E“ International Journal of
.‘ Molecular Sciences

Neuropathles

Current and Future
Strategies for Optic Nerve
Protection and Repair

Edited by

Rongkung Tsai and Neil R. Miller

Printed Edition of the Special Issue Published in
International Journal of Molecular Sciences

il
www.mdpi.com/journal/ijms rM\DPI

F



Optic Neuropathies: Current and
Future Strategies for Optic Nerve
Protection and Repair






Optic Neuropathies: Current and
Future Strategies for Optic Nerve
Protection and Repair

Editors

Rongkung Tsai
Neil R. Miller

MDPI o Basel e Beijing « Wuhan e Barcelona e Belgrade e Manchester e Tokyo e Cluj e Tianjin

WVI\DPI

F



Editors

Rongkung Tsai Neil R. Miller

Institute of Medical Sciences Wilmer Eye Institute

Tzu Chi University Johns Hopkins University
Hualien 970 Baltimore

Taiwan United States

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal
International Journal of Molecular Sciences (ISSN 1422-0067) (available at: www.mdpi.com/journal/

ijms/special_issues/Strategies_Optic_Neuropathies).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,
Page Range.

ISBN 978-3-0365-7505-6 (Hbk)
ISBN 978-3-0365-7504-9 (PDF)

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.



www.mdpi.com/journal/ijms/special_issues/Strategies_Optic_Neuropathies
www.mdpi.com/journal/ijms/special_issues/Strategies_Optic_Neuropathies

Contents

Preface to "Optic Neuropathies: Current and Future Strategies for Optic Nerve Protection
and Repair” . . . ... . ..

Neil R. Miller and Rong-Kung Tsai
Optic Neuropathies: Current and Future Strategies for Optic Nerve Protection and Repair
Reprinted from: Int. J. Mol. Sci. 2023, 24, 6977, d0i:10.3390/ijms24086977 . . . . . . ... .. ...

Samuel J. Spiegel and Alfredo A. Sadun

Solutions to a Radical Problem: Overview of Current and Future Treatment Strategies in Leber’s
Hereditary Neuropathy

Reprinted from: Int. J. Mol. Sci. 2022, 23, 13205, d0i:10.3390/ijms232113205 . . . . . . ... .. ..

Kimberly A. Wong and Larry I. Benowitz

Retinal Ganglion Cell Survival and Axon Regeneration after Optic Nerve Injury: Role of
Inflammation and Other Factors

Reprinted from: Int. J. Mol. Sci. 2022, 23,10179, d0i:10.3390/ijms231710179 . . . . . . . ... ...

Ajay Ashok, Sarita Pooranawattanakul, Wai Lydia Tai, Kin-Sang Cho, Tor P. Utheim and
Dean M. Cestari et al.

Epigenetic Regulation of Optic Nerve Development, Protection, and Repair

Reprinted from: Int. J. Mol. Sci. 2022, 23, 8927, d0i:10.3390/ijms23168927 . . . . . . . .. ... ..

George Saitakis and Bart K. Chwalisz
Treatment and Relapse Prevention of Typical and Atypical Optic Neuritis
Reprinted from: Int. J. Mol. Sci. 2022, 23,9769, d0i:10.3390/ijms23179769 . . . . . .. ... .. ..

Ryan G. Strickland, Mary Anne Garner, Alecia K. Gross and Christopher A. Girkin
Remodeling of the Lamina Cribrosa: Mechanisms and Potential Therapeutic Approaches for

Glaucoma
Reprinted from: Int. J. Mol. Sci. 2022, 23, 8068, doi:10.3390/ijms23158068 . . . . . . .. ... ...

Aoife Smyth, Breedge Callaghan, Colin E. Willoughby and Colm O’Brien
The Role of miR-29 Family in TGF- Driven Fibrosis in Glaucomatous Optic Neuropathy
Reprinted from: Int. J. Mol. Sci. 2022, 23, 10216, d0i:10.3390/ijms231810216 . . . . . . . ... ...

Tzu-Lun Huang, Jia-Kang Wang, Pei-Yao Chang, Yung-Ray Hsu, Cheng-Hung Lin and
Kung-Hung Lin et al.

Neuromyelitis Optica Spectrum Disorder: From Basic Research to Clinical Perspectives
Reprinted from: Int. J. Mol. Sci. 2022, 23,7908, d0i:10.3390/ijms23147908 . . . . ... .. ... ..

Yi-Fen Lai, Ting-Yi Lin, Pin-Kuan Ho, Yi-Hao Chen, Yu-Chuan Huang and Da-Wen Lu
Erythropoietin in Optic Neuropathies: Current Future Strategies for Optic Nerve Protection and
Repair

Reprinted from: Int. J. Mol. Sci. 2022, 23,7143, doi:10.3390/ijms23137143 . . . . . . .. ... ...

Steven L. Bernstein, Yan Guo, Zara Mehrabian and Neil R. Miller

Neuroprotection and Neuroregeneration Strategies Using the rNAION Model: Theory,
Histology, Problems, Results and Analytical Approaches

Reprinted from: Int. J. Mol. Sci. 2022, 23, 15604, d0i:10.3390/ijms232415604 . . . . . . .. ... ..



Lillian M. Toomey, Melissa G. Papini, Thomas O. Clarke, Alexander J. Wright, Eleanor
Denham and Andrew Warnock et al.

Secondary Degeneration of Oligodendrocyte Precursor Cells Occurs as Early as 24 h after Optic
Nerve Injury in Rats

Reprinted from: Int. J. Mol. Sci. 2023, 24, 3463, doi:10.3390/ijms24043463 . . . . . . . ... .. .. 187

Omri Zveik, Ariel Rechtman, Nitzan Haham, Irit Adini, Tamar Canello and Iris Lavon et al.
Sera of Neuromyelitis Optica Patients Increase BID-Mediated Apoptosis in Astrocytes
Reprinted from: Int. J. Mol. Sci. 2022, 23,7117, d0i:10.3390/ijms23137117 . . . . . . ... ... .. 203

Hui-Chen Cheng, Sheng-Chu Chi, Chiao-Ying Liang, Jenn-Yah Yu and An-Guor Wang
Candidate Modifier Genes for the Penetrance of Leber’s Hereditary Optic Neuropathy
Reprinted from: Int. J. Mol. Sci. 2022, 23, 11891, d0i:10.3390/ijms231911891 . . . . . . ... .. .. 221

Ofira Zloto, Alon Zahavi, Stephen Richard, Moran Friedman-Gohas, Shirel Weiss and Nitza
Goldenberg-Cohen

Neuroprotective Effect of Azithromycin Following Induction of Optic Nerve Crush in Wild
Type and Immunodeficient Mice

Reprinted from: Int. J. Mol. Sci. 2022, 23, 11872, d0i:10.3390/ijms231911872 . . . . . . . ... ... 235

Kayo Sugitani, Takumi Mokuya, Shuichi Homma, Minami Maeda, Ayano Konno and
Kazuhiro Ogai

Specific Activation of Yamanaka Factors via HSF1 Signaling in the Early Stage of Zebrafish
Optic Nerve Regeneration

Reprinted from: Int. J. Mol. Sci. 2023, 24, 3253, doi:10.3390/ijms24043253 . . . . . ... ... ... 247

Heung-Sun Kwon, Karl Kevala, Haohua Qian, Mones Abu-Asab, Samarjit Patnaik and Juan
Marugan et al.

Ligand-Induced Activation of GPR110 (ADGRF1) to Improve Visual Function Impaired by
Optic Nerve Injury

Reprinted from: Int. J. Mol. Sci. 2023, 24, 5340, doi:10.3390/ijms24065340 . . . . . ... ... ... 259

Ming-Hui Sun, Kuan-Jen Chen, Chi-Chin Sun and Rong-Kung Tsai

Protective Effect of Pioglitazone on Retinal Ganglion Cells in an Experimental Mouse Model of
Ischemic Optic Neuropathy

Reprinted from: Int. J. Mol. Sci. 2022, 24, 411, doi:10.3390/ijms24010411 . . . . . . ... ... ... 273

Rong-Kung Tsai, Keh-Liang Lin, Chin-Te Huang and Yao-Tseng Wen

Transcriptomic Analysis Reveals That Granulocyte Colony-Stimulating Factor Trigger a Novel
Signaling Pathway (TAF9-P53-TRIAP1-CASP3) to Protect Retinal Ganglion Cells after Ischemic
Optic Neuropathy

Reprinted from: Int. J. Mol. Sci. 2022, 23, 8359, d0i:10.3390/ijms23158359 . . . . . ... ... ... 285

Vittorio Porciatti and Tsung-Han Chou

Using Noninvasive Electrophysiology to Determine Time Windows of Neuroprotection in Optic
Neuropathies

Reprinted from: Int. J. Mol. Sci. 2022, 23, 5751, d0i:10.3390/ijms23105751 . . . . . ... ... ... 301



Preface to “Optic Neuropathies: Current and Future
Strategies for Optic Nerve Protection and Repair”

Optic neuropathies are conditions in which there is damage to the optic nerve (ON) caused by
a variety of causes, including glaucoma, inflammation, gene abnormalities, ischemia, trauma, and
toxicity. ON damage triggers a process of axon degeneration, inflammatory cytokine upregulation,
breakdown of the blood—optic nerve barrier, and, eventually, the induction of apoptosis of retinal
ganglion cells (RGCs), resulting in optic atrophy. To date, there is no effective treatment for most
optic neuropathies; however, because the damage initially is axogenic, there may exist a window
of therapeutic opportunity before the death of RGCs. Thus, the search for effective treatments for
various optic neuropathies before there is permanent damage to prevent or limit visual dysfunction
and the development of methods to stimulate axon and/or RGC regeneration to restore vision after
damage has occurred is pivotal.

This reprint collected 19 articles published in this Special Issue of IJMS which covers the
molecular mechanisms to protect RGCs and/or axonal damage, translational research, gene therapy,
regenerative medicine, and neuroprotection for glaucoma. We are grateful to all of the authors who

contributed to this special issue.

Rongkung Tsai and Neil R. Miller
Editors

vii
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Processes that damage the optic nerve, including elevated intraocular pressure, trauma,
ischemia, and compression, often cause visual loss for which there is no current treatment.
It has long been believed that patients who experience damage to the optic nerve will never
regain useful vision because the nerve cannot regenerate or repair itself. This belief is based
on three assumptions: (1) a mammalian retinal ganglion cell (RGC) cannot be prevented
from dying once its cell body or its axon has been injured; (2) an injured mammalian
RGC whose axon has degenerated cannot be induced to extend a new axon; and (3) even
if an injured mammalian RGC could be induced to regenerate, the regenerating axon
cannot be directed toward its correct target in the central nervous system (CNS) [1]. In
fact, accumulating evidence from experimental studies in mammals, including nonhuman
primates, shows that, under certain conditions, RGCs can be prevented from dying despite
injury to the cell bodies or their axons, injured RGCs whose axons have degenerated can be
induced to extend new axons, and regenerating axons can reach their correct targets in the
CNS. Several steps are necessary for the successful treatment of optic nerve injuries. First,
the death of RGCs that have been (or have the potential to be) damaged must be prevented.
Second, living RGCs whose axons have degenerated must be induced to extend new axons
toward their targets in the CNS. Finally, a process of synaptic connection and refinement
must occur so that appropriate RGCs are connected to the appropriate target in a retinotopic
distribution. Prevention of the death of RGCs usually is referred to as neuroprotection,
whereas restoration of the optic nerve function after injury is called neurorepair. In this
issue, 18 well-respected scientists and their colleagues review or report the results of their
original research in the fields of optic nerve protection, repair, or both.

1. Reviews

The optic nerve, similar to most pathways in the mature central nervous system,
cannot regenerate if injured, and within days, RGCs begin to die. Research over the
past two decades has identified several strategies to enable RGCs to regenerate axons the
entire length of the optic nerve, in some cases leading to modest reinnervation of di- and
mesencephalic visual relay centers. A review by Wong and Benowitz [2] primarily focuses
on the role of the innate immune system in improving RGC survival and axon regeneration,
and its synergy with manipulations of signal transduction pathways, transcription factors,
and cell-extrinsic suppressors of axon growth. Research in this field hopefully will identify
clinically effective strategies to improve vision in patients with currently untreatable losses
within 5-10 years.

Epigenetic factors are known to influence tissue development, functionality, and their
response to pathophysiology. In their review, Ashok et al. [3] focus on different types
of epigenetic regulators and their associated molecular apparatus that affect the optic
nerve. They emphasize that a comprehensive understanding of epigenetic regulation in
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optic nerve development and homeostasis should help unravel novel molecular pathways
and pave the way to design blueprints for effective therapeutics to address optic nerve
protection, repair, and regeneration.

The goal of neuroprotection in optic neuropathies is to prevent loss of RGCs and to
preserve their function. The ideal time window for initiating neuroprotective treatments
should be the preclinical period at which RGCs start losing their functional integrity before
dying. In their review, Porciatti et al. [4] discuss the noninvasive electrophysiological
test known as the pattern electroretinogram (PERG) and emphasize that it can assess the
ability of RGCs to generate electrical signals under a protracted degenerative process in
both clinical conditions and experimental models, which may have both diagnostic and
prognostic value and provide the rationale for early treatment. They emphasize that a PERG
also can be used to longitudinally monitor the acute and chronic effects of neuroprotective
treatments. Finally, they point out that user-friendly versions of the PERG technology are
commercially available for both clinical and experimental use.

One of the most interesting therapies for a variety of acute optic neuropathies is
erythropoietin (EPO), which has been shown to have neuroprotective properties in extra-
hematopoietic tissues, especially the retina. It is postulated that EPO may interact with
its heterodimer receptor (EPOR/ 3cR) to exert its anti-apoptosis, anti-inflammatory, and
anti-oxidation effects in preventing RGC death through different intracellular signaling
pathways. In their review, Lai et al. [5] summarize the current pre-clinical studies on EPO
in treating glaucomatous optic neuropathy, optic neuritis, NAION, and traumatic optic
neuropathy. In addition, they explore future strategies of EPO for optic nerve protection
and repair, including advances in EPO derivates and EPO deliveries. These strategies
hopefully will lead to a new chapter in the treatment of these and other optic neuropathies.

Primary open angle glaucoma (POAG), a chronic optic neuropathy, remains the leading
cause of irreversible blindness worldwide. It is driven in part by the pro-fibrotic cytokine
transforming growth factor beta (TGF-f3) and leads to extracellular matrix remodeling at the
lamina cribrosa of the optic nerve head. Despite an array of medical and surgical treatments
targeting the only known modifiable risk factor, raised intraocular pressure, many patients
still progress and develop significant visual field loss and eventual blindness. The search
for alternative treatment strategies targeting the underlying fibrotic transformation in
the optic nerve head and trabecular meshwork in glaucoma is ongoing. MicroRNAs are
small non-coding RNAs known to regulate post-transcriptional gene expression. Extensive
research has been undertaken to uncover the complex role of miRNAs in gene expression
and miRNA dysregulation in fibrotic diseases. MiR-29 is a family of miRNAs which are
strongly anti-fibrotic in their effects on the TGF-f signaling pathway and the regulation
of extracellular matrix production and deposition. In their review, Smyth et al. [6] discuss
the anti-fibrotic effects of miR-29 and the role of miR-29 in ocular pathology and in the
development of glaucomatous optic neuropathy. A better understanding of the role of
miR-29 in POAG may aid in developing diagnostic and therapeutic strategies for patients
with this common optic neuropathy.

A reduction in intraocular pressure remains the only proven treatment for POAG, but
it does not prevent further neurodegeneration. In their review, Strickland et al. [7] discuss
the three major classes of cells in the human optic nerve head (ONH) that provide support
for the lamina cribrosa, lamina cribrosa (LC) cells, glial cells, and scleral fibroblasts, all
of which are essential in maintaining healthy RGC axons and demonstrate responses to
glaucomatous conditions through extracellular matrix remodeling. The authors discuss
these responses and emphasize that understanding the major remodeling pathways in the
ONH may be key to developing targeted therapies that reduce deleterious remodeling.

Optic neuritis is an inflammatory condition involving the optic nerve and is the most
common acute optic neuropathy in young adults. Optic neuritis can be idiopathic or rep-
resent an early manifestation of demyelinating diseases, mostly multiple sclerosis (MS),
at least in the Western hemisphere. Other causes include antibody-driven optic neuritis
associated with neuromyelitis optica spectrum disorder (NMOSD), myelin oligodendrocyte
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glycoprotein antibody disease (MOGAD), chronic/relapsing inflammatory optic neuropa-
thy (CRION, often a form of MOGAD), sarcoidosis, and a variety of infectious causes
such as Lyme disease, Cat Scratch disease, syphilis, and tuberculosis. Appropriate and
timely diagnosis is essential to rapidly decide on the appropriate treatment, maximize
visual recovery, and minimize recurrences. Saitakis and Chwalisz [8] review the currently
available state-of-the-art treatment strategies for many of these forms of optic neuritis, both
in the acute phase and in the long term. The authors also discuss emerging therapeutic
approaches and novel steps in the direction of achieving remyelination.

As noted in the review by Saitakis and Chwalisz [8], one of the causes of acute
optic neuritis, particularly that associated with simultaneous or sequential transverse
myelitis, is the aquaporin 4 (AQP4) antibody-driven condition called neuromyelitis optica.
Over the past decade, there have been significant advances in the biologic knowledge
on NMOSD, which have resulted in the identification of variable disease phenotypes,
biomarkers, and complex inflammatory cascades involved in the disease pathogenesis.
Ongoing clinical trials are looking at new treatments targeting NMOSD relapses. The
review by Huang et al. [9] is intended to provide an update on recent studies regarding
issues related to NMOSD, including the pathophysiology of the disease, the potential use
of serum and cerebrospinal fluid cytokines as disease biomarkers, the clinical utilization of
ocular coherence tomography, and the comparison of different animal models of NMOSD.

Non-arteritic anterior ischemic optic neuropathy (NAION) is the most common cause
of sudden optic nerve (ON)-related vision loss in humans. Fortunately, there are several
animal models of the condition. In particular, the rodent NAION model (rNAION) closely
resembles clinical NAION in its pathophysiological changes and physiological responses
and enables analyses of the specific responses to sudden ischemic axonopathy and of the
effectiveness of potential treatments. However, there are anatomic and genetic differences
between human and rodent optic nerves, and the inducing factors for the human disease
and the model are different. These variables can result in marked differences in lesion
development between the two species, as well as differences in the possible responses
to various treatments. Bernstein et al. [10] discuss these issues as well as some of the
species-associated differences that may be related to ischemic lesion severity and responses.
These differences may be important when assessing the potential of any treatment that
appears beneficial in INAION to have a similar effect in human NAION.

Leber hereditary optic neuropathy (LHON) is the most common primary mitochon-
drial DNA disorder. It is characterized by bilateral severe central subacute vision loss
due to specific loss of RGCs and their axons. Historically, treatment options have been
quite limited, but ongoing clinical trials show promise, with significant advances being
made in the testing of free radical scavengers and gene therapy. Spiegel and Sadun [11]
summarize the management strategies and rationale of treatments based on current in-
sights from molecular research. Their review includes preventative recommendations for
unaffected genetic carriers, current medical and supportive treatments for those affected,
and emerging evidence for future potential therapeutics.

2. Original Research

The activation of G-protein-coupled receptor 110 (GPR110) has been shown to stimu-
late neurite extension in developing neurons and after axon injury in adult mice. In the
first paper in this issue, Kwon et al. [12] report that intravitreal injection of GPR110 in adult
mice after optic nerve crush significantly reduced axon degeneration and improved axon
integrity, RGC preservation, and visual function in wild-type but not in gpr110 knockout
mice. They suggest that targeting GPR110 may be a viable strategy for functional recovery
after optic nerve injury.

Toomey et al. [13] remind us that secondary optic nerve degeneration occurs after
primary optic nerve injury. This spread of damage is thought to relate to mechanisms
such as oxidative stress, apoptosis, and blood-brain barrier (BBB) dysfunction that, in turn,
damage oligodendrocyte precursor cells (OPCs). However, there may be a time period
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for therapeutic intervention before permanent damage to the BBB and oligodendrocytes
render any treatment useless. To address this issue, these investigators performed a partial
optic nerve transection in adult rats and assessed BBB dysfunction, oxidative stress, and
proliferation in OPCs. They found that even at 1 day post-injury, there was considerable
BBB breach and oxidative DNA damage in OPCs, resulting in apoptosis. The investigators
thus emphasize the need to consider early oxidative damage to OPCs in therapeutic efforts
to limit secondary degeneration following primary optic nerve injury.

Some animal species have the potential for partial or complete regeneration of neural
tissue. Sugitani et al. [14] point out that the fish optic nerve can spontaneously regenerate,
with visual function being fully restored within 3-4 months after optic nerve injury. How-
ever, the regenerative mechanism behind this remains unknown. These investigators focus
on the expression of three Yamanaka factors (Oct4, Sox2, and Klf4: OSK), all well-known
inducers of induced pluripotent stem (iPS) cells in the zebrafish retina after optic nerve
injury. They found that after optic nerve injury, mRNA expression of OSK was rapidly
induced in RGCs, that heat shock factor 1 (HSF1) mRNA was most rapidly induced in
the RGCs within 30 min, and that activation of OSK mRNA was completely suppressed
by the intraocular injection of HSF1 morpholino prior to optic nerve injury. Their results
suggest that the sequential activation of HSF1 and OSK might provide an avenue for RGC
regeneration with return of the optic nerve function.

Pioglitazone (PGZ) is a drug that selectively stimulates the nuclear receptor perox-
isome proliferator-activated receptor gamma (PPAR-y) and to a lesser extent PPAR-«.
It modulates the transcription of the genes involved in the control of glucose and lipid
metabolism in various tissues. Sun et al. [15] assessed the protective effect of PGZ on RGCs
when given for 4 weeks before photochemically induced NAION (see the paper in this
issue by Bernstein et al. [10]) in diabetic and non-diabetic mice. They found that when
given for 4 weeks before NAION induction, PGZ confers significant preservation of RGCs
in both diabetic and non-diabetic mice assessed 2 weeks after completion of the 4-week
treatment. These results suggest that if one could identify a population at high risk for ION
(e.g., patients who already had NAION in one eye and who thus have a 15-20% risk of
NAION in the fellow eye or patients who experienced post-cataract surgery ION in one
eye and who require cataract surgery in the fellow eye), pre-treatment with a drug such as
PGZ might reduce RGC damage and thus prevent severe visual loss in the fellow eye if
NAION were to occur.

The most common mutation causing LHON is at site 11778 and is transmitted (similar
to all mtDNA) to all maternal lineages. However, not everyone harboring the 11778 muta-
tion develops LHON and men are much more often affected than woman. Nuclear modifier
genes have been presumed to affect the penetrance of LHON, but conventional genetic
methods have failed to clarify these issues. Cheng et al. [16] performed both whole exome
sequencing (WES), a technique used to capture all genetic variations, and genome-wide
association studies (GWAS), that generally involve targeted genotyping of specific and
pre-selected variants using microarrays, to assess seventeen members of five families, all
of whom had the 11778 mutation. Seven of these members had LHON, whereas ten were
asymptomatic carriers. Using these techniques, the investigators found several mitochon-
drial genes with a high percentage of variants as well as several candidate nuclear modifier
genes. They conclude that both WES and GWAS can provide highly efficient candidate
gene screening functions for patients with a molecular genetic component.

Azithromycin is an antibiotic that also has been shown to be neuroprotective in some
studies. Zloto et al. [17] assess the neuroprotective potential of intraperitoneal azithromycin
after optic nerve crush injury in wild-type mice and in severely immunodeficient NOD scid
gamma (NSG) mice. They found reduced apoptosis and improved RGC preservation in
both WT and NSG mice, but much more in the WT than in the NSG. Their results suggest
that azithromycin acts by immunomodulation. These findings have implications for the
development of drugs to preserve RGCs after acute optic neuropathies.
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Another drug that has been shown to exhibit RGC protection is granulocyte colony-
stimulating factor (GCSF); however, the mechanisms by which this occurs are unclear. To
investigate the mechanisms involved in RGC protection by GCSEF, Tsai et al. [18] examined
the transcriptome profiles of GCSF-treated adult rat retinas using microarray technology
after induction of NAION (rNAION, see the paper by Bernstein et al. [10] in this issue) and
demonstrated that GCSF modulates a new pathway, TAF9-P53-TRIAP1-CASP3, to control
RGC death and survival after optic nerve infarct.

The AQP4 autoantibodies found in most patients with NMOSD are believed to cross
the blood-brain barrier, target astrocytes, activate complement, and eventually lead to
astrocyte destruction, demyelination, and axonal damage. However, it is still not clear
what the primary pathological event is. Zveik et al. [19] hypothesize that the interaction
of AQP4-IgG and astrocytes leads to DNA damage and apoptosis. These investigators
studied the effects of sera from seropositive NMO patients and healthy controls (HCs) on
astrocyte immune gene expression and viability. They found that sera from seropositive
NMO patients led to higher expression of apoptosis-related genes and triggered more
apoptosis in astrocytes and a higher expression of immunological genes, including BH3-
interacting domain death agonist (BID), compared with sera from HCs. Furthermore, NMO
sera increased DNA damage and led to a higher expression of immunological genes that
interact with BID (TLR4 and NOD-1). Their findings suggest that sera of seropositive NMO
patients may cause astrocytic DNA damage and apoptosis and that this may be one of the
mechanisms implicated in the primary pathological event in NMO, thus providing new
avenues for therapeutic interventions.

Finally, we are grateful to all the invited researchers who contributed to this Special
Issue dealing with optic nerve regeneration and repair. Hopefully, these contributions will
have both new and lasting impacts on our quest to restore vision to those who suffer from
both acute and chronic optic nerve damage.

Author Contributions: Conceptualization, N.R.M. and R.-K.T.; methodology, N.R.M. and R.-K.T,;
validation, N.R.M. and R.-K.T.; data curation, N.R.M. and R.-K.T.; writing-original draft preparation,
N.R.M.; writing-review and editing, N.R.M. and R.-K.T. All authors have read and agreed to the
published version of the manuscript.
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Abstract: Leber’s Hereditary Optic Neuropathy (LHON) is the most common primary mitochondrial
DNA disorder. It is characterized by bilateral severe central subacute vision loss due to specific loss
of Retinal Ganglion Cells and their axons. Historically, treatment options have been quite limited,
but ongoing clinical trials show promise, with significant advances being made in the testing of
free radical scavengers and gene therapy. In this review, we summarize management strategies and
rational of treatment based on current insights from molecular research. This includes preventative
recommendations for unaffected genetic carriers, current medical and supportive treatments for those
affected, and emerging evidence for future potential therapeutics.

Keywords: leber’s hereditary optic neuropathy; optic neuropathy; mitochondrial disorder; mitochon-
drial optic neuropathy; hereditary optic neuropathy; neuro-ophthalmology; idebenone

1. Introduction

Leber’s Hereditary optic neuropathy (LHON) is one of the inherited hereditary mito-
chondrial optic neuropathies. Inherited optic neuropathies have been estimated to affect
1 in 10,000 individuals and are an important cause of visual impairment [1]. LHON has
been reported to be the most common primary mitochondrial DNA disorder with epidemi-
ological estimates ranging from 1 in 27,000 to 40,000 [2]. Clinically, it primarily presents in
individuals in the second or third decade of life. Typically, these young adults experience
unilateral, painless, subacute central or cecocentral scotomas, impaired color vision, and
visual acuity loss with involvement of the contralateral eye in the following weeks to
month. It is a clinical diagnosis which is subsequently confirmed by blood testing for mito-
chondrial DNA (mtDNA) analysis. The 3 most common mtDNA mutations (1.3460G>A,
m.11778G>A, and m.14484T>C mutations) account for 90-95% of cases [3-5]. Genetics
(mitochondrial and likely nuclear) and environmental factors may lend to respiratory chain
dysfunction leading to retinal ganglion cell (RCG) dysfunction, cell death and vision loss.
Currently most persons affected will have irreversible severe visual impairment.

To date, treatments have been limited and there is no curative therapy. The European
union has authorized the use of Idebenone in patients with LHON and current consensus
guidelines recommend its use in affected individuals [2]. Although efficacious treatment
options are limited for those affected by LHON, recent years have seen an upsurge of
scientific advancements in the understanding of the disease process and search for potential
therapeutics.

LHON is uniquely placed for scientific study as most cases occur from identifiable
point mutations, it affects a unique and measurable cellular line, and is one of the more
commonly inherited mitochondrial disorders. Clinicians and scientists have been working
on further defining the clinical disease course of LHON in combination with the molecular
impact of genetic and environmental factors. This review will discuss the natural disease
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course and molecular mechanisms in the development of LHON to allow for an in-depth
review of the current and future treatment strategies in LHON. It is this multifaceted
understanding of specific pathways of damage and their influence on LHON and visual
outcomes which have provided insights to allow for the creation of novel therapeutic
strategies. Additionally, as LHON has become a model for mitochondrial disorders, the
advancements in this field serve to inform research of other related disorders.

2. Natural Disease Course

LHON has been subcategorized into disease states to help further define and approach
clinical interventions (Table 1). It is important to understand these key time markers within
the disease process for the clinical and therapeutic implications. Broadly individuals with
LHON mtDNA mutations can be classified into carriers and affected symptomatic patients.

Table 1. Disease Classification.

Disease Classification

Asymptomatic (mutation carriers)

Preclinical

Subacute (<6 months)

Dynamic (6-12 months)
Chronic (>12 months)

Currently, the asymptomatic phase is defined as any individual who is a carrier
of one of the known causative mutations but is not experiencing visual loss. Due to
highly variable, incomplete penetrance, LHON individuals may never develop vision loss.
Carriers and pre-symptomatic patients may demonstrate clinical findings in the absence
of subjective vision changes. Inferotemporal retinal nerve fiber layer (RNFL) swelling
can be seen on fundoscopic exam or Optical Coherence Tomography (OCT) and is not
indicative of progression to vision loss [6,7]. Pre-symptomatic patients additionally may
have subtle clinical findings such as mild dyschromatopsia, reduced contrast sensitivity,
and ultimately will show fundus changes such as telangiectatic vessels. More recent studies
have also demonstrated subnormal electroretinogram and visual evoked potentials in these
patients [6]. OCT angiography studies have shown that microvascular changes occur in
the temporal sector and may precede RNFL changes and mirror the ganglion cell layer
changes [8-10]. The optic disc microangiopathy, seen as telangiectatic vessels, may occur in
both asymptomatic and acute stages of the disease. Its role in the pathogenesis of LHON
is currently not well understood [8]. Pre-clinical or pre-symptomatic individuals may
eventually go on to develop vision loss. Some may define conversion to the affected stage
when loss of macular RGCs occur while visual acuity is still normal; however, most define
conversion when the onset of vision loss occurs.

Those who convert from asymptomatic to symptomatic states typically do so in their
second or third decade of life [11]. Disease onset is characterized by subacute, central vision
loss occurring sequentially in the contralateral eye within weeks to months of the first eye
in >97% of individuals [12,13]. Visual function will decline in the following months with
significant impairments in visual acuity and color vision. Visual fields demonstrate dense
central or cecocentral scotomas and OCT will show loss of macular retinal ganglion cells
(RGCs). The evolution and progression of disease occurs during the acute/subacute phase.
Most individuals will continue to lose visual acuity during the first six months, at which
point central vision loss may stabilize, but quantitative clinical metrics may continue to de-
cline (for example visual field loss and OCT measurements). Why vision loss is catastrophic
and not more gradual is still not well understood. Evidence is limited given the lack of lon-
gitudinal studies in pre-clinical patients. Currently mechanical and metabolic mechanisms
are hypothesized in the development of conversion to symptomatically affected patient.
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Metabolic changes within nerve fibers lead to increased mitochondrial and axonal stasis,
eventually producing axonal swelling. Mechanically, the laminar portion of the optic nerve
is anatomically unable to accommodate swelling, thereby leading to vascular insufficiency
and triggering catastrophic retinal ganglion cell loss [8,14-16]. It is the papillomacular bun-
dle (PMB) which is selectively lost early in the disease course and this pathologic process
affects the smallest fibers first [17]. Further understanding of changes seen from carrier to
pre-symptomatic to symptomatic is needed to better understand disease conversion.

After about 1 year stability occurs, and it is at this time patients are considered to
have transitioned to the chronic phase of the disease [18,19]. Some individuals will show
improvement between 18-24 months after onset of disease. There may be reduction
of the central scotoma or in many cases a fenestration of the central scotoma may lead
to an opening of a central visual island allowing improved central acuity. Recovery is
currently most dependent on mutation subtype and age at onset. The best potential for
recovery is seen in those younger than age 12 at onset and those with the m.14484T>A
variant [20]. Additionally subacute presentation and large optic discs predispose to better
recovery. Adults with the m.11778G>A mutation have been found to have the worst visual
outcomes [13,21]. Most patient remain severely affected and rarely are visual acuities better
than 20/200.

It should be noted that the disease state categories above are applied to help define
disease process for clinical and scientific trials; however, it is becoming further elucidated
that the LHON phenotype is fairly heterogenous. There is variability between each muta-
tion in regard to timing, severity and outcomes. Additionally, within specific subgroups
of genetic mutations there is variability given environmental and genetic heterogeneity
within the population, for example mtDNA haplogroup polymorphisms [22].

There appears to be two important subcategories of clinical manifestation that has
been termed LHON Type I and Type II. Type 1 is likely to be a mtDNA mutation in the
context of nDNA which is susceptible. This gene-gene process may be inevitable. Type II
may be Type I cases in which environmental factors are key and lead to conversion. This
might explain several distinctions in presentation. Type I is abrupt (sub-acute), and Type
II is more insidious. Type I occurs about age 20 and Type II often after age 40. Type Il is
almost always associated with a major exposure to smoke or smoking. Type II is more
likely to recover if the patients risk factor is removed. Most importantly, in Type I there
is profound loss of both structure (OCT-RNFL) and function (VFs), but in Type II there is
often a structure-function mismatch (RNFL is partly preserved) [12].

3. Molecular Background and Pathophysiology

Mitochondrial respiration is driven by redox reactions, organized through mitochondrial
electron transport chain complexes. The complex I (a NADH:Ubiquinone oxidoreductase)
proton pump is the first step in the respiratory chain and couples electron transfer with proton
translocation across the mitochondrial membrane. This complex contains 45 subunits, 7 of
which are mtDNA encoded [23]. The 3 most common mtDNA mutations affect mitochondrial
Complex I at the ND1 (1.3460G>A), ND4 (m.11778G>A), and ND6 (11.14484T>C) subunits.
Complex I then uses two co-factors: coenzyme Q (ubiquinone, CoQ) and Cytochrome c (cyt
¢) to transfer electrons to the succeeding respiratory complexes (Figure 1). LHON mutation
m.3460G>A has been demonstrated to alter the catalytic activity of Complex I with subsequent
impairment in mitochondprial respiration and all three mutations impair mitochondrial res-
piration and reduce complex I-drive ATP synthesis. Of particular importance, the electrons
produce reactive oxygen species (ROS). There is also, to a lesser extent, a reduction in ATP
synthesis. Figure 2 shows why the retinal ganglion cell (RGC), with a long non-myelinated
retinal nerve fiber layer (RNFL) is particularly vulnerable to this process. The generation of
ROS occur when electrons spill from the transfer between Complex I and CoEnzyme(Q10
and react with molecular oxygen, triggering a cascade of deleterious downstream reactions
and eventual apoptosis [24]. Most of the energy required by neurons is to re-establish the
membrane potential after an action potential. Fortunately, this only has to happen at the
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Nodes of Ranvier as myelin covers the remaining membrane. However, RGCs being un-
myelinated in the eye, have anatomical and biochemical elements that predispose them for
failure. Since RCGs contain the bioenergetically demanding unmyelinated RNFL, they have a
high concentration of mitochondria most concentrated in the prelaminar and intralaminar
portions (Figure 2). This predisposes them to mitochondrial dysfunction [24,25]. Specifically,
due to the adverse surface to volume characteristics, the thin axons of the papillomacular
bundle and their corresponding RGCs are most vulnerable and are selectively lost early in
LHON (Figure 3). It is this selective loss that has allowed researchers to further delve into
pathophysiologic biomolecular mechanisms by which mitochondrial impairment creates the
devastating cascade of apoptosis. From this research various therapeutic models have been
attempted and are being further investigated.

Electron Transport Chain
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Figure 1. Electrons are transferred along the chain of complexes for oxidative phosphorylation.
The energy is largely stored as a proton gradient that is later exploited for the production of ATP.
Mutations of Complex I, as seen in LHON, produce a minor impairment of ATP production (about
20%), but also a greater production of ROS (10X) by spillage of electrons at the attempted transfer
to Co Enzyme Q10. These ROS change the electrical potential across the mitochondrial membrane
which, in crossing a critical threshold, can open the mitochondrial permeability transition pore
(MPTP) releasing cytochrome C (Cyto C) and initiating apoptosis of the RGC [26].
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Figure 2. The Retinal Ganglion Cell (RGC) is particularly vulnerable to mitochondrial impairment.

Like other neurons, it consumes a great deal of ATP in keeping its membrane potential, that is
depleted after every axon potential. Unlike other neurons, it does not fully benefit from the economy
of myelin that restricts the membrane changes to the Nodes of Ranvier. The long retinal nerve fiber
layer (RNFL) is unmyelinated due to the need for retinal optical transparency, creating a great deal of
extra metabolic strain on RGCs.
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Figure 3. Comparison of the metabolic strain in smaller axons that are concentrated in the papillo-
macular bundle (PMB). The smaller fiber (A) typically has a diameter of only 0.4 microns. Compared
to the larger fibers of the nasal retina (B), the PMB fiber has a much-reduced volume and hence fewer
mitochondria. Although its surface area is a little less as well, the area/volume ratios are six times
worse in the smaller fibers, explaining why they are the first to die in LHON. Figures created with
biorender.com.

4. Unaffected Carriers and Pre-Symptomatic/Pre-Clinical

Currently, there is no recommended treatment for those individuals who are known
carriers of the LHON mutation [2]. That being said, there are important factors to consider
in these individuals based on the newest insights we have available regarding LHON.
Genetic counseling and lifestyle modification are the current focus of neuro-ophthalmologic
consensus statements, but other factors are under investigation for potentially mitigating
risk of vision loss.

4.1. Genetics and Counselling

As LHON is a maternally inherited, a male (affected or unaffected) with a known
pathogenic mtDNA mutation cannot transmit this to any of his offspring, and a female
with a similar mutation will transmit it to all her offspring. As LHON exhibits incomplete
penetrance the appearance of disease may vary widely within each family or between
families with the same mtDNA mutation. 60% of families will have a history of visual loss
affecting maternal relatives. Incomplete penetrance further complicates genetic counseling
because it is unknown when or if an LHON mutation carrier will become symptomatic.
Unaffected family members should be cautioned that finding the mutation in relatives
in maternal line is very likely, and the results will not aide in prognosis. The current
international consensus statement released in 2021 is that all maternally related family
member do not currently need to be tested. It is generally agreed upon however that they
should be screened [2].

If individuals do receive genetic testing, the large majority of positive individuals will
be homoplasmic. Heteroplasmy is well documented and genetic testing results document-
ing heteroplasmy must be carefully interpreted as mtDNA in peripheral blood may not
reflect the heteroplasmic load in the RGCs [22]. Along similar lines, preimplantation or
prenatal testing for a pregnancy may be done, but there is variability in the mtDNA in
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amniocyte and chorionic villi and results may not correspond to levels found in RGCs [22].
Therefore, its interpretation should be done cautiously and by experienced providers. In
addition, because of non-life-threatening nature of LHON and its highly variable pene-
trance there are clinical and ethical considerations on if preimplantation or prenatal testing
is warranted. Newer genetic developments propose alternative future potential options for
genetic modifications. For example, mitochondrial donation from a donated egg or zygote
with healthy mitochondria or removing the nucleus and replacing it with the nucleus from
the egg or zygote from the affected mother has been done, but again this is a developing
field with many ethical considerations [27,28].

Lastly, haplotype ] is now well documented as leading to a higher conversion and
therefore increases the penetrance of LHON mutations. The phenomena is felt to be due
to lower mtDNA and mtDNA-encoded polypeptides This is currently of less importance
in regard to genetic counselling clinically, but if known for a carrier may lead to some
prognostic value [22,29].

4.2. Neurotoxins

The incomplete penetrance seen in LHON lends to the classic hypothesis and well
accepted statement that mtDNA mutations are necessary for an individual to be affected but
alone are insufficient to cause vision loss. It is the addition of environmental factors which
allows for conversion from asymptomatic individuals (pre-clinical) to affected individuals
(clinical). A growing body of data is now available on mitochondrial toxicity, in particular
increases in oxidative stress induced by tobacco smoke, other smoke, and alcohol.

