPE-choriocapillaris complex atro-
phy is observed throughout the fundus. The
total number of crystalline deposits decreases.

Fig. 14.3 (a) Slit-lamp biomicroscopic images showing
glistening white crystal-like deposits (arrow) in the cor-
nea. (b) Anterior segment OCT shows hyperreflective
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Corneal involvement of crystalline deposits
can be observed by slit lamp examination. The
crystalline deposits are of variable size and are
situated throughout the corneal stroma. They are
more numerous near the corneal limbus and do
not disturb the visual acuity. In contrast to retinal
crystalline deposits, they persist in the advanced
stages of BCD (Fig. 14.3).

OCT imaging shows global thinning in the
posterior pole and the presence of crystalline
deposits (Fig. 14.4). The crystalline deposits
appear as hyperreflective spots. These spots can
be observed not only in the RPE and BM but also
throughout the neurosensory retina and choroid
[41, 49, 50]. OCT also shows the loss of the IS/
OS junction and external limiting membrane, as
well as the formation of tubulations in the outer
retina [47]. CNV is not common in patients with
BCD; however, if present, careful evaluation and
management are required.

FAF can be used to detect the progression of
BCD. Hypoautofluorescence is representative of
RPE cell loss, and it corresponds to atrophic lesions
on OCT. Notably, crystalline deposits in BCD can-
not be found in FAF because these deposits are a
collection of cholesterol esters [51]. In the early
stages of BCD, FA shows hyperfluorescent win-
dow defects. Hypofluorescent areas can be seen in
the FA in the late stage of the BCD. FA is also use-
ful for the detection of CNVs. ICG shows a lobular

plaques (arrow) located beneath the corneal epithelium in
the corresponding area of a
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Fig. 14.4 Fundus photography (a, b) and OCT findings
(c, d) of a patient with BCD. (a, b) Fundus examination
shows mild retinal atrophy and multiple crystalline depos-
its. CNV membrane is observed in the left eye. (¢, d) OCT

pattern of hypofluorescent lesions in the late phase,
and these lesions are thought to be areas of chorio-
capillaris nonperfusion [52]. The ERG pattern is
related to the severity of BCD. Various features of
ERG have been described, such as reduced ampli-
tude of scotopic response, photopic response, and
non-recordable ERG [53].

14.4.3 Differential Diagnosis

Retinal diseases that present with crystalline
deposits in the retina need to be differentiated
from BCD. Nadim et al. classified these diseases
into systemic disorders, drug-induced disorders,
primary ocular disorders, and embolic diseases

shows crystalline deposits as hyperreflective spots. CNV
membrane can also be found between the outer retina and
RPE

[54]. Since diffuse RPE dystrophy without obvi-
ous crystalline deposits occurs in the advanced
stage of BCD, it is difficult to differentiate it from
retinal degenerative diseases, such as retinitis
pigmentosa and choroideremia.

e Systemic disorders: oxalosis, cystinosis,
hyperornithinemia, and Sjogren—Larsson
syndrome.

e Drug-induced disorders: tamoxifen, canthax-
anthin, talc, and nitrofurantoin.

e Primary ocular disorders: calcified macular
drusen, idiopathic parafoveal telangiectasis,
and long-standing retinal detachment.

¢ Embolic diseases: calcium emboli and choles-
terol emboli.
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14.4.4 Treatment

Currently, there is no proven medical or surgi-
cal treatment for BCD. In cases of coexisting
CNYV, ophthalmologists should be aware that
they can be treated with intravitreal anti-VEGF
injections [55].
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Abstract

The hereditary vitreoretinal degenerations
contain a heterogenous group of disease enti-
ties with a wide variability of phenotypes.
Clinical diagnosis of these conditions would
be difficult due to overlapping clinical fea-
tures among them. Now, the advances in clini-
cal and molecular genetic studies have
contributed to the assessment to define and
diagnose these conditions properly. This chap-
ter deals with several types of disorders cover-
ing chondrodysplasias with vitreoretinal
degeneration including Stickler syndrome,
Wagner syndrome, snowflake vitreoretinal
degeneration, retinal nuclear receptor-related
diseases including enhanced S-cone syndrome
and autosomal dominant vitreoretinocho-
roidopathy. The purpose of this chapter is to
provide an overview of these disorders.
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15.1 Chondrodysplasias
Associated with Vitreoretinal

Degeneration

In 1965, Stickler et al. [1] published their report
on hereditary progressive arthro-ophthalmopathy.
Now it is known to contain five subgroups that
belong to the family of chondrodysplasias associ-
ated with vitreoretinal degeneration as follows;
Stickler ~ syndrome,  Marshall ~ syndrome,
Knobloch syndrome, Kniest dysplasia, and
Weissenbacher—Zweymiiller syndrome.

15.1.1 Stickler Syndrome

15.1.1.1 Molecular Genetics

Stickler syndrome is a connective disorder that
affects the systemic formation of collagen result-
ing in ocular, orofacial, auditory, and musculo-
skeletal abnormalities. In the human vitreous,
collagen forms a network of heterotypic fibrils
which consists of type II, V/XI, and IX. Collagen
consists of a trimer of three o chains (peptide)
which are folded into a helical structure. Collagen
type II is the most abundant collagen in the vitre-
ous. It consists of three identical a chains
(homotrimer) encoded in a single gene of
COL2A1 (COL=collagen, 2=type II, Al=al pep-
tide). Whereas collagen type IX and XI are
formed by different peptide chains (heterotri-
mers). Type IX collagen is encoded in three dif-
ferent genes called COL9AI, COL9A2, and
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COL9A3. Type XI collagen is encoded in genes
called COLI1AI, COL11A2, and COL2A1. Type
XI collagen is found in distinct forms in cartilage
and vitreous; the al(IX) chain is expressed in
both cartilage and vitreous while the a2(XI)
chain is chiefly in non-ocular tissue. Thus, muta-
tions in the COLI1A2 gene do not affect ocular
tissue resulting in non-ocular Stickler syndrome
(type 3).

Stickler syndrome is subclassified into several
types based on genetic heterogeneity. The major-
ity of patients have type 1 Stickler syndrome,
which is caused by mutations in the COL2AI
gene on chromosome 12ql3, encoding type II
collagen [2]. The families with premature stop
codon mutations in exon 2 of the COL2A]I gene
exhibited predominant ocular features with no or
minimal extraocular abnormalities, known as
ocular only Stickler syndrome [3]. Other types of
mutations in the COL2A] gene cause a wide
range of severity in skeletal dysplasia as follows:
severe dysplasia in achondrogenesis type II and
hypochondrogenesis and intermediate severity in
spondyloepiphyseal dysplasia congenita and
Kniest dysplasia. Type 1 Stickler syndrome is the
most common type II collagenopathy with a mild
phenotype.

Types 2 and 3 Stickler syndromes are caused
by mutations in the COLI1A1 gene on chromo-
some 1p21 [4] and in the COLIIA2 gene on
chromosome 6p21 encoding type XI collagen
[5], respectively. Type 3 Stickler syndrome is
known as non-ocular Stickler syndrome which
has only extraocular findings as stated above.
Stickler syndrome, types 1, 2, and 3 are inher-
ited in autosomal dominant patterns with high
penetrance. In addition, several studies
described autosomal recessive Stickler syn-
drome caused by mutations in collagen IX
genes, such as COL9AI (type 4), COL9A2 (type
5), and COL9A3, which locate on chromosome
6q13, 1p34, and 20q13 [6-8]. Recently, small
families in the autosomal recessive pattern were
found to have mutations in LRP2 (lipoprotein
receptor-related protein-2) and LOXL3 (encod-
ing lysyl oxidase-like 3) [9, 10].

