

[image: image]





Frontiers eBook Copyright Statement

The copyright in the text of individual articles in this eBook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers.

The compilation of articles constituting this eBook is the property of Frontiers.

Each article within this eBook, and the eBook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this eBook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version.

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or eBook, as applicable.

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with.

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question.

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-88971-605-0
DOI 10.3389/978-2-88971-605-0

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area! Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers Editorial Office: frontiersin.org/about/contact





HEREDITARY OPTIC NEUROPATHIES: A NEW PERSPECTIVE

Topic Editors: 

Chiara La Morgia, IRCCS Institute of Neurological Sciences of Bologna (ISNB), Italy

Valerio Carelli, University of Bologna, Italy

Rustum Karanjia, University of Ottawa, Canada

Topic Editor Valerio Carelli received financial support from Stealth BioTherapeutics. The other Topic Editors declare no competing interests with regard to the Research Topic subject.

Citation: La Morgia, C., Carelli, V., Karanjia, R., eds. (2021). Hereditary Optic Neuropathies: A New Perspective. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88971-605-0





Table of Contents




Editorial: Hereditary Optic Neuropathies: A New Perspective

Valerio Carelli, Rustum Karanjia and Chiara La Morgia

Impaired Ganglion Cell Function Objectively Assessed by the Photopic Negative Response in Affected and Asymptomatic Members From Brazilian Families With Leber’s Hereditary Optic Neuropathy

Gabriel Izan Santos Botelho, Solange Rios Salomão, Célia Harumi Tengan, Rustum Karanjia, Felipo Victor Moura, Daniel Martins Rocha, Paula Baptista Eliseo da Silva, Arthur Gustavo Fernandes, Sung Eun Song Watanabe, Paula Yuri Sacai, Rubens Belfort Jr., Valerio Carelli, Alfredo Arrigo Sadun and Adriana Berezovsky

Mitochondrial 13513G>A Mutation With Low Mutant Load Presenting as Isolated Leber’s Hereditary Optic Neuropathy Assessed by Next Generation Sequencing

Chuan-bin Sun, Hai-xia Bai, Dan-ni Xu, Qing Xiao and Zhe Liu

Case Report: A Novel Mutation in the Mitochondrial MT-ND5 Gene is Associated With Leber Hereditary Optic Neuropathy (LHON)

Martin Engvall, Aki Kawasaki, Valerio Carelli, Rolf Wibom, Helene Bruhn, Nicole Lesko, Florian A. Schober, Anna Wredenberg, Anna Wedell and Frank Träisk

A Perspective on Accelerated Aging Caused by the Genetic Deficiency of the Metabolic Protein, OPA1

Irina Erchova, Shanshan Sun and Marcela Votruba

Retinal Ganglion Cells—Diversity of Cell Types and Clinical Relevance

Ungsoo Samuel Kim, Omar A. Mahroo, John D. Mollon and Patrick Yu-Wai-Man

Intravitreal Gene Therapy vs. Natural History in Patients With Leber Hereditary Optic Neuropathy Carrying the m.11778G>A ND4 Mutation: Systematic Review and Indirect Comparison

Nancy J. Newman, Patrick Yu-Wai-Man, Valerio Carelli, Valerie Biousse, Mark L. Moster, Catherine Vignal-Clermont, Robert C. Sergott, Thomas Klopstock, Alfredo A. Sadun, Jean-François Girmens, Chiara La Morgia, Adam A. DeBusk, Neringa Jurkute, Claudia Priglinger, Rustum Karanjia, Constant Josse, Julie Salzmann, François Montestruc, Michel Roux, Magali Taiel and José-Alain Sahel for the LHON Study Group

Leber Hereditary Optic Neuropathy: Review of Treatment and Management

Rabih Hage and Catherine Vignal-Clermont

Exploiting hiPSCs in Leber’s Hereditary Optic Neuropathy (LHON): Present Achievements and Future Perspectives

Camille Peron, Alessandra Maresca, Andrea Cavaliere, Angelo Iannielli, Vania Broccoli, Valerio Carelli, Ivano Di Meo and Valeria Tiranti

Dominant Optic Atrophy (DOA): Modeling the Kaleidoscopic Roles of OPA1 in Mitochondrial Homeostasis

Valentina Del Dotto and Valerio Carelli

Leber’s Hereditary Optic Neuropathy: A Report on Novel mtDNA Pathogenic Variants

Lorenzo Peverelli, Alessia Catania, Silvia Marchet, Paola Ciasca, Gabriella Cammarata, Lisa Melzi, Antonella Bellino, Roberto Fancellu, Eleonora Lamantea, Mariantonietta Capristo, Leonardo Caporali, Chiara La Morgia, Valerio Carelli, Daniele Ghezzi, Stefania Bianchi Marzoli and Costanza Lamperti












	
	EDITORIAL
published: 22 September 2021
doi: 10.3389/fneur.2021.742484






[image: image2]

Editorial: Hereditary Optic Neuropathies: A New Perspective

Valerio Carelli1,2, Rustum Karanjia3,4,5,6 and Chiara La Morgia1,7*


1Istituto di Ricerca e Cura a Carattere Scientifico Istituto delle Scienze Neurologiche di Bologna, Programma di Neurogenetica, Bologna, Italy

2Department of Biomedical and Neuromotor Sciences (DIBINEM), University of Bologna, Bologna, Italy

3Doheny Eye Institute, Los Angeles, CA, United States

4Department of Ophthalmology, Doheny Eye Center, David Geffen School of Medicine, University of California, Los Angeles, Los Angeles, CA, United States

5Department of Ophthalmology, Ottawa Eye Institute, University of Ottawa, Ottawa, ON, Canada

6Ottawa Hospital Research Institute, Ottawa, ON, Canada

7Istituto di Ricerca e Cura a Carattere Scientifico Istituto delle Scienze Neurologiche di Bologna, UOC Clinica Neurologica, Bologna, Italy

Edited and reviewed by:
Aki Kawasaki, Hôpital ophtalmique Jules-Gonin, Switzerland

*Correspondence: Chiara La Morgia, chiara.lamorgia@isnb.it

Specialty section: This article was submitted to Neuro-Ophthalmology, a section of the journal Frontiers in Neurology

Received: 16 July 2021
 Accepted: 23 July 2021
 Published: 22 September 2021

Citation: Carelli V, Karanjia R and La Morgia C (2021) Editorial: Hereditary Optic Neuropathies: A New Perspective. Front. Neurol. 12:742484. doi: 10.3389/fneur.2021.742484



Keywords: optic nerve, gene therapy, retinal ganglion cells, Leber's hereditary optic neuropathy (LHON), induced pluripotent stem cells (IPSCs)


Editorial on the Research Topic
 Hereditary Optic Neuropathies: A New Perspective



Over 30 years have elapsed from the landmark finding of the first point mutation in mitochondrial DNA (mtDNA) associated with Leber's hereditary optic neuropathy (LHON) by Doug Wallace and his team in 1988 (1). Twelve years later came the identification of the nuclear OPA1 gene, which encodes for a mitochondrial dynamin-like protein, whose pathogenic mutations cause Dominant Optic Atrophy (DOA) (2, 3). This was a predictable convergence, as both nuclear and mtDNA mutations may cause a similar mitochondrial disorder resulting in vision loss, identifying DOA as a mitochondrial disease similar to LHON (4, 5). We are delighted to have compiled this special issue of Frontiers in Neurology on hereditary optic neuropathies, to highlight how lively the field of inherited optic neuropathies is in 2021.

Three of the papers published in this series deal with new mtDNA variants affecting complex I in association with LHON, highlighting the emergence of the MT-ND5 gene as a new hot spot for LHON mutations (Sun et al.; Engvall et al.; Peverelli et al.). Thus, quoting Salvatore DiMauro, these findings clearly indicate that “we are not scraping the bottom of the barrel” yet (6). Complex I remains the most frequent biochemical defect and LHON-like phenotypes may frequently overlap with more complex phenotypes combining MELAS and Leigh syndrome features in a continuum (7).

LHON remains a paradigm for mitochondrial disorders and neurodegeneration, thus continuous efforts are directed to the intimate understanding of its pathogenic mechanism. The in vitro modeling of disease has become key to preclinical science, and the use of reprogrammed pluripotent stem cells (iPSCs) derived from primary LHON patient's cells, into differentiated neuronal cellular types including retinal ganglion cells (RGCs) is expanding our toolbox to understand and treat this and other diseases (Peron et al.). This emergent biotechnology to model rare disorders such as LHON, also overcomes some of the difficulties of using animal models, which do not always faithfully reproduce mitochondrial diseases. The innovative models like iPSCs-derived organoids have helped to untangling the details of the pathogenic mechanisms allowing multiomic approaches at single cell type level (8), truly applying the principles of personalized medicine, as summarized in a perspective article in this special issue (Peron et al.).

RGCs are special neurons that are functionally asymmetric and metabolically skewed by the architecture of their axons (4, 5). The need to keep the inner retina transparent to light requires the RGC axons to remain unmyelinated for their long intra-retinal segment, before converging at the optic disc to form the myelinated optic nerve. Understanding this special neuronal cell type is essential to dissect hereditary optic neuropathies and this aspect is comprehensively covered in a complete review of the 18 RGCs subtypes and their morphological and functional characteristics as part of this special issue (Kim et al.). This review also looks at the tools to explore RGCs and how they are eventually lost in different pathological conditions including inherited and acquired optic neuropathies.

DOA, as previously stated, is a companion disease to LHON, which in the large majority of cases is due to various types of pathogenic mutations in the OPA1 gene (2, 3). This gene encodes a protein that comes in 8 isoforms further processed from long to short forms, providing a “kaleidoscopic” spectrum of functions, a concept which is comprehensively reviewed in this special issue, covering the wide range of models used to study OPA1 to date (Del Dotto and Carelli) The complexities of OPA1 function and dysfunction may include mechanisms regulating the cellular resilience during development and adulthood, such as adaptations to OPA1 deficiency that may be reflected in mitochondrial motility or inflammatory responses, which ultimately impinge on cell aging, as argued in a dedicated article in this special issue (Erchova et al.).

Understanding the clinical presentation of these diseases continues to evolve and the use of new objective clinical metrics, such as the photopic negative response (PhNR), are becoming more important as new treatments are being developed (Botelho et al.). Again, LHON is on the frontline of new treatment strategies with gene therapy trials, which have been recently concluded, and the first and up to now the only therapy approved for a mitochondrial disorder by the European Medicines Agency, the quinone analog idebenone. These clinical topics have been reviewed in a contribution to this special issue (Hage andVignal-Clermont). Moreover, a comparison between the recently published results of gene therapy trials and the natural history of LHON is included in this special issue and provides an interesting perspective on the success of these treatments (Newman et al.).

Overall, the field of hereditary optic neuropathies remains extremely dynamic and lively. By presenting the “tip of the neurodegeneration iceberg” in this special issue we hope to demonstrate the importance of these diseases as an informative model to make key observation of relevance to other neurodegenerative disorders (9). From the genetic foundation, to the clinical and preclinical research, and ultimately ending with new therapeutic strategies, we look forward to further groundbreaking progress in hereditary optic neuropathies, leading to the ultimate goal of an effective cure for these patients, preserving vision.
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Purpose: The photopic negative response (PhNR) is an electrophysiological method that provides retinal ganglion cell function assessment using full-field stimulation that does not require clear optics or refractive correction. The purpose of this study was to assess ganglion cell function by PhNR in affected and asymptomatic carriers from Brazilian families with LHON.

Methods: Individuals either under suspicion or previously diagnosed with LHON and their family members were invited to participate in this cross-sectional study. Screening for the most frequent LHON mtDNA mutations was performed. Visual acuity, color discrimination, visual fields, pattern-reversal visual evoked potentials (PRVEP), full-field electroretinography and PhNR were tested. A control group of healthy subjects was included. Full-field ERG PhNR were recorded using red (640 nm) flashes at 1 cd.s/m2, on blue (470 nm) rod saturating background. PhNR amplitude (μV) was measured using baseline-to-trough (BT). Optical coherence tomography scans of both the retinal nerve fiber layer (RNFL) and ganglion cell complex (GCC) were measured. PhNR amplitudes among affected, carriers and controls were compared by Kruskal-Wallis test followed by post-hoc Dunn test. The associations between PhNR amplitude and OCT parameters were analyzed by Spearman rank correlation.

Results: Participants were 24 LHON affected patients (23 males, mean age=30.5 ± 11.4 yrs) from 19 families with the following genotype: m.11778G>A [N = 15 (62%), 14 males]; m.14484T>C [N = 5 (21%), all males] and m.3460G>A [N = 4 (17%), all males] and 14 carriers [13 females, mean age: 43.2 ± 13.3 yrs; m.11778G>A (N = 11); m.3460G>A (N = 2) and m.14484T>C (N = 1)]. Controls were eight females and seven males (mean age: 32.6 ± 11.5 yrs). PhNR amplitudes were significantly reduced (p = 0.0001) in LHON affected (−5.96 ± 3.37 μV) compared to carriers (−16.53 ± 3.40 μV) and controls (−23.91 ± 4.83; p < 0.0001) and in carriers compared to controls (p = 0.01). A significant negative correlation was found between PhNR amplitude and total macular ganglion cell thickness (r = −0.62, p < 0.05). Severe abnormalities in color discrimination, visual fields and PRVEPs were found in affected and subclinical abnormalities in carriers.

Conclusions: In this cohort of Brazilian families with LHON the photopic negative response was severely reduced in affected patients and mildly reduced in asymptomatic carriers suggesting possible subclinical abnormalities in the latter. These findings were similar among pathogenic mutations.

Keywords: leber's hereditary optic neuropathy, photopic negative response, retinal ganglion cell, visual evoked cortical potentials, electroretinography


INTRODUCTION

Leber's hereditary optic neuropathy (LHON) is a disease characterized by a sub-acute, painless loss of central vision, either simultaneously or in one eye followed by the other eye within weeks to months, affecting mainly young male adults between 15 and 35 years of age (1). The loss of vision is due to selective vulnerability of retinal ganglion cells (RGCs) in the papillomacular bundle that causes central scotoma and subsequent optic atrophy (2, 3).

The disease is caused by mutations in the mitochondrial DNA (mtDNA) that disrupt critical complex I subunits of the mitochondrial respiratory chain, causing impaired cellular ATP synthesis and increased production of reactive oxygen species (4, 5). The main mutations are m.11778G>A (ND4), m.14484T>C (ND6) and m.3460G>A (ND1) considered the three primary variations and representing over 90% of all LHON cases (5).

LHON is the most common of the mtDNA diseases, but epidemiological studies on prevalence and incidence involving different countries are scarce. A recent meta-analysis in Europe, estimated LHON prevalence of one in 40,000 (6). LHON is more frequent in males with the male/female ratio varying from 3:1 to 8:1, depending on the LHON mutation and the population studied (1, 7). The penetrance of the disease is incomplete with only about 50% of males and 10% of females carrying a genetic defect becoming affected and a substantial number of individuals along the maternal line carrying the genetic defect remaining asymptomatic lifelong (1).

A very large Brazilian pedigree with m.11778G>A/haplogroup J LHON (SOA-BR) has been extensively studied (3, 8–32) but information on other Brazilian LHON families has not been thoroughly investigated. A major obstacle in a developing country is the poor access to genetic analysis which provides confirmation of one of the three primary LHON mtDNA mutations, even though a strong clinical suspicion of the disease was present based on symptoms and neuro-ophthalmological assessment (33).

The involvement of RGCs on the LHON pathophysiology has been confirmed by fundoscopy, optical coherence tomography (OCT) and histopathological studies (23, 33–35). Recently, it was discovered that RGCs also generate a slow negative wave response observable on the full-field electroretinogram (ff-ERG) immediately following the b-wave of the cone response. This component of the ERG is referred to as the photopic negative response (PhNR) (36) and it has not been fully incorporated in conventional full-field ERG protocols as it is recommended as an expanded testing protocol by the ISCEV (37, 38). Reduced PhNR amplitudes have been reported in patients with RGCs pathologies such as glaucoma (39–42), optic atrophy (43, 44), childhood optic glioma (45), retinal vascular diseases (46–50) and idiopathic intracranial hypertension (51, 52).

A previous study including only members from the SOA-BR pedigree reported that PhNR amplitude is significantly decreased in patients affected by LHON compared to carriers and there was also a decrease in PhNR in carriers, suggesting potential subclinical RGC dysfunction (32). Electrophysiological assessment including PhNR performed in LHON families from the United Kingdom harboring one of the three common mtDNA mutations, was attenuated in affected individuals (53).

Our purpose was to prospectively investigate a cohort of Brazilian families other than the extensively studied SOA-BR pedigree, aiming to assess ganglion cell function by PhNR in affected and asymptomatic carriers. Additionally, other clinical features were studied by comprehensive ophthalmic and electrophysiological testing including visual acuity, fundus exam, optical coherence tomography, color discrimination, visual fields, visually evoked potentials and full-field electroretinography.



METHODS

In this prospective, observational, cross-sectional study, patients with a clinical suspicion or diagnosis of LHON and their family members were invited for a free-of-charge assessment in the Clinical Electrophysiology of Vision Laboratory of the Federal University of São Paulo (UNIFESP) from August 2018 to January 2020. The inclusion criteria were the presence of the following features: (a) clinical symptoms suggesting LHON including painless and subacute blurred vision either bilateral or in one eye followed by the other; (b) vascular tortuosity of the central retinal vessels, swelling of the retinal nerve fiber layer and peripapillary telangiectatic microangiopathy and optic disc atrophy or paleness; (c) dyschromatopsia or color blindness and central scotoma, and (d) family history of individuals with bilateral sequential visual loss in the maternal line. Subjects with macular degeneration or signs of pathology of the optic nerve other than LHON were excluded.

A control group was included with healthy volunteers recruited among students and employees from the Federal University of São Paulo. Inclusion criteria for the control group were: visual acuity with current correction in either eye = 0.0 logMAR and normal ophthalmic examination. The exclusion criteria were: high ametropia (spherical equivalent = ±5.00 diopters), any systemic disease, family history of glaucoma, history of previous eye surgery and history of hereditary eye diseases.

This study has been approved by the Committee of Ethics in Research of the Federal University of São Paulo and adhered to the tenets of the Declaration of Helsinki. All participants provided informed consent.



PROCEDURES


Clinical Parameters

A thorough history was taken to determine demographic features as age, sex, associated symptoms, age at onset of vision loss and time between the first and second affected eyes. Family history of LHON was collected and a family pedigree was elaborated. Any known exposure to environmental toxins, tobacco, alcohol, and drugs was also noted. Additional information included whether patients were currently being treated with idebenone.



Visual Electrophysiological Assessment
 
Pattern-Reversal Visually Evoked Potential and Flash Visually Evoked Potential

PRVEP and FVEP were done with natural pupils in a darkened room using the UTAS E-3000 Electrodiagnostic System (LKC Technologies Inc., Gaithersburg, MD, USA), in accordance with International Society of Clinical Electrophysiology of Vision (ISCEV) guidelines (54). PRVEP of each eye were obtained using electrodes placed according to the 10–20 system. The active, reference, and ground electrodes were placed at Oz, FPz, and Cz respectively. Stimuli were presented in a monochromatic CRT display at a 1 m distance using two check sizes subtending 15' and 60' visual angles.

The PRVEP waveforms were triphasic. The main positive deflection was the P100, the preceding and following negative deflections were the N75 and the N135, respectively. Peak-to-peak amplitudes were measured from the first negative deflection (N75) to the following positive deflection (P100) and expressed in microvolts (μV). Peak times were measured for P100 in milliseconds (ms). Amplitudes were classified as normal or reduced and P100 peak times as normal or delayed in relation to normative cutoffs obtained from normal values of our own laboratory (55).

FVEP was presented inside a Ganzfeld dome and the waveforms were composed by successive deflections and named in order of appearance. The first and the second positive deflections were named P1 and P2, respectively, and their preceding negative deflections, N1 and N2. Peak-to-peak amplitudes (μV) were measured for N1–P1 and N2–P2 complexes. Peak times (ms) were measured for all deflections (N1, P1, N2, and P2).



Full-field ERG

ERGs were performed following ISCEV standardized protocol in both eyes (37). Both pupils were dilated (pupil diameter >7 mm) after administering a drop of tropicamide 1% and a drop of phenylephrine 10%, and all subjects were dark-adapted for 30 min. The corneal surface was anesthetized with two drops of tetracaine 1.0% and a bipolar contact lens electrode (Burian-Allen bipolar electrode, Hansen Ophthalmic Development Lab, Coralville, IA, USA) was placed on the corneal surface with a drop of methylcellulose 2%. A gold cup ground electrode was applied to the earlobe. All stimuli were presented in a Ganzfeld dome. Dark-adapted responses from rods, combined rod and cone and oscillatory potentials followed by light-adapted photopic responses from single-flash cone and 30-Hz flicker were recorded. Signals were amplified, digitized, averaged and saved by a digital plotter (UTAS E-3000 System, LKC Technologies Inc., Gaithersburg, MD, USA). The peak-to-peak amplitude (μV) and the implicit time (ms) from each step of the ISCEV standard protocol were determined. The oscillatory potential amplitude was calculated as the sum of each wavelet and automatically analyzed by the UTAS E-3000 system (56). Amplitudes and peak times were classified in relation to normal values obtained in our own laboratory (57).



PhNR of the Light-Adapted ERG

Both pupils were dilated (pupil diameter >7 mm) with one drop each of tropicamide 1% and phenylephrine 10% and then light-adapted for 10 min followed by 1 min of preadaptation to the blue background light before the first stimulus. The corneal surface was anesthetized with two drops of tetracaine 1%. ERGs were registered with Dawson-Trick-Litzkow (DTL-Plus™) micro conductors (Diagnosys LLC, Lowell, MA, USA) attached to the nasal and temporal canthus with the fiber positioned on the lower border of the cornea. Gold cup electrodes were used in the temple for reference and Fz for ground. Electrode impedance was checked and set at 5 kilo Ohms (kΩ) or less. All stimuli were presented in a LED-based ColorBurst™ mini-ganzfeld handheld stimulator (Diagnosys LLC, Lowell, MA, USA) as previously described (58).

A flash of a red stimulus (640 nm) lasting 4 ms was recorded at a rate of 2 Hz against a blue (470 nm) background saturation. The flashing red stimulus was presented at 1 cd.s/m2, while the blue background remained at 10 cd/m2. Three sets of 50 sweeps lasting 150 ms were recorded using a bandpass filter between 0.3 and 300 Hz. The PhNR waveforms were amplified, digitized and saved by an Espion e2™ (Diagnosys LLC, Lowell, MA, USA). Each of the three repetitions was edited to eliminate artifacts and determine a constant average value. The records were obtained and analyzed from both eyes (58).

The a-wave, b-wave and PhNR were determined for each peak time (ms) and amplitudes (μV) by two experienced examiners (AB, GISB). PhNR was specified as a negative-going wave that occurs after the b-wave. PhNR can be measured from baseline to trough (BT, the amplitude to the trough of the PhNR measured from pre-stimulus baseline of 0 μV) or from peak to trough (PT, the amplitude between the peak of the b-wave and the trough of the PhNR). Wave ratios BT/b and PT/b were also evaluated (58).




Fundus Photography and OCT Imaging

Dilated indirect ophthalmoscopy and fundus photography (iCam Camera, Optovue, Fremont, CA, USA) were performed. Spectral-domain OCT (iVue SD-OCT, Optovue, Fremont, CA, USA) was used for imaging of the macula and the optic nerve head from both eyes under pupil dilation. Automated segmentation (manually confirmed) and thickness analyses were performed for macular ganglion cell complex (GCC) and peripapillary retinal nerve fiber layer (RNFL) thickness. For peripapillary RNFL measurement, a 3.45 mm diameter circular scan centered on the optic disc was used and the data of four sectors (temporal, superior, nasal and inferior) were collected. Scans with a 6 × 6 mm circular field were used for acquire global macular GCC (comprised of retinal ganglion cell layer, inner plexiform layer and RNFL). The normal range of global macular GCC and RNFL thickness were considered from database of SD-OCT Optovue. The image acquisition software had its own quality indicator based on the signal power index (SQI), which classifies the mappings as “good” (if SQI ≥ 60) or “bad” (if SQI < 60). Images with segmentation failures, significant motion artifacts, or signal strength < 60 were excluded.



Psychophysical Testing: Visual Acuity, Color Vision, and Visual Fields

Visual acuity was measured with current correction by using a retro-illuminated Early Treatment Diabetic Retinopathy Study (ETDRS) chart positioned at 4 m, expressed as a logarithm of the minimum angle of resolution (logMAR). Counting fingers, hand movements, light perception and no light perception, were respectively, converted to 1.8; 2.3; 2.8, and 3.0 logMAR (59).

Color discrimination was estimated by two distinct tests: The Pseudo-Isochromatic Plates for Testing Color Perception (American Optical Corporation) and the Farnsworth-Munsell 100 Hue Color Test (13). The Pseudo-Isochromatic Test is composed by 15 plates of numeric patterns of one or two digits and the score was set as the number of plates identified. Farnsworth-Munsell 100-hue color test was used for monocular color vision assessment and the scoring software was used to evaluate subject's color vision discrimination providing error score and axis.

Visual field testing was performed in either eye of affected and unaffected subjects according to the visual status. For eyes with VA <20/200 the Goldmann kinetic perimetry was performed whereas eyes with VA ≥20/200 had their visual fields tested with the Humphrey visual field analyzer (HVFA)with SITA-Standard 30-2 protocol (HFAII 750 Threshold Test, Carl Zeiss Meditec, Jena, Germany). Visual field defects were quantified by measurement of mean deviation (MD) in Humphrey visual field test and the occurrence of central scotoma (defined as isolated scotoma in the circular area between 0 and 10 degrees), cecocentral scotoma or full-field defect in both perimeters.



Molecular Analysis

Genomic DNA was extracted from blood samples using the QIAamp DNA Mini Kit (Qiagen®). Screening of the m.11778G>A, m.3460G>A, and m.14484 T>C mutations was performed by Sanger Sequencing. We amplified the regions encompassing these mutations by polymerase chain reaction (PCR) with the following pairs of primers: (from mtDNA position 11,640 to 12,413) 5'- TAGCCCTCGTAGTAACAGCCATT-3' and 5'- GGGTTAACGAGGGTGGTAAGG-3'; (from mtDNA position 3,130 to 3,751) 5'- AGGACAAGAGAAATAAGGCC-3' and 5'- TGATGGCTAGGGGTGACTTCAT-3'; (from mtDNA position 14,150 to 14,810) 5' – CTATTCCCCGAGCAATCTCAATT-3' and 5' CCACATCATTCATCGACCTCC-3'. PCR products were purified with the QIAEX II Gel Extraction Kit (Qiagen®), and 90 ng of the purified product was used for sequencing reactions with BigDyeTM Terminator v3.1 Cycle Sequencing kit (Applied Biosystems TM), and according to manufacturer's instructions. Sequencing PCR products were electrophoresed in a 3,130 Genetic Analyzer (Applied Biosystems TM), and the obtained sequences compared to the revised Cambridge Reference Sequence (NC_12920).

The presence of heteroplasmy was confirmed by restriction fragment length polymorphism analysis (RFLP). For the m.11778G>A mutation, we amplified a region between mtDNA positions 11,640 and 12,898, which was digested with BmsI (SfaNI isoschizomer; InvitrogenTM). This fragment contains restriction sites for BmsI at positions 11,787, 12,466, and 12,813, giving rise to fragments with 147 bp, 679 bp, 347 bp, and 85 bp. The mutation abolishes the restriction site located at position 11787, generating fragments with 826 bp, 347 bp, and 85 bp. In the case of the m.3460G>A mutation, the fragment between positions 3,130 and 3,751 was digested with Hin1I (BsaHI isoschizomer; Thermo Scientific). This fragment contains a restriction site for Hin1I, at position 3,459, generating two fragments: with 329 bp and 292 bp. The m.3460G>A mutation abolishes this restriction site. In both cases, digested products were run in a 2% agarose gel, stained with ethidium bromide, and visualized under UV light (60).



Statistical Analysis

Statistical analyses were performed using Stata/SE Statistical Software, Release 14.0, 2015 (Stata Corp, College Station, Texas, USA). Frequency tables were used for descriptive analysis. The association of continuous results with categorical predictors was evaluated through Kruskal-Wallis test followed by post-hoc analysis of Dunn. Receiver operating characteristic (ROC) curve was constructed to determine the best cut-off of PhNR BT amplitudes for detecting affected participants as well as to determine sensitivity and specificity. Correlations between different continuous parameters were evaluated using Spearman correlation test. P-values ≤ 0.05 were considered statistically significant.

Both eyes from each participant were tested for all procedures. However, for statistical analysis, only data from one eye of each participant were included. In the affected group only data from the first affected eye were used whereas for carriers and controls only data from the right eye were used.




RESULTS


Demographics, Genotype, Clinical Features, Color Vision, and Visual Field

A total of 41 individuals with suspected mutation of LHON were referred, from different geographical regions of Brazil (28 cities) and were genotyped for one of the three LHON pathogenic mtDNA mutations. Out of these, 38 (92.6%) participants (24 affected and 14 carriers of 19 families) had the confirmation of one of the three LHON pathogenic mtDNA mutations (m.11778G>A; m.14484T>C and m. 3460 G>A). In Table 1 demographics, genotype, clinical features (age at onset, visual acuity, interval between first and second affected eye and idebenone usage) for affected patients are shown. Demographics, genotype and visual acuity for unaffected carriers are shown in Table 2.


Table 1. Demographics, visual acuity, substance usage and idebenone therapy from 24 genotyped affected LHON participants.
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Table 2. Demographics and visual acuity from 14 carrier LHON participants.

[image: Table 2]

In the 24 LHON affected subjects (23 males, mean age = 30.5 ± 11.4 years; median: 28 years) the genotype was m.11778G>A [N = 15 (62.5%)]; m.14484T>C [N = 5 (20.8%)] and m.3460G>A [N = 4 (16.7%)]. Carriers (mean age: 43.2 ± 13.3 years) were 13 females and one male [m.11778G>A – N = 12 (78.5%), m.14484T>C – N = 1 (7.2%), and m.3460G>A – N = 2 (14.3%)]. Controls were eight females and seven males (mean age: 32.6 ± 11.5 years).

The age onset vision loss ranged from 11.8 to 38.0 (mean 20.4 ± 6.4 years; median: 19.8). The duration of symptoms ranged from 5 to 516 months (mean 120 ± 129.6 months; median: 78.4 months) and the visual acuity was severely impaired in both eyes in most cases (mean logMAR 1.65 ± 0.90; median: 1.5). The right eye was first affected in 54% of subjects, with 4 (16%) affected subjects on continuous use of idebenone.

Color discrimination tests were performed in 22 affected, with two affected not able to be tested due to severe vision loss (subjects A15 and A24). All tested affected subjects showed severe diffuse dyschromatopsia. All asymptomatic carriers had normal Pseudo-Isochromatic test scores in both eyes, with 10 showing low color discrimination scores in at least one eye in Farnsworth-Munsell 100 Hue Color Test (error scores ranging from 40 to 400 losses were detected in 10/14 LHON asymptomatic carriers).

Ten affected subjects had both eyes tested with HVFA, with reliable results in five subjects (A3, A7, A16, A19, and A20); in two subjects (A3 and A16) absolute central scotoma were found in both eyes; cecocentral scotoma in one eye and central scotoma in the contralateral eye were found in two brothers with m.m.3460G>AT>C mutation (A19 and A20) and in one subject (A7) there was a central scotoma in the right eye and normal exam in the left eye. In 13 affected subjects the visual fields were tested by Goldmann perimetry, with 11 of them showing absolute central scotoma in both eyes (A1, A2, A4, A8, A9, A12, A13, A14, A21, A22, and A23), one subject with only small peripheric island of vision in both eyes (A15) and one subject (A10) with a peripheric island of vision in one eye and central scotoma in the contralateral eye (A10). In one subject (A17) HVF disclosing ceco-central scotoma in left eye and central scotoma in his right eye by Goldmann perimetry.

All 14 carriers had both eyes tested by HVFA with reliable results in 12 subjects. In 10 subjects the visual fields were completely normal in both eyes (C1, C2, C3, C4, C5, C8, C9, C11, C12, and C13). Central scotoma in the right eye and normal VF was found in one subject (C6) and normal VF in the right eye with central scotoma in the left eye (C7).



Photopic Negative Response

The PhNR parameters (a-wave, b-wave, BT, PT, BT/b and PT/b) for the LHON affected, LHON carrier and control subjects are summarized and compared in Table 3 and shown in Figure 1. PhNR (BT, BT/b and PT/b) amplitudes were significantly reduced (p < 0.0001) in LHON affected (BT = −5.96 ± 3.37 μV) compared to carriers (BT = −16.53 ± 3.4 μV) and controls (BT = −23.91 ± 4.83 μV), and in carriers compared to controls (p < 0.0001). PhNR amplitudes either by BT or PT were comparable among the three LHON mtDNA pathogenic mutations. There was no correlation between PhNR amplitude (BT) with age, use of idebenone or duration of symptoms.


Table 3. Mean, median and respective standard deviations PhNR amplitudes (BT and PT), PhNR amplitude ratios (PT/b and BT/b) and PhNR peak times of affected, carrier and controls.
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[image: Figure 1]
FIGURE 1. Photopic negative response amplitude (BT) from LHON affected patients, LHON asymptomatic carriers and controls (each box shows the median, quartiles, and extreme values; circles represent the subjects).


Representative PhNR amplitudes for affected, carrier and control individuals are shown in Figure 2. ROC curve analysis revealed PhNR amplitude of BT to be a good parameter (Figure 3) to detect cases yielding a positive predictive value of 100%, a sensitivity of 96.5% and specificity of 100% at the cutoff of 11.72 μV. PhNR amplitude (BT) was significantly correlated (r = −0.62; p < 0.05) with the macular GCC thickness in affected, carrier and control as shown in Figure 4.


[image: Figure 2]
FIGURE 2. Representative PhNR recordings with amplitudes measured by both BT (left panels) and PT (right panels) from an m.11778G>A LHON affected (A13–upper panels), his unaffected carrier sister (C 5–middle panels) and a healthy 41-year-old male control (lower panels).



[image: Figure 3]
FIGURE 3. Receiver Operating Characteristic (ROC) curve for affected vs. controls plotted at best cut-off at 11.72 μV for PhNR amplitude (BT) showing high sensitivity and specificity with area under the curve (AUC) = 0.997 (95%CI: 0.990–1.000).



[image: Figure 4]
FIGURE 4. There was a significant correlation between PhNR (BT) and total macular ganglion cell complex (GCC) from LHON affected patients (N = 24), asymptomatic carriers (N = 14) and controls (N = 8).




Fundoscopy and OCT Imaging

Bilateral optic atrophy was found LHON affected subjects, except subject A5 who presented in the acute phase of the disease with optic disk edema and peripapillary telangiectasia in his right eye and mild temporal optic disk pallor in his left eye.

Macular SD-OCT revealed selective loss of the global macular GCC thickness in affected LHON compared with carrier and control as shown in Table 4 and Figure 5 (p < 0.001). Global macular GCC thickness did not show significant changes in unaffected carrier compared to control. This occurred in parallel with loss of the average peripapillary RNFL thickness and was similar in temporal, nasal, inferior, and superior quadrants (p < 0.001) (Figure 6). In one particular family (#6) macular microcysts were found (Figure 7). The unaffected mother (C7) had strabismic amblyopia in her left eye (VA 20/200) and 20/20 vision in her right eye, with few microcysts in the macular innermost retina in the left eye. Her two affected sons (A7 and A8) had macular microcysts, A7 in right eye and A8 in both eyes.


Table 4. Peripapillary retinal nerve fiber layer thickness and macular ganglion cell complex, as measured by optical coherence tomography.
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[image: Figure 5]
FIGURE 5. (A) Retinal nerve fiber layer thickness in the 360-degree average from LHON affected patients, LHON asymptomatic carriers and controls (each box shows the median, quartiles, and extreme values; circles represent individual subjects); (B) Total macular ganglion cell complex thickness from LHON affected (each box shows the median, quartiles, and extreme values; circles represent individual subjects).



[image: Figure 6]
FIGURE 6. RNFL thickness in each quadrant of LHON affected, LHON asymptomatic carriers and controls, showing a significantly thinner RNFL in all quadrants for LHON affected compared to carriers and controls (p < 0.0001).



[image: Figure 7]
FIGURE 7. Foveal OCT scan from subject A8's right eye. Segmentation identifies macular microcysts of inner nuclear layer (INL) as pointed by the yellow arrow. Retinal nerve fiber layer (RNFL), ganglion cell layer (GCL), inner plexiform layer (IPL) and outer plexiform layer (OPL) are shown on the right panel.




PRVEP, FVEP, and ff-ERG

Abnormalities in PRVEPs were found in all affected individuals, with 12 (50%) showing undetectable PRVEP for both 15' and 60'check sizes (A1, A4, A9, A10, A11, A12, A13, A14, A15, A21, A22, and A24). In 4 affected patients (17%) there were abnormal responses (reduced amplitudes and delayed latencies) for both check sizes in both eyes (A3, A8, A16, and A20). Non-detectable responses only for the smaller checks along with abnormal responses for larger checks in both eyes were found in 3 (13%) affected (A6, A19, and A23). Responses for smaller checks with either reduced amplitude or delayed latencies in at least one eye were found in 4 (17%) affected (A2, A5, A17, and A7). One patient (A10) showed undetectable responses for both check sizes in one eye and abnormal response for the larger checks in the contralateral eye.

For those 12 affected patients with undetectable pattern-reversal responses in both eyes for both check sizes, normal flash VEPs in both eyes were found in seven (A4, A9, A12, A13, A15, A21, and A22) whereas abnormal responses in both eyes were found in the remaining (A1, A10, A11, A14, and A24). In 12 patients with PRVEP recordable responses, FVEP normal responses for both eyes were found in 6 participants (A7, A16, A17, A19, A20, and A23), two patients showed normal response in one eye and delayed latencies in the contralateral eye (A3, A5) and in three patients (A6, A8, and A18) abnormal flash VEPs were found in both eyes.

All carriers had normal pattern-reversal and flash VEPs in both eyes, except two participants with previous strabismic amblyopia (C6 and C7) disclosing only abnormalities (reduced PRVEP P100 amplitudes) in their amblyopic eyes.

Normal scotopic and photopic ff-ERGs in both eyes (ISCEV standard protocol) were found in 38 participants with two affected (A7 and A8) showing reduced b/a ratio for the maximal response in both eyes consistent with OCT findings of macular microcysts in both eyes.




DISCUSSION

The assessment of the ganglion cell function by PhNR in LHON carrier and affected subjects confirmed and extended previous findings with significantly reduced mean PhNR amplitude (BT) and the PhNR/bwave amplitudes ratios (BT/b and PT/b) in both affected and carriers compared to the responses from the normal controls (32, 53). Accordingly, the ROC analysis also confirmed that the PhNR (BT) amplitude showed the best discrimination between control, LHON carrier and affected groups confirming findings from the SOA-BR pedigree (32). The current findings suggest that the PhNR amplitude can reveal functional abnormality in LHON carriers with normal vision while the SD-OCT decreases later in the course of the chronic disease in affected subjects. Our study also indicated severe RGC dysfunction in LHON affected subjects. The amplitude of PhNR in LHON does not seem to be influenced by the specific mtDNA mutation, visual acuity, age or duration of symptoms.

Our results demonstrate the usefulness of the PhNR in both clinical care and research of diseases affecting RGCs, as LHON. Since the PhNR objectively and quantitatively reflects the overall function of the RGCs, it seemed a suitable quantitative test to monitor disease severity and could also represent a useful additional tool in clinical trials to investigate new therapeutic approaches for these conditions. This can be confirmed by the significant correlation found between PhNR amplitude and macular GCC thickness assessed by OCT. Furthermore, the PhNR offers advantages over other electrophysiological tests based on pattern stimuli, since it is a full field test that does not require clear optics or refractive correction. To note, PhNR, as other electrophysiological tests, might precede structural changes or even monitor changes at a different rate than changes in visual structure and function.