Multiple studies have shown that alcohol consumption at high levels, especially binge-
drinking, and smoking tobacco have a strong association with more severe symptoms
and prognosis in LHON carriers [12,30]. Affected smokers have demonstrated a lower
mtDNA copy number as compared with affected non-smokers and with unaffected muta-
tion carriers. Tobacco smoking directly affects the compensatory mechanism counteracting
the pathogenic effects of LHON mutations. This regulation of mitochondrial biogenesis
and mtDNA copy number has been proven to be crucial in development of vision loss in
LHON, having a direct impact on the disease penetrance [31]. These molecular effects have
been demonstrated in clinical patients as well. Subgroups of LHON patients who present
with delayed onset are found to have increased use of tobacco products. It is hypothesized
that these patients are a unique subset that may have been unaffected carriers and became
affected later in life after many years of smoking [12]. More recently during the recent
COVID-19 pandemic, significant increase in substance abuse, specifically EtOH intake and
cigarette smoke, has led to reported conversion of LHON carrier to affected individuals.
One case series recently published reported 3 LHON patients all of which were atypical
onset > 50 yrs old who had dramatically increased their exposure to EtOH during the
COVID 19 pandemic [32]. It is more than just cigarette smoke but exposure to smoke
in general that is felt to be associated with disease conversion. There are case reported
instances of individuals becoming affected after other forms of smoke inhalation, such as a
woodburning stove or rubber tire fires. (Sanchez, JNO 2006) Therefore, it is recommended
to not only avoid tobacco related smoke but all smoke inhalations.

4.3. Mitochondrial Biogenesis, Autophagy, and Transmitophagy

Increasing in the mitochondrial quantity and mtDNA copy number to increase total
ATP production is a theorized method in which one may prevent disease conversion in pre-
symptomatic individuals. This compensatory mechanism has been highlighted in LHON
and it has been postulated that increased mitochondrial biogenesis may be a responsible
driving factor in its incomplete penetrance [33]. Although there is currently little known in
regard to clinical effectiveness in this field it poses an extremely interesting and targetable
mechanism of therapeutic intervention. Systemic mitobiogenesis, occurring mainly near
the cellular soma is currently being further elucidated. Optic nerve and RCGs pose further
challenges given the length of their axons and distance mitochondria would need to be
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transported. Local mitochondrial biogenesis is likely important in LHON but is currently
not well defined in RCGs [34]. Specifically, a quantitative increase of the mitochondrial
mass has been attempted to overcome mitochondrial functional deficiencies [34,35].

Additionally, dysfunctional mitochondria are implicated in the triggering of apoptosis.
The quality control of mitochondria requires a complex balance of mitobiogenesis and
autophagy. Autophagy involves lysosomal degradation and elimination of dysfunctional
and damaged proteins and organelles. Autophagy may be significantly compromised in
cells with LHON mtDNA mutations. This results in reduced clearance of dysfunctional
mitochondria (mitophagy) and is a contributing factor to cellular impairment and death.
Pharmacologic activation of mitophagy in LHON cell models has been shown to selectively
clear damaged mitochondria and improves overall cellular survival [36]. Transmitophagy
is a process unique to RGCs in whichdamaged mitochondria in RCGs coalesce and are
exocytosed from the myelinated portion of these axons. They are taken up by surrounding
astrocytes and degraded. This helps regulate the mitochondrial number and quality. It is
this quality control mitophagy that may become a new therapeutic approach that restores
the balance of functional and dysfunctional mitochondria [36].

Many drugs have been studied, among them metformin, rosiglitazone, resveratrol,
vitamin B3 and NAD+ precursors which have shown promising results; but no studies
specifically relate to vision loss or optic nerve tissues [37-39]. Sets of drugs has been
associated with an increased mtDNA amount. Lipoic acid, lipamide, thiazolidinediones and
polyphenols have been shown to increase mtDNA copy number in animal models which
can be associated with increased mitochondrial proteins, quantity, activity of OXPHOS
complexes and ATP amount [34,40]. By targeting these three mechanisms: mtDNA copy,
mitobiogenesis, and transmitophagy we may be able to create a new cellular homeostasis
that is less predisposed to cellular damage and eventual vision loss in patients with LHON
mutations.

4.4. Estrogens

In relation to the section above, estrogens should be discussed during the pre-
symptomatic stage of LHON, particularly when it comes to prevention in female patients,
as this has one of the largest bodies of literature in relation to potential neuroprotection in
LHON. Reduced prevalence of LHON affected women is well established, but there is also
an increased incidence of disease seen with patients that may correlate with a decline in
estrogens (menopausal patients). It has been found that estradiol levels increase mtDNA
content, oxygen consumption and ATP levels in human cybrids with LHON mutations [41].
In vitro studies have shown that specific estrogen receptors localize to the mitochondrial
networks of RGCs. Through activation of estrogen receptors, there is increased antioxidant
enzyme production (e.g., Superoxide dismutase 2), promotion of mitochondrial biogenesis,
and increased mtDNA copy. This in turn enhances cellular viability, ameliorating ROS
production and reducing the rate of apoptosis [42]. Although not currently standard of
practice there is discussion on the benefits of estrogen therapy in patient who are known
unaffected carriers and nearing the age of menopausal onset and is currently an evolving
area within the field.

5. Symptomatic Phase
5.1. Antioxidants

Oxidative stress and its modulation is a focal point in mitochondrial disease. The
potential benefit in using antioxidants to help reduce the neurotoxic strain imposed on
RGCs by ROS is quite a desirable theoretical avenue of treatment. The hypothesized
mechanism of reducing the neurotoxic stress from multiple supplements (e.g., vitamins
B2, 3,9, 12, C, ubiquinone, carnitine, L arginine, alpha-lipoic acid amongst others) and
their combinations have been attempted to help reduce this ROS imposed stress. None so
far have been shown to have any significant benefit in LHON and currently there is not
enough scientific evidence to support their use clinically.
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5.2. Coenzyme Qj9 (Coq10)

Of the various over the counter options, the ubiquinone family seemed the most
promising for effective treatment. This coenzyme shuttles electrons between complex I and
II to complex III of the ETC. The reduced CoQ10 therefore also has antioxidant properties,
minimizing ROS generation. Additionally, CoQ10 might deliver the electron as needed to
complex III thus restoring energy production. However, the major hindrance to its effect
is its inability to cross cell membranes, the mitochondrial membrane, and blood-brain
barrier due to its long lipophilic tail and therefore low bioavailability. It has been shown
to be partly effective in other mitochondrial related disorders but has not panned out for
LHON [43,44]. In order to overcome the issues of drug delivery with CoQ10, Idebenone
was developed.

5.3. Idebenone

Idebenone is a synthetically derived molecule which similarly facilitates electron
transfer between ETC complexes allowing for improved ATP production and minimized
ROS generation [45]. This soluble analog was first shown to be protective in disorders
affecting complex I (such as LHON) in both animal and human subjects. Idebenone is
activated in the cytoplasm to its oxidized form by NAD(P)H:quinone oxidoreductase
(NQO1) thus allowing for conversion into its reduced form to shuttle electrons directly
to complex III, bypassing the complex I dysfunction seen in LHON. The formation of
Idebenone to its oxidized form therefore appears essential to its therapeutic efficacy, but
this oxidized form also has been shown to have potential inhibitory and adverse effects on
complex L. Variable expression of NQO1lhas been postulated to contribute to cases in which
Idebenone is ineffective [46—48]. Preclinical studies did confirm a cell specific increase in
ATP production and reduced ROS levels in fibroblasts of LHON patients and prevention of
RGC loss in LHON mouse models [49,50]. Since the first human case reports in 1992 it has
developed a tremendous body of literature.

In 2011 a randomized clinical trial “Rescue of Hereditary Optic Disease Outpatient
Study” (RHODOS) presented evidence that idebenone can be beneficial to preserve and/or
restore vision [51]. This prospective, placebo-controlled trial evaluated patients with <5
years of visual loss and a trend was noticed in favor of idebenone when the authors analyzed
changes in best visual acuity and excluded patients with the 14,484 mutation (higher rate of
spontaneous recovery). Patients with more recent onset of vision loss were more likely to
demonstrate improvement. Shortly after this, Carelli et al. published a retrospective study
showing that the proportion of patients treated with idebenone within 1 year after visual
loss in the second eye at varying doses showed demonstratable improvement compared
to untreated patients [52]. Additionally, earlier visual improvement was associated with
prompt start and longer duration of therapy [52].

These results then triggered a seminal event in LHON treatment, the European Union’s
authorization of the use of Idebenone in patients with LHON in 2015. This was then
followed by the 2017 consensus conference to address therapeutic issues in the treatment
of LHON. The consensus statement and most current recommendation is that Idebenone
should be started as soon as possible in patients with disease onset of less than 1 year.
Additionally, in these subacute/dynamic patients, treatment should be continued for at least
1 year to assess the start of therapeutic response or until a plateau in terms of improvement
is reached [2]. With this medication available, the therapeutic window should not be lost
by a delay of diagnosis [52,53].

Since then, the previously reported beneficial effect of idebenone on recovery and
preservation of vision has been confirmed by multiple other major studies, including the
expanded access program (EAP) [54], a Japanese prospective, interventional study [55],
and a Netherlands national cohort study [56], and the soon to be published LEROS study—
(NCT02774005).
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5.4. Elampritide

Elamipretide (MTP-131) is an antioxidant peptide which has been found to increase
ATP synthesis as well as reduce ROS production [57]. It targets cardiolipin selectively
within the inner membrane of mitochondria and prevents conversion of cytochrome c into
peroxidase. Sadun et al. conducted a Phase II Clinical Study (ReSIGHT) of which the results
are not yet published but results have been updated as of November 2021—(NCT02693119).
In total 12 LHON patients were recruited and treated for 52 weeks. No difference in BCVA
was observed, but because of a trend towards improvement, all 12 patients completed an
open-label extension with bilateral treatment for a total of at least 84 weeks [47].

5.5. EPI-743

Alpha-tocotrienol quinone (EPI-734) is a third generation quinone molecule that has
been studied in depth in vitro and needs further investigation to determine benefit in
LHON patients. It has been used and studied in other inherited mitochondrial diseases
and has been found to be approximately 1000 to 10,000 fold more potent than coenzyme
Q10 (because of drug delivery) or idebenone (because of electron delivery) in protecting
mitochondria. It is an antioxidant para-benzoquinone that also replenishes glutathione,
acting on oxidoreductase enzymes. Case reports or case series support its benefit in
LHON; the largest to date being a small open-label trial, in which EPI-743 arrested disease
progression and reversed vision loss in 4 of 5 treated patients with LHON [58,59].

5.6. Cyclosporine

Drugs or molecules developed for use in other pathologic processes which play a
role in the modulation of the cellar intrinsic pathway or apoptosis may lead to promising
therapy. Cyclosporine A inhibits opening of the mitochondrial permeability transition pore
and is one of the anti-apoptotic drugs that has been studied in LHON. Oral cyclosporine
(2.5 mg/kg/day) was given to patients in the hope of preventing second-eye involvement in
patients with strictly unilateral Leber’s hereditary optic neuropathy. Despite cyclosporine
treatment, second-eye involvement occurred in all five patients included in the study,
resulting in severe loss of vision, down to 20/200 or less. In addition, there was also a
worsening of the visual acuity, the mean visual field defect, and the average thickness of
the GC-IPL in the first eye affected [60]. Other molecules targeting different signals along
the apoptotic pathways remain good candidates for future consideration.

5.7. Light Therapy and Electrical Stimulation

Photons from Near Infrared Light (NIR) light can penetrate diseased retina, be ab-
sorbed by mitochondrial photoreceptors, such as cytochrome c oxidase, and potentially
promote mitochondrial energy production. Evidence has suggested that NIR light may
restore biological function of damaged mitochondria, upregulate cytoprotective factors
and inhibit apoptosis [61]. NIR light can also inhibit cell degeneration of retinal ganglion
cells caused by inhibitor rotenone to the mitochondrial complex [62,63]. This has been
postulated as a potential therapeutic option in LHON. Others, however, are concerns that
upregulating OXPHOS with NIR may, by increasing mitochondrial metabolism also in-
crease ROS, worsening the clinic outcome in LHON. The FDA approved the usage of this
in patients and a clinical trial was initiated; however, it failed to recruit enough patients.
An unpublished study in the Brazilian pedigree failed to show any benefit from NIR.

Electrical stimulation techniques may have shown potential benefits for treatment in
diseases which affect the retina and optic nerve. Non-invasive electrical stimulation has
been evaluated in traumatic non-arteritis optic neuropathies as well as retinal disease [64].
Recent small preliminary studies have looked at safety and efficacy of skin electrical
stimulation in patients with chronic phase LHON with some promising results. Current
studies have a lack of randomization and/or control arm, therefore further research is
needed [65,66].
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5.8. Gene Therapy

The current therapies discussed thus have focused on prevention and compensation.
These pharmacologic mechanisms have been ones which ameliorate mitochondrial dys-
function at the cellular level by reducing, or attempting to reduce, ROS generation and the
impact of mtDNA mutations on cellular homeostasis. Gene therapy, which alternatively
targets replacement and repair of dysfunctional or damaged cellular pathways, poses an
exciting new approach in the field.

In order to deliver a gene product to a mitochondrion there are several steps. The
vector must endocytose within the cell, internalize within the mitochondria, and affect
mitochondrial metabolism. This is very problematic, given that many DNA molecules do
not cross mitochondrial membranes unaided. Additionally, mitochondrial genes require
allotopic expression. Allotopic expression of mitochondrial genes is the deliberate reloca-
tion of mitochondrial gene into the nucleus followed by the importation of the genetically
encoded polypeptide from the cytoplasm into mitochondria. The most studied mechanism
to date for replacement of dysfunctional mtDNA is via intravitreal (IVT) injection of viral
vectors.

The currently most established gene therapy consists of a wild-type of ND4 subunit
packaged into an adeno-associated-virus 2 (AAV2) which is injected into the vitreous and
targets the closest cells which are RGCs near the macula. In theory, upon cellular transfec-
tion, the wild-type ND4 gene is allotopically expressed. The AAV2 gene therapy vector
carrying the wild-type ND4 gene gets transported to the nucleus where it is transcribed into
messenger RNA which is later transcribed by ribosomes. The genetic sequences encoded
also optimize translocation into the inner mitochondrial matrix and allow its integration
within complex I to restore function [67]. Preclinical studies have demonstrated that re-
combinant AAV2 with wild type ND4 can rescue ATP production in cultured fibroblasts
isolated from ND4-LHON patients, and that the therapeutic ND4 protein could successfully
integrate into complex I in induced LHON models, preventing RGC apoptosis and optic
nerve atrophy [68].

To date, there have been several phase I, II and III studies for LHON gene therapy.
RESCUE and REVERSE are two randomized, double-blind, sham-controlled, multi-center,
phase III clinical studies in which an intravitreal injection administered AAV recombinant
wild type ND4 in one eye and an intravitreal administration of sham injection was delivered
in the fellow eye [69]. In 2017, these phase III clinical trials studied the effects of single
eye injection with GS010, a recombinant, AAV, containing a modified cDNA encoding
the human wildtype ND4. They only differed in the duration of vision loss (<6 months
for RESCUE, and >6 months to 1 year for REVERSE). 37 patients with visual acuity loss
were included in the RESCUE study and 39 patients were included in the REVERSE study.
On average, patients experienced an improvement in their visual acuity of about three
lines. The surprising outcome from these trials was that a similar improvement occurred
in the contralateral (sham treated) eye [70]. A non-clinical trial on primates suggested
a possible retrograde, trans-chiasmatic transit of the vector from the treated eye to the
sham-treated eye as an explanation for the unexpected bilateral visual improvement found
in the RESCUE and REVERSE studies; however, this is a hotly debated topic in the neuro-
ophthalmologic community. Some experts doubt that the number of virions that would
make it to the contralateral eye is sufficient to infect enough RCGs for a clinical benefit.
In 2019, the enrollment of 98 patients in a new Phase III clinical trial (REFLECT) was
completed. The REFLECT study evaluated the efficacy and safety of bilateral intravitreal
injections in subjects with 11,778 LHON mutation and follow up has shown that the
statistically significant improvement of BCVA from baseline and the nadir reported at
1.5 years post administration was maintained at 2 years [71]. The improvement observed
in placebo-treated eyes is consistent with the contralateral effect of a unilateral injection
which was previously reported in RESCUE and REVERSE [71].
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6. Chronic Phase

Currently there is not enough evidence to recommend treatment in patients in the
later chronic stage who have experienced vision loss bilaterally, and there is no evidence to
recommend treatment beyond 5 years from onset [2]. Overall, treatment in these individuals
remains mostly supportive. Although there is no treatment that can stimulate optic nerve
regeneration and repair, prevention of further visual loss by mitigation of risk factors, and
supportive assistance for the patients, has great value.

6.1. Supportive Therapy

Currently, with limited available treatment options, the majority of patients with
symptomatic LHON will progress to legal blindness (best corrected visual acuity of less
than 20/200). As previously mentioned, many will have central scotomas with residual
peripheral vision and are good candidates for low vision therapy and rehabilitation services.
Additionally, those patients with a fenestration through which they have improved acuity,
may be able to maximize this through assistive devices to maintain independence. Ample
digital devises, such as smart phones or iPads, can be very helpful. Evidence supporting
low vision rehabilitation is less robust, and a recent 2020 Cochrane review found that there
was low-certainty evidence that some rehabilitation interventions improved vision related
quality of life compared to usual care. Particularly, psychological therapy and methods
of enhancing vision had the best evidence [72]. Overall, therapy should consist of a
multifaceted approach including methods of enhancing vision, such as magnifying devices,
electronic devices, or other technologies to improve remaining vision in combination with
multidisciplinary rehabilitation programs such as balance training, occupational therapy,
and home safety assessments. Most recently, qualitative data from LHON focus group
interviews found that patients were hopeful that therapy would restore autonomy and
improve their ability to enjoy a fulfilling life, while alleviating financial demands and
demands placed on relatives [73].

6.2. Psychological Counseling

The impact of LHON extends beyond visual and activity related limitations. An
important aspect of care for patients with LHON is the psychologic impact it has on both
patients and carriers [74,75]. As LHON exhibits incomplete penetrance there may be
multiple siblings or family members which are at various disease categories—carrier, pre-
symptomatic, or symptomatic. It is important to be sensitive to the interfamilial dynamics
and aware of the anxiety it may provoke. Vision-related quality of life is significantly
reduced in LHON patients who also have higher levels of depressive symptoms compared
to unaffected carriers [74,76]. LHON patients are at increased risk of anxiety and depression.
Vision-related quality of life and depressive symptoms correlate with disease duration,
suggesting that both may improve as patients adapt to chronic disability [76]. Addressing
mental health concerns and promoting the development of skills through personal or
therapy engaging strategies may help to overcome limitations thereby improving mood
and quality of life in LHON patients.

6.3. Induced Pluripotent Stem Cells

As stated, the chronic phase has particularly challenging limitations in treatment. Once
optic atrophy has occurred there is currently no avenue to reverse this process or regrow
damaged fibers. The intention of the previously discussed therapies was maximizing
remaining vision and prevention of further loss. Induced pluripotent stem cells (iPSCs)
present a potential remarkable and spectacular avenue for reversal of vision loss. This field
of research could in theory be effective for such a broad scope of etiologies of vision that it
would revolutionize the field. At this time, however, it is an extremely challenging option
with many hurdles to overcome before becoming clinically feasible. Unlike other cellular
derived lines which are more amenable to stem cell related therapy, the neuronal pathway
a RCG must travel the re-establish cerebral connections is exceedingly difficult.
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In 2006, technology to reprogram somatic cells from patients to human iPSCs was
developed [77]. Since then, development of this methodology has been revolutionized
to allow for differentiation of iPSCs into RCGs [78-80]. Even if this technology does not
evolve into an intervenable clinical therapeutic option, it serves as excellent mechanism
of in vitro research. In relation to LHON differentiated RGCs and mini eye organoids
have been created as disease models for study [81]. A few studies have been able to
identify ways to stimulate RGC axons part way through the optic nerve and even beyond
the chiasm. Mechanisms by which this has been accomplished include enhancement
of mTOR, augmentation of adenosine 3',5'-monophosphate (cAMP), and injections of
oncomodulin [82]. Additionally, there is exciting advancement in the field of electrical
field application to promote RGC survival and direct axon regeneration [83]. For iPSCs
to be effective they would need to be appropriately differentiated, safely delivered to the
right retinal location, and have the ability to form connections with the other retinal cells.
Then, even if this can be accomplished, their axons would have to traverse to the optic
nerve, decussate at the chiasm, and travel to the LGN to establish appropriate synaptic
connections. Currently, the use of iPSCs is not yet feasible for vision loss related to optic
nerve damage; however, the field has shown tremendous growth. The ultimate goal of this
method would be to determine how to combine iPSC protocols with molecular pathway
activation and RGC support to allow for their survival and regrowth.

6.4. Mitochondrial Gene Editing

Given the limitations in current therapeutics in patients with LHON, the concept of
mitochondrial genetic engineering presents a novel and exciting focus. Gene editing tools
such as zinc-finger nucleases (mitoZFN) and transcription activator-like effector nucleases
(MitoTALENSs) have been shown to eliminate mutant mtDNA and shift heteroplasmy [84].
Recent advancements within the field have led to a new approach, mitochondrial base
editing. An appropriate mitochondrial targeted DNA base editor might allow for the direct
revision of the mutation of interest to wildtype mtDNA. One such example, TALE-linked
adenine deaminases (TALEDs), has been tested in human cell lines and was able to edit A-
to-G conversion at different target sites within the mitochondrial genome [85,86]. Although
still far from clinical use, improvements in these methodologies are making it increasing
possible to create targeted therapy against pathogenic mtDNA mutations. This innovative
approach adds another potential field of interest in LHON therapy.

7. Conclusions

In conclusion, the field of therapeutic options for LHON is still limited but has recently
shown a dramatic expansion in scientific research and potential. This article reviewed
supportive, preventative, and interventional therapeutics, how they are currently applied
to clinical disease stages, and future promising areas within the field.

The novel insights in molecular mechanism and cellular pathology found in LHON
has created multiple new approaches for a deeper understanding of LHON and other
mitochondrial optic neuropathies and related diseases. Presently, Idebenone remains the
cornerstone of treatment and the only currently licensed therapy; however, the vast arsenal
of potential therapies spans everything from repurposing established drugs, creation of
novel molecules and gene therapy. The future of the field holds the promise of more
efficacious treatment options for the treatment of LHON optic neuropathy.
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Abstract: The optic nerve, like most pathways in the mature central nervous system, cannot regener-
ate if injured, and within days, retinal ganglion cells (RGCs), the neurons that extend axons through
the optic nerve, begin to die. Thus, there are few clinical options to improve vision after traumatic
or ischemic optic nerve injury or in neurodegenerative diseases such as glaucoma, dominant optic
neuropathy, or optic pathway gliomas. Research over the past two decades has identified several
strategies to enable RGCs to regenerate axons the entire length of the optic nerve, in some cases
leading to modest reinnervation of di- and mesencephalic visual relay centers. This review primarily
focuses on the role of the innate immune system in improving RGC survival and axon regeneration,
and its synergy with manipulations of signal transduction pathways, transcription factors, and
cell-extrinsic suppressors of axon growth. Research in this field provides hope that clinically effective
strategies to improve vision in patients with currently untreatable losses could become a reality in
5-10 years.

Keywords: retina; inflammation; transcription; CNS repair; optic nerve; oncomodulin; myeloid
cells; regeneration

1. Introduction

Restoring vision after optic nerve injury requires maintaining retinal ganglion cell
(RGC) survival while enabling these cells to re-extend axons and re-establish connections
in appropriate target areas of the brain. Achieving these goals will entail suppressing
pathological processes that lead to RGC death, restoring an active growth state to these
neurons, and ensuring that growing axons navigate back to visual relay nuclei of the di- and
mesencephalon. One area we emphasize here is the surprising role of the innate immune
system in modulating RGC survival, axon regrowth, and myelination. Understanding
the mechanisms that underlie these phenomena may eventually enable us to regulate
the inflammatory response that inevitably accompanies CNS damage to our advantage
and/or isolate beneficial immune-derived factors to improve functional recovery after
optic neuropathy. We will also briefly review other strategies to promote RGC survival
and regeneration that, in many cases, act synergistically with manipulations of the innate
immune system. We are not covering important recent developments in replacing lost
RGCs with embryonic stem cells or pluripotent stem cells, though these approaches will
require the new neurons to extend axons to appropriate brain areas and therefore involve
some of the same issues as axon regeneration from injured RGCs.

2. History

Unlike neurons in the peripheral nervous system (PNS), those of the central nervous
system (CNS) cannot spontaneously regenerate damaged axons, and, consequently, CNS
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injuries or various neurodegenerative diseases often result in severe and irreparable func-
tional losses. The seminal studies of Tello and his mentor, Santiago Ramon y Cajal, were the
first to show that, under certain experimental conditions, CNS neurons can be induced to
regenerate damaged axons. These early 20th century studies showed that, following optic
nerve transection, RGCs could regrow axons through a peripheral nerve graft implanted
at the site of axotomy [1], implying that, although these neurons remain regeneration-
competent, conditions that enable regeneration to occur are not normally present in the
CNS environment after injury. Beginning several decades later, the scientific community
undertook hundreds of studies to understand the factors that prevent or enable neurons
to regenerate injured axons. Here, we first summarize the results of our group and others
to understand how inflammation can be harnessed to promote RGC neuroprotection and
enable these neurons to regenerate axons, then proceed to describe complementary lines
of investigation.

3. Intraocular Inflammation Promotes RGC Survival and Axon Regeneration

Although the retina, like other parts of the CNS, was long thought to be “immune
privileged”, i.e., resistant to inflammation, many studies now show that neuroinflammation
plays a critical role in the pathology of chronic ocular diseases. In glaucoma and ocular
auto-immune diseases, chronic activation of tissue-resident cells (microglia, Muller glia,
and astrocytes) can augment neurodegeneration by stimulating the adaptive immune
system to target ocular tissues [2—4]. Paradoxically, however, inducing sterile inflammation
in the eye in animal models augments RGC survival and axon regeneration. Our lab
inadvertently discovered that injury to the lens enhances the survival of RGCs after optic
nerve injury (ONI) and enables these cells to begin regenerating axons well beyond the
injury site. Lens injury (LI) leads to the infiltration of neutrophils and macrophages that
express factors that increase RGC survival and cause RGCs to up-regulate genes linked
to axon growth and regeneration (Figure 1a,b [5]). These effects can be mimicked by
intravitreal injection of Zymosan, a yeast cell wall preparation [6,7] that activates Toll-like
receptor 2 (TLR2) and the pattern recognition receptor dectin-1. Accordingly, the effects of
LI or Zymosan are suppressed by blocking receptors for the pro-inflammatory chemokines
CCL2 [8] or CXCLS5 [9], mimicked by the TLR2 agonist Pam3Cys [10] or the Dectin-1 agonist
b-glucan [11], and exceeded by injecting a newly defined set of immature neutrophils [12].
These findings raise the possibility that defined signals associated with sterile inflammation
might serve as safe biologics to promote neuroprotection and axon regeneration without
the deleterious effects of intraocular inflammation.
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Figure 1. Inflammation-induced optic nerve regeneration and the role of Oncomodulin (Ocm).
(a) Negative control: Absence of axon regeneration following optic nerve injury (asterisk: site of optic
nerve crush injury). (b) Intraocular inflammation induced by injury to the lens (shown here) or by
other means cited in the text enables retinal ganglion cells (RGCs) to regenerate axons past the injury
site. (¢) Intraocular inflammation is associated with a rapid infiltration of Gr-1-positive neutrophils
(red) that express high levels of Ocm (green). (d) P1, a peptide antagonist of Ocm based on the
N-terminus of the protein, suppresses Zymosan-induced regeneration. (e) Slow-release polymer
beads containing the cAMP analog CPT-cAMP induce minimal regeneration after optic nerve injury.
(f) Extensive regeneration with slow-release beads containing Ocm + CPT-cAMP [5,6,13].

4. Oncomodulin: A Key Mediator of Inflammation-Induced Regeneration

The first myeloid cell-derived protein found to play a key role in inflammation-induced
regeneration is the 11 kDa Ca?*-binding protein Oncomodulin (Ocm) [13]. Stimulating
ocular inflammation via LI or intravitreal Zymosan injection elicits a massive influx of
Ocm-expressing neutrophils into the vitreous (Figure 1c) and elevation of Ocm in the inner
retina [5,13-15]. Ocm binds with high affinity to a cell-surface receptor on RGCs in a cAMP-
dependent manner (Kd ~30 nM) [16] and, in the presence of a cAMP analog (or forskolin)
plus D-mannose, enhances neurite outgrowth in cultured RGCs well beyond levels stimu-
lated by well-established growth factors such as brain-derived neurotrophic factor (BDNF),
fibroblast growth factor-2 (FGF2), ciliary neurotrophic factor (CNTF), or glial cell-derived
neurotrophic factor (GDNF) [13]. In loss-of-function studies, a function-blocking anti-Ocm
antibody or peptide antagonist of Ocm nearly eliminates inflammation-induced regenera-
tion (Figure 1d) [5,13,14], while conversely, slow release of Ocm and a cAMP analog from
polymer beads stimulates strong regeneration (Figure 1e,f) [15]. However, later studies
showed that the beads alone induce some inflammation that contributes to these effects,
implying that additional inflammation-associated factors complement the effects of Ocm
in vivo.

5. Macrophage-Derived SDF1 Complements the Effects of Ocm

Subsequent studies found that stromal cell-derived factor 1 (SDF1, CXCL12) is highly
expressed by infiltrative macrophages following intraocular inflammation (Figure 2a) and
complements the effects of Ocm [8]. In cell culture, stimulation with SDF1 induces moderate
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Figure 2. Macrophage-derived SDF1 complements the effects of Ocm (previous page). (a) SDF1 (red)
is highly expressed in F4/80 macrophages that infiltrate the vitreous by 24 h after intraocular injection
of Zymosan. (b) Among multiple trophic factors tested in dissociated adult retinal cell cultures,
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SDF1 is the only factor that enhances the effects of Ocm (combined with co-factors mannose and
CPT-cAMP). B: Brain-derived neurotrophic factor (BDNF); C: ciliary neurotrophic factor (CNTF);
G: glial cell-derived trophic factor (GDNF); L: leukemia inhibitory factor (LIF); T: tumor-necrosis
factor (TNF); F: fibroblast growth factor-2; I: insulin-like growth factor 2 (IGF2). *** p < 0.001. (c) SDF1
combined with Ocm and CPT-cAMP induces similar levels of regeneration as Zymosan. (d) SDF1
alters the response of different RGC populations to PTEN deletion. aRGCs, the population that
extends axons in response to Pten deletion, are identified by virtue of expressing GFP from the Keng4
promoter. Axons arising from all RGCs, whether aRGCs or non-aRGCs, are labeled with CTB. Top
row: In response to SDF1 alone, regenerating GFP-negative axons all arise from non-aRGCs. Middle
row: Pten deletion alone induces regeneration primarily from aRGCs (note extensive overlap of GFP
and CTB in last panel). Bottom row: Combining SDF1 and Pten deletion suppresses regeneration
from aRGCs while strongly increasing overall levels of regeneration from non-«RGCs. (e) Schematic
illustration showing the response of different RGC populations to various treatments. Top row:
AAV2 expressing anti-Pten ShARNA (AAV2-shPten) induces axon growth primarily from aRGCs
(green cells). AAV2-shLuciferase virus (AAV2-shLuc) has no effects. Middle row: Either recombinant
SDF1 (rSDF1) or AAV2 expressing SDF1 (AAV2-SDF1) induces moderate axon growth primarily
from non-aRGCs (middle left: orange cells). When combined with Pten deletion, SDF1 induces
non-aRGCs to regenerate lengthy axons but prevents aRGCs from responding to Pten deletion
(middle right). Bottom row: Zymosan elevates levels of neutrophil-derived Ocm, macrophage-
derived SDF1, and other factors, stimulating regeneration from both «- and non-«RGCs (bottom left);
Pten deletion combined with Zymosan strongly augments outgrowth from both subtypes (bottom
right) [8]. Asterisks show lesion site.

Prior work showed that deleting the tumor-suppressor gene Pten in RGCs induces
considerable axon regeneration that primarily arises from aRGC [17]. In contrast, SDF1
stimulates outgrowth in non-aRGCs and enables them to respond strongly to Pten deletion
but paradoxically suppresses aRGCs’ response to Pten deletion [8]. Zymosan, which
elevates levels of both SDF1 and Ocm, stimulates outgrowth from aRGCs and non-aRGCs
and amplifies the effects of Pten deletion for multiple RGC classes (Figure 2e).

6. CNTF Gene Therapy, like Zymosan and LI, Promotes Regeneration
via Neuroinflammation

CNTF is a leading candidate for neuroprotection in several ocular diseases and has
also been of considerable interest for optic nerve regeneration. Although one group has
maintained that CNTF (and/or LIF) is the major mediator of inflammation-induced re-
generation [18,19], our lab and others found that recombinant CNTF (rCNTF) has little
or no effect on optic nerve regeneration (Figure 3a) unless SOCS3, a suppressor of the
Jak-STAT signaling pathway, is deleted from RGCs [7,20-23]. On the other hand, many
studies have found that CNTF gene therapy (i.e., adeno-associated virus AAV2 expressing
CNTF) induces robust regeneration (Figure 3c) [22,24-31]. We discovered that CNTF gene
therapy induces far more intraocular inflammation than rCNTF due to baseline inflamma-
tion associated with intraocular viral vectors [32] combined with the chemotactic effect of
CNTF in amplifying this inflammation [33,34]. The effects of CNTF gene therapy are almost
completely lost in mice lacking CCR2, a receptor involved in macrophage recruitment and
polarization (Figure 3d,e), and in mice lacking neutrophils [22]. Further work identified
the chemokine CCL5 acting on its cognate receptor, CCR5, as the primary mediator of the
neuroprotective and pro-regenerative effects of CNTF gene therapy, with Ocm and SDF1
playing lesser roles. Deletion of CCR5 in RGCs or the CCR5 antagonist DAPTA strongly
suppress the effects of CNTF gene therapy (Figure 3f,g), whereas recombinant CCL5 mimics
these effects (Figure 3h). Thus, these results position CCL5 as another candidate therapy
for optic nerve repair and perhaps other optic neuropathies [22].
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AAV2-GFP

AAV2-CNTF

Figure 3. CNTF gene therapy induces optic nerve regeneration by augmenting inflammation and
chemokine CCL5. (a) Recombinant CNTF protein (1 pg) does not induce appreciable regenera-
tion. (b,c) Unlike a control adeno-associated protein expressing green fluorescent protein (AAV2-
GFP), AAV2 expressing CNTF induces appreciable levels. (d,e) Whereas mice heterozygous for the
chemokine 2 receptor (CCR2*/ ™) regenerate axons in response to CNTF gene therapy (d), homozy-
gous null mice show a strongly diminished response (e). (f,g) CRISPR-Cas9 mediated deletion of the
chemokine 5 receptor CCR5. Mice received intraocular injection of an adeno-associated virus express-
ing Cas9 driven by the synuclein-g promoter plus a second virus expressing either GFP ((f), control)
or a small guide RNA directed to CCRS5 (g), which nearly eliminated regeneration induced by CNTF
gene therapy. (h) Recombinant CCL5 induces nearly as much regeneration as CNTF gene therapy.
Asterisks indicate lesion site [22].

7. Inflammatory Pre-Conditioning Enables Robust Axon Regeneration

Inducing LI 2 weeks prior to optic nerve injury increases regeneration to a far greater
extent than LI or Zymosan applied at the time of nerve injury or by Zymosan precondition-
ing [35]. Repeated episodes of LI prior to and again after nerve injury transforms neurons
into a strong growth state, enabling many RGCs to extend axons the full length of the optic
nerve within a few weeks. This effect requires monocyte infiltration into the eye, whereas
microglia, neutrophils, and T-cells are not required, nor does it depend upon any of the
inflammation-induced growth factors that we have identified to date (Ocm, SDF1, CCL5:
Feng et al., in preparation).
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8. Synergy between Intraocular Inflammation and Counteracting Cell-Extrinsic
Suppressors of Axon Growth

Following nerve injury, myelin debris, the scar that forms at the injury site, and
axon-repellant guidance cues all suppress axon regeneration in the optic nerve and else-
where in the CNS [36-38]. Axon regeneration induced by intraocular inflammation is
augmented several-fold by deleting all isoforms of NgR, the receptor expressed on axons
and nerve terminals that mediates growth-suppressive effects of the myelin-associated
proteins oligodendrocyte-myelin glycoprotein (OMgp), myelin-associated glycoprotein
(MAG), and, most potently, isoforms of the protein Nogo (Figure 4). Similarly synergistic ef-
fects are seen by combining intraocular inflammation with suppression of signaling through
the small GTPase RhoA, which is intracellularly activated by growth-inhibitory signals,
or by deleting PTPs, a receptor that mediates growth-suppressive effects of chondroitin
sulfate proteoglycans (CSPGs) [39—42], or by enzymatically blocking the effects of chon-
droitin sulfate proteoglycans (CSPGs) [43]. Combined deletion of two isoforms of NgR plus
PTPs results in extraordinary levels of regeneration when coupled with Zymosan-induced
inflammation (Figure 4f) [40]. Axon regeneration can also be augmented by increasing
inflammation within the optic nerve, presumably by increasing phagocytosis of myelin
debris and elements of the fibrotic scar that forms at the injury site [44].

Injury Injury + Zymosan

N
3 N
S |
S
S
H'

Figure 4. Synergy between intraocular inflammation and deleting receptors for cell-extrinsic suppres-
sors of axon growth. (a—f) Longitudinal sections through the optic nerves of wild-type mice (WT) or
mice lacking all 3 isoforms of the Nogo receptor (NgR123~/~) or of NgR1 and 3 plus PTPs, a receptor
that mediates inhibitory effects of chondroitin sulfate proteoglycans (CSPGs). As indicated, mice
either underwent optic nerve injury alone or with intraocular inflammation following intraocular
injection of zymosan. (a’—f’) Regions of optic nerves shown at greater magnification in the corre-
sponding panels below. Note the dramatic increase in regeneration when combining intraocular
inflammation with deletion of receptors for the inhibitory molecules associated with myelin and
CSPGs. Asterisks show lesion site [40].

9. Role of Microglia in RGC Survival and Axon Regeneration

Microglia are the resident immune cells of the nervous system, and together with
Mueller glia and astrocytes, they help maintain retinal homeostasis. Microglia are concen-
trated in the inner and outer plexiform layers of the retina and throughout the optic nerve,
with long ramified processes that interact with and surveil the neural environment and
regulate retinal synapses [45,46]. Non-homeostatic (or “reactive”) microglia are characteris-
tic of many neurodegenerative diseases, which, in the eye, include glaucoma [46-49], and
photoreceptor degeneration [50,51]. It remains unclear whether a chronic microglial re-

29



Int. J. Mol. Sci. 2022, 23, 10179

sponse is ultimately beneficial or harmful or whether the microglial response is modulated
by other injury-induced signals, including the elevation of zinc or activation of the DLK
and LZK kinase cascades in RGCs (Figure 5).
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Figure 5. Injury-induced pathways contributing to RGC death after optic nerve injury. Encircled
question marks (?) indicate as yet unknown relationships. Up arrows indicate increases.

Elevation of mobile zinc in the inner retina, activation of the DLK and LZK kinase
cascades in RGCs, and reaction of resident microglia are hallmarks of optic nerve injury and
have all been shown to modulate RGC death. However, mechanistic interactions among
these three pathways remain unknown.

Animal studies indicate that reducing microglial activation in glaucoma and other
CNS models reduces neuronal cell death and helps resolve neuroinflammation [52-55],
supporting the idea that chronic neuroinflammation is harmful in CNS disease. Following
optic nerve damage and in glaucoma, one proposed mechanism for RGC death is that
reactive microglia express proteins that include tumor necrosis factor-o (INF«), interleukin
lx (IL-1x), and the complement protein C1q, which together polarize astrocytes to a pro-
inflammatory “Al” state [56-59]. A1 astrocytes can in turn promote synapse degradation
and induce neuron and oligodendrocyte cell death by secreting long-chain saturated lipids
APOE and APOJ-containing lipoparticles [46,56—62]. Although blocking A1 polarization is
reported to be strongly neuroprotective after ONI and in mouse glaucoma models [56,58],
it is unlikely that microglia are the sole source of Al-inducing proteins. Retinal Tnfa,
Il1a, and Clqga expression are all upregulated 3-5 days after optic nerve injury, which
correlates with the response timeline of microglia [63]; yet microglial depletion (with the
Colony stimulating factor 1 receptor inhibitor PLX5622) does not substantially reduce Tnfa
levels. These findings suggest that other cells such as Muller glia or astrocytes may play
a role [64-67]. As TNF« signaling mediates RGC and oligodendrocyte death in animal
models of glaucoma, likely by increasing the expression of Fas ligand [4,68,69], sustained
Tnfa expression provides a plausible explanation for why microglial deletion is insufficient
to provide neuroprotection [58,63,70].