15.1.1.2 Clinical Phenotypes

Ocular Findings

Patients with Stickler syndrome can present a
wide range of ocular phenotypes including con-
genital high myopia, cataract, glaucoma, and vit-
reoretinal abnormalities such as congenital
vitreous anomaly, radial perivascular retinal
degeneration, and rhegmatogenous retinal
detachment.

Most of the patients are myopic, which is typi-
cally congenital, non-progressive, and of a high
degree. Patients may present congenital and non-
progressive cataracts, shown as a distinctive
wedge or fleck-shaped cataract such as quadran-
tic lamellar feature (Fig. 15.1). Drainage angle
abnormalities may predispose patients to glau-
coma. The optic nerve is normal.

Congenital vitreous anomaly is the pathogno-
monic feature of Stickler syndrome. Type 1
Stickler syndrome usually has a membranous vit-
reous anomaly presenting as retrolental folded
membrane behind which it is empty vitreous
space [11]. While an irregular and beaded vitre-
ous is presented in type 2 Stickler syndrome [12].
Ocular only Stickler syndrome presents hypo-
plastic vitreous which may be optically empty
[13]. In Stickler syndrome, radial perivascular

Fig. 15.1 Quadrantic lamellar cataract in Stickler
syndrome
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retinal degeneration [14] may develop in child-
hood which becomes worse with age resulting in
perivascular pigment accumulation (Fig. 15.2).
In addition, circumferential lattice degeneration
is frequently observed.

Stickler syndrome is the most common inher-
ited cause of non-traumatic rhegmatogenous reti-
nal detachment in childhood (Fig. 15.3). The
patients with Stickler syndrome have life-long
risks of retinal detachment with the age of onset
mostly ranging from 10 to 30 years [15, 16]. The
incidence of retinal detachment has been reported
up to 60% [17]. In addition, Ang et al. [18] has
reported even higher risk over 70% in type 1

Fig. 15.2 Radial perivascular retinal degeneration with
clumps of pigmentation in Stickler syndrome

retinal detachment in

Fig.
Stickler syndrome. All images are provided by Sang Jin
Kim in Sungkyunkwan university

15.3 Rhegmatogenous

Stickler syndrome with almost half of them hav-
ing bilateral giant retinal tears in childhood.
Multiple or posteriorly located retinal tears are
also often detected. Abnormalities of vitreous
and vitreoretinal interface have been regarded as
a predisposing factor to retinal detachment.

Extraocular Findings

Orofacial abnormalities in Stickler syndrome
include mid-face hypoplasia, micrognathia, as
well as midline cleft ranging from cleft palate to
bifid uvula. Hearing difficulties are well-known
in Stickler syndrome. Although its pathogenesis
is not clear, the causes of hearing loss would be a
conductive or sensorineural loss. Conductive
hearing deficits may result from recurrent otitis
media secondary to palate abnormalities or ossi-
cle defects [19]. Sensorineural hearing loss may
be associated with abnormal structure of the
cochlear. In addition, patients with non-ocular
Stickler syndrome have been reported to experi-
ence worse hearing loss. Patients with Stickler
syndrome have a wide range of musculoskeletal
manifestations. Joint hypermobility may be com-
mon in younger patients; however, it reduces
with age resulting in early-onset degenerative
osteoarthritis by the third or fourth decade [20].
Spine abnormalities are frequently found such as
flattened vertebral bodies, endplate abnormali-
ties, and scoliosis. Mild spondyloepiphyseal dys-
plasia is also common. Slender extremities and
long fingers have been reported. Height is nor-
mal. Liberfarb and Goldblatt [21] reported mitral
valve prolapse in 45.6% of Stickler syndrome
patients; however, a more recent study by Snead
[22] did not detect any valvular disease in Stickler
syndrome.

15.1.1.3 Management

Management of retinal detachment in Stickler
syndrome is challenging, often needs multiple
surgeries due to re-detachment. Therefore, pro-
phylactic treatments have been tried to reduce
the risk of retinal detachment. Several retro-
spective studies have reported the favorable effi-
cacy and safety of prophylactic treatments
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including cryotherapy or laser photocoagulation
[18, 23, 24]. In 2008, a retrospective study by
Ang et al. [18] demonstrated the benefits of
360° cryotherapy against retinal detachment
from giant retinal tears in type 1 Stickler syn-
drome [18]. In this study, 73% of patients
untreated with cryotherapy experienced retinal
detachment with 48% of them bilateral. In con-
trast, only 8% of patients who underwent cryo-
therapy developed retinal detachment without a
case of bilateral detachment. In 2014, they have
reported extended results of prophylactic cryo-
therapy in 487 type 1 patients referred as the
Cambridge prophylactic cryotherapy protocol
[23]. They demonstrated a 7.4-fold increased
risk of retinal detachment in the controls com-
pared to the bilateral prophylaxis group. In
addition, the risk of development of a second
eye retinal detachment without cryotherapy was
10.3-fold compared to those who underwent
cryotherapy after retinal detachment in the fel-
low eyes. However, these studies would be
biased due to their study design. In addition, cir-
cumferential interventions could not prevent
retinal detachment secondary to posterior reti-
nal tears. To determine the guidelines for pro-
phylactic interventions, more well-designed
clinical trials are needed.

15.1.2 Marshall Syndrome

Marshall syndrome is characterized by myopia,
congenital cataract, liquefied vitreous, midfacial
hypoplasia, and congenital hearing loss [25]. It
shows a round face with a very flat nasal bridge,
while Stickler syndrome has a long face with a
normal nasal bridge. Ectodermal abnormalities
have been reported in Marshall syndrome. It is
inherited in autosomal dominant pattern. It is
caused by a mutation of the COLIIAI gene, like
type 2 Stickler syndrome. The splicing muta-
tions of 54-bp exons in the C-terminal region of
the COLIIAI gene have been reported in
Marshall syndrome [26]. There has been a
debate whether Marshall syndrome belongs to a
different disease entity from Stickler syndrome.
Ayme and Preus [27] concluded that Marshall

syndrome is a distinct disorder based on their
cluster analysis.

15.1.3 Knobloch Syndrome

Knobloch syndrome is an autosomal recessive
developmental disorder characterized by dis-
tinct ocular and occipital abnormalities. The
ocular abnormalities include high myopia,
absence of iris crypt, cataract, lens subluxation,
vitreoretinal degeneration, and retinal detach-
ment. Khan et al. described typical features of
vitreoretinal degeneration including severe
chorioretinal atrophy with prominent choroidal
vessel show, macular atrophy, and white fibril-
lar vitreous condensations [28]. The occipital
anomalies have variable phenotypes ranging
from occult cutis aplasia to occipital skull
defect with or without encephalocele [28]. In
2000, Sertie et al. [29] identified homozygous
acceptor splice mutation in the COLISAI gene
on chromosome 21g22 in a Brazilian family
with Knobloch syndrome. COLI8AI encodes a
basement membrane proteoglycan, collagen
XVIII, which is widely expressed in multiple
organs, especially in ocular tissue including
iris, ciliary body, basement membrane of RPE
and Bruch’s membrane. It has an important role
in ocular and neurologic development. Until
now, numerous mutations in COLISAI have
been detected in other families with Knobloch
syndrome such as homozygous frameshift
mutation [30]. Whereas, Aldahmesh et al. [31]
has proposed the ADAMTSI8 gene as a causal
gene for Knobloch syndrome in one Saudi
patient. However, they later found aberrant
splicing in the COLIS8AI gene in the same
patient, concluding that ADAMTSIS8 did not
cause this condition [32].