The affected LHON subjects showed a significant reduction in macular GCC and RNFL thickness in all quadrants compared with carriers and control subjects. The present study provides key corroboration with previous investigations that reveal OCT an important feature in structural analyses of LHON including optic disk size, RNFL and GCC (22, 23, 61). Furthermore, it has been showed that RGCs loss occurs before RNFL in time of LHON visual loss in acute vision loss, whereas in our study mostly chronic LHON affected subjects were included and we found diffuse reduction of RGCs and RFNL thickness (34). A statistically significant association between the PhNR BT amplitude and total macular ganglion cell complex thickness using SD-OCT was found. Since PhNR is likely to reflect the activity of RGCs, this linear relationship between function and structure was already described in previous studies and indicates that RGCs function declines proportionately with neural loss (32).

In Family#6 (homoplasmic m.11778G>A), macular microcysts were found in a carrier (C7) and her two sons (A7 and A8), consistent with previous findings including the SOA-BR pedigree which demonstrate that macular microcysts occur in about 5.6% of patients with LHON (29). Some authors have proposed that the young age of these patients supports the hypothesis of vitreoretinal adhesion and traction, as vitreous is known to be more firmly adherent in youth (62). It has also been proposed that macular microcysts are caused by the effects of trans-synaptic retrograde degeneration (63, 64).


Other Tests and Demographics

Since currently mtDNA testing is not available in the Brazilian public health system (Sistema Único de Saúde – SUS), the opportunity to have genotype provided free-of-charge, as part of this study, was of assistance to patients. Out of the 24 affected subjects, 12 (A1, A2, A3, A4, A5, A6, A7, A8, A9, A12, A17, and A24) were from very low-income sociodemographic background and anxious for the diagnosis confirmation, with a waiting time up to 18 years (mean = 4.5 years). Limitations of this study were the genotype testing including only the three more frequently found mtDNA mutations, which excluded three recruited individuals that might harbor other mutations and the restrict recruitment interval that might have impacted the sample size.

In this group of 19 Brazilian families genotyped for LHON the distribution of the three most common mtDNA mutations found was comparable to previous reports from other parts of the world with 62% of m.11778G>A, 21% of m.14484T>C and 16% of m.3460G>A (6, 7). While it is known that LHON affects prevalently males and in the studied sample there was only one female (4%) affected at 11 years of age among the 24 affected subjects compared to 15% affected females in the original description of the SOA-BR pedigree (8). We believe that this male:female ratio is an underestimation related to the recruitment interval and the small sample size. Longitudinal studies with larger samples could provide a better representation of the disease in Brazil.

An international consensus has recommended idebenone as the standard therapy for LHON, mainly in the acute phase of the disease (65). However, this substance is not registered in the Brazilian regulatory agency (Agência Nacional de Vigilância Sanitária – ANVISA) as a therapy for LHON and consequently is not available in the market. In our sample only 17% of affected subjects reported idebenone treatment, with some of them obtaining the medication after legal appeal. To note, one patient who was not under idebenone therapy (A7 m.11778G>A) referred spontaneous recovery of vision in his left eye, with 20/20 visual acuity, relative central scotoma and reduced responses only for the smaller check size in the PRVEP. This particular case points out that recovery might have implications in therapeutic approaches (66).

A pair of monozygotic twin brothers harboring the m.3460G>A mutation presented the disease onset quite closely from each other (Table 1 subjects A21 and A22). Subject A21 developed visual loss at the age of 14 years in his right eye being affected firstly followed by left eye less than a month later, whereas the twin brother (A22) had visual loss at 15 years of age also in his right followed by left eye a month later. This concordant LHON cases in monozygotic twin brothers had already being reported with m.11778G>A (67) and m.14484T>C (68) mutations with the patients showing similar genotypic and clinical features as the pair of Brazilian twin brothers.

Our study shows the severe abnormalities in psychophysical and electrophysiological tests found in affected subjects as diffuse dyschromatopsia, central scotoma and reduced or non-recordable PRVEPs. A number of studies have reported abnormal PRVEP and flash VEP responses in LHON affected subjects (11, 69). Subclinical abnormalities in PhNR, color discrimination and PRVEPs were present in some carriers, confirming findings from the SOA-BR pedigree (12, 13, 21, 32).

In this representative cohort of Brazilian families with LHON the impairment of the ganglion cell function assessed by photopic negative response was found in both affected and carrier subjects harboring one of the three most frequent pathogenic mutations. These results show that PhNR is a promising tool for future clinical trials and function-structure studies in this disease. The present study provided important demographic features of LHON in Brazilian families as the distribution of the three major mtDNA mutations and gender prevalence along with the clinical and electrophysiological characterization of affected and carrier individuals.




DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Committee of Ethics in Research of Federal University of São Paulo. All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki declaration, its later amendments or comparable ethical standards. All participants provided informed consent. (Reference of ethics committee approval: UNIFESP-Hospital São Paulo - CAAE: 89695718.0.0000.55.05). Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

AB, SS, CT, RK, VC, RB, and AS: conceptualization. AB, GB, PSa, DR, PSi, FM, SS, and SW: data collection. AB, GB, SS, CT, and AF: data analysis. AB, GB, SS, CT, RK, FM, DR, PSi, AF, SW, PSa, RB, VC, and AS: writing and review of manuscript. AB, SS, RB, RK, VC, and AS: funding acquisition. All authors contributed to the article and approved the submitted version.



FUNDING

Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP), research grant #2018/058869-9 to AB; Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES, Brasília, Brasil) Finance Code 001 to GISB; Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq, Brasília, Brasil) research scholarship to RB; International Foundation for Optic Nerve Disease (IFOND) for SS, RK, AS and VC.



ABBREVIATIONS

BT, Baseline to trough; SOA-BR, Brazilian pedigree with m.11778G>A/haplogroup J LHON; DTL-Plus™, Dawson-Trick-Litzkow; ETDRS, Early Treatment Diabetic Retinopathy Study; UNIFESP, Federal University of São Paulo; N75, First negative deflection; P100, First positive deflection; FVEP, Flash Visually Evoked Potential; ff-ERG, Full-field electroretinogram; GCC, Ganglion cell complex; GCL, Ganglion cell layer; IPL, Inner plexiform layer; ISCEV, International Society of Clinical Electrophysiology of Vision; kΩ, Kilo Ohms; LHON, Leber's hereditary optic neuropathy; logMAR, Logarithm of the minimum angle of resolution; MD, Mean deviation; μV, Microvolt; ms, Milisecond; mtDNA, Mitochondrial DNA; nm, Nanometer; OPL, Outer plexiform layer; PRVEP, Pattern-Reversal Visually Evoked Potential; PT, Peak to trough; PhNR, Photopic negative response; ROC, Receiver operating characteristic; RGCs, Retinal ganglion cells.



REFERENCES

 1. Barboni P, Sadun AA, Balducci N, Carelli V. Natural history. Atlas of LHON. In: Barboni P, Sadun AA, editors. Chapter I. Netherlands: MEDonline International (2019). p. 6–29. 

 2. Carelli V, La Morgia C, Valentino ML, Barboni P, Ross-Cisneros FN, Sadun AA. Retinal ganglion cell neurodegeneration in mitochondrial inherited disorders. Biochim Biophys Acta. (2009) 1787:518–28. doi: 10.1016/j.bbabio.2009.02.024

 3. Hwang TJ, Karanjia R, Moraes-Filho MN, Gale J, Tran JS, Chu ER, et al. Natural history of conversion of leber's hereditary optic neuropathy: a prospective case series. Ophthalmology. (2017) 124:843–50. doi: 10.1016/j.ophtha.2017.01.002

 4. Yu-Wai-Man P, Griffiths PG, Chinnery PF. Mitochondrial optic neuropathies: disease mechanisms and therapeutic strategies. Prog Retin Eye Res. (2011) 30:81–114. doi: 10.1016/j.preteyeres.2010.11.002

 5. Meyerson C, Van Stavern G, McClelland C. Leber hereditary optic neuropathy: current perspectives. Clin Ophthalmol. (2015) 9:1165–76. doi: 10.2147/OPTH.S62021

 6. Mascialino B, Leinonen M, Meier T. Meta-analysis of the prevalence of Leber hereditary optic neuropathy mtDNA mutations in Europe. Eur J Ophthalmol. (2012) 22:461–5. doi: 10.5301/ejo.5000055

 7. Poincenot L, Pearson AL, Karanjia R. Demographics of a large international population of patients affected by leber's hereditary optic neuropathy. Ophthalmology. (2020) 127:679–88. doi: 10.1016/j.ophtha.2019.11.014

 8. Sadun AA, Carelli V, Salomao SR, Berezovsky A, Quiros P, Sadun F, et al. A very large Brazilian pedigree with m.11778G>A Leber's hereditary optic neuropathy. Trans Am Ophthalmol Soc. (2002) 100:169–79. 

 9. Sadun AA, Carelli V, Salomao SR, Berezovsky A, Quiros PA, Sadun F, et al. Extensive investigation of a large Brazilian pedigree of m.11778G>A/haplogroup J Leber hereditary optic neuropathy. Am J Ophthalmol. (2003) 136:231–8. doi: 10.1016/S0002-9394(03)00099-0

 10. Sadun F, De Negri AM, Carelli V, Salomao SR, Berezovsky A, Andrade R, et al. Ophthalmologic findings in a large pedigree of m.11778G>A/Haplogroup J Leber hereditary optic neuropathy. Am J Ophthalmol. (2004) 137:271–7. doi: 10.1016/j.ajo.2003.08.010

 11. Salomão SR, Berezovsky A, Andrade RE, Belfort R Jr, Carelli V, Sadun AA. Visual electrophysiologic findings in patients from an extensive Brazilian family with Leber's hereditary optic neuropathy. Doc Ophthalmol. (2004) 108:147–55. doi: 10.1023/B:DOOP.0000036829.37053.31

 12. Ventura DF, Quiros P, Carelli V, Salomão SR, Gualtieri M, Oliveira AG, et al. Chromatic and luminance contrast sensitivities in asymptomatic carriers from a large Brazilian pedigree of m.11778G>A Leber hereditary optic neuropathy. Invest Ophthalmol Vis Sci. (2005) 46:4809–14. doi: 10.1167/iovs.05-0455

 13. Quiros PA, Torres RJ, Salomao S, Berezovsky A, Carelli V, Sherman J, et al. Colour vision defects in asymptomatic carriers of the Leber's hereditary optic neuropathy (LHON) mtDNA m.11778G>A mutation from a large Brazilian LHON pedigree: a case-control study. Br J Ophthalmol. (2006) 90:150–3. doi: 10.1136/bjo.2005.074526

 14. Sadun AA, Salomao SR, Berezovsky A, Sadun F, Denegri AM, Quiros PA, et al. Subclinical carriers and conversions in Leber hereditary optic neuropathy: a prospective psychophysical study. Trans Am Ophthalmol Soc. (2006) 104:51–61. 

 15. Hudson G, Carelli V, Spruijt L, Gerards M, Mowbray C, Achilli A, et al. Clinical expression of Leber hereditary optic neuropathy is affected by the mitochondrial DNA-haplogroup background. Am J Hum Genet. (2007) 81:228–33. doi: 10.1086/519394

 16. Ventura DF, Gualtieri M, Oliveira AG, Costa MF, Quiros P, Sadun F, et al. Male prevalence of acquired color vision defects in asymptomatic carriers of Leber's hereditary optic neuropathy. Invest Ophthalmol Vis. (2007) 48:2362–70. doi: 10.1167/iovs.06-0331 

 17. Gualtieri M, Bandeira M, Hamer RD, Costa MF, Oliveira AG, Moura AL, et al. Psychophysical analysis of contrast processing segregated into magnocellular and parvocellular systems in asymptomatic carriers of m.11778G>A Leber's hereditary optic neuropathy. Vis Neurosci. (2008) 25:469–74. doi: 10.1017/S0952523808080462

 18. Guy J, Shaw G, Ross-Cisneros FN, Quiros P, Salomao SR, Berezovsky A, et al. Phosphorylated neurofilament heavy chain is a marker of neurodegeneration in Leber hereditary optic neuropathy (LHON). Mol Vis. (2008) 14:2443–50. 

 19. Shankar SP, Fingert JH, Carelli V, Valentino ML, King TM, Daiger SP, et al. Evidence for a novel x-linked modifier locus for leber hereditary optic neuropathy. Ophthalmic Genet. (2008) 29:17–24. doi: 10.1080/13816810701867607

 20. Ramos Cdo V, Bellusci C, Savini G, Carbonelli M, Berezovsky A, Tamaki C, et al. Association of optic disc size with development and prognosis of Leber's hereditary optic neuropathy. Invest Ophthalmol Vis Sci. (2009) 50:1666–74. doi: 10.1167/iovs.08-2695

 21. Sacai PY, Salomão SR, Carelli V, Pereira JM, Belfort R Jr, Sadun AA, et al. Visual evoked potentials findings in non-affected subjects from a large Brazilian pedigree of m.11778G>A Leber's hereditary optic neuropathy. Doc Ophthalmol. (2010) 121:147–54. doi: 10.1007/s10633-010-9241-2

 22. La Morgia C, Ross-Cisneros FN, Sadun AA, Hannibal J, Munarini A, Mantovani V, et al. Melanopsin retinal ganglion cells are resistant to neurodegeneration in mitochondrial optic neuropathies. Brain. (2010) 133:2426–38. doi: 10.1093/brain/awq155

 23. Barboni P, Carbonelli M, Savini G, Ramos Cdo V, Carta A, Berezovsky A, et al. Natural history of Leber's hereditary optic neuropathy: longitudinal analysis of the retinal nerve fiber layer by optical coherence tomography. Ophthalmology. (2010) 117:623–7. doi: 10.1016/j.ophtha.2009.07.026

 24. Barboni P, Savini G, Feuer WJ, Budenz DL, Carbonelli M, Chicani F, et al. Retinal nerve fiber layer thickness variability in Leber hereditary optic neuropathy carriers. Eur J Ophthalmol. (2012) 22:985–91. doi: 10.5301/ejo.5000154

 25. Pan BX, Ross-Cisneros FN, Carelli V, Rue KS, Salomao SR, Moraes-Filho MN, et al. Mathematically modeling the involvement of axons in Leber's hereditary optic neuropathy. Invest Ophthalmol Vis Sci. (2012) 53:7608–17. doi: 10.1167/iovs.12-10452

 26. Yee KM, Ross-Cisneros FN, Lee JG, Da Rosa AB, Salomao SR, Berezovsky A, et al. Neuron-specific enolase is elevated in asymptomatic carriers of Leber's hereditary optic neuropathy. Invest Ophthalmol Vis Sci. (2012) 53:6389–92. doi: 10.1167/iovs.12-9677

 27. Moura AL, Nagy BV, La Morgia C, Barboni P, Oliveira AG, Salomão SR, et al. The pupil light reflex in Leber's hereditary optic neuropathy: evidence for preservation of melanopsin-expressing retinal ganglion cells. Invest Ophthalmol Vis Sci. (2013) 54:4471–7. doi: 10.1167/iovs.12-11137

 28. Giordano C, Iommarini L, Giordano L, Maresca A, Pisano A, Valentino ML, et al. Efficient mitochondrial biogenesis drives incomplete penetrance in Leber's hereditary optic neuropathy. Brain. (2014) 137:335–53. doi: 10.1093/brain/awt343

 29. Carbonelli M, La Morgia C, Savini G, Cascavilla ML, Borrelli E, Chicani F, et al. Macular microcysts in mitochondrial optic neuropathies: prevalence and retinal layer thickness measurements. PLoS ONE. (2015) 10:e0127906. doi: 10.1371/journal.pone.0127906

 30. Giordano L, Deceglie S, d'Adamo P, Valentino ML, La Morgia C, Fracasso F, et al. Cigarette toxicity triggers Leber's hereditary optic neuropathy by affecting mtDNA copy number, oxidative phosphorylation and ROS detoxification pathways. Cell Death Dis. (2015) 6:e2021. doi: 10.1038/cddis.2015.364

 31. Carelli V, d'Adamo P, Valentino ML, La Morgia C, Ross-Cisneros FN, Caporali L, et al. Parsing the differences in affected with LHON: genetic vs. environmental triggers of disease conversion. Brain. (2016) 139:e17. doi: 10.1093/brain/awv339

 32. Karanjia R, Berezovsky A, Sacai PY, Cavascan NN, Liu HY, Nazarali S, et al. The photopic negative response: an objective measure of retinal ganglion cell function in patients with Leber's hereditary optic neuropathy. Invest Ophthalmol Vis Sci. (2017) 58:8527–33. doi: 10.1167/iovs.17-21773

 33. Carelli V, Ross-Cisneros FN, Sadun AA. Optic nerve degeneration and mitochondrial dysfunction: genetic and acquired optic neuropathies. Neurochem Int. (2002) 40:573–84. doi: 10.1016/S0197-0186(01)00129-2

 34. Balducci N, Savini G, Cascavilla ML, La Morgia C, Triolo G, Giglio R, et al. Macular nerve fibre and ganglion cell layer changes in acute Leber's hereditary optic neuropathy. Br J Ophthalmol. (2016) 100:1232–7. doi: 10.1136/bjophthalmol-2015-307326

 35. Asanad S, Tian JJ, Frousiakis S, Jiang JP, Kogachi K, Felix CM, et al. Optical coherence tomography of the retinal ganglion cell complex in leber's hereditary optic neuropathy and dominant optic atrophy. Curr Eye Res. (2019) 44:638–44. doi: 10.1080/02713683.2019.1567792

 36. Viswanathan S, Frishman LJ, Robson JG, Harwerth RS, Smith EL III. The photopic negative response of the macaque electroretinogram: reduction by experimental glaucoma. Invest Ophthalmol Vis Sci. (1999) 40:1124–36. 

 37. McCulloch DL, Marmor MF, Brigell MG, Hamilton R, Holder GE, Tzekov R, et al. ISCEV Standard for full-field clinical electroretinography (2015 update). Doc Ophthalmol. (2015) 130:1–12. doi: 10.1007/s10633-014-9473-7

 38. Frishman L, Sustar M, Kremers J, McAnany JJ, Sarossy M, Tzekov R, et al. ISCEV extended protocol for the photopic negative response (PhNR) of the full-field electroretinogram. Doc Ophthalmol. (2018) 136:207–11. doi: 10.1007/s10633-018-9638-x

 39. Viswanathan S, Frishman LJ, Robson JG, Walters JW. The photopic negative response of the flash electroretinogram in primary open angle glaucoma. Invest Ophthalmol Vis Sci. (2001) 42:514–22. 

 40. Wakili N, Horn FK, Jünemann AG, Nguyen NX, Mardin CY, Korth M, et al. The photopic negative response of the blue-on-yellow flash-electroretinogram in glaucomas and normal subjects. Doc Ophthalmol. (2008) 117:147–54. doi: 10.1007/s10633-008-9116-y

 41. Senger C, Moreto R, Watanabe S, Matos AG, Paula JS. Electrophysiology in glaucoma. J Glaucoma. (2020) 29:147–53. doi: 10.1097/IJG.0000000000001422

 42. North RV, Jones AL, Drasdo N, Wild JM, Morgan JE. Electrophysiological evidence of early functional damage in glaucoma and ocular hypertension. Invest Ophthalmol Vis Sci. (2010) 51:1216–22. doi: 10.1167/iovs.09-3409

 43. Gotoh Y, Machida S, Tazawa Y. Selective loss of the photopic negative response in patients with optic nerve atrophy. Arch Ophthalmol. (2004) 122:341–6. doi: 10.1001/archopht.122.3.341

 44. Tamada K, Machida S, Yokoyama D, Kurosaka D. Photopic negative response of full-field and focal macular electroretinograms in patients with optic nerve atrophy. Jpn J Ophthalmol. (2009) 53:608–14. doi: 10.1007/s10384-009-0731-2

 45. Abed E, Piccardi M, Rizzo D, Chiaretti A, Ambrosio L, Petroni S, et al. Functional loss of the inner retina in childhood optic gliomas detected by photopic negative response. Invest Ophthalmol Vis Sci. (2015) 56:2469–74. doi: 10.1167/iovs.14-16235

 46. Chen H, Wu D, Huang S, Yan H. The photopic negative response of the flash electroretinogram in retinal vein occlusion. Doc Ophthalmol. (2006) 113:53–9. doi: 10.1007/s10633-006-9015-z

 47. Matsumoto CS, Shinoda K, Yamada K, Nakatsuka K. Photopic negative response reflects severity of ocular circulatory damage after central retinal artery occlusion. Ophthalmologica. (2009) 223:362–9. doi: 10.1159/000227782

 48. Moon CH, Ahn SI, Ohn YH, Kwak HW, Park TK. Visual prognostic value of photopic negative response and optical coherence tomography in central retinal vein occlusion after anti-VEGF treatment. Doc Ophthalmol. (2013) 126:211–9. doi: 10.1007/s10633-013-9379-9

 49. Noma H, Mimura T, Kuse M, Yasuda K, Shimura M. Photopic negative response in branch retinal vein occlusion with macular edema. Int Ophthalmol. (2015) 35:19–26. doi: 10.1007/s10792-014-0012-z

 50. Park JC, Chau FY, Lim JI, McAnany JJ. Electrophysiological and pupillometric measures of inner retina function in nonproliferative diabetic retinopathy. Doc Ophthalmol. (2019) 139:99–111. doi: 10.1007/s10633-019-09699-2

 51. Moss HE, Park JC, McAnany JJ. The photopic negative response in idiopathic intracranial hypertension. Invest Ophthalmol Vis Sci. (2015) 56:3709–14. doi: 10.1167/iovs.15-16586

 52. Park JC, Moss HE, McAnany JJ. Electroretinography in idiopathic intracranial hypertension: comparison of the pattern ERG and the photopic negative response. Doc Ophthalmol. (2018) 136:45–55. doi: 10.1007/s10633-017-9620-z

 53. Majander A, Robson AG, João C, Holder GE, Chinnery PF, Moore AT, et al. The pattern of retinal ganglion cell dysfunction in Leber hereditary optic neuropathy. Mitochondrion. (2017) 36:138–49. doi: 10.1016/j.mito.2017.07.006

 54. Odom JV, Bach M, Brigell M, Holder GE, McCulloch DL, Mizota A, et al. International society for clinical electrophysiology of vision. ISCEV standard for clinical visual evoked potentials: (2016 update). Doc Ophthalmol. (2016) 133:1–9. doi: 10.1007/s10633-016-9553-y

 55. Dotto PF, Berezovsky A, Sacai PY, Rocha DM, Salomão SR. Gender-based normative values for pattern-reversal and flash visually evoked potentials under binocular and monocular stimulation in healthy adults. Doc Ophthalmol. (2017) 135:53–67. doi: 10.1007/s10633-017-9594-x

 56. Berezovsky A, Rocha DM, Sacai PY, Watanabe SS, Cavascan NN, Salomão SR. Visual acuity and retinal function in patients with Bardet-Biedl syndrome. Clinics (São Paulo). (2012) 67:145–9. doi: 10.6061/clinics/2012(02)09

 57. Pereira JM, Mendieta L, Sacai PY, Salomão SR, Berezovsky A. Normative values for full-field electroretinogram in healthy young adults. Arq Bras Oftalmol. (2003) 66:137–44. doi: 10.1590/S0004-27492003000200005

 58. Berezovsky A, Karanjia R, Fernandes AG, Botelho GIS, Bueno TLN, Ferraz NN, et al. Photopic negative response using a handheld mini-ganzfeld stimulator in healthy adults: normative values, intra- and inter-session variability. Doc Ophthalmol. (2020). doi: 10.1007/s10633-020-09784-x

 59. Schulze-Bonsel K, Feltgen N, Burau H, Hansen L, Bach M. Visual acuities “hand motion” and “counting fingers” can be quantified with the freiburg visual acuity test. Invest Ophthalmol Vis Sci. (2006) 47:1236–40. doi: 10.1167/iovs.05-0981

 60. Moraes CT, Atencio DP, Oca-Cossio J, Diaz F. Techniques and pitfalls in the detection of pathogenic mitochondrial DNA mutations. J Mol Diagn. (2003) 5:197–208. doi: 10.1016/S1525-1578(10)60474-6

 61. Akiyama H, Kashima T, Li D, Shimoda Y, Mukai R, Kishi S. Retinal ganglion cell analysis in Leber's hereditary optic neuropathy. Ophthalmology. (2013) 120:1943–4. doi: 10.1016/j.ophtha.2013.05.031

 62. Gupta P, Yee KMP, Garcia P, Rosen RB, Parikh J, Hageman GS, et al. Vitreoschisis in macular diseases. Br J Ophthalmol. (2011) 95:376–80. doi: 10.1136/bjo.2009.175109

 63. Abegg M, Zinkernagel M, Wolf S. Microcystic macular degeneration from optic neuropathy. Brain. (2012) 135:e225. doi: 10.1093/brain/aws215

 64. Abegg M, Dysli M, Wolf S, Kowal J, Dufour P, Zinkernagel M. Microcystic macular edema. Retrograde maculopathy caused by optic neuropathy. Ophthalmol. (2014) 121:142–9. doi: 10.1016/j.ophtha.2013.08.045

 65. Carelli V, Carbonelli M, de Coo IF, Kawasaki A, Klopstock T, Lagrèze WA, et al. International consensus statement on the clinical and therapeutic management of leber hereditary optic neuropathy. J Neuroophthalmol. (2017) 37:371–81. doi: 10.1097/WNO.0000000000000570

 66. Newman NJ. Hereditary optic neuropathies: from the mitochondria to the optic nerve. Am J Ophthalmol. (2005) 140:517–23. doi: 10.1016/j.ajo.2005.03.017

 67. Lam BL. Identical twins no longer discordant for Leber's hereditary optic neuropathy. Arch Ophthalmol. (1998) 116:956–7. 

 68. Biousse V, Brown MD, Newman NJ, Allen JC, Rosenfeld J, Meola G, et al. De novo 14484 mitochondrial DNA mutation in monozygotic twins discordant for Leber's hereditary optic neuropathy. Neurology. (1997) 49:1136–8. doi: 10.1212/WNL.49.4.1136

 69. Ziccardi L, Sadun F, De Negri AM, Barboni P, Savini G, Borrelli E, et al. Retinal function and neural conduction along the visual pathways in affected and unaffected carriers with Leber's hereditary optic neuropathy. Invest Ophthalmol Vis Sci. (2013) 54:6893–901. doi: 10.1167/iovs.13-12894

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Botelho, Salomão, Tengan, Karanjia, Moura, Rocha, Silva, Fernandes, Watanabe, Sacai, Belfort, Carelli, Sadun and Berezovsky. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 04 March 2021
doi: 10.3389/fneur.2021.601307






[image: image2]

Mitochondrial 13513G>A Mutation With Low Mutant Load Presenting as Isolated Leber's Hereditary Optic Neuropathy Assessed by Next Generation Sequencing

Chuan-bin Sun1, Hai-xia Bai1, Dan-ni Xu1, Qing Xiao1 and Zhe Liu2*


1Eye Center, Second Affiliated Hospital of Zhejiang University School of Medicine, Hangzhou, China

2Department of Ophthalmology, Zhejiang Provincial People's Hospital, People's Hospital of Hangzhou Medical College, Hangzhou, China

Edited by:
Valerio Carelli, University of Bologna, Italy

Reviewed by:
Michael S. Vaphiades, University of Alabama at Birmingham, United States
 Yanchun Ji, Zhejiang University, China
 Vittoria Petruzzella, University of Bari Aldo Moro, Italy
 Julio Montoya, University of Zaragoza, Spain

*Correspondence: Zhe Liu, doctorliuzhe@126.com

Specialty section: This article was submitted to Neuro-Ophthalmology, a section of the journal Frontiers in Neurology

Received: 31 August 2020
 Accepted: 10 February 2021
 Published: 04 March 2021

Citation: Sun CB, Bai HX, Xu DN, Xiao Q and Liu Z (2021) Mitochondrial 13513G>A Mutation With Low Mutant Load Presenting as Isolated Leber's Hereditary Optic Neuropathy Assessed by Next Generation Sequencing. Front. Neurol. 12:601307. doi: 10.3389/fneur.2021.601307



Objective: Mitochondrial 13513G>A mutation presenting as isolated Leber's hereditary optic neuropathy (LHON) without any extraocular pathology has not been reported in literature. We herein evaluate the clinical characteristics and heteroplasmy of m.13513G>A mutation manifesting as isolated LHON.

Methods: Seven members of a Chinese family were enrolled in this study. All subjects underwent detailed systemic and ophthalmic examinations. Mitochondrial DNA in their blood was assessed by targeted PCR amplifications, next generation sequencing (NGS), and pyrosequencing. One hundred of blood samples from ethnic-matched healthy volunteers were tested by NGS and pyrosequencing as normal controls.

Results: Isolated LHON without any other ocular or extraocular pathology was identified in a 16 year old patient in this family. Heteroplasmic m.13513G>A mutation was detected by NGS of the full mtDNA genome in the patient with mutant load of 33.56%, and of 26% 3 months and 3 years after the onset of LHON, respectively. No m.13513G>A mutation was detected in all his relatives by NGS. Pyrosequencing revealed the mutant load of m.13513G>A mutation of the LHON patient, his mother, father and sister were 22.4, 1.9, 0, and 0%, respectively. None of 100 healthy control subjects was detected to harbor m.13513G>A mutation either by NGS or by pyrosequencing of the full mt DNA genome.

Conclusions: We first report m.13513G>A mutation with low mutant load presenting as isolated LHON. NGS of the full mitochondrial DNA genome is highly recommended for LHON suspects when targeted PCR amplification for main primary point mutations of LHON was negative.

Keywords: Leber's hereditary optic neuropathy, mitochondrial DNA, gene mutation, m13513G>A, optic atrophy


INTRODUCTION

As one of the most common mitochondrial inherited diseases, Leber's hereditary optic neuropathy (LHON) is typically characterized by acute painless bilateral central vision loss in adolescents and young adults, predominantly in males (1–4). Previous investigations have revealed that more than 90% of LHON cases are related to one of three primary point mutations in the mitochondrial DNA (mtDNA): m.11778G>A, m.3460G>A, and m.14484T>C, which encode the ND4, ND1, and ND6 subunits of Complex I in the mitochondrial respiratory chain, respectively (5–7). However, other rare primary mtDNA mutaions such as m.3635G>A in ND1, m.14495A>G in ND6, and m.13513G>A in ND5 have also been reported to cause LHON independently (1–7).

Since first identified as a gene mutation causative for mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes (MELAS), m.13513G>A mutation has been mostly reported in Leigh syndrome (LS), MELAS, as well as MELAS/LHON and MELAS/LS overlap syndromes (5, 6). Ophthalmic manifestations related to m.13513G>A mutation including optic atrophy, ptosis, and chronic progressive external ophthalmoplegia (CPEO) are mostly accompanied by MELAS or LS, and classified as MELAS /LHON, LS/LHON, or MELAS/CPEO overlap syndromes (5–8).

Until now, m.13513G>A mutation-related LHON without LS or MELAS has been reported in only three cases (9–11). However, all above 3 cases were accompanied by other extraocular pathology such as hypertrophic myocardiopathy, myopathy, Wolff-Parkinson White syndrome, chronic kidney disease, diabetes mellitus, or hearing loss. To our knowledge, m.13513G>A mutation presenting as isolated LHON without any extraocular pathology has not been reported. We herein evaluate the clinical characteristics and heteroplasmy of the m.13513G>A mutation manifesting as isolated LHON without any other ocular or extraocular pathology.



METHODS


Subjects and Clinical Examinations

Six maternal family members (including one half-brother and one half-sister) and the farther of the LHON patient of Han population in a Chinese family were enrolled in this study (Figure 1). Detailed medical records of the patient visiting different hospitals were collected. All subjects underwent detailed systemic and ophthalmic examinations including consciousness, hearing, articulation, superficial and deep sensation, muscle strength, tone and reflexes, best corrected visual acuity (BCVA), slit-lamp microscopy, color fundus photography, and visual field test, as well as blood test for cardiac enzymes, blood lactate fluctuation during exercise test, electrocardiogram and Doppler echocardiography. Gadolinium enhanced orbital MRI, and magnetic resonance spectroscopy were performed only in the LHON patient.


[image: Figure 1]
FIGURE 1. The Chinese LHON family under assessment. Visually impaired family members: filled symbols; females: circles; males: squares; arrow: the proband.




Mitochondrial DNA Assessment

Peripheral blood was collected from the patient and his relatives for mtDNA sequencing after informed consents were signed. One hundred of blood samples from ethnic-matched healthy volunteers were used as normal controls. Targeted PCR amplifications and Sanger DNA sequencing of three main primary point mutations of LHON in mt DNA, i.e.: m.11778G>A, m.3460G>A, and m.14484T>C, were first assessed in the LHON patient according to procedures described previously (12, 13). In brief, QIAamp DNA Blood Mini kits were employed for genomic DNA extraction (Qiagen, NO.51104). Three main primary mutations of LHON including m.11778G>A, m.3460G>A, and m.14484T>C were assessed by targeted PCR amplifications of DNA fragments, using oligodeoxynucleotides that correspond to mitochondrial DNA at 11,654–11,865 for m.11778G>A mutations; 3,108-3,717 for m.3460G>A mutations, and 14,260–14,510 for m.14484T>C mutations (12). Fragments were isolated and analyzed in an ABI 3700 automated DNA sequencer (Applied Biosystems; Thermo Fisher Scientific, Inc.) using Big Dye Terminator Cycle sequencing kits. Comparisons of the fragments were performed through Cambridge sequencing (Gen-Bank accession number: NC_012920).

Since none of above three primary point mutations in mt DNA was detected in the LHON patient. Next generation sequencing (NGS) of the whole mtDNA genome and DNA sequence analysis were then performed in the patient based on procedures described previously (14, 15). In brief, whole genomic DNA was extracted with the Purgene DNA isolation kit (Qiagen), and the entire genome of mitochondrial was amplified total of three pooled reactions by PCR as 99 separate fragments, using primers for the light and heavy stranded DNA. Then the DNA was purified using magnetic beads and a library was made for directly sequenced on a sequencer using a NGS reaction kit (MiniSeq, Illumina). To identify mutations within the obtained genome, the consensus Cambridge sequence (Gen-Bank accession number: NC_012920) was used as a reference (14, 15). To detect m.13513G>A mutation in the mitochondrial ND5 gene in the patient, his relatives and normal controls, 13,319–14,287 region was amplified using: forward 5′-ACA TCT GTA CCC ACG CCT TC−3, and reverse 5′- AGA GGG GTC AGG GTT GAT TC-3′, as described previously (12, 14), and analyzed as mentioned in the context.

To further detect and quantify the mutant load of the m.13513G4A mutation in the LHON patient, his relatives and normal controls, specific single nucleotide polymorphism assays using pyrosequencing which is more sensitive in detecting low-level DNA mutations were performed as described previously (16, 17). In brief, PCR amplification of a mtDNA fragment containing the m.13513 position was carried out on Pyrosequencer PSQ96MA platform using the following primers: forward 5′-CTTCAACCTCCCT CACC-3′, reverse 5′-AGCGCTGCTCCGGTTCATAGATTGCTCAGGCGTTT GTG TATGA-3′, and sequencing A(G/A)ACCACAT (nt. 13512–13520). Sequence identification was performed by the PSQ SQA software (Biotage AB), and the percentage of mutant load was determined using the quantification function of the software.

Mitochondrial DNA sequences of 17 vertebrates were assessed for interspecific analysis (13, 18). The confidence interval (CI) was measured through the comparison of human nucleotide variants to other vertebrates (n = 16). The CI indicates the percentage of species with wild type nucleotides at an identical position. The mitochondrial haplogroups of the Asian were also determined as described previously (19, 20).




RESULTS


Clinical Characteristics of m.13513G>A Mutation-Related LHON

Isolated LHON without any other ocular or extraocular pathology was identified in one patient in this family. The patient was a 16 years old male presenting with a complaint of sequential painless bilateral central vision loss. He first experienced a blurred vision in the left eye, unfortunately he did not pay any attention until another sudden vision loss in the right eye 1 month later, he was then taken to the local hospital for ophthalmic examination. Medical record revealed a BCVA of 20/100 and counting fingers in the right and left eye, respectively, fundus photography revealed congested optic disc edema in the right eye, and pale temporal optic disc with congested nasal optic disc edema in the left eye (Figures 2A,B). Octopus visual field test showed large centrocecal scotoma in the right eye and diffuse field constriction in the left eye (Figures 2C,D).


[image: Figure 2]
FIGURE 2. Ophthalmic manifestations of m.13513G>A mutation-related LHON at presentation. Fundus photography revealed pale temporal optic disc with congested nasal optic disc edema in the left eye (A), and congested optic disc edema in the right eye (B), respectively. Octopus visual field test showed full field blindness in the left eye (C) and large centrocecal scotoma in the right eye (D), respectively.


His past medical history was unremarkable, and he denied any other ocular or extraocular symptoms such as ptosis, extraocular muscle paralysis, sensation or movement disorders, epilepsy episode, or hearing loss. His physical examination was normal. Blood test for basic metabolic panel was unremarkable. Gadolinium enhanced orbital MRI examination showed normal signals of bilateral optic nerves and brain. He was initially diagnosed as bilateral idiopathic demyelinating optic neuritis, and treated with intravenous methylprednisolone pulse therapy (500 mg qd ×3d) followed by gradual tapering of oral methylprednisolone. Unfortunately, the patient showed no response to steroid therapy, and his vision progressively deteriorated in both eyes.

When the patient first came to our eye center another 2 weeks later, his vision was counting fingers in the right and hand motion in left eye, pupil size was 5 mm and pupillary light reflex was sluggish in both eyes with a relative afferent pupil defect in the left eye, and temporal optic disc was pale in both eyes (Figures 3A,B). Blood test for neuromyelitis optica-IgG antibody and myelin oligodendrocyte glycoprotein antibody were both negative. Bilateral LHON was suspected and mtDNA assessment was highly recommended. The patient initially refused our suggestion, but finally accepted and underwent mtDNA assessment 1 month later when he visited another neuro-ophthalmologist in another hospital and was clinically diagnosed as LHON.


[image: Figure 3]
FIGURE 3. Ophthalmic manifestations of m.13513G>A mutation-related LHON during follow-up. Fundus photography revealed temporal optic disc was pale in both eyes 2 weeks later (A,B), and pale optic disc in both eyes 4 years later (C,D).


None of three main primary point mutations in mtDNA related to LHON was detected by targeted PCR amplifications and Sanger DNA sequencing in the patient. However, heteroplasmic m.13513G>A mutation was detected by NGS and pyrosequencing of the full mt DNA genome in this paient (Figures 4A,B). Hence, his diagnosis was corrected to m.13513G>A mutation-related LHON.


[image: Figure 4]
FIGURE 4. Mutant load of the m.13513G>A mutation in this Chinese LHON family. Test results of m.13513G>A mutation in the LHON patient (II-4), his mother (I-2), his sister (II-3), and his father (I-3) assessed by next generation sequencing (A) and by pyrosequencing (B), respectively.


To further exclude other possible mitochondrial diseases, the patient was referred to a neurologist and a cardiologist for consultation. However, his neurological examinations were all normal including consciousness, hearing, articulation, superficial and deep sensation, as well as muscle strength, tone, and reflexes. Blood test for cardiac enzymes including creatine kinase and lactate dehydrogenase were both unremarkable. Blood lactate fluctuation was within normal limits during exercise test. Electrocardiogram was normal and Doppler echocardiography revealed normal cardiac morphology and hemodynamics. There was no lactic acid peak found in the brain by magnetic resonance spectroscopy.

The patient was regularly followed up for 4 years, ophthalmic examination at last follow-up revealed spontaneously slight increase in his vision (20/320 in the right eye and counting fingers in the left eye), and pale optic disc in both eyes (Figures 3C,D). However, no other ocular or extraocular pathology was found during his follow-up.