One possible contributor to microglial activation in the retina is the elevation of mobile
zinc (Zn?*). After ONI, Zn?* accumulates in presynaptic boutons of amacrine cells from
which it is exocytosed, contributing to RGC death and repression of regeneration after
ONI [71]. In cell culture, the elevation of extracellular Zn?* exacerbates microglial activation
to a pro-inflammatory M1 state, resulting in increased nitric oxide (NO) production and al-
tered cytokine expression [72-75]. In vivo, reducing extracellular Zn?* via intraocular Zn?*
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chelators or genetic knockout of the vesicular Zn?* transporter ZnT3 reduces microglial
activation after ONI [63,71], suggesting that Zn?* elevation in the retina may be one factor
contributing to the microglial response after ONI.

Yet, despite the well-documented negative aspects of microglial activation, microglia
can play a beneficial role after optic nerve injury. These latter effects are mediated through
complement pathway-induced activation of resident microglia and/or by increasing the
infiltration of CR3-expressing monocytes/macrophages at the lesion site [44], where these
cells phagocytose myelin debris (Figure 6a,b) that would otherwise inhibit axon regenera-
tion [36,76,77]. Interfering with the classical complement pathway by deleting or neutraliz-
ing Clq, C3, or CR3 reduces axon regeneration and decreases MBP clearance in the lesion
site [44].
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Figure 6. Phagocytic microglia/monocytes alter the local environment of the injury site and modulate
axon regeneration. (a) Single confocal planes with orthogonal views of myelin basic protein (MBP)
debris inside CR3+ cells. Images are from 0.2 and 0.4 mm distal to the injury site at 14 DPI [44].
(b) CR3+ microglia and monocytes expand within the site of injury (dotted line) from 1 to 5 days
after crush, resulting in a progressive clearance of MBP from the distal optic nerve, allowing for
uninhibited axon regeneration [44]. (c) Treatment with CSF1R inhibitor, PLX5622 (PLX) results in
efficient clearance of IBA1+ microglia from the retina, which is maintained by 14 days after ONI (14d
post-ONI). (d) Microglia deletion enhances the number of GAP43+ (green) axons regenerating past
the crush site (dotted line). Right: Quantitation of regenerating axons 0.5 mm distal to the injury site
(d); mean =+ s.e.m, n = optic nerves, **, p < 0.01 by ¢-test [44].

However, in other contexts, ablating microglia can promote optic nerve regeneration
(Figure 6c,d) [63]. The CX3CR1 antagonist PLX5622 eliminates ~95% of microglia in the
retina, resulting in the loss of retinal Aifl and Clqa expression within 14 days after ONI [44].
However, we observed only a partial reduction in Aifl and Clqa and an increase in CR3+
monocytes at the injury site, suggesting a compensatory mechanism by which monocytes
may infiltrate into a newly vacant microglial niche [44]. This enhanced CR3+ monocyte
infiltration at the injury site is slow to resolve, thereby increasing myelin debris clearance
and enhancing axon regeneration in several pro-regenerative treatment paradigms. To-

31



Int. J. Mol. Sci. 2022, 23, 10179

gether, these results suggest that microglia and immune cells serve multiple and often
opposing roles within complex and highly dynamic disease pathologies, highlighting the
need for a more thorough understanding of how neuroimmune interactions shape disease
pathology and for the development of new tools and therapies to differentially modulate
pro-degenerative vs. pro-regenerative subpopulations or signals.

10. Neuroinflammation and RGC-Intrinsic Regulators of Survival and Axon
Regeneration: Synergistic Effects

An important advance in the field of CNS repair was the discovery that modulating
RGCs’ intrinsic response to injury can induce considerable axon regeneration. As noted
earlier, deletion of Pten, a lipid- and protein phosphatase that suppresses signaling through
the PI3 kinase-Akt pathway, enables aRGCs and a small number of other RGCs to regenerate
axons through the injured optic nerve [17,78]. Combining Pten deletion with Zymosan
and a cAMP analog induces nearly 10 times the level of optic nerve regeneration as any of
the individual treatments alone, and, with time, enables some RGCs to regenerate axons
into the brain and form synapses in appropriate target areas (Figure 7) [15,79]. mTOR
(mammalian target of rapamycin), a central regulator of cell growth, is an important
downstream target of PI3 kinase, and disinhibiting mTOR or upregulating a proximate
upstream regulator (cRheb1) also promotes optic nerve regeneration, albeit to a lesser
extent than Pten deletion [78]. Manipulating cRheb is reported to synergize with increased
RGC activity to enable some RGCs to regenerate axons into central target areas [80].

Figure 7. Full-length optic nerve regeneration. (a) Intraocular inflammation combined with CPT-
cAMP and virally mediated PTEN deletion enables RGCs to regenerate axons the full length of the
optic nerve in 8-10 weeks. Axons are labeled by intraocular injection of cholera toxin B fragment
(CTB, red). (b) Control optic nerve in case treated with intraocular Zymosan and a control virus.
(c—e) Enlargements of area within rectangle show overlap in immunostaining fibers for CTB (c, red)
and the growth-associated protein GAP43 (d, green). Asterisks show lesion site [79].

SOCS3 (Suppressor of cytokine signaling) represses Jak-STAT signaling, the transduc-
tion pathway activated by CNTF and related factors (e.g., LIF, IL6), and its deletion in
RGCs, like that of Pten, promotes optic nerve regeneration. Socs3 deletion also enables
recombinant CNTF, which otherwise has little effect on its own, to augment regeneration
beyond the level achieved with SOCS3 deletion alone [23]. Combining double deletion of
Pten and Socs3 with CNTF treatment allows many axons to regenerate the full extent of
the optic nerve and into the brain, albeit into largely inappropriate areas [81,82]. With long
survival times, however, some of these axons become able to drive postsynaptic responses
in the suprachiasmatic nucleus [83].

By virtue of regulating cells” program of gene expression, transcription factors repre-
sent another key determinant of RGC survival and regenerative capacity. Various members
of the Kriippel-like family (KLF) of transcription factors regulate axon outgrowth in RGCs
and other neurons [20,84,85]. Deletion of KlIf4 promotes a modest level of axon regen-
eration [84], largely by de-repressing signaling through the Jak-STAT pathway [86]; yet,
overexpressing Klf4 along with the transcription factors Oct4 and Sox2 restores immature
DNA methylation and transcriptome patterns in RGCs and promotes axon regeneration
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after optic nerve injury [87]. Deletion of another Kriippel-like TF, K1f9, promotes greater
levels of axon regeneration after optic nerve injury than Klf4 deletion [88], an effect that is
enhanced even further by combining KIf9 deletion with intraocular Zn?* chelation [89].

One unbiased approach to identifying “master regulators” of the regenerative state
is to identify transcription factors that regulate the expression of regeneration-associated
genes (RAGs). Using whole-transcriptome RNA sequencing, we identified differentially
expressed genes (DEGs) associated with a strong regenerative state in RGCs (Pten deletion
combined with the inflammation-associated protein Ocm and a cAMP analog) compared to
untreated RGCs. Analysis of cis-regulatory regions of these DEGs predicted the transcrip-
tional and epigenetic repressor REST (NRSF) to be a major repressor of RAGs, a prediction
borne out in studies showing that Rest deletion or expression of a dominant-negative Rest
mutant promotes considerable axon regeneration and enhances RGC survival after optic
nerve injury [90].

Regarding other important cell-intrinsic pathways, Dual leucine zipper kinase (DLK;
MAP3K12) and Leucine zipper kinase (LZK; MAP3K13) have been found to be key media-
tors of RGC cell death after injury [91-93]. DLK/LZK activation by axonal injury triggers
a retrograde kinase signaling cascade involving MKK4/7 and JNK1-3 that elevates the
expression and/or activation of transcription factors that include cJUN, ATF2, MEF2A,
and SOX11 [92]. Yet, while repression of DLK and LZK is highly neuroprotective, their
deletion suppresses axon regeneration induced by either Pten deletion [91] or Zymosan
plus a cAMP analog [94]. Thus, although inhibition of DLK and LZK greatly prolongs RGC
survival, this strategy may be insufficient to halt the visual decline in optic neuropathies.
Further investigation into the gene regulatory networks downstream of DLK and LZK may
enable us to determine if the networks that regulate cell survival vs. axon regeneration
diverge such that more focused manipulations might improve both RGC survival and
axon regeneration [94]. Newer research from Welsbie and colleagues shows that, unlike
DLK and LZK, germinal cell kinase IV (GCK IV) kinases suppress both RGC survival and
axon regeneration, and that their deletion in mice is both neuroprotective and amplifies the
effects of Pten deletion in promoting optic nerve regeneration [95].

11. Prospectives

Transcriptomic comparisons of successfully regenerating RGCs and non-regenerating
“bystanders”, single-cell sequencing, large-scale screening of transcription factors and
protein kinases, and other modern methods are steadily identifying new therapeutic candi-
dates to enhance RGC survival and axon regeneration after optic nerve injury [92,93,95-98],
lending hope to the possibility that robust RGC neuroprotection and axon regeneration
may become a reality in the next 5-10 years. With this goal in sight, the field will also
now need to focus on ways to restore at least crude image vision, including the myelina-
tion of regenerating axons [99,100] and navigation of regenerating axons to appropriate
relay centers in the di- and mesencephalon, where they would need to establish synaptic
connections that enable a topographic representation of visual space.

12. Conclusions

Although inflammation can have severely negative effects in certain ocular diseases,
sterile inflammation in the eye promotes RGC survival and axon regeneration after optic
nerve injury through the expression of immune-derived factors that include Ocm, SDF1,
the chemokine CCL5, which mediates most of the effects of CNTF gene therapy, and by
enhanced phagocytic activity within the optic nerve. As inflammation is an inevitable
feature of neural damage, one important goal will be to learn how to modulate the immune
response to optimize outcome; a second goal is to identify additional immune-derived
factors that can enhance RGC survival and these cells” ability to form connections with
central target areas. Finally, no single approach has yet proven to be a “silver bullet” for
restoring visual connections after optic nerve injury, pointing to the likely continuing need
for combinatorial treatments to improve functional outcome after optic nerve damage.
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Abstract: Epigenetic factors are known to influence tissue development, functionality, and their
response to pathophysiology. This review will focus on different types of epigenetic regulators and
their associated molecular apparatus that affect the optic nerve. A comprehensive understanding
of epigenetic regulation in optic nerve development and homeostasis will help us unravel novel
molecular pathways and pave the way to design blueprints for effective therapeutics to address optic
nerve protection, repair, and regeneration.
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1. Introduction

Waddington, in 1942, coined the term ‘epigenetics,” which was defined as evident
inheritable phenotypic alterations with no variations in genotype [1]. In the past two
decades, the field of epigenetics has received immense attention owing to the discovery of
several integral epigenetic factors that dictate gene transcription without any alterations to
the DNA sequence but by adjusting the configuration of chromatin structure. The function-
ality of enzymes responsible for DNA and histone modifications eventually translates to
altered transcriptional activity [2]. Epigenetics chiefly encompasses the events involving
nuclear materials, namely chromatin accessibility, nucleosome positioning, histone modi-
fication, DNA methylation/demethylation, and enhancer-promoter interactions [2]. All
these phenomena modulate the availability of DNA structure to the polymerase-mediated
transcriptional activity resulting in gene expression or repression. In recent years, epigenet-
ics has gained importance due to its proven role in development and pathophysiology [3,4].
Therefore, the current review aims at discussing the research around epigenetics in tissue
protection, damage, and repair with a prime focus on the optic nerve—a vital tissue that
connects the eye and brain to convey visual information and is essential for supporting
visual functionality.

The optic nerve includes millions of nerve fibers originating from retinal ganglion cells
(RGCs) that relay visual signals from the posterior eye segment to the brain. Incidents that
attenuate the development or injury to the optic nerve and RGCs can lead to irreversible
vision loss [5]. RGC axons channel from the retina to congregate and make up the optic
nerve fibers. Embryonic RGCs are capable of undergoing axonal regeneration following
injury [6]. However, this desirable characteristic is lost swiftly post-birth in almost all
mammals. One possible explanation is the switch-off in the epigenetic program that controls
optic nerve growth [7]. However, many attempts to restore the regenerative capabilities
of the optic nerve in adults using epigenetic modification have been only moderately
successful. Conditions affecting the optic nerve, including glaucoma [8], optic nerve
atrophy [9], etc., have all been associated with epigenetic dysregulation. Moreover, the eye
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is considered a window for understanding complex brain functions and disorders [10,11],
a phenomenon also linked to plausible epigenetic machinery and malfunction, which
makes it even more important to gain knowledge related to these interlinked disorders.

Advancement in technology has led researchers to use novel state-of-the-art technolo-
gies to study epigenetic modifications during disease progression and in drug development.
Some of these cutting-edge techniques that have been a useful tool in understanding optic
nerve pathologies and related mechanisms include chromatin immunoprecipitation (ChIP)
assay (DNA-protein interactions-chromatin structure analysis) [3], bisulfite sequencing
(De novo DNA methylation exploration) [12]. Assay for Transposase-Accessible Chro-
matin (ATAC) with high-throughput sequencing (analyze chromatin accessibility across the
genome) [13]. However, other advanced techniques such as Hi-C (epigenetic landscapes in
3D chromatin architecture analysis) and Nanopore sequencing have not yet been employed
extensively in optic nerve research.

2. Epigenetic Modifications of DNAs and Histones

Epigenetic mechanisms are undoubtedly involved in neuronal differentiation, matura-
tion, and synaptic network formation [14,15]. DNA methylation is pivotal in epigenetic
modification that has the potential to tighten up the chromatin structure (Figure 1), thereby
limiting the transcription ability of the cell. It involves the methyl group converting onto the
C5 position of 5'-CpG-3’ dinucleotides, which results in the formation of 5-methylcytosine
(5bmC) [16]. This process is fueled by DNA methyltransferase (DNMTs), including DNMT1,
DNMT2, DNMT3A, and DNMT3B, and the methyl group is actively contributed by S-
adenosyl methionine (SAM). The complicated mechanism of DNA demethylation is mainly
propelled by the ten-eleven translocation (TET) protein family. TET hydroxylases con-
vert 5mC into 5-hydroxymethylcytosine (5hmC), thereby adjusting the methylation levels,
which occur prior to cell division and multiplication [16]. This is vital because the newly
formed cells are required to accumulate their own methylation marks for having their own
specific characteristics and for optimal functionality. In humans, the three members of the
TET protein family include TET1, TET2, and TET3, which are chiefly classified based on
their structure and expression during development. Alternatively, histone can also undergo
methylation and demethylation to regulate gene expression. Methylation takes place at
different basic residues on histones and based on the magnitude of methylation and its loca-
tion, it can lead to varying outcomes. The two main categories of histone methyltransferases
are lysine-specific (SET (Su (var)3-9, Enhancer of Zeste, Trithorax) domain-containing or
non-SET domain containing) and arginine-specific [17]. In both these types of histone
methyltransferases, S-Adenosyl methionine (SAM) acts as the methyl donor group. His-
tone demethylases are categorized into two as well, namely amino oxidase homolog lysine
demethylase (KDM) and JmjC domain-containing histone demethylases [18]. Histone
methylation is in general associated with transcriptional repression, but methylation of
certain lysine and arginine residues in histones leads to transcriptional activation.

These interdependent machineries of DNA and histone methyltransferases and
demethylases work in synchrony to preserve the genomic methylation pattern (Figure 1).
This critical balance of the methylation status significantly contributes to the induction and
progression of various diseases, including vision loss due to optic nerve damage [8,19].

Histone acetylation is another epigenetic event that is unambiguously linked with
amplified gene transcription [20]. During this process, histone acetyltransferases (HATs)
will add a negatively charged acetyl group to lysine residues on histone proteins. The
acetyl groups are removed by histone deacetylases (HDACs). Histone acetylation reduces
the electrostatic affinity between histone proteins and DNA, which subsequently endorses
a chromatin structure that is pro-gene transcription. HATs and HDACs are characterized
based on their cellular localization and substrate preference. All these major epigenetic
modifications regulate optic nerve development [21] and recent studies have unraveled
their important role in optic nerve protection, regeneration, and repair [22-25].
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Figure 1. Epigenetic regulation of gene expression. Enhanced translational activity occurs after
chromatin structure attains an open configuration, generally following DNA and histone demethyla-
tion and histone acetylation. This dynamic epigenetic mechanism is fueled by a group of enzymes
that are categorized by their characteristic of presenting or reverting the methyl and acetyl groups
on the histone or DNA structure. DNMT: DNA methyltransferase; TET: Ten-eleven translocation
enzymes; HDAC: histone deacetylase; HAT: histone acetylase; HMT: histone methyl transferase;
HDM: histone demethylase; Me: methyl group; Ac: acetyl group.

3. Epigenetics in Optic Nerve and Retinal Development

During DNA replication, DNA methylation in the developing daughter DNA strand
is maintained by DNMT1. DNMT3A and DNMTB3B are responsible for “de novo” DNA
methylation patterns in certain differentiating cell types [26,27]. Downregulating DNMT1
in cells has been shown to lead to a partial loss of DNA methylation [28], while DNMT3A
and DNMT3B [29] are reported to co-express in the eye and have overlapping functions.
DNMT?2 is a multisubstrate tRNA methyltransferase and has been shown to support multi-
tissue development, including the retina [30]. A retina-specific triple knockout mice model
showed defective retinal development, validating the vitality of the three DNMTs in the
eye [31].

DNA demethylation participates in the development and aging processes of the
retina. A significant study aiming at safely reversing the senescence progression and
restoring biological function using the eye as a model presented evidence that the ectopic
expression of Oct4 (also known as Poubfl1), Sox2, and KIf4 genes (OSK), all of which are
transcription factors, promote the re-establishment of the epigenetic scenario of aging
neurons in the CNS [12]. The study validates that active demethylation and associated
activity of transcriptional factors regulate the course of senescence and its functional
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reversal. Myelination is an established and comprehensively studied process. OPCs in
neonates have several epigenomic regulators actively functioning for this process to occur,
including histone deacetylation and repressive histone methyltransferase action [32]. On
the contrary, in adults, OPCs retain the property of remyelination during injury or any
biological insult. This beneficial property of remyelination becomes less efficient owing to
aging. External factors, including extracellular matrix alteration and declining growth factor
levels, have all been implicated in the age-dependent failure of the efficient remyelination
process.

Mpyelin is the dedicated membrane sheet spread out from oligodendrocytes (OLs) that
cover the optic nerve fibers. OLs, undergo differentiation from oligodendrocyte progenitor
cells (OPCs), a process controlled through the interplay between transcription factors
and epigenetic regulators [33,34]. This relationship can be modulated by various external
stimuli that affect age and disease. OPCs differentiate at the end stage of CNS development
and a major hallmark of their maturation is the accumulation of repressive histone K9
and K27 methylation marks [35]. Whilst the differentiation and proliferation of OPCs
in neonates are regulated by DNMT 1, it only has minor effects during myelin repair in
adult OPCs. However, ablation of DNMT1 in OL blocks the growth of OL progenitors [36].
Moreover, DNMT 1 deletion is known to be lethal in mammals [37] since proliferating
cells require a stable epigenetic environment maintained by DNMT 1. The absence of
DNMT 1 triggers cell apoptosis [38,39]. DNMT 3A ablation in transgenic mice induced
OL differentiation defects and a reduced functionality to remyelinate axons following
injury [40]. DNA methylation and hydroxymethylation were detected at a higher level in
adult OLs compared to adult OPCs. Amplified hydroxymethylation is required for spinal
cord myelin repair in young mice [32]. On the contrary, senescence-dependent mitigation
of hydroxymethylation resulted in irregular gene expression causing ineffective myelin
repair, proven by the incidents of abnormal swellings at the axon—myelin interface.

In neuronal progenitor cells, the DNA demethylases TETs are necessary for differen-
tiation, axonal growth, and functional neuronal network formation [41]. TET expression
in glial cells has been well established, but a lot remains to be unraveled as to what the
underlying epigenetic status is. TET1 is a major enzyme propelling DNA hydroxymethyla-
tion in oligodendroglia cells in the spinal cord and its level declines with aging [32]. Other
enzymes, including TET2 and TET3, though expressed, do not play a significant role. A
major reason as to how and why TET1 controls this major phenomenon in the optic nerve
could be the presence of a “CXXC” domain, enabling the protein to bind directly with DNA
and that is absent in other TETs [42]. An alternative cause could be the distinct protein
binding partners of TETs that triggers enzymatic activity. TET1 and TET2 mutant models
exhibit faulty developmental myelination, but it is imperative for adult OPCs to activate
hydroxymethylation catalyzed by TET1 and subsequent downstream gene expression for a
successful differentiation process. In TET2 and TET3 deficient (KO) mice, early-born retinal
cell types—RGCs and amacrine cells (AC)—were affected in development [43]. RGCs in
TET2 and TET3 KO mice expressed Zn8, a marker of cell terminal differentiation but were
restricted to the central retina, and the optic nerve in these zebrafish groups was deformed
and even absent in a subset [43]. Reduced numbers of Amacrine cells and differentiated
red/green double cones were also noted in TET2 and TET3 KO mice and localized only
in the central retina. Together, the presence of the DNA demethylation mechanism is a
vital phenomenon in normal retinal development and this knowledge can be useful for
understanding the altered state of epigenetics during adulthood and disease.

Epigenetic changes are not only limited to the nucleus but can also mediate the func-
tioning of other cellular organelles, such as proteins in the cytoplasm [44] and mitochon-
dria [45]. This in turn affects common cellular events such as apoptosis [46], autophagy [47],
inflammation [48] etc. However, to date, very limited groups have studied the relationship
between epigenetic modifications, mitochondrial function, and cytoplasmic epigenetic
modification in relation to optic nerve development, regeneration, and repair. It is a topic
of research whose therapeutic potential remains untapped. A recent comprehensive review
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discusses in detail the role, interdependency, and localization of epigenetics events in
eukaryotic cells [49]. One key study shows lutein endorses neural differentiation, possibly
in a PI3K-AKT-dependent manner accompanied by enhanced glycolysis and mitochon-
drial function [50]. This fuels the synthesis of Acetyl-CoA (an essential ingredient for
epigenetic modulation) consistent with epigenetic-based changes in the transcriptome
that facilitates neuronal differentiation. Another study understanding myopia discusses
plausible cytoplasmic proteins and pathways (Wnt signaling, protein kinase/growth factor
signaling, and IGF-1 signaling) regulated by DNA methylation in relation to various ocular
cells/tissues [44].

Apart from the addition and removal of a methyl group to the nuclear content, the
addition and removal of the acetyl group in histones play a vital role in reconfiguring the
chromatin structure and resulting gene expression profile. As described in the previous
section (Section 2), HDACs are a major regulator of gene expression, and they act by
removing the acetyl group from the histone structure and the family of HDACs has been
extensively studied for optic nerve repair and regeneration.

HDAC:s are known to regulate glial cell development and pathologies of the CNS;
however, research studying the developmental expression and functionalities of HDACs
in the developing optic nerve and retina are limited. HDACs 1, 2, 3, 5, 6, 8, and 11 are all
locally situated to the nuclei of glia during the development and maturation of the optic
nerve [21]. HDACs 1 and 2 localize primarily in the nucleus, HDACs 3, 5, 6, 8, and 11
are detected mainly in the cytoplasm and nuclear region during more than one stage of
development, and HDACs 4, 9, and 10 are cytoplasmic in all stages of development [21].
These data are the critical initial step in identifying HDAC-associated functions that may
plausibly modulate chromatin reconfirmation during differentiation and regeneration of
the optic nerve in development and disease processes and pave the way in understanding
optic nerve pathologies where localization of HDACs is integral in disease progression.

Other glial cells in the optic nerve are immensely critical for the maintenance of neu-
ronal functioning in the CNS, including astrocytes and microglia. Not much has been
conducted directly linking the modulation of these cells and their epigenetic changes in
optic nerve pathologies. However, earlier reports using alternative models have established
the role of epigenetic factors such as HDACs in these cells. In response to inflammatory
conditions, HDAC activity is heightened in the astrocytes. Conjointly, glial inflammatory re-
sponses in microglia and astrocytes are mitigated following HDAC activity inhibition [51,52].
In primary human astrocytes, glial fibrillary acidic protein (GFAP) is upregulated in re-
active astrocytosis but reduced after HDAC inhibition [53] without affecting astrocyte
activation [54]. HDAC inhibition in various CNS injuries reduces the upregulation of IL-1(3,
cyclooxygenase (COX)-2, iNOS, and TNF-« in reactive astrocytes [54]. Production of gly-
cosaminoglycans like chondroitin sulfate proteoglycan (CSPG) can be increased by reactive
astrocytes, thereby lowering acetylation levels in neighboring cells, as they can act as HAT
inhibitors [55]. A study by Kuboyama showed that HDAC3 was highly upregulated in
a contusion spinal cord injury (SCI) model in microglia/macrophages [56]. Up to date,
there has been no report directly examining the behavior of glial cells in the optic nerve
following epigenetic alterations, and this topic remains to be explored comprehensively.

Rao et al. showed that histone lysine methylation (e.g., H3K9me2 and H3K27me3)
and associated expression of the respective histone methyl transferases, G9a, and enhancer
of zeste homolog 2 (Ezh2), occurs in RGCs during retinal development [22]. Moreover,
the study also showed inhibition of Ezh2 or G9a is associated with RGC death, thereby
cementing the importance of histone methylation patterns in parts of the optic nerve. A
recent study also showed that upregulation of Ezh2 is necessary for spontaneous axon
regeneration of sensory neurons in different models [25]. Ezh2 does so by downregulating
synaptic function-related genes, including Sic6a13, which encodes GABA transporter
2. Expression patterns of basic helix-loop-helix (bHLH) transcription factors such as
atonal homolog 5 (ATH5) and NeuroM, NeuroD, and B3 genes, rely heavily upon histone

43



Int. ]. Mol. Sci. 2022, 23, 8927

methylation as methylation of histone H3 at NeuroM and NeuroD promoters regulates RGC
development [57].

4. DNA Modification in Optic Nerve Repair and Protection

Several recent studies are trying to shed light on integral epigenetic mechanisms
during optic nerve damage and diseases. These findings hold the key to understanding
the early events that trigger disease progression and limit the optic nerve’s abilities to
regenerate following trauma or disease. Some of the most prominent models that are used
to comprehend optic nerve damage and related epigenetic modifications include optic
nerve crush (ONC) [12], microbead model induced glaucoma [12], streptozotocin (STZ)
induced diabetic insult [58], etc. DNA methylation and histone acetylation levels have been
abundantly investigated in these studies. The data obtained can help researchers design
targeted and efficient therapeutic tools and a recipe for tailoring the epigenetic system in
the tissue for successful regeneration and protection.

In lower vertebrates, CNS neurons, including RGCs, regenerate axons throughout
their lifetime; however, other neuronal types, such as hindbrain neurons in tadpoles, lose
the capacity to regenerate post spinal cord injury [59]. This model offers a unique opportu-
nity to explore genes involved that are responsible for regenerative or non-regenerative
responses after CNS injury [59]. Whole genome bisulfite sequencing (WGBS) from animals
during optimal axon regeneration time point demonstrated that DNA of regenerative
CNS is more accessible. Reduced DNA methylation status was observed in regenerating
tadpole hindbrain and frog eye relative to the non-regenerative state [59]. However, a very
paradoxical observation was also made in the study where in regenerative CNS of these
models, many genes displayed augmented, promoter-associated CpG-methylation follow-
ing injury and exhibited increased RNA expression and association histone markers for
active promoters and enhancers. This might be due to varying upcoming mechanisms
that have been studied recently, such as altered connection with activating or repressive
transcription factors and histone modifications and augmented association of genes with
the nuclear lamina to facilitate an open chromatin structure [60,61]. In both the CNS and
PNS, neuronal gene expression is altered following axonal injury. Transcriptional factors
such as neurotrophin Bdnf and Sox11 promote efficient axon regeneration in the PNS, in
which nerves regenerate after injury, but not in the CNS of mammals [62]. Both these
factors are highly influenced by DNA methylation.

Streptozotocin (STZ) is a known inducer of diabetes-related pathologies, including
diabetic retinopathy. Multiple administration of STZ increased global DNA methylation
in the retina, resulting in RGC damage [63]. Six weeks post-STZ injection, the levels of
DNMT 1 and DNMT 3B increased notably relative to control vehicle-injected mice. In
RGCs of diabetic retinopathy, DNMT 1 was found to be intensely upregulated, and DNMT
1 modulated DNA methylation was also associated with diabetic retinopathy progression.
Mice subjected to ONC displayed an overall reduction in histone acetylation in the RGC
layer as early as 24 h post-crush, which is reflective of the decreased expression of several
associated genes.

The study mentioned earlier studied the roles of Oct4, Sox2, and Kif4 (OSK) co-
expression in reversing the aging process demonstrated in a glaucomatous animal model
of increased axonal density relative to control mice that received no OSK [12]. It suggests a
regenerative event mediated after DNA demethylation. OSK-mediated increase in Stat3
mRNA levels in promoting RGC survival and axon regeneration depends on the activities
of TET1 and TET2. However, DNA demethylation is not the only factor required for RGC
protection and axon regeneration, as overexpressing the TET1 catalytic domain by itself was
not successful in promoting axon regeneration. These data indicate a complex intertwined
and time-dependent epigenetic machinery that controls DNA methylation during optic
nerve growth and homeostasis.
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5. Histone Modifications in Optic Nerve Repair and Protection

The histone acetylase (HAT) and HDAC interdependency appear to tilt the balance
toward deacetylation in retinal degenerative diseases [64], and hence the effects of HDAC
inhibitor (HDAC]) treatment have been studied comprehensively in recent years for restor-
ing equilibrium. HDACi is shown to have a neuroprotective effect when treating damaged
retinas or differentiated neurons (Figure 2). HDACs are also known to mediate the deacety-
lation of non-histone proteins, including microtubules, transcription factors, and even en-
zymes. For instance, axonal injury causes tubulin deacetylation that is mediated by HDAC5
in DRGs and serves as a prerequisite for regenerative growth [65]. Additionally, blocking
HDACS promoted the acetylation of microtubules and enhanced DRG growth. The data
suggest that finely balanced DNA acetylation of cytoskeletal and structural protein-related
genes is critical for successful axonal regeneration. Pan inhibition of HDACs can prove to
be deleterious and, therefore, selective inhibition of HDACs can prove useful, as shown
in a study where targeted inhibition of HDAC6 ameliorated CNS injury characterized by
oxidative stress-induced neurodegeneration and insufficient axonal regeneration [66].

Retinal pigmented

Retina epithelial cells

Cones
Rods

Glaucoma

— Horizontal cell

Opened chromatin structure — Bipolar cell

(increased transcription) — Amacrine cell

Retinal ganglion

AC Ac ® Ac
A } ] "~ cells (RGC)

HDAC
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2889 s ~ HDAC

Condensed chromatin L&
structure inhibition
(inhibited transcription) —
RGC damage RGC survival

Figure 2. HDAC inhibitors rescue RGCs by modulating the histone acetylation levels. HDAC
families I, II, and III are known to upregulate significantly in glaucoma models [64]. Blocking HDAC
activity using inhibitors offers significant neuroprotection, including enhanced RGC protection.
HDAC activity inhibition reprograms the chromatin structure to a pro-translational configuration which
occurs through modulation of factors such as p53, CREB-binding protein/p300 (CBP/p300), and the
Pp300-CBP-associated factor (P/CAF), which facilitate neuroprotection, etc. [67,68]. Ac: acetyl group.

Following ONC, HDACS3 translocated to the nuclei in injured RGCs as a consequence
of axonal injury and caused extensive H4 deacetylation and transcriptional dysregulation
that resulted in RGC death. In another study, following an acute optic nerve injury, the
mRNA levels of class I HDACs, such as HDAC2 and HDACS3, were upregulated and
peaked at 72 h in RGCs post-ONC. HDACS3 translocated from the cytoplasm to the nuclei
by day 5; an observation consistent with the earlier research where HDACS3 localized to
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the nuclei in dying cortical neurons in an in vivo Huntington’s disease model. Conditional
knockout of HDAC3 or pharmacological administration of RGFP966 blocked HDAC3
activity and improved RGC survival in a dose-dependent manner by preventing nuclear
atrophy and apoptosis [24,46]. Mere targeted removal of HDAC3 was not potent enough to
provide RGCs protection from axonal degeneration or somatic cell death in a glaucoma
mouse model. Studies in aged or chronic glaucoma mouse models further demonstrated
that using RGFP966 to inhibit HDAC3 activity provided limited protection against somatic
cell loss in the ganglion cell layer. A single intravitreal injection of RGFP966 followed by
selective blocking of HDAC3 ceased histone deacetylation, heterochromatin formation,
apoptosis, and DNA damage post-ONC [46]. Repeated IP administration of RFGP966
prevented RGC loss, proving the importance of DNA acetylation in retinal pathology.

On the other hand, a detailed investigation of epigenetic regulation of oligodendro-
cytes in the optic nerve remains vague. In an adult zebrafish optic nerve transection model,
the process of olig2 positive cells stays undamaged and the total number of olig2 + cells
in NFL is not significantly altered [69]. Moreover, HDAC inhibitors (MS-275, M334, and
suberoylanilide hydroxamic acid) are known to improve neuronal differentiation and in-
hibit oligodendrocytes production [70]. In a few reports, they are shown to cause cytotoxic
in oligodendrocyte precursor cells [71]. Therefore, the use of these compounds must be
carefully regulated as they may present a double-edged sword.

Apart from direct inhibition using synthetic HDAC inhibitors, there are other factors
that modulate HDAC activities. Therapeutic effects of mood stabilizers, lithium [72] and
valproic acid (VPA), were reported in retinal and optic nerve injury models [73,74]. VPA
functions by directly inhibiting the activity of HDAC and causing histone hyperacetyla-
tion. Some of the earlier reports revealed that abnormal histone acetylation/deacetylation
might relate to RGC damage in glaucoma. Trichostatin A (TSA), a broad-spectrum HDAC
inhibitor, promotes neurite outgrowth and neuroprotection along with neuronal differenti-
ation and neurite branching [64]. The same effect was reported in RGCs through histone
H3KO9 acetylation. SNC-121, a selective ligand that activates the 5-opioid receptor, has
shown RGC neuroprotective effect in glaucoma mice model by regulating the expression
and activity of HDACsS, increasing acetylation of histone (H3, H4, and H2B), and reducing
the activity of class I and class IIb HDAC [75]. HDAC 1 & 2, and SIRT1 (a member of the
Class III family of HDACs), are plausible p53 deacetylases [76-78]. This entire interplay
is acetylation-site and cell-type specific. Double knock out of HDAC 1 & 2 in RGCs in
an optic nerve transfection model exhibited a neuroprotective effect [68]. PUMA, a novel
proapoptotic gene induced by p53, is strongly activated in axotomized RGCs and is also
inhibited following HDACI/II ablation, making HDACI&II specific targets for designing
the blueprint of neuroprotective therapies [68]. “CREB Binding Protein” (CREBBP, CBP or
KAT3A) and “Adenovirus E1A-associated 300-kD Protein” (p300 or KAT3B) are both KAT3
family members that are well recognized for catalyzing acetylation of all core histones.
P300 in RGCs are developmentally controlled and their expression remains downregulated
post optic nerve injury [23]. It was reported that the regeneration programming after an
optic nerve injury relied on the expression of p300, which upregulates acetylation of both
histone and non-histone target genes. The Bromodomain and Extra-Terminal Domain
(BET) family of proteins is identified by the presence of two tandem bromodomains and
an extra-terminal domain. BET family of proteins are encoded by paralogous genes and
are made of BRD2, BRD3, BRD4, and BRDT. Bromodomains have the potential to precisely
bind acetylated lysine residues in histones and serve as chromatin-targeting modules that
decode the histone acetylation code [79]. Hence BET proteins have a pivotal role in modu-
lating gene transcription by altering interactions between bromodomains and acetylated
histones during different cell stages of proliferation and differentiation. JQ1, a highly
specific blocker of BET proteins, was tested on an acutely damaged RGC model induced by
NMDA excitotoxicity [48]. Intravitreal JQ1 administration maintained RGC number, gene
expression (including inflammatory genes- MCP-1, TNFx, RANTES, IL-1p), and decreased
NMDA-induced TUNEL-positive cells in the RGC layer in an animal model.
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Another aspect related to post-translational modifications of histone is histone methy-
lation, which mainly occurs on the side chains of lysine. Gene transcription heavily relies
on the methylation of histone polypeptides contingent on whether it is mono- di- and tri-
methylated. The dimethylation of histone 3 at lysine 9 (H3K9Me2) has been recognized as a
chromatin silencer, and it is specifically catalyzed by G9a, a histone methyltransferase [80].
Increased H3K9Me?2 has been demonstrated to limit the binding of transcription factors to
the promoters of their downstream genes and thus diminishes their further expression [81].
Moreover, G9a has also been found to be significantly expressed in adult mouse retinas and
throughout the development. In a traumatic brain injury (TBI) model, increased expression
of G9a and H3K9Me2 were noted in RGCs and optic nerves which underwent cell death
and oxidative stress [80]. Administration of G9a inhibitor (UNC0638) attenuated H3K9Me2
activity in both optic nerve and RGC and subsequently activated Nrf2 to block oxidative
stress. This leaves no doubt that epigenetic regulation plays a pivotal role in retrograde
transportation of axons and providing neuroprotection post TBI. The histone methyltrans-
ferase catalyzes the tri-methylation of histone H3 at lysine 27 (H3K27me3) to establish a
repressive chromatin structure, enhancer of zeste homolog 2 (Ezh2), which is transitorily
expressed in the perinatal retina, especially in the RGCs [22,82]. Though Ezh2 does not
mediate retinal ganglion cell homeostasis or their susceptibility to injury [82], progressive
photoreceptor degeneration was found to be associated with the deletion of Ezh2 from
retinal progenitors at the embryonic stage [83]. Cell death in RGC and NMDA-induced
inner nuclear layer (INL) was significantly prevented by 3-deazaneplanocin A (DZNep), an
inhibitor of transcription of Ezh2 [84]. Moreover, it conserved RGC functionality as shown
by maintaining the ERG b/a wave ratio and the b and a-wave amplitudes in NMDA-treated
mice. H3K27me3 affects the survival of RGCs at specific transcriptional and epigenetic
levels. The absence of H3K27me3 was found to be neuroprotective, as demonstrated by the
upregulation of neuroprotective genes in RGCs. Therefore, DZNep, which inhibits Ezh2
activity, could hold the key to novel therapeutic treatment for ocular neurodegenerative
diseases. One study looked at lysine-specific demethylase 1 (LSD1-transcription repressor)
and its role in the removal of a methyl group from methylated lysine 4 of histone H3 [85].
Tranylcypromine, a major LSD1 inhibitor, repressed neuron cell death post glutamate
neurotoxicity and oxidative stress exposure in an NMDA-induced toxicity model. Tranyl-
cypromine overturned the significant glutamate suppression of p38 MAPKc, presenting
neuroprotection. Intravitreal administration of tranylcypromine rescued a significant num-
ber of RGC in the same model, indicating epigenetic regulation dictating the survival of
RGC via the up-regulation of p38 MAPKc activity.

The interaction of transcriptional factor and chromatin accessibility controls the expres-
sion levels of several downstream molecular players, such as Gap43 [86] and Tubb3 [87],
which localize and function effectively at the growth cone [13]. Most of these downstream
genes mediate signaling pathways that control cell metabolism. Several influential pathways
that propel cell growth and axon regeneration include deletion of PTEN, IL22, or SOCS3
to activate mTOR and STAT3 pathways [88-90]. Additionally, JAK/STAT pathway, an
established molecular event in optic nerve hemostasis and regeneration, is also known to be
influenced by epigenetic modifications [91]. However, a lot of research still needs to be done
to establish a concrete relationship between these cellular mechanisms in the optic nerve.

6. Conclusions

Epigenetic modifications are critical for all biological mechanisms driving develop-
ment, homeostasis, and repair of the optic nerve (Table 1). Designing novel therapeutics
which can modify the epigenetic setting for modulating the expression and transcriptional
activities of vital genes in the optic nerve is the need of the hour. Since epigenetic modifi-
cations occur far upstream during the pathological molecular incidents, any adjustment
to its characteristics holds the potential to define and alter the entire downstream and
ultimate consequence of the pathological event. Therefore, discovering and understanding
its machinery in optic nerve regulation must be carried out with high accuracy before
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coming to any conclusions and pitching novel epigenetic inhibitors as drug options. For
instance, HDAC inhibitors seem to be an optimal treatment for RGC rescuing; however,
one must realize multiple substrates of HDACs are involved in various biological events,
including differentiation, proliferation, and apoptosis; their expression varies at different
stages of development and disease progression. In line with these recommendations, earlier
reports exploring HDAC inhibitors have also reported side effects like thrombocytopenia,
neutropenia, anemia, fatigue, and diarrhea [92,93]. Therefore, the use of HDAC inhibitors
to rescue and regenerate optic nerve must be carried out with optimal precision. Moreover,
over 14 different HDAC inhibitors are involved in clinical trials for cancer treatment, but
there is a risk of cells gaining resistance to these drugs, and these are drawbacks that
might translate to optic nerve research as well. A lot of studies and research still need to
be conducted as newer epigenetic factors and players are still being discovered in recent
times. Epigenetics may hold the key to successful therapeutic options to address optic
nerve-associated diseases.