15.1.4 Kniest Dysplasia

Kniest dysplasia is an autosomal dominant disor-
der that is caused by heterozygous mutations in
the COL2A1 gene like type 1 Stickler syndrome.
Kniest dysplasia has distinguishable skeletal and
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craniofacial abnormalities including dwarfism
with a short trunk and limbs, kyphoscoliosis,
enlargement and contracture of joints and cleft
palate. It has abnormal ocular features such as
congenital myopia, vitreous degeneration, and
retinal detachment [33]. In addition, hearing loss
often occurs. Skeletal deformity becomes worse
with age, resulting in severe dwarfism.

15.1.5 Weissenbacher-Zweymiiller
Syndrome

Weissenbacher—Zweymiiller syndrome (WZS) is
characterized by the Pierre-Robin sequence, mid-
facial hypoplasia, snub nose, short proximal limb
with dumbbell-shaped femora, and humeri with-
out any ocular abnormalities [34]. In contrast to
Kniest dysplasia, the bone changes subsequently
resolved resulting in normal growth in adulthood.
Sensorineural hearing loss was reported. It is
caused by a mutation in the COLIIA2 gene on
chromosome 6p21 like non-ocular Stickler syn-
drome. Giedion et al. [35] proposed WZS to be
named as otospondylomegaepiphyseal dysplasia.
While, Pihlajamaa et al. [36] suggested that WZS
and non-ocular Stickler syndrome are the same
disorder.

15.2 Wagner Syndrome

Wagner syndrome was firstly described in a
Swiss family in 1938 [37]. Historically, it was
considered as the same entity with Stickler syn-
drome, referred to Wagner—Stickler syndrome
due to overlapping clinical features. However,
now, Wagner syndrome is considered as a distinct
entity from Stickler syndrome with the advance
of genetic analysis. Whereas, previously, erosive
vitreoretinopathy and Jansen syndrome have
been described to share similar clinical features
with Wagner syndrome. Subsequent linkage
studies revealed that these diseases were also
linked to regions of chromosome 5, where is also
critical for Wagner syndrome [38, 39]. Now they
are considered allelic disorders, named as the
chromosome 5q retinopathies.

15.2.1 Molecular Genetics

Wagner syndrome is inherited in an autosomal
dominant pattern with complete penetrance.
Wagner syndrome was first identified to be linked
to chromosome 5q13-14 in 1995 [16]. In 2005,
Miyamoto et al. [40] found abnormal splicing in
the chondroitin sulfate proteoglycan 2 gene
(CSPG2), now named VCAN, encoding for the
versican. In human vitreous, versican is known to
bind to hyaluronate and link protein, resulting in
the formation of large aggregates which support
the structural integrity, as well as maintain and
regulate the retinal cells [40]. The altered versi-
can might lead to abnormal interaction with vit-
reous and subsequent severe syneresis of vitreous;
however, the mechanism is not certain yet.

15.2.2 Clinical Phenotypes

The phenotypes of Wagner syndrome have a
wide range of spectrum and show a progressive
course age-dependently. The hallmark of Wagner
syndrome is congenitally optically empty vitre-
ous with fibrillary condensations or preretinal
avascular membrane, described as strands, veils,
or sheets [41-43]. Vitreous abnormalities are
usually shown in childhood. Recent study
revealed a thick multilayered membrane detached
from the fovea with persistent attachment to peri-
fovea on optical coherence tomography (OCT),
which is different from age-related posterior vit-
reous detachment [44]. Wagner syndrome often
presents early-onset cataracts and mild myopia.
Pseudostrabismus with a large positive angle
kappa was reported due to ectopic fovea in some
pedigrees with Wagner syndrome [40, 42, 43].
Chorioretinal degeneration has a progressive
course with variable expression. It includes loss
of RPE, perivascular or peripheral pigmentation,
and chorioretinal atrophy starting from the
periphery, eventually involving the posterior pole
in advanced cases. Rhegmatogenous retinal
detachment is less complicated, late-onset, and
occurs infrequently compared to Stickler syn-
drome. Whereas, the incidence of peripheral trac-
tional retinal detachment has been reported as
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25% and even over 50% in patients over age 45 in
a follow-up study with the original pedigree [42].
Peripheral vascular sheathing, inverted papilla,
and glaucoma may be detected. In contrast to
Stickler syndrome, the patients with Wagner syn-
drome do not have any systemic manifestations
such as midfacial hypoplasia, arthropathy, or
hearing loss.

In early ages, nyctalopia can be present, but
vision is usually normal. With advancing age,
progressive chorioretinal atrophy or cataract
leads to gradual loss of vision even in absence of
retinal detachment. Visual field can show vari-
able findings including diffuse peripheral loss or
ring scotoma with progressive chorioretinal atro-
phy [42]. Electrophysiological tests are also usu-
ally nearly normal in young patients but become
progressively abnormal including impaired dark
adaptation, progressive reduction in a- and
b-wave amplitudes with better preservation of the
b-wave on ERG [41, 42].

In summary, Wagner syndrome has differenti-
ating features from Stickler syndrome such as
nyctalopia, progressive chorioretinal atrophy,
lower risk of retinal detachment, abnormal retinal
function, and absence of systemic findings.

15.2.3 Management

There is no established guideline to treat this con-
dition. The patients should be examined regularly
to detect the development of cataracts and retinal
detachment. Refractive error, cataract, and retinal
detachment should be managed properly.

15.3 Snowflake Vitreoretinal
Degeneration

Snowflake vitreoretinal degeneration (SVD) was
firstly described in a family, an American family
of European ancestry by Hirose et al. in 1974
[45]. The original family of this condition is char-
acterized by cataract, fibrillar vitreous degenera-
tion, and peripheral minute crystallin-like retinal
deposits.

15.3.1 Molecular Genetics

SVD shows autosomal dominant inheritance.
The mutations in the KCNJI3 gene on chromo-
some 2q36, encoding Kir7.1 was reported to
cause SVD [46]. Inwardly rectifying potassium
channel Kir7.1 is highly expressed in internal
limiting membrane and retinal pigment epithe-
lium (RPE). Impaired potassium transport might
lead to vitreoretinal degeneration by Miiller cell
dysfunction [46].

15.3.2 Clinical Phenotypes

Hirose’s original family [45] exhibited several
distinguishing features including early-onset cata-
racts, fibrillar vitreous degeneration, and periph-
eral crystalline-like deposits resembling a
snowflake. Although several studies referred to
snowflake-like lesions in other families, only one
family by Pollack et al. [47] showed clinically
identical conditions with Hirose’s original family
until now. In 2003, Lee et al. [48] reported follow-
up results of this original family and described
additional distinct features including corneal gut-
tae similar to Fuchs’ corneal endothelial dystro-
phy. In their report, the patients exhibit optic
nerve head abnormalities including waxy pallor,
peripapillary atrophy, flat-appearing or dysmor-
phic nerve head [48]. They showed moderate
myopia with a mean spherical equivalent of -2.9
diopters [48]. Peripheral retinal deposits are char-
acteristic features represented as minute, yellow-
white crystalline-like deposits called snowflakes.
Corneal guttae and peripheral retinal degenera-
tion might be progressive resulting in increased
retinal pigmentation and sheathing of retinal ves-
sels. Rhegmatogenous retinal detachment was
reported in 21% of this family members [48], a
relatively lower rate compared to those with
Stickler syndrome. In contrast to Stickler syn-
drome, there are no radial or circumferential lat-
tice degeneration and systemic manifestations
such as midfacial maldevelopment, hearing loss,
or arthropathy [48]. Hirose et al. [49] demon-
strated impaired retinal function with elevated
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rod thresholds in dark-adaptation tests and
reduced scotopic b-wave in dim white light on
electroretinogram(ERG); however, the vision is
relatively good.