Although all relatives of the patient underwent detailed systemic and ophthalmic examinations, no abnormal findings in consciousness, hearing, articulation, superficial and deep sensation, muscle strength, tone, and reflexes, BCVA, anterior segment and fundus examination, visual field test, as well as blood test for cardiac enzymes, blood lactate fluctuation during exercise test, electrocardiogram and Doppler echocardiography, were found during 4 years' follow-up.



Mitochondrial DNA Assessment of m.13513G>A Mutation-Related LHON

None of three main primary point mutations of LHON, i.e., m.11778G>A, m.3460G>A, and m.14484T>C, were detected by targeted PCR amplifications and Sanger DNA sequencing in the patient. However, heteroplasmic m.13513G>A mutation in the mitochondrial ND5 gene was detected by NGS of the full mtDNA genome and further confirmed by Sanger DNA sequencing in the patient (Figure 4A).

Mutant load of m.13513G>A mutation in the patient assessed by NGS was 33.56% (Mygenostics Company, Beijing, China) 3 months after the onset of bilateral vision loss, and 26% (Amplicon Gene Company, Shanghai, China) 3 years after the onset of bilateral vision loss. Nevertheless, no m.13513G>A mutation was detected in all his relatives by either of above twice NGS tests.

Pyrosequencing of the full mt DNA genome was assessed 3 years after the onset of bilateral vision loss in this patient, and m.13513G>A mutation with a mutant load of 22.4, 1.9, 0, and 0% was detected in the patient, his mother, father and other maternal relatives, respectively (Figure 4B). None of 100 healthy control subjects were detected to harbor m.13513G>A mutation either by NGS or by pyrosequencing of the full mt DNA genome.

Based on crystal-structures of complex I in mammals, m.13513 encoded the residue D393 of ND5 protein (Figure 5). This residue was found to be highly conserved amongst ND5 proteins of the 17 organisms. The array of polymorphic loci in the mitochondrial DNA of the family investigated in this study was shown in Table 1, there were 2 variants detected in 12S rRNA gene, 2 variants in 16S rRNA gene, 11 variants in D-loop, one variant in tRNA, and 9 missense mutations and 17 silent variants in protein- encoding genes. The phylogeny of variants were investigated through comparisons to mice (21), cows (22), and Xenopus laevis (23), whereas none of them showed obvious evolutionary conservation. Moreover, according to the nomenclature of mitochondrial haplogroups, these mtDNA polymorphic variations in this pedigree belonged to the Eastern Asian haplogroups D4a.
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FIGURE 5. Altered complex I assembly. Structural interactions of ND5-D393 (5XTD in the protein bank). The hydroxyl group of D393 forms specific electrostatic interactions with G388, F389, I396, and E397 in MT-ND5.



Table 1. mtDNA variants in a Chinese family with Leber's hereditary optic neuropathy.
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DISCUSSION

Although ~90% of the mtDNA mutations related to LHON was one of three primary mutations, i.e., m.11778G>A, m.3460G>A, and m.14484 T>C, other rare primary mtDNA mutaions including m.13513G>A have also been reported to cause LHON independently (1–7). As the most frequently reported mutation in the mitochondrial ND5 gene, m.13513G>A mutation was identified as a causative gene mutation mostly related to LS, MELAS, and LS or MELAS related overlap syndromes (7–11, 24, 25). Until now, LHON caused by m.13513G>A mutation yet not accompanied by LS or MELAS was reported in only three cases (9–11). However, all above three LHON cases were accompanied by other ocular and (or) extraocular pathology (9–11). To our knowledge, this is the first report of the m.13513G>A mutation presenting as isolated LHON yet without any other ocular or extraocular pathology.

In mitochondrial diseases, it is not unusual for the same mutation in the same gene to result in different manifestations. Previous study indicated that germ-line mtDNA bottleneck existed during oogenesis and caused significant heteroplasmy frequency shifts between generations. As for a pathogenic heteroplasmy, a severe bottleneck might abruptly transform a benign (low) frequency in a mother into a disease-causing (high) frequency in her children (26). It is also hypothesized that the drastic changes of heteroplasmy frequency between generations contribute to non-disease mutant load or higher disease severity. In this study, the LHON patient presented 22.4% mutant load, compared to his mother only 1.9% in blood cells by pyrosequencing assessment, which might be explained by the genetic drift due to germ-line bottleneck effect.

The m.13513G>A is a point mutation in mitochondrial ND5 gene which can cause severe oxidative phosphorylation defect (26). The amino acid at position 393 of ND5 subunit encoded by m.13513 is located at an evolutionarily conserved part of a putative quinone-reactive site of the enzyme, and the D393N amino acid change caused by m.13513 G>A mutation may lead to loss of the quinine reactive site and a subsequent negative effect on the activity of the oxidative phosphorylation system, followed by significant mitochondrial impairment, as well as an increased reactive oxygen species generation and reduced ATP production, which finally resulting in the development of LHON (24, 25, 27).

In cultured cells, the threshold for m.13513G>A mutation causing a complex I defect is a mutant load of ~30%, and its impairment increased in a mutant-load dependent way (24, 28). The mutant load of the m.13513G>A mutation which is 22.4 ~33.56% in blood cells in the LHON patient in our study is consistent with above finding. Previous investigations about the mutant load in patients with m.13513G>A mutation revealed much lower mutant load of 4~6% in blood cells, 1~5% in fibroblasts, and 13~15% in muscle in one patient, and of 11~17% in blood, hair and muscle tissues in another patient (24). Among all human tissues, optic nerve head is most susceptible to mitochondrial dysfunction, since mitochondria are most abundantly clustered in retinal nerve fibers at optic nerve head. On the other hand, previous investigations have demonstrated that ND5 synthesis is probably the rate-limiting step for the activity of complex I and consequently of respiration (24). Hence, contrary to most pathogenic mtDNA mutations which only result in the outbreak of a oxidative phosphorylation defect disease when presenting at high mutant loads in target tissues, the m.13513G>A mutation may cause significant complex I defect at optic nerve head and induce an isolated LHON without any other tissue involvement even at unusually low mutant loads.

Our study revealed that the mitochondrial genomes of this pedigree belongs to the Eastern Asian haplogroups D4a. Although many other mtDNA variants were also detected in this study, there were no functionally significant mutations in this pedigree. Hence, these mtDNA variants may not have a potential modifying role in the development of visual impairment associated with m.13513G>A mutation. This implied that m.13513G>A mutation, similar to three primary mt.DNA mutations related to LHON, occurred sporadically and multiplied through evolution of the mtDNA.

There are several limitations in this study. First, only peripheral blood cells were collected for genome assessment. Considering that the percentage of m.13513G>A mutation may vary in different tissues, it would greatly benefit if the percentage of heteroplasmy of m.13513G>A mutation in other tissues such as urine, hair, buccal mucosa, and muscles were assessed. Unfortunately, the patient declined further genome assessment, for no other tissues except optic nerves were involved. Second, although no other ocular or extraocular pathology was found in this young-adult patient during 4 years' follow-up, other tissues involvement can not be excluded if follow-up time is much longer. Hence, regular ophthalmic and systemic examinations, as well as long-term follow-up have been highly recommended to this patient.

In summary, low mutant load of m.13513G>A mutation was detected in the LHON patient by both NGS and pyrosequencing of the full mt DNA genome in this study, indicating that NGS and pyrosequencing are both sensitive to detect low-level DNA mutation. Hence, patients with typical ophthalmic manifestations of LHON but with negative results of three primary point mutations related to LHON tested by targeted PCR amplification, may need to be further assessed by NGS or pyrosequencing.
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Case Report: A Novel Mutation in the Mitochondrial MT-ND5 Gene Is Associated With Leber Hereditary Optic Neuropathy (LHON)
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Leber hereditary optic neuropathy (LHON) is a mitochondrial disease causing severe bilateral visual loss, typically in young adults. The disorder is commonly caused by one of three primary point mutations in mitochondrial DNA, but a number of other rare mutations causing or associated with the clinical syndrome of LHON have been reported. The mutations in LHON are almost exclusively located in genes encoding subunits of complex I in the mitochondrial respiratory chain. Here we report two patients, a mother and her son, with the typical LHON phenotype. Genetic investigations for the three common mutations were negative, instead we found a new and previously unreported mutation in mitochondrial DNA. This homoplasmic mutation, m.13345G>A, is located in the MT-ND5 gene, encoding a core subunit in complex I in the mitochondrial respiratory chain. Investigation of the patients mitochondrial respiratory chain in muscle found a mild defect in the combined activity of complex I+III. In the literature six other mutations in the MT-ND5 gene have been associated with LHON and by this report a new putative mutation in the MT-ND5 can be added.

Keywords: leber hereditary optic neuropathy, optic neuropathy, MT-ND5, mitochondrial DNA, case report, complex 1, LHON


INTRODUCTION

Leber hereditary optic neuropathy (LHON) usually manifests as a sequential subacute optic neuropathy. A pathogenic mutation in the mitochondrial DNA (mtDNA), in conjunction with environmental and possibly other genetic factors, leads to the disruption and progressive loss of small caliber retinal ganglion cells in the papillo-macular bundle (1–3). Typically the patient with LHON presents with monocular loss of visual acuity in parts of the central visual field. Involvement of the second eye occurs within 1 year, in most cases already within 6–8 weeks. The optic disc appearance may at first assessment be normal or show blurred margins and telangiectatic microangiopathy. Over the following weeks or months vision continues to deteriorate as a result of the progressive loss of retinal ganglion cells and atrophy of the optic nerves (3). LHON is a rare cause of optic neuropathy, with a prevalence of about 1 in 30,000 to 1 in 50,000 people in the population (4–6). Male gender is clearly associated with an increased risk of the disease, as roughly 50% of males and only 10% of female LHON carriers develop visual loss (7). Other likely risk-factors are exposure to tobacco and alcohol (8) as well as modifying genetic factors that may regulate disease penetrance (2, 9). If there is no family history of LHON, there is an inherent risk that the clinician will falsely suspect the patient with LHON to have optic neuritis since both disorders often manifest at age 15–35 years. However, the painless continuous progression of visual loss without recovery does not follow the evolution of a typical optic neuritis, and therefore such a presentation requires an early and thorough work-up to exclude other causes of acute optic neuropathy.

In LHON three common point mutations in mtDNA constitute the primary pathogenic mutations, m.11778G>A (MT-ND4), m.3460G>A (MT-ND1) and m.14484T>C (MT-ND6). Together they account for 90% of symptomatic patients with LHON. The proteins encoded by these genes are crucial subunits for complex I of the mitochondrial respiratory chain (7, 10).

Progress in DNA-sequencing techniques of both nuclear and mitochondrial genes, in conjunction with increasing awareness of mitochondrial disease, has led to many new mutations reported in association with clinically recognized phenotypes of mitochondrial diseases, including LHON. The collective prevalence of adult mitochondrial disease now makes them among the most common adult form of inherited neurological disorders, when including disease-causing mutations in both the mitochondrial and nuclear genome (11). More information is continuously being reported about previously undescribed mtDNA mutations and their phenotypic features.

Mitomap, a database of human mitochondrial DNA variations, reports 19 primary mtDNA mutations which are now associated with the LHON phenotype and 18 others which are candidate mutations for singleton or single families (12).

Herein, we report a mother and her adult son who presented in the same year with a severe bilateral optic neuropathy. There was no known family history of optic neuropathy. Testing for the three primary LHON mutations was negative, but whole genome sequencing (WGS) analysis of DNA from muscle targeting both nuclear genes causing mitochondrial and other metabolic diseases and mtDNA identified the same unique homoplasmic mutation in both subjects, m.13345G>A, p.(Ala337Thr) in MT-ND5. No other disease-causing mutation was found that could explain the phenotype.



CASE REPORT


Case 1 (Proband)

A 49 year old woman came to the eye clinic for rapid and painless visual loss in her right eye (RE) over 3 weeks. Prior to right eye visual loss, she had noted deteriorating vision in her left eye (LE) but could not be more specific about the time of onset. Review of prior records showed that 1 month prior to presentation, her optician had documented best corrected visual acuity (BCVA) as 0.8 in the RE and 0.05 in the LE. She was a consumer of tobacco mainly in the form of snuff (oral smokeless tobacco) and she occasionally smoked 5–10 cigarettes a day. She denied regular use of alcohol but according to medical records she had a history of periodic high consumption of alcohol. She had also been prescribed vitamin B12 daily. Past medical history was otherwise unremarkable. The patient has one son and two sisters of which one has a daughter. The patient's mother had died from malignant melanoma and the maternal grandmother from ruptured aortic aneurysm. None of the relatives known to the patient had any history of visual problems, dementia, muscle disease, diabetes or hearing problems apart from one sister having some hearing loss after a rubella infection in childhood. On examination, BCVA was 0.13 in the RE and hand motion in the LE Humphrey® automated visual fields 24-2 (Carl Zeiss Meditec.Inc®, Jena) showed a temporal defect encroaching fixation in the RE and a large central scotoma in the LE (Figure 1). A relative afferent pupillary defect was observed in the LE. Funduscopy showed slight temporal pallor of the optic disk and there was an epiretinal membrane in the LE.


[image: Figure 1]
FIGURE 1. Automated Humphrey visual field of patient described in Case 1 performed 3 weeks from symptomatic decline of vision in the second eye, i.e., the right eye. A temporal defect is noted in the RE and a central defect in the LE.


The rapidly progressing deep central scotoma in one eye combined with a temporal hemidefect in the other eye suggested pathology at the chiasm. The MRI showed increased signal on T2 and FLAIR sequences without contrast enhancement in the central optic chiasm, in the optic tracts and in the intracranial portion of both optic nerves. There was no signal abnormality in the brain or brainstem. The patient underwent extensive investigations for various causes of an acute optic neuropathy and corticosteroid therapy was initiated for presumed neuromyelitis optica. A lumbar puncture was performed for analysis of cerebrospinal fluid including electrophoresis. Other work-up for inflammatory neuropathy included CT scan of the thorax and serum analysis for angiotensin converting enzyme and many autoantibodies: S-ANA, antibodies against the S-nucleosome, S-Ribosomal P, S-RNP68, S-Scl-70, S-Sm, S-SmRNP, SS-A, SS-B, Centromer, Jo-1, dsDNA, antiMOG and Aquaporin 4 in serum, of which all were negative. Since the patient's vision did not improve after 5 days of corticosteroids, the severity of visual loss prompted further treatment with plasmapheresis. This also failed to improve vision.

The history of tobacco/alcohol use and vitamin B12 vitamin substitution raised consideration for malnutritional optic neuropathy, but levels of folic acid, vitamin B6 and cobalamin were found to be within normal limits. Intravenous multivitamin injections were however given ex juvantibus. Three weeks after presentation, OCT (Carl Zeiss Meditec.Inc®, Jena) showed significant thinning of the ganglion cell-internal plexiform layer thickness predominantly in the nasal parts with the average thickness of 65 μm in the RE and 82 μm in the LE. The peripapillary retinal nerve fiber layer (pRNFL) thickness was still preserved (96 μm in RE and 122 μm in LE) but artefactually augmented in the LE due to missegmentation due to the epiretinal membrane. A fullfield ERG was normal, confirming intact retinal photoreceptor function.

Even though the family history was negative, the sequential visual loss and absence of response to treatment for optic neuritis suggested mitochondrial origin, but since the three most common mutations associated with LHON were negative we pursued more extensive molecular analysis, see below.



Case 2: Son

The 19 year old son of the proband was referred to the eye clinic in a neighboring town. He had not been in contact with his mother for several years, but had heard through a relative that she was under investigation for loss of vision. In the preceding 2 months he had experienced progressive painless visual deterioration in both eyes and the news of similar symptoms in his mother prompted him to seek medical advice. The patient was smoking ~10 cigarettes a day and had a history of recreational drug use. During the few months prior to visual loss, he had consumed more alcohol than usual and had used cannabis more than once a week. He denied ingestion of other toxic substances in the months preceding visual loss.

On examination BCVA was 0.04 in the RE and 0.02 in the LE with bilateral central scotomas and temporal pallor of both optic nerves. There was no significant temporal thinning in the pRNFL on OCT but at this stage the average pRNFL was still relatviely preserved at 92 μm in the RE and 94 μm in the LE.

When the treating ophthalmologist discovered that the patient's mother was under investigation for LHON, there was an immediate suspicion of the same diagnosis. MRI of the brain and orbit was normal. Routine laboratory tests including serum vitamin B screening, ANA and antibodies against aquaporin-4 and myelin oligodendrocyte glycoprotein were normal. The three most common mutations for LHON were negative.

In both cases we suspected mitochondrial optic neuropathy and extended investigations by performing muscle biopsies for mitochondrial biochemical investigations and targeted whole genome sequencing (WGS) to look for mitochondrial as well as all other inherited optic neuropathies. A percutaneous muscle specimen was obtained from the anterior tibial muscle using a conchotome. Mitochondria were isolated from muscle and mitochondrial ATP production rate and respiratory chain enzyme activities were determined as previously described (13). The muscle biopsy showed normal mitochondrial ATP production rates (data not shown). Measurements of the respiratory chain enzyme activities revealed a mild reduction in complex I+III in both the patient and her son while all other activities (including complex I) were found to be within the reference range (Figure 2).


[image: Figure 2]
FIGURE 2. Graphic of respiratory chain enzyme activities in the muscle biopsy of the two patients described in Case 1 and Case 2, as compared to normal controls. There is a mild reduction in complex I + III.


Blue Native Gel Electrophoresis showed normal amount and composition of complexes I-V (data not shown). WGS of DNA extracted from skeletal muscle was performed to a sequencing depth of 30x mean coverage using a NovaSeq 6000 sequencing instrument (Illumina) after library preparation with NxSeq AmpFREE Low DNA Library Kit (Lucigen). This was followed by in-house bioinformatics analysis, using the mutation identification pipeline (MIP) as earlier described (14). Analysis of all known nuclear disease genes associated with optic neuropathies (for gene list see Supplementary File 1), mitochondrial and metabolic diseases and mtDNA detected the mutation m.13345G>A, p.(Ala 337Thr) in the mitochondrially encoded NADH:ubiquinone oxidoreductase core subunit 5 (MT-ND5) in homoplasmy and was assumed to be related to the optic neuropathy (Figure 3A). No other disease-causing mutations that could explain the phenotype were identified. Sanger sequencing of DNA extracted from urinary epithelial cells and blood also showed the mutation in homoplasmy.


[image: Figure 3]
FIGURE 3. (A) Sanger sequencing of DNA from skeletal muscle from case 1 showing homoplasmic m.13345G>A mutation. (B) MtSNP Database mtSAP alignment of 11 mammals showing that the residue Ala337 and the adjacent aminoacids are very well-conserved (all 61 mammals in the database have alanine at this position). (C) A human cryo-EM structure of complex I (PDB:5XTD), with ND5 highlighted in blue. Frontal (right) and lateral (left) view. Ala337 is buried inside the protein structure and its position is indicated with black/white circles. (D) Pathogenicity prediction score of different tools. PROVEAN, Rhapsody, PolyPhen-2, EVmutation and SIFT. (E) A337 is shown in the above structure with PyMOL version 2.3.4. (Schrödinger, LLC.) with its closest interactors Leu457 and Val96. Dotted lines mark the quantified distances between the side chain atoms. The color codes for hydrophobicity, whereby red is strongly hydrophobic and white is strongly hydrophilic. This indicates that Ala337 is in a strongly hydrophobic environment. The plugin color_h was used on the basis of a previously established hydrophobicity grading (15).


After the detection of a homoplasmic mtDNA mutation, additional investigations for other clinical manifestations of mitochondrial disease including echocardiography, electrocardiography, audiography and electromyography were performed. All were normal apart from a slight sublinical decline in the high frequencies in the audiogram of both ears in the mother.

At this stage both mother and son were diagnosed with LHON. They were adviced to refrain from smoking and use of alcohol and also prescribed Idebenone 900 mg daily. Regrettably this did not improve vision and after a year the treatment was stopped. During the months following onset, optic atrophy developed (Figure 4). Sixteen months from presentation, the BCVA of the mother was 0.04 in the RE and 0.02 in the LE and deep central scotomas were present on Humphrey perimetry 20 months after the first visit, BCVA of the son was in the RE 0.04 and in the LE 0.04 with deep central scotomas still present. OCT (Topcon®, Dublin, CA) showed severe thinning of the pRNFL; 50 microm in the RE and 48 microm in the LE consistent with bilateral optic atrophy.


[image: Figure 4]
FIGURE 4. Fundus-photography of patient described in Case 1 taken 5 months from presentation to the ophthalmic clinic. There is bilateral pallor of the optic disk and a non-related epiretinal membrane in the left eye 5 months after presentation.





DISCUSSION

Although the age at symptomatic onset is broad, patients with LHON typically lose vision between the ages of 15 and 35 years. In this report of a familial optic neuropathy, the mother at age 49 years and her son at age 19 years experienced onset of visual loss within the same 6 month period. Because of this curious coincidence, a shared external factor which might have precipitated symptomatic expression of the mtDNA mutation was suspected. Specifically, we wondered about exposure to similar toxic substances or illicit drugs. We investigated the background of tobacco, alcohol and other drug consumption in both patients. There was no evidence of home-distilled alcohol consumption from a mutual supplier nor corroboration of purchase of similar recreational drugs from the same source. In fact, the son was living in Spain for several months just before and at the time of his visual decline, while his mother had stayed in Sweden. Thus, the only identified shared external factor was tobacco use (snuff and cigarettes in the mother and cigarettes in the son) and commercially-purchased alcohol consumption. The striking similarity and timing of the visual loss in our patients suggest that the tobacco and alcohol use could influence penetrance of the same underlying mtDNA mutation.

The homoplasmic mutation m.13345G>A, p.(Ala337Thr) in the MT-ND5 gene found in our two patients is not previously described in patients with LHON or other mitochondrial disorders. The mutation is reported in heteroplasmy in one individual in the Helix mitochondrial database of 195,983 sequences (16), but is not present in 51673 GenBank sequences according to Mitomap (12) and not in 2,704 sequences in the Human Mitochondrial Genome Database (mtDB) (17). The mtSNP Database mtSAP (18) shows that the amino acid residue affected by the mutation is evolutionarily very well conserved. All 61 mammals in the database have alanine in that position (Figure 3B). The mutation is located in the membrane arm of complex I (Figure 3C) and is predicted to be pathogenic by the prediction tools PROVEAN (19), Rhapsody (20), Polyphen-2 (21), EVmutation (22) and SIFT (23) (Figure 3D). Ala337 is buried inside the ND5 protein structure (Figure 3C) in a human cryogenic electron microscopy (cryo-EM) structure of complex I (24). Alanine is a small apolar amino acid, and Ala337 is in close proximity to at least two highly hydrophobic residues Val96 and Leu457 in ND5 (Figure 3E). We suggest that any other amino acid at this position will be too large and will affect the apolar environment, thus changing the conformation of surrounding side chains.

Mutations in MT-ND5 have been associated with the LHON phenoype in several other families or single patients (25–28) and also in other phenotypic syndromes including Leigh syndrome, mitochondrial encephalopathy with lactic acidosis and stroke-like episodes (MELAS) and myoclonic epilepsy with ragged red Fibers (MERRF) (29, 30). In other cases of MT-ND5 mutations in LHON defective assembly could be demonstrated (31). Given the high energy demand of retinal cells, including ganglion cells, visual loss is a common manifestation of various mitochondrial disorders (18). Among patients having optic neuropathy, most are associated with mutations affecting complex I subunits. MT-ND5, the subunit affected in our two patients, is one of the core subunits of complex I and is closely associated with one of the proton pumping pores (10). In our subjects we could document a modest but significant reduction of the combined activity of complex I + III, but not when complex I was measured in isolation. Blue native gel electrophoresis showed no signs of deficiency or disruption of neither complex I or of complex II-V. Our two patients did not have any other symptoms apart from visual loss and all laboratory investigations showed no indication of dysfunction of other organ systems.

In summary, we report a novel mtDNA mutation associated with subacute onset of bilateral optic neuropathy in a mother and her adult son. This mutation in combination with the typical clinical findings suggests it is a new putative LHON-mutation.
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Autosomal Dominant Optic Atrophy (ADOA) is an ophthalmological condition associated primarily with mutations in the OPA1 gene. It has variable onset, sometimes juvenile, but in other patients, the disease does not manifest until adult middle age despite the presence of a pathological mutation. Thus, individuals carrying mutations are considered healthy before the onset of clinical symptoms. Our research, nonetheless, indicates that on the cellular level pathology is evident from birth and mutant cells are different from controls. We argue that the adaptation and early recruitment of cytoprotective responses allows normal development and functioning but leads to an exhaustion of cellular reserves, leading to premature cellular aging, especially in neurons and skeletal muscle cells. The appearance of clinical symptoms, thus, indicates the overwhelming of natural cellular defenses and break-down of native protective mechanisms.
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INTRODUCTION

Autosomal Dominant Optic Atrophy (ADOA), is a progressive ophthalmological condition caused by degeneration of retinal ganglion cells (RGCs) that leads to visual loss (1). It is associated predominantly with mutations in the OPA1 gene and has variable onset and severity. The pathophysiology of OPA1-related ADOA is believed to be mainly due to haploinsufficiency in OPA1, due to the preponderance of OPA1 mutations that lead to premature translation termination and null mutations (2). This leads to a ~50% reduction in OPA1 protein in most tissues tested (3). In addition, some mutations lead to unstable OPA1 transcripts, due to a premature stop codon, and these appear to be degraded by non-sense mediated mRNA decay, and also lead to haploinsufficiency (4). Thesecond mechanism of disease is linked to missense mutations in the GTPase domain of OPA1, where a dominant-negative effect is postulated to lead to severe “plus” forms of the disease (5).

Affected individuals are usually identified early, as juveniles or adolescents. However, clinical symptoms may appear later in some individuals, such as loss of visual acuity and deficits in color vision (6). Currently, based on the fact that before the onset of symptoms individuals frequently have normal development and good health, supportive treatments are not instituted before the appearance of the clinical symptoms, and disease onset is thus considered age-dependent. As a part of the aging process, the amount of OPA1 protein is believed to decrease, potentially contributing to age-related deterioration of vision, muscle, and memory (7, 8). Moreover, the levels of proteins governing mitochondrial dynamics, which include OPA1, have been found to be significantly altered in Alzheimer Disease (AD) mice and patients (9). On the other hand, there is a mounting body of evidence that suggests that on the cellular level OPA1 mutations cause abnormalities demonstrable from birth, though many are successfully ameliorated (or compensated for) by cellular adaptive mechanisms. In turn, cellular adaptation, though beneficial as it allows normal development, exhausts the antioxidant system, reduces the control of inflammation, and the supply of adult stem cells, thus depleting natural defenses and therefore potentially accelerates the aging process.


Severe Developmental Pathologies Are Associated With Homozygous and Heterozygous Mutation of OPA1

OPA1 protein is part of the cellular control of cellular energy production and distribution and thus is essential for development, especially in neurons with long neurites (10). All fetuses carrying homozygous mutations in the Opa1 gene in murine models die during embryonic development (11, 12). As a result, systematic evidence of homozygous pathology in mammals is rare (13). It has however been possible to investigate cellular changes using artificially created mosaics of homozygous cells in non-mammalian experimental models like Drosophila (14, 15), and stress adaptation and life-span changes using nematode, C. elegans (16). In humans, homozygous OPA1 mutations are rarely seen due to presumed fetal loss and when they do occur are associated with very severe developmental conditions, such as encephalomyopathy, muscle weakness, cardiomyopathy, hypertonia, sensory deficits, and more general failure to thrive leading to early death (17). Severe developmental delays and early-onset optic atrophy are also typical for heterozygous mutations causing Behr syndrome, accompanied by spinocerebellar degeneration, ataxia, and sensory deficits (18–21).



Cellular Deficits With Impaired Mitochondrial Fusion

Cellular deficits caused by faulty mitochondrial fusion are well-documented. In budding yeast, the tubular mitochondrial network breaks into small spherical segments (22, 23). In Drosophila, a similar process affects the motility of the sperm cells and results in male sterility (17). Similar fragmentation is documented in primary cultures of various animal cells (24, 25) and patient-derived induced pluripotent stem (iPS) cells (26), as well as murine retinal ganglion cells from the B6;C3-Opa1Q285STOP mouse, Opa1+/, (Figure 1) in which there is also accelerated mitochondrial movement (27). Defects in Opa1 primarily affect mitochondrial fusion and motility (28).


[image: Figure 1]
FIGURE 1. Mitochondrial network in primary retinal ganglion cells (RGCs) in mutant mice (B6;C3-Opa1Q285STOP, Opa1+/−) [adapted from Sun et al. (27)]. (A) Tubular mitochondrial network in control and mutant mice labeled in live culture by MitoTracker®Red and recorded by time-lapse imaging on the 8th day in vitro. (B) Mitochondrial network functionality assessed by Seahorse assay. (C) Mitochondrial movement in RGC dendrites is illustrated by automatically generated kymographs using FIJI software. (D) Average length of a single mitochondrial segment. (E) Distribution of the mitochondrion population classified as stationary and motile. (F) Velocities of mitochondrial movement. The increased mitochondrial mobility and velocity may be a compensatory mechanism for a poor cellular distribution network. The data were obtained from 1280 mitochondria in 91 processes of wild-type RGCs and 1205 mitochondria in 92 processes of Opa1+/- RGCs.




Recruitment of Antioxidant and Inflammatory Defenses

A reduction in mitochondrial quality control, and accelerated mitochondrial movement, are not the only compromises that allow survival. In Drosophila, mitochondrial fusion and fission imbalance is tolerable in young flies that mobilize natural antioxidant protection via Nrf2 and Foxo to up-regulate cytoprotective mechanisms (29). It nonetheless leads to accelerated aging and a much shorter life span (29).

Inflammation is another process that affects cell viability. Mitochondrial fusion and OPA1 protein are directly involved in this process via the TNFα-NF-kB–OPA1 regulatory pathway (29, 30). This pathway works via increasing mitochondrial fusion and improving respiratory chain efficiency in response to cellular stress. TNFα (Tumor Necrosis Factor alpha) is a protein (an inflammatory cytokine) produced by macrophages during acute inflammation. It is a signaling molecule that is passed on to other cells. NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) is a cytosol-based protein complex that controls transcription of DNA and is involved in cellular responses to stress. While in an inactivated state, NF-κB is in complex with an inhibitory protein, but once activated, it is released from the complex and translocated into the nucleus, where it binds to response elements (specific sequences) of DNA, recruiting co-activators and RNA polymerase. The mRNAs are then translated into proteins changing cell function. Normally, inflammatory stress increases TNFα, which activates NF-kB, and ultimately increases the production of OPA1 protein. The latter part of the pathway NF-kB–OPA1 is also involved in synaptic development (30). The inflammatory response is usually regulated via complex multi-gene signaling adjusting the homeostatic balance of organelles in response to cellular stress (31).



Embryonic and Adult Stem Cell Recruitment and Depletion

Mitochondrial fusion is essential for normal embryonic development (32). Recently, it has been shown that in human stem cells OPA1 haploinsufficiency causes impairment in neural stem cell self-renewal, thus causing age-dependent depletion, leading to reduced adult neurogenesis and cognitive deficits (33). Similarly, depletion of Opa1 protein affects both stem cell identity and self-renewal, causing age-dependent depletion of adult stem cells and thus possible deficits in adult neurogenesis in a mouse model with a mutation in Dynamin-related Protein gene (DRP) (34). Several recent studies have looked into the molecular mechanisms of this depletion. Sênos Demarco et al. showed that in Drosophila stem cells, depletion of Opa1 leads to activation of Target of Rapamycin (TOR) and a marked accumulation of lipid droplets, thus reducing the capacity of stem cells for self-renewal (35). In Drosophila, Sandoval et al. showed that mitochondrial fusion regulates larval growth and synaptic development via steroid hormone production (36). Moreover, in genetically modified human embryonic and patient-derived induced pluripotent stem cells OPA1 haploinsufficiency leads to aberrant nuclear DNA methylation and thus alters DNA transcription in neural progenitor cells. For instance, the transcription factor needed for GABAergic neuronal development is suppressed, causing reduced generation of GABAergic interneurons, whereas the formation of glutamatergic neurons is not affected (33). The potential reduction in the generation of GABAergic interneurons requires further investigation and exploration, but theoretically, this could result in a more vulnerable neural network, which might require more repair or maintenance. A recent example of the effect of a poorly developed GABA-ergic network has recently been discussed in optic nerve hypoplasia and autism. Clinical observations and recent reports indicate a high frequency of autism spectrum disorders (ASD) in children with optic nerve hypoplasia (ONH) (37, 38). In children with ONH, there are additional characteristics of ASD beyond those attributable to visual impairment alone, such as echolalia and stereotypic motor movements.



Cellular Mechanisms of Accelerated Aging in Individuals With OPA1 Mutation

In Drosophila, experimental oxidative stress was seen in mitochondrial areas abnormally rich in myelin without cytochrome oxidase activity (39). Oxidative stress and up-regulated production of reactive oxygen species (ROS), mostly by mitochondria, are the main factors causing tissue damage. Though these processes are likely to occur independently of mutation, the early deployment of antioxidant defenses leaves limited capacity to cope with additional stress caused by mitochondrial aging. If tissue damage triggers an inflammatory response, then there is also a potentially limited ability to mobilize cellular resources or suppress inflammation. Reduced mitochondrial quality control, adopted early on to prevent degradation of functional, but fragmented mitochondria, also contribute to accelerated aging, by failing to identify and renew damaged mitochondrial fragments in a timely fashion. It is involved in the early loss of skeletal muscle mass and strength in OPA1 mutation carriers (40). Casuso and Huertas recently reviewed the topic in light of the support and protection offered by regular physical exercise (41). The down-regulation of mitochondrial fusion is linked with age-dependent axonal degeneration, with the visible accumulation of fragmented mitochondria in the axons without mitophagy (42).

Apart from the physical symptoms of aging associated with failing body strength and health, there is cognitive aging, characterized by increased anxiety and reduced working memory. On a cellular level, the symptoms are associated with synaptic loss in pyramidal cells and reduced numbers of inhibitory cells (especially somatostatin neurons) involved in the signaling pathways (43). We recently characterized subtly reduced working memory in Opa1 mutant mouse (B6;C3-Opa1Q285STOP, Opa1+/−) (44). We found that hippocampal CA1 cells showed age-related loss of synapses, developmental abnormalities such as the reduction in the number of GABA-ergic neurons, and defects in adult neurogenesis, which would contribute to the observed effect. Figure 2 illustrates our additional finding in the Dentate Gyrus (DG) region of aged mutant mice. The changes were similar to those observed by Llorens-Martín et al. and are decremental (45).


[image: Figure 2]
FIGURE 2. New-born neurons are continuously being added to the hippocampal Dentate Gyrus (DG) throughout adulthood (A). Detrimental factors (such as schizophrenia, stress, Alzheimer's disease, seizures, stroke, inflammation, dietary deficiencies, or the consumption of drugs of abuse or toxic substances) and neuroprotective factors (physical exercise and environmental enrichment) influence maturation and morphology of new-born granular cells [reviewed in Llorens-Martín et al. (45)]. For example, there is a striking difference in the shape of the apical dendrites (B). These morphological alterations may have important consequences (such as change in the pattern of synaptic connections, or change in the pattern of dendritic summation, and ultimately, change in cell excitability and functionality). An example of granular cells with different dendritic shafts are represented in (C). Though both wt and Opa1 +/- animals had both types of granular cell morphology, in aged mice, the Y-type was attributed to 80% of all Diolistically labeled DG granular cells in wt [see Bevan et al. (44) for the details]. By contrast, in age-matched Opa1 +/- animals more cells were of V-type (D). These changes are likely to be induced by a combination of stress factors in conjunction with impaired adult hippocampal neurogenesis.





DISCUSSION

Recent studies highlight the fact that fusion/fission mitochondrial dynamics and cellular metabolism are coupled: in cultured cell lines, elongated mitochondria are observed in conditions associated with increased ATP requirements (46, 47), whilstin nutrient-restricted conditions, mitochondria form large interconnected networks (48). When fusion is reduced secondary to nutrient excess or genetic abnormality (such as OPA1 deficiency) mitochondrial fragmentation promotes mitochondrial degradation through mitophagy (49). It appears that elongated shape and a fused mitochondrial network protect individual mitochondria from autophagosomal degradation (50, 51). When the tubular network is fragmented not only does energy production decrease but mitochondria themselves are at risk of degradation. To protect mitochondria when the tubular network is compromised, the cellular mechanism responsible for “quality control” is adjusted (52), allowing a larger quantity of disconnected mitochondria to circulate in the cell. This adjustment helps to maintain a sufficient number of fragmented mitochondria to meet the immediate cellular demands in development when most mitochondria are healthy, but with time might lead to accumulation of damaged mitochondria. At present, it is not clear whether mitochondrial fragmentation itself causes any deficit in cellular function, although the mitochondrial network does influence cellular functioning. In cultured HeLa cells, for example, the mitochondrial network interacts with the endoplasmic reticulum (ER) and uses Ca2+ signals to rapidly tune ATP production to the demands of the cell (53). However, in the rat cardiac muscle, the developmentally fragmented mitochondrial network later assumes a tubular structure (54). In post-natal primary RGC culture from the B6;C3-Opa1Q285STOP, Opa1+/−, mouse the mitochondrial network forms tubular structures but remains, nonetheless, more fragmented compared to controls, and levels of ATP production are reduced (Figure 1). Another important function of the mitochondrial network is the rapid spatial distribution of energy resources to distant cellular compartments. This function may be partially compensated via increased mitochondrial movement (27).

Moreover, a poorly controlled exuberant inflammatory response leads to tissue deterioration and accelerated aging. The chronic inflammatory response in cell lines and skeletal muscle caused by OPA1 deficiency is well-documented in patients and animal models (55–57). In addition, the adequate response to sepsis caused by pulmonary infection, whichoften complicates other chronic conditions, also requires rapid up-regulation of OPA1 (58). In post-mortem analyses of lung tissue obtained from areas with mild and severe emphysema, impaired fusion characterized by a low quantity of OPA1 protein is correlated with disease severity (59). Evidence from our lab suggests that levels of signaling protein NF-kB are already elevated in healthy Opa1 +/- mice compared to controls without changes in the levels of TNFα. This suggests that developmental adaptive mechanisms are likely to recruit a part of the inactive inflammatory pathway to alleviate cellular deficits in OPA1 during synaptic development (60–62). Unfortunately, this early recruitment of the regulatory pathway may compromise normal inflammatory responses, resulting in chronic inflammation or poor outcome in the case of severe acute inflammation (63, 64).

The aging process in mitochondrial networks at the microscopic level is very different from the tubular fragmentation described above. It characterized by mitochondrial swelling, reduced cristae, and damaged membranes (65, 66). Accelerated aging does not only manifest itself in sensory and cognitive deficits. There are numerous subtle changes that do not manifest themselves in everyday life. For example, recent studies showed that there is an elevated risk of cardiovascular conditions and reduced capacity for a successful recovery. By using C.elegans, Machiela et al. showed that disrupted mitochondrial fusion changed the normal pattern of responses to cellular stress. Cells became more resistant to both heat and oxidative stress, but more sensitive to osmotic variations and hypoxia. Sensitivity to hypoxia is critical in recovery from ischaemic stroke (67). Guo et al. showed that the increased risk of cerebral vascular injury in diabetic patients is partially due to chronically reduced levels of OPA1. They also reported more severe damage in this group of patients (68). Accordingly, Lai et al. demonstrated that rapid restoration of OPA1 levels after stroke reduces neuronal death and improved both survival and recovery of functions (69). Similarly, Xin and Lu showed in a murine model, that Opa1 expression was down-regulated in infarcted hearts, but Opa1 overexpression protected cardiomyocytes (70). Simulated ischaemia in the cardiac myogenic cell line H9c2 cells reduced OPA1 protein levels resulting in mitochondria fragmentation and apoptosis (71).

