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Foreword

Inherited Retinal Dystrophies (IRDs) represent one of the
most complex and rapidly evolving areas of contemporary
ophthalmology. Traditionally perceived as untreatable and
often relegated to the periphery of routine clinical prac-
tice, IRDs have, over the past two decades, undergone a
remarkable transformation—driven by advances in genet-
ics, imaging, electrophysiology, and emerging therapeutic
modalities such as gene and regenerative therapies.

In a country like India, where the burden of inherited reti-
nal diseases is disproportionately high due to demographic
and sociocultural factors, it is imperative that every ophthalmologist—across sub-
specialties—possesses a working knowledge of these conditions. Early recognition,
accurate diagnosis, appropriate counselling, and timely referral can significantly
influence patient outcomes, quality of life, and preparedness for upcoming treat-
ment options.

The Academic and Research Committee of the All India Ophthalmological Soci-
ety is to be commended for bringing out this CME monograph on Inherited Ret-
inal Dystrophies. This publication thoughtfully follows the patient’s clinical jour-
ney—from history taking and diagnostic evaluation to disease-specific discussions,
paediatric considerations, genetic counselling, low vision rehabilitation, and future
therapeutic directions. The content is comprehensive yet practical, making it rele-
vant not only to retina specialists but also to general ophthalmologists, postgraduate
trainees, and allied eye-care professionals.

I congratulate the Editors, Dr. Dhanashree Ratra and Dr. Poornachandra B, along
with all contributing authors, for their scholarly efforts and clarity of vision in com-
piling this CME. Their collective expertise and dedication are evident throughout
the chapters, ensuring that complex concepts are presented in an accessible and
clinically meaningful manner.

I am confident that this CME will serve as an invaluable reference, helping bridge
the gap between rapidly advancing science and everyday clinical practice. I wish
this publication wide readership and hope it contributes meaningfully to improving
the care of patients living with inherited retinal dystrophies.

Dr. Partha Biswas
President
All India Ophthalmological Society
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Foreword

For centuries, the Inherited retinal dystrophies (IRD’s)
have been treated with ‘boredom” and ‘nothing to be
done’ by mainstream eye specialists. The patients and
families also resigned to their ‘fate’ of ‘incurable vision
loss’ or ‘blindness’ These attitudes slowly reached a level
where there remained only a very broad and superficial
understanding of these diseases and no clinical trials
or proper scientific study. All this changed when
the Foundation Fighting Retinitis Pigmentosa was
launched by Gordon and Lulie Gund along with Bernard and Beverly Berman
with several other committed families in the USA in 1971. Currently known
as the Foundation Fighting Blindness, it has funded more than 700 million
USD to research scientists with a clear purpose to drive modern scientific
research towards preventions, treatments and cures for blinding diseases,
a large proportion of which are the IRD’s. This has resulted in more than 45
clinical trials and more than 200 genes identified as causing the onset of the
diseases, besides advanced diagnostics to identify various phenotypes that can
be correlated to the genotypes and exact disease mechanisms. As the knowledge
advanced, more funding from diverse sources has been pushing the interest of
researchers, a handful of select clinicians and niche biomedical companies to
move into therapeutics.

Current communication by dedicated group of keen clinicians and researchers
from across India, is an attempt to bring all the current knowledge into the hands
of mainstream eye specialists and allied health workers in simple understandable
language. This will bridge the gap between what the handful of expert clinicians
know and convey to patients and what every eye specialist needs to know to
provide basic information to their patients. The book follows the patient’s path
in the clinical setting. It starts with the specific history and the basic evaluation
followed by the critical diagnostic tests that help to make a diagnosis. In the next
3 chapters, special consideration is given to common and few rare entities, with
an emphasis on those that are more often seen in our population. The pediatric
population has been given a chapter exclusively as more and more such children
present early on into the clinics and because of the special tailormade care
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approach needed. The diagnosis of an IRD is incomplete without genetic testing
due to significant diversity and heterogeneity in phenotypes and diagnostic tests.
It not only confirms a unique diagnosis, but adds to the understanding of the
condition, helps to predict the course of the disease, any systemic associations
and better approach to upcoming treatment strategies. These are discussed
briefly in the chapter on genetics.

Low vision and rehabilitation care has become a very significant area in the
management of IRD patients and is no less than surgery or medication outcomes
for eye disorders. The quality of life of the patient and family becomes positively
impacted by using assistive devices, advanced technology and a holistic
approach for accessibility to education, sports, career, peer-group support, social
and cultural life and is a gamechanger. These are aptly addressed in this book,
possibly for the first time, as an integral part of clinical care of IRDs.

Current therapies and a whole new era of future pathways in the field of IRDs
help to close the book on a positive note. The next frontiers of research and
interventions are extremely relevant and will be practically available to large
populations in the coming decade. What better way to empower our mainstream
eye specialists and allied health workers than to share this knowledge through
the platform provided by AIOS so that ‘all may benefit!”

Subhadpra Jalali,
L V Prasad Eye Institute, Hyderabad
March 2025.
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Foreword

Inherited Retinal Dystrophies (IRDs) are a group of
devastating eye disorders that affect millions of people
worldwide, often leading to irreversible vision loss.
Despite significant advances in our understanding of the
genetic and molecular mechanisms underlying IRDs,
there remains a pressing need for a comprehensive
and authoritative textbook that synthesizes the latest
knowledge and advances in the field.

This textbook aims to fill this knowledge gap by providing
a thorough and up-to-date overview of IRDs, from the
fundamental genetics and molecular biology to the latest
clinical diagnostic and therapeutic approaches. Written
by a team of renowned experts in the field, this book is
designed to serve as a valuable resource for clinicians,
researchers, and students seeking to understand the
complex and multifaceted nature of IRDs.

Throughout this book, we have endeavored to provide
a clear and concise presentation of the current state of knowledge on IRDs,
highlighting key concepts, controversies, and emerging trends. We hope that this
textbook will not only inform and educate but also inspire and motivate readers
to contribute to the ongoing efforts to combat these debilitating disorders and
improve the lives of individuals and families affected by IRDs.

We would like to express our sincere gratitude to the experts who have
contributed to this textbook, sharing their expertise and insights to create a truly
comprehensive and authoritative resource. We also acknowledge the support
and encouragement of our colleagues, families, and friends, without whom this
project would not have been possible.

Editors
Dr Dhanashree Ratra
Dr Poornachandra B
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Message from the Chairman

Academic Research Committee**

It gives me great pleasure to present this concise yet
comprehensive book on Inherited Retinal Diseases
(IRDs)—a rapidly evolving domain at the intersection
of clinical ophthalmology, genetics, and translational re-
search.

Inherited retinal diseases represent a significant cause
of visual impairment across all age groups. Advances
in molecular genetics, retinal imaging, electrophysiology, and emerging gene-
based therapies have transformed our understanding of these conditions and
opened new avenues for precision diagnosis and targeted treatment.

This book is designed as a practical and accessible resource, distilling complex
genetic concepts into clinically meaningful insights. It aims to support clini-
cians, trainees, and researchers in navigating the diagnostic challenges of IRDs
and in appreciating the growing role of genetic testing and personalized medi-
cine in retinal care.

I commend the editors and contributors for their academic rigor and clarity of
presentation. Their collective efforts reflect a strong commitment to advancing
retinal science and improving patient outcomes through knowledge sharing and
collaborative learning.

I am confident that this publication will serve as a valuable reference and stim-
ulate continued interest and research in the field of inherited retinal diseases.

With best wishes,

Dr. Prashant Bawankule
Chairman
Academic Research Committee, AIOS

X | CME - Inherited Retinal Dystrophies



Introduction

Inherited retinal diseases (IRDs) are a group of clinically and genetically
heterogenous disorders. IRDs occur due to various mutations in more than
300 disease-causing genes which are involved in the function or structure of
the outer retinal cells (Photoreceptors and Retinal Pigment Epithelium: RPE)
and/or inner retinal layers, leading to severe vision loss and sometimes legal
blindness by young adulthood.

Most of the IRDs belong to the rare eye disease category, wherein the disease
is seen to affect less than 200,000 people'. However, they are the most common
cause of visual impairment in childhood and in young adults. About 20-25%
of blindness in the working age population is due to IRDs.? The disease burden
is higher in India (prevalence of 1 in 1000 for retinitis pigmentosa) than in the
Western population and higher in rural population than urban (20%)’ which is
attributed to the high rates of consanguinity and cultural practices of inbreeding.

Dystrophies Degenerations

Inherited Sporadic, Age related
Early onset, non-inflammatory condition | Late onset

Bilateral Unilateral or Bilateral
Usually, symmetrical Asymmetrical if bilateral

Table 1-1 highlights the general differences between dystrophies and
degenerations

The inheritance patterns in IRDs include the following forms of Mendelian
inheritance-
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Autosomal Dominant (AD) - Only one copy of a disease-causing allele is
necessary for an individual to be susceptible to express the disease
phenotype. Generally, an affected proband will have an affected parent
with affected members in the family. There will be a 50% chance of disease
recurring risk in offsprings at each pregnancy.

Autosomal Recessive (AR) - Two copies of disease-causing alleles are
required for an individual to express the phenotype. There is 25% risk of
disease recurrence in offspring at each pregnancy. Generally, the parents
will be carrier of one disease-causing allele. Consanguineous marriage
practice is a risk for AR disorders.

X-Linked Recessive (XR) - X linked disorders occur due to mutation in a
gene on the X chromosome. In males, only one disease causing mutation
on X chromosome will cause the disease as males have only one X
chromosome. Females will have two X chromosomes with one inactive
X. Hence females are mostly unaffected carriers in a X linked disease with
males being affected. Pedigree will show multiple male members affected
in the family with females being carrier. However, recent studies have
reported females as diseases manifesting carrier of an X linked disease
due to skewed X chromosome inactivation.

X-Linked Dominant (XD) - Like autosomal dominant inheritance, only
one copy of a disease-causing allele on the X chromosome is required for
an individual to be susceptible to an X-linked dominant disease. Here in
females manifest the disease as X linked dominant is lethal in males.

Rarely mitochondrial inheritance can be seen where the disease is always
transmitted from mother to offsprings (as mitochondrial DNA is always inherited
from mother). Eg: Kearnes-Sayre syndrome.

2
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IRDs Common Genes

RP and Macular BESTI, FSCN2, GUCAIB, IMPGI, ABCA4,

degeneration PROMI, RPILI

RP and LCA CRX, IMPDHI, RDHI12, RPE65, CRBI, IFT140,
LRAT, SPATA7, TULPI

RP, LCA and MD PRPH?2

LCA and MD orx2

US and Other ADGRVI, ARSG, CDH23, CEP250, CEP7S, CIB2,

Retinopathy DFNB31, ESPN, MYO74, PCDHI5, USHIC,
USHIG

SDR, US, Retinopathy | ABHDI12, HARS

RP, SDR ADIPORI, CWC27, HGSNAT, IFTI140, TRNTI,
OFDI1

RP and Retinopathy, BESTI, KIF3B, NR2E3, CRBI, CYP4V2, MVK,
RGR, PLBPI, ZNF408

RP, US, Retinopathy | CLRN1, USH2A

RP and BBS ADIPORI, ARL6, BBS1, BBS2, [FT172, TTCS

RP and CCRD SEMA4A, ABCA4, CERKL, PROM1

RP, CCRD, CSNB CRX, PRPH?2

RP, CSNB RDHI2, RPE65, SAG, CRBI, [FTI140, LRAT

SPATA7, TULPI
RP, BBS and CCRD C8orf37
BBS, CSNB KCNJI3

[Retinitis Pigmentosa (RP), Bardet-Biedl syndrome, autosomal recessive (BBS)
Cone or cone-rod dystrophy (CCRD), Congenital stationary night blindness
(CSNB), Syndromic/systemic diseases with retinopathy (SD), Leber congenital
amaurosis (LCA) and Macular degeneration (MD) Usher syndrome (US) and
Other Retinopathy.]