15.3.3 Management
There is no specific management until now. The

patients should be educated and examined regu-
larly to detect cataract and retinal detachment.

15.4 Retinal Nuclear Receptor
(NR2E3)-Related Diseases

15.4.1 Molecular Genetics

The NR2E3 gene (nuclear receptor subfamily 2,
Group E, member 3), alsoknown as photoreceptor-
specific nuclear receptor (PNR), encodes a
nuclear hormone receptor of ligand-dependent
transcription factor which is expressed in photo-
receptors [S0]. The NR2E3 gene is located on
chromosome 15g23. The NR2E3 protein has a
critical role in the regulation of embryogenic
development and maintenance of photoreceptors.
It enhances the expression of rod-specific genes
but represses the cone-specific genes synergisti-
cally with other transcription factors such as
cone-rod homeobox (CRX) and neural retinal
leucine zipper (NRL) [51]. CRX is essential for
the expression of photoreceptor-specific genes,
such as opsins. NRL promotes rhodopsin expres-
sion and represses cone cell fate in photoreceptor
progenitor cells. In human retina, there are three
cone types referred to long-, middle-, and
short-wavelength-sensitive (L, M, and S) cones.
The NR2E3 mutations result in an abnormal ratio
of S- to L-/M-cones, suggesting abnormal switch-
ing between S- and other cones [52]. Put together,
dysfunction of NR2E3 leads to abnormal differ-
entiation and degeneration of photoreceptors,
specifically rod cell differentiation, resulting in
excess S-cones at the expense of M- and L-cones
and absence of rod [53].

Mutations in the NR2E3 gene are associated
with autosomal recessive vitreoretinal degen-
eration including Goldmann—Favre syndrome

(GFS), enhanced S-cone syndrome (ESCS), and
clumped pigmentary retinal degeneration
(CPRD). In addition to these recessive retinal
degenerations, dominant mutations in NR2E3 are
linked to some autosomal dominant retinitis pig-
mentosa. Now, GFS, ESCS, and CPRD are con-
sidered as the same disease entity in a wide
spectrum of manifestations based on electrophys-
iological, psychophysical, and molecular genetic
findings [54].

15.4.2 Clinical Phenotypes

The clinical features in patients with NR2E3-
related recessive retinal degenerations have great
variability in the phenotypes and onset even with
the high intrafamilial variability [55]. Those were
characterized by early-onset nyctalopia, pigmen-
tary retinal degeneration, retinoschisis, vitreous
degeneration, posterior subcapsular cataract, and
markedly abnormal ERG findings. Pigmentary
retinal degeneration is typically presented as mid-
peripheral nummular pigment deposits in the area
of the vascular arcades rather than the bone spic-
ule seen in retinitis pigmentosa. While, only sub-
tle pigmentary changes would be also detected
shown as white spots, yellow flecks, or focal
hyperpigmentation [55-57]. However, clumped
pigment retinopathy is not a pathognomic finding
for NR2E3-related degeneration, since similar
fundus findings have been reported in Bardet-
Biedl syndrome [58] or some retinitis pigmentosa
such as non-syndromic form [59]. Previous OCT
study revealed disorganized retinal lamination
and the rosette formation in the outer nuclear
layer at an advanced stage [57]. Some patients
would have cystoid maculopathy or retinoschisis
in either macula or peripheral retina similar to
X-linked retinoschisis. Vitreous is usually severely
liquefied resulting in an optically empty cavity
containing vitreous strands or membranes. Visual
acuity loss is a variable ranging from normal to
marked reduction regardless of age. Poor visual
acuity is often related to macular retinoschisis,
cataract, and pigmentary retinal degeneration.
Visual field tests show defects similar to retinitis
pigmentosa corresponding to the areas of retinos-
chisis and retinal degeneration.
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15.4.3 Electrophysiology

There is a high variability of severity in ERG
abnormalities, even reported cases with mild
impairment and preserved rod function. However,
the traditional full-field ERG results include the
following findings: (1) undetectable rod response;
(2) similar waveforms to a standard single flash
under photopic and scotopic; and (3) abnormally
reduced amplitude of photopic 30-Hz flicker
ERG rather than that of a-wave in single flash
photopic ERG [56]. Spectral ERG testing
revealed a hypersensitivity of the S-cones and
reduced sensitivity of M- or L-cones [60]. The
ERG testing shows great amplitude to a blue light
flash on an orange background and severely
reduced response to an intensity-matched, orange
light flash on a green background. While Audo
et al. [56] reported the progressively reduced
amplitudes of b-wave without a change of a-wave
as the stimulus duration of blue flash increased,
suggesting OFF-related ERG activity in some
patients with ESCS. However, in normal retina,
S-cones are connected to ON-bipolar cells, while
M- and L-cones connected to both ON- and OFF-
bipolar cells. This may reflect an abnormal devel-
opment of second-order neural network indicating
S-cones connected to ON- and OFF-bipolar cells
or secondary replacement of M- and L-cone
opsins by S-cone opsin, although there is no
established consensus yet [56, 61].

15.4.4 Management

There is no specific treatment for this condition.

15.5 Autosomal Dominant
Vitreoretinochoroidopathy

Autosomal dominant vitreoretinochoroidopathy
(ADVIRC) was firstly described in 1982 by
Kaufman et al. [62] This condition is character-
ized by peripheral circumferential hyperpigmen-
tation which is sharply demarcated from the
normal central retina, midperipheral chorioretinal
atrophy, fibrillar vitreous condensation, intrareti-

nal white opacities, preretinal neovascularization,
and macular edema [62]. It is also associated with
abnormal ocular development including nanoph-
thalmos, microcornea, iris dysgenesis, angle-clo-
sure glaucoma, optic nerve dysplasia, and cataract
[63]. In 2004, Yardley et al. [64] found the mis-
sense mutations in the BEST/ gene in the patients
with ADVIRC, which was originally known to
cause Best vitelliform macular dystrophy. The
Best]l gene encodes the transmembrane bestro-
phin-1 protein which is expressed in the basolat-
eral membrane of RPE [65]. The electrooculogram
is usually severely reduced in BESTI-related
ADVIRC patients [63], supporting the abnormali-
ties at the level of RPE. However, in some cases
with mild phenotypes, it may be nearly normal.
The ERG findings vary between the patients from
normal to reduced rod and cone responses in
advanced cases. Nyctalopia is absent.
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Abstract

Hereditary choroidal dystrophies include cen-
tral areolar choroidal dystrophy, gyrate atro-
phy of the choroid and retina, choroideremia,
etc. Although traditionally these conditions
have been classified as choroidal dystrophies,
the primary pathogenic process is thought to
occur in the retinal pigment epithelium, not in
the choroid. The underlying genetic causes
result in the degeneration of both the RPE and
choroid. In gyrate atrophy, dietary modifica-
tions to lower ornithine levels may slow the
progression of chorioretinal atrophy and
improve cystoid macular edema. For the treat-
ment of choroideremia, clinical trial of gene
therapy using adeno-associated viral vector
encoding REP1 is currently underway.
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16.1 Choroideremia

Choroideremia is an X-linked, recessive inher-
ited chorioretinal disorder causing progressive
degeneration of the retina, retinal pigment epithe-
lium (RPE), and choroid [1-3]. Affected male
patients develop night blindness with progressive
peripheral vision loss and eventual central vision
loss. Female carriers may be asymptomatic but
may show patchy chorioretinal atrophy. CHM
gene, which encodes Rab escort protein 1 (REP1)
is a gene responsible for choroideremia.