Thus, in this “Perspective” we summarize the evidence that OPA1 haploinsufficiency affects cellular functions from the molecular perspective of natural cellular resistance during development and adulthood. Deficits in OPA1 protein impact mitochondrial fusion, reduce cellular energy supply and thus impair cell survival. From the clinical perspective, this means that patients, identified as having a pathological mutation, may benefit from being monitoredbefore, or in the absence of, any clinical symptoms of disease. This could include careful multi-modal imaging of the retina and optic nerve and functional investigation with electrodiagnostic tests. Pre-symptomatic screening would contribute valuable clinical information allowing for the identification of markers of early disease and putative biomarkers that would be essential in the testing of novel therapeutic interventions. It also adds some weight to the idea that by supporting natural defenses, such as maintaining a healthy diet, avoiding smoking and alcohol consumption, and a regular exercise regime throughout the normal lifespan, it may be feasible to delay the onset of premature aging. Smoking is known to disturb mitochondrial function, and may thus be a factor that helps accelerate the onset and progression of visual loss in patients with mutations that impair mitochondrial function [as for example, in Leber Hereditary Optic Neuropathy and ADOA (72)].

There are many further potentially important research questions, such as why and how mitochondria in different tissues differ and whether this affects the apparent different rates of aging in different body tissues, which we would suggest may be worth addressing in future research.
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Retinal ganglion cells (RGCs) are the bridging neurons that connect the retinal input to the visual processing centres within the central nervous system. There is a remarkable diversity of RGCs and the various subtypes have unique morphological features, distinct functions, and characteristic pathways linking the inner retina to the relevant brain areas. A number of psychophysical and electrophysiological tests have been refined to investigate this large and varied population of RGCs. Technological advances, such as high-resolution optical coherence tomography imaging, have provided additional tools to define the pattern of RGC involvement and the chronological sequence of events in both inherited and acquired optic neuropathies. The mechanistic insights gained from these studies, in particular the selective vulnerability and relative resilience of particular RGC subtypes, are of fundamental importance as they are directly relevant to the development of targeted therapies for these invariably progressive blinding diseases. This review provides a comprehensive description of the various types of RGCs, the developments in proposed methods of classification, and the current gaps in our knowledge of how these RGCs are differentially affected depending on the underlying aetiology. The synthesis of the current body of knowledge on the diversity of RGCs and the pathways that are potentially amenable to therapeutic modulation will hopefully lead to much needed effective treatments for patients with optic neuropathies.

Keywords: retinal ganglion cell, optic neuropathies, hereditary optic neuropathies, acquired optic neuropathies, electrophysiological tests, neuro-ophthalmology


INTRODUCTION

It was a clinical ophthalmologist, and an unusually interesting one, who first proposed that different fibres in the optic nerve carry different attributes of the retinal image, such as colour and spatial detail. Born in Charleston in 1830, John Julian Chisolm graduated from the Medical College of South Carolina in 1850 and gained further training on two visits to Europe (1). After the bombardment of Fort Sumter, he was commissioned into the Confederate Army and within 4 months had published the first of three editions of his “Manual of Military Surgery.” In the years after the Civil War, he specialised in ophthalmology and in 1869, he reported, in the Moorfields house journal, how form vision had recovered before colour vision in a case of neuritis, leading him to ask “…whether there are special nerve fibres, for the recognition of special colours, independent of those used in the clear definition of objects.” (2). As early as the eighteenth century, there had been suggestions that there are different retinal fibres for different colours [e.g., (3, 4)], but Chisolm's is likely to be one of the first suggestions that different attributes of the image—such as form and colour—are carried by different fibres.

Today, it is clear that the retina does not deliver to the brain a pixel-by-pixel representation of the pattern of light falling on the photoreceptors. There are about 120 million rods and 6 million cones, whilst the output of the retina is transmitted by around 1.2 million retinal ganglion cells. Thus, there exists significant “pre-processing” of the visual signal by the retinal neuronal layers. The retinal ganglion cells (RGCs) extract in parallel different attributes of the image—spatial contrast, colour, motion, flicker, fine and coarse textures, absolute light level—and deliver this information to different sites within the visual system (5, 6). At least 18 different types of ganglion cells are now thought to be present in the primate and human retina, all of them functionally and morphologically distinct (7, 8). The individual types gain their functional specificities in turn from dedicated circuits that lie between the photoreceptors and the ganglion cells (9). The primate retina is currently thought to include 2 types of horizontal cells, 12 types of bipolar cells and more than 25 types of amacrine cells (Table 1).


Table 1. The number of types of photoreceptors, bipolar cells, and retinal ganglion cells in different species.
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Our purpose in this review is to provide clinicians with a brief survey of the different types of ganglion cells to highlight the possibility of either selective impairment or selective survival of particular types of cells. Subsequently, we discuss both clinical and research methods for evaluating the structure and function of RGCs, and survey a number of relevant clinical conditions before briefly discussing future avenues of research. This review will focus on primate and human studies. Lower mammals appear to enjoy a richer range of ganglion cell types with 40 or more different types having been reported in the mouse (16, 17). It is certainly attractive to consider the extensive literature devoted to the mouse since a remarkable array of histological, physiological and genetic methods have become available to study murine ganglion cells over the past two decades—methods that cannot all be applied to primates. In many areas, there is wide conservation across mammalian phylogeny, not only of cell morphologies, but also of the physiological circuits that underlie the functional specialisation of particular types of cell. On the other hand, the retina of each species is well adapted to the visual theatre into which that species is born, having evolved to match the requirements of that animal's visual world and to serve the animal's survival and reproduction (18). Analogies between different species may, therefore, sometimes be misleading (19). Even between macaques and humans, there may be occasional differences in the genes expressed in otherwise corresponding types of ganglion cells (20).

“Midget” and “parasol” types comprise more than 80% of all ganglion cells in human and primate retinas (20). Given this predominance, it is tempting to neglect the many minority types, but functional importance should not be equated with relative numbers. Midget and parasol cells have relatively small dendritic fields and therefore, large numbers are needed to tessellate—to tile—the retina. Typically, the rarer ganglion cells have larger, often much larger, dendritic fields (7), and thus many fewer are needed to tesselate the entire retina. Yet, these wide-field cells may have a critical functional role, perhaps in everyday life or perhaps in unusual, but life-threatening conditions. In the case of several wide-field ganglion cells, this function is still unknown, and it may fall to an alert clinician, in the tradition of Chisolm, to detect the selective impairment that provides important clues.


Classification of Ganglion Cells—Methods

The taxonomy and the nomenclature of ganglion cells, like taxonomies and nomenclatures in other branches of biology, have generated unexpectedly contentious debates, especially when different methods of classification give different solutions or when nomenclatures are translated from one species to another (21). We briefly survey the several techniques that have led to the current taxonomy of ganglion cells. The alternative methods can themselves be grouped into anatomical, molecular, and functional classification.


Anatomical Classification

The cell bodies of most ganglion cells, and the layer formed by their axons, lie close to the inner limiting membrane adjacent to the vitreous, although occasional “displaced” ganglion cells are seen among amacrine cells in the inner nuclear layer [(22, 23), p. 309]. In the central regions of the retina, there are up to eight layers of ganglion cells, whereas in the far periphery, near the ora serrata, there are only sparse clumps of two or three ganglion cells with gaps between them (23).



Morphology

A fundamental basis for classification—and the one mainly adopted in the present review—is the size and morphology of the cell body and dendrites, as well as the extent of the dendritic field (Figure 1). Already in 1893, using the silver staining method of Golgi, Cajal distinguished several types of ganglion cells by such features, but it was not until 1935 that the predominant ganglion cells of the central region of the primate retina, the midget cells, were described by Stephen Polyak (who had not yet anglicised his name) (24).
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FIGURE 1. Schematic description of retinal ganglion cells. Morphological types of RGCs are classified based on soma size and dendrite morphology (by Ungsoo S. Kim).




Upstream Connexions: The Input Circuits and the Stratification of Dendrites

The functional properties of a given ganglion cell must necessarily depend on the excitatory and inhibitory inputs it receives from bipolar cells and from amacrine cells. The many different types of amacrine cells allow the construction of specialised circuits that determine the responses of their associated ganglion cells. In principle, it would be possible for two ganglion cells of identical morphology to receive different inputs and thus differ in their functional properties.

A fundamental basis for classifying ganglion cells is therefore the stratum, or strata, of the inner plexiform layer (IPL) in which their dendrites extend. Some are “monostratified,” their dendrites confined to one stratum; some are “bistratified,” having two distinct layers of dendrites (Figure 1). The level or levels at which the dendrites of a given ganglion cell stratify are very characteristic (6). One gross division is between the inner and outer layers of the inner plexiform layers. Bipolar cells of the OFF type predominantly make contact with ganglion cells in the outer part whereas bipolar cells of the ON-type predominantly synapse in the inner part.



Downstream Connexions: The Projections of Retinal Ganglion Cells

A further anatomical classification, and one of special interest to the neuro-ophthalmologist, can be based on the projection sites of each class of ganglion cell. Besides the lateral geniculate nucleus, there are several other brain areas that receive direct projections from the retina, including the superior colliculus, the pulvinar complex, the olivary pretectal nucleus, the supraoptic nucleus of the optic tract, the paraventricular nucleus, the suprachiasmatic nucleus, and the dorsal raphe nucleus (see Figure 2) (25–27).


[image: Figure 2]
FIGURE 2. Pathways of retinal ganglion cells. OPN, olivary pretectal nucleus; RGCs, retinal ganglion cells; SC, superior colliculus; SCN, suprachiasmatic nucleus (by Ungsoo S. Kim).


Classically, the projections of the ganglion cell layer could be established by anterograde tracing, e.g., by intraocular injection of a radioactive agent or cholera toxin subunit B (28), but anterograde tracing of this kind does not identify the type, or types, of ganglion cell in which the projection originates. Retrograde methods, e.g., injecting horseradish peroxidase into the central site, allow specific ganglion cells to be labelled in the retina. An example would be the study by Cowey et al. showing retrograde labelling of several types of primate ganglion cells—including parasol and midget—after injections to the pulvinar (29). One modification of the retrograde method was introduced by Rodieck and Watanabe, who used a fluorescent marker for retrograde tracing and then, in an in vitro preparation, injected rhodamine-conjugated horseradish peroxidase into individual cells that had been labelled by the retrograde marker—a procedure that gave better filling of dendrites than did simple retrograde tracing with horseradish peroxidase (30).



Molecular Classification

The Golgi method is “noted for its fickleness” (31): this is its strength, in that it exquisitely reveals isolated neurons against a pale background, but it is also its weakness, in that the random staining is unpredictable and not specific to a particular type of cell (32). What are obviously desirable, especially for quantitative purposes, are methods that label either a single class of ganglion cells or only a small number of classes. In the case of lower mammals, many molecular markers (e.g., using antibodies or gene expression) have been developed to identify individual classes (Table 2) [e.g., (46)].


Table 2. Antibodies used in immunohistochemistry for retinal ganglion cells.
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There has been less work of this kind in primates, but of particularly note is the work by Peng et al. (19) and Yan et al. (20) who identified RNA expressed in individual cells from macaque and human retinas (Table 3). In macaque, they were able to group peripheral ganglion cells into 18 clusters and foveal ganglion cells into 16 clusters. Three of the peripheral clusters in macaque retina (and two in the case of human) expressed OPN4, the gene for melanopsin and thus a marker of intrinsically photosensitive RGCs (ipRGCs). Fourteen of the foveal clusters corresponded to peripheral clusters. Although a similar set of transcription factors is used in mouse and primate ganglion cells, there was little correspondence in the detailed RNA expression patterns of individual cell types. In particular, there was no clear mouse equivalent of the midget ganglion cell of the primate. The patterns of RNA expression were very similar for human and macaque retinas, but occasional differences were seen. For example, the gene RBPMS2 was expressed in human, but not macaque midget ganglion cells. In the present context, it is significant that genes known to be associated with glaucoma were found to be predominantly expressed in ganglion cells, sometimes selectively—e.g., SIX6 in midgets (19).


Table 3. Expression molecular markers of major retinal ganglion cells in primates.
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Functional Classification

In functional experiments, a physiological measure of a cell's response is recorded when the retina is stimulated with a specific stimulus. Psychophysical work has often guided the choice of stimulus. In the second half of the twentieth century, psychophysicists endeavoured to isolate “mechanisms” or “channels” within the visual system. These constructs were hypothetical, but the hope—not without foundation—was that they corresponded to independent neural channels. The isolation of a given channel was achieved by construction of a stimulus to which the channel might be maximally sensitive and by the use of selective adaptation stimuli to reduce the sensitivity of other channels [e.g., (52–54)]. The techniques that were honed by psychophysicists were often adopted by electrophysiologists and applied to individual ganglion cells. The same techniques often also inspired new clinical testing methods, such as frequency-doubling perimetry, designed to isolate channels with non-linear responses (55). Psychophysics has also inspired the instruments used to deliver the carefully crafted stimuli needed in electrophysiological work—Maxwellian-view optics in the 1960's, computer-controlled CRT displays in the 1980's, and digital light processors in this century.

The celebrated study of Kuffler initiated the extracellular recording of action potentials from individual ganglion cells in the mammalian retina by means of fine-tipped microelectrodes (56). Kuffler demonstrated the antagonistic centre-surround arrangement that characterises the receptive fields of many ganglion cells: stimulation of the centre of the receptive field evokes an ON response in some cells and an OFF response in others, whereas stimulation of a surrounding region evokes the opposite response (Figure 3).
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FIGURE 3. Receptive fields and responses of ON-centre, OFF-centre, and ON/OFF retinal ganglion cells. ON-centre RGCs (upper panels) increase their rate of discharge when the light illuminates in the centre. However, when the surround field is illuminated, the ON-centre RGCs are suppressed. OFF-center RGCs respond when the light turns off (middle panels). ON/OFF cells are triggered briefly when the light turns on or off (lower panels) (by Ungsoo S. Kim).


A pioneer in the study of primate RGCs was Peter Gouras, who made microelectrode recordings in vivo from Macaca mulatta and made a basic distinction between cells with transient (“phasic”) responses and those with sustained (“tonic”) responses (57). Influenced by the psychophysical work of Stiles (58), Gouras presented small monochromatic flashes of varying wavelength on monochromatic adapting fields and showed that sustained cells typically drew inputs from one class of cone in the centre of their receptive field and inhibitory inputs from other types of cone in the surround. Given the specificity of the centre input and the predominance of sustained cells in the central field, he identified them with the midget cells of Polyak. The phasic cells were more common in the periphery and appeared to draw inputs of the same sign from long- and middle-wave cones, with little input from short-wave cones.

In the last two decades, it has become possible to record concurrently from several hundred ganglion cells in an eye-cup preparation. A segment of peripheral retina, with pigment epithelium intact, can be placed with ganglion cell layer downwards on a planar array of, say, 512 extracellular micro-electrodes. In the work of Field et al. for example, the macaque retina was stimulated with a lattice of square pixels that varied randomly and independently in chromaticity (59). The responses of individual ganglion cells, identified later off-line, were correlated with the random pattern of stimulation to determine their preferred stimuli.

The introduction of adaptive-optics scanning-light ophthalmoscopy (AOSLO) combined with calcium imaging has been used to monitor the responses of individual ganglion cells in the eye of a living primate [e.g., (60)]. Action potentials cause rapid changes in intracellular free calcium and these can be revealed with a fluorescent protein calcium sensor. McGregor et al. used the sensor GCaMP6s for that purpose. While the retina was stimulated with orange (590 nm) drifting gratings, a 488-nm laser was focussed on the ganglion cell layer to excite the calcium sensor, and the fluorescence was detected in a band at 517–520 nm. A limitation of currently available calcium sensors, such as GCaMP6s, is that they have relatively large time constants (0.6 s) and so cannot follow high frequencies of modulation.



Combinations of Methods

A critical task has been to relate one method of classification to a second. An early success was achieved by intracellular recording with a micropipette electrode filled with a dye such as Procion yellow (61): after a basic characterisation of the cell's response, the passage of hyperpolarizing current could be used to inject the stain into the cell, for later histological examination. Nelson et al. used such a method in eye-cup preparations from cat to show the fundamental mammalian separation of the inner plexiform layer into ON and OFF sublaminae (62). Dacey and Lee used a refinement of this technique in which primate ganglion cells of specific morphology were targeted in a flat-mount preparation under visual inspection, recordings were made with an intracellular micropipette, and the cell was stained by intracellular injection of the fluorescent dye pyranine during recording (63). It was this work that first identified the small bistratified ganglion cell as carrying the excitatory signal of short-wave primate cones.

In 2003, Dacey et al. introduced a powerful technique that has been central to our modern understanding of the range of ganglion cell types (64). The method allows the morphology of the cell to be related not only to stratification level in the inner plexiform layer and to downstream projection sites, but also to the functional characteristics of the cell. Rhodamine dextran was injected in vivo into a central site (e.g., the lateral geniculate nucleus or the superior colliculus) and the dye travelled retrogradely to the retina over the course of 4 to 7 days. In a subsequent in vitro preparation of retina, including the retinal pigment epithelium (RPE) and choroid, the rhodamine dextran was seen to be sequestered within the cytoplasm of ganglion cell bodies, but if, under visual inspection, an individual cell was briefly exposed to light, then the tracer was liberated and spread throughout all the processes of the cell. The tracer did not appear to impair neuronal function, and the responses of the cell could be examined with an extracellular microelectrode, while visual stimuli were delivered via the microscope used for selecting cells and placing the electrode (64).

Peng et al. have linked their single-cell RNA analyses to morphology by combining fluorescent in situ hybridisation (“FISH”) with sparse viral labelling (19). By this means, they were able to confirm—for ON- and OFF-midgets and ON- and OFF-parasols—the tentative identifications that had emerged from their analyses of RNA patterns.




Types of Retinal Ganglion Cells

Although there is some degree of consensus on major retinal ganglion cell types including midget RGCs, parasol RGCs and small bistratified RGCs, there has been some debate over classification of the remaining types. The functions of the remaining RGCs have been inferred from animal studies (Table 4).


Table 4. The classification of retinal ganglion cells in primates.
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Midget RGCs (P-Cell, mRGCs)

This major cell type accounts for 70% of RGCs. The midget RGCs have a small-sized body with small fields of dendrites (5–10 μm in diameter in the central retina and up to 225 μm in the periphery), which correspond to smaller receptive fields than those of other RGCs. These cells are located mainly in the central retina and project to the parvocellular pathway (66, 67). Midget RGCs have a one-to-one connectivity with midget bipolar cells, which draw their input from a single cone (68). There are two types of midget RGCs: the outer stratified OFF-midget cells show smaller dendritic fields and higher cell densities than the inner ON-midget cells.

The parvocellular pathway is dominated by midget RGCs. Functional assessments of these cells demonstrate that their luminance contrast sensitivity is lower than that of parasol RGCs and most show clear chromatic opponency (69). In general, midget cells have red–green opponency, parasol RGCs are achromatic, and bistratified ganglion cells connect with S-cone ON and L-M cone OFF pathways. However, recent studies suggest that some OFF-midget cells receive signals from short wavelength (blue) sensitive cones (14, 70). Electron microscopy reconstructions of retinal circuits suggest the possibility that a small proportion of midget ganglion cells might have blue–OFF, yellow–ON receptive fields. In addition to colour discrimination, midget RGCs also subserve pattern, texture and stereoscopic depth perception (71).



Parasol RGCs (M-Cell, pRGCs)

Parasol RGCs project to the magnocellular layer of the LGN. As with midget cells, there are two types of parasol cells in primates: ON-parasol cells respond with an increase in firing rate at the onset of light in the centre of their receptive field whereas OFF-parasol cells react to off stimuli (63). In synaptic connexions between ON-centre parasol cells and other cells, ~20% of the input is from bipolar cells and the remainder of the signal is introduced from amacrine cells (72).

Parasol RGCs have larger receptive fields and cell bodies, have higher sensitivity to luminance contrast, and present little or no chromatic antagonism, in contrast to midget RGCs (73). Parasol RGCs play a role in motion perception, flicker perception and depth processing based on motion parallax (71). They largely comprise the magnocellular pathway.



Small Bistratified RGCs

This cell type accounts for ~5–8% of RGCs (8). The small bistratified RGCs (sbRGCs) project to the koniocellular layers of the LGN. Small bistratified cells have branches in both layers (inner ON- IPL and outer OFF-IPL): inner ON-IPL branches receive excitatory input from S-ON bipolar cells initiated by S-cones, while opposed (L+M)-OFF light responses arrive through outer OFF-IPL branches (63). This arrangement is thought to give good colour vision with low spatial resolution.



Large Bistratified RGCs

The inputs of large bistratified RGCs have not been elucidated. Large bistratified cells may receive not only S-cone ON-pathway input, but also (L+M) cone OFF-opponency (inhibitory) signals. However, the precise role of this cell type is not yet clear (74).



Smooth Monostratified RGCs

Smooth monostratified RGCs (smRGCs) have irregular receptive fields with multiple distinct hotspots of light sensitivity. These cells again can be divided into ON- and OFF-cells (75). They might contribute to signalling spatial information via a non-linear mechanism, whereby output is not linearly related to input (76).



Recursive Monostratified/Bistratified RGCs

The recursive RGCs have moderately densely branched dendritic trees in which many secondary branches tend to curve back towards the soma or close loops of apposing and recursive dendrites. In addition, many dendrites overlap those of neighbouring cells (77). These features resemble those of the directionally selective, motion-sensitive RGCs (dsRGCs) of the rabbit, in which seven types of dsRGCs have been described, namely, ON-types specific to three different directions and ON-OFF types, specific to four different directions. To date, only one population of a bistratified ON-OFF type has been described in the macaque retina (78–80).



Thorny RGCs

There are three types of thorny RGCs in the primate retina that account for ~1% of ganglion cells (77). Broad thorny RGCs are given various names such as thorny diffuse, T-group cells, S3 narrow thorny, and hedge cells (30, 49, 81). The dendrites of broad thorny RGCs span a whole layer of the inner plexiform layer. It is presumed that the cells may contribute to ON/OFF-centre light responses that are strongly suppressed by stimulation of the receptive field surround, such as local edge detector cells in rabbits (82). Additionally, two narrowly stratified cells, including outer and inner, are found in primates and their connectivity has not been clarified yet.



Large Sparse RGCs

These cell types are monostratified cells that receive input from amacrine and bipolar cells. The transcription factor Satb2 is expressed in large sparse RGCs in macaque and human retina (83).



Melanopsin-Containing Intrinsically Photosensitive RGCs (ipRGCs)

The ipRGCs constitute 1% of the total RGC population in humans (84). These cells have large, sparse dendritic fields. They are intrinsically photosensitive because of the expression of the melanopsin photopigment and capable of phototransduction independently of rods and cones (84). In mouse retinas, six subtypes (M1, M2, M3, M4, M5, and M6) of ipRGCs have been identified with distinctive anatomical and functional properties (Figure 4) (85). M1 and M2 ipRGCs account for the majority (74–90%) of ipRGCs. The main function of ipRGCs, in particular of the Brn3b-M1subtype, is to contribute to circadian photoentrainment through the projections to the suprachiasmatic nucleus (SCN) of the hypothalamus (86), but they are also relevant for other non-image forming functions of the eye, including the regulation of the pupillary light reflex through the projections to the OPN. M1 and M2 ipRGCs project to both the SCN and the olivary pretectal nucleus (OPN); however, M1 ipRGCs innervate the outer shell region of the OPN, where projection neurons that innervate the pre-autonomic Edinger-Westphal nucleus reside, whilst M2 ipRGCs innervate the OPN central core (87). The input dendrites of M2 and M4 ipRGCs are in the inner retina (ON-pathway), whereas those of M1 ipRGCs are located near the inner nuclear layer (OFF-pathway). The dendrites of M4 and M5 ipRGCs are located in the inner lamina of the inner plexiform layer. M4 ipRGCs have a larger cell body compared with M5 ipRGCs that have small, highly branched dendrites arrayed uniformly around the soma.
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FIGURE 4. Melanopsin-containing intrinsically photosensitive RGCs in primates. Inner stratifying ipRGCs (M2 ipRGCs) have larger soma and more branched dendrites than outer stratifying ipRGCs. In addition, the dendrites of M1 ipRGCs are mainly located in the outer IPL layer, whereas M2 ipRGCs are in the outer IPL layer close to the ganglion cell layer. M1 ipRGCs project to the suprachiasmatic nucleus (SCN) to synchronize the circadian clock and M2 ipRGCs project to the olivary pretectal nucleus (OPN) in the thalamus to control pupillary response. A, amacrine cell; Off-B, Off-bipolar cell; On-B, On-bipolar cell (by Ungsoo S. Kim).


In humans, three ipRGC subtypes (M1, M2, and M4) have been defined (88). M1 ipRGCs have outer stratifying dendrites with a few smooth spines in the outer IPL, whereas M2 ipRGCs stratify in the inner part of the inner plexiform layer (IPL) close to the ganglion cell layer. M1 ipRGCs have been divided into two subtypes, gigantic M1 RGCs (GM1 cells) with round or oval large soma and displaced M1 RGCs (DM1 cells). Both ipRGC types receive inputs from DB6 bipolar cells and project to the dorsal LGN (89). M2 ipRGCs have larger soma and more branched dendrites than M1 ipRGCs. M1 ipRGCs are reported to receive an inhibitory input from short-wave cones via an S-cone amacrine cell (90), whereas M2 ipRGCs receive input from S-On bipolar cells and contribute to the blue cone pathway (91). M1 ipRGCs project to the SCN to synchronise the circadian clock and M2 ipRGCs project to the OPN in the thalamus to control pupillary response.

The ipRGCs are relatively preserved in the mitochondrial optic neuropathies, such as Leber hereditary optic neuropathy (LHON) and autosomal dominant optic atrophy (ADOA). However, ipRGCs are affected in other optic neuropathies, such as glaucoma, and late-onset neurodegenerative disorders, such as Alzheimer disease and Parkinson disease (92–95).



Miscellaneous RGCs

There are a small number of unclassified RGCs in primates that do not fit with any of the previously described RGCs (8). Further work is needed to elucidate the characteristics of this miscellaneous group of RGCs.




Clinical Aspects of RGC—Methods of Assessment and Clinical Entities
 
Clinical Structural and Functional Assessment of RGCs

Although RGCs have been extensively studied in primates, the clinical assessment of RGCs has proven more challenging as they cannot be evaluated directly.



Structural Quantification of RGCs
 
Optical Coherence Tomography

Optical coherence tomography (OCT) is a non-invasive imaging technique that uses low-coherence light waves to capture a cross-section of various tissues. Major advances have led to the development of spectral domain OCT, which can produce a segmentation of ten layers of retina, including the retinal nerve fibre layer (RNFL) and ganglion cell layer. OCT has become a standard tool to investigate changes with RGCs as it is non-invasive, rapid, highly reproducible (96–98).

The RNFL can be measured in both the peripapillary and the macular areas. Several studies suggest that changes can be detected earlier by assessing the thickness of the RNFL in the macula compared with the peripapillary RNFL, owing to the latter's thickness (99, 100). There is a good correlation between RNFL thickness and both visual acuity and visual field changes, offering an objective structural parameter for assessing glaucoma and other optic neuropathies (101–103). However, to avoid misinterpretation of OCT, several factors need to be considered: segmentation errors can occur particularly in the presence of a tilted optic disc (104); and RNFL thickness is also affected by age as well as by refractive error and axial length. In addition, there is lag time before any changes in the thickness of the RNFL can be detected after disease onset (105), and the thickness can be overestimated in the presence of optic disc or RNFL swelling.

In addition, RNFL thickness exhibits a floor effect that must be considered in advanced optic neuropathies. RNFL thinning reaches a trough at a certain level owing to residual tissues such as vessels and glial cells (106, 107). Furthermore, RNFL loss usually signifies irreversible damage and functional tests (as described below) might be needed to identify ganglion cell dysfunction at a potentially reversible stage. It is well-established that visual acuity and visual fields can recover despite extensive RGC layer thinning (108, 109).

Microcysts in the inner nuclear layer have been reported on macular OCT imaging in some patients with advanced loss of macular RGCs. These are thought to arise from retrograde transsynaptic degeneration and/or vitreous traction in the presence of RGC and RNFL loss (110, 111). They do not seem to be specific to a particular aetiology, having been reported in patients with inherited optic neuropathies, demyelinating optic neuritis, compressive and nutritional optic neuropathies, endemic optic neuropathy and advanced glaucoma (112–114). It is not clear why these microcysts develop in only a subgroup of patients. They are seen more often in younger patients who may have a more adherent vitreous surface and ILM tension has been implicated as part of the pathophysiology (110). However, microcysts have also been reported as a long-term consequence associated with RGC loss in patients with silicon oil-related visual loss (115). These patients have undergone prior removal of the vitreous suggesting that simple vitreous traction may not be sufficient to explain the development of these microcysts.



Detection of Apoptosing Retinal Cells

The detection of apoptosing retinal cells (DARC) is a new technique that enables visualisation of real-time RGC apoptosis using fluorescently-labelled annexin A5. This 36 kDa protein is expressed in humans and it is a well-established indicator of apoptosis (116)). DARC has the advantage of early detection of RGC loss before visual deterioration has occurred, and it being considered for the evaluation of optic neuropathies, including glaucoma disease progression (117).




Functional Evaluation of RGCs

A number of psychophysical measurements can be used to investigate changes in RGC function.


Visual Acuity Tests

Visual acuity has been defined as the “spatial resolving capacity” of the visual system and it is the most common primary outcome measure in clinical trials. Although Snellen charts are widely used, the LogMAR scale based on the Early Treatment Diabetic Retinopathy Study (ETDRS) chart is the gold standard for clinical trials, overcoming many of the limitations of Snellen charts. However, as visual acuity tests central foveal function, patients can have widespread ganglion cell loss with preserved central visual acuity.



Spatial and Temporal Contrast Sensitivity Tests

Achromatic stimuli of low and high spatial frequencies can be used to differentiate responses from the magnocellular and parvocellular systems. The magnocellular pathway has lower spatial resolution and responds to higher temporal frequencies than the parvocellular pathway (118). However, this difference is relatively small and the two pathways have a degree of overlap.



Colour Vision Tests

Colour vision impairment is a frequent feature of ganglion cell pathology, but outer retinal dysfunction can also affect colour vision, such as anomalies of the cone photoreceptors. Congenital stationary red-green colour deficiencies commonly affect men, owing to loss or alteration of the long or medium wavelength opsin genes on the X-chromosome (119). Rarely, abnormalities in the same genetic region can give rise to S-cone monochromacy. Congenital tritan anomalies, arising from abnormalities in S-cones are also rare. Progressive or later onset cone or macular dystrophies, or congenital achromatopsia, will also affect colour vision, but in these conditions visual acuity is also usually impaired (120). In acquired ganglion cell pathology, however, visual acuity can be preserved with colour vision being preferentially affected. Many optic neuropathies affect red-green discrimination, although glaucoma commonly affects the blue-yellow axis (120).

Colour vision tests are widely used to screen patients with congenital colour vision defects and to investigate acquired pathology. There are three broad types of colour vision tests in practice (121). Pseudoisochromatic tests, such as the Ishihara, the Hardy-Rand-Rittler (HRR), and the Standard Pseudoisochromatic Plates (SPP), the Colour Vision Testing Made Easy (CVTME), and the Cambridge Colour Test are widely used. In arrangement tests, such as the Farnsworth-Munsell (FM) Dichotomous D-15 tests and 100-hue test, the patient is required to arrange a set of colours in order. The FM 100-hue test is highly sensitive, but time-consuming. Lastly, anomaloscopes are based on colour-matching where the observer adjusts a mixture of red and green lights to match a monochromatic orange light.

As congenital anomalies of colour perception more commonly affect red-green discrimination, many standard tests such as the Ishihara plates and the Nagel anomaloscope do not probe for tritan disorders, which are common in acquired pathologies. Tritan defects can be identified readily by other tests, including the D-15 and FM 100-hue, the Cambridge Colour Test, and the HRR plates. In addition, more specialised psychophysical methods, including measurement of the three primary colour vision mechanisms, colour adaptometry, and colour perimetry can be applied (122). Among them, SWAP, a specialised type of perimetry, can also be considered a colour vision test, as the targets are short-wave and the field is of long wavelength and high intensity (in order to adapt the long- and middle-wave cones) (123).



Visual Field Tests

In addition to conventional visual field testing, short wavelength automated perimetry (SWAP) probes the small bistratified ganglion cells and the konioceullar pathway, and high-pass resolution (ring) perimetry tests the parvocellular pathway, whereas flicker perimetry, motion perimetry, and frequency doubling technology (FDT) target the magnocellular pathway (124). Among these tests, SWAP and FDT are available as commercial products.

(1) Frequency Doubling Technology (FDT)

FDT has the advantage of greater sensitivity, potentially detecting RGC damage earlier than standard automated perimetry (SAP) (125). Modern FDT uses targets of low spatial frequency that flicker at a high temporal frequency and that predominantly stimulate the magnocellular pathway, which corresponds to motion detection and flicker detection (126). FDT has been put forward for the early detection of glaucoma on the basis that the magnocellular pathway is more vulnerable in glaucoma (127, 128). However, there is evidence that both the parvocellular and magnocellular pathways are affected early in glaucoma with no significant differences between these two pathways in terms of their vulnerability (129). Furthermore, a recent study indicated that FDT is neither sensitive nor specific as a screening tool for glaucoma (130). Further studies are, therefore, needed to evaluate the role of FDT in the early detection of glaucoma.

(2) Short Wavelength Automated Perimetry (SWAP)

Unlike standard visual field testing, which uses a white stimulus on a white background, SWAP employs a blue stimulus on a yellow background. Several studies suggested that SWAP is more sensitive for the early detection of glaucomatous changes compared with standard visual field testing (131–133). There is, however, no definitive evidence that the small bistratified ganglion cells (short-wave response) are more vulnerable in glaucoma. SWAP was reported to be 10–20 times more sensitive than standard perimetry in patients with ADOA (134). As a result, SWAP was able to differentiate between normal tension glaucoma with or without OPA1 polymorphism (135). However, SWAP has some limitations as it is time-consuming, it needs a higher level of cooperation, and it has lower reproducibility compared with standard perimetry (136).



Chromatic Pupillometry

The primate pupil responds to signals from ipRGCs, which additionally receive input derived from cone responses. Chromatic pupillometry uses selective wavelengths to quantify pupil size before, during, and after a light stimulus has been applied. Comparison of pupillary responses to short-wavelength and long-wavelength light can selectively probe the function of outer retinal photoreceptors or the intrinsic response of ipRGCs. The ipRGCs are blue light sensitive and maximally sensitive to wavelengths that lie between the peak sensitivities of the rods and S-cones. Several studies using chromatic pupillometry in experimental animal models have shown that the light sensitive ipRGCs were spared in retinitis pigmentosa characterised by marked photoreceptor loss (137). Generally, the ipRGCs are relatively preserved in mitochondrial optic neuropathies, such as LHON and ADOA (138, 139), but affected in other optic neuropathies such as glaucoma, non-arteritic anterior ischemic optic neuropathy and demyelinating optic neuritis (140). Bichromatic pupillometry has been used to differentiate between mitochondrial and non-mitochondrial optic neuropathies (94, 140).



Electrophysiological Tests

Electrophysiology allows direct objective assessment of electrical responses in vivo. The visual evoked potential (VEP), recorded over the visual cortex, has long been used as a means of assessing the function of the visual pathway, as well as demonstrating developmental abnormalities, such as the misrouting of ganglion cell axons in albinism (141). In addition, the electroretinogram (ERG), which represents the summed electrical response of the retina to light stimuli, can be recorded non-invasively. The pattern ERG (PERG), arising from stimulation of the macula, is largely derived from responses in the macular RGCs. In contrast, the full-field ERG, which is generated from the stimulation of the whole retina, is usually used to evaluate responses from photoreceptors and bipolar cells. However, a late component, the photopic negative response (PhNR) has been shown to arise in ganglion cells.

(1) Pattern Electroretinogram

The PERG is recorded in response to a patterned stimulus (typically a checkerboard pattern reversing 4 times per second), which stimulates the central 15 degrees of the retina (142). The PERG comprises a cornea-positive wave at 50 ms (termed P50) and a negative wave at 95 ms (termed N95). The test is performed in photopic conditions with undilated pupils and it requires optimal refraction. The response is driven by the macular cone photoreceptors, but it appears to arise largely from the macular RGCs, whose signals appear to give rise to the N95 component and the majority of the P50 component (143, 144). Various optic neuropathies that affect the ganglion cells within the retina (either as the primary site of impairment or from retrograde degeneration from an optic nerve lesion), for example demyelinating optic neuritis, ischemic optic neuropathy, compressive optic neuropathy, toxic optic neuropathy, and inherited optic neuropathies can result in a reduction of the N95 and P50 amplitudes, with N95 being reduced more than P50, and a shortening of the P50 peak time (145–147). Whilst the PERG is sensitive to macular RGC dysfunction, precise correlation with RGC subtype is not known, and the test will not detect extramacular RGC impairment.

(2) Photopic Negative Response

The PhNR is a negative wave of long latency that follows the b-wave of the photopic cone-driven ERG and it arises in RGCs (148). Whilst it can be detected in standard white-on-white flash responses, specific chromatic protocols can be used to optimise the PhNR signal (149). As with the PERG, the amplitude of the PhNR decreases in optic nerve disorders (150, 151). Unlike in PERG recordings, optimal refraction is not needed, but the pupils need to be dilated. In addition, a hand-held mini-Ganzfeld stimulator is available to test PhNR (152). The flashes stimulate the retina as a whole so the PhNR can be indicative of global RGC function.

Focal PhNR recordings can be performed to assess RGCs over a particular region (typically the macula) (153). The PhNR can be used to examine the parvocellular pathway whereas the steady-state PERG is focused on the magnocellular pathway in glaucoma (154). Although the PERG and PhNR can detect glaucoma, there is no significant correlation between PhNR ratio and PERG ratio values (155).




Clinical Correlates—Structure and Function

Inherited and acquired optic neuropathies are important causes of registrable blindness. Treatment options remain limited, and when available, they mostly slow down or prevent further loss of RGCs. Visual loss is usually irreversible although in some cases, spontaneous visual recovery can occur owing to the functional recovery of RGCs that have not undergone apoptosis. To better inform future treatment strategies, it is essential to gain a better understanding of the pattern of RGC loss and whether different aetiological triggers result in global or more selective loss of RGCs, and how these relate to the visual deficits and eventual outcome. It remains a challenging task as patients are not always examined in the acute stage of the disease and serial measurements are needed to document progression over time. Nevertheless, we are gaining a better understanding of the structure-function relationship in different optic neuropathies aided by the availability of high-resolution retinal imaging with OCT and more sophisticated visual electrophysiological and psychophysical tools (Figure 5).


[image: Figure 5]
FIGURE 5. Pattern of RGC involvement in optic neuropathies. The types of RGCs affected in inherited optic neuropathies and acquired optic neuropathies are indicated by black and red lines, respectively. The dotted green line indicates the preservation of ipRGCs in inherited optic neuropathies. ADOA, autosomal dominant optic atrophy; FDT, frequency doubling technology; ipRGCs, intrinsically photosensitive retinal ganglion cells; LHON, Leber hereditary optic neuropathy; mRGCs, midget retinal ganglion cells; pRGCs, parasol retinal ganglion cells; sbRGCs, small bistratified retinal ganglion cells; smRGCs, smooth monostratified RGCs; SWAP, short wavelength automated perimetry (by Ungsoo S. Kim).




Inherited Optic Neuropathies

The minimum prevalence of inherited optic neuropathies has been estimated at 1 in 10,000 (156). This group of disorders is genetically heterogeneous with disease-causing mutations occurring in both mitochondrial and nuclear DNA (157). Remarkably, all genes identified to date encode proteins that are either directly or indirectly involved in regulating mitochondrial function. The generation of ATP by the mitochondrial respiratory chain is central to cell survival and mitochondria also regulate other key pathways, including the level of reactive oxygen species and the tight control of apoptosis. An intriguing aspect of inherited optic neuropathies is the preferential vulnerability of RGCs compared with other neuronal populations despite the ubiquitous expression of the genes involved. There have been limited post mortem studies on the pattern of RGC loss in inherited optic neuropathies owing to the lack of access to diseased human tissues. Nevertheless, useful insight has been obtained with the application of high-resolution OCT imaging and psychophysical evaluation of patients at different stages of the disease process. The two best studied inherited optic neuropathies are LHON and ADOA.