Table 1-2: Genes that are common to various IRDs after analysis of genes
from Retnet database using Venn diagram for overlapping genes for
various diseases. Adapted from Ratra et al !

The huge genotype-phenotype heterogeneity in IRDs makes it difficult to
characterize and diagnose. However, an early accurate diagnosis is desirable
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as it can help the patients and their families to plan the education and choose
appropriate professional courses for the affected persons. It can also help to
predict the rate of vision loss and the inheritance pattern. These challenging
cases require a multidisciplinary approach involving the internist, pediatrician,
geneticist, and the genetic counselor.

This booklet gives an overview of the common IRDs, diagnostic approaches,
genetic mutations and highlights the role of genetic counselling, and low
vision aids. It also gives a glimpse into the future of IRDs with an overview of
regenerative therapies in the pipeline.

References:

1. Ratra D, Ozdek S, Raviselvan M, Elchuri S, Sharma T. Approach to inherited retinal
diseases. Indian J Ophthalmol. 2022;70(7):2305-2315. doi:10.4103/ijo.1JO_314 22

2. Heath Jeffery RC, Mukhtar SA, McAllister IL, Morgan WH, Mackey DA, Chen FK.
Inherited retinal diseases are the most common cause of blindness in the working-age
population in Australia. Ophthalmic Genet 2021;42:431-9.

3. Padhy SK, Akkulugari V, Kandagori M, Padhi TR, Rathi VM, Das T. Tribal Odisha Eye
Disease Study (TOES) Report #9. Eye diseases and retinal disorders in an adult and elderly
tribal community in Odisha, India-A community hospital-based study. Indian J Ophthalmol.
2021;69:1846-9.
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History Taking in IRDs

A thorough ocular and systemic medical history are critical and may often reveal
the underlying inheritance/diagnosis even before investigations are carried out.
It should include the chief complaints along with a detailed history of the age
at onset of symptoms, whether the symptoms are progressive or stationary,
whether the difficulty in vision is more at night or during the day in bright light,
colour and contrast vision difficulties. For instance, if the main complaint is
night blindness with a loss of peripheral visual field, it indicates a predominant
rod dysfunction while an early central vision loss with colour vision loss
and photophobia points towards a predominant cone dysfunction disorder.
Similar complaints during day and night and more loss of reading vision may
indicate a macular dystrophy. Non-progressive night blindness with or without
mild visual complaints may be associated with congenital stationary night
blindness (CSNB). Progressive night blindness can occur due to RP, RP-related
syndromes, choroidal degenerations like choroideremia/ gyrate atrophy, and
vitreo-retinopathies such as Sticklers syndrome, Wagner’s syndrome amongst
others. It may also be associated with various acquired causes such as vitamin
A deficiency or toxicity to drugs such as phenothiazines, hydroxychloroquine,
pentosan polysulfate or due to autoimmune or carcinoma/melanoma related
retinopathies.1-5 The patient must also be asked to provide previous reports of
ophthalmological examination as this can help to establish the previous visual
acuity, retinal images, visual fields, and so on.

A history of consanguinity and affected family members should specifically be
asked for. Consanguinity is often associated with autosomal recessive disorders.
A pedigree chart involving at least three generations must be documented as it
can help to determine the inheritance pattern.

CME - Inherited Retinal Dystrophies | 5



PEDIGREE CHART

31y 1

Consanguinity: Yes, Uncle and Niece Informant : Patient’s mother
Diagnosis: Retinitis Pigmentosa Inheritance: Autosomal recessive

Figure 2-1 shows a pedigree chart in a female patient with IRD

Further, the presence of systemic disorders must be determined as it can
help establish a syndromic association of the IRD. For example, presence of
congenital hearing loss with or without vestibular abnormalities can point to
Usher syndrome (USH). Presence of obesity, polydactyly, and mental retardation
along with night blindness in a young patient may be a part of Bardet—Biedl
syndrome (BBS). Neurological regression and developmental milestones
affection can point towards Batten’s disease. Obesity and renal affection can
be seen in Senior Loken syndrome. Thus, a detailed medical history forms an
integral part of the work up of IRD patients. Additionally, children presenting
with IRDs in first decade should actively be evaluated for any syndromic
association.

References:

1. Marmor MF, Kellner U, Lai TY, Lyons JS, Mieler WF. Revised recommendations
on screening for chloroquine and hydroxychloroquine retinopathy. Ophthalmology
2011;118:415-22.

2. Melles RB, Marmor MF. The risk of toxic retinopathy in patients on long-term
hydroxychloroquine therapy. JAMA Ophthalmol 2014;132:1453-60.

3. Yusuf IH, Ledingham JM, MacPhie E, Lotery AJ, Galloway J. Monitoring for retinal
toxicity in patients taking hydroxychloroquine and chloroquine. Rheumatology (Oxford)
2019;58:3-4.

4. Yusuf [H, Charbel Issa P, Lotery AJ. Pentosan polysulfate maculopathy-prescribers should
be aware. JAMA Ophthalmol 2020;138:900-902.

5. Wang D, Au A, Gunnemann F, Hilely A, Scharf J, Tran K, et al. Pentosan-associated
maculopathy: Prevalence, screening guidelines, and spectrum of findings based on
prospective multimodal analysis. Can J Ophthalmol 2020;55:116-25.
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Diagnostic Tests

Structural and functional diagnostic tests play a crucial role in accurate
phenotyping and diagnosis of an IRD. Functional tests include visual acuity,
color and contrast vision, visual fields assessment, electrophysiological tests,
microperimetry and full field stimulus test. Structural tests include retinal
imaging with fundus photos, fundus autofluorescence and optical coherence
tomography.

I. VISUAL FUNCTION TEST:

Visual acuity testing with appropriate refractive correction using Snellen’s chart
in adults and Lea symbols or the Landolt rings in young preschool children,
provides useful information about the severity of central vision affection. Often,
patients with Leber congenital amaurosis (LCA) are hyperopic, while patients
with RP or CSNB can be myopic. Refraction should be done with or without
cycloplegic drops depending on the age. Visual acuity testing also helps in
counselling of patient and in determining progress of the disease.

Color vision testing in the presence of subtle retinal changes can help
differentiate between IRDs, specifically cone dysfunction syndromes and
between stationary vs. progressive colour vision defects. Colour vision can also
help in differentiating optic nerve pathologies such as optic neuritis vs retinal
disorders.

The patient must also undergo visual field testing which gives information
about the central and peripheral field defects. Tubular fields in advanced
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RP are characteristic, but many patients may also have a central field defect
due to macular atrophy. Macular dystrophies, such as Stargardt disease, will
predominantly cause a central scotoma. The visual fields charting must be
repeated in serial follow ups (often yearly) to determine progress of the disease.
Visual field testing can be performed by static Humphrey perimetry or kinetic
perimetry (Goldman and Octopus). In advanced IRDs kinetic perimetry is better
over static Humphrey visual fields. Visual field quantification is also necessary
for certification of visual impairment for workplaces/driving. Contrast vision
(Pelli-Robson chart) is mostly helpful in follow up assessment of patients with
foveal schisis/macular edema seen in IRDs like RP and X linked retinoschisis.

II. WIDE FIELD FUNDUS PHOTOGRAPHY:

It is the most important investigation because of its widespread availability with
most clinicians. It helps in documentation as well as in describing the disease
pathology to the patient. Serial photography can show the progression of retinal
changes well.

ITII. OPTICAL COHERENCE TOMOGRAPHY (OCT):

OCT macula is an invaluable tool in the structural evaluation, diagnosis and
monitoring of IRDs. It helps in identifying changes such as retinal thinning,
loss of photoreceptors/RPE and inner retinal manifestations such as cystoid
macular edema, epiretinal membrane, foveal schisis, which are associated
with some IRDs. Outer retinal layer disturbances have a greater impact on the
visual prognosis of patients. Most patients with RP initially show peripheral
parafoveal thinning of the outer retina due to predominant rod degeneration,’
whereas patients with CRDs show mainly central atrophic changes in the outer
retina. The stationary conditions such as CSNB or achromatopsia, may show
none or minimal changes in the OCT.*?

Certain IRDs have typical OCT findings such as in congenital X-linked
retinoschisis (CXLR) where schitic spaces are noted in the outer or inner retinal
layers in extramacular, perifoveal and foveal region®. Bestrophinopathies like
Best vitelliform macular dystrophy and autosomal recessive retinopathy also
have typical OCT features of hyperreflective vitelliform deposit with separation
of photoreceptor layers from RPE depending on stage of the disease.

OCT is especially useful in cases where the retina appears deceptively normal on

8 | CME - Inherited Retinal Dystrophies



clinical evaluation but subtle changes such as small focal loss of photoreceptors
may be seen on the OCT which may explain the reduced vision in such patients.
Changes in the retinal pigment epithelium as well as the choriocapillaris are
more evident on OCT.?

IV. FUNDUS AUTOFLUORESCENCE (FAF):

This imaging modality is useful in detecting even small changes in the
degenerative process on serial evaluations, which may not always reflect in
visual acuity changes.*®® Especially in cases with cone dystrophy or LCA,
clinical examination may reveal a near normal fundus but FAF has the potential
to unlock subtle clues to diagnosis. FAF is also helpful in unravelling the typical
features of common IRDs which can help in disease diagnosis and monitoring,
for eg: hyperautofluorescent Robson-Holder ring in RP, flecks in Stargardt
disease and autofluorescent patterns of bestrophinopathies.

V. ELECTROPHYSIOLOGY TESTS:

Electrophysiological tests play a pivotal role in the functional evaluation of
IRDs. They are non-invasive tests that enable the identification of the site of
damage in the visual pathway and further determine the retinal cells involved in
the degenerative process.

Electroretinogram (ERG) measures the electrical activity of the retina in
response to light stimulus. It can help differentiate between a retinal and optic
nerve pathology. It includes full-field ERG (ffERG), multifocal ERG (mfERG),
pattern ERG (PERG).’

1. Full-field ERG records the mass response of the retina to a luminance
stimulus. It arises from biochemical and ionic changes in the photoreceptors
and RPE due to light stimulus, which are converted to electrical potentials
that are recorded as electroretinogram. The ERG waveform components
include-

i.  awave- negative wave generated by photoreceptors
ii. b wave- positive wave generated by Bipolar cells, Muller cells

iii. oscillatory potentials (OP)- generated by Amacrine cells

As per the International Society for Clinical Electrophysiology of Vision
(ISCEV) standards, the dark-adapted response is recorded following 20 mins
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of dark adaptation and reflects predominantly the rods-pathway function while
the light adapted response is recorded following 10 mins of light adaptation
and reflects predominantly the cones-pathway function. Further, a ffERG can
functionally dissect the retina and differentiate between inner and outer retinal
dysfunction.

2. Pattern ERG (PERG) is recorded using an alternating dark and light
checkerboard pattern. The main responses from PERG include:

i.  P50- A positive peak which is driven by macular photoreceptors
function

ii.  N95- A negative deflection which indicates retinal ganglion cell
function.