16.1.1 Clinical Features

In patients with choroideremia, visual field con-
striction and vision loss is progressive leading to
blindness. Typically, choroideremia patients
show night blindness in their first or second
decade of life, and in their third decade of life,
patients report peripheral field constriction [4].
Central vision is preserved until later in life (usu-
ally until their 40s), resulting in tunnel vision [4].
Jolly et al. [5] reported that the median age for
retaining 20/20 BCVA (best-corrected visual
acuity) was 39 years. Around 60-70 years of age,
patients show severe vision loss and often com-
plete blindness.

Full-field ERG shows abnormal scotopic
responses in choroideremia, which correlate
symptomatically with a reduction in night vision.
Later in life, cone cell dysfunction also occurs,
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Fig. 16.1 (Top left) Color fundus photograph shows
extensive chorioretinal atrophy in a 50-year-old male
patient with choroideremia; (top right). Fundus autofluo-

resulting in abnormal photopic responses. Fundus
autofluorescence (FAF) reveals areas of chorio-
retinal atrophy (Figs. 16.1 and 16.2) and is useful
for evaluating disease progression. OCT shows
decreased RPE reflectance and thinning of the
outer retinal layers and further loss of RPE reflec-
tivity (Figs. 16.1 and 16.2). Outer retinal tubula-
tion on OCT is a common finding in
choroideremia. Some patients develop cystoid
macular edema, mostly located in the outer reti-
nal layers. By combining FAF and OCT, the loss
of both RPE and photoreceptors can be followed
over time [4].

16.1.2 Molecular Genetics
and Pathophysiology

CHM encodes Rab Escort Protein-1 (REP-1)
which facilitates posttranslational modification

rescence reveals loss of RPE with sparing of the small
macular area; (bottom) OCT shows thinning of choroid
layer and outer retinal layers

of Rab proteins regulating intracellular traffick-
ing. Various types of variants of the CHM gene
have been identified in patients with choroidere-
mia. These include small deletions, nonsense
mutations, missense mutations, frameshift muta-
tions, splice site defects, deletion of an exon, and
deletion of the entire gene, causing truncation,
loss of functional domain, or absence of REP-1
[6]. Subsequently, prenylation deficiency due to
the absence of REP1 was identified as the cause
of retinal degeneration in choroideremia.

Because choroideremia is often caused by
large deletion of CHM, next-generation
sequencing-based gene testing alone may not
reveal CHM mutations. Therefore, for the molec-
ular diagnosis of choroideremia, combined
molecular genetic techniques including direct
CHM sequencing and RNA (cDNA) sequencing
as well as NGS-based approach should be con-
sidered [6].
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Fig. 16.2 (Top left) Ultra-wide-field fundus photograph
shows extensive chorioretinal atrophy in a 30-year-old
male patient with choroideremia; (top right). Ultra-wide-
field Fundus autofluorescence reveals loss of RPE with
sparing of the macular area; (bottom) OCT shows thin-

16.1.3 Gene Therapy

Preclinical studies using animal models and
human cells showed restoration of REP1 expres-
sion and function following AAV2-mediated
gene delivery [7]. Clinical trials of gene therapy
using adeno-associated viral vector encoding
REPI1 is currently underway. In 2014, the initial
findings of phase 1/2 clinical trial of subfoveal
administration of AAV-REP1 showed that gene
delivery was successful that overcome any nega-
tive effects of temporary retinal detachment
involving fovea [8]. In 2019, Fischer et al. [9]
reported the results of phase 2 clinical trial to
assess the safety and efficacy of retinal gene ther-
apy with an AAV2 designed to deliver a func-
tional version of the CHM gene (AAV2-REP1)
for treatment of patients with choroideremia. In
this study, among six participants, gene therapy

ning of choroid layer and outer retinal layers. Compared
to Fig. 16.1, this 30-year-old patient reveals more pre-
served area of retina and RPE on fundus photographs and
OCT

with AAV2-REPI was associated with mainte-
nance or improvement of visual acuity, although
no significant difference was found from control
eyes. In another phase 2 trial using AAV2-REP1,
Lam et al. [10] reported sustained improvement
or maintenance of BCVA is achievable in choroi-
deremia with high-dose AAV2-REPI. The safety
profile of these clinical trials was fair. Further
clinical trials are underway.

16.2 Gyrate Atrophy

Gyrate atrophy of the choroid and retina is an
extremely rare autosomal recessive chorioretinal
dystrophy. Mutation in the OAT gene causes defi-
ciency of the enzyme ornithine aminotransferase
with subsequent hyperornithinemia, which is
toxic to choroid and RPE cells [11]. Patients with
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gyrate atrophy show night blindness and progres-
sive visual field constriction with eventual blind-
ness [11].

16.2.1 Clinical Features

Patients with gyrate atrophy present with night
blindness and progressive visual field constric-
tion in their first or second decade of life. Loss of
central vision may occur in the fourth to fifth
decades. The fundus findings of gyrate atrophy
are quite characteristic: fundus showed well-
demarcated chorioretinal atrophy that progres-
sively coalesces together (Fig. 16.3). In most

cases, the fundus finding of scalloped chorioreti-
nal atrophy in the midperiphery with visible large
choroidal vessels is sufficient to suspect gyrate
atrophy. Patients with GA may also have (high)
myopia and posterior subcapsular cataract. A
gradual decrease in central vision occurs when
the macula is involved or posterior subcapsular
cataract develops. Macular abnormalities include
cystoid macular edema (Fig. 16.4), foveoschisis,
epiretinal membrane, and atrophy. According to
the natural history study by Takki and Milton
[12], visual acuities in phakic eyes tended to
decrease from 20/30 to 20/200 in 10 years or less.
Without the benefit of cataract surgery, the per-
centage of eyes with acuity 20/200 or worse

Fig. 16.3 Scalloped chorioretinal atrophy in the midperiphery with visible large choroidal vessels in a patient with

gyrate atrophy

Fig. 16.4 (Left) Cystoid macular before dietary modifications in a patient with gyrate atrophy; (right) After arginine
restriction, macular edema improved
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would have been 37% at age 30 and 64% at age
40. Most patients usually show vision of less than
20/200 between 40 and 55 years of age due to
chorioretinal atrophy [12].

16.2.2 Molecular Genetics
and Pathophysiology

Gyrate atrophy of the choroid and retina results
from mutations of the OAT gene on chromosome
10926, leading to deficiency of the ornithine ami-
notransferase, a vitamin B6-dependent mito-
chondrial matrix enzyme, which normally
metabolizes the amino acid ornithine into
pyrroline-5-carboxylic acid. A deficiency of OAT
leads to ornithine accumulation, with levels 10-
to 20-fold above normal. There are more than 50
reported variants in the OAT gene that lead to
gyrate atrophy. These mutations result in trunca-
tion of the enzyme, causing protein degradation.
Accumulation of excessive ornithine occurs in
the plasma, urine, cerebrospinal fluid, and aque-
ous humor. The toxic effects of hyperornithin-
emia on the RPEs may lead to progressive
choriocapillaris atrophy which can be seen as
characteristic chorioretinal degenerative patches
on fundus examination [13].

Histopathologic studies revealed focal areas
of atrophy of the photoreceptors with hyperplasia
of the adjacent RPE [14]. The retina had focal
areas of photoreceptor atrophy with adjacent
RPE hyperplasia. An abrupt transition from the
near-normal retina to a zone of near-total atrophy
of the retina, RPE, and choroid was present.