(1) Leber Hereditary Optic Neuropathy

LHON is a primary mitochondrial DNA (mtDNA) disorder and ~ 90% of cases are due to one of three mtDNA point mutations, namely, m.3460G>A (MT-ND1), m.11778G>A (MT-ND4), and m.14484T>C (MT-ND6) (158, 159). The peak age of onset is from 15 to 35 years old and the majority of patients are men (80–90%) (160). Although bilateral simultaneous onset can occur in some patients, sequential involvement of the second eye within a few months is more typical. LHON is characterised by severe visual loss with dyschromatopsia and a dense central or cecocentral scotoma on visual field testing. OCT initially shows swelling of the RNFL, follows by marked thinning of RNFL, especially in the temporal quadrant corresponding to the papillomacular bundle (161). Childhood-onset LHON and the m.14484T>C mutation are associated with a more favourable visual outcome (38, 162). Most patients with LHON are registered legally blind with <20% of patients carrying the m.11778G>A mutation experiencing some visual recovery (159, 163).

In LHON, RGCs with the smallest calibre axons, which have smaller mitochondrial reserve per energy requirement, are preferentially affected and these are predominantly located within the papillomacular bundle (164, 165). The peripapillary RNFL is swollen in the acute stage of LHON, as demonstrated by OCT, with subsequent thinning occurring as the disease progresses into the chronic stage. Measurement of ganglion cell and inner plexiform layer (GC-IPL) thickness in the macular area indicate that pathological thinning is already evident in the pre-symptomatic stage about 6 weeks before the onset of visual loss in the fellow eye (166). These findings suggest that midget RGCs, which are a major component of the papillomacular bundle, could be more vulnerable to the underlying mtDNA mutation. Selective attenuation of four of the six layers in the LGN that are connected to the parvocellular pathway have been reported, but this feature is controversial as the magnocellular pathway is known to be also affected in LHON (167, 168). Further investigations are needed to determine the primary defect.

The ipRGC subtype is relatively preserved in LHON, explaining why the pupillary light reflex is maintained even in severely affected patients (138). The mechanisms that account for this enhanced resilience of ipRGCs remain unclear, although several hypotheses have been proposed (140). From an anatomical perspective, ipRGCs are predominantly located in the parafoveal area and at the far end of the nasal hemiretina, rather than feeding into the papillomacular bundle (92). In a post mortem study of a patient carrying the m.3460G>A mtDNA mutation, the pupillary fibres in the pretectum were found to be preserved (169). It is possible that ipRGCs are protected because of their higher concentration of mitochondrial cytochrome c oxidase and a greater abundance of mitochondria (140). Several protective factors such as PI3K and pituitary adenylate cyclase-activating polypeptide (PACAP) may further reinforce the survival of ipRGCs under certain conditions (170, 171).

(2) Autosomal Dominant Optic Atrophy

ADOA is the most common inherited optic neuropathy with an estimated prevalence of 1 in 25,000 in the general population (172). Mutations in the nuclear gene OPA1 (3q28-q29) account for ~70% of all cases of ADOA (173). The classical clinical features of ADOA are progressive bilateral visual loss starting in early childhood, dyschromatopsia, a central or cecocentral scotoma, and optic disc pallor that is more prominent temporally due to the preferential involvement of the papillomacular bundle (174). There is a marked variability in disease severity with visual acuity ranging from 6/6 to light perception, and variable rates of disease progression even within the same family (175). OCT typically shows RNFL thinning, which is more marked temporally, with gradual loss of RGCs occurring over time (176). The disease process is thought to start in utero with OPA1 carriers having a reduced number of RGCs at birth compared with normal healthy individuals (138).

In ADOA, midget RGCs, parasol RGCs and small bistratified RGCs are all affected, impairing sensitivity to high spatial frequencies, long- and middle-wave colour discrimination, sensitivity to high temporal frequencies, and short-wave sensitivity. The S-cone–related losses showed a significant deterioration with increasing patient age and could therefore prove useful biomarkers of disease progression in ADOA (177). The S-cone chromatic response and koniocellular pathway are impaired in the early stage of the disease, which suggest a vulnerability of small bistratified RGCs (173). Although tritanopia has been reported as the characteristic colour vision defect in ADOA, only 7.5% of patients with ADOA had exclusively tritanopia in one study, with the most common colour defect in 81.2% of patients being of the mixed type (134).

As in LHON, the pupillary response in ADOA is relatively preserved, indicating that ipRGCs in mitochondrial optic neuropathies appear to be more resistant to the underlying mitochondrial dysfunction compared with other RGC subtypes. Studies using chromatic pupillometry also reported preservation of ipRGCs in ADOA patients with severe visual loss and optic atrophy (178, 179).


Acquired Optic Neuropathies

There is a long list of aetiological factors that can result in RGC injury and optic nerve degeneration. Compared with inherited optic neuropathies, fewer studies have focused specifically on RGC pathophysiology in acquired optic neuropathies. More work is, therefore, needed to elucidate subtype selectivity, if any, of RGC loss in ischemic, compressive, inflammatory, autoimmune and paraneoplastic optic neuropathies. However, we do know that most toxic optic neuropathies have an underlying mitochondrial aetiology (180). There is a growing body of evidence that mitochondrial dysfunction plays a prominent pathophysiological role in glaucoma, demyelinating optic neuritis and toxic optic neuropathies (181, 182). This aetiological link is relevant and comparing the pattern of RGC loss between these acquired optic neuropathies and classical monogenic optic neuropathies could reveal common pathways amenable to therapeutic intervention.

(1) Glaucoma

Glaucoma is a leading cause of irreversible blindness affecting 3–5% of the population over the age of 70 years (183). Extrafoveal RGCs usually deteriorate in the early stages resulting in arcuate scotomas in the visual field. Traditional anatomical studies reported greater loss of axons of large diameter, corresponding to the magnocellular pathway (parasol cells) (184), and the magnocellular LGN layers were more affected compared with the parvocellular LGN layers (185). However, there are rarer types of retinal ganglion cells with large axons and further investigations are needed to evaluate the changes of these cells in glaucoma. The relative vulnerability of large axons in glaucoma may simply reflect the anatomical location of the affected ganglion cells. Glaucoma patients have poor response to high temporal frequency light stimuli that correspond to the magnocellular pathway. In a primate study using immunohistochemistry, a decrease in large RGCs was observed after elevating IOP (186). This specific vulnerability was ascribed to calcium-permeable receptors, the relative proximity of RGCs and their dendrites to blood supply in the IPL layer, and the differing metabolic requirements of these particular large cell types (187). However, other studies suggested no predilection for a specific pathway (188, 189). Compared with inherited optic neuropathies, the ipRGCs are vulnerable in both patients with confirmed glaucoma and glaucoma suspects (190, 191). In contrast, ocular hypertension does not seem to result in significant loss of ipRGCs (192).

(2) Demyelinating Optic Neuritis

Inflammatory demyelination resulting in optic neuritis is a major manifestation of multiple sclerosis. Inflammation of the retinal vascular endothelium can precede demyelination and perivascular cuffing and oedema of the optic nerve sheath leads to breakdown of myelin (193). Idiopathic demyelinating optic neuritis leads to visual loss with minimal axonal loss.

Optic neuritis is associated with alteration of both the parvocellular and magnocellular pathways (194). Viret et al. suggested that the more heavily myelinated magnocellular axons are more vulnerable in patients with optic neuritis because low spatial frequencies, which are transmitted by the magnocellular pathway, are affected predominantly 1 month after the acute phase of the optic neuritis episode (195). Despite the recovery of visual acuity, the magnocellular pathway did not fully normalise (196). In contrast, a significant loss at high spatial frequencies has been reported in the affected eye and the parvocellular pathway was more impaired in patients with resolved optic neuritis who had 20/20 visual acuity after recovery (197). Fallowfield and Krauskopf suggested that chromatic discrimination is more severely impaired than luminance discrimination in the demyelinating diseases (198). This discrepancy might be due to differences in the timing and severity of optic neuritis. Consequently, it is still unclear which pathway is more vulnerable in the context of demyelinating optic neuritis (196). Both red-green and tritan defects have been reported in optic neuritis (199). Characteristics of colour deficiency may change over time as assessed with the FM 100-hue test, with blue-yellow defects being more common in the acute stage and red-green changes being predominant in the chronic stage (200). It is possible, of course, that the variability of symptoms in optic neuritis reflects immunologically distinct conditions that differentially affect different types of RGCs.

(3) Toxic Optic Neuropathy

Various substances such as ethambutol, isoniazid, linezolid, chloramphenicol and methanol can cause optic nerve dysfunction, probably through acquired mitochondrial dysfunction (180). As in inherited optic neuropathies, the papillomacular bundle is selectively vulnerable and this typical feature can be confirmed by optical coherence tomography, which shows a profound decrease in temporal RNFL thickness. The parvocellular pathway within the papillomacular bundle is affected extensively likely secondary to a number of factors, including smaller and more thinly myelinated nerve fibres and a faster firing response with higher average rates of action potentials (201). However, there is a lack of evidence on whether this is simply because the parvocellular neurons predominate in the papillomacular bundle, or whether the midget cells are the primary target of the triggering toxic substances.




Clinical Relevance and Future Work

The physiological features of the major RGC subtypes (mRGCs, pRGCs, and sbRGCs) are well-known, but the role and characteristics of other RGCs require further study. An in-depth characterisation of the chronological structural and functional changes occurring within the RGC layer in optic nerve disorders, including inherited and acquired optic neuropathies, are important to inform the future design of clinical trials. Understanding which RGC subtypes are selectively affected will help optimise outcome measures in natural history studies and trials of experimental therapies. As mentioned earlier, the FDT test is used for the early detection of glaucoma because the magnocellular pathway is more vulnerable (127). Given that a common variant in the SIX6 gene (rs33912345) is strongly associated with primary open-angle glaucoma (POAG) and the fact that this gene is highly expressed in midget RGCs, tests that evaluate this particular cell type could prove to be a useful sensitive biomarker of disease progression (19, 202).

The remarkable advances in gene delivery and editing technology have led to an increasing number of clinical trials for optic neuropathies, in particular gene replacement therapy for monogenic inherited optic neuropathies (203). Gene therapy using adeno-associated viral vectors is currently favoured and there is now cumulative evidence of its long-term safety and efficacy in delivering gene constructs to retinal cells (204, 205). Promising results have been obtained with allotopic expression of the MT-DN4 gene in patients with LHON treated within 1 year of disease onset (206, 207). To enhance success of gene therapy, optimised tissue-specific promoters, which control expression of the therapeutic gene, are needed, and these could potentially. be optimised for the relevant RGC subtype (208). Genomic editing, such as the CRISPR-Cas system, and stem cell therapy is an exciting development that has the potential to revolutionise the treatment of ophthalmological disorders given the eye's relative ease of anatomical access and its relative immune privilege (209, 210). The intriguing preservation of ipRGCs in mitochondrial optic neuropathies needs to be investigated further as the factors that confer this resilience would be obvious therapeutic targets (211).

There is increasing interest in employing RGCs to restore visual function in the retinal dystrophies marked by widespread loss of rods and cones (212). Optogenetic therapies are being developed to confer light sensitivity to inner retinal neurons, which are spared in these forms of outer retinal degeneration. Another approach is the use of electronic implants to stimulate these inner retinal neurons so that visual signals can be transmitted to the brain. A better understanding of inner retinal connectivity, specifically that of RGCs, is essential to optimise these innovative sight restoring strategies. Elucidating the selective vulnerability of RGCs compared with other retinal and neuronal cell types in inherited optic neuropathies is key to developing targeted treatments for this group of disorders. The availability of high-throughput transcriptomic techniques that can be conducted at the single cell level is an exciting development, providing us with powerful tools to identify pathways that can be modulated for generalizable, mutation-independent neuroprotective strategies (213). Although appealing, regenerative medicine will require not only the replacement of the missing RGCs, but also the establishment of the sophisticated circuitry that allows the integration of signals from various pathways to achieve a reasonable degree of visual perception (214).





CONCLUSION

Ganglion cells constitute the output pathway of the retina, transmitting highly processed and integrated signals to the visual processing areas in the brain. Up to 18 types of RGCs have been reported, constituting a sophisticated repertoire of cell types each with specific attributes contributing to visual perception. Future studies will further dissect the selectivity and timing of impairment of RGC subtypes in various optic neuropathies and how these could be modulated in the context of experimental therapies. The refinement of tests to assess RGC structure and function is relevant not only for clinical practise, but also for deep phenotyping as part of natural history studies and to define relevant outcome measures for clinical trials. We are now entering an exciting translational phase for optic neuropathies with the confluence of genetic breakthroughs and targeted therapies giving hope that we will soon be able to slow or prevent the irreversible loss of RGCs in these blinding diseases.
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Objective: This work aimed to compare the evolution of visual outcomes in Leber hereditary optic neuropathy (LHON) patients treated with intravitreal gene therapy to the spontaneous evolution in prior natural history (NH) studies.

Design: A combined analysis of two phase three randomized, double-masked, sham-controlled studies (REVERSE and RESCUE) and their joint long-term extension trial (CLIN06) evaluated the efficacy of rAAV2/2-ND4 vs. 11 pooled NH studies used as an external control.

Subjects: The LHON subjects carried the m.11778G>A ND4 mutation and were aged ≥15 years at onset of vision loss.

Methods: A total of 76 subjects received a single intravitreal rAAV2/2-ND4 injection in one eye and sham injection in the fellow eye within 1 year after vision loss in REVERSE and RESCUE. Both eyes were considered as treated due to the rAAV2/2-ND4 treatment efficacy observed in the contralateral eyes. Best corrected visual acuity (BCVA) from REVERSE, RESCUE, and CLIN06 up to 4.3 years after vision loss was compared to the visual acuity of 208 NH subjects matched for age and ND4 genotype. The NH subjects were from a LHON registry (REALITY) and from 10 NH studies. A locally estimated scatterplot smoothing (LOESS), non-parametric, local regression model was used to modelize visual acuity curves over time, and linear mixed model was used for statistical inferences.

Main Outcome Measures: The main outcome measure was evolution of visual acuity from 12 months after vision loss, when REVERSE and RESCUE patients had been treated with rAAV2/2-ND4.

Results: The LOESS curves showed that the BCVA of the treated patients progressively improved from month 12 to 52 after vision loss. At month 48, there was a statistically and clinically relevant difference in visual acuity of −0.33 logarithm of the minimal angle of resolution (LogMAR) (16.5 ETDRS letters equivalent) in favor of treated eyes vs. NH eyes (p < 0.01). Most treated eyes (88.7%) were on-chart at month 48 as compared to 48.1% of the NH eyes (p < 0.01). The treatment effect at last observation remained statistically and clinically significant when adjusted for age and duration of follow-up (−0.32 LogMAR, p < 0.0001).

Conclusions: The m.11778G>A LHON patients treated with rAAV2/2-ND4 exhibited an improvement of visual acuity over more than 4 years after vision loss to a degree not demonstrated in NH studies.

Clinical Trial Registration: NCT02652767, NCT02652780, NCT03406104, and NCT03295071.

Keywords: Leber hereditary optic neuropathy, ND4, gene therapy, natural history, visual acuity


INTRODUCTION

Leber hereditary optic neuropathy (LHON) is a rare genetic disease caused by mutations of mitochondrial genes of the respiratory chain complex I, leading to selective degeneration of retinal ganglion cells and optic nerve atrophy (1). The disease typically manifests as severe central visual loss in one eye, followed by second eye involvement with a median interval of 8 weeks (2–4). The decline in visual acuity is subacute to rapidly progressive, with visual acuity usually deteriorating to values worse than 20/200 over a few months after onset (2, 5). Such sudden and profound vision loss occurring in well-sighted individuals, usually young adults, has a dramatic impact on their quality of life (5). Thus, targeted drug discovery and new therapeutic approaches are crucial to improve the visual prognosis of patients with LHON. While the oral drug idebenone has shown some benefit (6–8), leading to its approval for the treatment of LHON in Europe, there is still a pressing medical need for further therapies with a significant therapeutic benefit in LHON (7).

Among the three most common point mutations found in LHON, the m.11778G>A mutation in the mitochondrial ND4 gene is the most prevalent, accounting for ~70% of LHON patients worldwide (9). Moreover, it is associated with a poor prognosis, with spontaneous visual recovery limited to <15% of patients, as shown by a recent meta-analysis of 695 patients with the m.11778G>A mutation (10).

rAAV2/2-ND4 (also called lenadogene nolparvovec) is a replication-defective, recombinant adeno-associated virus vector serotype 2 (rAAV2) containing a codon-modified complementary DNA (cDNA) encoding the human wild-type mitochondrial ND4 protein. It is believed to restore the functional ND4 protein, thereby preventing the neuronal degeneration of retinal ganglion cells, as demonstrated in a rat model of LHON (11). In a phase 1/2 study conducted in 15 LHON patients harboring the m.11778G>A ND4 mutation (hereafter named MT-ND4 patients), a single intravitreal injection (IVT) of lenadogene nolparvovec was well-tolerated and associated with a clinically significant improvement in visual function outcomes (12, 13). A visual benefit induced by lenadogene nolparvovec was recently suggested by two randomized, double-masked, sham-controlled phase three studies REVERSE [patients with a vision loss between 6 and 12 months; NCT02652780 (14)] and RESCUE [patients with a vision loss below 6 months; NCT02652767 (15)]. In both studies, lenadogene nolparvovec was injected in one eye, while the fellow eye received a sham injection, with the unexpected result of sustained visual improvement in both eyes. At 96 weeks post-injection, the mean gain from nadir (worst vision point) in REVERSE and RESCUE studies was, respectively, +28 and +26 in treated eyes and +24 and +23 ETDRS letters in sham eyes (14, 15). The REVERSE and RESCUE patients are currently followed in an extension study for up to 5 years after injection (CLIN06, NCT03406104). This bilateral improvement after the unilateral injection of a gene therapy product has also been observed in other clinical studies of LHON (16, 17). A mechanistic explanation could be transfer of the viral vector from the injected eye to the contralateral eye through the optic chiasm, as suggested by a non-human primate biodistribution study using unilaterally injected lenadogene nolparvovec (14).

In order to better characterize the efficacy of gene therapy in MT-ND4 LHON patients, we indirectly compared the evolution of visual outcomes of treated patients in the REVERSE, RESCUE, and CLIN06 studies to the spontaneous evolution of natural history patients from a LHON registry study and previously published reports of LHON patients with visual outcome data used as an external control.



METHODS


Patients Treated With Gene Therapy—Efficacy Pool

We analyzed the evolution of best corrected visual acuity (BCVA) from a pooled dataset of 76 LHON patients treated with a single IVT injection of lenadogene nolparvovec. The BCVA data were collected from study inclusion to week 96 after treatment in REVERSE (NCT02652780) (14) and RESCUE (NCT02652767) (15) and from week 96 after treatment to the last available observation in the ongoing long-term follow-up CLIN06 study of REVERSE and RESCUE (NCT03406104) (see Supplementary Table 1).

The study design and results of REVERSE and RESCUE have been previously reported (14, 15). Briefly, REVERSE and RESCUE were randomized, double-masked, sham-controlled, multi-center phase 3 clinical trials with a similar design, aiming at evaluating the efficacy and safety of lenadogene nolparvovec in LHON patients. The right eye of each subject was randomly allocated to receive either lenadogene nolparvovec or sham treatment in a 1:1 allocation ratio. The fellow (left) eye received the treatment not allocated to the right eye. Lenadogene nolparvovec at 9 × 1010 viral genomes (vg)/eye was administered once via a single IVT. Sham IVT injection was performed once by applying pressure to the eye at the location of a typical procedure using the blunt end of a syringe without a needle. Both studies enrolled symptomatic LHON patients aged 15 years or older and harboring the m.11778G>A ND4 mutation. The only difference between the two studies was the timing of the onset of vision loss: from 181 to 365 days in both eyes in REVERSE and ≤ 180 days in the first-affected eye in RESCUE. A total of 37 patients (REVERSE) and 39 patients (RESCUE) were enrolled and treated.

All REVERSE and RESCUE patients who completed the study up to week 96 after injection were offered to participate in the extension CLIN06 study, for a total of 5 years of follow-up after injection. A total of 62 patients (31 from REVERSE and 31 from RESCUE) were enrolled in the extension study which is ongoing. For our analysis, we used all available BCVA data at the time of this report, including assessments up to 4 years after injection. Based on clinical results and non-human primate data (14), both treated and sham eyes were considered exposed to the study drug and pooled in the treated patient group.

The protocols of all three studies (RESCUE, REVERSE, and CLIN06) were approved by local independent ethics committees, and informed consent was obtained from all participants. All studies were performed in compliance with Good Clinical Practice and adhered to the ethical principles outlined in the Declaration of Helsinki.



Natural History Patients—External Control Group—Natural History Pool

Natural history patients (those not treated with lenadogene nolparvovec, although they could have been treated with idebenone), with age and LHON genotype adjusted to those of treated patients, were used as an external control for the analysis. To this end, we created a large database containing visual outcome data from 11 studies originating from two main sources: (i) the REALITY LHON registry (NCT03295071) (18) sponsored by GenSight Biologics and (ii) 10 published studies on LHON identified after a systematic review of the literature (3, 19–27). Studies were included in the database only if they reported individual (patient- and eye-level) visual acuity values along with documentation of the time after vision loss in cohorts of at least five MT-ND4 patients. For relevant comparison with treated patients, we included only patients from the pooled database who matched the inclusion criteria of REVERSE and RESCUE as regards age and LHON genotype (i.e., symptomatic LHON patients carrying the m.11778G>A ND4 mutation who were 15 years or older at the onset of vision loss). Further details on REALITY and on the systematic literature review are provided in the Supplementary Methods and Supplementary Table 1.



Handling of Data

For the analyses, all visual acuity values (from treated and natural history patients) were converted to logarithm of the minimal angle of resolution (LogMAR) using standard formula for on-chart eyes (28) and the following conventions for off-chart eyes: patients only able to count fingers or detect hand motion were assigned LogMAR values of +2.0 and +2.3, respectively, according to the Lange scale (29); light perception and no light perception visual acuities were assigned LogMAR values of +4.0 and +4.5, respectively, to align with the equivalence used in the lenadogene nolparvovec studies and the REALITY registry (14, 15, 18). All eyes were assigned a LogMAR value of 0 at 1 month before the onset of vision loss, in line with the normal visual acuity of LHON mutation carriers before expression of the disease as described in the literature (30, 31) and pre-symptomatic data of lenadogene nolparvovec studies and REALITY registry. All extracted data and conversions of visual acuity values to LogMAR underwent a thorough quality control process for ensuring the accuracy of all LogMAR reported values.



Statistical Methods

All data from treated and natural history patients were imported in a pooled database for the analyses. All analyses were performed at the patient level and at the eye level.

In a first step, we explored graphically the evolution of visual acuity in treated and natural history eyes more than 12 months after vision loss, when all REVERSE and RESCUE patients would have been treated with rAAV2/2-ND4, using a locally estimated scatterplot smoothing (LOESS), non-parametric, local regression model in which each patient's eyes were considered independently. Smoothing parameters were based on the corrected Akaike Information Criterion (SAS default method with values from 0.3 to 0.6). LOESS curves with 95% confidence interval (CI) were presented from 12 months up to 52 months after vision loss, corresponding to the maximal duration of follow-up for treated eyes in the extension study. All subsequent visual acuity values of natural history eyes were assigned to the 52-month timepoint using the next observation carried backward method. Using this method, all visual acuity values from the efficacy and natural history pools could be plotted on the same figure.

In a second step, we compared the visual outcomes between treated eyes and natural history eyes at 12, 18, 24, 36, and 48 months after vision loss (when all treated eyes were on treatment) and at the last available visual acuity value. For the 12- to 48-month analysis, only the closest value to the nominal timepoint was selected for each eye based on pre-specified time windows (month 12: [9;15] months; Month 18: [15;21] months; Month 24: [21;30] months; Month 36: [30;42] months; Month 48: [42;54] months). Conversely, for the analysis at the last available visual acuity value, final visual acuity values from all eyes were considered in the analysis, maximizing the sample size. The following visual outcomes were analyzed: visual acuity values in LogMAR, eye response rates at a threshold of LogMAR ≤ 1.6 (on-chart values on the ETDRS scale) and LogMAR ≤ 1.3 (cutoff for blindness according to WHO), and eye response rates with an improvement from nadir ≥ 0.3. For improvement from nadir, only eyes with at least two visual acuity assessments were selected for the analyses. Comparisons of visual outcomes were performed by a non-parametric test (Kruskal–Wallis for visual acuity values and chi-square test for eye response rates). In addition, a parametric model with repeated measures on patients was also used for the analyses on both eyes in order to take into account the inter-eye correlation of each patient (mixed-model analysis of covariance for visual acuity values and generalized linear mixed model for eye response rate).

In order to control the potential confounding covariates in the comparative analysis, the treatment effect at last available visual acuity value was also estimated by a multivariate analysis with repeated measures on patients. Age at onset of vision loss, gender, and duration of follow-up were explored as covariates in the multivariate analysis.

Additional analyses were also performed separately considering only the better eye and worse eye of each patient. Better eye and worse eye were selected based on their visual acuity value at last available evaluation or at their nadir in cases of identical values at last available evaluation or on their mean value in cases of identical nadir values. For patients who had visual acuity data in one eye only, the eye was included in both better-eye and worse-eye analyses.

All statistical analyses were carried out with SAS® software version 9.4. Statistical significance was set at P < 0.05.




RESULTS


Characteristics of the Analyzed Population

Among the 44 patients enrolled in the REALITY study, 23 were MT-ND4 LHON aged 15 years or older. Among the 304 MT-ND4 patients in the natural history studies, 185 met the inclusion criteria of age at onset ≥ 15 years and at least one available visual acuity value with time from onset of vision loss. Thus, a total of 208 eligible natural history patients (408 eyes) were used as the external control cohort for comparison with the 76 treated patients (152 eyes) from the REVERSE and RESCUE studies (see Supplementary Table 1 and Table 1 for details).


Table 1. Description of the population.
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The characteristics of the patients at onset of vision loss are described in Table 1. Overall, both treated and natural history patients were typical of the MT-ND4 LHON population with a high proportion of males (81.9%) and a young age at onset of vision loss (median, 25 years). Natural history patients had a younger age of onset (median, 23.5 years) compared to treated patients (median, 32.5 years).

The mean number of visual acuity assessments per patient was larger in the treated group (26.8) as compared with the natural history group (4.1). Treated patients had a longer median follow-up duration after vision loss (39.8 months) than natural history patients (25.3 months). Conversely, the follow-up values of treated patients were distributed over a narrow range (25% of patients have been followed for more than 44.1 months; maximal follow-up, 51.5 months) as opposed to a wider distribution for natural history patients (25% of patients were followed for more than 108.4 months; maximal follow-up, 768 months).

The treated patients received lenadogene nolparvovec injection between 2.3 and 12.8 months after vision loss (median, 6.5 months). Half of the eyes (54%) had received treatment at month 6 ([3, 9] months) after vision loss, nearly all eyes (93%) at month 12 ([9, 15] months) after vision loss, and all patients (100%) at month 18 ([15, 21] months) after vision loss. We started the indirect comparison at month 12, which coincided with the time when nearly all eyes had received treatment.



Global Evolution of Visual Acuity Over Time

The LOESS regression curve for treated patients (in red in Figure 1; see Supplementary Figure 1 for the scatterplot) showed a progressive and sustained improvement of BCVA from month 12 up to month 52. Notably, the lowest point of the curve (corresponding to the worst visual acuities) remained on-chart, with BCVA values not exceeding 1.6 LogMAR.
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FIGURE 1. Evolution of visual acuities of treated eyes vs. natural history eyes. The evolution of visual acuities over time for treated eyes (n = 152) and natural history eyes (n = 408) was estimated by LOESS regression (solid line) with 95% confidence interval around the fitted curve (shaded area). Smoothing parameter: 0.332 for treated eyes and 0.408 for natural history eyes. *A statistically significant difference between treated and natural history eyes is illustrated by the non-overlapping confidence intervals (CI) of LOESS curves. #Mean differences and 95% CI at month 48 were computed based on a separate analysis described in Table 2.


The natural history patients showed a clear distinctive pattern from treated patients as illustrated by the LOESS regression curves shown in blue in Figure 1 (see Supplementary Figure 1 for the scatterplot). In natural history patients, visual acuities plateaued around 1.6 LogMAR, with no recovery over 2 years (up to month 36 after vision loss). A progressive and continuous decline to off-chart values was then noted from month 36 up to month 52. The 52-month timepoint shown in Figure 1 also takes into account all subsequent visual acuity values of natural history patients.

The divergence observed between the two curves from month 12 after vision loss is further evidenced by the absence of overlap in 95% CI at all later timepoints. Indeed the natural history patients showed an absence of visual recovery over the entire period from month 12 to 52, whereas the treated patients showed a gradual and consistent improvement over the same time period.

The treatment effect was also observed when REVERSE and RESCUE studies were analyzed separately, showing a similar improvement in the visual acuity LOESS curve of the treated patients vs. the external control group (see Supplementary Figures 2, 3).

Additionally, the treatment effect for both eyes was also observed when the better eye and worse eye of patients were analyzed separately.



Comparison of Visual Acuities at Each Timepoint

Table 2 presents the results from month 12 to 48 after vision loss when treated eyes had been injected with lenadogene nolparvovec. In agreement with LOESS regression curves, quantitative analyses showed better visual acuity of treated eyes when compared with natural history eyes at all evaluated timepoints from month 12 to 48. The difference in mean visual acuity between treated and natural history eyes was statistically significant at all time points based on a non-parametric Kruskal–Wallis test and at month 36 and 48 based on a mixed ANCOVA model, taking into account the inter-eye correlation for each patient. The mean visual acuities with 95% CI for treated eyes and natural history eyes were, respectively, 1.26 (1.14, 1.37) and 1.59 (1.41, 1.76) LogMAR at month 48 (p < 0.01 for both Kruskal–Wallis and mixed ANCOVA), with a mean difference of 0.33 (0.12, 0.53) LogMAR in favor of treated eyes (Table 2). The median visual acuities for treated eyes and natural history eyes were, respectively, 1.30 vs. 1.62 LogMAR at month 48.


Table 2. Visual acuity of treated eyes vs. natural history eyes with time intervals from vision loss.
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The treatment effect was also observed when REVERSE and RESCUE studies were analyzed separately vs. the external control group. The mean visual acuity difference with 95% CI between treated eyes and natural history eyes at month 48 was 0.31 (0.10, 0.52) LogMAR for REVERSE (p < 0.01 for both statistical tests) and 0.49 (0.08, 0.89) LogMAR for RESCUE (p = 0.03 for both statistical tests) in favor of treated eyes (see Supplementary Table 2).

Similar results were obtained when better eyes and worse eyes were analyzed separately, although a statistical significance was not reached at all timepoints (see Supplementary Table 3).



Comparison of Visual Acuities at Last Available Observation

Table 3 presents the analyses at last available visual acuities comparing treated eyes vs. natural history eyes, with separate analyses performed for each study (REVERSE and RESCUE) and for better and worse eyes.


Table 3. Visual acuity of treated eyes vs. natural history (NH) eyes at last observation.
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The mean visual acuities with 95% CI for treated and natural history eyes were, respectively, 1.36 (1.27, 1.46) and 1.68 (1.62, 1.74) LogMAR at the last observation (p < 0.01 for both Kruskal–Wallis and mixed ANCOVA), with a mean difference of 0.31 (0.20, 0.43) LogMAR in favor of treated eyes. The median visual acuities for treated eyes and natural history eyes were, respectively, 1.40 and 1.70 LogMAR.

For REVERSE and RESCUE studies, the mean BCVAs with 95% CI for treated eyes were 1.29 (1.18, 1.40) and 1.43 (1.27, 1.59) LogMAR, respectively, while the mean visual acuity for natural history eyes was 1.68 (1.62, 1.74) LogMAR. The mean difference with 95% CI between REVERSE treated eyes and natural history eyes was 0.38 (0.24, 0.53) LogMAR in favor of treated eyes (p < 0.01 for both statistical tests). The mean difference between RESCUE treated eyes and natural history eyes was 0.25 (0.10, 0.40) LogMAR in favor of treated eyes (p < 0.01 for both statistical tests). The median visual acuity was 1.30 for REVERSE and 1.40 for RESCUE, vs. a median LogMAR of 1.70 for natural history eyes.

For analyses performed on better eyes, the mean visual acuities with 95% CI for treated and natural history eyes were, respectively, 1.24 (1.12, 1.37) and 1.57 (1.49, 1.65) LogMAR at the last observation (p < 0.01 for Kruskal–Wallis test), with a mean difference of 0.32 (0.17, 0.48) LogMAR in favor of treated eyes. For analyses performed on worse eyes, the mean visual acuities with 95% CI for treated eyes and natural history eyes were, respectively, 1.48 (1.33, 1.63) and 1.79 (1.71, 1.86) LogMAR at the last observation (p < 0.01 for Kruskal–Wallis test), with a mean difference of 0.31 (0.15, 0.46) LogMAR in favor of treated eyes.



Multivariate Analysis of Visual Acuities

We performed a multivariate analysis to explore the potential impact of age at onset, gender, and duration of follow-up on the treatment effect at last visual acuity observation. Both age at onset (p = 0.0050) and follow-up duration (p = 0.0108) showed a statistically significant effect on visual acuity: younger patients and those with a shorter follow-up had better visual acuity independent of treatment. In contrast, gender had no effect on visual acuity outcome (p = 0.9236).

When considering the significant covariates in the analysis (age at onset and duration of follow-up), the treatment effect was confirmed in favor of treated eyes, with a statistically significant least squares mean difference in visual acuity of 0.32 (0.20, 0.44) LogMAR as compared with natural history eyes (p < 0.0001) (Table 4).


Table 4. Visual acuity in treated eyes vs. natural history eyes at last observation—multivariate analysis with age and duration of follow-up as covariates.
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Eye Response Rates

At month 48 after vision loss, most (55/62) treated eyes [88.7%; 95% CI (78.1, 95.3)] were on-chart (LogMAR ≤ 1.6) as compared to less than half of the eyes (13/27) in the natural history group [48.1%, 95% CI (28.7, 68.1)] (Figure 2, left panel). The difference was statistically significant at p < 0.01 with both statistical tests (with or without considering the inter-eye correlation of each patient). Comparable results were observed for the response rates using the 1.3-LogMAR threshold (cutoff for blindness according to WHO criteria) (Figure 2, right panel). At month 48, 34/62 treated eyes [54.8%; 95% CI (41.7, 67.5%)] were responders as compared to 8/27 [29.6%, 95% CI (13.8, 50.2)] in the natural history group (p = 0.03 with chi-square test).
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FIGURE 2. Eye responder rates at month 48 since vision loss and at last observation. LogMAR, logarithm of the minimal angle of resolution; n, number of eyes. Response rates (%) are defined as the proportion of eyes with visual acuity values ≤ 1.6 LogMAR (left panel) or ≤ 1.3 LogMAR (right panel). Error bars represent 95% confidence interval. #P < 0.05, ##P < 0.01: statistically significant difference vs. natural history eyes using chi-square test. **P < 0.01: statistically significant difference vs. natural history eyes using a generalized linear mixed model with repeated measures on a patient.


At last observation, 122/152 treated eyes [80.3%; 95% CI (73.0, 86.3)] were on-chart (LogMAR ≤ 1.6), as compared to 181/408 natural history eyes [44.4%; 95% CI (39.5, 49.3%)], with a statistically significant difference with both statistical tests (p < 0.01) (Figure 2, left panel). Similar results were observed when evaluating the REVERSE and RESCUE studies separately, with 85.1% [95% CI (75.0, 92.3)] and 75.6% [95% CI (64.6, 84.7)] of treated eyes being on-chart at last observation, respectively (p < 0.01 with both statistical tests vs. natural history eyes).

When using the 1.3-LogMAR response threshold at last observation, 71/152 treated eyes [46.7%; 95% CI (38.6, 55.0)] were responders as compared to 111/408 natural history eyes [27.2%; 95% CI (22.9, 31.8)] (p < 0.01 with both statistical tests) (Figure 2, right panel).

The proportion of eyes showing a meaningful improvement from nadir of at least 0.3 LogMAR was greater in the treated group as compared to the natural history group: 35/62 [56.5%; 95% CI (43.3, 69.0)] of treated eyes vs. 4/25 [16.0%; 95% CI (4.5, 36.1)] of natural history eyes at month 48 [p < 0.01 (chi-square) and p = 0.02 (repeated measures)] and 75/152 [49.3%, 95% CI (41.1, 57.6)] of treated eyes vs. 36/127 [28.3%; 95% CI (20.7, 37.0)] of natural history eyes at last observation (p < 0.01 with both statistical tests).

The treatment effect on responder rates observed for both eyes was similar to that seen when considering better eyes or worse eyes.




DISCUSSION

In this pooled analysis, we demonstrated a sustained and clinically relevant improvement in the visual acuities of MT-ND4 LHON patients treated with lenadogene nolparvovec when compared to the spontaneous evolution of vision in an external control group comprised of natural history genetically and age-matched LHON patients.

The RESCUE and REVERSE studies demonstrated bilateral visual improvement after unilateral injection with lenadogene nolparvovec in MT-ND4 LHON patients (14, 15). As the visual improvement was observed in both treated and sham eyes, the primary endpoint, which was based on the difference from baseline between sham and treated eyes, was not met in both studies. RESCUE included subjects at an earlier stage of LHON who had not yet reached their nadir at the time of treatment, so it is perhaps not unexpected that visual outcomes at week 96 had not recovered to the baseline values along the early curve of anticipated visual decline despite clear improvement from nadir. Indeed, from a clinical standpoint, the level of visual improvement achieved from nadir was substantial in both studies, with a mean gain in ETDRS letters at week 96 after treatment of +28 and +24 in REVERSE and of +26 and +23 in RESCUE for treated eyes and sham eyes, respectively. Surprisingly, the earlier treatment (within 6 months after vision loss) in RESCUE did not provide better outcomes than in REVERSE (between 6 and 12 months after vision loss). However, these results are still striking considering that a clinically relevant improvement of visual acuity remains an uncommon feature in MT-ND4 LHON subjects.

In a recent meta-analysis of untreated MT-ND4 LHON patients aged at least 15 years at onset of vision loss reported in the world literature, only 11.3% of patients showed some spontaneous visual recovery, although the definitions used for recovery varied among studies (10). In contrast, the great majority of treated patients (81% for REVERSE and 71% for RESCUE) had a clinically relevant recovery in BCVA from nadir at week 96 after treatment when using a valid recovery endpoint endorsed by an international group of experts (7, 15). While these results are strongly supportive of a treatment-related effect in REVERSE and RESCUE, the absence of an adequate placebo group of untreated subjects in both studies precludes drawing definitive conclusions regarding treatment benefit.

Here we try to address this issue by comparing the visual outcomes of treated patients to an external control group of individual natural history MT-ND4 LHON patients. The use of an external control in supporting treatment efficacy is acknowledged by many regulatory agencies, and this approach has been increasingly used in rare diseases and in oncology trials where the use of a placebo group is not ethically feasible (32, 33). In this regard, a number of groups, including ours, have conducted LHON registry studies for use as external comparators in drug trials (20, 26, 34). However, these registries are usually limited in size owing to the rarity of the disease, thereby limiting the statistical power of such comparisons. In our own LHON registry study, REALITY, we included a total of 44 LHON patients, of whom only 23 met the inclusion criteria of REVERSE and RESCUE trials (18). In order to reach a sufficient sample size to enable a statistically meaningful comparison with treated patients, we complemented our natural history dataset with patient-level data identified through a systematic review of the literature. This allowed us to build a large database of 208 natural history LHON patients who shared the same characteristics as those included in REVERSE and RESCUE.