Table 1. Epigenetic Studies in Optic Nerve Tissues.

Cell Type Epigenetic Player Experimental Model Effect References
TET1-dependent deletion of PTEN Optic nerve crush model Optic nerve regeneration [94]
Class | HDACs and HDAC 2 & 3 Optic nerve
upregulation and HDAC3 nuclear Optic nerve crush model degeneration/RGC [64]
localization in RGCs apoptosis
Increased G9a expression and H3K9Me2 Traumatic brain injury (TBI) TE]I causes apop to}iis and [80]
activity in the retina (RGC) and optic nerve model oxidative stress In the retina
(RGC) and optic nerve
— RGCs purified from
Inhibition of retinal HDAC activity (post new-born (postnafcal Neuroprotection and histone 7374
valproic acid treatment) IC}{&I)]:PO—{’]Z) rat retinas hyperacetylation [73,74]
- eLa cells
q - RGC survival and repression
Inhibition of H[;ﬁi?;tac)twlty (RGFP966 Optic nerve crush model of the apoptotic gene in [24,64]
Yy RGCs post optic nerve injury
Double knock out of HDAC1&2 Optic nerve axotomy Anti-apoptosis and [68]
neuroprotection effect
RGCs .
(Rgtinal 3-deazaneplanocin (DZNep) inhibits Ezh2 IC{;:;;ZI{DR?I‘ICH?;?E;&;? Prevent cell death and inner
ganglion cells) inhibition using 3-deazaneplanocin L yt. ¢ nuclear layer thinning [84]
(DZNep) -reduces the trimethylation of N-m. ltrﬁ]elc_ S)_ no rtat induced by NMDA and
histone 3 lysine 27 (H3K27me3) or activity € (KIMDaAS)p artate improved visual function
Promotes neurite outgrowth
. . . and branching,
Increased I%;iszﬁggtg?fi?%?xl)ahon USINE [ ead-induced neurotoxicity neuroprotection, neuronal [95]
differentiation, and neurite
branching
Sustained RGC number and
. o . gene expression and
Intravitreal JQ1 (BET inhibitor) RGC damage mduge_d by decreased TUNEL-positive 48]
administration NMDA excitotoxicity . .
cells in the ganglion cell
layer
Promotion of p38 MAPKc activity and
intravitreal administration of NMDA-induced -
tranylcypromine (lysine-specific excitotoxicity Enhanced RGC survival [85]
demethylase 1 (LSD1) inhibitor)
OSK-mediated Vi.SiOI’I resto;ation is TET1/2
dependent ectopic expression of Oct4 (also Optic nerve crush model Axon regeneration [12]

known as Pou5f1), Sox2, and Klf4 genes
(OSK) in RGC
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Table 1. Cont.

Cell Type Epigenetic Player Experimental Model Effect References

Increased levels of H3K27me3 from NSCs
(neural stem cells) to immature OL and
significantly decreased levels of histone

acetylation (i.e., H3K9ac) at the early stages Humallgitﬁﬁiﬁnt stem Differer;;i?gigri;)f OPCs [96]
of OPC differentiation associated with
increasing levels of H3K9me3 during OPC
maturation
- Conditional mutation
OPCs .
(Oligodendrocyte lgréggei r?grﬁii}l?olrfil\c/nl
rogenitor cells)
pros stem (ES) cells. - Inhibition of OPC
- ;1"24, a.athumlan bladder growth
L ransitiona ; .
DNMT1 downregulation in carcinoma-derived i f/[eiﬂiai};;)pztiz?osn 38,39]
oligodendrocytes cell line; A549, a mp. !
human non-small-cell myelin reparation
lung carcinoma cell process
line, and NIH 3T3, a
mouse fibroblast cell
line
- inefficient myelin
repair and
axo-myelinic [32]
swellings
Myelin Downregulation of TET1 - TET1 KO mice model
- alters astrocyte
morphology and
impairs neuronal [97]
function
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Abstract: Optic neuritis (ON) is an inflammatory condition involving the optic nerve. Several impor-
tant typical and atypical ON variants are now recognized. Typical ON has a more favorable prognosis;
it can be idiopathic or represent an early manifestation of demyelinating diseases, mostly multiple
sclerosis (MS). The atypical spectrum includes entities such as antibody-driven ON associated with
neuromyelitis optica spectrum disorder (NMOSD) and myelin oligodendrocyte glycoprotein antibody
disease (MOGAD), chronic/relapsing inflammatory optic neuropathy (CRION), and sarcoidosis-
associated ON. Appropriate and timely diagnosis is essential to rapidly decide on the appropriate
treatment, maximize visual recovery, and minimize recurrences. This review paper aims at presenting
the currently available state-of-the-art treatment strategies for typical and atypical ON, both in the
acute phase and in the long-term. Moreover, emerging therapeutic approaches and novel steps in the

direction of achieving remyelination are discussed.

Keywords: atypical optic neuritis treatment; typical optic neuritis; MOG; NMO; MS prevention

1. Introduction

Optic neuritis (ON) is an inflammatory condition involving the optic nerve but is
far from being a uniform condition, and several important variants are now recognized
that can be stratified into typical and atypical forms. Typical, ON usually manifests in
young adults, especially women, between 18 and 45 years of age, and can be idiopathic
or represent an early manifestation of demyelinating diseases, mostly multiple sclero-
sis (MS). The atypical spectrum includes entities such as neuromyelitis optica spectrum
disorder (NMOSD), myelin oligodendrocyte glycoprotein antibody disease (MOGAD),
chronic/relapsing inflammatory optic neuropathy (CRION), and sarcoidosis-associated
ON, and in all of these, the clinical presentation, visual prognosis, and recurrence risk differ
from typical ON. Importantly, optimal treatment approaches are also not uniform, making
it essential to more accurately differentiate these entities based not only on their clinical
presentation but also their pathogenesis. We will discuss currently available state-of-the art
therapeutic strategies for typical and atypical ON, both in terms of acute treatment with
regard to long-term relapse prevention. Moreover, emerging therapeutic approaches and
novel steps in the direction of achieving remyelination are discussed.

2. Typical Optic Neuritis

Optic neuritis (ON) is an inflammatory condition involving the optic nerve, manifested
usually in young adults, especially women, between 18 and 45 years of age [1]. The majority
of the cases are idiopathic, but ON can be associated with demyelinating diseases, most
commonly multiple sclerosis (MS). Optic neuritis represents one of the most frequent
phenotypes of MS relapse, and occurs as the first demyelinating event in about one out

55



Int. J. Mol. Sci. 2022, 23, 9769

of three MS patients [2]. MS is characterized by the presence of plaques that form in
the CNS in combination with inflammation, demyelination, axonal injury, and axonal
loss. The plaques are located primarily in the white matter of the brain, spinal cord,
and optic pathways, but there is also involvement in the gray matter [3,4]. Depending
on their stage of development, they contain varying proportions of immune cells and
immunoreactive substances [5]. Plaques are expressed in all forms of MS, but vary over
time quantitatively and qualitatively, showing a profound heterogeneity in the structure and
immunopathological patterns of demyelination and oligodendrocyte pathology between
relapsing-remitting and progressive forms of MS [6]. MS likely represents a T-cell-mediated
autoimmune disorder with a predominance of CD8* cells. The dominant theory is that
inflammatory lesions in MS consist mainly of CD8" and CD4" T cells, and activated
microglia and macrophages [7,8]. There is evidence regarding the suppression of functions
that restricts CD4* T-cell responses, and the tissue-damaging role of CD8" T cells is reported
to co-localize with axonal pathology [9,10]. Experiments in humanized transgenic mice
showed that the specific interaction of CD8" T cells with target cells requires MHC-I
expression, which is tightly regulated in neurons and MHC-I molecules, only in response
to danger signals such as pro-inflammatory cytokines IFN-y or TNF-« [9]. However, the
role of B cells has also become apparent, as evidenced, for instance, by the effectiveness of
B cell inhibition as an MS disease-modifying therapy (DMT).

3. Pathophysiology of ON

In the acute phase, ON pathology is characterized by optic nerve abnormalities and
inflammatory demyelination. More specifically, predominant T cell, B cell, and glial cell
activation within the nerve increases pro-inflammatory cytokines, leading to the activation
of microglia and monocyte-derived macrophages, and further recruitment of CD4~ and
CD8" T cells [11]. The subsequent inflammation leads to demyelination, reactive gliosis,
and axonal death [12]. Pro-inflammatory cytokines and cytotoxic factors target myelin-
producing oligodendrocytes (OLGs) and oligodendrocyte precursor cells (OPCs), causing
apoptosis and exacerbating axonal demyelination [13-16]. Mature OLGs that survive de-
myelination are unable to produce new myelin sheaths. Remyelination, therefore, requires
the migration and regeneration of oligodendrocytes from OPCs [17].

It is worth noting that the acute inflammatory lesions of the afferent visual pathway
cause retrograde degeneration of retinal ganglion cells (RGCs). It has been demonstrated
that RGC loss is associated with a reduction in post-synaptic proteins and neurite projec-
tions, and with persistent microglia and astroglia activation in the inner retina with high
levels of iNOS (inducible nitric oxide synthase), IL (interleukin)-1, TNF (tumor necrosis
factor)-«, and Clq (complement component 1q) [15]. Thus, the development of therapeutic
agents should focus on anti-inflammatory, anti-apoptotic, and remyelinating mechanisms
to achieve neuroprotection and neuro-regeneration in the optic nerve and retina.

4. Acute Treatment of Typical Optic Neuritis/Clinically Isolated Syndrome

In general, MS is characterized by its tendency for recurrence in proximity to a pre-
viously affected site, as has been observed radiologically [18,19] and confirmed in post-
mortem pathological studies [20]. Lotan et al. showed that in MS, recurrent episodes of
ON tend to attack the same optic nerve that was affected before [21]. Similar findings come
from a 2011 study [22]. Potential explanations for the recurrent nature of ON in MS is the
disruption of the blood-brain barrier during the initial insult and antigenic change and
expansion, leading to epitope spreading as a pathogenic event leading to a chronic CNS
demyelinating disease [23].

Based on the presence of prominent immunologic activity in the pathologic samples
of MS patients and oligoclonal bands in the CSF of most MS patients, it has been suggested
that the disease is an immune-mediated disorder [6,24-26]. However, there are alternative
theories claiming that MS is not a homogenous condition, thus not fulfilling the criteria
of an autoimmune disease [27-29]. Much effort has been invested in identifying the
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autoantigen(s) against which the oligoclonal bands are directed, so far without success. It
is believed that the inflammatory attack is not an outcome of an immune response directed
against a specific auto-antigen. Thus, in MS, unlike NMOSD and MOG antibody disease,
the immune response may be nonspecific and triggered by tissue changes induced by the
previous attack.

Corticosteroid use has traditionally been the common approach for the treatment of
ON, with the first implementation dating back to the 1950s [30]. Data from the United
States demonstrate that the majority of ophthalmologists and neurologists in the 1980s
used to treat their patients with optic neuritis with standard oral doses of corticosteroids,
despite the lack of convincing evidence of efficacy [30,31]. The Optic Neuritis Treatment
Trial (ONTT) was the first multicenter, randomized, collaborative clinical trial of ON [30,31].
Fifteen centers in the United States participated in the ONTT, recruiting 457 patients
between 1 July 1988 and 30 June 1991. Patients were enrolled who had acute unilateral
optic neuritis with visual symptoms lasting 8 days or less, aged between 18 and 45 years,
with no previous history of optic neuritis in the affected eye, no evidence of associated
systemic disease other than MS, and no previous treatment with corticosteroids for MS or
optic neuritis [31]. The mean age of patients at study entry was 32 years, 77% of patients
were women, and 85% identified as white. The participants were randomized either to be
treated with oral prednisone (1 mg/kg daily for 14 days), intravenous methylprednisolone
(250 mg every 6 h for 3 days) followed by oral prednisone (1 mg/kg daily for 11 days), or
oral placebo. Each regimen was followed by a short oral dosage taper consisting of 20 mg
of prednisone (or placebo) on day 15 and 10 mg of prednisone (or placebo) on days 16 and
18 [29,30]. In general, steroid treatment was well tolerated, with only minor adverse effects
(sleep disturbance, mild mood change, upset stomach, facial flushing, mild weight gain),
except for a case of acute transient depression and another patient that suffered from acute
pancreatitis. Patients were evaluated in seven follow-up visits during the first 6 months,
at 1 year, then yearly through 1997, in 2001 through 2002, and finally in 2006. According
to the study design, the primary outcome for the treatment group comparison was set at
6 months.

The study findings demonstrated that the natural course of visual functions after
an episode of typical optic neuritis, either treated or untreated, is one of a rapid visual
recovery beginning within 2 weeks after the onset of symptoms, with most of the recovery
often taking place after 4 to 6 weeks, and further slow recovery over several months,
even up to 1 year [2]. In almost all patients, regardless of the treatment group and initial
severity of visual losses, some improvement began within the first 30 days [2,30]. Of
clinical relevance, recurrences of optic neuritis occurred more commonly in patients treated
with oral prednisolone alone; within 2 years from diagnosis, the probability of recurrence
in either eye was almost 2-fold higher in the low-dose prednisone group (30%) than in
either the placebo group (14%) or the high-dose intravenous group (16%) [30-33]. The
ONTT showed that vision recovered faster in the intravenous group than in the other
groups, although the difference among the three groups had faded by 30 days. However, at
6 months, qualitative features such as contrast sensitivity, visual field, and color vision were
still slightly better in the intravenous group. By contrast, the prednisone group compared
with the placebo group demonstrated no significant differences in the rate of recovery or
the 6-month outcome for any aspect of the visual function. At the 6-month point, patients
in all three treatment groups had a median visual acuity of 20/16, and fewer than 1 out of
10 patients had a visual outcome of 20/50 or worse. At the 1-year follow-up, there was no
statistically significant difference in visual function among the groups. Visual acuity was
20/40 or better in 95% of the placebo group, 94% of the intravenous steroid group, and 91%
of the oral steroid group at 1 year. After 15 years, 72% of the eyes affected with optic neuritis
had visual acuity of >20/20, and 66% of the patients had >20/20 acuity in both eyes [1].
A 2015 Cochrane Systematic Review also reported the failure of intravenous steroids to
improve vision outcomes in ON [34]. The ONTT also found that among the 389 patients
without a diagnosis of clinically probable or definite MS at study entry, the intravenous
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steroid group showed a lower rate of development of clinically definite MS within the
first 2 years (7.5%) than did the placebo (16.7%) or prednisone (14.7%) groups, but this
apparent protective effect was not sustained at 3 years [30]. By 5 years, the treatment had
no significant effect on the development of MS. Most of the aforementioned intravenous
treatment group benefits on the development of MS were observed in patients with brain
findings on the magnetic resonance imaging (MRI) at baseline, because the rate of MS
among patients without baseline MRI lesions was so low that therapeutic efficacy could
not be determined.

Some potential limitations of the trial include the definition of symptom onset (timed
from the visual loss but not from the onset of pain), inclusion of possible MOG cases, the
validity of the primary outcome measure of high-contrast visual acuity, and the lack of
pharmacokinetic data (making it difficult to develop a plausible biological explanation
for as to why oral vs. intravenous corticosteroids should be harmful compared with
intravenous corticosteroids). In addition, the long interval between the onset of symptoms
and initiation of treatment in ONTT (up to 8 days) leaves open the possibility that a “critical
time window” may have been missed, and that more vision loss could be prevented if
treatment was initiated in the early inflammatory phase (within 48 h) [35,36]. Experimental
evidence supports such a critical time window for treatment initiation in optic neuritis,
as it has been shown that inflammation of the optic nerve precedes demyelination and
axonal degeneration by about 2 days, and irreversible damage to the axonal cytoskeleton
occurs within 5-7 days [35,37]. Indeed, a retrospective study demonstrates significant
improvement in both functional and structural outcomes in patients with relapsing ON
when treatment is initiated early [38].

The current standard of care for typical optic neuritis, still based on the results of the
ONTT, is either no treatment in mild cases or the administration of intravenous steroids
to accelerate visual recovery [30,39,40]. A proton pump inhibitor may also be given to
prevent peptic ulcers. There is no role for low-dose oral prednisone [31]. This reasoning is
consistent with a Cochrane meta-analysis as well [41].

Since the publication of the ONTT, other studies have shown that high-dose oral
corticosteroids and high-dose IV methylprednisolone are bioequivalent, and have simi-
lar effects on MRI outcomes and clinical MS relapse [2]. Morrow et al., in 2018, showed
in a single-blind randomized clinical trial that the efficacy of high-dose oral steroids is
bioequivalent to and shows no inferiority to intravenous steroids. More specifically, 55 par-
ticipants were randomized to either methylprednisolone sodium succinate (1000 mg, IV)
daily for 3 days or oral prednisone (1250 mg) daily for 3 days. Improvements in vision
were noticed at 1 month and at 6 months [2]. Compliance with this oral regimen has been
previously shown to be very high [2]. Similar results were cited by the COPOUSEP trial
in France [42]. In addition, a Cochrane review in 2008 compared the efficacy of the two
forms of steroid administration and found them to be equally effective. Studies have also
shown that intravenous dexamethasone in a dose of 200 mg/day had comparable efficacy
to 1 g/day of intravenous methylprednisolone, and has the advantage of low costs and
fewer side effects [39]. Intramuscular or subcutaneous adrenocorticotropic hormones are
also approved for the treatment of ON- and MS-related relapses [40].

Intravenous immunoglobulin (IVIg) has a potential role in the management of acute
optic neuritis, though evidence is limited, and the agent is typically reserved for the
treatment of patients with steroid-refractory ON. IVIg may cause rash, fever, and, rarely,
aseptic meningitis, thrombosis, hemolysis, and renal dysfunction [39]. In general, plasma
exchange (PLEX) is typically favored over IVIg to manage MS relapses that are not re-
sponsive to steroid treatments. PLEX is associated with a number of potential side effects
including myocardial infarction, arrhythmia, hemolysis, central line placement risk, and
death in a small percentage of patients [43]. More recently, high-dose cyclophosphamide
(50 mg/kg per day for 4 consecutive days, followed by a granulocyte-colony-stimulating
factor 6 days after completion) was evaluated in nine patients with aggressive RRMS as
a rescue treatment for acute fulminant relapses. Potential side effects of the short-term
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high-dose cyclophosphamide monotherapy in patients with MS include neutropenia and
infection [40,44].

5. Long-Term Treatment: Immune Prophylaxis against Optic Neuritis
Relapses/Progression to Multiple Sclerosis

5.1. Mechanisms of Action in Interferon B in MS and Optic Neuritis

Interferons (IFNs) have been recruited as a potential therapeutic option for MS based
on their immunomodulatory and antiproliferative properties [45]. It is believed that IFNs
act via several overlapping mechanisms such as the down-regulation of the major histo-
compatibility complex (MHC) class II expression present on the antigen-presenting cells,
the induction of T-cell production of interleukin 10 (IL-10), and thus a shift in the balance
toward anti-inflammatory T helper (Th)-2 cells, and the inhibition of T-cell migration as a
result of a blockade of metalloproteases and adhesion molecules [46] (Figure 1: a synopsis
of IFN mechanisms of action).

Molecular mechanisms of action of interferon B (IFN-B). Decrease of cellular
expression of adhesion molecules (VLA-4) and cleavage of endothelial
vascular cell adhesion protein (VCAM) results in decrease in cell sequestration
through the blood-brain barrier. Additional decrease of matrix
metalloproteinase (MMP) diminishes the ability for lymphocyte penetration.
Activation of IFNAR1/2 receptors results in phosphorylation of signal
transducers and activators of transcription (STAT)1-STAT2 factors that further
results in secretion of anti-inflammatory cytokine profiles. Activation of
IFNAR1 /2 also results in decrease of major histocompatibility complex Il (MHC
1) expression and diminishes lymphocyte activation. IFN-B also increases
apoptotic markers like Annexin-V and active caspase-3 via Fas-
receptor/transmembrane activator and CAML interactor (TACI) signaling,
resulting in specific depletion of memory B cells. IL, Interleukin.

Figure 1. Molecular Mechanisms of Action of Interferon {3 [45].
The actions of IFNs are mediated through transcriptional factors and subsequent gene

regulation. The major route in which IFN-3 produces its effect is by activating the Janus
kinase (JAK) signal transducers and activators of the transcription (STAT) pathway. More
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specifically, IFN-f binding to the type I IFN receptor causes phosphorylation of STAT1
and STAT?2 and the formation of STAT1-STAT2 heterodimers, which translocate to the
nucleus, bind the IFN-stimulated response element (ISRE), and modulate the expression
of ISRE-regulated genes [47]. It has been demonstrated that the cellular response to IFNs
is complex and results in changes in the expression of more than 500 genes representing
~0.5% of the human genome [48]. Rizzo et al., focusing on the pivotal role of B cells in
MS immunopathology, investigated the mechanism of B-cell apoptosis. The up-regulation
of mechanisms that require FAS-receptor/TACI (transmembrane activator and CAML
interactor) signaling and the production of apoptotic markers such as Annexin-V and
caspase-3 were shown as specific inducers of B-cell apoptosis [49].

5.2. Glatiramer Acetate (GA)

The mechanism of action of GA has long been an enigma. GA has well-established im-
munomodulatory properties, promoting the expansion of anti-inflammatory and regulatory
Th2 and Treg cells and inducing the release of neurotrophic factors. Using various geneti-
cally modified mouse strains, as well as human monocytes, Molnarfi et al. showed that GA
inhibited the TRIF-dependent pathway, resulting in a reduction in IFN-3 production [50]
(Figure 2). This observation is consistent with the earlier demonstration that STAT1 phos-
phorylation is reduced upon activation in type Il monocytes [51]. These findings provide a
key anti-inflammatory mechanism connecting innate and adaptive immune modulation
in GA therapy. Animal studies have also shown that GA-reactive Th2 cells migrate to the
CNS and accumulate at the site of active lesions. Thus, GA-reactive T cells provide the
effector arm in treatment. However, GA treatment influences both innate and adaptive
immune compartments, and it is now recognized that antigen-presenting cells (APCs) are
the initial cellular targets for GA, and it is the modulation of the APC compartment to
anti-inflammatory (M2) phenotypes that leads to an expansion in regulatory Th2 and Treg
cells. In addition, the anti-inflammatory (M2) APCs induced following treatment with
GA are responsible for the induction of anti-inflammatory T cells that contribute to its
therapeutic benefit [52]. Mechanisms of action of GA that promote immunomodulation
and neuroprotection are not mutually exclusive, and several may contribute to the efficacy
of the drug (Figure 3).
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Glatiramer acetate (GA) treatment modulates type [ interferon (IFN) production. GA treatment down-
regulates Toll-IL-1 receptor domain-containing adaptor-inducing IFN-f (TRIF) signaling on antigen-present-
ing cells (APCs), leading to decreased activation of [FN regulatory factor 3 (IRF3) and ATF-2, and subsequent
DNA binding of the type I IFN enhanceosome (Molnarfi et al. 2015). Reduction of IFN-Ji production results in
decreased signal transducers and activators of transcription (STAT)1 phosphorylation and activation of proin-
flammatory cytokines. LPS, Lipid peroxidation; [FNAR, interferon-receptor; TLR, Toll-like receptor; MyD&S8,
myeloid differentiation primary response gene 88; TNF, tumor necrosis factor.

Figure 2. Glatiramer Acetate Modulates Type I Interferon production [50].

Anti-inflammatory mechanisms induced by glatiramer acetate (GA). GA treatment on antigen-presenting cells
(APCs) leads to anti-inflammatory differentiation. Treatment modulates innate stimuli and is associated with down-regu-
lation of type I interferon (IFN), increased T helper (Th)2, and regulatory T (Treg) cell differentiation. Reactivation of GA-
reactive Th2 cells in periphery through presentation of myelin antigens is associated with bystander suppression. Th2 cells also
modulate B-cell activation. Treg cells down-regulate secretion of proinflammatory cytokines by effector T (Teft) cells both in
periphery and in the central nervous system (CNS). CD8" T cells are generated by antigen presentation of GA in periphery and
migrate to the CNS where they contribute to inhibiting myelin degradation. IL, Interleukin; TNF, tumor necrosis factor;
[FNAR, interferon-receptor; MHC, major histocompatibility complex; BDNF, brain-derived neurotrophic factor; IGF, insu-
lin-like growth factor; IDO, indoleamine-2,3-dioxygenase; solid lines, cytokines produced by the representative cells; dashed
lines, reduced production of cytokines; red lines: inhibitory cytokines.

Figure 3. Anti-inflammatory Mechanisms Induced by Glatiramer Acetate [52].

5.3. Treatment of Clinically Isolated Syndromes

In this article, we are reviewing some of the trials that specifically addressed clinically
isolated syndromes such as optic neuritis. These are mostly older trials. We will not cover
all multiple sclerosis treatments in detail, but acknowledge that several newer DMTs for
MS have class I evidence for MS, and have approval for treatment of both MS and CIS. This
evidence (and the FDA approval of these medications) is based on MS trials, not specifically
CIS/optic neuritis trials, and will not be reviewed in detail. Thus, in clinical practice, a
number of additional MS medicines may be used for high-risk CIS patients, likely with
good efficacy, although they were not specifically investigated in the CIS situation. It is
beyond the scope of this review to discuss all such treatment options.

The goal of MS treatment is to delay the onset of additional clinical relapses and
possibly long-term disability. The first opportunity to initiate disease-modifying therapy in
patients with MS may actually be when they are in the clinically isolated syndrome (CIS)
stage, i.e., before conversion to clinically definite MS (CDMS). Since 1993, when interferon
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beta-1b was approved for MS, a growing number of disease-modifying therapies (DMTs)
have become available. The goal of DMTs is to decrease the frequency of clinical relapses,
lessen the number of new and active multiple sclerosis lesions on MRI, and, in the long
term, to slow the progression of neurologic impairment. Since the approval of natalizumab
as the first highly active DMT, the ultimate goal of “no evidence of disease activity” (NEDA)
has become attainable for many patients. While the treatment of MS is beyond the scope of
this review, the evidence for initiating MS DMTs after CIS is discussed.

Most DMTs approved for MS are also approved for the treatment of CIS. However,
only a few DMTs have specifically been evaluated in clinical trials to treat CIS (including
ON) and to delay the onset of clinically definite MS, including interferons and glatiramer
acetate [53-58]. In all trials, the patients who received the active drug developed a second
neurologic manifestation (definite multiple sclerosis) less frequently, and (if at all) at a later
time, than those given the placebo. Even after a second episode, treated patients had a
significantly lower annual rate of relapse for the duration of the follow-up period. Neuro-
logic impairment was generally relatively mild and not significantly different between the
two groups.

Interferons and glatiramer acetate have been approved for the treatment of CIS,
including ON with two or more inactive typical lesions of multiple sclerosis on MRI
CHAMPS (Controlled High-Risk Subjects Avonex Multiple Sclerosis Prevention Study) was
a randomized, double-blind trial involving 383 patients with an initial, acute monosymp-
tomatic demyelinating event—unilateral ON, incomplete transverse myelitis (TM), or
brainstem/cerebellar—and at least 2 silent T2 lesions on brain MRI [59]. The patients were
randomized to weekly intramuscular interferon (3-1a (IFN-bla) or a placebo. The treatment
group experienced a 44% reduction in the rate of development of CDMS compared with
the placebo group over 3 years of follow-ups. There were statistically significant beneficial
effects on all MRI parameters for the treatment group, including a decrease in T2 lesion
development, gadolinium-enhancing lesions, and T2 lesion volume. The 10-year follow-up
showed that patients treated immediately after their first episode had a significantly lesser
chance of experiencing a second attack compared to those who had delayed treatment.
Based on these results, FDA extended its approval of intramuscular IFN-bla to include pa-
tients with CIS deemed to be at high risk for MS. The most common side effects associated
with interferons are flu-like symptoms, including myalgia, fever, fatigue, headache, chills,
nausea, vomiting, pain, and asthenia [59].

The PRISM (Prevention of Relapses and Disability by Interferon 3-1a Subcutaneously
in Multiple Sclerosis) trial assessed the efficacy of interferon (IFN)-31a compared to the
placebo, in dosages of 22 ug and 44 pg given subcutaneously in relapsing-remitting MS
patients; both treatment groups had fewer relapses [60]. The Early Treatment of Multiple
Sclerosis (ETOMS) trial showed that weekly subcutaneous IFN-f31a reduced the conversion
to CDMS over 2 years to 34% vs. 45% for the placebo; a post hoc analysis found that
the treatment group had a reduced rate of brain atrophy compared with those on the
placebo [61]. The BENEFIT (Betaseron in Newly Emerging Multiple Sclerosis for Initial
Treatment) study included patients with a single neurologic event and at least 2 clinically
silent MRI lesions; in a 24-month study period, the standard dose of IFN-31 was seen to
reduce the risk of MS by 50%. Furthermore, open-label extension studies from the original
CHAMPS and BENEFIT cohorts have suggested a possible long-term benefit from the early
initiation of disease modifying treatments [62]. The CHAMPIONS (Controlled High-Risk
Avonex Multiple Sclerosis Prevention Study in Ongoing Neurologic Surveillance) trial
concluded that a delay in treatment by up to 3 years after a first clinical demyelinating
attack could lead to an earlier time for CDMS but did not show a long-term effect on the
development of new MRI T2-weighted lesions or long-term disability [63]. The REFLEX
(REbif FLEXible dosing in early MS) trial evaluated 517 patients with CIS and at least two
clinically silent T2 lesions on brain MRI. At two years, the probability of MS diagnosed by
the McDonald criteria was significantly lower with subcutaneous interferon (3-1a 44 mcg
dosed either three times a week or once a week (63 and 76 percent, vs. 86 percent for the
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placebo). In the subsequent extension phase of the trial, all patients (n = 403) received
interferon 3-la. At five years, the group assigned to interferon 3-1la treatment in the
placebo-controlled phase (i.e., early treatment) continued to have a reduced probability of
conversion to MS and fewer new MRI lesions compared with the group whose treatment
was delayed for up to two years [64-66].

Glatiramer acetate is an immunomodulator used to reduce relapse frequency in
relapsing-remitting multiple sclerosis [39]. The PreCISe (Early GA Treatment in Delaying
Conversion to CDMS in Participants Presenting with a Clinically Isolated Syndrome) trial
showed a reduced conversion to CDMS (25%) in patients treated with 20 mg of glatiramer
acetate subcutaneously daily compared to 43% for the placebo [63].

Teriflunomide also reduces the risk of progression to multiple sclerosis, as has been
shown in the TOPIC (Teriflunomide Vs. Placebo in Patients With First Clinical Symptom
of Multiple Sclerosis) trial, where 618 adults with a CIS were randomly assigned in a
1:1:1 ratio for treatment with 14 mg of oral teriflunomide daily, 7 mg of teriflunomide
daily, or the placebo for up to 108 weeks, with a median treatment duration of over
70 weeks. The agent reduced the risk of relapse-defining CDMS at both the 14 mg dose
and the 7 mg dose. The exact mechanisms by which teriflunomide works in MS are not
established; it is an oral dihydroorotate dehydrogenase inhibitor that interferes with de
novo synthesis of pyrimidines and thus inhibits the proliferation of rapidly dividing cells
such as autoreactive T and B cells [64]. The most common adverse effects of teriflunomide
were elevated alanine aminotransferase (ALT) levels, diarrhea, hair thinning, paresthesia,
and upper respiratory tract infections. Teriflunomide is associated with increased risk for
hepatotoxicity and teratogenicity and should not be given to patients with liver disease
or women who are pregnant. Full immunization coverage is required prior to treatment
initiation [53-55,67]. In addition, intravenous immune globulin and minocycline have been
studied for the treatment of CIS or the first demyelinating event, but are not established as
effective [56-58].

The early treatment of CIS is not favored by all experts. The decision whether to initiate
treatment for CIS has to consider that not all patients go on to develop any additional
relapses or lesions, and that the evidence base showing that the early treatment of CIS will
prevent long-term disability is very limited. Patients should be informed of the potential
benefits, risks, and uncertainties, and participate in decision making [62]. However, once a
diagnosis of CDMS is made, the early initiation of treatment is recommended.

6. Emerging Therapeutic Approaches
6.1. Remyelination/Recovery from Optic Neuritis

After an acute episode of optic neuritis, GCL complex loss may start as early as 8 days
after onset, and RNFL thinning has been reported as early as after 1 month, predicting optic
atrophy at month 6. Recovery from relapses in MS patients involves remyelination of white
matter and optic nerve lesions after the recruitment and differentiation of oligodendrocyte
precursors from the lesion perimeter, but it is limited by axonal degeneration and glial scar-
ring, which are observed even at the earliest stages of the disease. The currently available
DMTs have neither neuroprotective effects nor the potential to enhance remyelination; thus,
a crucial therapeutic gap exists. Recently, the effectiveness of the sphingosine-1 phosphate
receptor (51PR) modulator fingolimod in promoting remyelination after a first unilateral
episode of acute optic neuritis was evaluated in a phase 2 study [68]. Since S1PR are
required for lymphocytes to exit lymphatic follicular structures, fingolimod exerts immune
modulation by sequestering pathogenic T- and B-cells from the blood stream. Importantly,
S1PR are also present on neurons, astrocytes, and oligodendrocytes, as well as resident
and CNS-invading myeloid cells, where they were shown to mediate neuroprotective
and pro-regenerative effects in preclinical studies [68]. Fingolimod readily crosses the
blood-brain barrier. Fingolimod was associated with a better recovery from unilateral optic
neuritis compared to treatment with IFN-f3 1b, and could have a role as an early treatment
by promoting remyelination, preventing astrogliosis, and preserving axons [68].
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Recent prospective studies have evaluated novel therapeutic approaches for neuropro-
tection and remyelination in acute optic neuritis. In 2017, opicinumab, a human monoclonal
antibody against leucine-rich repeat and immunoglobulin domain-containing neurite out-
growth inhibitor receptor-interacting protein-1 (anti-LINGO-1), was investigated in the
RENEW trial as a potential remyelinative therapy in acute ON [69,70]. It was hypothe-
sized that the agent would enhance remyelination by directly promoting the proliferation
and differentiation of oligodendrocyte precursors. LINGO-1 blockade has no detectable
immunomodulatory effects. Treatment with opicinumab produced no significant change
in the visual evoked potential (VEP) latency at 24 weeks (a measure of remyelination) in
the intention-to-treat population; however, significant improvements in VEP latency delay
were observed at 24 and 32 weeks in the prespecified per-protocol patient population. Since
anti-LINGO-1 treatment had no differential effect on anatomic measures of optic nerve
fiber loss, i.e., retinal nerve fiber layer (RNFL) or ganglion cell complex (GCC) thickness in
either the intention-to-treat or per-protocol patient population at 24 weeks (with a mean
delay of 24 days between ON onset and the start of treatment), the authors suggested that
therapeutic windows may be longer for remyelination compared to axonal neuroprotection.
The antiepileptic and proposed neuroprotectant phenytoin, studied in a Phase 2 random-
ized controlled trial, was shown to decrease RNFL loss in acute ON; however, no effect on
visual outcomes or VEPs was found [69,70].

As a promising emerging therapy, mesenchymal stem cell (MSC) therapy has been
suggested to be capable of stimulating both the remyelination and neuroprotection of axons
in other neuro-degenerative diseases and in animal models of ON. In addition, cell-free
approaches utilizing extracellular vesicles (EVs) produced by MSCs are considered to be a
viable alternative to the transplantation of stem cells. EVs secreted by living cells mainly in-
clude exosomes and microvesicles. MSCs are amongst the largest cellular producers of EVs.
Recent studies have shown that EVs can accommodate intracellular communication and act
as modulators of cellular immunity, cancer biology, and regeneration/remyelination. Impor-
tantly, EVs can pass through the blood-brain barrier (BBB), making them suitable for CNS
treatment. EVs exhibit anti-inflammatory and neuroprotective effects in multiple animal
models of neuro-degenerative diseases and in rodent models of MS [1,71-73]. In particular,
MSC-derived EVs are involved in a wide variety of physiological processes including
the inhibition of natural killer cells, B cells, and mitogen-activated T cells, moderating
microglia and macrophage polarization and reducing oxidative stress. In addition, they
show the potential of tissue regeneration and myelin membrane biogenesis [74]. Studies in
experimental autoimmune encephalomyelitis (EAE) mice have yielded evidence that EVs
attenuate neuroinflammation and demyelination by reducing and downregulating T-cells
(Tregs, CD4+), macrophages, astrocytes, and microglia. The immunomodulatory effect may
be mediated by promoting a shift in microglial phenotypes from M1 (pro-inflammatory) to
M2 (anti-inflammatory) [75]. MSC-EVs may also promote axon remyelination by protecting
oligodendrocytes and their precursor cells from damage caused by immune cells [76].

MicroRNAs appear to mediate most EV effects. The pathology of MS is influenced
by histone modifications and gene regulation via microRNAs [77,78]. MicroRNAs me-
diate post-transcriptional gene silencing and are involved in cellular activities including
proliferation, differentiation, and migration, as well as disease initiation and disease pro-
gression [77,78], Figure 4. A series of studies in MS patients and animal models demonstrate
that various types of microRNA (microRNA-219, microRNA-125a-3p, mir-27a) may be
involved in the regulation of oligodendrocytes [79]. Exosomes or viral vectors can play
a role as carriers of miRNAs to therapeutically regulate MS pathology. In addition, the
overexpression of proteins that modulate exosomal miRNA gene expression profiles have
the potential to improve the therapeutic effects of exosomes [77,78].
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Figure 4. Key Cells involved in Remyelination and relevant miRNAs [77].

6.2. Atypical Optic Neuritis

Atypical Optic Neuritis includes entities in the demyelination diseases’ spectrum
such as ON associated with neuromyelitis optica spectrum disorder (NMOSD), which is
associated with aquaporin 4 antibodies (AQP4), and myelin oligodendrocyte glycoprotein
antibody disease (MOGAD), which is associated with myelin oligodendrocyte glycoprotein
(MOG,) antibodies. These diseases differ from typical and MS-related ON in clinical features,
visual morbidity, and therapeutic approaches.

6.3. NMOSD

In 2004, the discovery of a pathogenic NMO-associated IgG antibody, targeting the
water channel membrane protein aquaporin-4 (AQP4), was an important milestone in
differentiating NMO from MS [80]. AQP4 is highly concentrated on astrocyte end feet in
the CNS. All NMO lesions show a widespread and early loss of AQP4 immunoreactivity,
in contrast to MS lesions, where AQP4 immunoreactivity is often increased [81,82]. The
binding of AQP4-ab to astrocyte AQP4 channels triggers classical complement cascade
activation, followed by granulocyte, eosinophil, and lymphocyte infiltration, culminating
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in injury first to astrocytes then to oligodendrocytes, and demyelination, neuronal loss, and
neurodegeneration [83]. In humans, AQP4 monomers are expressed in astrocytes in two
isoforms: M1-AQP4 and M23-AQP4. Both isoforms have identical extracellular domain
residues, but M1-AQP4 has 22 more amino acids at the cytoplasmic N terminus. However,
AQP4-ab binding to the ectodomain of astrocytic AQP4 has isoform-specific outcomes.
M1-AQP4 is completely internalized, whereas M23-AQP4 resists internalization and is
aggregated into larger-order orthogonal arrays of particles (OAPs), a process facilitated by
M1-AQP4 deficiency [84]. Alterations in OAPs are required for NMO-IgG to recognize con-
formational AQP4 epitopes, as well as for the binding of the complement component Clq to
clustered AQP4-ab [85,86]. CNS lesions in NMOSD patients are characterized by IgG, IgM,
and complement deposits with a rosette pattern, most prominent around vessels, as well as
cellular infiltrates of granulocytes (neutrophils and eosinophils) macrophages/microglia
and T cells. The key feature is AQP4 loss on astrocytes. In certain lesions however, other
typical astrocytic markers, such as glial fibrillary acidic protein (GFAP) and S-100f3, are still
detectable, indicating AQP4 loss precedes astrocyte death. Ultimately, the preservation or
secondary loss of neurons and the associated demyelination will depend on disease severity.
Demyelination affects both gray and white matter, sometimes with necrosis, cavitation,
and thickened, hyalinized vessels. Thus, the autoimmune response in NMOSD primarily
affects astrocytes and is initiated by the autoantibody-mediated loss of AQP4 [87].