16.2.3 Management of Gyrate
Atrophy

Dietary modifications to lower ornithine levels
can be helpful. Food rich in arginine includes
nuts, seeds, dairy products, seafood, meat, choco-
late, etc. The restriction of arginine in the diet,
the precursor amino acid for ornithine, can effec-
tively lower plasma ornithine levels and slow the
progression of chorioretinal atrophy. Kaiser-
Kupfer et al. [15, 16] reported that long-term

reduction of ornithine with an arginine-restricted
diet dramatically slowed the progression of
gyrate atrophy and that If started at an early age,
long-term substantial reduction of plasma orni-
thine levels might slow the progression of the
chorioretinal lesions.

However, lowering plasma ornithine is not
always successful in slowing the progression of
chorioretinal degeneration. Vannas-Sulonen et al.
[17] reported that despite the lowered plasma
ornithine levels, electroretinographic changes
progressed in two patients, and the chorioretinal
atrophy progressed steadily in all the patients
throughout the diet. This could be due to the
genetic heterogeneity associated with gyrate
atrophy.

Some patients with gyrate atrophy showed a
significant decrease in mean plasma ornithine
levels following vitamin B6 (pyridoxine) supple-
mentation probably by increasing the activity of
the pyridoxine-dependent OAT enzyme [18]. The
dose of vitamin B6 supplementation used in stud-
ies is variable.

Dietary modifications to lower ornithine lev-
els can also be helpful in treating cystoid macular
edema. In addition, vitamin B6 supplementation,
topical carbonic anhydrase inhibitors, topical
NSAIDs, intravitreal or subtenon steroid injec-
tions, and intravitreal anti- VEGF agents might be
effective [19, 20].

16.3 Central Areolar Choroidal
Dystrophy (CACD)

Central areolar choroidal dystrophy (CACD) is a
hereditary macular disorder characterized by pro-
gressive loss of photoreceptors and atrophy of
RPE and choriocapillaris, resulting in paracentral
or central scotoma and a decrease in visual
acuity.

16.3.1 Genetics

CACD is mostly inherited as an autosomal domi-
nant trait, although autosomal recessive cases
have been reported. Autosomal dominant CACD
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is genetically heterogeneous, but PRPH2 muta-
tions have been frequently reported including
p-Argld2Trp, p.Argl72Trp, p.Argl72Gln, p.
Argl95Leu, and p.Leu307fsX83. GUCY2D also
has been associated with CACD [21]. Hughes
et al. reported a novel GUCY2D V933A muta-
tion causing CACD [22].

Boon et al. [21] reported data of 103 patients
with CACD from the Netherlands caused by
PRPH2 mutations (p.Argl42Trp and p.
Arg172GlIn). In this study, the mean age at onset
of visual loss was 46 years and 98 patients car-
ried a p.Arg142Trp mutation in PRPH2, whereas
5 affected members carried a p.Argl72GIn
PRPH?2 mutation. Interestingly, nonpenetrance
was seen up to the age of 64 years, in up to 21%
of mutation carriers. The age at onset and pheno-
typic characteristics showed overlap with geo-
graphic atrophy in age-related macular
degeneration. The authors concluded that CACD
by a PRPH?2 p.Arg142Trp mutation caused a cen-
tral cone dystrophy phenotype and in the elderly
patient, CACD may be confused with AMD,
especially in cases with decreased penetrance.

16.3.2 Pathogenesis

Boon et al. [21] proposed a pathophysiologic
sequence of CACD caused by PRPH2 mutation.
The amino acid substitution by PRPH2 mutation
probably has a disturbing effect on peripherin/rds
protein structure, resulting in dysmorphic cone
and possibly rod outer segments, resulting in
increased phagocytosis of the abnormal outer
segments. This results in increased levels of lipo-
fuscin and toxic byproducts in the RPE, resulting
in RPE and photoreceptor cell death.

16.3.3 Ocular Features

In 1996, Hoyng and Deutman [23] described four
clinical stages of CACD. In stage 1, slight parafo-
veal pigmentary RPE changes can be observed;
In stage 2, RPE mottling encircling fovea; fundus

autofluorescence (FAF) shows a speckled FAF
pattern; In stage 3, atrophy of the choriocapillaris
without central involvement; In stage 4, the atro-
phic area involves the fovea.

Paracentral scotoma may develop by the third
or fourth decade, when parafoveal pigmentary
changes may be visible. Over time, a depigmented
macular lesion develops, which can be well-visu-
alized on FAF. The RPE, choriocapillaris, and
retina become atrophic in the affected lesions.
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17.1 Introduction

Various retinal conditions can mimic inherited
retinal diseases, especially retinitis pigmentosa
(RP). Some are phenocopies of RP, and they can
be differentiated from RP based on careful fun-
dus examination and thorough systemic review.
Meanwhile, others are pseudo-RP diseases,
which are not true genetic diseases but are pan-
retinal damage caused by conditions other than
heredity. A number of acquired conditions can
present with diffuse chorioretinal atrophy which
is very difficult to distinguish from advanced
RP. Specific medical history and asymmetry of
retinal degenerative change are important clues
for differential diagnosis, which is critical
because it can prevent the burden of genetic and
prognostic counseling and some conditions may
be treatable.
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17.2 Phenocopies of Retinitis
Pigmentosa

17.2.1 Pigmented Paravenous
Chorioretinal Atrophy
(PPCRA)

PPCRA is a rare form of chorioretinal atrophy
which was first described as retinochoroiditis
radiata in 1937 [1]. It is characterized by aggre-
gations of pigment clumps and radial zones of
retinal pigment epithelial atrophy that are distrib-
uted along the retinal veins [2]. It is usually bilat-
eral and symmetric, but the proportion of patients
with a markedly asymmetric pattern was 40% in
a recent study. Patients are usually asymptom-
atic, but one-third of patients may have nyctalo-
pia [3]. The diagnosis is primarily based on its
characteristic fundus findings, but detailed multi-
modal retinal imaging and electrophysiology are
helpful to confirm the diagnosis of PPCRA. When
chorioretinal atrophy with bony spicule is exten-
sively combined, it is likely to be mistaken for RP
(Fig. 17.1).

The etiology of PPCRA is unknown, and
inflammatory, genetic, and infectious causes have
been suggested. Most cases develop sporadically,
but there have been several cases of familial
occurrence. One study reported a heterozygous
CRBI mutation identified in a family with domi-
nantly inherited PPCRA with variable expressiv-
ity [4]. Although there have been various
speculations on the mode of inheritance, but there
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Fig. 17.1 Ultra-widefield fundus image and autofluorescence image of a 45-year-old female with pigmented para-

venous chorioretinal atrophy

Fig.17.2 Ultra-widefield fundus image of a 37-year-old male with choroideremia. He had pathogenic variants of CHM

gene (c.315_318del, p.Ser105Argfs*20)

remains no convincing evidence. Meanwhile,
early studies described PPCRA that developed
after an inflammatory disease, including Behget
disease [5], measles [6], and uveitis [7]. Some
studies have suggested that choroidal thinning or
hypoperfusion is associated with the develop-
ment of PPCRA [8].

17.2.2 Choroideremia

Choroideremia is rare chorioretinal dystrophy
with an estimated prevalence of 1 in 50,000. This
disease is inherited as an X-linked recessive trait
and is caused by mutations in the CHM gene that
encodes Rab Escort Protein 1 (REP1) [9]. As a

result of loss of REP1 function, normal intracel-
lular trafficking posttranscriptional lipid modifi-
cation of Rab protein is disrupted leading to
progressive degeneration of choroid, retinal pig-
ment epithelium (RPE), and photoreceptors [10].
Clinically, male patients report nyctalopia in their
first or second decade of life as the first symptom.
In the fundus, fine pepper-like retinal pigment
mottling at the mid-peripheral retina and poste-
rior pole is observed. At a later stage, focal dis-
tinct regions of chorioretinal atrophy develop
showing the exposure of bare sclera and eventual
loss of overlying choroid and RPE (Fig. 17.2).
Peripheral visual field loss progresses but central
vision is substantially reduced later in their fifth
or sixth decade of life.
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Female carriers have considerable milder fun-
dus changes compared to affected males [11].
Pigment mottling described as “moth-eaten
appearance” is observed in the mid-peripheral
retina, but the degree of pigmentary change is not
associated with the age of carrier. They are usu-
ally asymptomatic but may show subtle changes
in electroretinogram and dark adaptation.