This work is the first to thoroughly describe the spontaneous evolution of visual acuity after vision loss in such a large cohort of natural history MT-ND4 LHON patients. We showed that, in natural history eyes, after the initial acute phase of visual acuity decline to nadir, visual acuity plateaued with no recovery over 2 years (from month 12 to 36 after vision loss). These data are consistent with the known temporal course of clinical and pathophysiological changes in LHON described in the literature (2, 5, 35). Interestingly, in our study, the stable phase of natural history patients was followed by a trend for a later decline in visual acuity from 3 years after onset, suggesting that visual outcomes may continue to deteriorate.

The first thorough investigation of the natural history of visual function of LHON patients dates back to 1963 when van Senus provided a detailed individual description of a Dutch cohort of 27 LHON pedigrees, of whom 12 were later molecularly confirmed as carrying the MT-ND4 mutation (36, 37). While we could not include these patients in our analyses due to the imprecision of reported visual acuity values (available only as ranges) and uncertainty regarding the timing of measurements after vision loss, these natural history data are overall coherent with those described in our analyses. Indeed the majority of MT-ND4 patients aged 15 years or older from the van Senus cohort had a poor visual acuity at the time of investigation, with 110/121 (91%) eyes having visual acuity worse than 6/60 (20/200; LogMAR +1.0), 100/121 (83%) eyes worse than 3/60 (20/400; LogMAR +1.3), and 69/121 (57%) eyes worse than 6/300 (20/1,000; LogMAR +1.7). Among those MT-ND4 patients for whom two visual acuity points in time were reported, only 5/54 (9%) eyes in four patients had documented improvement in visual acuity of at least −0.2 LogMAR between onset of vision loss and time of investigation (36).

In our analysis, a young age at onset was an independent predictor of better visual outcomes. A better prognosis is known to be driven by onset in children of 12 years old or younger (10, 38–40). Here we report that better visual outcomes at younger ages may hold true for patients aged 15 years or older at onset.

In contrast to the evolution seen in natural history eyes, treated eyes followed a clearly distinct pattern, with a sustained, continuous, and progressive improvement in visual acuity from 12 to 52 months after the onset of vision loss. At month 48, there was a statistically significant and clinically relevant difference in the mean visual acuity of 0.33 LogMAR (+16.5 ETDRS letters equivalent) in favor of treated eyes as compared to natural history eyes (p < 0.01). This level of improvement translated into a better quality of life for patients in both the REVERSE and RESCUE studies, especially for mental health, dependency, and role difficulty dimensions as measured by the National Eye Institute Visual Function Questionnaire-25 (14, 15). It is noteworthy that the improvement exceeded +15 ETDRS letters, a response level recognized as clinically relevant by regulators (41). Moreover, the magnitude of the treatment effect was not impacted when known confounding variables (onset age and duration of follow-up) were accounted for in multivariate analyses, with a statistically significant and clinically relevant mean difference of 0.32 LogMAR (+16 ETDRS letters) at the last visual acuity measurement in favor of treated eyes. As regards responder rates, most treated eyes (89%) were on-chart at month 48, compared to less than half (48%) of the natural history eyes (cutoff for response: LogMAR ≤ 1.6). When using the 1.3-LogMAR cutoff for blindness, the responder rates at month 48 (LogMAR ≤ 1.3) were 55% for treated eyes vs. 30% for natural history eyes. Similarly, a higher proportion of treated eyes had a gain from nadir of at least 0.3 LogMAR when compared with natural history eyes (57 vs. 16% at month 48). However, the nadir of natural history studies is not as well-documented as the nadir from RESCUE and REVERSE trials, hence limiting the interpretation of these findings.

Importantly, we included all treated and sham eyes of unilaterally injected patients in our analyses based on the assumption that sham eyes were exposed to lenadogene nolparvovec, presumably by transfer of the viral vector through the optic chiasm (14). Interestingly, the significant treatment effect vs. natural history eyes observed when considering all eyes was maintained in the analyses performed separately on better eyes and on worse eyes, as seen in Table 3. A study investigating the effect of unilateral vs. bilateral injection of lenadogene nolparvovec in MT-ND4 LHON patients is underway and should provide more information on the potential additional benefit provided by bilateral treatment with lenadogene nolparvovec (NCT03293524).

We previously reported that lenadogene nolparvovec improved visual outcomes up to 96 weeks after treatment in REVERSE and RESCUE, which corresponds to ~2.5 years after vision loss (14, 15). Here we extend these findings by showing the persistence of visual benefit in the long term, with continuous improvement in BCVA up to the last available observation [i.e., 51.5 months (4.3 years) from vision loss]. Moreover, the long-term trend depicted in the regression analyses suggests that visual improvement in treated patients may continue to progress with time, in line with the improvement noted up to 7 years after treatment in a small cohort of MT-ND4 LHON patients treated with another gene therapy product, although the majority of patients in that study were younger than 15 years in age (16). Further results of the ongoing CLIN06 study with follow-up planned for 5 years after treatment (~6 years after vision loss) should provide similar information for patients treated with lenadogene nolparvovec.

To enable a fair comparison in a non-randomized setting and even more so when using an external comparator, it is essential that treated and control groups share comparable characteristics. To ensure the comparability of groups, we carefully selected natural history patients who would have been eligible for our gene therapy trials as regards the age of onset and genotype, two criteria that have been shown to be major determinants of spontaneous recovery in LHON (10). In this report, both treated and natural history groups were typical of the general MT-ND4 LHON population described in the literature, with a predominance of male patients (around 80%) and a median age at onset in the 20-30 s (5). It should be noted, however, that when compared with treated patients, natural history patients were relatively younger (median age of 23 years vs. 32 years at onset) and were followed for a shorter period of time (median follow-up of 25 vs. 40 months). However, because both a younger age at onset and a shorter follow-up (when visual acuity may not have yet reached its worst level) are associated with a better visual outcome, this imbalance between groups was more likely to disadvantage treated eyes, thus reinforcing the significance of the observed difference between groups. Indeed when these two confounding variables were considered in the multivariate analyses, the difference in visual acuities between treated and natural history eyes was statistically significant (0.32 LogMAR difference in favor of treated eyes, p < 0.0001). Furthermore, it should be emphasized that we also retained natural history patients who may have been treated with idebenone, further potentially disfavoring the treated patients who, by study exclusion criteria, were not taking this medication.

Our study has several limitations. Although we used a systematic approach in selecting natural history data from the literature, we excluded studies containing only aggregated patient visual acuity data, which could have led to a potential bias in the inclusion of certain patients. Despite this reduction of the natural history database related to methodological concerns to enable rigorous indirect comparison analyses, the external control group ultimately included a substantial number of patients representative of the MT-ND4 LHON population. The LOESS method used for describing the evolution of visual acuity is a non-parametric approach which does not take into account the intra-patient correlation, leading to a possible under-estimation of the confidence interval around the fitted curves. As such, the LOESS analysis should be regarded as descriptive in nature rather than inferential. However, we also performed formal statistical tests that took into account the intra-patient correlation, hence supporting the generalizability of the treatment effect. Furthermore, the treatment effect observed for both eyes was similar to that seen for better and worse eyes, indicating that the impact of inter-eye correlation is minimal on treatment effect. While the time from vision loss to treatment for all 152 treated eyes was 12.8 months, we chose to present our results from month 12. Indeed this does not have any impact on the interpretations of findings, as nearly all eyes (93%) had received the treatment by month 12.

Another concern relates to the heterogeneity of the collected visual acuities in our natural history cohort. Crucially, very few of the natural history studies specified that the visual acuities obtained were BCVAs, and there was no standardized assessment of vision as in rigorously performed clinical trial studies where LogMAR vision is measured using the ETDRS chart using a set protocol. Furthermore, most of the natural history studies were retrospective reviews of their patient cohorts, with most natural history data being cross-sectional (recorded at individual points in time) as opposed to longitudinal for treated eyes (several measurements over time). This difference in the frequency and number of visual acuity assessments per patient may have had an impact on the precision of the visual acuity LOESS model curves for the natural history patients, more so if visual acuity was not always determined with the optimal refraction. However, we believe this had a limited impact on the modelized curves because of the observed stability of the visual acuities over time across the different natural history studies. Furthermore, the most important outcome for the patient is the final visual outcome (last available visual acuity) which was largely reported many months after visual loss onset in the natural history studies that we included in our analyses.

Ultimately, a randomized trial vs. a true parallel placebo group would be the ideal next step to enhance the efficacy of gene therapy with lenadogene nolparvovec. However, there are many barriers to this approach, both operationally and ethically. Among the former include the potentially confounding concurrent, but non-uniform, use of idebenone and the challenges of recruitment for this rare disease. Ethical concerns would include the safety of intravitreal injection of placebo and the absence or delay of treatment in this neurodegenerative disease that is rapidly non-reversible.

In summary, we demonstrate that gene therapy with lenadogene nolparvovec induced a progressive, sustained, and statistically significant improvement of visual acuity up to more than 4 years after vision loss in LHON patients carrying the m.11778G>A mutation when compared to the spontaneous evolution of a large group of matched natural history patients used as an external comparator. Similarly, the same analyses applied to better and worse eyes and to the REVERSE and RESCUE study populations, considered independently, show similar results. The sensitivity analyses controlling for potential confounding factors confirm the robustness of the indirect comparison results. Finally, the strong temporal relationship between the start of improvement and administration of treatment and the size of the treatment effect observed further support the validity of our findings.
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Leber hereditary optic neuropathy (LHON) is a maternally inherited mitochondrial disease that specifically targets the retinal ganglion cells by reducing their ability to produce enough energy to sustain. The mutations of the mitochondrial DNA that cause LHON are silent until an unknown trigger causes bilateral central visual scotoma. After the onset of loss of vision, most patients experience progressive worsening within the following months. Few of them regain some vision after a period of ~1 year. Management of LHON patients has been focused on understanding the triggers of the disease and its pathophysiology to prevent the onset of visual loss in a carrier. Medical treatment is recommended once visual loss has started in at least one eye. Research evaluated drugs that are thought to be able to restore the mitochondrial electron transport chain of the retinal ganglion cells. Significant advances were made in evaluating free radical cell scavengers and gene therapy as potential treatments for LHON. Although encouraging the results of clinical trial have been mixed in stopping the worsening of visual loss. In patients with chronic disease of over 1 year, efficient treatment that restores vision is yet to be discovered. In this review, we summarize the management strategies for patients with LHON before, during, and after the loss of vision, explain the rationale and effectiveness of previous and current treatments, and report findings about emerging treatments.
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INTRODUCTION

Inherited mitochondrial diseases (IMDs) are maternally transmitted genetic disorders involving defective cellular energy production. Management and treatment of IMDs remain major challenges for modern medicine due to their rare and heterogeneous nature. Dramatic progress has been achieved in understanding their pathogenesis, but, to date, this has not led to the discovery of a cure.

Leber hereditary optic neuropathy (LHON) is one of the most common IMDs. In 90% of cases, it is caused by one of three primary point mitochondrial mutations. These mutations are clinically silent until some yet unknown trigger induces a respiratory chain dysfunction in the retinal ganglion cells, leading to decreased vision in both eyes (in most cases sequentially, from a few weeks to a few months apart). The loss of vision usually consists in bilateral central scotoma, but the entire visual field can be lost in the most severe cases. Because it involves a specific cell type and permits the administration of treatment during the window of time between the onset of vision loss in the first and second eyes, LHON is a good candidate for clinical trials.

In the last few years, clinical trials for gene therapy as well as idebenone, a synthetic analog of coenzyme Q10, have sought to reduce the impact and progression of LHON after its onset. So far, these trials have received most attention. Though encouraging however, the results have been mixed.

In this review, we summarize the management strategies for patients with LHON before, during, and after the loss of vision, explain the rationale and effectiveness of previous and current treatments, and report findings about emerging treatments.



PATHOPHYSIOLOGY AND ANIMAL MODEL

Retinal ganglion cells (RGCs) are neurons located in the inner part of the retina. Their axons bundle around the optic disc and, as they pass through the lamina cribrosa, form the optic nerve. These axons are divided into a myelinated postlaminar part and a non-myelinated prelaminar segment that has higher energy needs and concentration of mitochondria than most, if not all other, neurons. RGCs find their energy in the oxidative phosphorylation (OXPHOS) of nutrients that happens in the mitochondria and produces adenosine triphosphate (ATP). OXPHOS involves several enzymes, including the nicotinamide adenine dinucleotide (NADH):ubiquinone oxidoreductase, also known as NADH dehydrogenase or complex I, which is compounded of several subunits. Three primary point mitochondrial DNA (mtDNA) mutations are found in 90% of LHON patients. These mutations affect different subunits of NADH dehydrogenase, causing dysfunction of the electron transport chain (ETC), decrease in ATP production, and excessive generation of reactive oxidative species (ROS), leading to energy production failure and, eventually, cell death. The result is visual loss in symptomatic patients (1). Beginning with the most frequent, the primary three point mutations are: G11778A, T14484, and G3460A. Since they affect, respectively, subunits 4, 6, and 1 of the NADH dehydrogenase, they are referred to as ND4, ND6, and ND1 mutations. It is virtually impossible to differentiate these mutations clinically at the acute phase of the disease, but the most common one, ND4, has the worst prognosis, with only 4% chance of visual recovery (2). A recent meta-analysis by Newman et al. gathered information about visual outcome in patients with the ND4 mutation from 15 studies (12 retrospective and 3 prospective) (3). They showed that visual recovery, whose definition varied across the studies covered, occurred in 23 out of 204 patients.

Other mutations might be dominant in selected population groups with fewer available genetic data. Non-primary mutations have heterogeneous prognosis, and a limited number of case reports have been published, which prohibit drawing broad conclusions about the severity of each mutation (4).

Visual loss in LHON is directly related to RGC injury and death and, therefore, to the impaired energy production of RGC mitochondria. Research has focused on restoring ATP production in a complex I-deficient mitochondria as well as on identifying the cascade of events that triggers complex I dysfunction. An animal model of complex I deficiency was developed by Zhang et al. (5) in order to test candidate drug treatments. This model consisted in intravitreous injection of a complex I inhibitor (rotenone) in mice's eyes. The effect was consistent with the degeneration of RGC in LHON (5). This animal model has been used to test the neuroprotective strategies discussed in Section Prevention below (6).



PREVENTION

Clinicians face two possible scenarios when it comes to a LHON patient. First, the patient has developed recent visual loss and all the medical efforts are focused on reducing its severity. Second, the patient is asymptomatic but knows that he has inherited the mutation from their mother. Here, the clinician's primary concern is to identify the risk factors that can trigger the disease.

However, not all LHON mutation carriers experience loss of vision. Most reports have given penetrances as high as 50–60% in males and 10–20% in females (7–10), although lower penetrances (of 20–27% in males and 4–8% in females) have also been reported in larger cohorts (11). Age is a confounding factor since some late-onset cases have been reported and since younger asymptomatic individuals could have developed symptoms later in their life (12). Why some carriers never develop any symptoms is currently unknown. It is believed that a combination of genetic and environmental influences play a significant role.


Risk Factors for Visual Loss in LHON
 
Genetic Risk Factors

Penetrance seems not to be related to the type of mutation (11). In the large majority of LHON patients, the mutations are homoplasmic mutants, but the disease has also been reported in heteroplasmic individuals. However, these genetic results should be interpreted with caution since mtDNA in peripheral blood might not reflect the heteroplasmic load in the RGC (13). Finally, it has been shown that the high sequence variability of the mitochondrial genome, which characterizes the different mtDNA haplogroups, modulates the penetrance of IMDs in general, and LHON in particular. Haplotype J is believed to be associated with higher susceptibility to LHON mutations because of a lower amount of mtDNA and mtDNA-encoded polypeptides (14). This might be useful for studying large cohorts but is of little value when it comes to evaluating risk for LHON in individual carriers. At the level of the individual, it has been shown that increased mitochondrial mass protects against the adverse effects of LHON mutation. Giordano et al. (15) have shown in 2014 that mitochondrial mass might explain the variability in penetrance of LHON mutations.



Environmental Risk Factors

LHON is characterized by rapidly progressive, though painless, loss of vision with central visual scotoma. This presentation is shared with toxic and nutritional optic neuropathies (TNONs), with the exception that, in the latter, visual loss is experienced simultaneously in both eyes. Because of these common clinical features, toxic substances such as tobacco and alcohol are pointed out as possible triggers for LHON. Discontinuation of intoxication can bring about some visual improvement in TNON. This has led some authors to try tobacco smoke antagonists as a possible treatment for LHON. In 1968, Foulds et al. (16) realized that hydroxocobalamine (vitamin B12) had shown efficiency at treating what was then called “tobacco amblyopia” and decided to treat LHON patients with it. They suspected that the cyanogenic substances contained in tobacco smoke might trigger LHON. Twenty years later, Berninger studied rhodanese activity in LHON patients (17). Berninger thought this mitochondrial enzyme could play a role in the pathophysiology of LHON since it was known to detoxify cyanide by converting it to thiocyanate. Thirteen LHON patients where tested for rhodanese activity, including one at the acute phase of the disease, but none showed abnormal results. Cyanide levels in the blood were also within normal limits.




Preventive Measures

In 2009, Kirkman et al. conducted a large, multicenter epidemiological study of 196 affected and 206 unaffected carriers of one of the three primary mtDNA mutations. They identified a strong and consistent association between visual loss and smoking, independent of gender and alcohol intake, with a clinical penetrance of 93% in men who smoked (18). The authors concluded that patients should be advised to stop smoking and to reduce their consumption of alcohol.

There is indisputable evidence that tobacco and alcohol play a role in triggering LHON. Other, currently unknown, environmental factors must be implicated since the disease also affects children as well as adults with no history of smoking or drinking. However, childhood-onset LHON has a better prognosis for visual acuity (19).




MEDICAL TREATMENT


Antioxidants

Oxidative stress modulation has been at the center of IMD treatment strategies. The theoretical goal is to increase mitochondrial respiration and reduce ROS that are produced by IMDs. Various molecules have been tried, with different combinations of vitamins (B2, B3, B12, C, E, and folic acid), ubiquinone, and other supplements (e.g., alpha-lipoic acid, carnitine, creatine, L-arginine, glutathion, and dichloroacetate) (20–22). Unfortunately, there is not enough scientific evidence to support their use in LHON.

The ubiquinone family was the most promising treatment. It includes coenzyme Q10, an electron shuttle between complex I and complex II of the ETC in the mitochondrial membrane. Coenzyme Q10 has been beneficial in other IMDs in which its deficiency causes encephalomyelopathy, but it has not shown improvement in LHON, although a few case reports suggested otherwise (23, 24). A major limitation of coenzyme Q10 is its inability to cross the blood–brain barrier when taken orally. To address this issue, idebenone, a synthetic hydrosoluble analog of coenzyme Q10, was developed. Idebenone showed a protective effect against complex I-deficient retinal ganglion cell death in vitro. It also allowed recovery of vision in rotenone mice (25). The first report of a LHON patient treated with it was published in the Lancet in 1992. A 10-year-old boy with the ND4 mutation was started with 90 mg of idebenone daily, and his vision improved from 6/90 OU to 6/6 in the right eye after 4 months and in the left eye after 7 months (26). Other isolated case reports and small retrospective open-labeled studies have further supported the claim that idebenone might be an effective treatment for improving vision or shortening time to visual recovery in LHON (27–29). In 2011, the “Rescue of Hereditary Optic Disease Outpatient Study” (RHODOS) prospectively randomized 85 patients with LHON with <5 years of visual loss to either a group that received idebenone 900 mg/day or to a group that received a placebo in a double-blinded fashion (30). Treatment lasted 24 weeks; it was found safe and well-tolerated. Primary end point was the best recovery in visual acuity. The study failed to show any significant differences in this regard between the active drug and the placebo. However, a trend was noticed in favor of idebenone when the authors analyzed changes in best visual acuity and excluded patients with the 14488 mutation, known for a higher rate of spontaneous recovery. Two years later, the same team reported persistence of the treatment effect in 60 out of the 85 patients included in the first study (31). The lack of significance of RHODOS might have been linked to the inclusion criteria. Patients with a disease onset as old as 5 years were included. For some of them, optic atrophy had already reached its peak. The likelihood of a positive response was higher among patients with more recent disease onset. In the light of these results, idebenone (Raxone®) was approved by the European Medicine Agency to treat LHON in 2015 in adolescents and adult patients at 900 mg/day divided into three doses. As of 2021, a non-interventional study is ongoing, the “Post-Authorisation Safety Study with Raxone® in LHON Patients” (PAROS) study (NCT02771379). It aims to evaluate the long-term safety effectiveness profiles of idebenone when used under conditions of routine clinical care.



Gene Therapy
 
Bases for Gene Therapy in LHON

In genetic diseases, symptoms are linked to the absence of a protein produced by a gene that is missing or mutated. The goal of gene therapy (GT) is to allow the production of a functional protein by delivering, into a target cell, a copy of a gene that does not include the deleterious mutation. GT uses viral vectors to deliver the desired gene to the nucleus of the target cell. In IMDs, the defective gene is in the mitochondria so the ideal scenario would be to deliver the copy of the gene there. However, this has been impossible, given that mitochondria have a double-membrane structure that constitutes a physical barrier for gene therapy. Furthermore, a higher amount of gene would have to be delivered to a sufficient number of mitochondria in each cell in order to achieve efficacy. Because of these restrictions, a technique called “allotopic expression” has been developed. It consists in functional relocation of mitochondrial genes into the nucleus, followed by import of the gene-encoded polypeptide from the cytoplasm into the mitochondria (32–34).

In LHON, GT consists in delivering a gene to the nucleus of the RGC. This leads to the production, in the cytoplasm or the ribosomes of the RGCs, of a protein that is then redirected into the mitochondria. The goal, more specifically, is to introduce an unmutated MT-ND4 gene into the patient's RGC mitochondria. In 2002, Guy et al. were the first team to use an adeno-associated viral vector (AAVV) to transfect a synthetic ND4 subunit into the mitochondria of cybrids with the ND4 mutation (35). The transfected cells produced three times as much ATP than the mock-transfected cybrids, which the authors interpreted as a successful restoration of complex I-dependent respiration. A series of animal experiments followed, in which rabbit, rat, and murine models received AAVV-mediated gene delivery of human ND4 intravitreously. The different teams showed that injection technique was safe and that there was no ocular complication related to the treatment itself. They also showed mitochondrial internalization of the AAVV, expression of its genetic content, and complementation of the pathogenic phenotype (36–42). Because the ND4 mutation is the most common cause of LHON, GT efforts tend to focus on it. Patients with ND1, ND6, or other LHON mutations are not candidates for gene therapy as of 2021.



Clinical Trials

In 2016, Feuer et al. reported the first case series of five legally blind patients with ND4 mutation who were treated with gene therapy in one eye as part of a wider clinical trial meant to evaluate the efficacy of this treatment in LHON. Four out of five participants had visual loss for over 1 year. Three-month follow-up was reported. No patient experienced serious safety events. Two of them showed significant increase in visual acuity (hand motion to seven letters in one and to 15 letters in the second). Interestingly, the patient who had the most dramatic improvement in his visual acuity also showed visual improvement in the contralateral non-injected eye (43). Low and medium doses were used to treat these patients as well as another nine patients whose cases were reported subsequently in 2017 (44). The authors found that the difference in visual acuity between the treated and untreated eye was significantly higher than what they found in their previous natural history study (45). From an anatomical standpoint, there were no significant differences in the thickness of the retinal fiber layers.

GT took a step forward in 2017 with two phase III clinical trials called rescue and reverse that only differed in the duration of vision loss ( ≤ 6 months for rescue, and >6 months to 1 year for reverse). These studies were randomized, double masked, sham controlled, and multicentric. Included patients had one eye injected with GS010, a recombinant, adeno-associated virus containing a modified cDNA encoding the human wild-type mitochondrial ND4 protein and supporting allotopic expression. The other eye received a sham injection. On average, patients experienced an improvement in their visual acuity of about three lines (15 letters). Surprisingly, a similar improvement of about 13 letters was reported in the other, sham-treated eye. This raised suspicion of transfer of viral vector DNA from the injected eye to the fellow eye, through the optic pathways. A recent non-human primate study demonstrated that this type of transfer is possible (46).

These results are encouraging, but the visual improvement remains limited and variable. GT needs more assessment before it is deemed efficient and is used as a routine care option in LHON. A new clinical trial using GS010 called reflect is currently ongoing. In it, patients have both eyes injected with the active drug. Enrollment is over now, and the first results are expected in the next few months.




Other Medical Treatments

Other treatments than idebenone continue to be used to improve visual acuity in LHON. Reports exist for each modality, and they mostly represent therapeutic interventions that are supported by very few medical teams, if not just one.


EPI-743

Alpha-tocotrienol quinone (EPI-743) is a para-benzoquinone that replenishes glutathione stores and has proved to be 1,000 times more efficient than idebenone at reducing oxidative stress in vitro (47, 48). This neuroprotective and antioxidant drug demonstrated visual improvement in four out of five LHON patients in whom it was started <4 months after the onset of visual loss (49). EPI-743 has been used in other IMDs, but further investigations are needed to validate its usefulness in LHON (50).



Cyclosporine

Cyclosporine A inhibits the opening of the mitochondrial permeability transition pore that plays a crucial role in damage-induced cell death, thereby blocking the apoptosis. Its therapeutic potential in LHON has been evaluated prospectively in five patients with confirmed primary mitochondrial DNA mutations and strictly unilateral optic neuropathy that occurred within 6 months prior to enrollment. Despite treatment with oral cyclosporine A, all patients eventually experienced bilateral eye involvement within 11–65 weeks after the initiation of treatment. Over the study time period, the average best-corrected visual acuity worsened in the first affected eye. By the end of the study, both eyes were equally affected (51).



Brimonidine

Brimonidine is an α-2 agonist that is routinely used, as a topical agent, to lower the intraocular pressure in open-angle glaucoma (52). Experimental studies on rats have shown that brimonidine can have a neuroprotective effect on injured optic nerves by reducing apoptosis in cases of elevated intraocular pressure or retinal ischemia (53). In an open-labeled trial, brimonidine was used in nine LHON patients who had recently developed visual loss in one eye. The drug failed to prevent the involvement of the second eye. The authors hypothesized that apoptosis might not be a significant mechanism in RGC death in LHON or that RGC already presented asymptomatic irreversible injury when treatment was started (54).



Perspective

New treatment strategies are being considered, but some have never been tested clinically.

• Nutritional interventions are thought to have the potential to enhance mitochondrial bioenergetic capacity. Ketogenic diet (high in fat and low in carbohydrates) mimics the state of ketosis induced by starvation and is thought to have a neuroprotective effect by increasing antioxidant capacity (55, 56).

• The Stem Cell Ophthalmology Treatment Study (SCOTS) included five LHON patients who were given autologous stem cell concentrate through a combination of different modalities (retrobulbar injection, intravitreous injection, vitrectomy with subretinal injection, and intravenously). Three of them had improvement of their vision from hand motion or count finger to a measurable acuity in one eye. However, these three patients did not have the ND4 mutation and were treated at an early stage of their disease. Another study of bone marrow-derived mesenchymal stem cell therapy, SCOTS2, is ongoing. Further evaluation are needed to draw a conclusion on the efficacy of stem cell therapy in LHON (57).

• Mitochondrial biogenesis is a physiological process in which cells increase the mass and number of their mitochondria, allowing greater energy production. Increased mitochondrial biogenesis happens in LHON carriers and is thought to have a protective effect (15). Theoretically, pharmaceutical activation of mitochondrial biogenesis could be used as prevention in carriers, but this complex process is not yet fully understood.

• The gender bias in LHON has led some authors to consider the potential protective value of estrogens and their interactions with RGCs. Pisano et al. have shown that estrogens that bind specifically to receptors located in RGCs can reduce apoptosis in LHON cybrid cells carrying the ND4 mutation (58). The authors concluded that estrogens should be considered a potential preventive measure in carriers and called for a trial in the LHON genetic mouse model.

• Regenerative medicine aims to replace damaged cells. It encompasses several modalities, including induced pluripotent stem cells (iPSCs). In the case of LHON, and most chronic optic neuropathies, the target cells would be the RGCs. Regenerative medicine would be considered when a significant number of RGCs has been lost after the onset of the optic neuropathy. Multiple iPSC lines have been generated from fibroblasts of LHON patients. These lines offer unique opportunities to investigate LHON phenotypes and regulatory mechanisms at the cellular level (59–61). Unfortunately, the generated cells are not organized as they would be in the retina, which prevents their use in cell therapy. 3D approaches that rely on retinal cells other than RGCs are currently under development. Their goal is to allow the iPSC-derived RGCs to be integrated into an environment where they can interact with other constituents of the retinal tissue (62). The greatest challenge of regenerative medicine is ultimately to allow regeneration of the optic nerve itself. To do this, the cells obtained would have to first reach their target location in the retina and then send their axons all the way to the lateral geniculate body, with half of them crossing the optic chiasm along the way (63).

• Mitochondrial replacement therapy (MRT) is a technology that uncouples the inheritance of mtDNA from nuclear DNA. There are several techniques for MRT that differ in the biological form of the nuclear genome when it is transferred within the karyoplast, all of which combine the mother's nuclear DNA with unaffected mtDNA. Hyslop et al. reported the first preclinical study on the pronuclear transfer technique in 2016. This technique consists in transferring the pronuclei from a zygote to another enucleated one. It was shown to restore mitochondrial function even though it only led to a reduction, rather than a complete replacement, of the mutant load (64). In LHON, a technique using iPSC-derived RGCs allowed significant reduction in the level of apoptosis in cybrid-corrected RGCs (65). MRT has never been used to prevent the transmission of a LHON mutation. The first human born from MRT was reported in 2017 by Zhang et al. In that case, MRT was administered to prevent a mitochondrial disease that would have resulted in the in utero death of the embryo (66). Because it entails the manipulation of human gametes in a similar way to cloning techniques, MRT raises ethical concerns that still need to be addressed as the technology evolves.





SUPPORTIVE TREATMENT

In LHON, visual impairment can be sudden and dramatic. Few patients recover enough vision to resume a normal life. Thus, LHON is often experienced as an earthquake in the life of an otherwise healthy individual. The lack of efficient treatment leads to situations where patients seek medical advice from multiple specialists, and the main complaints are low vision and inability to cope with simple, everyday tasks. Patients can feel or become dependent as they are unable to mourn the loss of normal vision, as they have experienced it until then. The disease often comes with devastating social cost that caregivers must not overlook.


Psychological Complications

Reactive depression is common, and a patient's social network can be of great help. However, psychological support must always be offered to all patients after a diagnosis of LHON, whether they are symptomatic or not. In a study about psychological morbidity of LHON, half of the 103 included patients met the depression criteria after vision loss. The authors found that older age was correlated with higher depression prevalence than younger age (67).



Genetic Counseling

Genetic counseling allows patients to adapt to the psychological and familial implications of LHON. However, the only certainty it gives them is that men will not transmit the mutation to their offspring while women will transmit it to all of theirs. Other variables, such as the risk that siblings of affected individuals will also develop visual loss, are impossible to predict.



Low Vision Rehabilitation

LHON patients are good candidates for low vision rehabilitation (LVR) when they have a central scotoma and residual peripheral visual field. Patients are taught skills to adapt to their vision and optimize their use of the residual visual field. Reading aids, such as magnifiers or filters, are of great help for improving vision-related quality of life in these patients (68).




INTERNATIONAL CONSENSUS STATEMENT

At a conference held in Milan in 2016, a panel of experts from Europe and North America provided consensus statements about therapeutic management of LHON. These statements sought to address the concerns of clinicians and to help in the decision-making process for patient clinical management. There was strong consensus that positive prognostic factors, such as young age or ND6 mutation, do not affect management. The panel concluded that the first-line treatment for non-chronic patients (<1 year since the onset of the disease) should include idebenone at a dose of 900 mg/day for at least 1 year, but that there was no evidence that recommended treatment in the case of chronic ones (over 1 year after the onset in the second eye). For relatives, they recommended lifestyle counseling without treatment (69). At the time, GT was not included in the panel's therapeutic recommendations.

Based on these recommendations, we propose a simple algorithm in Figure 1 for LHON patients' management. Research has made great progress but, until an efficient treatment that restores vision is discovered, LHON management must be multidisciplinary and life-long and include prevention and rehabilitation, which remain the only ways to improve patients' quality of life.


[image: Figure 1]
FIGURE 1. Algorithm for management of patients with Leber optic neuropathy mutation.
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More than 30 years after discovering Leber's hereditary optic neuropathy (LHON) as the first maternally inherited disease associated with homoplasmic mtDNA mutations, we still struggle to achieve effective therapies. LHON is characterized by selective degeneration of retinal ganglion cells (RGCs) and is the most frequent mitochondrial disease, which leads young people to blindness, in particular males. Despite that causative mutations are present in all tissues, only a specific cell type is affected. Our deep understanding of the pathogenic mechanisms in LHON is hampered by the lack of appropriate models since investigations have been traditionally performed in non-neuronal cells. Effective in-vitro models of LHON are now emerging, casting promise to speed our understanding of pathophysiology and test therapeutic strategies to accelerate translation into clinic. We here review the potentials of these new models and their impact on the future of LHON patients.
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INTRODUCTION

Leber's hereditary optic neuropathy (LHON) is caused by maternally inherited missense point mutations of mitochondrial DNA (mtDNA) (1) and is estimated as the most-frequent mitochondrial disease (2). This blinding disorder is characterized by selective degeneration of retinal ganglion cells (RGCs), the retinal neurons projecting their axons, which form the optic nerve to the brain. Thus, the extended loss of RGCs and their axons leads to optic nerve atrophy, with a severe defect of central vision, in most cases leaving the patient legally blind (3, 4). Almost all LHON maternal lineages present with homoplasmic mutation (100% mtDNA copies are mutant in all tissues), having one of three frequent mtDNA mutations found in over 90% of patients worldwide (m.11778G>A/MT-ND4, m.3460G>A/MT-ND1, m.14484T>C/MT-ND6), but only some individuals develop the disease. Also, despite that the homoplasmic mtDNA mutation is present in all tissues, only a cellular type, that is, RGCs, undergoes degeneration. The pathogenic mechanism leading to cell death is thus extremely tissue and cell specific (3, 4). The phenotype of these mutations characterized by defective ATP synthesis when driven by complex I substrates (5), increased oxidative stress (6, 7), and increased propensity to undergo apoptosis (8, 9) has been thoroughly investigated in cybrids, lymphocytes, and fibroblasts but not in RGCs, the disease's target, which are not easily accessible and cannot be maintained in vitro (10).

Moreover, given the difficulties in manipulating mtDNA, very few animal models with mtDNA pathogenic mutations are available (11), preventing the possibility to study the affected tissues and organs and test therapeutic options.

To overcome these issues, we and other investigators exploited innovative approaches, based on the use of human-induced pluripotent stem cells (hiPSCs) as a faithful source of human neuronal cells and RGCs.

The use of hiPSCs to obtain terminally differentiated cells of a variety of tissues is a revolutionary approach to understanding disease mechanisms, performing drug screening, and testing gene or cell therapy (12–15).

Several studies have demonstrated the possibility to generate neurons and RGCs from plated hiPSC-derived embryoid bodies (16–19). In addition, different groups developed 3D culture systems recapitulating key steps of retinal development and allowing the generation of self-organizing retinal organoids containing RGCs (15, 20–25). These models provide a bridge between traditional 2D cell culture and mouse models, representing a paraphysiologic system with pros and cons (26), but of paramount importance for modeling mtDNA-related disorders.

Modeling LHON mutations in differentiated neurons and organoids will provide not only insights into the tissue-specific disease pathogenic mechanisms, but it will offer the unique opportunity to test in-vitro pharmacological approaches in a model system much more relevant than traditional non-neuronal cell cultures, such as fibroblasts, lymphoblasts, or cybrids. Moreover, patient-specific hiPSCs allow studying the effect of the mtDNA mutation in the context of patient-specific nuclear background, which, in LHON particularly, plays a pivotal role in the modulation of disease's presentation (27).

We here discuss our experience with the generation of hiPSCs from LHON-affected patients integrated with the data present in the literature. We particularly emphasize the translational potential for patients in exploiting LHON neuronal cells and RGCs to advance our knowledge of pathogenic mechanisms and test therapies.



REPROGRAMMING FIBROBLASTS OR PERIPHERAL BLOOD MONONUCLEAR CELLS PBMCS FROM LHON PATIENTS

Since the epochal discovery of induced pluripotent stem cells by the Yamanaka group in 2006 (28), many researchers generated hiPSC by reprogramming differentiated cells obtained from mitochondrial disease patients [MELAS syndrome (29), MERRF syndrome (30), Pearson syndrome (31); reviewed by Liang (32)]. Unexpectedly, even if LHON is the most-frequent mitochondrial disease, to date only a few groups, including ours (33), had generated LHON hiPSCs by reprogramming fibroblasts or peripheral blood mononuclear cells (PBMCs) derived from patients (34–38).

One group from Taiwan reprogrammed PBMCs from two LHON m.11778G>A patients and one LHON m.11778G>A unaffected carrier using the Sendai virus (37). The authors reported a slightly increased complex I (CI) activity, failing statistical significance, in the LHON hiPSCs, both affected and carrier, as compared to control. The authors reported a slightly increased of complex I (CI) activity in both affected and carrier LHON hiPSCs as compared to control, that failed to reach statistical significance.

Another group reprogrammed fibroblasts from two LHON m.11778G>A patients as well as one LHON proband carrying two mutations m.4160T>C and m.14484T>C, using episomal vectors expressing six reprogramming factors OCT4, SOX2, KLF4, L-MYC, LIN28, and shRNA for p53 (34). They investigated hypothetical difficulties in reprogramming cell lines with OXPHOS defects since Yokota et al. reported reduced reprogramming efficiency in mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes syndrome (MELAS) fibroblasts carrying more than 90% of the m.3243A>G mtDNA mutation (39). Hung and collaborators reprogrammed fibroblasts carrying the homoplasmic LHON mutations and found no significant differences in the number of hiPSC colonies between controls and LHON patients (21 colonies on average for the controls, and 13 colonies on average for the LHON patients). Differently, our own experience with LHON was more similar to what observed by Yokota, since we noticed that LHON fibroblasts or PMBCs are refractory to be reprogrammed to hiPSC.

Specifically, we attempted to reprogram different LHON cell lines: two m.3460G>A patients, four m.11778G>A patients, and two unaffected m.11778G>A carriers (Table 1). As shown in Table 1 and Figure 1A, the number of clones obtained was in general very low, even if numerous attempts were performed also in different laboratories. Conversely, using fibroblasts derived from healthy controls or disease's patients affected by mitochondrial disorders, including dominant optic atrophy (OPA1 mutation), Pearson (40), and MPAN (41), we obtained on average from 10 to 20 clones of hiPSC (Table 1 and Figure 1B) per reprogramming experiment. To overcome this issue, we tested the reprogramming efficiency of LHON cells under hypoxia laboratory conditions (5% pO2, more similar to physiological oxygen tension in vivo), a condition previously used to enhance the generation of hiPSC (42), and recently demonstrated to be specifically beneficial in several OXPHOS defects, by improving disease phenotype in mice and cells (43). In fact, under traditional culturing conditions cellular models of mitochondrial respiratory-chain disease and Friedreich's ataxia showed proliferative defects, which could be reversed by lowering oxygen tension (44). In addition, hypoxia was able to prevent and even reverse the neurological phenotype in a Leigh syndrome mouse model characterized by CI deficiency due to Ndufs4 gene ablation (45). Based on this evidence and since LHON mutations were associated with reduced CI-driven ATP synthesis and increased ROS production (46), we hypothesized that hypoxic cell culture conditions during reprogramming could increase the number of hiPSC clones generated. Thus, we recently reprogrammed PBMCs derived from one LHON m.11778G>A patient and one carrier, in parallel under normoxic (11778 4a and Carrier 2a) and hypoxic (11778 4b and Carrier 2b) conditions (5% oxygen), following published procedures (42). We found that this hypoxic condition significantly increased the number of hiPSC clones generated (Table 1 and Figure 1A). In fact, while under normoxic conditions, we obtained around nine LHON hiPSCs clones in 10 different reprogramming experiments (0.9 clones/reprogramming cycle), and this number increased, under hypoxic conditions, to 11 clones in two reprogramming experiments (5.5 clones/reprogramming cycle). Although these last results derived from only two experiments and need to be further consolidated, they indicated a statistically significant improvement of the reprogramming efficiency (Figure 1A), which remains largely below that observed for the disease control group (12.7 clones/reprogramming cycle) and for the healthy control group (19.3 clones/reprogramming cycle) (Figure 1B). This amelioration of the reprogramming efficiency is relevant not only to obtain enough biological material for further investigations but could also unravel an insight into pathogenic mechanisms, relevant for the disease, and for the development of targeted effective therapy. Remarkably, the subacute phase of LHON is hallmarked by well-known vascular changes, and ongoing discussions revolve around the issue of pseudo-hypoxic signaling that RGCs may produce as their metabolic unbalance reaches the threshold for triggering the disease, possibly underlying the microangiopathy in LHON (3, 4, 47, 48).