There is no contribution from the peripheral retina in PERG. However, the
overall response is influenced by uncorrected refractive error and media
opacities. Thus, PERG helps to determine the macular involvement in retinal
diseases and corelates to visual acuity. PERG is vital to distinguish whether
reduced pVEP is due to macular or ganglion cell dysfunction.

1 Fra

Armphitade [V]

0 L PR PR AL G L SN LI R
i (] 200

Tirmi [ma]
Figure 3-1 showing PERG waveform components

3.  Multifocal ERG (mfERG) allows detection of small foci of retinal
dysfunction and hence gives information about the topography of retinal
disease. The retina is stimulated with an assortment of 61 or 103 hexagonal
elements with a central fixation point. 50% of the elements are illuminated
at one point of time.
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mfERG areas

Area 1; 5 degrees
7 elements

.. Area 2: 7 degrees
19 elaments

Area 3: 10 degrees
37 elements

Area 4: 20 degrees
103 elements

Figure 3-2 showing mfERG “pseudorandom” stimuli

ERG is found useful in cases where fundus examination does not correlate
with the functional deficits in vision. For example, in a case of CSNB with
nyctalopia and a normal looking fundus, ERG shows characteristic findings
aiding in diagnosis. On the other hand in patients with progressive rod cone
dystrophy or cone dystrophy, ERG can be used to localize the functional loss
of photoreceptors and monitor progression.'®!! In case of cone-rod dystrophy
(CRD), where there is a progressive loss of cone function followed by the rod
function, the ERG shows abnormal cone responses with preserved rod responses
during the initial stage of the disease, and affection of rod responses too with the
progression of the disease.!>!?

Characteristic ERG can also help in identifying the underlying genotype in a
few cases. For example, in cone dystrophy with mutation in KCNV2 gene, a
characteristic response of reduced cone response and supernormal rod response
is seen.'” Enhanced S cone syndrome shows characteristic ERG phenotype of
severe rod dysfunction with similar looking bright flash scotopic and photopic
responses. In congenital X-linked retinoschisis (CXLR), the ffERG shows a
negative wave in the Scotopic 10.0 response with the preservation of the a-wave
and reduction in b-wave amplitude reflecting a dysfunction of the bipolar
cells.!*!> MfERG is vital in detecting early macular toxicity due to acquired
causes like hydroxychloroquine toxicity.
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Figure 3-3: ERG responses in IRDs.

Electrooculogram (EOG) is another electrophysiological test which assesses
the retinal pigment epithelium (RPE) function. EOG is particularly helpful in
diseases like bestrophinopathies. EOG test will have a light peak, dark trough

and ratio of light peak/dark trough. A ratio of <1.6 is considered abnormal EOG
indicating RPE dysfunction.

Figure 3-4: A case of Best Vitelliform Macular Dystrophy (a) Fundus photo showing circular,
elevated yellowish white macular lesion described as classic ‘egg yolk’ centred on fovea.

(b) SD-OCT showing homogeneous hyper reflective lesion located between the outer retina
and the RPE layer with outer segment elongation while other layers being intact. (¢) Fundus
autofluorescence image showing hyperautofluorescent vitelliform deposits. (d) Normal ERG. (e)
Severely subnormal EOG with absent light peak in bright phase.
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Figure 3-5: Simple diagnostic algorithm for IRD adapted from Ratra et al

Full-field Stimulus Threshold (FST) testing:

FST is a psychophysical measure of whole-field retinal sensitivity. It can
measure the minimum luminance of light the retina of a person can detect using
ganzfeld dome of the electrophysiology machine. It’s derived from the most
sensitive part of retina and is not a generalised repones like ERG. Hence, FST is
most useful even in a patient with nondetectable ERG. It is increasingly being
used as an end point in clinical trials of gene therapy for IRD’s to monitor
improvement in light sensitivity following therapy.
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Macular Dystrophies

Macular dystrophies are a group of heritable disorders which primarily affect
macula and hence affect visual acuity in early stages of the disease. They are
generally bilateral and inherited in mendelian fashion.

Classification

Autosomal dominant Autosomal recessive

Best macular dystrophy
Pattern dystrophy

Cone dystrophy

Stargardt disease

(*Predominant macular affection to
begin with)

Sorsby fundus macular dystrophy

Glomerulonephritis type 2

Autosomal dominant radial drusen

Autosomal Recessive
Bestrophinopathy

North Carolina macular dystrophy

Dominant cystoid macular edema

Occult macular dystrophy

Dystrophies that usually spare the central retina in the initial stages are: Retinitis
pigmentosa, Choroideremia and Gyrate Atrophy. (They will be discussed in the

subsequent chapter)
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I. Best Vitelliform Macular Dystrophy (BVMD)

It is an autosomal dominant condition caused by mutation in BESTI gene
(VMD2) on 11q13 chromosome. It is one of the most common mendelian
macular dystrophies occurring in about 1 in 10,000 individuals. The stages of
BVMD are:

1. Pre-Vitelliform stage- Subtle retinal pigment epithelium (RPE) changes
or a normal looking fundus.

2. Vitelliform stage- Presence of round, elevated yellow macular lesion
described as classic ‘egg yolk’ appearance due to accumulation of
lipofuscin in the subretinal space.

3. Pseudohypopyon stage- Seen at puberty, when yellow material breaks
through RPE and accumulate in subretinal space with a fluid level
formation.

4. Vitelliruptive stage- Vitelliform lesion breaks up with pigment clumping
and early atrophic changes giving a ‘scrambled egg appearance’.

5. Atrophic stage- Retinal layers and RPE atrophy is noted.
Sequelae: CNVM may develop with subretinal fibrous scarring

An abnormal EOG is characteristic of BVMD in all stages of the diseases.
Vision is typically unaffected in pre-vitelliform and vitelliform stage.

Autosomal Recessive Bestrophinopathy (ARB)

It belongs to a group of bestrophinopathies due to compound heterozygous or
homozygous disease-causing variants in BESTI gene. Retinal signs include
shallow subretinal fluid along with intra retinal fluid that can extend throughout
the macula and beyond the arcades. Hyperopia is common. Sub-retinal
lipofuscin deposits, predominantly outside the macula with accumulation of
fluid within and/or beneath the neurosensory retina is noted in OCT (Figure
4-1). Vitelliform lesions can be solitary or multifocal. Clinical features: Visual
acuity is worse than that seen in autosomal dominant BVMD.
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Figure 4-1 (a) Fundus photograph showing numerous yellowish white deposits scattered
throughout the posterior pole and a patch of subretinal fibrosis just inferior to the fovea. (b)
Spectral domain optical coherence tomography showing both intra retinal and subretinal fluid.
(c) FAF image showing the hyperautofluorescent vitelliform subretinal deposits. (d) Fluorescein
angiogram of both eyes showing hyperfluorescent stained sub retinal deposits of lipofuscin. (e)
Full field ERG showing abnormalities with reduced scotopic and photopic responses in both the

eyes. (f) Abnormal EOG showing absence of light rise

II. Stargardt Disease

It is the most common macular dystrophy, usually inherited as autosomal
recessive due to pathogenic variations in 4BCA4 gene. Mutations in ABCA4
gene can cause Stargardt disease in 95% cases, Cone-rod dystrophy in 30-50%
cases, AR Retinitis Pigmentosa in 8% cases.! 5% of patients with Stargardt
phenotype can show mutations in ELOVL4, PRPH?2, and BESTI genes. ABCA4
gene is located on chromosome 1 and codes for transport protein located on the
rim of rod and cone outer segments. Its function is to regenerate rhodopsin by
accelerating removal of all-trans-retinaldehyde from outer segments of disc.
In disease, it is characterized by excessive accumulation of A2E, a bisretinoid
which is the major component of lipofuscin in the RPE cells and on the inner
leaflet of the photoreceptor outer-segment disc membranes.

The mean age of presentation may vary from 5 years to as late as 50 years. Visual
loss can be mild to begin with (20/30) or severe (20/200). The most characteristic
fundus finding in Stargardt disease are light-colored flecks at the level of the
retinal pigment epithelium (RPE). Fovea generally shows nonspecific mottling
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with or without Bull’s eye configuration. Later stages may show oval area of
foveal atrophy with ‘beaten bronze maculopathy’ (Figure 4-2) appearance with
varying degree of yellow white flecks. OCT usually shows foveal thinning with
outer retinal loss, extent of which can vary according to the severity of the
disease. ERG can have three phenotypes: a) Normal, b) Cone dysfunction and
¢) Cone-rod dysfunction. FA usually shows transmission hyperfluorescence due
to window defect caused by RPE atrophy/ flecks. Characteristic blockage of
choroidal fluorescence - dark choroid or silent choroid can also be seen. FAF
demonstrates the flecks better along with characteristic peripapillary sparing of
the RPE (Figure 4-3).

Figure 4-3: (a) Fundus photograph showing atrophic macular changes. (b) Autofluorescence
imaging showing loss of autofluorescence in the central macula and hyperautofluorescent flecks
in the background retina (c) Spectral domain optical coherence tomography showing selective
loss of foveal photoreceptors and some part of outer retina
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Fundus Flavimaculatus

It is included in the spectrum of Stargardt disease. It is a disease of adult
onset, which shows bilaterally ill defined, yellow white flecks extending to
mid periphery (Figure 4-4). It has a better prognosis as compared to Stargardt
disease. FFA shows dark choroid due to lipofuscin deposits in RPE and window
defects due to RPE atrophy. ERG is normal in most cases and on EOG reduced
Arden’s ratio is noted.

Figure 4-4: Fundus photograph and corresponding Fundus autofluorescence showing extensive

flecks throughout the posterior pole

Management - Currently there is no definitive treatment for the disease.
But the following measures can help with symptomatic management such as
the use of dark glasses to reduce exposure to bright light, Low vision aids to
enhance the residual vision and to avoid vitamin A or any other micro-nutrient
supplementation to restrict the formation of bisretinoids in order to slow down
the disease progression.
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II1. Cone Dystrophy

These group of disorders involve cones predominantly.

It can be classified as follows:

Early onset, Stationary Late onset, Progressive

Complete and incomplete achromatopsia Cone dystrophy
Blue cone monochromatism Cone-rod dystrophy
Achromatopsia

It is an autosomal recessive dystrophy. It is a rare disorder with incidence
of 1 in 30,000,* characterized by poor vision since birth, poor color vision,
photosensitivity and may have associated pendular nystagmus. On retinal
examination, fundus may be normal or show subtle granularity or atrophy of
macula. On OCT, usually there is disruption of ellipsoid zone in sub-foveolar
region and hyporeflective optically empty cavity may be seen. ERG will have
classic normal scotopic response with undetectable photopic responses. (Figure
4-5). Patients usually benefit from using photochromatic glasses or any other
measures to reduce light intensity.

Lm = d .
Figure 4-5: (a) Near normal fundus photographs in a patient of achromatopsia (b)
Autofluorescence imaging showing central hypoautofluorescence (c) SD-OCT showing

disruption of ellipsoid zone seen as hyporeflective optically empty cavity and foveal hypoplasia.
(d) ERG showing normal scotopic response with absent photopic response
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Progressive Cone Dystrophy

It is an AD inherited retinal dystrophy, characterized by bilateral progressive
loss of vision, photosensitivity and central scotoma. Clinically may have
normal appearing fundus except with few atrophic changes and Bull’s eye
maculopathy in some cases. On OCT, there is loss of outer retinal layers. ERG
shows decreased amplitudes of photopic responses and 30 HZ flicker with delay
in implicit time (Figure 5). Scotopic responses may also get affected at later
stages. Multifocal ERG is diminished.