The visual outcome after NMOSD-ON is less favorable compared to MS-ON and
MOGAD, supported by an increased thinning of RNFL and GCL complex in NMOSD
cases [44,88]. Therefore, early and aggressive treatment is appropriate in the acute phase
of NMOSD-ON. The ONTT did not enroll any NMOSD patients, and its findings are not
applicable to NMOSD-ON. Given the devastating nature of NMOSD-ON, no treatment
is not an option, and steroids alone may be insufficient in many cases [88]. Given the
recurrent nature and devastating morbidity of relapses, disease-modifying therapy should
be instituted early after the diagnosis of NMOSD is established [88,89].

6.4. Acute NMOSD Relapses

Relapses are usually treated with 1 g of high-dose IV methylprednisolone (IVMP)
daily for 3-7 days, followed by oral steroid tapering. The likelihood of complete visual
recovery increases when IVMP is administered within 5 days of the onset of NMOSD
ON [36]. However, Kleiter et al. demonstrated, in their analysis of NMOSD optic neuritis,
an incomplete efficacy of IVMP, as only 33% of patients achieved complete remission [90].
Furthermore, repeated courses of IV steroids only reduced the number of non-responders.
Patients with optic neuritis and concurrent myelitis had an even worse prognosis [90].

IVIg and PLEX are immunomodulatory therapies that may offer additional benefits
for acute optic neuritis treatment in NMOSD. Clinical trials have suggested a range of po-
tential improvements in visual functions from 45-55%; however, due to their retrospective
design, they failed to define criteria for the optimal use or timing of PLEX [46]. There was
also mostly no distinct interval between the completion of IVMP and the institution of
PLEX, rendering debatable whether clinical improvement results from PLEX induction
or from delayed IVMP effects. Features such as male sex, lower baseline disability, rapid
initiation of treatments, and shorter relapse durations have been associated with a greater
response to PLEX. According to one study, 50% of patients with poor visual recovery
after high-dose intravenous steroids (<20/200 or less) recovered a visual acuity of at least
20/30, with a mean time to PLEX initiation of 30 days [91]. The reasoning for this treat-
ment in NMOSD is based on the fact that most of the astrocyte and neural destruction is
caused by the deposition of AQP4-IgG and the subsequent complement activation. PLEX
removes circulating antibodies, complements, and cytokines from the blood, which may
shorten the action of antibodies and lessen further inflammation and necrosis [92]. Some
retrospective studies of NMOSD have shown that the very early concurrent initiation
of PLEX or immunoadsorption with corticosteroids during acute relapses may improve
outcomes [90,93-95]. However, even delayed PLEX therapy may still be a reasonable
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treatment option for patients with acute refractory ON [89]. PLEX may be accompanied by
serious side effects such as hypotension, infection, hypocalcemia, and coagulopathy [93].
In addition, several authors have described the use of monthly or yearly PLEX sessions to
avoid relapses in NMOSD patients. It seems that the removal of the humoral autoimmunity,
in addition to the modulation of cellular inflammation by IVMP, may increase the interval
between relapses [96-98].

Immunoadsorption represents an alternative form of therapeutic apheresis, currently
not approved in the United States. It uses modified membranes to achieve the selective
removal of antibodies from plasma, allowing for the removal of the pathogenic autoan-
tibodies while sparing other plasma proteins, therefore eliminating the need for protein
replacement and potentially minimizing complications. Immunoadsorption has been
reported to benefit steroid refractory ON and NMOSD-ON [93].

As an additional therapeutic solution, in a retrospective study of 10 NMOSD patients
unresponsive to IVMP, IVIg was effective in 50% of patients [87]. Recently, a retrospective
study demonstrated the superiority of high-dose IVMP plus IVIgG treatment compared to
a high dose of IVMP alone [99].

When the aforementioned interventions fail to salvage visual functions, immunosup-
pression with intravenous cyclophosphamide may represent an avenue of final resort. A
subset of NMSOD patients with acute TM seem to have benefited from this treatment [100].
Outside of case reports, no clinical studies have been published on the response of severe
ON to intravenous cyclophosphamide, and the treatment is not without risk.

6.5. NMOSD Relapse Prevention

In contrast to MS, in NMOSD, functional decline and the development of disability
are related primarily to relapses [101]. After acute stabilization, the early institution of long-
term preventative and maintenance immunosuppressive therapies is needed to minimize
permanent visual and neurologic disability [101]. So far, no standard management has been
agreed upon for first-line treatment or treatment switching [87]. Since June 2019, there are
now three new monoclonal antibodies FDA-approved for treating AQP4-Ab-seropositive
NMOSD patients, targeting three different disease pathways, based on efficacy in phase
III randomized controlled trials. Prior to this, the most commonly used conventional
maintenance/disease modifying therapies were rituximab, azathioprine, and mycophe-
nolate mofetil (MMF) used off label. Immunosuppressive therapies such as methotrexate,
mitoxantrone, and cyclophosphamide have been shown to be beneficial in highly active
NMOSD, but are infrequently used due to their less favorable risk-benefit profiles [102].
Low-dose corticosteroids have not been systematically studied but are frequently used,
either as maintenance therapy or as an add-on to conventional immunosuppressants [103].
There is also a level 2 recommendation for hematopoietic stem cell transplantation (HSCT)
in refractory courses (106, 107, CAMPUS; NCT04064944).

Azathioprine and MMF are agents with broad immunosuppressive properties which
have been used, based on retrospective studies or uncontrolled case series published
before 2019, as effective first-line treatments for NMOSD, either as a monotherapy or in
conjunction with low-dose corticosteroids [103]. The agents have demonstrated efficacy;,
with a significant reduction in the annual relapse rate and the stabilization or improvement
of EDSS scores [87]. For full biologic effects to be observed, AZA and MMEF require at least
4-6 months of treatment, rendering oral steroid co-administration advisable to provide
an immunosuppressive bridge from treatment onset [101]. In contrast to rituximab, the
immunomodulatory effects of AZA and MMF are mediated by the rather unselective
suppression of fast-dividing immune cells [104]. Retrospective comparisons among these
agents are subject to confounding by indication and other biases and have produced
mixed results.

MMF is a noncompetitive inhibitor of inosine monophosphate dehydrogenase, an en-
zyme essential for de novo synthesis of the purine nucleotide guanosine-5'-monophosphate,
which inhibits the proliferation of lymphocytes [105-107]. MMF is a semi-synthetic deriva-
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tive of mycophenolic acid (MPA), which is the active metabolite of MMFE. MPA acts as
a selective noncompetitive inhibitor of inosine 5-monophosphate dehydrogenase type
II, which is a rate-limiting enzyme in the de novo synthesis of guanine ribo- and 2-
deoxyribonucleotides. MPA has a mean terminal half-life of 17 h and has been shown to pre-
vent the production of interferon gamma (INF-y), lipopolysaccharide-induced interleukin-
6 (IL-6), and oxidative stress [108]. At a cellular level, MPA depletes the guanosine
pool in lymphocytes and inhibits T- and B-cell proliferation/transendothelial migration,
macrophage activation, dendritic cell functioning, and immunoglobulin production [109].

AZA is a prodrug form of 6-mercaptopurine (6-MP), which was first introduced in
clinical practice in the 1960s for kidney transplantation to prevent immunological rejection.
The agent is converted non-enzymatically to 6-MP, which is metabolized in the liver to the
active metabolite 6-thioinosinic acid and works as a purine antagonist that gives negative
feedback on purine metabolism and inhibits DNA and RNA synthesis. Its action results in
the inhibition of T-cell activation, a reduction in antibody production, and a decrease in the
levels of circulating monocytes and granulocytes [110].

Among the benefits of AZA treatment are the convenient oral administration and the
affordability of the agent compared to rituximab [106]. Recently, data from 150 NMOSD
patients treated with AZA showed that 69% had no accumulation of disability after a 5-year
follow-up [111]. A retrospective study evaluating 103 AQP4-IgG-seropositive NMOSD
patients demonstrated that 89% of patients had a significant reduction in median ARR from
1.5to0 0, 61%, remained relapse-free at a median follow-up of 18 months, and neurological
functions improved or stabilized in 78% of patients with azathioprine treatment [106].
Unfortunately, treatment was discontinued in the last follow-up for 46% of patients due to
side effects in 62% (increased liver enzymes and pancytopenia). Many patients discontinue
AZA over time, raising the concern of poor tolerability [106]. Common side effects include
bone marrow suppression with consequent pancytopenia and hepatitis, and viral infections.
Intolerance is not uncommon as well. More rarely, pancreatitis and severe gastrointestinal
disturbances can occur [106]. An increased risk of malignancies has been shown, with
lymphoma development in 3% of patients in a large NMOSD series [107]. Patients on
AZA should be monitored regularly with complete blood count, liver, and renal function
tests [106].

MMF seems effective in doses of 1750 mg to 2000 mg per day and may be used in
conjunction with prednisone [107]. In 2009, Jacob et al. showed in a case series of 24 pa-
tients with NMOSD the effectiveness of the agent. The median dose of MMF was set at
2000 mg per day for a median duration of 27 months. A total of 79% had an improvement
in ARR, and disability was stabilized or improved in 91%. One died of disease complication
during follow-up, and 25% had to discontinue MMF treatment due to side effects including
headache, constipation, easy bruising, anxiety, hair loss, diarrhea, abdominal pain, and
leukopenia [112]. More recently, a study reported 50.7% of patients experience a relapse on
MME, 59.7% continued on MMF, and 83% showed a stabilization or improvement in their
disability at the most recent follow-up [113]. In addition, among 28 patients treated at the
Mayo Clinic and the Johns Hopkins Hospital with MMF, failure rate was 36%, similar to that
of rituximab and better than for azathioprine [114]. Case series and a meta-analysis suggest
that the efficacy of mycophenolate mofetil is comparable to rituximab, and mycophenolate
mofetil was more tolerable in meta-analyses [107,114]. Known adverse effects of MMF
include an increased risk of lymphoma in transplanted patients and nonmelanoma skin car-
cinomas, infections (viral and bacterial), gastrointestinal symptoms (ulcers, hemorrhages),
and cytopenia [106,114]. Teratogenicity represents a major concern with the need for con-
traception in young female patients in their reproductive age, as congenital malformations
have been reported in 26% of live births, and the risk of first-trimester pregnancy loss is
45% in exposed patients [114]. Figures 5 and 6 demonstrate the mechanisms of action of
agents utilized in the treatment of NMOSD.
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Pharmacological effects of the drugs currently used or assessed in neuromyelitis optica spectrum
disorders, especially when AQP4 antibodies are presents. Ab antibody, APC antigen-presenting cell,
AQP4 aquaporin-4, Astro astrocyte, AZA azathioprine, BeR B-cell receptor, Cathepsin G-Inh Cathepsin
G-Inhibitor, CYC cyclophosphamide, C1-Inh Ci-esterase inhibitor, ECU Eculizumab, Eosin Eosinophil,
GFAP glial fibrillary acidic protein, IL-6R interleukin-6 receptor, MEDI-551 inebilizumab, MHC-1
major histocompatibility complex class 1, MITO mitoxantrone, MMF mycophenolate mofetil, MMP
matrix metalloproteinases, Neutro Neutrophil, Olig oligodendrocyte, RTX rituximab, SA237
satralizumab, tanCART-19/20 tandem chimeric antigen receptor T cells transduced with the anti-
CD19/CD=0 vector, TCR T-cell receptor, TCZ tocilizumab, TH T helper

Figure 5. Pharmacological Effects of the drugs used in NMOSD [115].
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Current and emerging therapeutic strategies for NMO. Therapeutics (red) that are current (bold) and novel are listed
individually next to the process that they inhibit. Inmunosuppressant medications are designed to decrease the
activity of antibody-producing B cells and pro-inflammatory T cells. Aquaporin-4 immunoglobulin G (AQP4-1gG)
modulation may block the pathogenic action of autoantibodies. Blocking therapies are designed to prevent the
binding of pathogenic autoantibodies to their astrocytic target. Reducing orthogonal array of particle (OAP)
formation is intended to modify the assembly of AQP4 target to decrease antibody binding. Neutrophil and
eosinophil inhibitors are intended to limit Fc receptor-mediated destructive mechanisms. Complement inhibition is
designed to limit complement-dependent cytotoxicity (CDC) and membrane attack complex formation. Definitive
therapies to promote remyelination in lesioned tissue remain to be developed. ADCC, antibody-dependent cell-

mediated toxicity; APP, amyloid precursor protein; LFB, luxol fast blue.

Figure 6. Current and Emerging Therapeutic Strategies for NMO [116].

Methotrexate is a folate derivative which inhibits dihydrofolate reductase and nu-
cleotide synthesis. Traditionally, it has been used in weekly oral doses in the treatment
of autoimmune diseases such as rheumatoid arthritis and Crohn’s disease. The evidence
for methotrexate in NMOSD comes from small observational studies, the largest of which
included 14 AQP4-IgG-seropositive patients followed for a median of 21.5 months, demon-
strating an improvement in ARR ranging from 64% to 100%, and a relapse freedom in 22%
to 75% of patients [108,114]. Patients should be monitored for bone marrow suppression
and liver functioning. The most common side effects are bone marrow suppression and
impaired liver functions, while rare, serious complications include pneumonitis, aplastic
anemia, and opportunistic infections. Methotrexate is a teratogen.

Alternative broad-spectrum immunosuppressive agents include mitoxantrone, cy-
clophosphamide, cyclosporine A, and tacrolimus. A systematic review in 2019 identified
8 studies with 117 NMOSD patients treated with the agents [117]. The majority of the stud-
ies reported a significant improvement 6 months to 5 years following treatment in terms of
ARR [117]. Mitoxantrone is a topoisomerase II inhibitor impairing DNA repair, resulting
in a drop in B and T cells. A comparison study of NMOSD treatments demonstrated the
inferiority of mitoxantrone to rituximab and azathioprine/prednisolone with regard to the
relapse rate [118]. Mitoxantrone has been associated with severe adverse events, such as
dose-limiting cardiotoxicity and an increased risk of acute myeloid leukemia, especially
in patients having received a cumulative dose greater than 60 mg/m? [107]. Cyclophos-
phamide is an alkylating agent that crosslinks guanine bases in DNA. There is controversy
with regard to its effectivity in NMOSD patients. Data from Brazil showed relapses in six
out of seven patients treated with pulse doses of cyclophosphamide [119]. In contrast, a
recent retrospective study of 41 patients treated for a median of 13.6 months reported a
median ARR drop from 0.7 to 0.0 [120]. Mitoxantrone and cyclophosphamide are terato-
genic. A report in 2013 of nine seropositive NMOSD patients treated with Cyclosporine A
showed a decrease in ARR from 2.7 to 0.4 [113]. Cyclosporine A is a calcineurin inhibitor
that binds to cyclophilins, resulting in the inhibition of the translocation of transcription
factors, leading to a reduced transcriptional activation of several cytokines and ultimately
to reduced T cell proliferation [106]. Potential side effects include hypertension, nephro-
toxicity, tremor, opportunistic infections, and increased hair growth. Tacrolimus is also
a calcineurin inhibitor, which reduces peptidyl-prolyl isomerase activity by binding to
immunophilin FKBP-12 and leads to the inhibition of T lymphocyte signal transduction and
IL-2 transcription. It is an orally administered agent, widely used in organ transplantation
and systemic autoimmune diseases. A Chinese retrospective study of 25 patients with
NMOSD treated with 2 to 3 mg/d of tacrolimus, and concomitant prednisone in 60% of
patients, found that tacrolimus decreased the ARR by 86% and improved the EDSS from
4.5 pretreatment to 2.3 at the last follow-up [121]. In addition, another study in Japan of pa-
tients with NMOSD showed that the initiation of prednisolone followed by tapering doses
of prednisolone and tacrolimus in 25 patients, dosed with 1 to 6 mg/d, achieved relapse
freedom in 92%, with relapses only seen in patients with subtherapeutic serum concentra-
tions [107]. Serious side effects associated with the use of the agent include severe infections
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and malignancies. Hyperglycemia, diabetes mellitus, hyperkalemia, nephrotoxicity, and
tremors have been also described [107,121].

A potential role for long-term intermittent IVIg in preventing relapses in NMOSD
has been suggested, as there is evidence that IVIg is effective in reducing the relapse
rate and improving neurological disability in NMOSD patients. One case series treated
8 NMOSD patients (2 seropositive) with IVIg (0.7 g/kg/day for 3 days, 4-21 infusions per
patient) for a mean duration of 19 months, demonstrating a remarkable decrease in the
mean ARR and the EDSS score as well. In addition, a study where IVIg (0.4 g/kg/day
for 5 days, then 0.4-1.0 g/kg/day every 2 to 3 months) was given to six NMOSD patients
(4 seropositive) for an extended mean duration of 4 years confirmed the favorable results
in terms of median ARR improvement, while 50% of the patients were relapse-free at a
4-year-follow-up. In conclusion, IVIg could be considered a safe alternative in NMOSD
patients with repeated infections from immunosuppressant therapy; however, controlled
trials are required to confirm efficacy [106].

Rituximab has been used to prevent relapse in NMOSD on an off-label basis for more
than 15 years [102]. The agent is recommended as a first-line maintenance treatment of
NMOSD in the 2010 guidelines from the European Federation of Neurological Societies
and the 2014 recommendations of the Neuromyelitis Optica Study Group [122]. Itis a
chimeric monoclonal antibody that rapidly leads to marked CD20+ B cell depletion via
complement-mediated and cell-mediated cytotoxicity. In addition, there is evidence that
rituximab in AQP4-IgG-seropositive patients leads to a predominance of B regulatory cells
after therapy [58]. B cell depletion lasts, on average, 6-9 months [106]. A meta-analysis
in 2016 on 25 studies re-demonstrated the efficacy and safety of Rituximab in NMOSD
patients regarding the annual relapse rate (ARR) and qualitative indices [102]. Importantly,
a prospective study of 100 NMOSD with a long follow up of 7 years showed that 94% of
patients experienced a significant reduction in ARR, and 70% were relapse-free while on
rituximab [123]. In comparative studies, rituximab has shown its superiority to AZA and
MMF in decreasing annual relapse rates and relapse severity as well as preventing new
relapses [87,103]. A common therapeutic approach is the administration of an induction
dose of 1000 mg of rituximab once or repeated twice 2 weeks apart, followed by a fixed
a fixed regimen of 1000 mg of rituximab every 6 months [124]. Alternative approaches
include a dosing regimen based on body mass index, administering 375 mg/m? per week
for 4 weeks, or an individualized dosing scheme on the basis of CD19+ lymphocytes
reemergence [102].

It is worth noting that in Japan, rituximab for NMOSD has been covered by insurance
from June 2022. Recently, Tahara et al. conducted the RIN-1 study in Japan, the first
multicenter, randomized double-blind placebo-controlled Phase III time-to-event clinical
trial of rituximab in NMOSD [125]. AQP4-antibody-positive patients with an EDSS of 7.0
or less were randomized 1:1 to receive either rituximab intravenously (375 mg/m? of body
surface for week 1 to 4, then 1000 mg i.v. at week 24, 26, 48, and 50) or with a matching
placebo and concomitant oral prednisolone, which was tapered over the study’s duration
of 72 weeks. No other immunosuppressants were allowed. None of the patients treated
with rituximab relapsed, in contrast to 37% on the placebo [125].

In long-term rituximab therapy, however, 15-45% of patients continue to have relapses.
This may potentially be related to the early repopulation of B cells, or to the sequestration
of tissue-resident B cells outside the blood stream [126]. Alternative theories include the
presence of neutralizing antibodies against rituximab, polymorphisms in the FCGR3A-F
allele, and CNS compartmentalization of pathogenic B cells that may also interfere with
effective B cell depletion by the agent [102].

Rituximab use can result in the development of hypogammaglobulinemia in a signifi-
cant portion of patients (20-65%), especially with prolonged therapy, and an increased risk
for severe infections, including herpes zoster, tuberculosis, and recurrent sino-pulmonary
and urinary tract infections [127]. Hepatitis B, active tuberculosis, and other severe in-
fections need to be excluded or treated before the initiation of treatment. In cases of
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severe hypogammaglobulinemia, an inadequate response to vaccines, and/or frequent
or severe infections, the supplementation of IVIG 400 mg/kg every 4 weeks targeting
a serum level 9 of 800-1000 is recommended [127,128]. Infusion reactions are common
and can usually be managed by pretreatment with intravenous steroids, antihistamine,
and slow infusion [107]. In addition, there have been rare cases of progressive multifocal
leukoencephalopathy (PML) following rituximab therapy in rheumatoid arthritis, but none
has been reported in NMOSD [129].

Tocilizumab is a humanized monoclonal antibody against the IL-6 receptor, which
has been approved for the treatment of rheumatoid arthritis, giant cell arteritis, juvenile
idiopathic arthritis, and cytokine release syndrome; however, it is not FDA licensed for
NMOSD [130]. The rationale for tocilizumab use in NMOSD is based on the involvement
of IL-6 in the pathophysiology of disease [130,131]. IL-6 promotes an increased bloodbrain
barrier permeability with the infiltration of proinflammatory cytokines and antibodies into
the CNS and the survival of a plasmablast population responsible for secreting anti-AQP4
antibodies, leading to increased AQP4-IgG production in vitro and ex vivo [130,131]. IL-6
represents the only cytokine that is found in higher levels in the serum and the cerebrospinal
fluid of patients with NMOSD compared with MS controls [107,130].

A series of case reports has documented the effectiveness of tocilizumab in NMOSD,
including patients refractory to rituximab, since 2013 [107]. For example, three patients with
aggressive AQP4-IgG-seropositive NMOSD uncontrolled by other immunosuppressants
and completely CD19-depleted by rituximab, when switched to tocilizumab, showed an
ARR decrease from 3.0 to 0.6, though without improvement in clinical disability [106].
In addition, a pilot study with seven NMOSD patients who had experienced multiple
relapses in the preceding year on immunosuppressants and corticosteroids, and were
treated consequently with intravenous tocilizumab, reported a fall in mean ARR from 2.9 to
0.4, with five of seven participants achieving relapse freedom for at least 1 year. In another
observational study of eight patients treated with tocilizumab as an add-on therapy for
NMOSD, it showed remarkable effectivity in reducing the relapses by 90% compared with
the baseline [107,130]. In 2019, a study of 12 NMOSD patients treated with subcutaneous
tocilizumab also demonstrated the effectiveness of agent 37. Potential side effects of
tocilizumab include a modest increase in lipoproteins, bowel perforation, and a higher risk
of neutropenia and infections, such as tuberculosis, invasive fungal infections, and bacterial
infections, the latter mainly with concomitant methotrexate. However, opportunistic
infections are less likely to occur in NMOSD compared to rheumatoid arthritis [107,130].

In 2020, the TANGO trial was the first head-to-head prospective, randomized com-
parison study between an established and new therapeutic agent in NMOSD. It was a
phase 2, open label, time-to-event study in China that compared the safety and efficacy of
tocilizumab and azathioprine in NMOSD patients [132]. The tocilizumab group included
59 patients (85% AQP4 seropositive), and the azathioprine group 59 patients (90% AQP4
seropositive). Tocilizumab was administered at 8 mg/kg IV every 4 weeks, with concomi-
tant immunosuppressive coverage for the first 12 weeks of treatment. Azathioprine was
given initially, at an oral dose of 25 mg daily and increased by 25 mg per day to a target of
2-3 mg/kg/day, with immunosuppressives for the first 6 months of treatment. Analysis of
the primary outcome of the time to first relapse favored tocilizumab over azathioprine, with
a median of 78.9 weeks for tocilizumab vs. 56.7 weeks for azathioprine. Relapse occurred
in 14% of the tocilizumab group and 47% of the azathioprine group. In the subgroup
analysis of patients with concomitant autoimmune diseases, 9% in the tocilizumab group
and 35% in the azathioprine group relapsed. In contrast, no differences were noticed in
the risk of relapse among patients without concomitant autoimmune diseases. Regarding
disability progression at 3 months, tocilizumab demonstrated a more favorable profile
compared to azathioprine (8% vs. 25%) [132]. Furthermore, AQP4-IgG levels dropped
by 50% in the tocilizumab group and remained unchanged in the azathioprine group. In
seronegative patients, relapse occurred in 22% with tocilizumab and 50% of patients on
azathioprine. Overall, adverse events were equally frequent, but some serious adverse
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events including the elevation of alanine transferase and upper respiratory and urinary
tract infections were more common in the azathioprine group compared to tocilizumab.
There was one death in each group, but neither death was treatment-related [132]. The
authors concluded that tocilizumab significantly reduced the risk of relapse compared with
azathioprine in NMOSD, proposing the agent as a potentially effective and safe treatment
for relapse prevention in NMOSD [107,132].

MS Therapies. It is worth noting that some agents used in MS such as interferon,
natalizumab, and fingolimod have been shown to not benefit or have a detrimental impact
in AQP4-antibody-positive NMOSD. More specifically, IFN-f3 increases the relapse rate
and promotes severe exacerbations, possibly by increasing the production of BAFF and
IL-17 [133]—Figure 7. In addition, natalizumab, an antibody against very late antigen 4,
has been reported to have no effect or to worsen disease activity in NMOSD patients either
seropositive or seronegative. The proposed mechanisms of exacerbation involve florid
active demyelination, severe neutrophilic and eosinophilic infiltrates, and severe astrocyte
loss. The increase in the numbers of peripheral proinflammatory T cells or eosinophils can
lead to eosinophil migration to the CNS, resulting in a surge in lesion formation or the
stabilization of AQP4-specific bone marrow plasma cells. Furthermore, oral fingolimod
has the potential to accelerate NMO disease activity; fulminant disease may develop early
on after the initiation of therapy. A theory similar to natalizumab has been suggested,
with fingolimod promoting bone marrow egress of eosinophils, triggering enhanced lesion
activity and AQP4-IgG production.

IFN-lindirectly promotes TH17 pathogenicity.
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Figure 7. INF-I and TH17 pathogenicity [133].

6.6. FDA-Approved Disease-Modifying Therapies for NMOSD

Eculizumab is a humanized monoclonal IgG2/IgG4-hybrid antibody targeting C5,
which inhibits cleavage and thus prevents the release of pro-inflammatory C5a and the
involvement of C5b (the terminal complement component) in the membrane attack complex
(MAC). Consequently, eculizumab could have dual action downregulating adaptive and
innate immune responses either through C5a in the periphery (decreasing the chemotaxis
of leukocytes to the inflammatory sites) or through C5b on astrocytes in the CNS [134].
Pathological analyses in NMOSD patients with acute lesions have shown both the early and
specific involvement of the CNS vasculature and the crucial role of the complement in patho-
genesis, demonstrating extensive, perivascular complement activation [130]. Eculizumab
has been approved by the FDA as a treatment to prevent relapse in AQP4-IgG-seropositive
adults with NMOSD since 2019, followed by the European Union and Japan. Of note,
all patients who are to start eculizumab must receive the meningococcal vaccination at
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least 2 weeks before the first dose, since blocking the complement system increases the
risk of infection with encapsulated bacteria. However, meningococcal vaccines do not
fully protect against meningococcal disease, and concomitant antibiotic therapy can be
considered [87,135]. Additional limitations on the widespread use of the agent include the
frequent dosage scheme of bimonthly intravenous infusions and the high cost [87].

The efficacy of eculizumab in the prevention of relapse in NMOSD was initially
suggested in 2013 by an open-label phase II trial of 14 AQP4-IgG-seropositive NMOSD
patients with a highly active disease (55 attacks in 2 previous years in total). A total of
12 patients were relapse-free, and none progressed, 2 patients had possible attacks during
twelve months on eculizumab, whereas 5 relapsed within five months after withdrawal.
One patient who had received prior immunization suffered meningococcal sepsis and sterile
meningitis during the treatment, and another one a fatal myocardial infarction (deemed
unrelated) during follow-up. The PREVENT trial in 2019 was a phase 3, randomized,
double-blind, placebo-controlled, time-to-event study of 143 AQP4-seropositive patients
with NMOSD with EDSS less than or equal to 7 and a highly active disease (at least
two relapses in the prior year or three in the prior 24 months) who were randomized 2:1
to eculizumab 900 mg, IV weekly x 4 doses followed by 1200 mg every 2 weeks or a
placebo [136]. Patients were allowed to continue their prior immunosuppressive therapies,
which occurred in 76% of cases. Patients who had been recently treated with rituximab,
mitoxantrone, IVIg, and prednisone >20 mg per day, or were suffering from active bacterial
infections, were excluded from the trial. Forty-six patients had previously used rituximab,
which was stopped within three months before inclusion. In addition, all of the participants
were vaccinated against Neisseria meningitidis before receiving treatment. The primary
endpoint was the first adjudicated relapse. Given the uncertainty of when the final relapse
would occur, the sponsor terminated the trial after 23 of the predefined 24 adjudicated
relapses. Clinical relapse occurred in 3% of patients in the eculizumab group and 43% of
patients in the non-eculizumab group, resulting in a 94% relative-risk reduction. In a subset
analysis of patients who were on concomitant immunosuppression, 4% of the eculizumab
group and 54% of the non-eculizumab group of patients experienced a relapse. However,
there was no significant difference in disability progression. One patient on eculizumab and
azathioprine died from pulmonary empyema, with cultures yielding Peptostreptococcus
micros and Streptococcus intermedius [137]. During the open-label extension trial involving
137 patients, serious adverse events were reported in 36% of treated patients, including two
cases of sepsis and one case of Neisseria gonorrheae infection, but no deaths. Furthermore,
there was a higher rate of upper respiratory tract infections and headache in the eculizumab
arm, but there were no cases of meningococcal infection [107].

Inebilizumab was the first B-cell-depleting agent to be approved by the FDA for the
treatment of AQP4-IgG-seropositive NMOSD patients in June 2020. Prior to this, B cell de-
pletion with the anti-CD20 agent rituximab had been used for off-label NMOSD treatment.
However, rituximab does not deplete plasmablasts, which do not express CD20 [102,124].
Inebilizumab is an afucosylated humanized IgG1k, anti-CD19 monoclonal antibody that
directly binds CD19 with high affinity on the surface of B cells, which demonstrates dual
action on B cell depletion through antibody-dependent cellular cytotoxicity and antibody-
dependent cellular phagocytosis. Cytotoxicity specifically is enhanced via the process
of afucosylation, which leads to a dramatic increase in the affinity of inebilizumab for
FcyRIIIA, a receptor that mediates antibody-dependent cytotoxicity. CD19 expression on
B cells begins at the pro-B stage. The wider expression of CD19 compared to CD20 on
cells that constitute the B-cell lineage allows inebilizumab to target a broader range of
pathogenic B cells not being targeted by anti-CD20 agents. Additionally, CD19-positive
plasmablasts circulating in the peripheral blood of individuals with NMOSD may produce
AQP4-IgG antibodies [138].

The N-Momentum trial (2019) was a phase 2/3, randomized, double-blind, placebo-
controlled, time-to-event study of AQP4-seropositive and AQP4-seronegative patients with
NMOSD. A total of 230 adults with active NMOSD were enrolled, defined as at least one
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attack requiring treatment the year before enrollment or two attacks in 2 years and an
EDSS of 8 or less [139]. A total of 91% of the participants were women with a mean age
of 43, and 92% of the patients were seropositive for AQP4 antibody. Exclusion criteria
included treatment with rituximab or other B-cell-depleting agents within the previous
6 months, previously receiving a bone marrow transplant or T cell vaccination therapy,
IVIg within the previous 1 month, natalizumab, cyclosporin, methotrexate, mitoxantrone,
cyclophosphamide, tocilizumab, or eculizumab within the previous 3 months, or previous
alemtuzumab or total lymphoid irradiation. About 70% of participants had had prior expo-
sure to disease-modifying therapies. Patients were randomized 3:1 into the inebilizumab
group (74-92% seropositive) or placebo group (56-93% seropositive). Interestingly, of the
17 AQP4-seronegative patients, 7 had antibodies against MOG. The patients were treated
with 300 mg of inebilizumab IV or a placebo on days 1 and 15. Furthermore, all partici-
pants were given 20 mg of prednisone daily or an equivalent dose of other glucocorticoids
between days 1 and 14, and then tapered through day 21 to minimize the risk of relapse
at treatment initiation. Patients were not concomitantly treated with other immunosup-
pressive therapies. In the active group, a maintenance dose of 300 mg of inebilizumab was
administered every 26 weeks. The double-blinded period lasted up to 197 days, until a new
NMOSD attack, or until the termination of enrollment. All patients were thereafter offered
open-label therapy. Because of a clear demonstration of efficacy, enrollment was stopped
before reaching the target of 252 patients and 67 adjudicated attacks. Relapse occurred in
12% in the inebilizumab arm and in 39% in the placebo group (73% relative risk reduction).
In the subgroup analysis of patients who were AQP4 seropositive, relapse occurred in 11%
in the inebilizumab group and in 42% in the placebo group (hazard ratio 0.23). Due to the
sample’s inequality regarding seronegative patients among groups (only four participants
were randomized to the placebo arm), efficacy could not be interpreted in the seronegative
subset. Of note, the trial also confirmed that the efficacy of inebulizumab was consistent
across the clinical presentations of myelitis and optic neuritis domains [138-140].

The secondary endpoints remarkably showed that patients treated with inebilizumab
had a significantly reduced likelihood to experience optic neuritis compared to the placebo
arm (10 patients in each group); however, there were no differences in changes in the
low-contrast visual acuity binocular score from the baseline among the groups. Addi-
tionally, the treated arm demonstrated a considerable reduction in the numbers of B cells
(less than 10% of baseline) and the maintenance of low counts during the trial. The im-
munological effects of inebulizumab were observed within 4 weeks after the initiation
of treatment. Furthermore, among AQP4-seropositive patients, fewer had a statistically
significant worsening of their EDSS score. The inebilizumab arm also had lower numbers
of cumulative active MRI lesions and NMOSD-related hospitalizations compared with the
placebo [139-141]. Serious adverse events were similar among both the inebulizumab (9%)
and placebo groups (5%); however, 2% of patients on the agent developed transient grade
3 neutropenia. There were no malignancies observed during the study. No death occurred
during the placebo-controlled phase, but two patients died during the open-label phase.
The first one was initially randomized on the placebo and passed away by respiratory
insufficiency after a severe NMOSD attack preceded by pneumonia, and his death was con-
sidered unrelated to the treatment. The second patient, originally receiving inebilizumab,
developed new neurological symptoms (weakness, aphasia, neurological decline, seizures)
9 days after receiving the maintenance dose. MRI showed new large lesions in white and
grey matter, considered not representative for progressive multifocal leukoencephalopathy
(PML), although one of three PCR tests on CSF was positive for JC virus, and brain biopsy
was not performed; ultimately, the possibility that the death was treatment-related could
not be excluded [140,141].

Inebilizumab is contraindicated for patients with active hepatitis B and active or un-
treated latent tuberculosis. Inebilizumab can also cause hypogammaglobulinemia, resulting
in recurrent or serious opportunistic infections, which may require the discontinuation of
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the treatment or IVIg administration. Additionally, B-cell-depleting therapies in general are
associated with an increased risk for malignancy and infection, including PML [107,138].

Satralizumab is a humanized IgG2 monoclonal antibody which binds membrane-
bound or soluble interleukin 6-receptors, preventing the IL-6-induced inflammatory cas-
cade. The pharmacokinetics of the agent have been optimized compared to its pre-
decessor via an enhanced “antibody-recycling” process allowing for a longer half-life
than tocilizumab. Satralizumab is designed to dissociate, pH-dependently, from the
satralizumab-IL6-R complex within the endosome and to be recycled for repeated antigen
binding in the peripheral blood, extending the interval of re-administration. Satralizumab
is the third and most recent agent (2020) approved by the FDA for the treatment of adult
patients with AQP4-IgG-seropositive NMOSD, including by self-injection [103,142,143]. In
Japan, the agents are licensed for the treatment of both adults and children. Satralizumab
is administered subcutaneously at weeks 0, 2, and 4, and then monthly, with instructions
on withholding treatment in the event of an active infection, elevated liver enzymes, or
neutropenia, and is contraindicated in patients with hepatitis B and active or untreated
latent tuberculosis [107,144].

The safety and efficacy of satralizumab were evaluated in the SAkuraSky and SAkuraS-
tar trials, phase III, randomized, double-blind, placebo-controlled, time-to-event studies of
AQP4-seropositive (70%) and AQP4-seronegative patients (30%) with NMOSD [142,143]. In
the SAkuraSky trial, patients on prior immunosuppressive therapies continued these treat-
ments at stable doses (rituximab was excluded). In the SAkuraStar trial, the investigators
compared only satralizumab monotherapy to the placebo without the use of concomi-
tant immunosuppressive therapies. The therapeutical approach was either 120 mg of
satralizumab subcutaneously or the placebo at weeks 0, 2, and 4, and then every 4 weeks.
Inclusion criteria for the SAkuraSky trial included adolescents (age of at least 12 years)
and adults, diagnosis of NMOSD by the 2006 criteria, history of at least two relapses in the
previous 2 years with at least one relapse in the previous 12 months, and an EDSS score
of 6.5 or less. In contrast, the SAkuraStar trial only included adults with the same prereq-
uisites needed to be met. For both trials participants were excluded if they had received
treatment with rituximab within the previous 6 months, eculizumab or multiple sclerosis
disease-modifying therapies within the previous 6 months, anti-CD4 agents, cladribine, or
mitoxantrone within 2 years, or IL-6 targets, alemtuzumab, total-body irradiation, or bone
marrow transplantation in the past [142,143].

In the SakuraSky trial, a total of 83 patients were recruited (7 adolescents), random-
ized 1:1 to the satralizumab (41 patients) and to the placebo (42 patients) arms, with a
median treatment duration of 107.4 weeks and 32.5 weeks, respectively. The primary
endpoint was the first protocol-defined relapse in a time-to-event analysis. The major
secondary endpoints were the change from the baseline to week 24 in the visual analogue
scale (VAS) pain score and the Functional Assessment of Chronic Illness Therapy-Fatigue
(FACITF) score. Relapse occurred in 20% in the satralizumab group and 43% in the placebo
group; the percentages of patients free from relapse at 48 weeks was 89% and 66% in
the satralizumab and placebo groups, respectively, and 78% and 59% at 96 weeks. In
addition, the subgroup analysis revealed that 11% of AQP4-seropositive NMOSD patients
(55 cases) in the satralizumab arm experienced relapses compared to 43% in the placebo
group, while among 28 seronegative patients, relapse occurred in 36% and 43% in the
satralizumab and placebo groups, respectively. Based on the subgroup analysis, it has
been suggested that satralizumab reduces the risk of relapse compared to the placebo in
AQP4-IgG-seropositive patients, but there was insufficient evidence to prove the agent’s
effectivity in the seronegative participants. Regarding the secondary outcomes, no signif-
icant differences were found in either the VAS pain score or the FACIT-F score. Of note,
in the satralizumab and the placebo arms, serious side effects occurred at similar percent-
ages (17-21%). Injection-related reactions were more frequent in the satralizumab group
(12% vs. 5%).
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In the SAkuraStar trial, patients were randomized 2:1 to the satralizumab monotherapy
or placebo. A similar efficacy was demonstrated, with a significant reduction in the time to
the first relapse and relapse risk in AQP4-IgG-seropositive NMOSD patients with an active
disease. Relapse occurred in 30% of the satralizumab group and 50% of the placebo arm,
with subgroup analysis showing 22% of seropositive patients treated with satralizumab
relapsing compared to 57% in the placebo group. In the AQP4-seronegative subgroup, the
percentages of relapse were 46% and 33%, respectively. No significant benefit was found
on secondary outcome measures of pain or fatigue. Comparably to SAkuraSky, 19% of
satralizumab-treated and 16% of placebo-treated NMOSD patients experienced adverse
events, with injection reactions in 5% and 16%, respectively. In general, satralizumab
showed a favorable safety profile in both studies, as no anaphylactic reactions, opportunistic
infections, or deaths occurred. Only one patient in the SAkuraStar trial discontinued
treatment due to pneumonia.

6.7. Emerging Therapeutic Strategies

A series of agents are currently under investigation for the prevention of disease
activity in NMOSD.

Ublituximab is a third-generation chimeric IgG1 monoclonal antibody with high
affinity to the Fcy receptor Illa (FCyRIIIA), an epitope on CD20-positive B-cells which
is not targeted by rituximab, and a depleting larger number of B-cells [103,145]. Ubli-
tuximab allows for shortening the infusion duration and lowering doses compared to
other anti- CD20 monoclonal antibodies and demonstrates enhanced antibody-dependent
cellular cytotoxicity (ADCC) activity, while complement-dependent cytotoxicity (CDC) is
retained [87,146]. In 2019, ublituximab was investigated in five AQP4-seropositive patients
in a pilot safety study, phase Ib, as a novel add-on therapy in acute relapses of NMOSD
(ON or TM) [92]. The agent was administered once in a 450 mg dose intravenously within
5 days of relapse onset as a concomitant treatment to high-dose intravenous corticosteroids
(1000 mg per day on days 1-5). There were no severe adverse effects, and in three patients,
EDSS improved at a 90 d follow-up. Two patients exhibited relapses within three months
due to an insufficient depletion of B-cells [146].