Table 1. Characteristics of cell lines subjected to reprogramming.
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FIGURE 1. LHON cell lines reprogramming efficiency. (A) Number of hiPSC clones obtained by reprogramming affected or non-affected (carrier) LHON-derived fibroblasts or PBMC under normoxia (solid blue bars) or hypoxia (cross-hatched blue bars) conditions. (B) Comparison between grouped numbers of hiPSC clones obtained from LHON (solid blue bar), disease controls including non-LHON mitochondrial diseases (hatched red bar), and healthy controls (cross-hatched green bars) cell lines. The dots represent the number of clones obtained under normoxia (white dots) or hypoxia (black dots) conditions. ***p < 0.001, *p < 0.05.




GENERATION OF RGCS FROM LHON PATIENTS

In the last years, a few protocols have been developed with the purpose to differentiate RGCs directly from patients-derived hiPSCs. However, very few of these RGCs models have been produced for LHON. The first model was reported in 2017 by the Wong group, who generated RGCs from one healthy control and one patient carrying in combination the two homoplasmic mtDNA mutations m.4160T>C and m.14484T>C. Interestingly, they used cybrid technology to also generate patients' fibroblasts homoplasmic for the wild-type mtDNA, thus creating an isogenic control hiPSCs and derived RGCs (35). They found an increased level of apoptosis in LHON RGCs not observed in the healthy and isogenic corrected RGCs, demonstrating that this phenotype was a direct consequence of the LHON mutations. Another group generated hiPSCs-derived RGCs from a m.11778G>A LHON-affected and unaffected carrier, belonging both to the same family (37). They observed enhanced mitochondrial biogenesis, decreased basal respiration, and increased oxidative stress in both affected and unaffected RGCs. However, defective neurite outgrowth was only found in the affected RGCs, while carrier cells exhibited a prominently higher expression of the gene encoding γ-synuclein. Interestingly, increased CI activity was observed in RGCs derived from the asymptomatic carrier but not from the affected patient. Differences in affected and unaffected RGCs carrying homoplasmic m.11778G>A mutation were also found by Yang et al. (49). Both lines showed increased ROS production, but only the affected cells were characterized by increased apoptosis and altered mitochondrial transport pattern along the axons, with an increase in retrograde and a decrease in stationary mitochondria. Furthermore, affected RGCs displayed a significant increase of KIF5A, a member of the kinesin-1 family KIF5, involved in the transport of mitochondria along the axons. Another study carried out on hiPSC-derived RGCs by Yang et al. (50) highlighted the possible role played by AMPA receptors and excitotoxicity in m.11778G>A LHON patients. They used a modified protocol of differentiation of hiPSCs to RGCs to obtain a highly homogeneous RGCs population. They showed how the MT-ND4-mutated LHON-RGC cells exhibited significantly reduced GluR1/R2 (subunits of AMPA receptors) and their associated scaffold proteins and the resulting different pattern of response to glutamate stimulation compared to control.

Lastly, Edo et al. (51) demonstrated that hiPSC-derived RGCs can suppress the immune activity of T-cells via TGF-β, have a poor expression of HLA class I, and no expression of HLA class II (CD80 and CD86 co-stimulatory molecules), opening the possibility of using these cells in transplant without the risk of rejection.



GENERATION OF NEURONS FROM LHON PATIENTS

Almost two decades ago, the Cortopassi group generated cybrids using the neuronal precursor cell line NT2, containing mitochondria from patients with m.11778G>A and m.3460G>A mutations (52). Differentiation of LHON-NT2 cells resulted in a decreased number of cells, reduction of mtDNA amount, and increased ROS production, compared to the parental line. To our knowledge, no hiPSCs-derived neuronal model different from RGCs has been generated to date. Although it is clear that RGCs represent the best model to unravel LHON pathomechanisms, hiPSCs differentiation in non-RGCs neurons could be informative as well to study the selective degeneration of RGCs in patients. To maintain the transparency of the retina to light, the retinal segment of the RGCs axon is unmyelinated, increasing the energetic demand for action potential firing along this portion and making these cells particularly susceptible to energetic deficit (53). The generation of in-vitro myelinated neurons through co-cultures of Schwann cells and hiPSCs-derived neurons (54) might be informative to establish the involvement of myelin in the pathogenesis of the disease.



STATE OF THE ART ON ORGANOIDS IMPLEMENTATION

The use of 3D organoids generated in vitro from patient-derived cells may represent an important interface between in-vitro and in-vivo modeling of LHON, being more accessible and easier to obtain than mouse models and overcoming the anatomical interspecies differences between humans and rodents.

The first human brain and retinal organoids have been generated about 10 years ago from different groups (55, 56). Lancaster and colleagues successfully modeled genetic microcephaly using hiPSCs derived from patients' fibroblasts to generate brain organoids.

Only a year before, the Sasai group had generated a 3D optic structure by self-organization of cultured human embryonic stem cells (ESCs). The optic cup consisted of the retinal pigmented epithelium, and an inner neural retina correctly organized into multilayered tissue containing photoreceptors (rods and cones), interneuron precursors, and RGCs (57). Both these protocols exploited the capacity of embryoid bodies (EBs) (ESCs or hiPSCs-derived) to proceed spontaneously toward ectodermal commitment without extrinsic signaling factors, which instead are necessary for mesodermal and endodermal specifications (26, 58).

Several modifications and adjustments to the pivotal approaches of Lancaster (55, 59) and Sasai group (57, 60), have been done in the following years, essentially identifying distinct extrinsic factors to obtaining specific regions in the organoids (60, 61), or by-passing the EBs formation step (62). Moreover, improvements toward standardization are constantly evolving, such as the use of completely xeno-free culture methods (62) or the introduction of technologies allowing large-scale controlled organoids production, such as bioreactors or microfluidics chips (26). Importantly, also protocols for cryopreservation at intermediate steps of differentiation have been established, allowing the biobanking of the in-vitro-generated organoids, an additional advantage compared to animal models (26, 57, 62).



THERAPEUTIC APPROACHES

Despite the numerous clinical and pre-clinical investigations carried out to date, effective therapies for LHON are still limited. Effective means that therapy should be able to tangibly modify the disease natural history either by aborting or reverting the catastrophic wave of cell death, or at least limiting the progression so that the visual function is substantially preserved based on anatomical RGCs measurable sparing. Multiple clinical trials have been conducted in recent years, essentially targeting the main pathways involved in the pathogenic mechanism (63). Several antioxidants molecules, some of which with direct effects on mitochondrial respiration, have been tested in patients: idebenone, Coenzyme Q10 (CoQ10), EPI-743, Elamipretide, curcumin (63).

To date, idebenone (Raxone®) is the only drug approved by the European Medicines Agency for LHON. It has been documented that idebenone can increase the rate of visual recovery in LHON patients after reaching a nadir of visual loss (64–66); however, its efficacy remains incomplete and variable amongst treated subjects.

The only treatment explored in LHON hiPSCs-derived RGCs was the antioxidant N-acetyl-L-cysteine, which was shown to reduce the ROS production and apoptosis, also rescuing the defective mitochondrial transport observed in the LHON cells (49).

Additional compounds targeting other pathways involved in the LHON pathogenesis (mitobiogenesis, mitophagy, mitoinflammation) have been evaluated only in patient-derived primary cells or in cybrids, such as phytoestrogens (67), rapamycin (68), papaverine, and zolpidem (69). Moreover, other potential strategies are emerging, for example, the inhibition of the miRNA181a/b, acting on both mitobiogenesis and mitophagy (70). All these pharmacological approaches should be reevaluated also in RGC to understand if they are efficacious and rapidly translatable into a therapy.

Besides pharmacological clinical trials, encouraging results are nowadays being reported by clinical trials with gene therapy for patients carrying the m.11778G>A/MT-ND4 mutation [reviewed in Amore et al. (63)], using the Adeno-Associated Virus (AAV)-mediated allotopic expression of a wild-type recoded version of the mtDNA-encoded ND4 subunit of complex I (71, 72). To better refine the efficiency of allotropic expression strategy in the context of RGCs, detailing the mitochondrial import of wild-type ND4 protein, its competition with the endogenously expressed mutant ND4, and finally the dynamics of complex I assembly of either one or the other ND4 subunits, may greatly benefit of 3D organoid modeling of LHON. This might resolve some of the criticisms previously raised by the preclinical studies (73–75). The same approach could be developed for the other LHON-related mutations, and different approaches based on gene therapy might be proposed in the future, for example, modulating the expression of modifying genes or miRNAs (70) or applying possible gene-editing strategies, as recently proposed for mtDNA (76). Similarly, the feasibility of mitochondrial import of nucleic acids, claimed by some studies (77, 78), may benefit the use of eye/brain organoids carrying LHON mutations, reproducing those experiments and possibly paving the road for further gene therapy strategies.



DISCUSSION

In-vitro modeling of LHON through 2D cell cultures, including patient-derived hiPSCs and neurons, allowed important steps forward in the understanding of the pathogenic mechanism of this complex and fascinating disease. We here presented evidence that LHON hiPSCs are difficult to obtain as compared to other apparently more severe mitochondrial disorders, but this reduced efficiency could be improved by performing the reprogramming experiment under hypoxic conditions. This observation would deserve further investigation since obtaining a large number of hiPSCs clones is instrumental to further develop differentiated 2D cell cultures. Although 2D cell cultures show several advantages such as easy manipulation and analysis (good accessibility of nutrients and/or drugs, excellent visualization and tracking of cells at microscopy by live-cell imaging), the complex 3D architecture of in-vivo tissues is not reproduced by this method, nor are the interactions between different co-resident populations of specialized cells (79). This is particularly important for LHON, in which RGCs are the only cells affected in the retina. The application of the innovative single-cell omics on hiPSCs-derived 3D organoids can provide useful insight on the cell specificity of LHON disease. A recent study has already paved the way for this approach, performing single-cell transcriptomics on in-vitro-generated human retinal organoids and ex-vivo adult human retinas, allowing mapping of disease-associated genes to particular cell types (25). This work highlights the importance of investigating mechanisms of disease in RGCs since they could be differently regulated in the traditional cell models so far exploited. Many of the findings so far achieved in LHON should be revalidated in RGC models to assure that the right pathogenic mechanism was effectively targeted by therapies.

Modeling mitochondrial diseases caused by mtDNA mutations in animals is still challenging due to the difficulties in manipulating the mitochondrial genome (80, 81), although a new promising method has been recently described Mok et al. (76). In 2012, the group of Doug Wallace, a pioneer in the field of mitochondrial medicine, successfully generated a mouse model carrying a mutation in the MT-ND6 gene, which developed a pathology closely resembling LHON at 2 years of age, although the mouse did not show reduced visual responses (82). This model was instrumental to reproduce some of the hallmark features observed in human post-mortem LHON retina (83, 84); however, mice, because they lack the macular region, ultimately fail to reproduce the natural history that clinically characterizes humans with the characteristic catastrophic evolution of RGC neurodegeneration (3, 4).

Thus, it will be fundamental to investigate pathogenic mechanism of LHON disease in hiPSCs-derived cell/tissue-specific models and retinal organoids might be instrumental to assess efficacy/toxicity in the pre-clinical phases. The issue of maintaining organoids in a spinning bioreactor under hypoxic conditions, with the intent of reproducing the brain endogenous developmental program, could be crucial, especially for LHON in light of our observation, but also in general for other diseases. To date, only a few brain organoids models of mitochondrial diseases have been reported, specifically for MELAS syndrome, mitochondrial neurogastrointestinal encephalomyopathy, Friedrich ataxia, and Leigh syndrome (85–88). We think that modeling LHON with retinal organoids would provide substantial progress in the understanding of the pathogenic mechanisms and in identifying the correct targets for therapy development. To this end, testing pharmacological and gene therapy approaches with human transgenes packaged in the appropriate AAV vector constructs, currently performed in animal models with obvious problematic issues (89, 90), may benefit human-patient-derived eye/brain organoids, certainly allowing to speed translation from pre-clinical science to approval for human clinical trials of regulatory agencies such as the Food and Drug Administration (FDA) and European Medicines Agency (EMA).
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In the year 2000, the discovery of OPA1 mutations as causative for dominant optic atrophy (DOA) was pivotal to rapidly expand the field of mitochondrial dynamics and describe the complex machinery governing this pathway, with a multitude of other genes and encoded proteins involved in neurodegenerative disorders of the optic nerve. OPA1 turned out to be a much more complex protein than initially envisaged, connecting multiple pathways beyond its strict role in mitochondrial fusion, such as sensing of OXPHOS needs and mitochondrial DNA maintenance. As a consequence, an increasing need to investigate OPA1 functions at multiple levels has imposed the development of multiple tools and models that are here reviewed. Translational mitochondrial medicine, with the ultimate objective of translating basic science necessary to understand pathogenic mechanisms into therapeutic strategies, requires disease modeling at multiple levels: from the simplest, like in yeast, to cell models, including the increasing use of reprogrammed stem cells (iPSCs) from patients, to animal models. In the present review, we thoroughly examine and provide the state of the art of all these approaches.
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INTRODUCTION

In the year 2000, the human OPA1 gene came to attention, as heterozygous mutations were associated with dominant optic atrophy (DOA) (1, 2), a blinding disorder originally described by the Danish ophthalmologist Paul Kjer in 1959, which usually leads to optic atrophy in the first decade of life (3). This gene encodes a protein for which the role as one of the mitochondrial factors involved in the machinery regulating mitochondrial dynamics, promoting fusion of the inner membrane of mitochondria and being key to mitochondrial DNA (mtDNA) maintenance, was clear by analogy with the orthologous genes MGM1/MSP1 in yeast (4–6). OPA1 was rapidly revealed to have a very complex expression regulation, coming in multiple isoforms due to alternative splicing (7, 8). Only recently have we begun to understand the need for this complexity, revealing how sophisticated and possibly flexible the function of this protein is (9). In fact, besides the role of OPA1 in mitochondrial fusion, by studying OPA1 dysfunction in DOA patients and cell models, its implication in regulating bioenergetics has rapidly emerged (10, 11), contributing to mitochondrial cristae shaping and regulating apoptosis (12, 13), maintaining mtDNA integrity and copy number (14–17), contributing to mitochondrial quality control (18, 19), and ultimately representing a key cross-road for mitochondrial homeostasis, which is central to cell survival and function (20–22).

The identification of OPA1 mutations as causative for selective neurodegeneration of retinal ganglion cells (RGCs) leading to optic atrophy was thus instrumental in opening a very active field of investigation for neurology and neuro-ophthalmology as well as in understanding new mechanistic pathways regulating mitochondria homeostasis and primarily mitochondrial dynamics (23). Congruently, the expanding spectrum of dominant and recessive mutations affecting the OPA1 protein has been reflected into a progressively larger landscape of clinical phenotypes linked to OPA1 dysfunction, including the vast catalog of the so-called DOA plus syndromes (14, 15) dominated by neurodegeneration and multisystem involvement (24), including multiple sclerosis (25, 26), Parkinsonism and dementia (18, 27), infantile Leigh syndrome (28), and cardiomyopathy (17).

Given the constantly growing interest in OPA1 function and dysfunction in relation to human diseases, their modeling is essential to rapidly progress our understanding and possibly provide therapeutic options. Thus, we review the currently available tools for the study of this protein, looking at the future of this rapidly evolving field.



OPA1 CELL MODELS


Yeast Models

Yeast, as a simple, easy-to-manipulate eukaryotic organism, is an extremely helpful model with which to understand mitochondrial function, providing insight into mitochondrial pathways and their regulation. Indeed, yeast has been instrumental in identifying key functions of MGM1 and MSP1, the orthologous of OPA1 in Saccharomyces cerevisiae and Schizosaccharomyces pombe, respectively (Figure 1). Mgm1 was first identified for its role in mtDNA maintenance (4, 29) and its relative effect on respiratory competence (4, 6). Subsequent reports highlighted the fusion capacity (30–32) and its role for cristae structure stability (32, 33). Similarly, Msp1 has been characterized as a protein involved in mtDNA maintenance (5), in mitochondrial network stability and respiratory function (34), and in the fusion of mitochondria (35). Mgm1 is proteolytically processed in two forms, long and short, by the rhomboid-type protease Pcp1, the homolog of the mammalian PARL (36, 37), whereas Msp1 is cleaved by both rhomboid and m-AAA proteases (38). The presence of both short and long forms of Mgm1 is required to maintain a tubular mitochondrial morphology and proper mtDNA amount (36, 39). The increased ratio of long to short form exerts a dominant negative effect on mitochondrial fusion, and a functional GTPase in the short form, but not in the long form, is necessary to tune fusion (39). Furthermore, one of the transmembrane segments of the dynamin Msp1 is required for mtDNA maintenance but not for the fusion activity (40).


[image: Figure 1]
FIGURE 1. Schematic figure of the five categories of cell models used to study OPA1 functions. The pathways reported in the literature to be regulated by OPA1 or altered by its kd/ko/mutations in the different models are identified by a checkmark.


Yeast may be used as a model of mitochondrial diseases to investigate the effect of pathogenic mutations on mitochondrial function. Due to the weak conservation of amino acid sequences between Mgm1 and OPA1 and the inefficiency of the human GTPase in complementing MGM1 depletion, a chimeric protein composed of the N-terminal region of Mgm1 and the catalytic region of OPA1 (41) has been generated. Our group and other investigators used this chimeric model to dissect the effect of several mutations found in DOA patients, showing that pathogenic mutations caused mtDNA loss and mitochondrial fragmentation, reduced the processing of long to short forms, and impaired the respiratory capacity and oxidative growth in yeast (41–43). In addition to the validation of the pathogenicity, the possibility to compare haploid and diploid strains, expressing the mutant only or in combination with the wild-type chimeric protein, allowed for discrimination between hypomorphic, null, or dominant alleles (42).

Yeast is also a valuable system to screen for compounds with therapeutic potential to treat mitochondrial diseases as a “repurposing” strategy. Two research teams applied this approach in the context of OPA1 mutations (44, 45). In the first screening, a collection of 1,600 repurposed drugs has been used and five compounds were able to suppress the lethality in restrictive conditions caused by a GTPase mutation of MSP1 in S. pombe. Two drugs were able to rescue mtDNA depletion, and one of them recovered also mitochondrial network morphology (44). In the second screening, our group used the yeast strains with mutations on MGM1 or on the chimeric Mgm1-OPA1 to evaluate the effect of more than 2,500 drugs from two chemical libraries (45). In this case, out of the 26 drugs able to rescue the oxidative growth phenotype, six of them reduced the mitochondrial DNA instability in yeast and were analyzed also in mammalian cell models (45). Therefore, although some differences are present between Mgm1/Msp1 and OPA1, yeast has proven to be a simple and very useful first-line tool for large-scale OPA1 drug screenings, and, coupled with more physiological models to cross-validate the outcomes, it might speed up the discovery of effective therapies for DOA.



Mouse and Rat Cell Models

The study of OPA1 in mammalian models, such as mouse and rat cells, in particular the mouse embryonic fibroblasts (MEFs), has been instrumental in deepening our understanding of the complex role played by OPA1 in multiple mitochondrial pathways (Figure 1).

Studies in MEFs led to the identification of the OPA1 cleavage sites S1 and S2, encoded by exon 5 and 5b and cleaved by OMA1 and YME1L, respectively, to generate a balanced mixture of long and short forms (46, 47). Recently, a previously suggested third site (48) has been identified, named S3, located in exon 4b, and cleaved by YME1L (49).

Overexpression or silencing of OPA1 in MEFs highlighted its fundamental role in maintaining a filamentous mitochondrial network and sustaining fusion (50, 51), supporting respiratory efficiency (51), and controlling cristae integrity and apoptosis (13). However, Opa1 knockout (ko) mouse fibroblasts have also been extremely helpful in understanding the DOA pathogenic mechanism given the clear-cut phenotype due to the complete lack of the protein. Indeed, Opa1 null cells have no fusion activity (9, 46, 52, 53), decreased the number of mtDNA and nucleoids (9, 53, 54), and caused profound alterations of cristae structure integrity (9, 53, 55). Furthermore, Opa1 ablation and OPA1 overexpression in mouse fibroblasts clarified the interplay between cristae and OPA1 in respiratory chain supercomplexe (RCS) assembly (56) and identified the ATP synthase as the effector of the OPA1-mediated protection of mitochondrial functions (57). This model also provided details on the relationship between OPA1 and other interactors to sustain cristae architecture, such as the MICOS protein MIC60 (58, 59) and the SLC25A solute carriers family members, which activate the OPA1-mediated cristae remodeling in response to different energetic conditions (60).

Moreover, the complete absence of the protein was also instrumental in dissecting two fundamental and debated questions key to OPA1 complexity: the role of the isoforms and of the long and short forms. Expression of each of the eight isoforms in Opa1 null MEFs disclosed that they are all able to rescue mtDNA content, cristae organization, and energetics (9), whereas the short forms are more efficient in restoring energetic efficiency (9, 53) and enhancing cell survival under oxidative stress (61). Importantly, it has been shown that long forms support mitochondrial fusion (9), whereas both long and short forms are necessary to preserve an interconnected mitochondrial network (9, 46, 53). More recently, it has been reported that the presence of multiple isoforms generating different short forms is necessary to achieve a more filamentous mitochondrial network (49), confirming our seminal study (9).

The model of Opa1 null MEFs has been also employed to study the pathogenic effect of OPA1 missense mutations associated with DOA in an isogenic genetic background, evaluating the capability to restore mitochondrial defects (42, 62). We substantiated the more severe effect of mutations affecting the GTPase domain when compared to those in the dynamin domain or compared to hypomorphic mutations. This was true for all the mitochondrial readouts analyzed, faithfully mirroring the severity of clinical phenotypes (42). Additionally, these cell models underwent metabolomic and lipidomic studies (63–65). Opa1 ko MEFs showed bioenergetic changes with altered metabolism of aspartate, glutamate, nucleotides, and NAD (63), and variations in triglycerides and lipids involved in membrane remodeling and in cell signaling pathways (64), similarly to what has been observed in primary Opa1-depleted cortical neurons (66). An analysis of OPA1 mutated MEFs ranked the allele severity with the metabolic and lipid alterations, highlighting an increased spermine/spermidine ratio and a reduction in hydroxyproline, amino acid pool, and several phospholipids (65). Interestingly, the increase in glutathione in Opa1 null MEFs (63) has been recently confirmed in a second study (67) and reported, together with the increased dependency on cysteine transport, as a metabolic adaptive mechanism to afford protection against oxidative stress in these cells (67). Finally, this cell model has been also used for drug screening on amelioration of mitochondrial readouts with different missense mutations, proving to be a valuable tool in testing new DOA therapeutic interventions (45).



Immortalized and Tumor Human Cell Models

After the discovery that mutations in the OPA1 gene are the prevailing cause of DOA, several studies have been carried out using immortalized or human tumor-derived cells (Figure 1). These models have been instrumental in elucidating the manifold roles of this GTPase in mitochondrial homeostasis, avoiding the individual variations intrinsic to patient-derived primary cells.

Subcellular localization experiments were instrumental in identifying OPA1 as an inner-membrane protein, exposing the C-terminal portion in the IMS (68–71), which is present as a mixture of long and short forms (71, 72), the latter generated by the activity of the proteases YME1L (72, 73) and OMA1 (48). As the major pathogenic mechanism in OPA1-related DOA is haploinsufficiency, OPA1 downregulation has highlighted mitochondrial network fragmentation (12, 70, 73–75) and complete inhibition of mitochondria fusion (74, 76), confirming its pro-fusion role in mitochondrial dynamics. In addition, several studies found dissipation of the mitochondrial membrane potential (12, 76), drastic disorganization of the cristae structure (12, 70, 74, 75, 77), alteration of MICOS assembly (77) and increased sensitivity to apoptosis with the release of cytochrome c (12, 74, 76, 78). The link between OPA1, cristae integrity and apoptosis was confirmed in Hek293 cells by expressing a mutant OPA1 resistant to disassembly of its oligomers, which blocked cytochrome c release and apoptosis (79). Downregulation of OPA1 protein also induced mtDNA depletion (16, 75), bioenergetic defect (75, 80), altered Ca2+ homeostasis (75, 81) and mitophagy (82). Specific silencing of the three alternative splicing exons has been used in the attempt to unravel a precise mitochondrial function of the individual OPA1 isoforms (16, 83).

The pro-fusion role of long forms has been reported in several studies, where overexpression of long OPA1 was more efficient compared with the long/short combination in ameliorating the mitochondrial network morphology in knockdown (Kd)-OPA1 cells (71) and in SH-SY5Y cells after hypoxia and re-oxygenation injury (84). Furthermore, it has been reported that SIRT4 overexpression increased OPA1 long-form promoting fusion, counteracting fission and mitophagy (85).

Human cells have been used also to confirm the new function identified in adipose-like mouse fibroblasts (86), where OPA1 localized in lipid droplets serves as an A-kinase anchoring protein (AKAP) and allows PKA to phosphorylate perilipin 1 to favor lipolytic stimulation (87).



Patients' Derived Fibroblasts and Lymphoblasts

Fibroblasts and lymphoblasts derived from patients are a model extensively used to study the pathophysiology of OPA1 mutations. The majority of the alterations identified in the previous models have been reconfirmed in patients' cells (Figure 1). Numerous studies of fibroblasts and lymphoblasts reported defective mitochondrial network dynamics (11, 18, 27, 42, 78, 88–95), energetic metabolism (11, 42, 88, 91, 93, 94, 96), cristae structure maintenance (11, 27, 93), and increased sensitivity to apoptosis stimuli (11, 96). Depletion of mtDNA copy number in fibroblasts has been reported in a few cases in the presence of missense (42, 96) or compound heterozygous mutations (19, 43).

Recently, increased ROS production (94, 96), low levels of antioxidant enzymes (97), and alteration of calcium uptake (98) have been also reported. Furthermore, direct involvement of OPA1 in quality control has been revealed in fibroblasts (18, 19, 95), where missense mutations induced an increase in both autophagy and mitophagy processes. Interestingly, basal mitophagy was increased in fibroblasts bearing dominant-negative OPA1 mutations, whereas OPA1 haploinsufficiency seems to correlate with a reduction in mitochondrial turnover and autophagy (95).

Although these cells have been very useful when studying mitochondrial alterations, the presence of the wild-type allele often hides the effect of the mutated one, prompting the need to use galactose media to force oxidative metabolism and reveal the mitochondrial dysfunctions. Also, nuclear and mitochondrial genomes may variably contribute to the great heterogeneity observed in clinical and cellular phenotypes due to the same OPA1 mutation. For example, analysis of mtDNA copy number revealed a depletion only in one of two fibroblasts with the same R445H mutations derived by patients belonging to the same family (42), suggesting that other genetic or environmental factors may contribute. Concordantly, mitochondrial OMI/HTRA2 has been recently reported as a new gene modifier of phenotype variability (99).

Although with these limitations, fibroblasts, if combined with other models, may be functional in identifying new pathways, confirming pathogenic mechanisms, or validating the efficacy of therapeutic molecules, as we recently reported (45).



iPSCs, NPCs, Neuron, and RGCs

In the last decade, the establishment of induced pluripotent stem cell (iPSC) technology has provided the opportunity to generate in vitro human models of neurological disorders. The iPSCs are stem cells-like reprogrammed in vitro from patient-derived primary cells, which can be then differentiated into specific somatic cell types (100). The iPSCs and terminally differentiated cells, therefore, allow us to study the exact cell type affected in the human disease to identify the pathological mechanism and to conduct drug screening on a human genetic background (Figure 1).

Human iPSCs lines have been generated from patients' fibroblasts carrying different OPA1 mutations, such as the p.Gln621Ter (101) and the p.Ser545Arg (102) heterozygous mutations, and the compound heterozygous mutations causing Behr syndrome (103). All these iPSCs could differentiate into the three germ layers (endoderm, mesoderm, and ectoderm) (101–103).

Increased apoptosis and inefficient capability to differentiate into a neural rosette and RGCs were reported for the iPSCs derived from two other fibroblasts of patients carrying the intronic mutation c.2496+1G>T, suggesting the impact of apoptosis on RGCs possibly leading to early or congenital optic atrophy (104), as previously proposed by optical coherence tomography clinical studies (105). The addition of the neural induction medium, the secreted signaling molecule noggin, or the estrogen hormone promoted the differentiation into RGCs of the OPA1+/− iPSCs, possibly by inhibiting apoptosis (104).

Dopaminergic neurons carrying an OPA1 mutation causing haploinsufficiency were generated via iPSCs from two patients belonging to the same family that, interestingly, developed different clinical phenotypes: isolated DOA or DOA with syndromic Parkinsonism (106). Both the cell lines showed a reduction in oxygen consumption rate (OCR), complex I levels, and activity, whereas only neurons derived from the patient with Parkinsonism presented mitochondrial fragmentation and an increase of the OPA1 short forms. In this study possible genetic modifiers of the different clinical phenotypes in the two patients, presenting the same OPA1 mutation, were not identified (106).

Neural progenitor cells (NPCs) from two OPA1 missense mutations causing Parkinsonism and dementia (18) presented bioenergetic defect, mitochondrial network fragmentation, increased ROS levels, and alteration in the lysosome pathway (107). Even in this case, the OPA1-mutated NPCs showed a survival deficit, which was rescued by selective inhibition of necroptosis (107). The iPSC-derived neurons bearing these two OPA1 mutations have been further studied in a microfluidic system where different neuronal subtypes were cultured together with a patterned organization of their projections and synaptic terminals (108). Analysis of neuronal projections revealed altered content, distribution, and movement of mitochondria along the axons of the neurons. Moreover, the impairment in synapse formation was followed by a progressive loss of synaptic contacts over time in the mutant neurons, suggesting a depletion of mitochondria in neuronal projections as a cause of loss of neuronal connectivity and neurodegeneration (108).

Recently, human embryonic stem cells (hESCs) with OPA1 haploinsufficiency induced by the CRISPR-Cas9 technology have been characterized and differentiated into NPCs. Interestingly, several genes involved in NPCs differentiation, GABAergic interneuron formation, and retinal development were downregulated in OPA1+/− NPCs due to increased CpG methylation (109). The increased ROS levels and downregulated FOXG1 expression, a factor crucial for GABAergic neuronal formation and retinal development, were confirmed also in NPCs derived from two other patients bearing the common c.2873_2876delTTAG mutation, suggesting that OPA1 haploinsufficiency may result in aberrant nuclear DNA methylation and an altered transcriptional program (109).

Although studying the cells targeted by the disease accelerates our understanding of OPA1-derived dysfunctions, these two-dimensional methods to studying neuronal dysfunction do not completely recapitulate the complexity of a human brain (110). The recently optimized protocols for modeling in vitro brain and retina organogenesis (111) represent a further fundamental step instrumental in disease modeling.




OPA1 ANIMAL MODELS


Drosophila melanogaster Models

Modeling of DOA has also been carried out in Drosophila melanogaster (Figure 2) and these studies emphasized the role of increased ROS production in leading to the pathologic phenotype, showing how this could be partially counterbalanced by antioxidant therapy (112). This supports the proposal of therapeutic approaches with antioxidants in human patients with DOA. The heterozygous mutant flies showed an age-dependent perturbation of visual functions, heart alterations (113), lifespan reduction, elevated ROS level, and the presence of irregular and dysmorphic mitochondria in the skeletal muscle (114). In summary, these two studies on the Opa1 mutant Drosophila model showed an age-dependent multisystemic disorder, resembling the syndromic forms of DOA “plus” (113, 114).
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FIGURE 2. Schematic figure of the four animal models used to study OPA1. The pathways reported in the literature to be regulated by OPA1 or altered by its kd/ko/mutations in the animal models are identified by a checkmark.




Caenorhabditis elegans Models

The tight interconnection between OPA1 mutations and ROS alteration has been further confirmed in Caenorhabditis elegans (C. elegans) models. Indeed, the mutations in the eat-3 gene, the OPA1 worm orthologous gene, increased susceptibility to damage from free radicals, as shown by increased sensitivity to paraquat and to the loss of the mitochondrial superoxide dismutase sod-2 (115). Transgenic worms carrying loss of function eat-3 mutations presented fragmented mitochondria (115–117) and aberrant cristae architecture (115, 117). The eat-3 mutation caused an age-dependent and progressive deficit in movement, as well as in muscle and neuronal function (117), somehow mirroring the DOA “plus” clinical phenotypes. Interestingly, increased levels of elongated mitochondria have been linked to longevity, as mitochondrial fusion allows the survival of older animals (118), a finding supported by a second study showing that eat-3 mutation reduced median animal lifespan (117), as already reported in the Drosophila model (114).

The increased autophagy/mitophagy as a key pathogenic mechanism in DOA has been confirmed also in C. elegans, where the expression of mutated OPA1 in GABAergic axons reduced mitochondrial content in axons, a phenotype that was counteracted by depletion of the ATG8 homolog lgg-2 (119).



Danio rerio (Zebrafish) Models

The effect of Opa1 depletion in the early development has been studied in a Danio rerio model using the antisense morpholino (120). The Opa1 morphants showed developmental delay, decreased blood circulation velocity, reduction of the eye size and heart rate, defects associated with increased mitochondrial fragmentation in muscle cells, and impaired bioenergetics (120).

The alteration of mitochondrial networks in Opa1 morphants has been reported more recently (121), confirming the main role of OPA1 in mitochondrial morphology.



Mouse Models

Three mouse models carrying a heterozygous germline mutant Opa1 allele have been reported to date and have been instrumental in studying the pathogenic mechanisms of DOA (Figure 2) (122–124). Screening an ENU-mutagenized DNA library of mouse DNA led to generating two of the murine models, both recapitulating the human genetic defects that induce haploinsufficiency. The first, B6;C3-Opa1329−355del mutant mouse, leads to a splice error with the skipping of exon10, which ultimately causes an in-frame deletion of 27 amino acid residues in the dynamin GTPase domain (122). The second, B6;C3-Opa1Q285STOP mutant mouse, results in a truncated protein (123). Both models have about a 50% reduction in OPA1 expression and the homozygous condition is embryonically lethal, pointing to the crucial role played by OPA1 during fetal development. The third model is a knock-in mouse carrying the common OPA1 c.2708_2711delTTAG mutation in humans in a C57Bl6/J mouse background (124). In these mice, a 25% reduction in OPA1 protein was recognized in the brain, retina, optic nerve, and glycolytic fibers, whereas the reduction reached 50% in oxidative fibers and heart. Also, in this model, the homozygous condition was embryonically lethal.

In all three models, the heterozygous animals displayed a mild, age-dependent ocular phenotype with well-documented RGCs dysfunction and loss (122, 124–126). At histopathology, degenerative features were observed in the optic nerves including demyelination, various degrees of axonal degeneration, and abnormalities of mitochondria at the ultrastructure level (123–126).

Increased autophagy was reported in the RGCs of the B6;C3-Opa1Q285STOP mutant mouse (127) and in the glycolytic fibers, RGCs, and peripheral neurons of the Opa1delTTAG mutant mouse (124), highlighting the autophagic elimination of mitochondria with impaired fusion. More recently, increased mitophagy has been reported in the B6;C3-Opa1Q285STOP mice (128) and confirmed in mouse RGCs overexpressing a mutated OPA1, showing also that reduced axonal mitochondrial density was linked to increased autophagic mitochondrial degradation in the RGCs soma, in close proximity to axonal hillocks (119). The B6;C3-Opa1329−355del mice were also reported to present an imbalance of redox state possibly increasing mitochondrial ROS, as suggested by the decrease in aconitase activity and induction of antioxidant defenses (97). Metabolic analysis of the optic nerve in female Opa1delTTAG mice identified changes in the concentrations of metabolites involved in neuroprotection and of phospholipids, some of them suggestive of myelin sheath alteration (129). All these dysfunctions may lead most RGCs to death but not the melanopsin-expressing RGCs, which are reported to survive in two DOA mice models (130, 131) according to evidence that also in humans this cell type is relatively resistant to cell death in mitochondrial optic neuropathies (132).

In summary, the phenotype in these mouse models resembles sufficiently the human disease, characterized by loss of RGCs and optic nerve atrophy. In humans, the disease may vary in clinical severity, from severe congenital cases to very mild, subclinical disease disclosed only by accurate ophthalmological investigations (133, 134). Interestingly, systemic examination of these animals revealed mild neuromuscular impairment, including decreased locomotor activity, abnormal clutching reflex, and tremor, in analogy to the continuum clinical spectrum in humans, ranging from DOA to DOA “plus” (134).

Remarkably, interesting results were obtained by a closer investigation of the RGCs synaptic connectivity in the B6;C3-Opa1Q285STOP mutant animals, looking at their dendrites instead of focusing only on axons (135, 136). Counterintuitively, the earliest pathological changes occurred in RGCs dendrites, showing pruning and marked reduction in their synaptic connectivity (135, 136). This dendropathy is, however, congruent with the crucial role played by OPA1 and mitochondrial fusion in maintaining dendrites and their synapses (137).

Furthermore, with aging impaired cardiac function has been reported in all three mice models. Indeed, at onset of blindness, the aged B6;C3-OPA1Q285STOP mice also showed cardiomyopathy, characterized by disruption of mitochondrial organization, mtDNA depletion, bioenergetic defect, and defective cardiac mitochondria (138). Reduction in cardiac adaptation to pressure overload and heart hypertrophy were observed also in the B6;C3-Opa1329−355del mice (139). Similar alterations in mitochondrial calcium handling affected these Opa1 mutant mice (139), observed also in the third Opa1delTTAG mice, together with increased sensitivity to cardiac ischemia/reperfusion injuries (140). Interestingly, cardiac involvement in patients carrying OPA1 mutation has been reported for the first time in two patients harboring a homozygous recessive OPA1 mutation leading to a fatal encephalopathy with progressive hypertrophic cardiomyopathy (17).

A further mouse model with deleted Opa1 in pancreatic beta cells showed glucose intolerance and impaired insulin secretion. It also presented a reduced glucose-stimulated ATP production and developed hyperglycemia. Focusing on mitochondrial function, the beta cells presented a severe alteration of mitochondrial structure and a reduction of subunits' level and activity of Complex IV (141).

Recently, muscle-specific Opa1 ablation mice models have been generated to investigate the tissue-specific role of Opa1 in muscle, highlighting its metabolic role (142–144). Pereira et al. showed that in mutant mice the progressive mitochondrial dysfunction led to an increased metabolic rate, muscle atrophy, and insulin resistance induced by a mechanism involving ER stress and secretion of fibroblast growth factor 21 (FGF21) (142). Increased FGF21 has been observed also in another muscle-specific Opa1-deletion mouse model, where, together with ER stress and activation of the unfolded protein response (UPR), a catabolic program with muscle loss was activated, leading to systemic aging and premature death (143). In a third study, the enhanced FGF21 level and premature death elicited by Opa1 ablation were associated with muscle inflammation characterized by NF-kB activation and increased expression of pro-inflammatory genes; these features were blocked by mtDNA depletion and repression of TLR9 (144). All these features are of great interest, as plasma cytokines, including FGF21, have been recently validated as biomarkers for mitochondrial diseases, especially those with prominent muscle involvement (145, 146).