Figure 4-6 (a) Fundus photo showing Bull’s eye maculopathy with some atrophic changes (b)
ERG showing decreased photopic response (c)- SD- OCT showing thinning of outer retinal

layers with loss of photoreceptors at fovea
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Retinitis Pigmentosa

Retinitis pigmentosa (RP) is the most common IRD characterized by pigment
deposits resembling bony spicules predominantly in the midperipheral retina
initially, relatively sparing the central retina. It is secondary to the degeneration
of photoreceptor rods initially, eventually involving the cones as well. This
sequence of photoreceptor involvement explains why patients initially present
with night blindness, and only in the later life would suffer generalized visual
impairment.'

Inheritance patterns

*  Autosomal dominant forms are usually the mildest forms, with some cases
starting after the age of 50 years. Variations in penetrance are frequent,
particularly in case of PAP1, PRPF31 and RPI mutations.

*  Autosomal recessive forms start typically during the first to second decade,
although some mild forms can be encountered in the late adulthood.

e X-linked forms also start early and are frequently associated with myopia.
Although transmission is recessive in most cases, there are some families
in which dominant inheritance with affected females is found.

Early onset RP is diagnosed when symptoms are present at the age of two-
five years. These forms may be difficult to distinguish from Leber’s congenital
amaurosis (LCA) in which a severe visual impairment is present from birth or
at least in the first year of life with nystagmus and eye poking behaviour. In fact,
mutations in RPE65, CRBI, CRX and TULP]I genes cause retinal dystrophies
that are diagnosed as either LCA or RP, depending on the age of onset.? In late
onset RP symptoms begin at or after the 3rd decade.
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Diagnosis:

Clinical features:

*  Night blindness (nyctalopia) is the earliest symptom
e Photophobia appears later

e The visual acuity is preserved in early and mid-stages

*  Patchy losses of peripheral vision evolving to ring shaped scotoma, and
eventually tunnel vision

Fundus examination:

e Pigmentary deposits resembling bone spicules, initially in mid-peripheral
retina

. Attenuation of the retinal vessels
*  Waxy pallor of the optic disc

*  Various degrees of retinal atrophy

ERG:
*  Dramatic diminution in a- and b-wave’s amplitudes

*  Scotopic system (rods) dysfunction predominates over photopic (cones)
system in early stages. In late stages full field ERG remains undetectable.

Macular edema in RP remains resistant to any form of treatment and likely to
have waxing and waning course irrespective of treatment. Carbonic anhydrase
inhibitors appear to have doubtful role.
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Figure 5-1: A 40-year-old woman with progressive night blindness and diminished peripheral
vision for 20 years. Retinal evaluation revealed typical retinitis pigmentosa with multiple
whitish atrophic patches and bony spicule like pigments in midperiphery. The vessels were
attenuated, and the optic nerve was pale. The OCT revealed outer retinal atrophy, thinning, high
reflective spots. Macular edema was seen in both the eyes with an epiretinal membrane in the

left eye. The full ERG was undetectable.
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Miscellaneous IRDs

I. X-Linked Retinoschisis

It is one of the most common juvenile onset retinal degenerations in males
with prevalence between 1 in 15000 and 1 in 300001,2. It presents in the first
or second decade with decrease in vision. Visual acuity ranges from 20/20 to
20/200. In contrast to senile retinoschisis, the nerve split occurs in the nerve
fiber layer, however schitic change may be seen in other layers also. Vitreous
cavity may have floating unsupported blood vessels classically described as
“Vitreous Veils”. Clinically most common manifestation is foveoschisis which
shows spoke wheel pattern of folds radiating from fovea in >90% (Figure 6-1).
Typically, the peripheral retinoschisis is seen in inferotemporal quadrant in
50%. The likelihood of progression to RD is between 5-20%. Macular schisis
can be differentiated from cystoid macular edema with absence of leaking on
fluorescein angiography. There is defective colour vision, field defects viz.
absolute scotoma corresponding to location of peripheral retinoschisis.

Management - Pharmacological treatment with topical dorzolamide may help
reduce the macular cystic changes, laser therapy as an adjuvant treatment or
prophylactically can help prevent progression to retinal detachment. Surgical
management is done in case of vitreous hemorrhage or retinal detachment.

II. Gyrate Atrophy

Gyrate atrophy is a progressive retinal and choroidal degenerative disorder that
typically leads to vision impairment. The condition is inherited in an autosomal
recessive manner and is caused by mutations in the OAT gene, which codes for
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the enzyme Ornithine Aminotransferase (OAT), leading to a deficiency in the
enzyme and subsequent elevated serum ornithine levels.

The hallmark phenotype includes the development of concentric, atrophic
lesions in the peripheral retina, which progressively coalesce and advance
centripetally towards the posterior pole3 (Figure 6-2). Patients often present
with night blindness and gradual peripheral vision loss, and over time, central
vision may also be affected. Some individuals may also experience additional
systemic features, such as muscle weakness, and, in some cases, cataracts.

Figure 6-1: (a) Fundus photograph of X-linked retinoschisis with foveal cysts in a “spoke
wheel” pattern. (b) Hypo-hyper auto fluorescent areas showing spoke wheel pattern of folds
radiating from fovea. (c) SD-OCT demonstrating the splitting of the inner and outer retinal
layers. (d)ERG showing typical electro negative (blue arrow) waveforms in scotopic responses.

Management- This metabolic imbalance can be managed through dietary
interventions, including an arginine-deficient diet to help control ornithine
accumulation4. Additionally, vitamin B6 supplementation, typically between
500 and 1000 mg per day, is recommended to support the urea cycle and
alleviate the symptoms associated with OAT deficiency.

III. Choroideremia-

Choroideremia is an X-linked recessive retinal dystrophy, primarily affecting
males, while females are typically carriers. It results from mutations in the
CHM gene located on the X chromosome, which encodes for the Rab escort
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protein-1 (REP1)5. This protein plays a crucial role in the transport of proteins
necessary for maintaining the function of retinal cells.

Figure 6-2: (a) Fundus photograph showing multiple chorioretinal atrophic patches in a 31 year

old female with Gyrate Atrophy. Her serum Ornithine levels were >3000 pmol/L (b) SD-OCT

showing macular oedema with cystoid and schitic changes, with areas of outer retinal loss and
RPE atrophy outside the macula.

The condition typically begins in childhood or adolescence, with early signs such
as night blindness (nyctalopia) due to the dysfunction of rod cells in the retina.
As the disease progresses, tunnel vision develops because of the progressive
degeneration of the peripheral retina, and over time, the central vision may also
be affected. On fundus examination, there is diffuse pigment clumping. The
retinal atrophy often follows a predictable pattern, starting in the post-equatorial
region just outside the vascular arcades and then advance centripetally towards
the posterior pole6 (Figure 6-3).

Management -As the disease progresses over time, current treatments are aimed
at managing the symptoms. However, gene therapy using the Adeno-associated
virus subtype 2 (AAV2) vector delivery has shown encouraging results in
clinical trials for choroideremia.
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Figure 6-3: (a) Fundus photograph of showing extensive chorioretinal atrophy and pigment
clumps involving the posterior pole (b) FAF shows corresponding hypoautofluorescent RPE
atrophy (c¢) SD-OCT demonstrating diffuse retinal thinning and loss of outer retinal layers along

with choroidal thinning.

IV. Pattern dystrophies

Pattern dystrophies are a group of heterogenous IRDs primarily affecting retinal
pigment epithelium. They are mostly adult onset (>5th decade) with macular
involvement. Isolated retinal involvement or with systemic association can
be seen. Isolated retinal pattern dystrophies are caused by pathogenic variants
in PRPH2, BEST1, ELOVL4, IMPGI1, IMPG2, BEST1, CTNNAI, ABCA4,
OTX2 and RP2.7-10

Autosomal dominant(heterozygous) pattern of inheritance is common. However,
it can have incomplete penetrance and variable expressivity. Autosomal
recessive and mitochondrial inheritance are also seen. Syndromes associated
with pattern dystrophies include mitochondrial myopathy,encephalopathy, lactic
acidosis and stroke-like episodes (MELAS)/maternally inherited diabetes and
deafness (MIDD), McArdle disease, myotonic dystrophy and pseudoxanthoma
elasticum.9,10

Clinical presentation:

Most often pattern dystrophies are diagnosed on a routine eye examination.
When symptomatic, patients present with mild central visual acuity changes
or metamorphopsia. Types of pattern dystrophies based on clinical appearance
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include; reticular dystrophy, butterfly-shaped pigment dystrophy, adult onset
foveomacular vitelliform dystrophy, fundus pulverulentus and multifocal
pattern dystrophy.8

Clinical appearance varies from yellow to orange deposits, grey to whitish
pigmentary alterations and atrophy. PRPH2(RDS) gene associated pattern
dystrophy is the most common; yellowish deposits in the configuration of wings
resembling butterfly are noted. Vitelliform deposits or multifocal irregular
yellow-white flecks can also be seen. Reticular pattern dystrophy appears as
a network of black pigmented lines resembling fishnet with knots. Fundus
pulverulentus is characterised by a granular appearance with coarse mottling of
the RPE within the macular region.7,8

History of maternal diabetes, deafness, nephropathy with patterned areas
of retinal atrophy nasal to the disc and in the macula points towards MIDD/
MELAS. Presence RPE mottling (peau d’ orange appearance) with angioid
streaks needs prompt evaluation for pseudoxanthoma elasticum. Muscle cramps
on exercise and reticular pattern dystrophy can be associated with McArdle
disease.10,11

Structural and functional imaging:

Fundus autofluorescence provides a distinct patterned appearance and makes
the lesions more apparent than clinical picture. Optical coherence tomography
shows changes at the level of RPE and photoreceptors as hyperreflective deposits
to thinning and atrophy. Most often bilateral, but uniocular presentation can be
seen especially in BEST1 associated vitelliform deposits. Severe vision loss
is noted in later stages of the disease with complications such as CNVM or
extensive atrophy involving outer retina. Pattern ERG is either subnormal or
severely affected. ERG is often normal. EOG may be abnormal in BEST1 and
CTNNALI associated pattern dystrophy.10

Figure 6-4: A 62-year-old female with pattern dystrophy; left eye best corrected
vision of 6/6, N6, showing yellowish deposits and greyish pigmentary alterations
in fundus image. Fundus autofluorescence showing hyperautoflourescence of
yellow deposits and a small parafoveal hypoautofluorescent patch of atrophy.

Differential diagnosis include: desferrioxamine toxicity, pentosan polysulfate
toxicity, age related macular degeneration and pachychoroid spectrum.9,12
Management of pattern dystrophies should include genetic evaluation with
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examination of family members as autosomal dominant inheritance is common.
Prompt referral to multi-speciality care on suspecting syndromic associations is
necessary. Later stages of the disease with severe vision loss needs low vision
assistance. Occurrence of CNVM requires intravitreal anti-VEGF injections.

V. Other IRDs

A. Sorsby fundus dystrophy is a disease of RPE and bruch’s membrane due
to pathogenic heterozygous variants in 7/MP3 gene.13 Mutations in 7/IMP3
lead to thickening of Bruch’s membrane due to accumulation of deposits.
These pathological changes at bruch’s affect the function of photoreceptors,
RPE and choroid leading to degeneration.13,14 Symptoms include difficulty
in dark adaptation/nyctalopia followed by central vision disturbances and
metamorphopsia. Symptoms onset is mostly after the third decade. On
examination retina can show early onset drusen (reticular pseudodrusen or typical
drusen), bruch’s membrane thickening, early onset CNVM and chorioretinal
atrophy in late stages. Drusen are seen preferentially along temporal arcade or
nasal to disc followed by macular involvement.14-16 FAF highlights the drusen
better and OCT provides structural corelation with early detection of CNVM if
any.