17.2.3 Gyrate Atrophy of the Choroid
and Retina

Gyrate atrophy of the choroid and retina is a rare
choroidal disease with a prevalence of 1 in
50,000 in Finland. It was first described as an
example of atypical retinitis pigmentosa in 1888
but was recognized as a distinct clinical entity
later by Cutler and Fuchs. This disease is inher-
ited as an autosomal recessive trait and caused by
the absence of marked reduction in the enzyme
ornithine-delta-aminotransferase, gene of which
is located on chromosome 10. In patients with
gyrate atrophy, plasma level of ornithine is
increased up to 10-15 times of normal level.
Patients experience poor night vision and con-
striction of peripheral vision which begin during
the second or third decades. Fundus changes
begin in the mid-peripheral retina as an RPE
atrophic region with a scalloped border. Separate
lesions become confluent as they progress both
centrifugally and centripetally, eventually show-
ing annular ring of choroidal atrophy sparing the
macula. At an advanced stage, total choroidal
atrophy leads to exposure of white sclera. Visual
function depends on the extent of choroid
involvement. A full-field electroretinogram may
show mild abnormality during the early stage, but
as the disease progresses, the responses may
eventually become undetectable.

17.3 Pseudo-inherited Retinal
Disease

17.3.1 Traumatic Retinopathy

Trauma is one of the most common etiologies of
monocular blindness, especially in young people

in their 20s and 30s. After blunt trauma, fundus
may show retinal cloudiness and a creamy discol-
oration of the RPE which has been described as
RPE edema or RPE contusion [12]. It may even-
tually result in depigmentation and pigment
clumping at the affected region. Incidence of this
RPE sequela in patients with history of blunt
trauma was 20% in a recent multicenter study
[13]. The RPE sequelae typically present as
hyperpigmentation within the well-demarcated
hypopigmented region, and optical coherence
tomography shows loss of photoreceptors over
abnormal RPE at the corresponding region.
Although photoreceptors within the commotio
retinae without RPE sequelae usually recover
over time, permanent loss of photoreceptor and
persistent visual field defect can occur in eyes
with RPE sequelae. The presence of subretinal
fluid was associated with the development of RPE
sequelae during follow-up [13], and this may sug-
gest that impaired barrier function of RPE due to
mechanical damage to the RPE. When diffuse
area of retina is affected by RPE sequelae, fundus
finding may mimic inherited retinal disease, and
thus, history of blunt trauma should be checked.

17.3.2 Autoimmune Retinopathy

Autoimmune retinopathy represents pathologic
condition of retina caused by inflammation reac-
tion to circulating autoantibodies against retinal
antigens. It is characterized by otherwise unex-
plained vision loss accompanied by visual field
defect and photoreceptor dysfunction. In autoim-
mune retinopathy, fundus often looks normal,
though some may show diffuse retinal atrophy,
waxy disc pallor, and attenuated retinal vessel.
When pigmentary changes are also present, fun-
dus with diffuse atrophic change may resemble
advanced RP. Autoimmune retinopathy is almost
bilateral, although involvement can be asymmet-
ric. There is a female predominance. Diffuse
retinal atrophy is observed in the majority of
patients, while pigmentary deposits are observed
in less than half of cases [14—16]. Patients mani-
fest with subacute or acute vision loss, color
vision change, constricted visual field, photopsia,
and nyctalopia.
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Fig. 17.3 Ultra-widefield fundus image, autofluores-
cence image, and optical coherence tomography (OCT)
horizontal section image of a 62-year-old male with auto-
immune retinopathy associated with multiple myeloma.

Autoimmune retinopathy can be categorized
into two forms; paraneoplastic retinopathy which
is associated with cancer or other malignancies
and non-paraneoplastic retinopathy without any
evidence of malignancy (Fig. 17.3). Cancers can
produce remote effects on tissue without direct
spread of tumor, and primary carcinoma of the
lung is the most common cause [17].
Ophthalmologists should be aware of this condi-
tion so that they can prompt ancillary testing for
cancers.

17.3.3 Retinal Infections

Some ocular manifestations of infectious dis-
eases may be occasionally confused with RP,
including rubella, syphilis, and toxoplasmosis, or
herpes infection.

Rubella retinopathy is one of the most charac-
teristic ocular manifestations of congenital
rubella and can resemble fundus appearance of
RP [18]. Pigmentary changes may be diffusely
observed to the peripheral retina, while some
patients only reveal speckling of pigment gran-
ules in the macula [19]. In particular, this confu-

Note the preserved foveal structure and outer retinal loss
in the parafoveal area in OCT images, which resemble
retinitis pigmentosa. His vision was 20/25 in both eyes

sion is more likely in children with congenital
deafness due to rubella, because these can raise
the suspicion for Usher syndrome. Correct dif-
ferential diagnosis can be established based on
clinical features and electroretinography, which
is only mildly decreased in rubella retinopathy
while patients with Usher syndrome may reveal
severely decreased amplitude.

Congenital or acquired syphilis may also
manifest as a pigmentary retinopathy that resem-
ble the fundus appearance of advanced RP [20].
Interstitial keratitis is commonly observed in
patients with congenital syphilis. Unlike typical
bony spicule in RP, pigment deposits are clumps
or large patches of black pigment in syphilis.
Toxoplasmosis and herpes infection are rare
causes of pigmentary retinopathy, but patches of
retinal degeneration tend to be randomly distrib-
uted compared to typical RP.

17.3.4 Chronic Uveitis

As the term “retinitis pigmentosa” coined in
nineteenth century implies, inflammation of the
retina was initially believed to be the main patho-
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genesis of the disease. Although some features
commonly observed in uveitic eyes, such as cys-
toid macular edema and increased aqueous flare,
are also observed in patients with RP, these are
secondary changes due to retinal degeneration.
On the other hand, long-standing intraocular
inflammation can result in a variety of posterior
segment sequele, such as severe chorioretinal
atrophy, extensive pigmentary changes, retinal
vessel attenuation, disc pallor, and pigment
clumping, which can mimic the fundus appear-
ance of inherited retinal diseases such as RP
[21]. Although early presentation of inherited
retinal diseases and ocular inflammatory dis-
eases are different, some patients with chronic
intraocular inflammation, particularly when the
disease has not been treated at its active phase,
can present with fundus that could be confused
with inherited retinal diseases (Fig. 17.4).
Differentiation between the intraocular inflam-
matory disease and inherited retinal diseases is
more challenging at an end-stage of uveitis
because inflammatory activity has sometimes
subsided or minimal. Therapeutic options are
very different between inherited retinal diseases
and uveitis, and precise diagnosis is important to
provide optimal management to a patient. In par-
ticular, proper intervention can prevent further
destruction of ocular tissue in patients with fun-
dal change attributed to long-standing intraocu-
lar inflammation.