From a therapeutic point of view, all these mice models are instrumental in testing drugs or therapies. Indeed, the Opa1delTTAG mouse has been already tested for OPA1 isoform 1 gene therapy, proving to mitigate the OPA1-induced RGCs degeneration, encouraging a possible clinical translation in DOA patients (147). Furthermore, the most recent mouse model with RGC-specific overexpression of mutant OPA1 was instrumental in showing that contrasting the excess autophagy by various strategies was effective to avoid RGCs degeneration and restore vision (119).




IN VITRO MODELS

Over the last decade, to elucidate the OPA1 role in the fusion of the inner mitochondrial membrane, various in vitro assays with purified OPA1 have been developed. Initially, the simpler yeast mgm1 has been studied by purifying short Mgm1 (s-Mgm1), revealing that the protein exhibits GTP activity, self-assembles into low order oligomer, and interacts specifically with negatively charged phospholipids present in the mitochondrial membranes (148). Furthermore, it has been reported that s-Mgm1 oligomerization and its binding to mitochondrial phospholipids strongly stimulates its GTPase activity, and it assembles onto liposomes and boosts liposome interaction, indicating that s-Mgm1 can tether opposing membranes mediating their fusion (149). This hypothesis was supported by cryo-electron microscopy studies and liposome fusion assays, showing that s-Mgm1 self-associates to tether opposing membranes with a gap of 15 nm and the oligomers undergo GTP-dependent structural changes that may induce fusion (150). Together with the ability to cause phospholipid clustering, s-Mgm1 was also reported to trigger local membrane bending and the formation of tubular structures (151). The investigations of both long and short Mgm1 forms in fusion highlighted that both forms are preferentially inserted into liposomes containing the lipid cardiolipin acting together in trans to form a functional unit required for mitochondrial fusion (152).

Similar results have been obtained by studying the molecular mechanisms of OPA1-mediated fusion. Indeed, the association with liposomes containing negative phospholipids, such as cardiolipin, enhanced the GTPase activity of short forms of OPA1, promoted their assembly into oligomers, and led to membrane tubulation, activities that were selectively impaired by DOA mutations (62). Using an in vitro purified mitochondria system, it has been shown that mitochondrial fusion is dependent on proteolytic processing of long forms (153). To disentangle the debated issue of the fusogenic capability of OPA1 forms, Ban et al. purified and analyzed short and long forms (154). The in vitro membrane fusion assays revealed that long forms and cardiolipin on opposite sides cooperate in mitochondrial inner membrane fusion, a process that is efficiently accelerated by a defined amount of short form and lowered by its excess level. On the other hand, a cardiolipin-independent interaction of long forms located on opposite membranes was reported to promote membrane tethering, thus sustaining the cristae structure (154). Concordantly, an in vitro reconstitution system, able to distinguish the sequential steps in membrane fusion, disclosed that the short form mediates membrane tethering, the long form is sufficient for membrane docking, hemifusion and low levels of content release, and the short form cooperates with the long form to mediate efficient and fast membrane pore opening (155). Importantly, as seen in other studies, the excess levels of short form inhibited fusion activity (155). Cryo-electron microscopic structures revealed that the short form presents the classic dynamin-like structure, can bind to membranes, induces membrane tubulation by forming a helical array, and GTPgS binding promotes changes in S-OPA1 assembly from a “closed” to an “open” conformation (156).

New mechanistic insight into how OPA1/Mgm1 mediates the membrane fusion has been provided by the recently solved crystal structures of short Mgm1 from Chaetomium thermophilum (157) and Saccharomyces cerevisiae (158). The fungus short Mgm1 was reported to form stalk-mediated tetramers and assemble on positively or negatively curved membranes (157), whereas the yeast short Mgm1 forms a concave membrane-associated head-to-tail trimeric structure built by intermolecular interactions (158). The crystal structure of the minimal GTPase domain (MGD) of OPA1 and biochemical analysis, instead, revealed that it can form nucleotide-dependent and -independent dimers, which may combine to form higher-order oligomers (159).

All these in vitro findings resolve some conflicting results obtained with cellular studies and helped to highlight the complexity of OPA1 activities, fundamental to maintain and support the inner membrane structure and fusion.



CONCLUSIONS

The investigation of OPA1 function has witnessed a tremendous deal of progress in the last decade thanks to a multitude of new models and approaches that we here reviewed. This progress was instrumental in refining the role of mitochondria in RGCs survival and to deepen our understanding of DOA pathogenesis to possibly establish effective therapies for these patients, currently an unmet need that urges a research effort. A few proof of principle studies already provided interesting results, such as by pharmacologically or genetically limiting the overactive autophagy in RGCs (119), or refining strategies based on gene therapy approaches (147). The multifaceted role of OPA1 in mitochondrial function and, more generally, in cell metabolism continues to surprise, and the possible therapeutic role of slight OPA1 overexpression has also been explored to counteract an array of different conditions (160–162), which is well-beyond the specific field of inherited optic neuropathies.
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Leber's hereditary optic neuropathy (LHON) is due to missense point mutations affecting mitochondrial DNA (mtDNA); 90% of cases harbor the m.3460G>A, m.11778G>A, and m.14484T>C primary mutations. Here, we report and discuss five families with patients affected by symptomatic LHON, in which we found five novel mtDNA variants. Remarkably, these mtDNA variants are located in complex I genes, though without strong deleterious effect on respiration in cellular models: this finding is likely linked to the tissue specificity of LHON. This study observes that in the case of a strong clinical suspicion of LHON, it is recommended to analyze the whole mtDNA sequence, since new rare mtDNA pathogenic variants causing LHON are increasingly identified.

Keywords: Leber optic atrophy, mitochondrial respiratory chain, complex I, LHON, transmitochondrial cybrids


INTRODUCTION

Leber's hereditary optic neuropathy (LHON, OMIM #535000) is one of the most common inherited optic neuropathies causing bilateral loss of central vision. LHON is due to missense point mutations affecting mitochondrial DNA (mtDNA), usually found in the homoplasmic state, leading to mitochondrial dysfunction. Thus, LHON is maternally inherited but characterized by incomplete penetrance even in individuals carrying the same homoplasmic pathogenic mutation and with a clear male predilection (1).

Disease onset usually occurs during the second and third decades of life, but the age of onset can span from 2 to 87 (2). LHON typically presents as a painless, subacute, central vision loss in one eye, sequentially spreading to the other eye in weeks or months. Within 1 year, the large majority of affected patients have the second eye involved. Bilateral simultaneous onset occurs in about 25% of patients. During the acute phase, optic disc hyperemia, peripapillary-telangiectatic vessels, vascular tortuosity, and retinal nerve fiber layer (RNFL) pseudo-edema are often detected, even if these features may be subtle, with a slow progression toward blindness (3, 4).

Fundus changes can be accurately quantified by optical coherence tomography (OCT). In the acute phase, the RNFL initially thickens in the temporal and inferior quadrants and then in the superior and nasal quadrants (5). OCT shows a global RNFL thinning as disease progresses. Visual evoked potentials (VEPs) and pattern electroretinograms (PERG) are typically abnormal, as they reflect optic nerve fiber degeneration (6). The visual prognosis in affected patients is usually poor, also depending on the underlying pathogenic mutation, ranging from individuals declared legally blind, to others who experience spontaneous recovery of visual acuity (7).

Molecular diagnosis currently shows that about 90% of all LHON cases are due to one of three common mtDNA point mutations, at nucleotide positions m.3460, m.11778, and m.14484, defined as “primary mutations.” The diagnostic for other polymorphic variants for specific mtDNA backgrounds (haplogroup J) may be preferentially associated with some of the primary mutations (m.11778, and m.14484) exerting a synergistic modifying role; previously these variants were defined as “secondary mutations” (8). The most common is the m.11778G>A (MT-ND4, p.Arg340His) mutation, which accounts for ~70% of all cases, whereas the m.14484T>C (MT-ND6,p.Met64Val) and m.3460G>A (MT-ND1, p.Ala52Thr) mutations account for ~15% of cases (1). Recently, several rare or private mtDNA variants have been reported and validated, including the uncommon case of unique combinations of mtDNA polymorphic variants leading to a mild defect of complex I activity (9, 10). In view of these considerations, it has been proposed that, in case of evidence of maternal inheritance and clinical/OCT hallmarks of LHON, if none of the common primary mutations is found, the diagnostic gold standard should be the mtDNA complete sequence analysis (10).

In this report, we present eight patients affected by LHON belonging to five different and unrelated families of European descent, in which we identified five novel mtDNA variants, also providing some functional evidence of possible pathogenicity.



METHODS AND MATERIALS

Informed consent for a biological sample collection of fibroblast cell lines and DNA from blood to perform genetic studies was obtained from all patients involved, in agreement with the Declaration of Helsinki. The Ethical Committee of the Fondazione IRCCS Istituto Neurologico Carlo Besta, Milan, Italy, approved the study.

We have investigated five families with seven male individuals (patients 1, 3, 4, 5, 6, 7, and 8) and one female (patient 2) clinically affected by typical LHON but lacking any of the primary common mutations. A summary of the demographic, clinical, and genetic data is available in Table 1 (see the Supplementary Material for more detailed information).


Table 1. Schematic summary of patients'clinical, instrumental, and molecular examinations (see also Supplementary Material 1).
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Fibroblast cultures were obtained from skin biopsies of patients 3, 5, and 6 and from age-matched control subjects. Fibroblast cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM) supplied with 10% fetal calf serum (FCS) at 37°C in a 5% CO2 atmosphere (11).

Trans-mitochondrial cybrids were generated from the fibroblasts of patient 6, as previously reported (12, 13).

Molecular analysis was performed on DNA extracted from peripheral blood lymphocytes of the eight patients and the unaffected individual. According to a standardized protocol (14) the entire mtDNA was PCR-amplified in eight overlapping fragments using a specific set of primer pairs. Each of the eight fragments was then sequenced, with four different “forward” primers, using a 3,100 ABI Prism Automated Sequencer. The mtDNA sequence was finally compared with the revised Cambridge reference mtDNA sequence.

Biochemical evaluation of OXPHOS complex activities was performed as previously described (14) in digitonin-treated skin fibroblasts from normal subjects and patients. The same measurements were performed in patient 6's cybrids and corresponding controls. The cells were cultured in a glucose-rich medium. The specific activity of each complex was normalized to citrate synthase activity, used as a standard mitochondrial mass marker.

The oxygen consumption rate (OCR) was measured in the fibroblasts of patients 3, 5, and 6 and in two controls using a SeaHorse FX-96 apparatus (Bioscience, Copenhagen, Denmark) as described in Invernizzi et al. (15) (data shown in Supplementary Figure 3). Cells were grown in a glucose-rich medium. Data are expressed as the mean ± SD, and comparisons were performed using a non-paired, two-tail Student t-test.



RESULTS

The complete sequence analysis of mtDNA from the eight subjects revealed five putative pathogenic LHON variants, one in each maternal lineage. All of them were absent in the mtDNA sequences from 100 healthy controls (screened and recorded in the in-house database from the Unit of Medical Genetics and Neurogenetics, The Foundation “Carlo Besta” Institute of Neurology). The m.13340 T>C (MT-ND5, p.Phe335Ser) variant was identified in patient 1 and in DNA from an affected first-grade female relative (patient 2) and the m.13379 A>G (MT-ND5, p.His348Arg) variant in patient 3 and his maternal relative (patient 4); both variants affect the ND5 subunit of complex I. Patient 5 and his asymptomatic first degree relative (subject 1) were shown to carry the m.3632C>T (MT-ND1, p.Ser109Phe) variant affecting the ND1 subunit of complex I. The relatives patient 6 and patient 7 carried the m.14538A>G (MT-ND6, p.Phe46Leu) variant in the ND6 subunit of complex I. Finally, we identified the m.10350C>A (MT-ND3,p.Leu98Met) variant in the ND3 subunit of complex I in patient 8. All variants were homoplasmic. The mtDNA haplogroup was determined for each family group using a specific provider (http//www.haplogrep.uibk.ac.at, not reported for privacy purposes, available on request).

All the identified variants affected evolutionarily highly conserved base pairs within the mitochondrial complex I subunits. More precisely, p.Phe335 and p.His348 are conserved in 97 and 94%, respectively, of more than 5,000 p.MT-ND5 sequences from protists to humans (16); from the same database, p.Ser109 results conserved in 80%, and p.Leu98 in 94% homolog sequences. However, p.Phe46 is only conserved in 16% of more than 5,000 p.MT-ND6 sequences. All the affected amino acid residues are located in transmembrane domains or adjacent to them. These variants are reported as probably damaging by most of the commonly used prediction software (Supplementary Table 1), although the predictions were not fully consistent; notably, the same results were observed even for other known LHON mutations.

The mitochondrial respiratory chain activity in fibroblasts from three unrelated patients (patients 3, 5, and 6) harboring three different variants (p.His348Arg in MT-ND5, p.Ser109Phe in MT-ND1, and p.Phe46Leu in MT-ND6) showed a significant reduction in complex I activity in the fibroblasts from patients 5 and 6 (compared with age and sex-matched controls), whereas in patient 3 there was only a slight, nonsignificant reduction (Figure 1A). A statistically significant reduction of complex I activity was confirmed in cybrids of patient 6 compared with controls (Figure 1B).


[image: Figure 1]
FIGURE 1. Mitochondrial respiratory chain activities on fibroblasts and cybrids. (A) Mitochondrial respiratory chain activities of CI and CIV complexes in Patient 3 (PT3), Patient 4 (PT4), Patient 6 (PT6) fibroblasts, and mediated controls (six different fibroblast cell lines) cultured in glucose-rich DMEM medium. (B) Mitochondrial respiratory chain activities of CI and CIV complexes in Patient 6 cybrids cultured in glucose-rich DMEM (PT6) and 5 mediated trans-mitochondrial cybrids controls (CT) grown in the same medium. Enzymatic activities (nmol/min/mg of protein) are expressed in percentage compared to controls and normalized with citrate syntase (CS) activity (blue column). CI, complex I (red column); CIV, complex IV (orange column). Student's t-test *p ≤ 0.05.


Finally, the oxygen consumption rate (OCR) failed to show any clear difference in mitochondrial respiration rate in all patients analyzed (patients 3, 5, and 6) (see Supplementary Figure 3). SeaHorse respirometry was not performed on cybrids.



DISCUSSION

In this study, we report five putatively pathogenic mtDNA variants, all affecting ND subunits of complex I, in 8 patients form 5 unrelated families presenting with a classical LHON phenotype.

All of them are not present in diverse genomic databases (Mitomap, Ensembl, and Genome Browser) and were not present in the mtDNA from 100 healthy controls, suggesting a pathogenic association of these variants with LHON.

As further support to our hypotheses of pathogenicity, all these variants are extremely rare also in the set of 195,983 individuals from HelixMTdb (17) and 51,836 individuals from GenBank databases. In particular, m.3632C>T has been found only once in the heteroplasmic state in HelixMTdb and not once in GenBank databases; m.10350C>A has been found in the homoplasmic state only once in HelixMTdb and no individuals in Genbank; m.13340T>C has been found twice in the homoplasmic state and twice in the heteroplasmic state in HelixMTdb and in no individual from GenBank; m.13379A>G was not found in HelixMTdb nor in GenBank; finally, m.14538A>G was found once in the homoplasmic state in HelixMTdb and was not found in GenBank.

In silico prediction of pathogenicity using online resources classified the m.13340T>C, m.13379A>G, and m.3632C>T variants as functionally “deleterious”; the scores of pathogenicity were less consistent for the m.10350C>A variant and to a greater extent for the m.14538A>G variant. Four of them (m.13340 T>C, m.3632C>T, m.14538A>G, and m.10350C>A) have not previously been reported. Interestingly, the m.13379 A>G (MT-ND5) variant has been very recently found in an unrelated patient affected by typical LHON disease (18), thus representing an additional proof of its probable pathogenicity.

To further validate the pathogenicity of the mtDNA variants identified, we tested biochemical activity of respiratory complexes on both fibroblasts (from three patients) and cybrids (from one patient). We observed, to a variable extent, a reduction of complex I activity (Figure 1). SeaHorse respirometry, however, failed to show defective oxygen consumption. These results are not surprising; in fact, there is much evidence that even confirmed pathogenic LHON mutations may not display any detectable respiratory chain defect (19–22). High-resolution respirometry performed on fibroblasts from the recently described patient carrying the m.13379 A>G variant, gave ambiguous results, as well (15). The authors also report a high level of ROS production and a reduction of mitochondrial membrane potential (15).

It is worth considering that LHON is a tissue-specific disease, involving retinal ganglion cells and the optic nerve. Thus, the biochemical assessments performed on skin fibroblasts, a tissue not involved in the disease phenotype, may not necessarily mirror the respiratory activity of the tissue targeted by the disease. Besides, even for the three best-known primary mutations there is no validated biochemical method to prove their pathogenicity on fibroblasts.

The possible contribution of nuclear gene variants as molecular modifiers for the development of symptomatic LHON is not yet established and currently represents a challenging topic, worth further exploration. However, it has been previously reported that specific mitochondrial haplogroups, such as the haplogroup J, exert the role of penetrance modifiers in LHON (23). In fact, both LHON primary mutation m.11778G>A/MT-ND4 and m.14484T>C/MT-ND6, when occurring on either a J1c or J2b mtDNA haplogroups, have increased risk of being symptomatic (23). In our cohort, one of the above-mentioned haplogroups was detected in patients 3 and 4. Notably, patient 3, despite Idebenone therapy, has been treated for more than 1 year but has not improved his visual function, supporting previous reports (23). Idebenone was administered to all affected patients (with exclusion of patient 4). All but patient 7, for whom therapy was started 12 years after the clinical onset due to misdiagnosis, received therapy roughly within the first year after onset. In five out of seven cases, idebenone treatment has been continued for more than 2 years with the exception of patient 2 (treated for slightly longer than 1 year) and patient 8, who has been treated for 5 months at the time of this study. We observed improvement in visual acuity in three out of six patients, stability in two, and a clear worsening in one (Table 1). In summary, therapy effectiveness for patients harboring these five novel mtDNA variants is in line with previously reported data on LHON due to “classic” mutations (1). Since the two patients in whom idebenone was ineffective carry the same m.14538A>G, we may speculate that this variant could be less responsive to therapy.

The peak age of disease onset was between the second and the third decades of life, and it is unusual for LHON patients to experience vision loss beyond 50 years of age, unless triggering factors have favored the disease onset as recently proposed (24). In relation to this observation, it is worth noticing that patients 1, 2, and 8 had late onset vision loss, the first around 50 and the third when he was almost 60. We may speculate that the variants in family 1 and patient 8 (m.13340 T>C and m.10350C>A) could be linked to phenotypes with later onset compared with classic LHON. Patient 1 was a heavy smoker and LHON vision loss occurred after at least 20 years of tobacco smoking and alcohol consumption (25, 26). However, familiar history supports pathogenicity of the identified variant, as a first-grade female relative (patient 2) affected by later onset LHON was found to be also positive for this variant. In patient 1 smoking and alcohol consumption could have contributed to accelerating the clinical onset. However, in patient 8, neither smoking nor alcohol abuse was reported; in this case, the identified variant (m.10350C>A) may be independently related to a later onset disease phenotype, or it could represent an additional predisposing factor within a specific genetic background or some other underrecognized triggering environmental/epigenetic influence. The latter is the most probable hypothesis, since we have an overall lower evidence of pathogenicity.

Possible variants on nuclear DNA have not been investigated in our group of patients because, with the exclusion of the recently reported DNAJC30 gene (27), all the other nuclear genes have been associated with complex phenotypes rather than isolated Leber's hereditary optic neuropathy. DNAJC30 has a “relevant” prevalence only in the Eastern European populations (none of our patients has such origins); moreover, it shows a recessive mode of inheritance that is not compatible with some of our pedigrees.

In conclusion, our study aims to emphasize the diagnostic relevance of running the whole mtDNA sequence analysis whenever LHON is documented on the clinical/OCT ground and the common mtDNA mutations are not detected, since rare or private mtDNA variants may be found (9). Besides, thanks to the advancement of the sequencing technologies, NGS is now widely available in most of the laboratories for mtDNA screening and is expected to become the method of choice for genetic analysis on mtDNA since it allows a rapid and cost-effective sequencing of the whole mtDNA with concurrent accurate quantification of heteroplasmy levels for point mutations (28). Remarkably, also, in our case series the novel mtDNA variants invariably affected ND subunits of complex I, and functional studies support a slight but detectable biochemical defect of complex I function in some of them. However, in all of them, we found relevant biological (low frequency of the identified variants in general population, evolutionary conservation, key location within complex I, and pathogenicity prediction) or clinical (typical course of disease and neuro-ophthalmological findings, family history) plausibility in support of their possible pathogenicity or potential contribution to pathogenicity in combination with other not yet determined genetic or extrinsic factors. Validation in further families will be necessary to consolidate the pathogenic role of these novel mtDNA variants in LHON. The possible role of other nuclear genes or environmental factors as disease modifiers needs to be further explored in future studies.
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Treated (N = 76) Natural history (N = 208)

Number of eyes with visual acuity values 152 408°
Gender

Meale (%) 61(80.3%) 142 (82.6%)

Missing data 0 36°
Age at onset of vision loss (years)

Median 325 235

Range 15.0-69.0 15.0-71.0
Number of visual acuity assessments per patient

Median 260 20

Mean (SD) 268(5.2) 4.1(4.0)
Patient follow-up since vision loss (months)®

Median 398 253

Range 8.1-515 0.0-7680

Q1-Q3 32.1-44.1 4.0-108.4

Patients with follow-up >36 months 64.5% 38.0%
Time from vision loss to treatment (months)

Median 65 NA

Range 23-128 NA

C, chi-square test; KW, Kruskal-Walls test; NA, rot applicable; SD, standard deviation.

aEight natural history patient had visual acuity values in one eye only, leading to a sample size of 408 eyes.
bAll gender missing data were from the natural history study of Lam in 2014 (20).

¢Defined as the time from vision loss to the last available visual acuity value, regardless of the eye.

Total (N = 284)

560

203 (81.9%)

36

250
16.0-71.0

20
102(11.0)

346
0.0-768.0
7.6-495
45.1%

NA
NA

P-value

067 (©)

<0.01 (KW)

<0.01 (KW)

001 (KW)

<001 ()

NA
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ime from vision loss

Month 12—[9, 15] months
Number of eyes
Visual acuity (LogMAR)
Median
Mean (SD)
95% Cl (mearn)
Mean difference (95% Ci)
Month 18—[15, 21] months
Number of eyes
Visual acuy (LogMAR)
Median
Mean (SD)
95% Cl (mean)
Mean difference (95% CI)
Month 24—[21, 30] months
Number of eyes
Visual acuity (LogMAR)
Median
Mean (SD)
95% Cl (mean)
Mean difference (95% CI)
Month 36—[30, 42] months
Number of eyes
Visual acuity (LogMAR)
Median
Mean (SD)
95% Cl (mean)
Mean difference (95% CI)
Month 48—[42, 54] months
Number of eyes
Visual acuity (LogMAR)
Median
Mean (SD)
95% Cl (mean)
Mean difference (95% Cl)

Cl, confidence interval; LogMAR, logarithm of the minimal angle of resolution; SD,

standerd deviation.

The time from vison loss was calculated for each eye of each patient. For each eye, only the
closest value to the nominal timepoint was selected based on the time windows indicated

in brackets.

*P < 0.05, **P < 0.01: statistically significant differences vs. natural history eyes using

Kruskai-Walis test.

*P < 0.05, P < 0.01: statisticall significant difference vs. natural history eyes using

Treated Natural history

(N =152 eyes) (N = 408 eyes)
150 76

155 1.70

1,57 (0.56) 1.69 (0.67)
(1.48, 1.66) (1.54,1.84)

0.118" (-0.047, 0.282)

149 57

1.40 1.60

1.46 (0.51) 1.60 (0.54)
(1.38,1.54) (1.46, 1.75)

0.144% (0,017, 0.304)

146 80
1.40 1.52

1.40 (0.59) 1.54(052)
(1.30, 1.50) (1.42,1.65)

0.139% (-0.016, 0.293)

128 66

1.30 1.55

1.33 (0.59) 1,62 0.47)
(1.28, 1.44) (1.40, 1.69)

0.183"" * (0.018, 0.348)

62 27
1.30 1.62

1.26 (0.45) 1.59 (0.44)
(1.14,1.87) (1.41,1.76)

0.329": ** (0,125, 0.534)

mixed ANCOVA with repeated measures on a patient.
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Both eyes
Al treated REVERSE RESCUE
Number of eyes 152 74 78
Visual acuity (LogMAR)
Median 1.40 1.30 1.40
Mean (SD) 1.36 (0.60) 1.20 (0.47) 1.43(0.71)
95% Cl (mean) (127, 1.46) (1.18,1.40) (1.27,1.59)

Mean difference vs. NH (95% Cl)  0.31%" ** (020,043) 038" * (0.24,058 025" * (0.10,0.40)
i, confidence interval: NH, natural history; LogMAR, logarthm of the minimal angle of resolution; SD, standard deviation.
"P < 0.01: statistically significant differences vs. NH eyes using Kruskal-Walls test.

'P < 0.01: statistically significant difference vs. NH eyes using mixed ANCOVA with repeated measures on a patient.

NH

408

1.70
1.68 (0.61)
(1.62,1.74)

Better eye
Al treated NH
7 208
1.30 1.60
1.24(0.54) 1.67 (062)
(1.12,1.87) (1.49, 1.65)

032" (0.17,0.48) -

Worse eye

Alltreated NH
7 208
1.45 200

1.48 (0.64) 1.79(057)

(1.33,1.69) (1.71,186)

0.31" (0.15, 0.46) -





OPS/images/fneur-12-662838/fneur-12-662838-t004.jpg
Treated Natural history

(N = 152 eyes) (N = 408 eyes)

Number of eyes 152 408
Time from vision loss to last
observation (months)

Median (range) 39.9(8.1-51.5) 28.4(0.0-768.0)
Visual acuity (LogMAR)

LS means (95% Cl) 1.36 (1.26, 1.46) 1.68 (1.62, 1.74)

Effect estimate with 95% CI 032 (0.20, 0.44)""

Cl, confidence interval; LogMAR, logarithm of the minimal angle of resolution; LS,
least squares.

*+*P < 0,0001: statistically significant treatment effect using multivariate analysis, with age
and duration of follow-up as covariates (repeated measures on a patient).
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Affected
Mean = sd (median)

RFNL thickness (um)

Average 6168+ 15.24 (56.50)"
Superior 75.42 % 25.19 (71.00)"
Terporal 42.46 + 9,62 (41.00)"
Inferior 76.08 £ 18.42 (74.00)"
Nasal 52.21 + 16.88 (49.50)"
Macular GCG thickness (um) 62.21 +9.43 (61.00)

IKruskal-Wells test.
RFNL, retinel nerve fiver layer; GCC, macular ganglion cell complex; wm, micra.
*p< 0.05 by Dunn test, comparing affected with carrier and affected with control.

Carier
Mean = sd (median)

101.86 + 15.08 (101.50)
125.79 £ 21.51 (128.00)
78.43 + 16.07 (75.50)
127.64 £ 21.71 (132.00)
81.14 £ 9.28 (80.00)
94.43 + 15.16 (96.00)

Control
Mean = sd (median)

105.67 = 9.87 (105.00)
182.56 + 20.12 (128.00)
76.00  6.56 (77.00)
138.78 £ 14.45 (139.00)
77.67 +8.73 (79.00)
97.56  8.26 (98.00)

p-value!

0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
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Subject Family # Age (years) Sex  Genotype VA(logMAR)  Ageonset Interval  Substance Idebenone

(years)  between  usage
eyes
(months)
RE LE
Al 1 14 M m11778G>Ahomoplasmic 1.9 HM 12 2 None N
22 16 M m11778G>Ahomoplasmic 12 1.4 " 05 None N
A3 s 17 M m.11778G>Ahomoplasmic 02 0.9 16 0 None Y
M4 19 M m11778G>Ahomoplasmic 1.9 1.9 15 1 None Y
A5 3t 21 M m.11778G>Ahomoplasmic 05  CF 20 05 None N
A5 24 M m.11778G>Ahomoplasmic 1.3 10 17 025 A N
A7 et 25 M m11778G>Ahomoplasmic 0.7 0 20 0 None N
A8 6t 27 M m.11778G>Ahomoplasmic 1.0 1.2 19 0 None N
p7 27 M m.11778G>Ahomoplasmic 1.6 1.5 25 45 A N
A0 8 31 M m11778G>Ahomoplasmic  HM  HM 20 0 None N
A1 9 33 M mi1778G>A 15 14 27 12 A Y
heteroplasmic
A2 10 3 M m.11778G>Ahomoplasmic  CF  HM 15 0 None N
A3 11 33 M m.11778G>Ahomoplasmic  HM  HM 25 5 None N
A4 128 39 F m11778G>Ahomoplasmic ~ CF  CF 11 025 None N
Als 128 62 M m.11778G>Ahomoplasmic  HM  HM 18 6 AT N
X = 2854274 X=183 X=21
+48 +3.4
A6 13 28 M m.14484T>Chomoplasmic ~ 09 1.0 14 3 None N
M7 14 39 M m.14484T>Chomoplasmic ~ 1.5 1.0 38 5 AT N
A8 15 43 M m.14484T>Chomoplasmic 1.4 1. 28 6 A N
A9 16t 44 M m.14484T>Chomoplasmic ~ 0.8 0.9 14 2 None N
A0 16 48 M m14484T>Chomoplasmic ~ 0.4 03 25 05 AT N
X=409+76 X=24.1 X=32
+98 +22
2t 21 M m3460G>Aheteroplasmic 1.6 1.8 14 0 ATC N
A2 7 21 M m3460G>Aheteroplasmic 1.8 1.6 15 1 AC N
A3 18 25 M m.3460G>A homoplasmic 1413 22 2 None Y
A4 19 31 M m3460G>A homoplasmic 18 CF 29 1 AT N
X=247+48 X=205 X=10
+£7.0 +08
Overall X=3805114 X =204 X=20
+£6.4 +29

*index (A21) and twin brother; Sindex (A14) & maternal uncle; *index (A3, A20) and brother.
A, alcohol; C, Cannabis; CF, counting fingers; F; ferale; HM, hand movements; M, male; N, no; T, tobacco; ¥, yes. Visual acuity from first affected eye is shown in bold; X, mean value
followed by +standard deviation.
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Subject Family# Age  Sex Genotype VA (logMAR)

(vears)
RE LE

Cc1 12 14 F m.11778G>A 0 )
homoplasmic

c2 11 18 M mi1778G>A 02  -02
heteroplasmic

c3 3 36 F o mi1778G>A 0 0
homoplasmic

Cc4 12 36 F m.11778G>A 0 )
homoplasmic

cs 11 38 F o mi1778G>A -01  -04
heteroplasmic

ce 6 a4 F o mi1778G>A 06 0
homoplasmic

[o74 6 45 F m.11778G>A 0 1
homoplasmic

c8 11 48 F o mi1778G>A o 0
heteroplasmic

co 2 48 F o mi1778G>A 0 0
homoplasmic

c10 1 56 ) m.11778G>A 0.1 0.2
homoplasmic

ot 12 57 F o mi1778G>A 02 02
homoplasmic

ci2 13 58 F m14484T>C -0.1 0
homoplasmic

c13 18 47 F mB3460G>A o 0
homoplasmic

cla 17 52 F mB3460G>A o 0
heteroplasmic

X =432
+£133

F; female; M, male; logMAR, logarithm of the minimum angle of resolution; RE, right eye;
LE, left eye; VA, visual acuity.
X, mean followed by + standard deviation.





OPS/images/fneur-12-657317/fneur-12-657317-g001.gif
Oids
foouen

w00

w0

o0 s mm
w0 . s

s
- o
L o
oo 20
o0
a s E






OPS/images/fneur-11-628014/fneur-11-628014-t003.jpg
Affected
Mean = SD (median)

Amplitude (V)

PhNR (BT) ~5.96 % 3.37 (5.20)"
PhNR (PT) —105.53  28.43 (105.98)"
PhNR Amplitudes ratios

BT/B (1Y) 0.06  0.04 (0.06)"
PT/B (1V) 1.06  0.04 (1.06)"
Peak times (ms)

PhNR 62.54 % 2,03 (60.07)

Iruskal-Wells test.

Carrier
Mean  SD (median)

—16.53 £ 3.41 (15.78)"*
—138.27 + 35.63 (127.92)

0.14 £ 0,02 (0.14)"
1,44+ 002 (1.14)"

63.58 + 2.95 (63.63)

Control
Mean  SD (median)

—23.91 + 4.83(22.54)
—121.64 £ 3027 (117.07)

027 0.1 (024)
127 £0.41(1.24)

62.79 + 3.38 (62.98)

BT, baseline to trough; wV, microvolts, ms, millseconds; PANR, photopic negative response; PT, peak-to-trough; SD, stendard deviation.

‘p < 0.05 by Dunn test, comparing carrier with control.

< 0.05 by Dunn test, comparing affected with carrier and affected with control.

p-value

0.0001
0.0002

0.0001
0.0001

0.6677
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Gender
Age range at onset
Affected eye

Time to second
eye involvement
Ciinical onset

Alcoholic use Y/N

B12/folate
bloodlevel

Smoke Y/N
SD-OCT (average)

VEP

PERG

Brain MRI

Therapy (315
m/die)

Recovery

Mutation and
localization

Fanmily 1
Patient 1 Patient 2

M E

>40 >50

ou LE

NN NN

Acute painless Acute painless
vision loss vision loss

Y N

NR/NR UN

Y N

Normal PRNFL. UN

thickness OU (RE
108.25 LE
106.58um);
Reduction of GCC
thickness OU in
perifoveal region
(RE 84.43 LE
86.72 um);

OU: Increased
latency and RD
amplitude, more
evident with
pattern stimulus
15
(papillo-macular
bundle)

OU RD amplitude
of N95

NR

Idebenone
(started 14 month
after the exordium)
From finger count
100.20U

m. 13340 T>C,
p.Phe3dsSer
on p.MT-ND5

UN

UN

NP

Idebenone
(started 1 month
after the onset)
NN

m. 13340 T>C,
p.Phe3dsSer
on p.MT-ND5

Family 2
Patient 3 Patient 4

M M

20-40 <20

RE UN

“Two months UN

Acute painless  Acute painless
vision loss vision loss

N UN

NR/RD NR/NR

N UN

PRNFL: RE focal UN

increase of

thickness in the
superior pole (RE
12006 wm); LE
focal increase of
thickness in the
superior and
inferior pole (LE
148.79pm);
diffused reduction
of GCC in RE
(63.12pm), LE
reduction in the
perifoveal region
(86.06L pum)

Did ot show a
replicable
response

OU RD amplitude
of N95

Enhancement of
optic nerves
bikaterally

Idebenone (started
5 month after the
exordium)

From finger count
100,025 0U

m.13379 A>G,
p.His348Arg
on p.MT-ND5

UN

UN

NP

NN

NN

m.13379 A>G,
p.His348Arg
on p.MT-ND5

Family 3
Patient 5 Subject 1
M F

20-40 20-40

LE NN

One month NN

Acute painless NN

vision loss.

N N

NR/NR NR/NR

Y N
Reduction of NP
PRNFL in OU In

the inferior pole
(RE 108.06m LE
92,50 um);
reduction of GCC
thickness in OU
(RE86.63um; LE
92.62um)

RE 60 Irregular
morphology and
reduced
ampltude, 16':
not replicable
response; LE 60’ e
15’ not replicable
response

OU RD amplitude
of N95

Bilateral
hyperintensity of
optic nerves,
chiasm and part of
the optical tracts.

Idebenone
(started 2 month
after the exordium)
From 0.025 to 1
(RE) and 0.025
(LE)t0 0.05 (RE)
08:0.066 (LE)
m.3632C>T,
p.Seri09Phe

on p.MT-ND1

NP

NP

NP

NN

NN

m.3632C>T,
p.Ser109Phe
on p.MTND1

Family 4

Patient 6

M

20-40

LE

Three months

Acute painless
vision loss

N
NR/NR

N

Reduction PRNFL
inOU RE
41.74pm; L
4254 um);
reduction of GCC
thickness in OU in
perifoveal region
(RE52.75um LE
56.99um)

RD amplitude and
delayed P100 OU
sx > dx (60’ e 15/)

OU amplitude RD
of N95

Unspecific,
bilateral frontal
white matter
minimal alterations
and bilateral
thinning of optic
nerves chiasm and
optic tracts along
with mild
hyperintensity
without
enhancement.
Idebenone
(started 8 month
after the exordium)
0.2 (RE), 0.1 (LE)
without
improvement

m.14538A>G,
p.PhedsLeu
on p.MT-ND6

Patient 7

M
20-40
ou
NN

Acute painless vision
loss.

N
NP

N

Reduction of PRNFL in
OU (RE 67.44pm; LE
69.89 um); reduction
of GCC thickness in
OU (RE 58.82um; LE
54.01 urm);

RD amplitude and
increased latency OU
at 60/ and 15

RE not detectable; LE
RD amplitude of N95

Unspecific white
matter lesions in
T2-FLAR infero-frontal
lobe Left-side and
anterior insular
Right-side and iperT2
of the posterior part of
the optic nerve
without enhancement.

Idebenone
(started 12 years after
the exordium)

0.05 (RE)and 0.1 (LE)
without improvement

m.14538A>G,
p.PhedbLeu
on p.MT-ND6

Patient 8

M

>40

LE

One month

Acute painless
vision loss

N
NR/NR

N

Redution of
PRNFL in OU (RE
76.69um; LE
72.96pm);
reduction of GCC
thickness in OU in
perifoveal region
(RE 71.32um; LE
71.25um)

RE increase in
latency and RD
ampitude (60');
not replicable
response (15). LE
not replicable
response (60’ e
15))

OU amplitude
reduction of N95

Mid sweling of the
intraorbital ocular
nerves portion.

Idebenone
(started 4 month
after the exordium)
From finger count
(LE) and 0.6 (RE);
100,025 (LE) and
0.025 (RE)
m.10350C>A,
p.LeugBMet

on p.MT-ND3

BL, Bilateral; GOC, macular ganglion celllayer; F, female; LE, Left Eye; IM, male; MR, Magnetic Resonance Image; N, no; NI, none; NP, Not Performed; NR, Normal; OU, Both eyes; PERG, pattern electroretinogram; PRNFL, peripapilary
retinal nerve fiber layer; RD, reduced: RE, Right Eye; SD-OCT, Spectral Domain Optical Coherence Tomography Analysis; UN, Undetermined; VEPs, Visual evoked potentials; Y, yes.
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Individuals Cell line Gene mutated Nucleotide change Cell type Reprogramming Clones
name reprogrammed conditions obtained

3460 1 MT-ND1 m.3460G>A FB Normoxia 2
3460 2 MT-ND1 m.3460G>A FB Normoxia 1
11778 1a MT-ND4 m.11778G>A FB Normoxia 0
11778 1b MT-ND4 m.11778G>A FB Normoxia 2
11778 2a MT-ND4 m.11778G>A FB Normoxia 0
11778 2b MT-ND4 m.11778G>A FB Normoxia 0
117783 MT-ND4 m.11778G>A FB Normoxia 0
11778 4a MT-ND4 m.11778G>A PBMC Normoxia il
11778 4b MT-ND4 m.11778G>A PBMC Hypoxia 4
carrier 1 MT-ND4 carrier m.11778G>A FB Normoxia 0
Carrier 2a MT-ND4 carrier 90% m.11778G>A PBMC Normoxia 3
Carrier 2b. MT-ND4 carrier 90% m.11778G>A PBMC Hypoxia 7

Disease controls DOA OPA1 ©.1334 G>A FB Normoxia 13
MPAN C19orf12 c172G>A FB Normoxia 12
Pearson 1 mIDNA m.9449_14550 del F8 Normoxia 10

macrodeletion
Pearson 2 MtDNA m.8469_13460 del FB Normoxia 16

macrodeletion
Healthy controls Control 1 None none FB Normoxia 23
Control 2 None none FB Normoxia 20

Control 3 None none PBMC Normoxia 15
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