Figure 6-5: Fundus photograph yellow white confluent drusen like deposits along the arcades
with geographic atrophy and dense clumps of black pigmentation at the macula in Sorsby
dystrophy (Image courtesy- EyeRounds.org)
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B. North Carolina macular dystrophy is a rare autosomal dominant IRD due
to defect in PRDM 13 gene. It is observed to be a non-progressive developmental
abnormality of the retina present since birth.17,18 Vision affection is less
and noted to be better than clinical appearance. Three grades of severity are
described based on central macular lesion characteristics.19 Grade 1; small
drusen-like specks of yellow to white colour, grade 2; confluent specks and
grade 3; with coloboma resemblance. Subnormal vision is common in grade
3 picture with deformed sclera and loss of RPE/choroidal layers. As it’s a
developmental disease, affected patients usually develop fixation at the nasal
edge of the lesion. OCT shows hyperreflective deposits at the outer retina (grade
1&2) or a coloboma like bowing in grade 3 lesions. Occurrence of CNVM need
to be watched for as the cause of reduction in vision. Important differential
diagnosis to be considered are congenital toxoplasmosis scar (grade 3 lesions)
and torpedo, fovea plana, ARMD (grade 1&2 lesions).19,20

Figure 6-6: Fundus photograph showing macular scarring surrounded by a white, atrophic ring
(visible sclera) in an advanced case of North Carolina macular dystrophy (Image courtesy-
EyeRounds.org)
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IRD in Paediatric Age

The evaluation and management of IRDs in the paediatric age group can be
challenging even for experts in the field. Some of the IRDs causing poor vision
amongst children, includes Stargardt disease, Best disease/ bestrophinopathies,
Congenital x-linked retinoschisis (CXLR), familial exudative vitreoretinopathy
(FEVR), cone dystrophy, Lebers congenital amaurosis (LCA), achromatopsia,
incontinentia pigmenti (IP), Norrie disease, various syndromes such as Usher
syndrome(USH), Bardt Beidel syndrome (BBS), Senior-Loken syndrome
(SLN), neuronal ceroid lipofuscinoses, Refsum disease, and Joubert syndrome
(JBTS).

Adapting a systematic approach in the evaluation is important. Clinical
examination is the main step for the diagnosis; however, some IRDs, such
as achromatopsia, CSNB and RP sine pigmento, present with almost normal
fundoscopy on initial examination. In these cases, genetic testing and diagnostic
tests such as OCT, FAF, electrophysiologic testing like full field ERG (ffERG)
and/or multifocal ERG (mfERG)) are essential.>? These tests reflect the
progressive trend during follow-up. In uncooperative children, examination
under anaesthesia must be performed.

Systemic abnormalities may give a clue towards syndromic association and
such patients must be referred for appropriate screening and be under care of
internists.>*

The initial clinical symptoms of IRD include nystagmus (76%) which is usually
seen in the first 6 months while abnormal visual behaviour suggesting a visual
loss (28%) is more commonly reported after 6 months of age.! A few children in
the older age group may report visual field loss or bumping into objects (6%),
night blindness (4%), or color vision problems (6%).
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Unfortunately, some patients develop neurologic decline and loss of motor
coordination ahead in life. Ocular mitochondrial disorders can affect the
optic nerve or retinal ganglion cells or can lead to a pigmentary retinopathy.
Those with retinal manifestations include chronic progressive external
ophthalmoplegia, Kearns—Sayre syndrome, mitochondrial encephalomyopathy,
lactic acidosis, stroke-like episodes, and others. These can be associated with
ptosis, ophthalmoplegia, cardiac myopathy, and seizure.*

The biggest misperception amongst patients’ families is that there is no treatment
for IRDs and hence follow up visits may be futile. However, parents must be
counselled that follow ups are essential to treat associated eye conditions.
Correction of refraction, blue-filtering glasses (amber or brown sunglasses
for Stargardt disease), and low vision aids (LVAs; closed circuit television or
computer monitors) may help to improve the quality of life of patients with IRDs.
Diseases like FEVR, CXLR, and IP can be treated with laser photocoagulation
in early phases and with vitreoretinal surgery in late stages with satisfactory
results.

Fundoscopy Diagnos- Prognosis
tic Test
Best Disease | Any Moderate | Vitelliform le- | EOG, Good: One eye
age visual sion in macula | FAF, OCT | usually preserves

loss areading VA
Stargardt First Low Central beaten | FAF, VA usually
disease decade | vision in | bronze atrophy | OCT, FA | stabilizes around

primary | with pisciform 20/400 to 20/200

school flecks, Bull’s

years eye maculop-

athy

Cone Vari- | Photopho- | Normal in the ERG, Variable prog-
Dystrophy able bia, low | early phases, OCT, nosis. Stationary
(umbrella ) vision, Genetic and progressive
term for (in- color testing forms exist.
achromatop- | f41¢Y | vision
sia, incom- | OF .late defect,
plete achro- | Chil- | nystag-
matopsia, dhood) | s
blue cone
monochro-
matism)
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LCA New- | Nystag- | Normal or sub- | ERG, Blindness in in-
born mus, low | tle changes OCT, fancy or during
vision Genetic first few years
behaviour testing of life
Choroidere- | Early | Night Peripheral ERG, Central vision is
mia chil- blindness, | chorioretinal OCT, usually preser-
dhood | tunnel atrophy Genetic ved until late in
male | vision testing life
(X-linked
recessive)
Familial First Asymp- | Bilateral, asym- | FA, Patients with
Exudative decade | tomatic, | metric disease, | Genetic mild disease do
Vitreoreti- nystag- peripheral testing well with laser.
nopathy mus, stra- | avascular retina, | (Auto- ) )
bismus, | radial falciform | somal Aggressive dis-
white retinal folds dominant | €ases starting in
pupil, (mostly tem- or reces- | carly childhood
phthisis poral), dragged | sive and with retinal folds
bulbi disc and macula, | X-linked) |have guarded
TRD+/- RRD, prognosis.
exudation, vitre-
ous hemorrhage,
Congenital | 5-10y | Diffi- Vitreous veils, | OCT, Variable de-
X Linked male | culty in bicycle wheel Negative | pending on the
Retinoschi- Scholastic | pattern in ERG, complications.
sis tasks macula, macular | Genetic
atrophy, vitreous | testing Usually between
hemorrhage, (X-linked 20/60-20/120
TRD, RRD, recessive)
bullous reti-
noschisis
Norrie Dis- | New- | Lack of | Leucocoria, Genetic Very poor, incur-
ease born eye con- | TRD, NVG, testing able disease
male | tact buphthalmos (X-linked
recessive)
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Incontinen- | New- | Lack Asymmetric in- | Genetic Good if treated

tia Pigmenti | born of eye volvement, leu- | testing early with laser
female | contact, kocoria, retinal | (X-linked | photocoagu-
hypopig- | hypopigmenta- | dominant) | lation, poor if
mented tion, peripheral untreated.
skin nonperfusion,
lesions, neovascular-

nail dys- | ization, TRD,
plasia,thin | microphthalmia,

sparse cataract, strabis-
hair, mus

dental

problems

Table 7-1: Summary of some of the IRDs affecting children.

Syndromic IRDs

“Syndromic IRD,” refers to an IRD with both ocular and systemic manifestations.
Most of the syndromic IRDs can be broadly classified into two groups: inborn
errors of metabolism (IEMs) and ciliopathies, and majority of them are inherited
recessively.>® IEMs present with neurological and ocular symptoms and include
congenital disorders of glycosylation (CDG), neuronal ceroid lipofuscinosis
(CLNs), mucopolysaccharidoses (MPSs), peroxisomal diseases, and so on.
Refsum disease is a peroxisomal storage disorder that presents with ichthyosis,
ataxia, and RP. Management strategies include dietary restriction of phytanic
acid and plasmapheresis.

Ciliopathies are a group of genetic disorders that primarily affect the cilia,
which is present in nearly every cell in the body including photoreceptors, thus
affecting several organs. Commonly seen disorders are Bardet Biedl (BBS),
Usher syndrome (USH), Senior—Loken syndrome (SLN), Alstrem syndrome
(ALMS), and Joubert syndrome (JBTS).

BBS has a prevalence of about 1/125,000. It comprises mostly RP (rod—cone
dystrophy, usually by age 6), paraxial polydactyly (fifth digit duplication in
hands and/or feet), hypogonadism, renal disease, truncal obesity, intellectual
disability, and ataxia.*’ Twenty-one causative BBS-related genes (BBSI1-
BBS21) have been identified. USH is associated with RP and is found in about
3/100,000 persons. The most common variety, USH1, shows profound congenital
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sensorineural hearing loss (HL), absent vestibular function with onset by age
10, and progresses slowly. USH2 has moderate HL, normal vestibular function,
rod -cone dysfunction onset by age 20, and no or slow progression. USH3 has
progressive HL and late onset of retinal dystrophy by second to fourth decades.
Eleven USH genes have been identified.

SLN has a prevalence of about 1/1,000,000. Its onset is during the first few years
of life, like LCA.” Tt is associated with photophobia, nystagmus, hyperopia,
and renal disease— nephronophthisis or cystic kidney, which may progress to
end-stage renal disease.

ALMS, seen in around 1/1,000,000, has predominant cone dysfunction to
begin with, HL, type 2 diabetes, obesity, and dilated cardiomyopathy. The
causative gene is ALMSI. JBTS has ataxia, developmental delay, abnormal
eye movements, and molar tooth sign on magnetic resonance imaging (MRI)
due to deep interpeduncular fossa, thickened superior cerebellar peduncles, and
hypoplastic cerebellar vermis is seen in about one in 1,000,000 cases. Around
36 causative genes have been found.
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Low Vision Aids for IRDs

Low vision is a term describing a level of vision below normal that cannot be
corrected with conventional glasses. Low vision is not the same as blindness.
People with low vision can use their sight. However, low vision may interfere
with the performance of daily activities such as reading and driving. According
to world health organization (WHO)'low vision is defined as the visual
acuity less than 6/18 or visual field are less than 20 in diameter and is unable
to perform their daily visual task. WHO also classified low vision into mild,
moderate and severe categories (Table 7.1). According to national blindness and
visual impairment survey conducted in India 2015-2019, estimated prevalence
in overall population of blindness was 0.36%, severe visual impairment was
0.35%, moderate visual impairment was 1.84% and early visual impairment
was 2.92%.

Category of VI Corrected VA (Better Eye) Degree of VI

0 6/6 —6/18 normal

1 Less than 6/18 — 6/60 Moderate visual impairment
2 Less than 6/60 — 3/60 Severe visual impairment

3 Less than 3/60 — 1/60 Blind

4 Less than 1/60 — PL + Blind

5 No PL Blind

Table 8-1. WHO classification of visual impairment based on severity
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Low vision aids (LVA) are devices that helps people with low vision see better.
The basic principle of a low vision aid (LVA) is magnification and guided
training to utilise the residual vision. Magnifying devices are prescribed to
produce a retinal image as large as that individual with low vision can see
comfortably. LVAs come in several types of forms, including spectacles, optical
devices, electronic devices, and rehabilitation services like learning orientation
and mobility skills. Before LVAs are prescribed, a complete evaluation of the
distance vision, near vision, colour vision, field of vision, fixation, photophobia,
contrast vision, etc is performed. Refractive error is corrected by prescribing
regular glasses if required. The patient’s daily requirements are assessed to help
in choosing a particular LVA. For example, need of LVAs for a person working
in fields may differ from a person with desk job in an office.