Furthermore, BAT4406F is another potentially effective agent that is a fully humanized
anti-CD20 monoclonal antibody to be investigated in a phase I RCT on safety, tolerabil-
ity, and pharmacokinetics in NMOSD patients (NCT04146285). It will be administered
via intravenous infusions, following an open-label dose escalation [37]. Additional po-
tential B-cell-mediated therapeutic approaches that could be leveraged in the treatment
of NMOSD include chimeric antigen receptor (CAR) T cell therapy, belimumab (an in-
hibitor of B lymphocyte stimulator (BLyS)), and several anti-CD20 monoclonal antibodies,
such as ocrelizumab, ofatumumab, and obinutuzumab [104,147]. Telitacicept is a recom-
binant transmembrane activator and calcium modulator and cyclophilin ligand interactor
fusion antibody acting by inhibiting both BLyS and proliferation-inducing ligands. In
2021, the agent was approved for the treatment of systemic lupus erythematosus, sub-
cutaneously given weekly (160 mg), after showing efficacy and safety in a pivotal phase
2b trial (NCT02885610). An ongoing phase 3 randomized, placebo-controlled study is
currently evaluating telitacicept in AQP4-ab-positive NMOSD patients without recent
immunosuppressive treatment (NCT03330418, [107,148]).

Bortezomib is a 26S proteasome inhibitor, FDA-approved for the treatment of mul-
tiple myeloma. The agent depletes plasma cells and is being evaluated in a range of
autoantibody-driven neurologic autoimmune diseases, including myasthenia gravis and
anti-NMDA-receptor encephalitis. Bortezomib was investigated in patients with highly
relapsing NMOSD as an add-on medication in a small open-label study of five AQP4-
Ab-positive Chinese women who had at least two relapses in the previous 6 months or
three relapses throughout their life despite treatment with various immunosuppressants
including prednisolone, azathioprine, rituximab, or cyclophosphamide (NCT02893111).
The participants received four cycles of subcutaneous bortezomib at a dosage of 1 mg/m?
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of body surface area on days 1, 4, 8, and 11 per cycle, followed by a 10-day treatment-free
interval with concomitant oral steroid or azathioprine. Four out of five patients were
relapse-free during a one-year follow-up. Side effects were mild and transient; however,
long-term outcome and safety profiles were not reported. No patient experienced further
neurological deterioration at the end of the study, and the median EDSS scores reduced
from 5.5 at baseline to 3.5 after a 1-year follow-up, associated with an improvement in the
pain scale. Furthermore, treatment significantly decreased serum AQP4 antibody titers,
precursor B cell counts, peripheral blood CD19+ B cells, and mainly, CD138+ plasma
cells. The findings suggest a promising role of bortezomib as an escalating approach in
highly active NMOSD cases refractory to or intolerant of current immunosuppressants
by depleting long-lived plasma cells. Phase 2 has been completed, but results are not yet
available [87]. Importantly, the potentially unfavorable side effect profile of the agent is
a matter of concern, as bortezomib is possibly associated with a rebound in plasma cell
activity with an overshooting production of autoantibodies after cessation of the drug. In
addition, it frequently induces peripheral neuropathy [103,149].

Subcutaneous injection of batoclimab (HBM9161) is being evaluated in NMOSD. It is
a human monoclonal antibody that targets FcRn and accelerates the degradation of IgG,
reducing total IgG levels in the blood (including pathological IgG). Based on its suggested
anti-lgG properties, it is expected to rapidly reduce AQP4-IgG levels when administered
with IVMP. The agent is injected subcutaneously at a dose of 340 mg or 680 mg weekly
for a period of 4 weeks, and is being evaluated in a phase 1, open-label dose exploration
study of NMOSD patients experiencing relapses (NCT04227470). Furthermore, a new study
comparing thw efficacy and safety of immunoadsorption and PLEX for acute relapses of
refractory NMOSD (CAMPUS; NCT04064944) has been announced, but is not recruiting
yet [87].

Imlifidase, an IgG-degrading bacterial enzyme, is another agent that could be effective
in AQP4-seropositive NMOSD. It mediates the cleavage of IgG molecules into Fab and
Fc segments. The concept was conceived based on promising results from animal models
of NMOSD, which have demonstrated that the transformation of AQP4 antibodies into
inactive antibodies by the microbial-mediated deglycosylation of IgG heavy chains may
have a role in NMOSD therapeutic armamentarium. Leveraging the same strategy of
downregulating pathogenic autoantibodies, the potential effectivity of rozanolixizumab
and efgartigimod could be suggested. These agents constitute inhibitors of neonatal Fc
receptors (FcRn), crucial for antibody stability [150].

Bruton’s tyrosine kinase (BTK) is an enzyme that plays a crucial role both in B cell
development by transmitting intracellular signals from the pre-B cell receptor, and in the Fc-
receptor-mediated activation of myeloid cells. It promotes antigen recognition via antibody-
mediated opsonization. In contrast to the typical CD20 monoclonal antibodies, BTK
inhibitors inactivate B cells without causing prolonged and repeated B cell depletion, thus
lowering the risk for serious opportunistic infections. BTK inhibitors are being developed
as therapeutic agents for MS, with promising findings from phase 2 clinical trials, while
phase 3 trials are underway. An open-label phase 2 trial will be starting soon to evaluate
the efficacy and safety of the agent SHR1459 (Bruton’s Tyrosine Kinase Inhibitor), orally
administered, in preventing relapses in NMOSD (NCT04670770) [87,151].

Bevacizumab is an anti-angiogenic compound, and more specifically, a monoclonal
immunoglobulin that targets vascular endothelial growth factor (VEGF), that has been
widely used for the treatment of retinal diseases. VEGF-neutralizing antibodies such as
bevacizumab have the potential to restore BBB integrity, as antibodies targeting brain
microvascular endothelial cells (BMEC) are believed to induce disruption of the BBB
mediated by VEGE leading to pathogenic AQP4 antibodies entering into the central nervous
system. Of note, anti-BMEC antibodies were found in the sera of 10/14 NMO patients, but
were absent in MS and healthy controls [102,152]. Data on its efficacy as an add-on agent
for treatment of ON and/or TM in NMOSD come from a phase 1b trial where bevacizumab
proved to be effective and safe in 10 patients, with none requiring escalation to PLEX after
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high-dose IVMP plus IV bevacizumab. The suggested approach is the infusion of 10 mg/kg
intravenously at the onset of exacerbation and, if needed, a subsequent dose during the
plasma exchange phase [107].

Ravulizumab is a second-generation monoclonal antibody targeting C5 and blocking
its activation, thus inhibiting C5 cleavaging into fragments C5a and C5b. It is derived
from eculizumab and was designed to provide prolonged therapy intervals by utilizing
the “Ab-recycling” approach. The agents show increased affinity for the neonatal receptor
FcRn, and rapid endosomal dissociation of the ravulizumab-C5 complex allows lysosomal
degradation of C5 while recycling ravulizumab to the vascular space through the FcRn 66.
Ravulizumab has an extended serum half-life (3 to 4 folds) compared to its predecessor.
Based on evidence of non-inferiority to eculizumab derived from two large phase III trials
in patients with paroxysmal nocturnal hemoglobinuria, the agent was approved by the FDA
and EMA for use in adult patients. Ravulizumab is administered every 2 months. Since
December 2019, a phase 3, external, placebo-controlled, open-label, multicenter study of
ravulizumab efficacy and safety in AQP4-Ab-positive NMOSD patients has been underway
(NCT04201262) [153-155].

Alternative ways to target the complement cascade are being explored based on
evidence that blockage of the C1 component prevents the formation of proinflammatory
anaphylatoxins C3a and C3b while preserving the lectin pathway, which is important for
neutralizing encapsulated bacteria. Indeed, in animal models, C1lqmab, a monoclonal
antibody against C1q components, effectively reduced complement-dependent cytotoxicity.
In addition, an open label, phase 1b trial which investigated the C1 esterase inhibitor as a
concomitant therapy to steroids for the management of acute NMOSD relapses showed
favorable results regarding safety and effectivity, with 90% of patients returning to their
baseline EDSS score [102].

Granulocyte-targeting strategies have also been considered in NMOSD treatment, as
animal models suggest that granulocytes mediate NMO pathogenesis, and neutrophils and
eosinophils are highly prevalent in NMOSD lesions. It is suggested that neutrophil entry
into the CNS is an early step in the formation of NMOSD lesions. Blocking neutrophil
elastase, a proteolytic, highly destructive enzyme that triggers the production of inflamma-
tory cytokines, helps reduce neutrophil entrance into the brain. Sivelestat is a neutrophil
elastase inhibitor which is being investigated in acute NMO relapses. In a mouse model of
experimental autoimmune encephalomyelitis, the agent reduced ADCC. Phase I/1I clinical
trials were discontinued for various reasons. Sivelestat has already been approved in Japan
and Korea for ARDS treatment [156].

NPB-01 IVIg (400 mg/kg/day for 5 consecutive days) is being investigated for its
potential role in NMOSD mediated by the inactivation of auto-reactive T-cells. However,
a phase 2 RCT in AQP4-ab-positive NMOSD patients did not improve responses when
added to IVMP, but detailed results are not available.

Cetirizine, a second-generation H1 antagonist that stabilizes eosinophil degranulation,
was investigated in a small open label add-on pilot study and showed a decrease in ARR in
NMO patients at a 1-year follow-up; however, no significant difference in EDSS scores were
observed [157]. Cetirizine was administered orally at 10 mg each day. Another potential
consideration for use in NMOSD is anti-IL-5 agents, which deplete eosinophils [158].

Aquaporumab is a recombinant monoclonal antibody derived from clonally expanded
mouse CSF plasma cells with a point mutation in the area that codes for effector Fc IgG
functioning. The agent constitutes a targeted non-immunosuppressive therapy that binds
AQP4 with high-affinity cells, displacing AQP4-Ab from binding. The Fc portion of aquapo-
rumab specifically aims at disabling AQP4-Ab from triggering CDC or ADCC downstream
mechanisms. A study in a mouse model of NMO has showed that aquaporumab prevented
the formation of new NMO lesions through steric competition with pathologic AQP4
antibodies [159]. Recently, Duan et al. described AQmab, which has an eightfold increased
binding affinity to the AQP4 receptor compared to aquaporumab [147].
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Another idea worth noting would be the induction of immune tolerance to the au-
toantigen by vaccination, as the majority of NMOSD patients have underlying AQP4
autoimmunity with the autoantigen clearly defined.

6.8. Cell-Based Therapies

Cell-based therapies are gaining momentum as promising treatments in the armamen-
tarium against severe autoimmune diseases, such as refractory NMOSD and MOGAD,
aiming at either the depletion of autoreactive effector cells or the modulation of autoreactive
T and B cell responses, resulting in the restoration of tolerance. Various cellular treatment
approaches have been investigated in NMOSD and occasionally in MOGAD as well, in-
cluding autologous hematopoietic stem cell transplantation (HSCT) and chimeric antigen
receptors (CAR)-T cell, tolerogenic dendritic cell, and mesenchymal stem cell treatment.
The therapies have entered early-stage clinical trials or have been used as a rescue treatment
in treatment-refractory or highly aggressive cases. Progress in the field is slowed down by
the rarity of the diseases, the shortage of biomarkers able to predict long term outcomes
and effectiveness, challenges in the manufacturing of cellular products, and the lack of
adequate animal models that mirror the human disease [160].

Hematopoietic Stem Cell Transplantation (HSCT) in NMOSD and MOGAD is aimed
atachieving the elimination of the dysfunctional immune system with high-dose chemother-
apy and rebuilding through hematopoietic stem cell infusion in order for long-term remis-
sion to be achieved. Autologous Stem Cell Transplantation (AHSCT) is preferred as it
avoids graft-versus-host reactions. Complications of AHSCT include neutropenic fever,
serious infections, electrolyte abnormalities, blood pressure fluctuations, and the emergence
of new autoimmune diseases, including myasthenia gravis and hyperthyroidism. Mortality
associated with the therapy has improved significantly over the last several decades and
is now around 0.2% [160]. The first case report of an autologous stem cell transplantation
in a 23-year-old severely affected patient with refractory NMOSD was published in 2010.
In a 12-month follow-up, the patient remained blind, but paraparesis and dysesthesia
remitted [161].

Results of the two largest studies of AHSCT in NMOSD patients were discrepant,
possibly due to the choice of conditioning regimen [162,163]. The European Registry
retrospective AHSCT study included 16 patients with NMOSD refractory to immuno-
suppressants, with 10% remaining relapse-free and 48% with progression-free survival at
5 years, but the study did not use rituximab. Eighty percent of initially seropositive patients
remained seropositive throughout the study. In contrast, in a US-based clinical trial that
included 13 patients (11 AQP4-IgG-seropositive and 1 with neuropsychiatric SLE), all partic-
ipants followed the same therapeutic approach treatment, consisting of cyclophosphamide,
rituximab, anti-thymocyte globulin, and plasmapheresis. Eighty-three percent of patients
were relapse free at 5 years off all immunosuppressants. Furthermore, at 1 and 5 years after
transplant, improved scores in the EDSS and in the Neurological Rating scale were recorded.
Interestingly and importantly, 9 of 11 AQP4-seropositive patients in the US study serocon-
verted to being AQP4-seronegative after HSCT, and all of them remained relapse-free at the
last follow-up despite the fact that two regained AQP4-seropositive status within 2 years of
transplant. The two patients who remained AQP4-seropositive throughout the study were
the ones who had clinical relapses. In addition, complement-activating and cell-killing
ability was lost in six of seven patients. The possibility of prolonged drug-free remission
with conversion to AQP4-IgG seronegativity following nonmyeloablative hematopoietic
stem cell transplantation warrants further study. Each study recorded one death (patient
with coexisting SLE in the US trial due to SLE complications) [162,163].

A recent meta-analysis in 2020 including the aforementioned three studies evaluated
31 NMOSD patients in total who underwent AHSCT [164]. Cumulative progression-free
survival was 76% during a follow-up period between 2 and 13 years. Treatment-related
mortality was 0%. Despite the promising results, a number of patients had persisting AQP4
antibodies and relapsed within 5, and the optimal conditioning regimen remains to be de-
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termined as well [110] Based on these findings, the European Bone Marrow Transplantation
(EBMT) Autoimmune Diseases Working Party (ADWP) issued guidelines recommending
the use of AHSCT in NMOSD as a clinical option, with grade II evidence, in therapy-
refractory patients [104].

Only a few patients treated with allogeneic HSCT (alloHSCT) have been
reported [105,165]. AlloHSCT has the potential for a more profound immunotherapeutic
effect, eliminating all autoreactive lymphocytes by allogeneic donor T lymphocytes. In
addition to the increased risk of morbidity and mortality after alloHSCT, there are reports
of the development of immune-mediated peripheral and central nervous system diseases,
including a case of MOGAD after alloHSCT in haematological patients [105,165]. Due
to limited clinical evidence, alloHSCT in NMO was classified as developmental by the
EBMT-ADWP and is currently not recommended as a clinical option [104].

One phase Ib, open-label, multiple-ascending-doses, single-center clinical trial was
conducted recently in Spain, evaluating the efficacy and safety autologous of tolerogenic
peptide-loaded dendritic cells (DC) in 4 AQP4+ NMOSD patients [166]. The tolerogenic
phenotype of DC was induced by the addition of dexamethasone; DC from NMOSD
patients were stimulated with seven myelin peptides and AQP4. Three doses of tolerogenic
DC were administered intravenously at week 0, 2, and 4 at progressively increasing doses,
and all patients received concomitant treatment with rituximab [3] or mycophenolate [1].
All patients remained clinically stable, no relapses occurred, and the tolerogenic DC-based
therapy proved to be safe. Immunological analysis demonstrated a trend of decreased T
cell proliferation, a significant increase in Interleukin-10 production, and an upregulation
of type 1 regulatory T (Tr1) cells, findings confirmatory of tolerance induction [166].

Another cell-based therapeutic approach is the employment of chimeric antigen
receptors (CAR), proteins carrying both an antigen-binding and a T-cell-activating function,
allowing T cells to target a specific protein. B cell targeting using CAR-T cell therapy is
being investigated mainly in the treatment of hematological malignancies, but there is also
an emerging interest in the field of autoimmunity, where dysregulated B cell activation
leads to an antibody-mediated targeting of healthy body tissue. Breaking the immune
tolerance towards autoreactive immune cells induces the cytotoxic death of these specific
cells, which may downregulate the immune overactivation driving autoimmunity. Indeed,
recent promising results come from a murine model of SLE [160]. In the field of NMOSD,
an open-label phase I clinical trial is currently underway, utilizing B cell maturation antigen
(BCMA) CAR-T cell therapy in patients with refractory AQP4-IgG-seropositive NMOSD
(ClinicalTrials.gov NCT04561557). Twelve NMOSD patients will be enrolled and receive
BCMA CAR-T cells following lymphodepletion with cyclophosphamide and fludarabine.
Primary outcome measures include the incidence of dose-limiting toxicities and adverse
events. The concentration of AQP4-IgG titers in the serum 3 months after infusion and
the CAR-T cell proliferation 2 years after infusion will be studied as secondary outcome
measures, together with clinical and radiological outcomes, including the annualized
relapse rate and active MRI lesions. The first results of this clinical trial are expected by the
end of 2023 [160].

Mesenchymal stem cells (MSCs) constitute multipotent stromal progenitor cells, de-
rived from allogeneic human-umbilical-cord-derived tissue (hUC-MSC), autologous bone
marrow (bMSC), or autologous adipose tissue. Among the beneficial effects of MSC
treatment are their regenerative potential, immunomodulatory properties inhibiting pro-
inflammatory cytokines, and a neuroprotective action by the secretion of neurotrophic
and survival-promoting growth factors. In the field of NMOSD, clinical trials with both
bMSC and hUC-MSC have been conducted. Compared to bMSC, hUC-MSC are easily
collectable, and although not autologous, these MSCs have a low risk for the induction of
allogeneic immune responses and consequently transplant rejection [106,118]. In a pilot
study, 15 AQP4-seropositive NMOSD patients were treated with a single intravenous
infusion of autologous bMSC, and at 2 years follow-up, favorable results were observed
regarding relapses (87% relapse-free) and disability (improvement in 40%). HUC-MSC

81



Int. J. Mol. Sci. 2022, 23, 9769

in the treatment of AQP4 IgG+ NMOSD patients was first investigated in 2012 in five
cases, when the cells were administered by an intravenous and intrathecal route combined,
divided over four infusions; favorable results were found following transplantation in
terms of relapses, EDSS score, and peripheral blood B lymphocyte counts. Interestingly,
the 10-year follow up in 2020 demonstrated that four out of five treated NMOSD patients
showed reduced annual relapse occurrence compared to before treatment, with only two
patients completing the 10-year follow-up period due to the death of two patients (at-
tributed to rapid disease progression) and failure to follow up with one patient. The safety
profile was promising, with no observed long-term tumor formation or peripheral organ
disorders. The investigators concluded that hUC-MSC transplantation warrants further
clinical trials [160,167].

6.9. Remyelination

Therapeutic approaches aimed at improving regeneration and restoring functionality
are still missing. A future treatment pathway inducing remyelination or myelin repair
would be beneficial. Promoting the differentiation and proliferation of oligodendrocyte
precursor cells (OPC) to mature oligodendrocytes capable of myelination might be a key
component of the concept. Clobetasol has been shown to promote OPC differentiation in
cultured cells and to induce remyelination in mouse brains with AQP-IgG and complement-
induced injury [168].

7. Therapeutic Approach to AQP4-IgG-Seronegative NMOSD Patients

Although AQP4-ab-negative patients are considered in the 2015 NMOSD diagnostic
criteria, a large diagnostic disagreement has been reported in this subgroup of patients,
even among experts in this field, owing to the inconsistent use of the criteria. Consequently,
the diagnosis of patients who fulfil the 2015 diagnostic criteria for AQP4-IgG seronegative
NMOSD patients requires caution, and seronegative status should be confirmed with cell-
based assays, with repeat blood work at least two to three times in a period of 6-9 months.
In addition, AQP4-IgG-seronegative patients should be assayed for MOG-IgG by cell-
based assays.

There are therapeutic challenges for double-seronegative NMOSD patients (seroneg-
ative for both AQP4-IgG and MOG-IgG), as the recent randomized placebo-controlled
clinical trials of eculizumab, inebulizumab, and satralizumab either did not include such
patients (eculizumab) or failed to provide evidence that the newer agents are effective for
relapse prevention (inebulizumab and satralizumab) in this group. In the N-MOmentum
and SAkuraStar trials, which compared a placebo to inebilizumab and satralizumab, re-
spectively, AQP4-seronegative patients were included, but these trials were not sufficiently
powered to evaluate the response in this subgroup, rendering the results primarily applica-
ble to AQP4-seropositive patients.

Recently, the Spanish NMO Study Group reported that double-seronegative and AQP4-
IgG-seropositive NMOSD patients had a similar clinical outcome, while those seropositive
for MOG-IgG had a more favorable prognosis [169]. Moreover, a study in France that in-
cluded 67 patient and employed MMF as a first-line therapy concluded that the agent was
effective in relapse prevention and disability stabilization/improvement in NMOSD pa-
tients (based on 2015 diagnostic criteria), irrespective of the seropositivity status (AQP4-IgG
seropositive, MOG-IgG seropositive, or double-seronegative) [113]. In addition, another
recent multicenter retrospective study of 245 NMOSD patients found a similar efficacy of
rituximab and MMEF both in AQP4-IgG-seropositive and double-seronegative NMOSD
patients [170].

7.1. MOG

The myelin oligodendrocyte glycoprotein is one of several proteins produced by
oligodendrocytes, the myelin-forming cells of the CNS. Together with other proteins such as
myelin basic protein (MBP), proteolipid protein (PLP), and myelin-associated glycoprotein
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(MAG), MOG is an essential component of oligodendrocyte surface membranes. These
glycoproteins have fundamental roles in the formation, maintenance, and disintegration of
myelin sheaths [171]. Compared to other glycoproteins MOG is only found in relatively
small amounts within myelin; however, its structure (extracellular IgV domain) and the
outmost external location on myelin sheaths make it easily accessible to the potential
antibodies and T-cell response involvement. MOG expression starts when myelination
begins and is thus a possible differentiation marker for oligodendrocyte maturation. Several
essential functions of MOG are suggested: the regulation of oligodendrocyte microtubule
stability, maintaining the structural integrity of the myelin sheath by its adhesion features,
and the mediation of interactions between myelin and the immune system [172]. In humans
and rodents, the MOG gene is located in the major histocompatibility complex (MHC)
locus. Molecules encoded by this region are found on the surfaces of cells and are involved
in antigen presentation, inflammation regulation, the complement system, and the innate
and adaptive immune responses. In addition, the gene has a certain structural similarity
to the B7-CD28 superfamily—encoded proteins are expressed on the surface of antigen-
presenting cells (APC) [173]. In addition, MOG can directly activate the classical pathway
of the complement cascade; reports from experimental studies suggest that the binding of
MOG to the C1q and C3d components can activate the complement system.

Neuropathological evidence has shown that the inflammatory infiltration in MOGAD
consists mainly of CD4+ T cells and granulocytes, in contrast to MS, where CD8+ T
cells predominate. Compared to MS, intracortical rather than leukocortical demyelinated
lesions were more common. Importantly, AQP-4 was preserved, as MOGAD is not an
astrocytopathy. Complement deposition within active lesions was observed, but not on
astrocytes or glia limitans. Contrary to expectations, MOG was not preferentially lost [174].

NMOSD and MOGAD are two antibody-mediated entities; however, both have differ-
ent targets. AQP4-ab-positive NMOSD is characterized by AQP4 loss, dystrophic astrocytes,
and the absence of cortical demyelination [87]. By contrast, MOGAD pathology is char-
acterized by the coexistence of perivenous and confluent primary demyelination, with
partial axonal preservation and reactive gliosis in the white and gray matter, and with
a particular abundance of intracortical demyelinating lesions [174]. This occurs on the
background of CD4-dominated T cells and granulocytic inflammatory infiltrates [87]. In
addition, contrary to classical AQP4-ab-positive NMOSD, in MOGAD, the expression of
AQP4 is preserved [174].

The phenotype of MOGAD is broad and includes ON, TM, and acute demyelinating
encephalomyelitis (ADEM). ON is the most common presentation in adults, whereas
ADEM is in children [175]. In MOGAD, disability appears to depend on relapses, with
severe disability being reported in 47% of adult MOGAD patients, in >70% of whom: it
results from the first attack [176]. Clinical characteristics suggestive of MOGAD-ON include
recurrent ON, bilateral involvement, prominent disc edema, and longitudinally extensive
ON and/or perineural enhancement of the optic nerve on MRI [96]. Although the nadir of
vision loss is severe with MOGAD-ON, the recovery is typically better than with AQP4-IgG
ON, and, in general, MOGAD-associated demyelination has been suggested to have a
more favorable prognosis compared with AQP4-seropositive NMOSD, featuring a lower
EDSS and reduced risk of visual and motor disability. The clinical course of MOGAD can
be monophasic; however, approximately 50% of patients with MOGAD will experience a
recurrent demyelinating attack, most commonly ON [177].

Disability from both AQP4- and MOG-associated ON is accumulated by poor recovery
from attacks. Interestingly, when serum samples from 177 of 448 patients enrolled in the
ONTT were assayed for AQP4- and MOG-IgG, only four MOG-IgG-seropositive patients
were identified. Therefore, the results of the ONTT are not informative regarding the
impact of high-dose corticosteroids on visual recovery in NMOSD-ON and MOG-ON.
Importantly, the clinical course of MOGAD-ON, as in NMOSD-ON, differs from idiopathic
and MS-associated ON (where steroids do not affect the ultimate visual outcome) by being
typically briskly steroid-responsive and sometimes steroid-dependent [38].
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Treatment with corticosteroids is almost always used in acute MOGAD-ON to aid
in visual recovery, and there are limited data on the natural history without treatment.
As such, new onset diseases or acute relapses are typically treated with high-dose IV
methylprednisolone for 3-5 days. According to a European cohort, a number of patients
had an extremely rapid return to baseline within 48 h following steroid initiation [175].

Acute attacks that respond poorly to steroids can be treated with PLEX or immunoad-
sorption. Observational studies have shown that, similarly to NMOSD, a shorter time to
treatment correlated with less retinal nerve fiber layer losses and better visual outcomes [36].
Similarly to NMOSD, “time equals vision”. The optimal treatment initiation may be by day
4, but treatment even before day 7 still offers an opportunity for very good visual outcomes
in MOGAD [36].

Typically, MOGAD-ON neuritis relapses respond well to steroids, but patients are
often vulnerable to relapses on tapering or withdrawal of steroids [177]. A recurrent course
is associated with higher titers of MOG-IgG during the first months and/or maintenance
of seropositive status despite treatment [175]. In contrast, low titers or seroconversion to
negativity in the early course represent a reliable predictor of a monophasic course.

The treatment of MOGAD has been largely extrapolated from AQP4-IgG NMOSD and
is currently understandardized, still based on clinical experience and observational studies
(Class IV evidence), with no approved drugs, to date, for long-term relapse prevention in
adult patients. No phase III multicenter randomized clinical trials have been performed to
assess treatment effectiveness in MOGAD, due to difficulties related to the recent recogni-
tion and low prevalence of this disease, the wide age range, and broad clinical spectrum.
MOGAD-ON frequently recurs when patients are on no-maintenance long-term treatment,
with 80% of patients having two or more attacks over a median time of 2.9 years [176]. Prior
retrospective studies suggest that long-term immunosuppressant therapy may reduce the
frequency of recurrent attacks, while most DMTs used to treat MS have not demonstrated
usefulness in preventing relapses in MOGAD. Compared to pediatric patients, adult MO-
GAD patients may have a higher risk of relapses and a worse functional recovery as well
as a shorter median time until a second attack, supporting the use of long-term relapse
prevention treatments in adult seropositive patients with ON and/or TM.

Maintenance oral steroids at the lowest possible dose are an effective treatment
strategy in MOGAD. The Australasian and New Zealand MOG Study Group recently
showed that relapses commonly occurred with doses of <20 mg prednisone per day in
adults, and that a duration of treatment or less than 3 months was associated with a
2-fold higher risk of relapses, compared to patients treated for a longer time [175]. In
addition, the concomitant use of oral steroids as an adjunct to immunosuppressive drugs
was accompanied b ay reduced risk for relapses (5% vs. 38% on immunosuppressive
monotherapy). Some patients on maintenance low-dose prednisone alone had a relapse-
free course, indicating the efficacy of steroids in sustaining remission, but the significant
long-term metabolic and bone health-related adverse effects warrant caution. Interestingly,
a subgroup of MOGAD patients remained relapse free on no immunotherapy for a long time
after the initial treatment with steroids, to only experience a relapse after many years [175].
Another group in China demonstrated that the early tapering or discontinuation of oral
steroids within 30 days had as an outcome a relapse in 59% of patients [178]. In conclusion,
a prolonged steroid taper may reduce the chance of early relapses and provide an acceptable
maintenance option, with close monitoring during and after steroid cessation.

Based on data from a recent, large multicenter cohort of MOG-IgG-positive patients
conducted by Mayo Clinic, maintenance IVIg, at 3- or 4-week intervals, applied in 10 pa-
tients (5 pediatrics), demonstrated the lowest relapse rate (only 20% had a relapse) com-
pared to alternative immunosuppressives with a relapse rate >50% (59% for AZA, 73%
for MMEF, 62% for RTX) [177]. Chen et al. suggested that IVIg effectivity in suppressing
future attacks was independent of a bias toward using IVIg in patients with a more benign
disease, and that long-term IVIg is an effective maintenance immunotherapy for patients
with MOGAD [123]. Previous small retrospective studies support these results, especially
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in children [126]. By contrast, the Australian cohort showed a higher relapse rate in three
out of seven patients receiving long-term IVIg; however, the median ARR for the cohort
was 0, and the highest relapse rate in patients treated with IVIg was the lowest among the
treatments evaluated (range 0-0.75) [175,177]. Furthermore, IVIg treatment efficacy was
shown in a large European retrospective cohort of MOG-IgG-positive patients with ON
and/or TM as a therapeutic approach after an acute relapse showing favorable results,
as 50% of patients experienced complete (or almost complete) recovery and 44% partial
recovery (measured by visual acuity and EDSS) [175].

Azathioprine and MMF seem to be effective and safe therapeutic strategies for long-
term immunosuppression in adult MOGAD patients, with failure and intolerance being
the most frequent causes for the agents” discontinuation. The agents can be used as a
monotherapy or in combination with oral steroids.

Based on a systematic review that included 17 articles, azathioprine (2-3 mg/kg/day
divided into 2-3 doses) achieves a reduction in the mean and median ARR, as well as
the stabilization or improvement of the EDSS [179]. Azathioprine was found to have the
second lowest post-treatment ARR after IVIG, although the slightly lower pretreatment
ARR for recipients of azathioprine compared to patients receiving the other therapies could
have led to a bias. Patients on AZA were also more frequently on concomitant maintenance
prednisone. The interval between the initiation of azathioprine and the first relapse ranged
from 3 to 9 months (median of 6 months) [179,180].

Cobo-Calvo et al. recently reported a significant reduction in relapses in patients
treated with MMF in a cohort of Spanish and French adult patients with relapsing MO-
GAD [128]. Furthermore, the systematic analysis in adult MOGAD patients, showed
the efficacy of MMF (1500-3000 mg/day divided into two doses) in a total sample of
96 treated patients with the agent, regarding ARR and EDSS indices [179]. Similar promis-
ing results come from a more recent prospective study, especially in a subset of patients
with isolated ON or high MOG-IgG titers. Eighty-six percent of patients had a reduced
risk for relapse after 400 days of follow up [181]. In the Australian cohort, MMF also
appeared to be effective, but treatment failure rates were higher, and relapses were often
associated with steroid tapering, suggesting the steroid was producing the benefit in these
patients [175]. Consistent findings were derived from the Mayo Clinic as well, where MMF
use in 13 patients documented a more modest reduction in relapse rates compared to the
other immunosuppressive agents [177].

Limited data about the potential use of cyclophosphamide in MOGAD are available.
Similar to the Australian cohort, which reported 50% failure [177], in the Mayo Clinic
cohort, two of three patients had relapses during treatment with the agent [177]. Chen
et al. commented that even though the lack of apparent efficacy could be attributed to
the small total number of patients treated with IV cyclophosphamide or to the reservation
of this potent agent for the most severe and refractory cases, the findings may indicate
that cytotoxic CD8 T cells are not key effectors of MOGAD pathogenesis. Confirmatory of
the potential lack of the agent’s efficacy in MOGAD patients is the fact that when the two
patients who relapsed early on cyclophosphamide switched to rituximab, they stabilized
without further relapse [177].

Whittam et al. showed in a multicenter study of 98 patients treated with rituximab that
the agent reduces the relapse rate for MOGAD, but the benefit did not appear to be as great
as for AQP4-IgG-positive NMOSD [182]. Recently, the same group demonstrated in a study
of 71 adult MOGAD patients on rituximab a relapse rate of 42%, with a median follow-
up time of 12.7 months [183]. Interestingly, the investigators found that MOG-specific
B cells were only detected in about 60% of these patients, indicating that MOG-specific
B cells are not linked to levels of serum MOG-Abs, casting doubt on whether B-cell-
depleting treatments should be used in MOG-seropositive patients. The findings of the
aforementioned studies concur with the data derived from the systematic review, which
concluded that, similar to AQP4-ab-positive NMOSD patients, new relapses within the
few weeks after the first rituximab infusion occurred in about 30% of MOGAD patients
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despite B cell depletion, with a median time from the most recent infusion to the first
relapse of 2.6 (range: 0.6-5.8) months [183]. It has been also suggested, that in relapsing
MOG-seropositive patients needing rituximab, regular CD19 monitoring and proactively
redosing a brittle patient in the event of B-cell repopulation might reduce the incidence of
repopulation relapses, as this has been demonstrated in NMOSD [175].

Emerging therapeutic approaches which have been used successfully in the treatment
of NMOSD could also be evaluated in MOGAD. To date, tocilizumab has been used with
varied effectivity in some patients with rituximab-refractory MOGAD. Furthermore, the
NMOmetum trial, which compared inebelizumab vs. placebo administration in NMOSD
patients, also enrolled seven adult MOGAD patients, but separate outcomes for the MO-
GAD subgroup were not specifically reported [184]. Novel, future, potential treatments,
also being investigated in NMOSD include: efgartigimod, a synthetic IgG1 Fc analog, which
has shown efficacy as a substitute for IVIG in treating the IgG-mediated neuromuscular
disorder myasthenia gravis; rozalixizumab, an inhibitor of the neonatal Fc receptor; and
Bruton's tyrosine kinase inhibitors.

7.2. Chronic Relapsing Inflammatory Optic Neuropathy

The main characteristic of patients with chronic relapsing inflammatory optic neu-
ropathy (CRION) is the rapid and excellent response to corticosteroid therapy, as well
steroid dependence, with relapses within weeks or months after the withdrawal of or a
decrease in corticosteroids [185]. CRION requires careful consideration and differentiation
from typical, demyelinating optic neuritis, since the treatment is entirely different, and the
outcome without treatment is likely to be very poor. Furthermore, the standard treatment
of typical ON is not adequate for CRION [186].

Already when CRION was first described by Kidd in 2003, the authors concluded
that treatment with corticosteroids was able to induce an abrupt and prompt relief of pain
and, at times, a complete restoration of normal visual acuity and color vision even months
after the onset of symptoms [186]. There was evidence that following steroid withdrawal,
patients tended to relapse, necessitating long-term immunosuppression, which appears
to arrest progression of the disease in the majority of cases [186]. Since then, the clinical
experience has evolved, and although CRION patients generally tend to respond well to
steroids, cumulative damage can lead to poor visual outcomes and structural changes in
RNFL and GCL complexes permanently. Indeed, a recent study showed that up to 25% of
patients can end up with a final visual acuity <20/40 [187]. Consequently, early diagnosis
and timely management are key for restoring as well as preserving vision.

For the time being, treatment recommendations are based on the activity of the disease
and the clinical experience with related disorders, as no CRION-specific formal guidelines
have been established yet. The general approach in the acute phase of the disease is the
administration of IV methylprednisolone 1 mg/kg for 3-5 days, possibly with added
IVIg or PLEX in severe cases, followed by oral steroids (1 mg/kg) with gradual tapering,
as an abrupt withdrawal of treatment may lead to the irreversible worsening of visual
acuity [185,188]. Given that relapses are common, the abrupt disruption of treatment
should be avoided, and the minimal effective glucocorticoid dose be identified. In addition,
the early initiation of a steroid-sparing immunomodulatory agent would be a reasonable
consideration given the well-known iatrogenic morbidity of glucocorticoids. Azathioprine,
rituximab, IVIg, cyclophosphamide, and methotrexate have been used for long-term and
short-term treatment in single reports [136]. Natalizumab has also been employed [185].
Of course, if MOG or AQP4 seropositivity or another connective tissue disease can be
identified, the therapeutic approach should be targeted at those disorders [188].

8. Conclusions

Typical and atypical ON follow a different natural history, rendering crucial the
timely differentiation between them. Treating typical ON primarily accelerates recovery
without any effect on the final visual outcome. However, the diagnosis of CIS such as
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ON provides the opportunity to closely monitor a patient clinically, and consider early
initiation of MS DMTs. However, more work is needed to find remyelinating and reparative
treatment approaches.

Among atypical causes of ON, NMOSD-related ON stands out in its severity. Prompt
and aggressive treatment is needed to save vision and CNS functioning. In addition, the
early initiation of relapse-prevention strategies is recommended. Slow steroid tapering and
the recruitment of additional long-term therapies should be considered for MOGAD-ON
and CRION.
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Abstract: Glaucomatous optic neuropathy is the leading cause of irreversible blindness in the world.
The chronic disease is characterized by optic nerve degeneration and vision field loss. The reduction
of intraocular pressure remains the only proven glaucoma treatment, but it does not prevent further
neurodegeneration. There are three major classes of cells in the human optic nerve head (ONH):
lamina cribrosa (LC) cells, glial cells, and scleral fibroblasts. These cells provide support for the LC
which is essential to maintain healthy retinal ganglion cell (RGC) axons. All these cells demonstrate
responses to glaucomatous conditions through extracellular matrix remodeling. Therefore, inves-
tigations into alternative therapies that alter the characteristic remodeling response of the ONH to
enhance the survival of RGC axons are prevalent. Understanding major remodeling pathways in the
ONH may be key to developing targeted therapies that reduce deleterious remodeling.

Keywords: glaucoma; optic nerve head; lamina cribrosa; lamina cribrosa cells; scleral fibroblasts;
glial cells; intraocular pressure

1. Introduction

Glaucomatous optic neuropathy (GON) remains the leading cause of irreversible blind-
ness worldwide, and the prevalence is expected to increase in the coming decades [1,2].
Glaucoma is a progressive optic neuropathy which is characterized, in part, by pronounced
reorganization of cells in the lamina cribrosa (LC) and peripapillary sclera (ppScl). The
variable loading forces imparted on the LC and ppScl by intraocular pressure (IOP), coun-
terbalanced with cerebrospinal fluid (CSF) pressure, result in a region of high strain (tissue
stretch) that impacts all ONH cell types and initiates cellular and extracellular matrix (ECM)
remodeling. These cellular responses and subsequent ECM remodeling can negatively
impact this milieu through which the projecting retinal ganglion cell (RGC) axons must
traverse, and this may account for the increased vulnerability to further glaucomatous
injury seen in the aged optic nerve or with increasing glaucoma severity (Figure 1).

While IOP lowering remains the only proven treatment, glaucoma can develop and
progress even at normal or low levels of IOP. Thus, increasing interest in understanding
potential pathways that modulate the pathologic remodeling in the LC and ppScl as a
potential approach to develop novel “non-IOP” lowering treatments is emerging, and
an abundance of work investigating the mechanisms that underly the ONH remodeling
response has been conducted. The aim of this review is to describe the active responses of
three major cell populations thought to be most critical to the remodeling response seen in
the glaucomatous ONH: LC cells, glial cells, and scleral fibroblasts and to discuss potential
therapeutic pathways. While each cell type serves a different purpose, each of these cell
populations utilizes similar pathways to respond to the chemical and physical signals
presented. Importantly, these responses appear to be consistent between animal models
and human tissue culture models of the disease. While therapeutics aims at altering ECM
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remodeling are a promising potential treatment for glaucoma, it is not the only mechanism
that can be exploited clinically.
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Figure 1. Mechanotransduction and optic nerve head remodeling. (A) Healthy optic nerve head

(ONH) anatomy detailing key regions. (B,C) Increased intraocular pressure (IOP, blue arrows) is
counterbalanced by optic nerve sheath pressure (ONSP, open arrows) resulting in tissue strain in the
optic nerve head (ONH). This can damage axons directly (red) and activates cellular mechanotrans-
duction that drives remodeling of the lamina cribrosa (LC) and peripapillary scleral (ppScl). (C) This
remodeling alters the material properties and tissue architecture that modulates the stain that drives
further remodeling. (D) This creates a negative feedback loop (—) that increases the vulnerability of
the RGC axons to further glaucomatous injury. Deformation of any mechanical structure under load
(strain) is determined by the loading forces (stress) along with its architecture and material properties.