Fig. 17.4 Ultra-widefield fundus image of a 59-year-old
male with Behcet disease. Note the diffuse pigmentary
change and retinal vessel attenuation resembling retinitis
pigmentosa

Because prognoses of uveitis and inherited
retinal diseases differ very much, making precise
and timely diagnosis is of great importance to
prevent further chorioretinal destruction. It is
important to maintain a high index of suspicion
for the probability of chronic uveitis when a
patient presents with extensive retinal atrophic or
pigmentary changes. A careful review of past
medical history, a detailed examination of signs
for the previous intraocular inflammation, and
ancillary testing are necessary to make a precise
diagnosis. Some clues can be used to distinguish
intraocular inflammatory disorder from the pri-
mary inherited retinal diseases. First, patients
with uveitis show responses to treatment with
corticosteroid or immunomodulatory agents,
which are not generally expected in patients with
inherited retinal diseases. Second, significant
retinal vascular leakage or deep multifocal leak-
age on fluorescein angiography is more sugges-
tive of uveitis than inherited retinal diseases [22],
though the prevalence of retinal vascular or
peripheral leakage was reported to range 17-60%
[22, 23]. In addition, pigmentary change due to
inflammation may be localized to a region where
severe inflammation was present, and the local-
ized pigmentation, especially for the extensively
observed perivascular pigmentary and atrophic
changes, may support a diagnosis of intraocular
inflammation rather than inherited retinal dis-
eases [22]. Peripheral visual field loss and dark
adaptation abnormalities may suggest inherited
retinal diseases rather than uveitis [24].

17.3.5 Drug Toxicity

A variety of systemic medications can result in
fundus change with retinal toxicity. Progressive
and permanent retinopathy retinal change associ-
ated with vision loss can occur even after cessa-
tion of causative drug in some instances. Various
patterns of retinal toxicity have been described,
and medications that can result in the disruption
of the retina and RPE, such as chloroquine deriv-
atives, thioridazine, and chlorpromazine, may
mimic fundus appearance of inherited retinal
diseases.



234

U. C.Park

Chloroquine is used for the treatment of ame-
biasis, rheumatoid arthritis, and systemic lupus
erythematosus. As a result of long-term use, usu-
ally, a total cumulative dose between 100 and
300 g, retinal toxicity with degeneration of the
RPE and neurosensory retina can occur [25]. It
binds to melanin and concentrates in the RPE and
uveal tissues [26]. A paracentral scotoma may be
the first manifestation of retinal toxicity and fol-
lowed by ophthalmoscopic or electroretino-
graphic abnormalities. Typical appearance of
advanced chloroquine toxicity is a bull’s eye
maculopathy, and pigmentary changes with bony
spicule may be observed in the mid-peripheral
retina [27]. With the availability of hydroxychlo-
roquine, which is less toxic, use of chloroquine
has decreased.

Hydroxychloroquine can also result in identi-
cal retinal toxicity to chloroquine when used
long-term, although its occurrence is much less
common (Fig. 17.5) [28]. Currently, annual oph-
thalmologic examination including static peri-
metric visual field and at least one objective test
among the spectral domain optical coherence
tomography, multifocal electroretinogram, and
fundus autofluorescence are recommended when
the duration of use is longer than 5 years [29],
particularly when daily dose is greater than
6.5 kg/mg/day [30]. Asian patients are more
likely to have perifoveal retinopathy rather than
central involvement. Coexisting kidney diseases
and concurrent use of tamoxifen may increase

the risk of hydroxychloroquine toxicity [31]. In
most cases, the use of hydroxychloroquine should
be stopped and alternative treatment options can
be discussed with the prescribing physician.

Thioridazine binds to melanin and concen-
trates in the uveal tract and RPE and can cause
pigmentary retinopathy that resembles fundus
appearance of RP. Toxicity depends more on the
daily dose rather than on the cumulative dose
used, and a higher daily dose of thioridazine can
result in rapid progression of toxicity even
within several weeks [32]. Toxicity at daily dose
of less than 800 mg is rare. At early stage, only
mild granular pigment stippling or nummular
area of RPE loss at posterior pole or mid-periph-
eral retina is observed [33]. At later stage,
hyperpigmented plaques are seen within the
widespread area of depigmentation and chorio-
retinal atrophy [34].

17.3.6 Unilateral Pigmentary
Retinopathy

Although inherited retinal disease is usually
bilateral and relatively symmetrical, there have
been reports of unilateral RP in the literature
[35]. A long-standing concept is that unilateral
RP is a diagnosis of exclusion, and most reported
cases were not genetically confirmed and had no
evidence of inheritance. Several acquired retinal
disorders such as inflammation or trauma can

Fig.17.5 Ultra-widefield fundus image and autofluorescence image of a 63-year-old female who had been on hydroxy-
chloroquine for more than 10 years for the treatment of systemic lupus erythematosus
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have fundoscopic features that resemble RP only
in one eye, and other etiology includes birth
trauma, choroidal melanoma [36], drug toxicity,
ocular toxoplasmosis, and diffuse unilateral sub-
acute neuroretinitis (DUSN) [37]. Although it is
unclear, the mechanism of characteristic bony
spicule appearance observed in RP, which is pre-
sumed to be inner migration of RPE triggered by
direct contract between retinal vessels and RPE
after photoreceptor loss and outer retinal degen-
eration, may also occur in pigmentary retinopa-
thy secondary to other etiologies such as
inflammation and trauma [38].

In a retrospective cohort study of 42 patients
with unilateral pigmentary retinopathy, 36% of
patients had relevant history or diagnosis that can
explain the wunilateral funduscopic finding,
including acute zonal occult outer retinopathy,
trauma, paraneoplastic syndrome, systemic auto-
immune disease, retinal vasculitis, and choroidal
ischemia during pregnancy [39]. Only two (4.8%)
were identified as true RP depending on genetic
tests showing mutation in RP1 and RPGR genes.
One possible cause of true unilateral RP may be

mosaicism, in which a somatic mutation occurs
only for precursor cells for unilateral retina dur-
ing embryonic development [40]. In the remain-
ing patients, electroretinography did not adhere
to the typical RP pattern of more prominent
impairment of rod function compared to cone,
suggesting that hereditary pathogenesis is
unlikely in those patients (Fig. 17.6).

Comprehensive electrophysiologic and clini-
cal examinations are important to determine the
etiology for this clinical situation, although most
cases may remain idiopathic rather than
hereditary.

17.3.7 Diffuse Unilateral Subacute
Neuroretinitis (DUSN)

DUSN is a pan-retinal degeneration caused by
the presence of a nematode in the subretinal
space. This disease affects mostly young adults
and causes severe unilateral vision loss, mim-
icking unilateral involvement of RP. At acute
stage, the disease presents with subacute retini-

Fig. 17.6 Ultra-widefield fundus image, Goldmann
perimetry, and full-field electroretinogram of a 58-year-
old female with unilateral pigmentary retinopathy in her
right eye. Visual acuity was 20/32 in the right eye and

20/20 in the left eye. Visual field in the right eye is con-
stricted, and rod and cone responses were both decreased
in the right eye. She denied any systemic disease or family
history of retinal dystrophy
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tis, optic disc swelling, mild to moderate vitri-
tis, and retinal vessel narrowing. Main
symptoms are floaters, central or paracentral
scotoma, and ocular discomfort [41]. If the
nematode is not recognized and the infection is
not treated, this disease evolves to later stage.
Diffuse pigmentary clumping, marked degen-
erative change of RPE, and progressive optic
disc atrophy resembling the advanced RP
development. Pigmentary change of DUSN is
in the form of accumulation of medium to
coarse clumping of pigment rather than bony
spicule. Elevated gliotic mass in the mid-
peripheral retina that represents the encased
worm may be observed occasionally. Treatment
of DUSN includes laser photocoagulation of
the identified nematode during fundus exami-
nation [42] and systemic anti-helminthic drugs
such as thiabendazole or ivermectin [43].
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