Low Vision Devices

B. Non-optial
Distance g Letter Writer —

Near Notex —
Signature Guide

NOIR Filter

TABLE 8-2 showing the various categories of LVAs

|
A. Optical

A. Distance optical devices:
(a) SEETV (2.1x)
(b) Binocular spectacle telescope (3x)
(c) Monocular telescope (4x, 6x)
(d) Clip on telescope monocular (3x)
(e) Spectacle mounted monocular telescope (3.25x)

B. Near optical devices:
(a) Spectacle magnifier
(b) Iluminated Dome magnifier (3x, 4x, 5x)
(¢) Illuminated handheld magnifier (2.8x)
(d) Neck magnifier (2x)
(e) Non-illuminated handheld magnifier (2.5x, 3x, 4x)
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C. Digital devices:
(a) Video magnifier
(b) CCTV
(c) AURA Vision
(d) Ocutech Bi-optics

D. Assistive devices:
(a) Smart vision glasses
(b) cane

A. DISTANCE OPTICAL DEVICES

Although there are several formulae to calculate the tentative calculation
for distance, the most acceptable formula which is in use now a days is the
Equivalent Viewing Power (EVP)?

EVP = [BCVA/TVA]

BCVA — Best corrected visual acuity

TVA — Target visual acuity

1. SEE TV (2X):

The SEE TV* glasses provide clear focus on objects from 10 feet to infinity,
offering an enlarged and crisp image. Specially designed for watching TV, these
glasses help maximize the perceived size of a TV screen and other objects.
They feature an easy-to-fit binocular telescope system, ensuring a comfortable
viewing experience.

Figure 8-1 SEE TV (2X)
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2. Binocular spectacle telescope:

Binocular spectacle telescope® features an eye-catching design and a delicate
structure, making it easy to put on or take off. It’s comfortable to wear without
needing to be held by hands and can be conveniently worn on the chest or
forehead when not in use. It is widely used for various indoor and outdoor
recreational activities, such as watching performances or reading blackboards.

Figure 8-2 Binocular spectacle telescope(3x)

3. Monocular telescope:

This monocular telescope® can helps to see both distant and close objects with
exceptional clarity, due to its optical system which is made entirely of glass
lenses coated with anti-reflection coating. It boasts a very clear image quality.
Its key advantages are its compact size, lightweight design, and easy portability.

4 -
d ==
= o
=~

Figure 8-3 Monocular telescope (4x, 6x)
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B. NEAR OPTICAL DEVICES:

1. Spectacle magnifier

e  Single Vision Glasses (Distance)’: Regular glasses for improved distance
vision.

e  Bifocal Glasses with Higher Addition: Higher plus powered convex lenses
for reading help many patients in performing near work. These higher
reading add can be incorporated in the regular glasses of the patient or can
be prescribed as separate reading glasses.

e  The functional vision of the patient is generally the deciding factor when
prescribing a higher add power. Their particular objectives, including
reading, recognizing faces, or performing very close work, should be
covered.

Although there are several formulae to calculate the tentative calculation for
near, the most acceptable formula which is in use now a days is the Equivalent
Viewing Power (EVP)?

EVP=[BCVA/TVA] X [100/WD]

BCVA - Best corrected visual acuity

TVA - Target visual acuity

WD - Working distance

Figure 8-4 Spectacle magnifier
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2. Iluminated dome magnifier:

Lenses present in the Dome magnifier® are ideal for reading small text or
observing details on photos, coins and stamps. The lens has a large 2.68 in
diameter enough for reading and reduce unnecessary movement. It is equipped
with three bright LED lights to enhance text or objects in low light environments.

Figure 8-5 Illuminated Dome magnifier (5x)
3. Illuminated handheld magnifier:

The handheld magnifier gives a minimum magnification of 4X and a maximum
magnification of 14X°. The apertures are 50mm, 35mm and 30mm. The lighting
system uses high brightness LED lighting.

Figure 8-6 Illuminated handheld magnifier
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3. Neck magnifiers:

The neck or chest support magnifier'® comes with dual magnification and can
make both hands free so that the observed object can be operated such as during
embroidering, knitting, reading and writing etc. Additionally, it is portable and
easy to carry. The magnifier has two magnifications, that is 2X and 4X.

C. DIGITAL DEVICES:

1. Video magnifier:

Video magnifier'® enables high speed 60FPS, no stagnation, no image type and
fluent reading. It is available in 3.5 inches and 5 inches ultra large screens.
It helps with reading comfortably and writing smoothly. It can display more
words at a time and ensures continuous and complete reading.

Figure 8-8 Video magnifier (3.5, 5 inches)
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2. CCTV:

CCTV" is a device that can be moved over the text to be magnified with the
zoomed-in image being displayed on a television or any monitor. There are also
multiple images setting for better readability, one can switch between a normal
Colour image, a black and white image, a high contrast black and white image
and a high contrast image with inverted colors.

fervor. Every shif
New World came
with marvels whic
fictions of chival_r_

Figure 8-9 CCTV mouse

3. AURA (Augmented Reality Assisted device) vision:

A revolutionary step towards empowering individuals with low vision. India’s
first indigenously developed augmented reality-powered low vision assistive
device which helps individuals in navigating, reading and visualizing objects
at various distances whether near, far or intermediate. The device comes with
various features including voice and gesture assistance, wide view for peripheral
vision loss and spell word mode. By addressing specific visual challenges and
offering customizable features, this device stands as a beacon of hope for a more
inclusive future.'®

AURA(Augmented Reality Assisted Device)Vision- For low vision

Figure 8-10 AURA vision
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4. OCUTECH bi-optics:

Bioptic telescopes are special eyeglasses with a small telescope attached to
them, designed to magnify what the user sees. These telescopes are typically
mounted near the top of the eyeglass frame, allowing the wearer to use their
regular prescription lenses for everyday vision while also being able to look
through the telescope for magnified viewing when needed".

Figure 8-11 OCUTECH bi-optics

D. ASSISTIVE DEVICES:

1. Smart vision glasses:

Smart vision glasses®’ are an assistive device for the visually impaired, leveraging
cutting edge technologies such as artificial intelligence, machine learning and
machine vision to empower and enhance their lives. This device enables the
visually impaired to gain awareness of their surroundings, read books in their
preferred language, receive obstacle alerts and much more foster significant
advancement in their daily experiences.

Figure 8-12 Smart Vision glasses
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2. Mobility cane:

Mobility canes are a form of mobility aid that enable a person to scan their
surroundings for obstacles or finding orientation clues®'. They are also helpful
for others such as road users in identifying the person as vision impaired so that
they can take appropriate care and attention. Mobility canes are often made
from aluminum, graphite, reinforced plastic or other fiber reinforced plastic and
can come with a wide variety of tips depending on the user’s preference. They
can be either collapsible or straight.

Figure 8-13 mobility cane

E. NON-OPTICAL DEVICES:

1. Letter writer:

Letter writing guides'' are typically made of dark cardboard or dark plastic and
are used by laying them over white or light-colored paper. They work by having
a cut out space or raised lines where someone can write, helping the writer stay
on the line or in place

SRR

Figure 8-14 Letter writer
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2. NOTEX:

NOTEX" is a rectangular piece of cardboard with steps on top right corner
which helps in identifying the currency of the note.

Figure 8-15 NOTEX

3. Signature Guide:

A signature guide'? is a tool that helps people with low vision to sign documents
accurately and independently. It can help guide the user’s hand and pen to create
a legible signature.

Figure 8-16 Signature guide

4. NOIR filter:

The NOIR filter system offers a wide range of colored filters to help people
minimize eye discomfort and maximize visual resolution. Different filter shades
provide varying functions combining relief from glare, contrast enhancement
and general relief of eye strain. The range of the rod absorption in the
transmission of filters varies. Filters are chosen based on the luminance level
inside a typical house used for the child’s everyday task and outside filter lenses
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are tested outside. Many children require lighter filtered lenses for days with
light overcast and a darker filter lens for bright sunny days.".

A A

Figure 8-17. NOIR Filter
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Genetic Counselling and

Testing

Genetic Counselling

Genetic counselling (GC) has emerged as an indispensable service, especially in
cases of IRDs. It is primarily a platform for genetic education and psychosocial
support. A patient diagnosed with an IRD is referred to a genetic counsellor
who draws a detailed family history called the pedigree. Further, in a pre-test
genetic counselling the patients and their families are informed about the basics
of cell biology, genetics, Mendelian inheritance, the genetic test procedure, test
panel recommendations, cost, advantages and limitations of the genetic test.
Through genetic counselling families are also made aware of the impact of
consanguineous marriages on genetic disorders"?3.

If the patient/ family opts for genetic testing, the genetic counsellor coordinates
with the diagnostic laboratory for testing. When the report arrives, the counsellor
and the clinician validate the report, perform a phenotype-genotype correlation
to understand the prognosis of the disorder. In a post-test genetic counselling
session, the report is explained to the patient/ family in detail (figure 1). Any
additional test requirements are also conveyed. Ideally, a patient registry should
be maintained with clinical and genetic details for all cases which can serve as a
representation for a specific IRD population. Thus, genetic counselling provides
comprehensive scientific education and aids in a refined correlation of clinical
and genetic reports for better prognosis and management of patients.

Another aspect of genetic counselling is the psychosocial support offered. Vision
deterioration can have an emotionally overwhelming effect on the patient and
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their families. The societal stigma of the diagnosis of a genetic disorder further
adds to this. Additionally, an unsolved clinical or genetic diagnosis can lead to
an emotionally confounding situation for the patient/ family. While most IRDs
do not have an immediate therapy option, genetic counselling can help with the
patient/ family’s quality of life by being a platform for continued education and
support. Genetic counselling can also help in better informed family planning
by knowing the inheritance patterns and chances of disease recurrence. Thus,
genetic counselling is a holistic approach to patient management that serves to
bridge the gap between the clinic, the patient, the diagnostic laboratory, and the
research organizations.

Clinical Diagnosis
*  Symptoms
*  Clinical presentation

Clinician
*  Family history
h Adds to clinical
Pedigree demographics
Charting il
L
Phenotype-Genotype
Pre-test GC correlation

=

Genetic Diagnosis
*  Causative gene/s
. Variant
*  Mode of inheritance
*  Pathogenecity

Genetic Test

Post-test GC

S U

Adds to genetic
demographics

Figure 9-1: Flow chart representation of the genetic counselling workflow
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Genetic Testing:

With the advent of next-generation sequencing (NGS), multiple panels screening
for IRDs have become available. The most common genetic tests recommended
for IRDs are whole exome sequencing (WES), clinical exome sequencing
(CES), and targeted panels for specific IRDs with deletion and duplication
analysis. Sanger sequencing is recommended for additional family member
validations and/or carrier testing. For the detection of large deletions that can be
missed in the above-mentioned tests, additional tests such as multiplex ligation-
depended probe amplification (MLPA) are recommended. The panels/ tests
are recommended based on the type and certainty of the IRD diagnosed and
affordability. Cost-effectiveness is a major consideration as insurance does not
cover the expense of genetic testing in India. However, in the past decade, the
available tests and their costs have reduced.