2. Remodeling Response in Aging and Glaucoma

The ONH contains the LC, which is a thin multilayered, reticular load-bearing con-
nective tissue that allows RGC axons and blood vessels to traverse this region of high
strain while being supported by glial cells, LC cells, and a load-bearing collagenous matrix.
Its unique structure makes it the “weak point” within the sclero-corneal shell where me-
chanical strain from changes in internal and external pressures on the globe are focused.
The LC inserts and anchors itself into the ppScl which provides substantial support to
counteract IOP [3-5]. In fact, the ppScl may experience the greatest amount of strain in
response to elevated IOP [6,7]. The LC and ppScl also receive counteracting pressure from
the post-laminar CSF [8]. Since the LC and overlying peripapillary choroid are perfused
via branches of the posterior ciliary arteries that are encased in the ppScl, these vessels are
subjected to direct mechanical forces as well. Thus, the classic vascular and mechanical the-
ories of glaucoma pathogenesis are inseparably intertwined with the mechanical behavior
of the LC and ppScl directly impacting perfusion and vice versa.

As with any load bearing structure, the amount of deformation (strain) experienced
by the LC and ppScl is dependent on the morphology and material properties of these
tissues, both of which are altered by both age-related and glaucomatous remodeling. Thus,
the mechanocelluar response of the tissues, which is driven by strain, directly modifies
the structure and material properties (stiffness) of the LC and ppScl which, in turn, al-
ters the strain driving the remodeling. This dynamic creates a feedforward mechanism
that may result in an increasingly pathologic milieu. This mechanism may account for
the increased susceptibility to glaucomatous injury seen with aging and with increasing
glaucoma severity observed across several prospective glaucoma studies [9-13].

A key pathologic characteristic of the glaucomatous ONH is ECM disorganization [14-16].
The generation of new ECM is an important component of the glaucomatous response and
reorganization of the existing ECM is vital to understand for the development of new treat-
ments. Animal models and ex vivo testing of human cadaveric tissues has shown that the
sclera is known to stiffen with age and glaucoma, driving increased strain to the ONH [17,18].
In the non-human primate model of glaucoma, LC structure is dramatically disturbed, and
collagen density is altered differently depending on the collagen subtype [14,19,20].

The molecular mechanisms of ECM reorganization center largely on the transforming
growth factor-3 (TGF-3) pathway, although other pathways are likely implicated. TGF-f3 is
typically inactivated by latency associated peptide (LAP) and enzymes that cleave LAP can
consequently activate TGF-§3, allowing it to bind to a TGF-{3 receptor complex and activate
downstream Smads that control transcription (Figure 2) [21]. In turn, this pathway results
in the increased production of ECM molecules and proteins [22-24]. There are several
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potential mechanisms for TGF-f3 activation. Interactions with matrix metalloproteinases
(MMPs), integrins, and thrombospondin (TSP) can all trigger TGF-3 activation [25,26].
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Figure 2. Canonical and non-canonical TGF-f3 pathways of importance and notable interactions
with CTGF and integrin signaling. All pathways ultimately lead to alterations in ECM remodeling
responses when activated. Adapted from “Canonical and Non-canonical TGFb Pathways in EMT”, by
BioRender.com (2022). Available online: https://app.biorender.com/biorender-templates, accessed
on 7 June 2022.

There are a multitude of enzymes in the MMP family with various substrate specificity
and all contribute to the degradation of ECM components such as collagen, gelatins,
laminin, and more [27,28]. In the glaucomatous ONH, MMP-1, -2, -3, and -14 have all
demonstrated upregulation [29]. The TSP family has been implicated in a variety of fibrotic
pathologies due to its ability to activate TGF-f3, and it has implications in ECM remodeling
and in IOP levels in knock-out mouse models [30,31]. However, evidence suggests that
expression levels of TSP isoforms may vary depending on disease stage, such as low
TSP-4 expression in early glaucoma that increases in late stages of the disease [32]. Lastly,
integrin signaling-mediated activation of TGF-f3 may also be more pertinent to glial cells
and vascular endothelial cells in the ONH [33]. In total, the elements of this pathway
have multiple different implications on the profibrotic responses of the cell types discussed
below. Cellular responses include generation of newly synthesized ECM, ECM editing,
cellular migration, and cellular contractility. Overall, there are four cell types involved
in ONH remodeling including the lamina cribrosa (LC) cells, which are in contact with
the laminar beams, astrocytes and microglia cells within the pores of the LC, and scleral
fibroblasts within the ppScl.

3. Lamina Cribrosa Cells

LC cells are typically differentiated from regional astrocytes by the lack of GFAP,
constitutive expression of x-smooth muscle actin («-SMA), alternate shape, and localization
among other factors [34,35]. While LC cells typically maintain the supportive laminar
beams and ECM through production of collagen, elastin, and fibronectin [35], they are also
capable of dynamic reactions to external stimuli that can alter the properties of the ECM.
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For example, human LC cells in culture exposed to mechanical strain demonstrated altered
expression levels of multiple genes that implicate ECM components, cell proliferation,
growth factors, and cell surface receptors [36]. In addition to mechanical strain, LC cells
can also respond to oxidative stress by upregulating fibrotic genes and production of
collagen and a-SMA [37]. Human LC cells cultured in hypoxic conditions also demonstrate
increased expression of ECM-related factors such as macrophage migration inhibitory
factor and discoidin domain receptor [38—40]. This evidence shows that mechanical strain,
oxidative stress, and hypoxia, all potentially relevant to the pathogenesis of primary open-
angle glaucoma (POAG), cause LC cells to express and secrete collagen as well as other
fibrotic molecules.

LC cells are likely to play a critical role in reorganization and remodeling of the
LC in response to mechanical activation also through the TGF-$ pathway. Specifically,
MMP-2 expression and activity are both increased in response to glaucomatous condi-
tions [24,34,41]. MMP and TSP1 expression is upregulated in LC cells responding to
mechanical stress [24,36]. Increased expression and secretion of active MMPs that digest
ECM components are likely a major component of ECM disorganization in response to
strain. Additionally, LC cells use the ECM matrix as a scaffolding and with localized degra-
dation, LC cells may use the detachment to migrate within the ONH which could underlie
the ability of the LC to migrate posteriorly within the ONH [42,43]. There is evidence
that application of human TGF-[32 also stimulates MMP activity in porcine LC cells which
further supports the role of this pathway in another animal model [44]. Unfortunately,
rodent ONHs do not contain LC cells and, though it has been noted previously, there
remains no published attempts to culture primate LC cells [45].

As previously mentioned, these notable ECM modifying proteins can also function as
activators of latent TGF-3. However, there is also evidence of the reverse: active TGF-f3
and the subsequent Smad transcriptional regulation pathway controls the expression level
of its own activating partners. For instance, application of TGF-f31 to cultured human LC
cells induced greater expression of TSP [23]. This evidence suggests that the initial triggers
of the TGF-f3 activation initiate a feed-forward mechanism of ECM remodeling in the LC
that has deleterious effects on the axons of the RGCs in the region [26]. This feed-forward
signaling mechanism has been demonstrated in the other cell types described below.

TGE-3, as well as mechanical and oxidative stress, can also influence aspects of ECM
regulation in LC cells through calcium-dependent pathways. For instance, LC cells cul-
tured from glaucomatous human eyes demonstrated dysregulation of calcium, such as
high intracellular levels in response to previously mentioned stimuli and a reduced ability
to sequester free cytoplasmic calcium [46,47]. Increased levels of cellular calcium can have
a variety of effects on signaling pathways due to the dynamic nature of calcium as a second
messenger. Of those pathways, the activation of nuclear factor of activated T-cells (NFAT)
may be most relevant to LC cells. In short, calcineurin can bind calcium to calmodulin,
which can dephosphorylate NFAT. NFAT then complexes with transcription factors to
influence transcription of genes including those that modulate the ECM [48]. While inhi-
bition of this pathway may aid in the treatment of glaucoma, it is not fully understood
what precedes the loss of calcium regulation in glaucomatous LC cells. However, one
potential preceding factor may be the presence of transient receptor potential canonical
(TRPC) channels, a class of voltage-independent channels that preferentially respond to
calcium ions and are not necessarily dependent on stimuli such as TGF- or oxidative
and mechanical stresses [49,50]. Interestingly, isoforms of TRPCs, such as 1 and 6, are
significantly overexpressed in glaucomatous LC cells cultured from human ONHs [51].
The increased presence of these channels may disturb homeostatic levels of calcium in LC
cells, thereby inducing dysregulation. Additionally, these channels modulate transcription
of ECM components such as TGF-f3, x-SMA, collagen, and MMPs likely through the NFAT
pathway described previously [49,51]. Furthermore, TRPC-1 and -6, at least in cancerous
cells of the central nervous system, also regulate cell migration [49,52,53]. While these
mechanisms of migration have not directly been shown in LC cells, it is possible that
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glaucomatous LC cells overexpressing these TRPCs may initiate signaling cascades that
increase the degree to which LC cells migrate within the LC, potentially contributing to
posterior LC migration.

4. Glial Cells

The ONH also contains a resident population of glial cells that create the blood-brain
barrier (BBB) and myelinate the RGC axons in the post-laminar region. Dormant microglia
are also primed for reactionary responses to local insult or disease [29,54]. Astrocytes, like
LC cells, demonstrate mechanosensitive properties and are reactive to glaucomatous condi-
tions in humans and other animal models [55-58]. In the healthy ONH, astrocytes typically
support the BBB, but type 1B astrocytes, the dominant subtype in the ONH, can also assist
the LC cells in producing the ECM in response to glaucomatous conditions [15,59-61].
Furthermore, astrocytes make connections with other astrocytes and LC cells which could
aid in coordinating responses to mechanical strain. Actin reorganization of astrocytes in
response to elevated pressure can occur within hours of IOP elevation in rodents and reor-
ganization to baseline may happen over the same time scale, or perhaps even days [62,63].
Reactive astrocytes also produce MMPs which could serve a similar purpose as suggested
previously; to sever connections to allow cellular displacement as well as rearrangement of
the ECM [29]. As discussed above, MMP function ties in closely with TGF-f3, and evidence
shows that astrocytes utilize the TGF-f3 pathway in response to glaucoma as well [22,64,65].
Also prominent to the TGF-3 pathway is connective tissue growth factor (CCN2; referred
to here as CTGF), a significant binding partner of TGF-f3 that has been shown to affect the
TGF-p pathway, and it is required for Smad1 but not Smad3 activation [66]. CTGF is a
mediator of ECM synthesis in the anterior segment as well, as demonstrated by a murine
model with increased secretion of CTGF resulting in trabecular meshwork (TM) remodeling
and increased IOP [67]. Further evidence in mice shows that the astrocytic levels of CTGF
in the ONH increases in glaucomatous animals as a result of elevated IOP and stiffness,
which agrees with the observation that there are elevated levels of CTGF in glaucomatous
ONHs of humans as well [68]. At least in mice, CTGF seems to be predominantly expressed
by astrocytes in the ONH [69], but there is reason to suggest that CTGF may affect other
cell types such as LC cells [37].

Integrin signaling in astrocytes may also be involved in the LC cell in detecting tissue
strain and inducing cellular migration and reattachment [33]. However, these are not
the only molecules involved in astrocytic remodeling as myosin light chain kinase has
increased expression in response to mechanical strain of astrocytes and is implicated in
cellular migration [70]. Moreover, phosphoinositide 3-kinase, protein kinase C, and tyrosine
kinase have also be implicated in migration [71]. Astrocytes also detect mechanical strain
with TRPCs which may provide early responses to initial IOP increases. For example, in
an induced mouse model, reactive astrocytes respond within one hour of an IOP increase,
likely mediated by TRPC isoforms sensitive to stretch [72]. As previously mentioned,
this TRPC-NFAT pathway can induce transcriptional changes related to the ECM and can
influence cellular migration.

Astrocytic responses are not limited to mechanoreceptors as hypoxia can also trig-
ger responses. Hypoxia-inducible factor-lax (HIF-1«x) is a transcriptional factor that is
upregulated in response to hypoxic conditions and plays a role in cellular metabolism,
proliferation, and angiogenesis [73]. The link between the glaucomatous ONH and HIF-1«
was first noted by examining human eye post-mortem, but it has been noted in glaucoma-
tous dogs as well [39,74]. These findings have been replicated in induced rodent models of
glaucoma, and the evidence indicates that HIF-1x activation is localized to astrocytes of
the retina and ONH [75,76]. There is currently no explanation for why HIF-1« responses
are localized to astrocytes and not microglia or RGCs in these models. However, it does
indicate that global hypoxic conditions of the ONH, at least on these early timescales,
cannot explain RGC dysfunction due to ischemia. Alternatively, PACE4, a subtilisin-like
protein convertase, is known to increase expression in response to hypoxia, which may
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also occur due to vascular compression or primary vascular or vasospastic disease [39,77].
PACE4 also displays constitutive expression and activity in glial cells across the retina,
but more so in the ONH [78]. This may be an important factor to consider given the
evidence that the PACE family interacts with inhibitors of MMPs, tissue inhibitors of matrix
metalloproteinases (TIMPs), as well as TGF-f3 [79].

Astrocytes at the post-laminar, myelination transition zone (MTZ) are also of interest
due to the potential posterior shift of the LC that may be signaled by mechanotransduction
of the cells. Specifically, galectin-3 (also known as Lgals3 or Mac-2) has been shown to
be upregulated and involved in astrocytic phagocytosis of RGC axons [80]. Additionally,
recent evidence in an inducible murine model has shown that astrocytes near the MTZ
react by projecting longitudinal processes into the axonal bundles of the ONH, rather than
encasing the axons, perhaps contributing to phagocytosis [56]. There is also reason to
believe that such phagocytotic absorbance of mitochondria localized to the axons may
precede RGC degeneration [81-83].

Microglia are also present in the ONH and are activated in glaucomatous eyes [84].
Similar to LC cells, activated microglia express both TGF-f3 and MMPs which are not
produced in the microglia of healthy ONHs [29]. While microglia are likely incapable of
the secretion of ECM molecules, there is mounting evidence that suggests that microglia
across the central nervous system are highly active in the maintenance of the ECM through
reorganization using MMPs, TSPs, and other similar proteins [85,86]. These processes may
be important in the formation of glial scarring, a deposit of new ECM that may not be
beneficial to the RGC axons [87]. While this produces a physical obstruction within the
ONH that can damage axons, deposits of proteoglycans such as tenascin, which is produced
by astrocytes in a mechanically independent model of glaucoma, may provide some initial
protection to the axons [88-90]. Furthermore, tenascin is a substrate on which MMPs can
act and remodel. Activation of microglia can be dependent on integrin signaling, detection
of damaged cells, and growth factors such as TGF-f3 [33,86,91,92]. While some components
of astrocyte activation are necessary for cellular repair and neurotrophic factors, persistent
activation can lead to secretion of cytotoxic molecules that are likely further detrimental to
the RGC axons [93].

The reactivity of both astrocytes and microglia contributes to the neuroinflammatory
conditions of the ONH that may negatively impact the surrounding milieu. This perspective
of GON is complex and has generated a rapidly emerging line of work which has recently
been adequately reviewed [94-98].

5. Scleral Fibroblasts

The ppScl, or scleral flange, is the portion of sclera immediately surrounding the
scleral canal which provides an anchoring point for the LC. It also contains the penetrat-
ing branches of the posterior ciliary arteries that perfuse the LC and overlying choroid.
The ppScl, as with the remaining sclera, is composed of a dense, collagenous ECM in-
terspersed with resident fibroblasts that maintain the ECM [99]. Similar to the other cell
types, the scleral fibroblasts of the ppScl also produce ECM remodeling factors in response
to glaucomatous conditions as demonstrated in human tissue and primate, and mouse
models [19,100]. A notable characteristic of these cells is that when active and responsive,
they differentiate into myofibroblasts consequently expressing x-SMA [101-103]. Differ-
entiation of scleral fibroblasts can be caused by a mechanosensitive response to increased
pressure and leads to the secretion of ECM materials, such as collagen, and ECM editors,
such as MMPs and TIMPs [104-107]. Myofibroblast differentiation is also partly dependent
on Src-kinase pathways as inhibitors of the pathway, such as dasatinib, can restrict the
process [108]. Myofibroblast differentiation requires transcriptional changes which can be
seen as soon as 30 min after mechanical strain is applied to human tissue culture [109].

Scleral fibroblasts use the collagenous matrix as the point of cell adhesion. This collage-
nous matrix of the ppScl is morphologically distinct from the rest of the sclera. Specifically,
collagen in the ppScl runs in a circumferential pattern around the ONH while collagen
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in the posterior sclera is arranged in a “basket-woven” pattern [110,111]. Interestingly,
this pattern correlates with distribution and alignment of scleral fibroblasts. Fibroblast
density increases in proximity to the ONH, and fibroblast projections are highly aligned
with collagenous structures [112]. There is also limited evidence to suggest that such
fibroblast density gradients may exist in mouse as well [113]. Given this precise alignment
of fibroblasts and collagen, these cells likely play a role in the detection of tissue stretch.
The reaction of fibroblasts may also differ based on localization as x-SMA expression
appears to disrupt fibroblast projection alignment with collagen in the peripheral sclera,
but not the ppScl, and fibroblast orientation is most altered when cells detect both strain
and TGF-f3 signaling simultaneously [112]. These synergistic processes likely reinforce
chronic glaucomatous remodeling of the ppScl, altering its biomechanical properties.

Properties of scleral fibroblast differentiation and proliferation are partly mediated by
both Yes-Associated-Protein (YAP) and Rho-associated protein kinase (ROCK) [114,115].
A notable trait of myofibroblasts is their expression of x-SMA, which may aid in acutely
altering scleral stiffness and in cell migration [116]. Furthermore, fibroblast migration
is also associated with ROCK and YAP as inhibition of both leads to reduction in rates
of migration as well as the contractile abilities associated with «-SMA [114,115]. ROCK
inhibitors thus may be a potential treatment that is currently used to increase aqueous
outflow in the anterior segment.

Similar to LC cells, TGF-f and Smad-based transcription play a role in fibroblast
responses as well. Application of TGF-f to cultured scleral fibroblasts induces higher levels
of a-SMA expression and contractility [115] and binding partners of Smad are upregulated
in scleral fibroblasts responding to stretch [109]. Additionally, YAP and Smad3 are shown to
interact in human scleral fibroblasts which undergo strain [114]. Within an induced mouse
model of glaucoma, upregulation in both TSP and integrin expression, both activators of
TGF-f3, have been demonstrated [104]. Furthermore, an ECM remodeling protein, TGF-f3
inducible protein (TGF-Bip), is known to express in response to TGE-f3 signaling pathways,
especially in collagen rich tissues [117]. There is evidence of the presence and secretion of
TGF-Bip in human and non-human primate sclera, and TGF-Bip has binding properties
with integrins at the cell surface in human scleral fibroblasts, which are implicated in stretch
detection and in the modulation of the biomechanical properties of the cell [118-120]. TGF-
Bip can also inhibit fibroblast adhesion to collagen, which likely affects remodeling and
cellular migration [119]. Taken together, these results suggest that scleral fibroblasts in
glaucomatous conditions use similar signaling pathways to LC cells, such as TGF-§3, to
differentiate, migrate, and induce extensive remodeling of the sclera and ppScl.

6. Discussion

Glaucoma treatment is difficult due to its complex, incompletely understood, patho-
physiology, and while IOP lowering is impactful, it does not universally prevent the
progression or development of the disease. These approaches to lower IOP focus on reduc-
ing the mechanical stress applied to the optic nerve head. Altering the material properties
or morphology of the LC and ppScl by manipulation of the processes involved in ONH
remodeling has the potential to increase the resilience of the ONH to the stress induced
by changing IOP and promote RGC survival. However, it remains unclear what mechan-
ical properties of the sclera and LC are beneficial and what properties are harmful. For
example, there have been hypotheses that increased stiffness could resist elevated IOP
levels [17]. However, a stiffer scleral may increase the strain experienced by the OHN
by directing stress to the weakest point in the eye wall. Multiple scleral stiffening com-
pounds such as glyceraldehyde, glutaraldehyde, and genipin have failed to demonstrate
RGC protection in rodent models or tree shrews thus far [121-123] and may be harmful
to the retina as well [124]. Alternatively, perhaps reducing scleral stiffness could alleviate
certain cases of glaucoma through the application of collagenase or other compounds that
break down glycosaminoglycans [125-127]. Although the evidence is limited, one study
showed that rats with experimentally induced glaucoma and subsequently treated with a
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glycosaminoglycan digesting agent via intravitreal injection demonstrated preservation of
RGC dendritic fields [128]. While it is promising that the manipulation of scleral material
properties may impact glaucoma development, it is unclear how a collagenous LC may
respond to approaches that increase or decrease LC stiffness in terms of RGC survival.
Several therapeutic approaches targeting the cells that create the ECM have been
suggested in an attempt to inhibit molecular pathways that trigger ECM secretion (Table 1).
Notably, many of the drugs under investigation target some element of the TGF-3 pathways
referenced previously. For instance, losartan inhibits the G-protein-coupled receptor (GPCR)
angiotensin 1 and is a target for the TGF-§3 ligand [129]. When losartan was administered
orally to mice with experimentally induced glaucoma, RGC loss was prevented, likely by
inhibiting the degree to which scleral fibroblasts could remodel the ECM [130]. However,
a side effect of losartan is decreased blood pressure which could reduce ocular perfusion

pressure, a critical risk factor for glaucoma.

Table 1. Potential therapeutic targets to alter glaucomatous remodeling.

Mechanism of Action Drug(s) Impact on Optic Nerve Remodeling Models Tested References
. Bimatoprost, Latanoprost, . . .
Prostaglar\dm' F receptor Fluprostenol, Tafluprost, Upregulation of MMP-1, -3, -9 Mouse, Rat,. Rabblt’ Guinea Pig, Cat, [131-156]
agonist T Dog, Pig, Primate, Human
ravoprost
Hybrid prostag?andm F Upregulation of MMPs and decrease cell Mouse, Rabbit, Dog, Primate,
receptor agonist and Latanoprostene bunod o [157-159]
L . contractility Human
nitric oxide donator
B-adrenoceptor Betaxolol, Timolol Increased blood flow velocity Mouse, Rat, Rabbit, Cat, Dog, Pig, [160-174]

antagonist

Primate, Human

«p-adrenergic agonist

Apraclonidine, Brimonidine

Anti-apoptotic; RGC survival signal

Mouse, Rat, Guinea Pig, Rabbit, Cat,
Dog, Pig, Primate, Human

[139,175-188]

Carbonic anhydrase Acetazolamide, Brinzolamide, . Mouse, Rat, Guinea Pig, Rabbit, Dog,
inhibitor Dorzolamide, Methazolamide Increased blood flow and oxygen tension Pig, Primate, Human (189-210]
Inhibits contractility and migration of . .
ROCK Inhibitor Fasudil, Netarsudil, Ripasudil fibroblasts; inhibits production of ECM; Mouse, Rat, I;?bblt’ Dog, Primate, [211-226]
L uman
inhibits cell death pathways
Inhibits secretion of Tranilast Prevents TGF-3 mediated fibrotic Rabbit, Human culture [227-229]
TGF-p responses by nearby cells
Inhibit t;acr;llg_cgptlon of ISTH0036, TbetaRII (RN A1) Decreased levels of TGF-3 expression Mouse, Human Culture, Human [230-232]
Direct Targeted inactivation of TGF-3 to prevent
immunosuppression of Lerdelimumab & 1 p Rabbit, Human [233,234]
TGF-B receptor binding
Inhibit TSP1 binding to Inhibits TSP1 mediated activation of latent
LAP LSKL TGE-B Mouse [235]
Direct
immunosuppression of Pamrevlumab Inhibits CTGF interaction with TGF-3 Human Culture [37]
CTGF
Reduce YAP and CTGF Verteporfin (without light Reduces cell contractility via YAP; reduces
expression activation) CTGF interaction with TGF-f3 Mouse, Human Culture, Human [236-238]

Increased nitric oxide

Atorvastatin, Lovastatin,

Inhibit RhoA /ROCK pathway and reduce
levels of MMP-2 and -9, decrease cell

Mouse, Rat, Rabbit, Dog, Pig,

[65,239-249]

production Simvastatin contractility Human Culture
Angiotensin 1 receptor o . . .
(ATIR) inhibitor Losartan Inhibits Smad2 phosphorylation Mice, Rat, Rabbit, Human [130,250-252]
ilycosa‘mmoglycan Chondroitinase ABC Weakens ECM (reduces stiffness) Rat, Pig, Primate, Human Culture 125,128,253,
egrading enzyme 254]
Inhibit myosin light Src-family tyrosine kinase Alters cell adhesion, reduces cell .
chain phosphorylation (SFK) inhibitors (PP2) contractility, and permeability of cell layers Rabbit, Human Culture [108,255]

Additionally, the competitive antagonist LSKL, which can cross the BBB, may be
another candidate for the treatment of glaucoma. LSKL prevents TSP1 from binding to LAP
which prevents activation of TGF-f and its downstream pathway. The result is that LSKL
administration to rodents leads to reduced fibrosis with minimal side effects [26,256,257].
Despite the potential, there has not been any published evidence that LSKL can ame-
liorate the glaucomatous ONH and preserve RGCs [30]. CTGF, a primary interactor of
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TGF-p, is also profibrotic, and inhibition of CTGF in cultured human LC cells using the
monoclonal antibody FG-3019 blocked ECM synthesis in these cells [37]. The antibody
FG-3019, or pamrevlumab, is currently being evaluated in clinical trials for idiopathic
pulmonary fibrosis, but its effectiveness beyond cultured cells in glaucoma has not yet been
illustrated [258]. While intriguing, there are also a multitude of other potential therapies
or pathway targets of TGF-f3 that could be beneficial for the treatment of glaucoma [259].
Future therapeutic pathways may further probe the relationship between TGF-f and both
bone morphogenic proteins (BMPs) and Wnt signaling; two candidates that may inhibit
profibrotic responses [260,261].

Another method to prevent remodeling in the ONH is to prevent the synthesis of
collagen by LC cells and astrocytes before it is secreted. The drug tranilast is known to
inhibit collagen synthesis and has been shown to work on cultured human LC cells and
astrocytes [228]. The inhibition of rho-associated protein kinase (ROCK) has also been shown
to prevent scleral fibroblast from exhibiting myofibroblast features, limiting contractility and
expression of a-SMA [115]. In fact, ROCK inhibitors, such as K-115 or ripasudil, are currently
being investigated in clinical trials for glaucoma treatment [222,262-264].

Some common currently available systemic and topical treatment may also potentially
impact glaucoma development. Statins have been shown to prevent TGF-3-mediated
activation of MMPs through ROCK pathway inhibition in cultured human eye [65]. Ad-
ditionally, simvastatin has demonstrated a protective effect on RGC survival in a mouse
model of retinal ischemia via elevated IOP [240]. Whether or not statins could be effec-
tive at treating human cases of glaucoma with little side effects is unknown [265], but
administrative database studies and meta-analyses have suggested a potential protective
effect, slowing the development of glaucoma [266-268]. Lastly, prostaglandin analogues,
the most common IOP-lowering treatment for glaucoma, work by upregulation of MMPs
via the prostaglandin F receptor. These same pathways that alter the ECM of the iris and
ciliary body to lower IOP are also involved in glaucomatous remodeling in the posterior
pole [269]. While it is unknown whether these compounds would reach therapeutic levels
in the posterior pole with topical administration, methods of delivery could be developed
to impact the ONH more directly.

In summary, there is intriguing emerging evidence that manipulation of the mechani-
cal properties of the sclera and/or ONH may provide an alternative treatment for glaucoma
that is independent of IOP lowering. However, it is possible that implementing a combina-
tion of treatments exploiting several mechanisms, such as IOP lowering, ECM remodeling,
and neuroprotection, may provide the most effective treatment for patients. The resident
cells of the ONH and ppScl that drive remodeling of these critical load-bearing connective
tissues can potentially be recruited to improve the resilience of the optic nerve to glaucoma-
tous injury. It is critical that additional research is conducted to clarify how the material
properties in the LC and scleral should be adjusted to a beneficial effect and to elucidate
the mechanocellular pathways involved in age-related and glaucomatous remodeling.
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Abstract: Primary open angle glaucoma (POAG), a chronic optic neuropathy, remains the leading
cause of irreversible blindness worldwide. It is driven in part by the pro-fibrotic cytokine transforming
growth factor beta (TGF-3) and leads to extracellular matrix remodelling at the lamina cribrosa of
the optic nerve head. Despite an array of medical and surgical treatments targeting the only known
modifiable risk factor, raised intraocular pressure, many patients still progress and develop significant
visual field loss and eventual blindness. The search for alternative treatment strategies targeting the
underlying fibrotic transformation in the optic nerve head and trabecular meshwork in glaucoma
is ongoing. MicroRNAs are small non-coding RNAs known to regulate post-transcriptional gene
expression. Extensive research has been undertaken to uncover the complex role of miRNAs in
gene expression and miRNA dysregulation in fibrotic disease. MiR-29 is a family of miRNAs which
are strongly anti-fibrotic in their effects on the TGF-f3 signalling pathway and the regulation of
extracellular matrix production and deposition. In this review, we discuss the anti-fibrotic effects of
miR-29 and the role of miR-29 in ocular pathology and in the development of glaucomatous optic
neuropathy. A better understanding of the role of miR-29 in POAG may aid in developing diagnostic
and therapeutic strategies in glaucoma.

Keywords: glaucoma; glaucomatous optic neuropathy; fibrosis; miR-29; extracellular matrix

1. Introduction

Glaucoma is the leading cause of irreversible blindness worldwide, affecting over
60 million people, a number which is predicted to rise to 118.8 million by 2040 [1]. Glaucoma
refers to a group of clinical conditions rather than to an individual disorder. In general,
these conditions are related by the presence of a progressive optic neuropathy. The most
common form of glaucoma, primary open angle glaucoma (POAG) is characterised by
raised intraocular pressure (IOP), loss of retinal ganglion cell (RGC) axons, and excavation
of the optic nerve head (ONH), leading to characteristic peripheral visual field loss [2]. The
key site of damage at the ONH in glaucoma is the lamina cribrosa (LC), which consists of a
series of porous connective tissue plates, allowing the passage of RGC axons to exit the eye
whilst maintaining structural support to the ONH. Surrounding these laminar plates are the
LC cells and ONH astrocytes, which produce essential growth factors and the extracellular
matrix (ECM) [3]. The laminar plates consisting of ECM components, including collagen
and elastin, are subject to fibrotic remodelling, including excess deposition of elastin and
collagen fibres [4,5]. Increased IOP is believed to lead to mechanical strain on the LC,
disruption of these porous pathways, and resultant damage to the RGC axons, which are
seen in glaucomatous injury [6].

The primary and only known modifiable risk factor in POAG is raised intra-ocular
pressure (IOP). IOP is maintained by a balance between the rate of production of aqueous
humour from the ciliary body and the rate of drainage of aqueous via the trabecular
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meshwork (TM) and the uveoscleral pathway. Resistance to outflow occurs primarily at the
juxtacanalicular connective tissue due to ECM remodelling leading to raised IOP [7]. IOP-
lowering treatment reduces the risk of glaucoma development and progression. Several
multi-centre studies have shown that reducing IOP is neuro-protective and can delay
structural and functional damage to the optic nerve axons [8]. In the Ocular Hypertension
Treatment Study (OHTS), treatment reduced the risk of developing glaucoma from 9.5% to
4.4% [9]. In the Early Manifest Glaucoma Trial (EMGT) a 25% reduction in IOP resulted
in less frequent and later progression compared to untreated patients [10]. However,
despite adequate reduction in IOP with medical or surgical intervention, many patients
still progress and develop significant visual field loss. The cumulative risk of unilateral
blindness due to glaucoma is estimated to be 26.5% after 10 years and 38.1% at 20 years,
while bilateral blindness has been found to occur in 5.5% of patients after 10 years and
13.5% after 20 years [11]. This suggests that the nature of POAG is multi-factorial, involving
complex molecular networks and aberrant growth factor signalling’ working synergistically
to result in the glaucomatous changes that are observed in the ONH [12]. Multiple research
groups have identified transforming growth factor beta (TGF-3) as one of the major fibrotic
players in glaucoma [13].

2. TGF-f Drives Fibrosis in Glaucoma

TGF-p is a multifunctional cytokine known to play a major role on the molecular
pathways that modulate ECM in glaucomatous eyes [14,15]. The TGF-3 family consists
of the TGF-31, TGF-32, and TGF-[33 isoforms and regulates proliferation, differentiation,
ECM remodelling, epithelial-mesenchymal transition (EMT), tumour progression, and
apoptosis [13]. TGF-f signalling occurs via canonical (Smad dependent) and non-canonical
(non-Smad dependent) pathways. The specific cellular effects of TGF-f3 are dependent of
the isoform concentration and target tissue. Normal regulation of TGF-f is required for
maintenance of tissue homeostasis; however, aberrant overexpression has been implicated
in several ocular, fibrotic, and neuro-degenerative diseases. TGF-3 plays a central role
in fibrosis and wound healing as it induces the differentiation of fibroblasts to highly
contractile myofibroblasts characterized by the enhanced expression of ECM proteins [16].

Strong evidence extrapolated from ex vivo and in vitro studies demonstrates a link
between TGF-f3 and ocular hypertension. Raised IOP has been associated with the TGF-f3-
induced fibrotic response in the eye. Cultured human and animal anterior ocular models
have shown that TGF-f3 can directly increase IOP, while animal models mimicking glau-
coma suggest that elevated IOP induces physical changes at the ONH, resulting in the
compression of the optic nerve, blockage of axoplasmic flow, and retinal ganglion cell
death [17-22]. The LC site is considered a significant location of optic nerve fibre damage in
glaucoma as LC cells are similar to myofibroblasts, which are known to be responsible for
fibrotic disease development elsewhere in the human body [23] Profibrotic changes elicited
by TGF-f3 within the ONH have been implicated in POAG and pseudoexfoliation glaucoma
(PXFG) and include altered turnover of ECM components, formation of cross-linked actin
networks (CLANS), upregulation of alpha smooth muscle actin (x<SMA), and actin stress
fibre formation [4,11-13,19-24].

TGF-B1 is among 183 genes upregulated in POAG LC cells compared to normal
controls [22]. In eyes with POAG, over 10-fold immunoreactivity for TGF-32 has been
observed in the region of the ONH. Specifically, in the glaucomatous ONH, there is a
massive increase in the levels of TGF-f32 which is mainly localized to reactive astrocytes
that line the vitreous surface and occupy the prelaminar region, the compressed cribriform
plates, and the nerve bundles in the lamina cribrosa [25]. In addition, exogenous treatment
with TGF-1 induces expression of ECM genes in the LC and the TM [26]. As a central
mediator of myofibroblast trans-differentiation and fibrosis, TGF-f3 is a promising thera-
peutic target for glaucoma. However, clinical implementation of global TGF-f3 antagonism
deserves cautious consideration since TGF-f3 exerts important immunomodulatory and
tumour-suppressive effects. The complete inhibition of TGF-{3 as a therapeutic strategy
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may prove counter effective as it has multiple effects on different cells within the same
organ. This highlights the need for a more targeted therapeutic strategy that can regulate
the TGF-f signalling pathway at several different levels.

3. MicroRNAs

MicroRNAs (miRNAs) are small endogenous non-coding RNAs approximately
19-25 nucleotides in length and are located in the exons or introns of coding genes [27].
They are important negative regulators of post-transcriptional gene expression, with reports
suggesting that over 60% of protein-coding genes in humans are regulated by miRNAs [28].
MiRNAs bind to partially complementary sequences within the 3’ untranslated region
of target mRINAs and either induce nonsense mediated decay or translational repression.
They were initially discovered in the nematode Caenorhabditis elegans in 1993 [29,30], and
since then over 2500 miRNAs have been identified in the human genome [31].

Most miRNAs are transcribed by RNA polymerase II from long primary transcripts
known as pri-miRNAs [32]. Only pri-miRNAs which contain the suitable stem length, a
large flexible terminal loop of about 10 base pairs (bp) and the ability to produce 5 and
3’ single-stranded RN A overhangs will be efficiently processed and mature to functional
miRNAs. Pri-miRNA is cropped into the hairpin loop precursor molecule (pre-miRNAs),
approximately 70 nucleotides in length, in the nucleus by nuclear RNase III Drosha [33].
This liberated hairpin structure, referred to as pre-miRNA, is transported from the nucleus
to the cytoplasm via the transport receptor exportin 5 [34], where it is processed into
~22-nucleotide-long double-stranded mature miRNAs by Dicer RNAse III enzyme [35].
Pre-miRNAs often contain the sequences for multiple mature miRNAs. One strand of
mature miRNA is degraded, while the other then integrates into an RNA-induced silencing
complex (RISC) via loading onto the Argonaut proteins [36] (Figure 1). The uncapitalized
prefix “mir-" refers to the precursor form, whereas “miR-" refers to the mature form.
The suffix -3p or -3q is used to denote which end of the pre-miRNA the mature miRNA
originates from.

Nucleus

Mature
miRNA

Exportin5 /

pre-miRNA

Figure 1. MiRNA biogenesis. miRNA genes are transcribed by RNA polymerase II into pri-miRNA,
which are cleaved into pre-miRNA by nuclear RNase III Drosha. Pre-miRNA is transported to the
cytoplasm by Exportin 5, where it is then processed into mature double-stranded miRNA by Dicer a
RNase III enzyme. Finally, either strand of the mature miRNA duplex is loaded onto the Argonaut
(AGO) protein to form the miRNA induced silencing complex (RISC).
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Although some miRNAs function as a switch by repressing a single target, the majority
exert their effects as modest alterations on several targets through imperfect binding which
cumulatively can alter cellular phenotypes [37]. Gene regulation mediated by miRNAs
occurs via two main mechanisms. Firstly, via translational repression of target mRNA by
miRNAs blocking initiation of translation and/or elongation [38,39]. Secondly, miRNAs
can bind to mRNAs, promoting RNA degradation through accelerated deadenylation
and decapping [40,41].

MiRNAs play critical roles in multiple physiological and pathological processes. Due
to their unique expression patterns and their ability to target numerous transcripts often
in the same biological process, miRNAs can potentially regulate the expression of many
genes in a tissue- or cell-specific manner. They operate in complex networks in which
one mRNA can be regulated by multiple miRs and one miR can regulate multiple genes
targets [42]. An entire signalling pathway can be regulated by miRNAs in physiologi-
cal and disease processes. The dysregulation of miRNAs in disease states can be used
to develop biomarkers [43] and provide insight into the underlying pathophysiological
basis of the disease [44]. Abnormally expressed miRNAs have been identified in cancer,
fibrosis, Alzheimer’s, and cardiovascular disease [45-48]. In POAG, many miRNAs have
been detected in patient-derived samples [49] and play a role in the TM [50], retina [51],
and ONH [52].

4. MicroRNAs That Regulate TGF-3 Signalling

By targeting up- or downstream signalling molecules in the TGF-{3 signalling path-
ways, miRNAs can promote or inhibit the development of fibrosis. MiRNA-based ma-
nipulation of the TGF-f3 signalling pathway is a new approach to target fibrosis [53] and
numerous studies have been published detailing the reciprocal crosstalk between miRNAs
and TGF-p [54-57]. Both in-silico and experimental validation analysis has shown that
miRNAs can influence TGF-f signalling at several transcriptional and post-transcriptional
levels. Nearly all the TGF- members involved in the canonical signalling pathway have
been shown to be influenced by miRNAs. Reports have also demonstrated the regulation of
non-canonical TGF-f3 /PI3K/AKT signalling pathways by miRNAs, supporting their poten-
tial role in the diagnostic and therapeutic management of fibrotic diseases [54]. Interestingly,
TGEF-f3 signalling itself can enhance the maturation of miRNAs by binding to a component
of the Drosha complex (p68) and initiating a bidirectional functional loop [57-59].