With evolving technology, precise identification of mutations has become
possible. However, assigning a pathogenic/ causative status to an identified
mutation adds a second layer of complexity. The reported variant could be
“pathogenic” and needs further tests such as parental validation and clinical
correlation to solve the case genetically and clinically. When only a variant
of uncertain significance (VUS) is reported, it leaves the cases genetically
unsolved. In such cases, it requires time to conclude due lack of scientific
evidence. Further, multiple studies suggest genetic differences across ethnic
groups' This suggests the need for a comprehensive ethnicity-based patient
registry to strengthen the status of disease causation by genetic variants.
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Gene Therapy for IRD

Introduction

The adeno-associated virus (AAV) is aremarkable tool in the field of gene therapy
due to its unique characteristics and versatility. AAV are among the smallest
viruses measuring about 22 nm in size. Use of AAV particularly is appealing
for gene therapy due to its ability to infect both dividing and nondividing
cells; its broad tissue tropism enabling it to infect a wide variety of cell types,
depending on the specific serotype; long term therapeutic gene expression and
comparatively lower immunogenicity, with minor adverse events that can be
managed easily.!

Theeyestands outasanintriguing and accessible organ for gene therapy. [tsunique
attributes make gene delivery safer, owing to its high compartmentalization and
a degree of immune privilege. The presence of blood-retina and blood-vitreous
barriers limits the spread of AAV infection to target site with low systemic
leakiness.” Surgical techniques, such as sub-retinal, supra-choroidal, and intra-
vitreal injections, are commonly used for gene delivery to target cells such as the
retinal pigment epithelium (RPE) and the neuronal retina. Most cell layers in the
eye do not replicate, necessitating a single, precise dose of viral vectors carrying
therapeutic genes for efficient transduction and sustained gene expression.
Recombinant adeno-associated virus (rAAV), despite having a packaging
capacity of approximately 4.7 kb, remains the vector of choice in clinical trials
for ocular gene therapy. Intravitreal and subretinal injections of various AAV
serotypes, including 1,2, 5, 7, 8 and 9, have demonstrated successful high-level,
long-term gene expression in retinal cells. For larger genes, such as ABCA4 and
USH2A, advanced vector design strategies like the hybrid dual vector systems
can be employed.’ In addition to gene editing is an alternative approach that
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uses clustered regularly interspaced short palindromic repeats (CRISPR)-based
technology to correct a precise mutation in the endogenic gene sequence.*

The availability of both small and large animal models that mimic human
disease conditions for various monogenic inherited retinal dystrophies (IRDs)
facilitates preclinical studies to evaluate therapeutic strategies. Pre-clinical
studies and clinical trials for different genes encoding proteins, enzymes, or
structural components crucial for the visual cycle or retinal structure in retinal
disorders such like retinitis pigmentosa (RP), Leber congenital amaurosis
(LCA), Stargardt disease (STGD), choroideremia, achromatopsia, X-linked
juvenile retinoschisis (XLRS) and others are ongoing.

The effectiveness of gene transfer can be assessed by phenotype reversal
or measure of therapeutic outcomes through non-invasive methods like
electroretinography (ERG), optical coherence tomography (OCT) and fundus
examinations (FFA). Selecting patients for gene therapy necessitates prior
knowledge of the mutated gene and the mode of inheritance. This chapter will
provide further details on essential considerations for safe and highly effective
gene transfer, as well as recent developments in gene therapy, including a list
of clinical trials for inherited retinal dystrophies. The outline of the processes
involved in gene therapy as a treatment modality is depicted in figure 1.
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Figure 10-1: Process of gene therapy as treatment. Step 1: Once a gene mutation associated with
an IRD is identified by genetic testing methods, along with correlating clinical presentations, a
patient can be considered as a candidate for gene therapy, provided he/she retain target retinal
cells for gene transfer. Step 2 and 3: A therapeutic delivery vector carrying the gene of interest

is designed and produced in a clinical grade vector facility. Step 4: Pre-clinical studies are
conducted on animal models of the disease to check for safety and efficacy of the gene therapy
product. Step 5: based on successful initial results, clinical trials are conducted in human patients.
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1. Types of gene therapy for IRDs

Gene therapy is a process where normal function of the cell is restored by
replacing a faulty gene with a functional copy by gene transfer or gene editing.
Two major types of gene therapy approaches are discussed here.

1.1.

1.2.

Gene augmentation for autosomal recessive or X-linked IRDs

Autosomal recessive (AR) or X-linked recessive (XLR) diseases are
characterized by mutations that disrupt the normal function of a specific
gene. The most promising approach is gene augmentation or gene
replacement therapy for “loss-of-function” mutation associated IRDs. This
strategy aims to reintroduce the functional gene or replace the mutated
gene with a healthy one, thereby restoring the production of the essential
protein and potentially alleviating the associated disease.’

Mutation independent gene knockdown and replacement for
Autosomal dominant IRDs

Gene therapy for autosomal dominant diseases presents notable challenges,
primarily due to the presence of allelic heterogeneity and the necessity to
effectively silence the mutated gene. However, a promising strategy is to
combine two components in a single vector to perform two crucial actions:
firstly, to reduce or silence the expression of the disease-causing gene
(gene knockdown), and simultaneously, introduce a resistant, optimised
wild-type copy of the gene (gain of function) to produce the protein and
restore function.®

2. Gene Editing to treat IRDs

Alternative to gene augmentation or replacement strategies, gene editing
technology is used particularly to correct large genes.

2.1.

CRISPR-Cas9

This system is derived from bacterial defence mechanisms occurring
naturally. CRISPR-Cas9 is used to precisely target and modify specific
genetic errors in the genome. This technique involves guiding the Cas9
enzyme to a desired DNA sequence, where it can cut the DNA, leading
to gene disruptions, replacements, or insertions. CRISPR has immense
potential for treating genetic diseases, but with some risk of off-target
effects.’
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2.2.

2.3.

Base Editing and Prime Editing

Base editing (BE) and prime editing (PE), two recent advancements in
CRISPR-Cas9 genome editing, is a promising genetic manipulation
technique for precise, efficient, and permanent correction of disease-
causing genetic mutations, thereby mitigating disease consequences. What
sets these techniques apart from conventional CRISPR-Cas9 editing is
their avoidance of double-strand break (DSB) formation, which enhances
safety by reducing the chances of inadvertent insertions and deletions
(indels) at the targeted genetic site.®

Anti-sense oligonucleotide (ASO)

ASO gene therapy involves the use of short, single-stranded DNA or RNA
molecules that are designed to target specific messenger RNA (mRNA)
molecules in cells. By binding to the target mRNA, ASOs can modulate
gene expression by either promoting mRNA degradation or inhibiting its
translation into proteins. Ensuring ASOs only affect the intended target
mRNA without causing unintended effects is crucial. Long-term safety of
ASO therapies is a concern, and potential side effects need to be carefully
monitored.’

3. Recombinant Adeno-associated Virus

Recombinant adeno-associated virus (AAV) vectors, are used as cargo carrying
vehicles for gene transfer into cells. The rAAV genome contains two inverted
terminal repeats (ITRs) with the genome packaging signal. Within the rAAV
ITRs lies the transgene expression cassette containing the therapeutic gene
driven by a promoter to produce amino acids and form proteins. The rep and
cap genes are provided in trans-helper plasmids during viral packaging process
necessary for viral production.!® Thus, lab generated rAAV virions are used
to infect the cells and delivery the therapeutic payload to target tissue. The
packaging and production process is illustrated in figure 2.
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Figure 10-2: Production of rAAV particles. Three different plasmid DNA sequences are required
to be transfected into a producer cell line — 1) Transgene or the therapeutic gene for replacement
or substitutions that is to be carried inside the rAAV virion particles, ii) two helper plasmids
(Rep/Cap and Adenoviral [Ad] genes) carrying DNA sequencing for AAV viral protein synthesis
and assembly. A cell line such as the human embryonic kidney cells (HEK293T) are used to
produce rAAV. The rAAV virion is 20 nm in size and carries the therapeutic gene cassette inside
its icosahedral capsid/coat.

The use of suitable serotype or outer coat for rAAV to efficaciously infect
retinal cells, is a critical aspect for successful gene therapy. Previous studies
involving AAV2/4 and AAV2/5 have demonstrated efficient transduction of
photoreceptor cells, with AAV2/5 showing high specificity for the outer nuclear
layer (ONL). Whereas, AAV2/8 exhibited lower transduction of photoreceptors
but displayed higher levels in the inner retina, particularly in cone cells.
Interestingly, AAV2/8 was effective in pig models when administered to the
sub-retinal space, suggesting some variability in tropism across species.
Additionally, advancements in AAV biology have led to strategies that enhance
transduction efficiency. Point mutations, such as converting surface-exposed
tyrosine to phenylalanine (Y-F) in the capsid of rAAV 2, §, and 9, have been
employed to reduce proteasome degradation and achieve higher levels of retinal
cell transduction compared to wild-type counterparts. Notably, AAV2/2(7m8)
demonstrated exceptional efficiency in transducing various retinal cell types.
Several AAV serotypes, including rAAV?2/9, 2/8, 2/7, and rAAV/rh10, have also
shown success in transducing retinal cells. !
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On the other hand, recent optogenetic gene therapy involves delivery of genes
encoding the light-sensitive proteins such as opsins, into the target cells within
the retina. This can be achieved through viral vectors or other gene delivery
mechanisms. The introduced genes in the target cells produce the light-sensitive
proteins. Once the light-sensitive proteins are produced, the retina can be
stimulated with light, activating the targeted cells and potentially restoring
visual function.?

4. Alternate gene delivery methods

Other vehicles and strategies for gene delivery are Lentivirus (LV)!"* and non-
viral methods.' Lentiviruses can carry gene of interest as long as 8 kb into
the target cells, and integrate into the host cell DNA enabling long-term gene
expression. However, LVs come with certain drawbacks, such as the potential
for insertional mutagenesis and associated adverse events. In contrast, non-viral
vectors involve nanomaterial-based delivery systems, lipid-based approaches,
and, more recently, magnetic nanoparticles. These alternatives are being explored
as delivery methods. Nevertheless, these systems face specific challenges,
including difficulties in achieving efficient delivery, issues related to stability,
and the limitation of achieving only short-term, transient gene expression.

5. Injection routes

Due to the presence of the blood-retina barrier, rAAV must be administered
directly to a specific location within the eye where it can readily transduce the
RPE and photoreceptor cells. The major routes of delivery for efficacious gene
delivery to the retina is depicted in figure 3.

5.1. Intravitreal injection is a well-established and safe method for
administering rAAV to the eye. Intravitreal injection is particularly suitable
for targeting the inner retina, as it predominantly transduces retinal ganglion
cells (RGCs). However, diffusion of viruses into the retina, is partial due
to the presence of inner limiting membrane (ILM) present in primate eyes.
Strategies to improve rAAV transduction following intravitreal delivery
include mild enzymatic digestion or surgical removal of the ILM. Secondly,
advanced AAV vectors are being designed to overcome these challenges. !’

5.2. Subretinal injection involves delivering the vector into a localized bleb
formed between the retinal pigment epithelium (RPE) and the photoreceptor
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5.3.

layer through a surgical procedure. Subretinal injection primarily transduces
RPE cells and photoreceptors, with some involvement of Miiller cells.
While this delivery method is more invasive and potentially carries more
risks than intravitreal injection, it offers direct access to photoreceptors
and the RPE. '

Suprachoroidal Injection involves delivering the vector into the potential
space between the sclera (the white outer layer of the eye) and the choroid
(avascular layer beneath the retina). This approach provides a less invasive
alternative to subretinal injections and bypasses the ILM barrier associated
with intravitreal injection. Although experience with suprachoroidal
administration is limited, animal studies have shown the potential for safe
and effective delivery of vectors to the retina, particularly targeting outer
retinal cells.!”
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Figure 10-3: Injection sites for rAAV administration. In the subretinal route, a bleb is created
separating the RPE layer and photoreceptors. The intravitreal route is a less invasive procedure
where the viral particles are delivered in the vitreous humour. In the suprachoroidal route, AAV

vector carrying the therapeutic genes is injected into the suprachoroidal space, allowing the

genes to reach and potentially influence the target retinal cells.
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6. Biodistribution and Immune responses

Recombinant AAVs are generally safe and not toxic, but the presence of
neutralizing antibodies (nAbs) to wild-type AAV capsids in about 80% of the
population poses challenges for therapy efficacy. The blood-retina barriers grant
the retina immune privilege, reducing the risk of negative immune responses
when AAV is administered via the subretinal route. Re-administration of the
virus into the subretinal space has shown successful transduction even in the
presence of nAbs in the bloodstream. Subretinal delivery of AAV2/8 vectors
in a canine model, showed systemic distribution, including potential trans-
synaptic transport to the brain. In some in vivo gene therapy studies, high viral
doses are used, raising the risk of local tissue reactions in the subretinal space
due to its limited capacity. Nevertheless, current injection methods have proven
to be relatively safe, with edema typically resolving without issues. Before
proceeding to clinical trials, it is essential to assess potential cellular toxicities
related to the transgene and transcriptional elements in preclinical models,
considering aspects like morphology, physiology, and inflammation status.'3

7. Current clinical trials for IRDs

Initial data supporting a treatment strategy typically comes from proof-of-
concept studies conducted in vitro and in vivo. With clinical trial reports
emerging from patients treated with gene therapies for retinal dystrophies listed
(Table 1), the future holds even greater promise for addressing other ocular
disorders. This compilation provides a concise overview of trials using majority
rAAV-mediated gene therapy and couple of lentiviral transfer methods for IRDs.

Table 10-1: Retinal gene therapy clinical trials

Vector Delivery Disease Sponsor
CNGA3 | AAV2/8 Subretinal Achroma- | MeiraGTx 03758404
topsia
CNGA3 |[rAAV Subretinal STZ eyetrial | 02610582
CNGA3 [rAAV21YF Subretinal AGTC 02935517
CNGB3 | AAV2/8 Subretinal Meira GTx, | 03001310
EMAS
03278873
CNGB3 |rAAV21YF Subretinal AGTC, NEI | 02599922
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REP1 AAV2 (Gemini) | Subretinal Choroider- | Nightstar 03507686
emia
03496012
REP1 AAV2 Subretinal Oxford, UCL | 02407678
REP1 AAV2-h CHM | Subretinal Spark 02341807
REP1 rAAV2 Subretinal STZ eyetrial | 02671539
REP1 AAV2 Subretinal BPEL B. 02553135
Lam
RPE65 | AAVS Subretinal LCA MeiraGTx 02781480
02946879
RPE65 | AAV2 (Luxtur- | Subretinal Spark 01208389
na)
RPE65 rAAV2 Subretinal UPenn, 00481546
RPE65 | rAAV2/4 Subretinal Nantes 01496040
RPE65 | rAAV2 Subretinal AGTC 00749957
RPE65 | rAAV2 Subretinal UCL 00643747
ND4 rAAV2 (Re- Intravitreal | LHON GenSight 02652780
Verse)
03406104
ND4 rAAV2 Intravitreal GenSight 02064569
ND4 AAV2 Intravitreal BPEI, NEI 02161380
RLBP1 |rAAVS Subretinal RP Novartis 03374657
(CPK850)
PDE6B | AAV2/S Subretinal HoramaS.A. | 03328130
ChR2 AAV2 (RST- Intravitreal | Advanced | Allergan 02556736
001) RP
RHO QR-1123 (Au- | Intravitreal | Autosomal | ProQR Ther- | 04123626
rora) dominant | apeutics
RP
MERTK | rAAV2 Subretinal RP King Khaled, | 01482195
Fowzan
ABCA4 | Lentivirus Subretinal Stargardt Sanofi 01367444
(SAR422459) disease
01736529
MYO7A | Lentivirus (Ush- | Subretinal Usher type- | Sanofi 01505062
Stat) 1B
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02065011

USH2A | QR-421a (Stel- | Intravitreal | Usher type- | ProQR Ther- | 03780257
lar) 2A apeutics

RPGR AAV2/5 Subretinal XLRP Meira GTx | 03252847
RPGR rAAV21YF Subretinal AGTC 03316560
RPGR AAV8 Subretinal Nightstar 03116113
RS1 rAAV21YF Intravitreal | XLRS AGTC 02416622
CEP290 | EDIT-101 Subretinal LCA Editas 03872479

Table 1: Clinical trials for inherited retinal diseases: Some of the active and
completed trials are listed with their national clinical trials number, (NTC). *
Indicates optogenetic based gene therapy. # indicates anti-sense oligonucleotide-
based gene therapy approach. + indicates gene editing based gene therapy.

Conclusion

Over the past two decades, the field of gene therapy has transitioned from
conceptualization to demonstrating proof-of-concept and is now progressing
through clinical trials on a global scale. In summary, the current challenges in
gene therapy encompass safety concerns. The intravitreal administration route is
seen as a potentially safer option, yet it may limit vector diffusion and effective
concentrations reaching the retina compared to subretinal approaches, which
are powerful but carry some risks. Additionally, understanding the diverse
genotypic-phenotypic relationships in IRDs presents a considerable challenge in
both clinical practice and research. The varied expression of mutated genes not
only impacts patients’ morphological-functional status but also influences the
clinical outcomes of gene therapy. Studies should concentrate on comprehensive
assessments of genotypic-phenotypic attributes for each IRD, developing new
classification methods, and exploring how these advancements in understanding
can guide gene therapy strategies."” Also, the success of gene therapy hinges
on devising strategies to mitigate any adverse immune reactions, minimize
toxicities, and prevent retinal degeneration, all while ensuring effective gene
delivery and reversal of disease phenotype. Overall, this transformative therapy
holds promise of restoring vision and enhancing the quality of life for countless
individuals affected by debilitating vision conditions.
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Regenerative Medicine for
Retinal Diseases

The diverse cell types in the human retina are intricately connected giving
the organ one of the most complex architectures of the human body. As post
mitotic cells, most retinal cells have poor regenerative capacity and hence
their degeneration and loss due to disease or injury can lead to serious vision
loss and blindness. Regenerative medicine has immense potential to address
the cell loss seen in retinal degenerative diseases (RDDs) like IRDs and AMD
which have a substantial impact on lives and economy globally. Pluripotent
stem cell (PSCs), such as embryonic stem cells (ESCs) and more particularly
induced pluripotent stem cells (iPSCs) by overcoming the ethical concerns of
ESCs provides the possible means to understand and treat many of the retinal
diseases. With an ever-growing population manifesting a significant increase
in an aging cohort, newer ways to treat RDDs such as age-related macular
degeneration (AMD) is a race against time. Studies confirm damage and
subsequent loss of the retinal pigmented epithelium (RPE) as the hallmark of
AMD!, which has no effective treatment currently. Interestingly, RPE cells in
principle can serve as an appropriate substrate for transplantation, as they can
be differentiated with relative robustness from PSC than other retinal cell types
such as the photoreceptors and retinal ganglion cells®. RPE cells derived from
ESC and iPSCs are presently under investigation for clinical cell therapy in
AMD?. Although significant advancement in protocol development for RPE
derivation from PSCs has been made, current protocols are still time-consuming
requiring almost 3 months of differentiation process to generate mature
RPEs*. The first clinical trial with iPSC derived RPE, Mandai and colleagues
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transplanted autologous RPEs from iPSCs generated from AMD patients”.
Although the patient’s vision did not improve, the treatment was considered
a pioneering success demonstrating the feasibility and safety of iPSC derived
cell transplantation to treat a retinal disease. In 2019, researchers at the national
eye institute (NEI, USA) successfully transplanted mutation free iPSC-derived
RPE patches in animal model of AMD®. Currently, clinical trials using iPSC
derived RPE patch are being carried out along with the initial reports of hESCs
derived RPE, indicating the viability of the approach with respect to safety,
efficacy and tolerability. Most of the clinical studies have employed injection
of the PSC derived RPE suspension or placement of the iPSC derived RPE
patch into the sub-retinal space. Schwarz et al in 2015 transplanted suspensions
of ESC derived RPE into patients with AMD and Stargardt disease’. With no
evidence of adverse proliferation, rejection or serious ocular or systemic safety
issues with the transplanted ESC derived RPEs, this study provided the initial
evidence of the medium-term to long-term safety, graft survival and possible
biological integration of these ESC derived RPEs. However, clinical studies
from other groups using ESC derived RPE cells for advanced Stargardt disease
failed to demonstrate any functional improvement in visual acuity which was
measured via microperimetry, visual acuity and subjective questionnaire®.
Here, the authors attributed that the lack of observable functional benefits to the
advanced state of the disease in the study population therefore highlighting the
need for appropriate study design involving iPSC or ESC derived retinal cells in
clinical trials. There are currently more than ten active phase 1/1I clinical trials
using ESCs and two active preclinical trials using iPSC derived RPEs to treat
different retinal diseases’. In conclusion more comparative studies are needed to
secure the promise for the future of stem cell derived retinal cell therapy. With
the urgent need to devise newer and appropriate application of regenerative
medicine to treat retinal diseases, future studies are needed to determine the
safest, utmost effectiveness and the variables in stem cell-based therapy for
retinal diseases.
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Future Directions

The phenotypic-genotypic variations in IRDs possess a challenge in their
accurate diagnosis and thereafter their treatment. However, with advances
in genetic testing in establishing a molecular diagnosis and identifying a
causative gene, it has become easier to characterise the disease and develop
targeted therapy for IRDs. The approval of voretigene neparvovec (Luxturna)
by the Food and Drug Administration (FDA), the first gene therapy to treat
RPEG65-associated LCA, was a result of it.

Future research will focus on whole genome sequencing to identify missing
mutation or genetically unsolved cases. Future advances in OCT technology in
the form of Adaptive optics scanning laser ophthalmoscopy (AOSLO), enables
greater axial resolution so as to allow the visualisation of photoreceptor function
in-vivo, making it an outcome measure in future clinical trials.

The role of regenerative medicine is being explored in the form of induced
pluripotent stem cell (iPSC) research for gene augmentation in choroideremia,
while the use of iPSC-derived organoids for the possible autologous transplants
is also being researched.

In the era of advanced imaging techniques, genetic testing, gene therapy
and regenerative medicine, the concept of ‘precision medicine’ is gaining
prominence. This includes analysing genetic information, developing targeted
therapies based on molecular pathways and designing a personalised treatment
plan based on disease characteristics and severity. However, there are still
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challenges to overcome such as ethical considerations and the need for broader
access of advanced technologies. Nevertheless, the ongoing progress holds
great promise for the future.

Thus, Inherited Retinal Diseases (IRD) are a complex group of diseases which
require a comprehensive medical evaluation, including genetic testing, for
an accurate diagnosis. Early detection can aid in understanding the specific
genetic mutations involved, providing valuable information for prognosis and
potential treatment strategies. Management often involves supportive measures,
low-vision aids, and adapting educational strategies to accommodate visual
impairment in pediatric patients and young adults. While currently there are
limited curative treatments, ongoing research in the fields of gene therapy and
regenerative medicine holds promise for future interventions.
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