TGF-f induced fibrosis related miRNAs has been studied more extensively in other
tissues, such as the lung, liver, kidney, heart, and skin [60,61]. In cardiac fibrosis, miR-92a
regulates the inhibitory Smad7, promoting the fibrotic process while miR-26a has been
shown to directly target Smadl [62]. The miR-200 family targets TGF-BR1 and SMAD2;
therefore, downregulation of the miR-200 family results in increased EMT [59]. In the
kidney, miR-29 can inhibit disintegrin metalloproteases (ADAMSs) involved in TGF-f3 sig-
nalling, reducing collagen expression and the subsequent development of renal fibrosis [63].
In the eye, many miRNAs have been found to be abundantly expressed and play impor-
tant roles in ocular physiology and pathology. These include miR-200 [64] miR-184 [65]
miR-29 family [66] and miR-21 [67]. Expression profiling of miRNAs in the anterior seg-
ment of healthy donors including cornea, TM, and ciliary body samples reported 378 miRs
collectively expressed [68].

5. MiR-29 Family

The microRNA-29 (miR-29) family, which this review will discuss in more detail,
includes miR-29a, miR-29b-1, miR-29b-2, and miR-29¢c. MiR-29b-1 and miR-29b-2 have
identical mature sequences and are therefore collectively known as miR-29b. MiR-29a
and -29b-1 are encoded on chromosome 7q32.3, while the miR-29b-2 and -29c¢ cluster are
found on chromosome 1q32.2 (Figure 2). All four members have a common seed sequence
in nucleotides 2 to 8 and largely regulate a similar group of target mRNAs [69]. Mir-29,
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like other miRNAs, is transcribed by RNA polymerase II [70]. MiR-29a and -29b-1 are
transcribed as a primary transcript unit [71].

Chromosomal location Seed
i 1
Chr7 |~ UAGCACCAUCUGAAAUCGGUuU-

! 1
chr 1 m e s UAGCACCAUUUGAAAUCGGU-

5 UTAGCACCAlUUUGAAAUCaGUguu

Figure 2. Schematic representation of the miR-29 family members: miR-29a, -29b, and -29c. The
family is transcribed from two chromosomal positions forming a bi-cistronic transcriptional unit;
both miR-29a and miR-29b1 are found on chr7, while miR-29b2 and miR-29c are located on chrl.
miR-29 family members have identical seed sequences (darker blue box) along with similar mature
miRNA sequences.

MIR-29 expression is regulated at both a transcriptional and post transcriptional level.
Multiple transcriptional factor binding sites on miR-29 have been identified, including
a Smad3 binding site in miR-29b-2 [72], a myc binding site in both the miR-29b-1/a and
-29-2/c clusters [73] and three NF-kB binding sites in miR-29-1/a region [74]. Similarly, post
transcriptional regulation of miR-29 has been reported in anaplastic large cell lymphoma,
where t(6;7)(p25.3;q32.3) spontaneous translocation was associated with upregulation of
miR-29 on 7q32.3 [75].

Although each miR-29 family member shares the common 7-nt seed sequence, unique
sequence features have been reported. One notable difference is that miR- 29b, unlike -29a
or ¢, has a distinct hexanucleotide terminal motif required for nuclear localization [76].
In exogenous delivery of miR-29b, mutations in this region impair localization to the
nucleus [77]. Deletion of this hexanucleotide motif led to higher cytoplasmic localization of
miR-29b and enhanced effects with downregulation of its target, knowledge of which may
be beneficial in enhancing miR-29b therapeutic effects [78]. MiR-29a is mainly localized
to the cytoplasm and has a distinct cytosine residue at position 10 [77]. Deep sequencing
analysis found -29c to be enriched to a greater extent in the nucleus than the cytoplasm [79].
Alternatively, miR-29b and -29c¢ contain a tri-uracil sequence at position 9-11, responsible
for rapid decay. Replacement with the cytosine residue in -29a leads to greater stability [80].

The miR-29 family have been implicated in many cellular functions, including
apoptosis [81,82], proliferation, and differentiation [83], and play an essential role in devel-
opment and normal physiology. MiR-29 knockout (KO) mice demonstrate developmental
defects and growth retardation [84]. Downregulation of miR-29 has also been linked to the
development of many cancers, including lung [85], colon [86], liver [87], and acute myeloid
leukaemia [88]. Tumour suppressor effects of miR-29b were demonstrated in xenograft
leukaemia models and exogenous delivery of miR-29b induced apoptosis of tumour cells
and dramatic reduction in tumorigenicity [88,89]. In contradiction to this, other reports
propose that miR-29 is an oncogene in gastric and pancreatic cancers [73], strengthening
the argument that the biological function of miRNAs is cell-type- and organ-specific.

6. MiR-29 in Fibrosis

The miR-29 family are key players in fibrotic activity in multiple organs including
the heart, lungs and kidney. Each family member targets many different genes encoding
proteins essential for both the physiological and pathological formation of ECM including
collagen, laminin, fibrillin, and elastin [90,91]. The miR-29 family is unique in that in
targets 20 collagen mRNA species, with no other reported miRNA targeting more than
11 collagen transcripts, proposing it is a “master regulator” of fibrosis or the “master
fibromiRNA” [46,92].

MiR-29a has been found to be a negative regulator of TAB1, a gene responsible for
the regulation of inflammation. An increase in TAB1 leads to elevated expression of
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tissue inhibitor of matrix metalloproteinase-1 (TIMP-1), a widespread inhibitor of MMPs,
demonstrating its role in fibrosis [93]. Interestingly, the expression levels of miR-29 differ
with organ-specific cell types. MiR-29 levels were 100 times higher in hepatic stellate cells
(HSCs) than hepatocytes [94] Similarly, higher levels were reported in cardiac fibroblasts
than in myocytes [95]. Both studies demonstrate high expression levels in cell types that
play a role in the regulation of ECM.

The suppression of miR-29 is strongly linked to the pro-fibrotic TGF-f3. By binding to
TGF-p receptors, TGF-f1 phosphorylates Smad2 and Smad3 leading to nuclear transloca-
tion and regulation of the expression of approximately 60 target ECM genes [63]. MiR-29 is
a known downstream target in the TGF-f3/Smad pathway [96], and Smad3 signalling
results in downregulation of miR-29 [97].

The antifibrotic role of miR-29 has been extensively investigated in pulmonary
fibrosis [93]. In both bleomycin-induced fibrotic lung disease and idiopathic pulmonary
fibrosis, miR-29 family member levels were significantly reduced [96,98]. MiR29 expression
levels are inversely correlated with the severity of pulmonary fibrosis [92]. TGF-f3 stimu-
lation reduced miR-29a-c levels further and upregulated collagen I, III and fibronectin in
the fibrotic lung. This downregulation of miR-29 was prevented in Smad3 knockout mice,
indicating regulation of miR-29 via the Smad3 signalling pathway. Similarly, knockdown
of miR-29 in human foetal lung fibroblasts correlated with an increase in profibrotic genes
including ADAM12 and ADAMTS9 [99]. In IMR90 cells, TGF-f1 induced COL1al ex-
pression was blocked by miR-29 mimics for each family member. The overexpression
of miR-29 using specific mimics for miR-29a, b and ¢ family members demonstrated a
disruption to PI3K/AKT phosphorylation and resulted in atypical collagen expression,
suggesting targeting of the PI3k-Akt pathway [100]. In a model of liver fibrosis, all three
members of the miR-29 family were downregulated [101]. MiR-29b is also reduced in HSCs,
a primary producer of collagen in the liver. Transfection of HSCs with miR-29b significantly
attenuated the expression of Collal and Colla2 [102]. MiR-29b has been reported to be
the most effective suppressor of type 1 collagen in HSCs among several miRNA whose
expression levels were under the control of TGF-31 [100]. In addition, over expression
of miR-29b in rat HSCs inhibited lysyl oxidase and heat shock protein 47, two essential
proteins in ECM maturation [103].

The anti-fibrotic reports of miR-29 are also evident in cardiac pathophysiology. MiR-
29c expression was decreased in a model of cardiac hypertrophy in mice [104]. Following
acute myocardial infarction in mice, all mir-29 family member levels were downregulated
in cardiac tissue adjacent to the infarct compared to remotely isolated tissue from the same
donor [92]. In congestive heart failure, miR-29 expression was reduced in atrial fibrob-
lasts with an associated increase in ECM target genes including fibrillin and COL1A1 and
COL3A1 [105]. In contrast to its protective antifibrotic effects in myocardial cells, one report
states miR-29a and miR-29¢ overexpression promoted apoptosis, whereas downregulation
protected against myocardial ischaemia-reperfusion injury [106]. The pro-apoptotic effects
of miR-29 have been reported in several cell type [107-109]. MiR-29 has been shown to acti-
vate p53 via p85c and CDC42 and therefore promote apoptosis [108,109]. However, under
mild stress conditions, p53 can function as an antioxidant and promote cell survival [110].
Thus, the pro-apoptotic effects of miR-29 through p53 signalling may be dependent on the
specific cell type and stress level.

The TGF-f3/Smad signalling pathway is a well-known regulator of renal fibrosis. In
renal tubular epithelial cells, TGF-31 negatively regulates miR-29b expression via Smad3.
Induction of renal fibrosis by unilateral ureteric obstruction in mice induced a significant
reduction in miR-29a,b, and c [63]. As reported in pulmonary fibrosis, expression of miR-29
was significantly upregulated in Smad3 knockout mice, with subsequent inhibition of renal
fibrosis [72]. In diabetic nephropathy, miR-29b was downregulated in mesangial cells via
TGF-3 /Smad mechanisms [111]. Loss of miR-29b led to progression of microalbuminuria
and renal fibrosis. In systemic sclerosis (SS), a multisystem fibrotic disorder, miR-29a
was strongly downregulated compared to healthy controls. TGF-f3, PDGF-B, and IL-4 also
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reduced miR-29a levels in controls similar to levels seen in SS fibroblasts [112,113]. In keloid
vs. healthy fibroblasts, miR-29a—c levels were significantly reduced—miR-29b expression
in particular. In keloid fibroblasts transfected with pre-miR-29a, type I and III collagen
mRNA and protein levels were decreased [114].

It is clear that miR-29 plays a crucial role in fibrosis in many organs via regulation
of multiple signalling pathways in addition to direct inhibition of ECM proteins. Novel
research on miR-29 as a therapeutic strategy in fibrosis is ongoing. Exogenous miR-29b
gene delivery following bleomycin administration in normal lung tissue prevented the
development of pulmonary fibrosis [96]. In diabetic nephropathy, ultrasound assisted
gene therapy restored miR-29b expression levels thus attenuating fibrotic changes [111].
Multiple studies have shown that the level of fibrotic transformation in varying pathological
processes can be regulated by targeting the TGF-3 driven downregulation of the miR-29
family in specific tissues [113-115].

7. MiR-29 Family in Eye Disease

The majority of research on miR-29 in ocular pathology focuses on its role in glau-
coma. However, it has also been reported in several anterior [66] and posterior segment
conditions [116]. In Fuchs endothelial corneal dystrophy (FECD), a common condition
resulting in disruption of the corneal endothelium [28], the differential expression of
87 significant miRNAs was analysed. The miR-29 family was the most significantly down-
regulated in the endothelial tissue from FECD patients. Transcriptional overexpression of
the miR-29 target genes, COL1A1 and COL4A1, was noted in the same samples. Interest-
ingly, given its role in miR-29 downregulation, TGFf3-1 has been reported to be upregulated
in FECD samples [117]. In another study, treatment of corneal endothelial cells in FECD
with miR-29b led to a significant drop in expression levels of ECM genes, including COL1A1,
COL4A1, and LAMC1 [118]. In a guinea pig model of myopia, miR-29a,b, and c expression
was increased in the sclera and the expression levels of Collal was reduced [119]. The
differential expression of the miR-29 family was also investigated in diabetic retinopathy
models [115] and these studies proposed that miR-29 may play a protective role in the
regulation of retinal pigment epithelium (RPE) apoptosis induced by hyperglycaemia [120].

8. MiR-29 Family in Glaucoma

Given the well-reported role of miR-29 in ECM production and fibrotic transformation
in various tissues, it is not surprising that research on miR-29 in ocular pathology focuses
mainly on its role in the development of fibrosis at the TM and ONH in POAG. MiR-29a, 29D,
and 29c are expressed in TM cells [121] and lamina cribrosa cells [52]. In aqueous humour
samples from healthy and glaucomatous human donors, miR-29a, b, and ¢ were detected
and are among the most prevalent miRNAs isolated from glaucomatous samples [122,123].
In array studies, miR-29b was downregulated in Tenon'’s ocular fibroblasts (TF) stimulated
with TGF-f1. TGF-2 also reduced miR-29b expression in both normal and glaucomatous
TF cells in vitro [124]. Overexpressing miR-29b in TF cells also inhibited the expression
of COL1al, SP1, and PI3Kp85a, supporting the role of miR-29b in the regulation of PI3K
signalling in fibrosis and subsequent collagen production [125]. In vivo, miR-29 was found
to be downregulated in the retina of a CNS-injury-induced model of glaucoma [126].
Contradictory to other reports, Liu et al. demonstrated reduced miR-29b expression in the
retinal tissues of glaucoma rats vs. control [127]. In addition, they suggested that miR-29b
may induce apoptosis in human TM cells and silencing of miR-29 protected HTM cells
against oxidative injury via ERK pathway.

ECM remodelling of the LC is a key process in the development of glaucomatous
optic neuropathy. There is limited published research on miR-29 specifically at the lamina.
However, an important paper by Lopez et al. found that miR-29a and miR-29¢ expression
levels were downregulated in glaucomatous LC cells compared to age-matched controls.
They also found miR-29b was downregulated in glaucoma samples. However, this was
not statistically significant [52]. Interestingly, treatment of LC cells with TGF-32 resulted
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in an additional reduction in miR-29¢ expression. LC cells were subsequently transfected
with miR-29¢, which resulted in the downregulation of type I and IV collagen, suggest-
ing that TGF-2 and miR-29 regulate ECM synthesis in the LC cell [52]. Restoration
of miR-29 expression levels at the ONH may aid in the regulation of TGF-p-induced
ECM overproduction.

Induction of oxidative stress in cultured human TM cells resulted in the downreg-
ulation of miR-29b and increased expression of ECM genes [128]. Transfection of these
cells with a miR-29b mimic resulted in reduced expression of an array of collagen genes
(COL1A1, COL1A2, COL4A1, COL5A1, COL5A2, COL3A1) and ADAM12, a profibrotic
gene which was also identified as a direct target of miR-29b. This suggests that miR-29b
may be able to prevent excess ECM deposition in TM and modulate changes in IOP due
to outflow restriction [128]. Further research from Luna et al. demonstrated that TGF-f2,
but not TGF-f31, downregulated all three members of the miR-29 family in TM cells [67].
However, Villarreal et al. found that TM cells treated with TGF-f2 induced miR-29a
expression and miR-29b suppression [121]. Additionally, in TGF-{32-treated TM cells, up-
regulation of miR-29 reduced the expression of previously upregulated ECM proteins.
SMAD3 modulates miR-29b expression via the TGF-f signalling pathway under both basal
and TGF-B2 conditions in the cultured TM cells [121].

The canonical Wnt signalling pathway is also crucial in the regulation of ECM expres-
sion and aqueous outflow [129]. Lithium chloride (LiCl) stimulation, a known activator of
[-catenin, upregulated miR-29b levels, but no significant change was observed in miR-29a
or c expression in primary TM cells [129]. These studies suggest that miR-29b expression is
modulated by a variety of factors, including LiCl, TGF-f3, and oxidative stress, and that
miR-29b plays a central role in ECM synthesis. MiR-29b is regulated by the TGF-§3 sig-
nalling pathway and the canonical Wnt signalling pathway, both essential ECM pathways.
Evidence of cross-inhibition between the TGF-{3/SMAD and canonical Wnt pathways in
the TM has been reported [130]. Interestingly, miR-29a was also shown to be upregulated
in TM cells following mechanical stretch [131]. The crosstalk between different signalling
pathways plays a role in ocular fibrosis associated with glaucoma.

Although targeting fibrotic transformation at the TM is beneficial for aqueous outflow
and IOP modulation, targeting fibrosis of the LC may crucially alter the common endpoint
of glaucoma, irreversible ONH damage. Despite the limited amount of research published
on miR-29 at the ONH in glaucoma, available evidence demonstrates the importance of
miR-29 in TGF-p-induced fibrosis at the ONH in POAG. TGF-f32 expression levels are ele-
vated in LC cells isolated from glaucoma patients compared to age-matched controls [22].
Our research group has previously demonstrated that the LC cells are sensitive to me-
chanical stress/strain, and in response they upregulate the expression of ECM genes and
TGEF-p [26]. Upregulation of TGF-f3 and ECM genes leads to increased collagen deposition
and the disorganization of collagen and elastin fibres, resulting in destruction of the normal
porous pathways of LC and RGC axon degeneration [4,5]. Previously, we have shown that
TGF-f upregulated collagen expression at the LC [26]. As demonstrated by Lopez et al.,
induction of ECM proteins by TGF-[32 is attenuated by miR-29¢, indicating miR-29c may
also regulate TGF-[32 signalling. Together, these results support the concept that miR-29 can
influence the TGF-$32 signalling pathway in ECM synthesis in LC cells [54]. Further re-
search is required to expand on the role of miR-29 in the development of glaucomatous
optic neuropathy. Investigating whether TGF-f3 inhibits the transcription of miR-29 or
affects the processing of this microRNA would be a beneficial next step.

There is increasing evidence of the role of miR-29 in the development of fibrosis in
POAG. Future research on the development of miRNA therapies to control ECM pro-
duction may offer a novel disease-modifying therapeutic approach in POAG. Multiple
papers investigate the possibility of restoring downregulated miR-29 levels either through
transfection with mimics or the use of viral vectors. Subconjunctival injection of lentivirus-
mediated miR-29b following glaucoma filtration surgery in rabbits found reduced collagen
lal expression and fibroblast numbers at post-operative day 28, resulting in lower IOP
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and sustained bleb function compared to controls [132]. Interestingly, it was noted that
overexpression of miR-29b provided protection to subconjunctival tissue against collagen
production and fibrosis, suggesting it may play a role in attenuating bleb scarring following
glaucoma filtration surgery [124]. In a study examining corneal and retinal fibrosis, an
oligonucleotide mimic of miR-29b, MRG-201, was administered topically to both a rat
cornea post-alkali burn and via intravitreal injection to a rabbit model of proliferative
vitreoretinopathy. MRG-201 was found to reduce collagen expression and inhibit corneal
and retinal fibrosis [133].

9. Conclusions

Understanding the role of miRNAs in health and disease in the eye may prove central
to dissecting the physiological and pathophysiological mechanisms impacting glaucoma.
The ability of miRNA manipulations to alter gene expression in vitro and in vivo has raised
the possibility of miRNA-based therapeutics [112,133]. Several miRNA therapeutics are
undergoing evaluation in preclinical and clinical studies, including miRNAs which target
fibrotic responses in the lung, liver, heart, and kidney [133-136]. There are several methods
of manipulating miRNA expression, including miR mimics, anti-miRs, target site blockers,
and miRNA sponges [133]. The anterior segment and TM offer many advantages for
miRNA-based therapies, including accessibility and non-invasive observation of the phe-
notypic effects of therapy in vivo. Several potential delivery options are feasible [136,137].
Several challenges must be overcome, and understanding the miRNA-mRNA interactome
is critical to development miRNA therapeutics for fibrosis in the LC and TM.
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Abstract: Neuromyelitis optica spectrum disorder (NMOSD) is an inflammatory disease of the central
nervous system characterized by relapses and autoimmunity caused by antibodies against the astrocyte
water channel protein aquaporin-4. Over the past decade, there have been significant advances in the
biologic knowledge of NMOSD, which resulted in the IDENTIFICATION of variable disease pheno-
types, biomarkers, and complex inflammatory cascades involved in disease pathogenesis. Ongoing
clinical trials are looking at new treatments targeting NMOSD relapses. This review aims to provide an
update on recent studies regarding issues related to NMOSD, including the pathophysiology of the
disease, the potential use of serum and cerebrospinal fluid cytokines as disease biomarkers, the clinical
utilization of ocular coherence tomography, and the comparison of different animal models of NMOSD.

Keywords: neuromyelitis optica spectrum disease; aquaporin-4; myelin oligodendrocyte glycopro-
tein; ocular coherence tomography; complement; microcystic macular degeneration; Miiller cell;
astrocyte; oligodendrocyte; microglia

1. Introduction

Neuromyelitis optica spectrum disorder (NMOSD) is a common cause of optic neu-
ritis (ON) in Taiwan. In 2015, the prevalence of NMOSD was 1.47/100,000, and the
age-standardized annual incidence rate was 0.61/100,000 person-years [1]. The reported
prevalence of NMOSD in different racial groups is approximately 1/100,000 in White
individuals, 3.5/100,000 in Asians, and 10/100,000 in Black individuals [2]. The differential
diagnosis of NMOSD and multiple sclerosis (MS) was challenging until the discovery of
neuromyelitis optica (NMO) autoantibodies by Lennon et al. [3,4]. In most cases, NMOSD
is caused by pathogenic NMO immunoglobulin G (IgG) autoantibodies that bind to the
aquaporin-4 (AQP4) target antigen, a water channel expressed on the end-feet membranes
of astrocytes along the blood-brain barrier (BBB) and in Miiller cells distributed on the
fovea centralis in the retina [4-9]. The pathology most often occurs in the periventricular
zone, involving astrocyte plasma membrane domains facing the pia and vessels, whereas

129



Int. J. Mol. Sci. 2022, 23,7908

the least-affected site in the central nervous system (CNS) is the area postrema in the dorsal
medulla [10,11].

Currently, the clinical diagnosis of NMOSD is mainly based on the detection of
serum NMO-IgG (AQP4-IgG) antibodies and the presence of core symptoms included
in the diagnostic criteria developed by the International Panel for NMO Diagnosis in
2015 (Table 1) [10,12,13]. The revised criteria that replaced the previous 2006 criteria for
NMO diagnosis resulted in a significant increase in the diagnostic sensitivity of NMOSD
by 76% (62% in the AQP4-IgG-positive group and 14% in the seronegative group) [14].
For AQP4-IgG-positive patients, at least one of six sites within the CNS, including the
spinal cord, optic nerves, area postrema, diencephalon, brainstem, and cerebrum, must be
attacked. In seronegative patients, at least two core sites have to be affected and additional
magnetic resonance imaging (MRI) criteria fulfilled [13]. The rate of seropositivity for
myelin oligodendrocyte glycoprotein (MOG-IgG) antibodies in AQP4-IgG-seronegative
patients with NMOSD was reported to reach up to 41.6% [15].

Table 1. NMOSD diagnostic criteria for adult patients.

Diagnostic criteria for NMOSD with AQP4 IgG

1. At least one core clinical characteristic
2. Positive test for AQP-IgG using an available detection method (CBA recommended)
3. Exclusion of alternative diagnoses

Diagnostic criteria for NMOSD without AQP4-IgG or NMOSD with unknown AQP4-IgG status

1. At least two core clinical characteristics occurring as a result of one or more clinical attacks and meeting
all the following requirements:

a. At least one core clinical characteristic must be optic neuritis, acute myelitis with longitudinal
extensive neuritis, acute myelitis with LETM, or area postrema syndrome

b. Dissemination in space (two or more different core clinical characteristics)

c. Fulfillment of additional MRI criteria *

2. Negative tests of AQP4-IgG using an available detection method, or testing unavailable
3. Exclusion of alternative diagnoses

Core clinical characteristics

Optic neuritis

Acute myelitis

Area postrema syndrome: episode of otherwise unexplained hiccups or nausea and vomiting

Acute brainstem syndrome

Symptomatic narcolepsy or acute diencephalic clinical syndrome with NMOSD-typical diencephalic
MRI lesions

6.  Symptomatic cerebral syndrome with NMOSD-typical brain lesions

IS

Modified IPND 2015 NMOSD Criteria [13].
* Additional MRI criteria

1. Acute optic neuritis: requires brain MRI showing normal findings or only nonspecific white matter
lesions, or optic nerve MRI with T2-hyperintense lesion or T1-weighted gadolinium-enhancing lesion
extending >1/2 optic nerve length or involving optic chiasm.

2. Acute myelitis: requires associated intramedullary MRI lesion extending >3 contiguous segments
(LETM) OR >3 contiguous segments of focal spinal cord atrophy.

3. Area postrema syndrome: requires associated dorsal medulla/area postrema lesions.

4. Acute brainstem syndrome: requires associated periependymal brainstem lesions.

Abbreviations: NMOSD = neuromyelitis optica spectrum disorders; AQP4 = aquaporin-4; LETM = longitudinal
extensive transverse myelitis; CBA = cell-based assay.

From the perspective of clinical application, biological biomarkers may be important
for predicting the future risk of relapse and disease prognosis [10,16]. AQP4-IgG anti-
body titers seem to be linked to clinical presentation and immune response, with higher
titers associated with worse visual function and more extensive cerebral involvement on
MRI [16]. On the other hand, AQP4-IgG antibodies might represent a byproduct resulting
from complex immunoinflammatory processes in NMOSD, with no significant variations
in antibody titers between different disease stages [17]. Beyond autoantibodies, the clinical
presentation and demographic features may be more reliable in terms of prognosis predic-

130



Int. J. Mol. Sci. 2022, 23,7908

tion [18]. Age was reported to be predictive of the involvement site, and ON seems to be
the most common inflammatory lesion in NMOSD patients younger than 30 years [19].

AQP4-IgG-seropositive NMOSD indicates the entity of astrocytopathy, and MOG-IgG
is a protein expressed by oligodendrocytes on the most superficial surface of myelin sheaths,
which results in oligodendropathy [20-22]. MOG antibody-associated disease (MOGAD)
exhibits different clinical features from those of AQP4-IgG-seropositive NMOSD [23-25].
The phenotype difference between AQP4-IgG- and MOG-IgG-positive ON can be assessed
by the length of the optic nerve involvement and preferable involvement site on MRI,
the morphology of the optic disc, laterality, and the pattern of the ganglion cell-inner
plexiform layer (GC-IPL) on optical coherence tomography (OCT) [24,26]. MRI image
characteristics add evidence to the differential diagnosis of ON. AQP4-ON preferentially
presents with a longer, more unilateral, more posterior portion of the optic nerve with T1
gadolinium enhancement [13,27,28]. In contrast, MOG-ON usually presents with a longer,
more bilateral and more anterior portion of the optic nerve accompanied by intraorbital
optic nerve swelling and perineural T1 gadolinium enhancement [29].

Sex difference is low due to the higher proportion of males in the MOGAD group
compared with that in the AQP4-IgG group. For MOGAD, 41% (7/17 case) to 44% (4/9 case)
of female cases were noted [24,30]. MOG-ON may present at multiple ages and shows no
sex bias, but the female/male ratio is 7.2:1.0 in the AQP4-ON group [26,29,31]. Moreover,
only 9% of MOG-IgG-positive cases have a concurrent autoimmune disorder, and 80% of
MOGAD cases will relapse but have a better clinical prognosis [32,33].

Although most neuronal damage occurs during the first episode, the treatment of a
relapse episode in patients with NMOSD is essential for preserving as much of the neuron
reservoir as possible. Most patients with NMOSD achieve good functional improvement
after corticosteroid treatment and add-on plasmapheresis in the acute stage. However,
clinical relapse occurs in most cases, resulting in cumulative neurologic damage. The new
strategies may provide additional options for patients who are refractory to current mainte-
nance therapies including treatments interfering with eosinophilic function, monoclonal
antibodies that target neutrophil elastase, complement activation, interleukin IL-6 receptor
(IL-6R) signaling, and plasma cells producing AQP4, and MOG-IgG antibodies [34-40].
Recently, three monoclonal antibody therapies approved by the Food and Drug Admin-
istration for the treatment of NMOSD demonstrated safety and efficacy in reducing the
risk of relapse during remission; these are eculizumab (inhibitor of complement protein
C5), inebilizumab (humanized monoclonal antibody against CD19 B cell protein), and
satralizumab (humanized recombinant monoclonal antibody targeting IL-6R).

2. The Pathogenesis of NMOSD

AQP4 contributes to the stabilization of extracellular osmolality during neuronal
activity. Moreover, it maintains glutamate homeostasis and energy balance as well as
buffers the metabolic load in the BBB [5,41]. The pathological features of NMOSD include
activated complement with extensive vasculocentric immune complex deposition, the
loss of AQP4 expression in astrocytes, neutrophil/macrophage/microglial infiltration and
eosinophil degranulation, myelin loss, and thickened hyalinization blood [4,5,42-45].The
two major AQP4 isoforms, M1 and M23, exhibit locational and maturational differences in
the ratio of M1 to M23 proteins along the astrocytic membrane, which possibly determines
the pathogenicity and a different anatomical distribution in the CNS and at different stages
of CNS maturation in pediatric and adult patients [46—49]. The proportion of the largest
AQP4 aggregate is the highest in the optic nerve followed by the spinal cord; this is relevant
to why NMO selectively targets the CNS tissue and spares non-CNS AQP4-expressing
tissues [50]. The M1 protein is completely internalized, but M23 resists internalization and
activates the complement more efficiently than M1 when bound by the antigen [46,51]. The
relative components of AQP4 isoforms are tissue-specific, with an approximate 3:1 ratio of
AQP4-M23 to AQP4-M1 in rat brain [52]. Formation of supramolecular structures, called
orthogonal arrays of particles (OAPs), by AQP4 is essential in NMOSD pathogenesis and
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enhances complement-dependent cytotoxicity (CDC) by the pathogenic AQP4-IgG [53]. It
remains unclear if the OAP composition varies in pediatric and adult patients or whether
OAP differences may cause different phenotypes [54].

Miiller cells and neuronal axons are the main targets in an experimental model of
NMO [55]. After intravitreal injection of AQP4-IgG antibodies, complement activation and
immunoglobulin deposition was found in Miiller cells and caused a retinal pathology [56].
AQP4 is also coexpressed with the Kir4.1 potassium channel subunit in cells, and the
electrogenic bicarbonate transporter contributes to changes in the extracellular space,
involved in buffering K+ [8]. In clinical practice, Miiller cell dysfunction was shown to
significantly reduce the b-wave amplitude in the scotopic electroretinogram of AQP4-
IgG-positive patients compared with normal controls [57]. However, the results were
inconclusive regarding a relationship between the b-wave amplitude and the volume of
the outer retinal segment on OCT as well as disease severity, assessed on the basis of the
Expanded Disability Status Scale (EDSS) or visual acuity [57].

3. Cytotoxicity Pathway

Complement-dependent cytotoxicity (CDC), complement-dependent cellular cyto-
toxicity (CDCC), and antibody-dependent cellular cytotoxicity (ADCC) are responsible
for astrocyte injury in NMOSD [58,59]. ADCC seems to play a main role in facilitating
macrophage and natural killer (NK) cell activation after binding to the CH3 region of
IgG antibodies via the effector cells’ Fc receptors in the outer zone of developing lesions
(penumbra) [59-61]. In CDC, antibody binding to a target antigen triggers the classic
complement pathway and results in the formation of the membrane attack complex (MAC).
In CDCC, another protein, C3b, is expressed during the complement cascade activation
and interacts with NK cells and macrophages to facilitate cell lysis [62].

Peripheral autoimmune dysregulation starts after the modulation of peripheral T
cells. Pathogenic autoreactive T cells (Th17 cells) and IL-6 disrupt BBB tight junctions,
resulting in CNS inflammation due to the effect of numerous chemokines and cytokines
(Figure 1) [63-65]. IL-6 is a proinflammatory cytokine that amplifies inflammation, in-
creases the survival of plasmablasts capable of producing AQP4-IgG antibodies, supports
the differentiation of B cells to plasma cells, and induces BBB injury [66,67]. Because B cells
and autoantibodies were found to be disease beginners in experimental autoimmune en-
cephalomyelitis (EAE), inebilizumab is instructive for modeling the therapeutic effects with
enhanced ADCC against CD19-positive B cells, as confirmed in MS and NMOSD [68,69].

The activation of the complement cascade in patients with NMOSD was reported to
increase membrane permeability and promote the influx of serum AQP4-IgG antibodies,
which further amplified the inflammatory reaction at the BBB of the CNS [70]. Basic research
demonstrated that AQP4 antibodies trigger the complement system and lead to MAC
formation via the CDC pathway, which results in astrocyte damage and secondary neuronal
injury [71,72]. Clg-targeted monoclonal antibodies were demonstrated to effectively inhibit
AQP4-IgG-mediated CDC, which interfered with MAC, and also IgG-mediated CDCC,
which influenced the formation of the Cb3-Cb3R complex on macrophage and NK cells
in an in vivo study [73]. Eculizumab is a humanized monoclonal antibody that inhibits
terminal C5 complement protein cleavage into the C5a (inducing proinflammatory activity)
and C5b fragments (inducing the MAC formation) [74-76]. Serum C4 levels were found to
be lower in patients with AQP4-IgG-positive NMOSD in clinical remission than in those
with MOGAD and MS as well as in healthy controls [77]. Inmune features and the cytokine
profile in the cerebrospinal fluid (CSF) significantly vary in patients with MS, AQP4-positive
NMOSD, and MOGAD, suggesting that these are different autoimmune demyelinating
diseases [78,79]. The role of complement in MOGAD has not been fully elucidated so far.
It is possible that MOG-IgG could cause reversible myelin damage without complement
activation [80]. On the other hand, a subset of human MOG-IgG antibodies was shown to
induce complement-dependent pathogenic effects in a murine animal model [81]. Increased
levels of proteins indicating classic and alternative complement activation were observed
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4

in patients with MOGAD compared with the control groups. Therefore, complement
activation could be a potential therapeutic target in patients with MOGAD [82].
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Figure 1. The pathological mechanism of NMOSD may involve peripheral autoimmune dysregula-
tion. Interleukin 6 (IL-6) is a key factor in AQP4-related NMOSD pathophysiology. A similar role of
IL-6 is also reported in MOG-associated disease (MOGAD). Besides IL-6, Th17 cells differentiation
may be induced by IL-17, IL-21, IL-23, and TGF-$1. It is thought that an impaired innate immune
system may promote naive T cell transformation into Th 17 cell and stimulate B cell differentiation to
plasmablasts, then to plasma cells producing AQP4-IgG or MOG-IgG autoantibody. A leaky BBB con-
tributes to the migration of AQP4-IgG from the periphery into the CNS. AQP4-IgG bind to AQP4 and
activate the complement cascade (CDC and CDCC) and ADCC. Cytokine and chemokine production
leads to the recruitment of macrophages, eosinophils, neutrophils, and monocytes to the inflammation
site. After microglia and macrophage infiltration, astrocytes and oligodendrocyte are damaged, which
leads to advanced axonal degeneration and neuronal death. AQP4-IgG-seropositivity in NMOSD
indicates the entity of astrocytopathy, and MOG-IgG results in oligodendropathy, named MOGAD.
Current maintenance therapies include interfering with complement activation (Eculizumab), IL-6 R
signaling (Tocilizumab and Satralizumab), and plasma cells producing AQP-4 and MOG IgG Abs
(Rituximab and Inebilizumab). Abbreviations: NMOSD = neuromyelitis optica spectrum disorders;
BBB = blood-brain barrier; CDC = complement-dependent cytotoxicity; CDCC = complement-
dependent cellular cytotoxicity; ADCC = antibody-dependent cellular cytotoxicity; MOG = myelin
oligodendrocyte glycoprotein; AQP-4 = aquaporin-4; IL-6 = interleukin 6; IL-17 = interleukin 17; Th17
cell = T helper 17 cell; TGF-31 = transforming growth factor beta 1; IL-6 R = IL-6 receptor.

The new evidence on NMOSD pathophysiology highlights promising treatment modal-
ities as well as clinical studies [83]. Restoring immune tolerance might provide an interest-
ing treatment strategy in the future [84]. Some success was achieved by using autologous
hematopoietic stem cell transplantation [85], peptide-loaded tolerogenic dendritic cells [86],
DNA vaccine encoding myelin basic protein, [87], autoreactive T cell vaccination, and regu-
latory T cells [88,89]. Further alternative targets for NMOSD treatments are the blood-brain
barrier, [90], the complement cascade [91], and B cells [92].
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4. Genetic Susceptibility to NMOSD

Despite important breakthroughs in the understanding of AQP4 and MOG antibodies
and their involvement in NMOSD, the genetic factors underlying the disease pathogenesis
have not been fully understood. More recently, genome-wide single-nucleotide polymor-
phism arrays have shown some susceptibility loci for NMOSD [93]. It is predominantly
a sporadic disorder, although familial NMOSD occurs in 3% of the cases [93,94]. Human
leukocyte antigen (HLA) haplotypes were reported to be highly correlated with NMOSD.
HLA is located on chromosome 6, and the main variations are observed in DQA1, DQBI,
DRB1, and DPB1 [95-97]. Whole-genome sequence studies that have been conducted in
Europeans since 2009 identified a C4A deletion and a fourfold reduction of C4a levels
as the most likely functional drivers of an increased risk for AQP4-IgG production. Fur-
thermore, HLA-DQA1*102, HLA-DQA1*501, HLA-DQB1*0201, and HLA-DRB1*03 alleles
were significantly associated with NMOSD [96,98]. In Japan, Ogawa et al. found that
HLA-DQA1*05:03 was significantly associated with NMOSD, whereas Watanabe et al.
reported that HLA-DRB1*08:02 and HLA-DPB1*05:01 were associated with susceptibility to
NMOSD and that HLA-DRB1*09:01 was protective against NMOSD [99-101]. In addition,
distinct genetic and infectious profiles in Japanese patients with NMOSD demonstrated
that the HLA-DRB1*1602 and HLA-DPB1*0501 alleles as well as infection with Helicobacter
pylori and Chlamydia pneumonia were associated with higher susceptibility to AQP4-IgG-
seropositive NMOSD [102]. Future studies should evaluate response to treatment as well
as genetic and cytokine profiles in association with distinct genetic backgrounds in patients
with NMOSD.

In summary, the potential molecular mechanisms underlying AQP4-seropositive
NMOSD may be related to proteins encoded by the novel genes involved in complement
activation, antigen presentation, antibody-dependent cytotoxicity, and immune regula-
tion [103].

5. Potential Biomarkers in NMOSD
5.1. Surrogate Serum Biomarkers

Evidence shows that AQP-4 IgG antibodies are not strongly associated with clinical
indices, such as the EDSS, risk of relapse, or visual prognosis in NMOSD [17]. On the
other hand, there are data suggesting that the activation of complements, cytokines, and
chemokines contributes to the complex pathogenesis of the disorder [104,105]. Naive T-
helper cells differentiate into a new lineage called Th17 and have the capacity to produce
large amounts of IL-17, a cytokine linked to autoimmune diseases [67,106]. IL-6 signaling
involving Th17 cells and Th17-associated cytokines may play a crucial role in the patho-
genesis of NMOSD (Figure 1) [66,107-110]. Apart from IL-17, Th17-cell differentiation
may be induced by IL-6, IL-23, and transforming growth factor 31 [111,112]. Granulocyte
macrophage colony-stimulating factor acts as a proinflammatory cytokine and could crit-
ically be involved in the formation of Th17 cells and the activation of macrophages and
dendritic cells involving the secretion IL-23 and IL-6 [113]. Patients with NMOSD were
shown to have higher levels of IL-6, IL-17, and IL-21 in both CSF and serum, as well as
higher levels of IL-1, IL-8, IL-13, and granulocyte colony-stimulating factor in the CSF than
those with MS [66,107]. The IL-6 levels in CSF correlate with neural damage biomarkers
in NMOSD, and increased plasma IL-6 levels correlate with the EDSS [114]. As for the
pathological mechanisms, IL6 signaling is thought to contribute in multiple ways, as shown
in Figure 1. Two monoclonal antibodies, satralizumab and tocilizumab, activate the same
mechanism, in that they both target IL-6 receptor- (IL-6R) and IL-6-associated immune
cascades, leading to T-cell activation, IgG secretion, BBB damage, activation of the com-
plement cascade, and enhancement of macrophage and microglia activity [84,109,115,116].
In a novel in vitro BBB model, the proposed role of IL-6 on the BBB was confirmed [117].
AQP4-IgG induced IL-6 release from astrocytes, then the BBB was impaired by IL-6 sig-
naling in endothelial cells, and reversal of the BBB impairment was enhanced by anti-IL-6
receptor (IL-6R) antibodies [110,118,119].
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Complex processes involving activated microglia ultimately promote the pathological
course of NMOSD, and that suggests that microglia may serve as a therapeutic target
in NMO [120]. Briefly, complement C3a secreted from activated astrocytes may induce
the secretion of complement Clq and inflammatory cytokines by microglia, facilitating
injury to microglia, astrocytes, oligodendrocytes, and neurons in an autocrine or paracrine
manner [121].

Serum biomarkers including glial fibrillary acidic protein (GFAP) and neurofilament
light chain (NfL) may help guide the design of effective therapies for the management
of disease [22,26,122-124]. In a subgroup analysis, the CSF levels of IL-6, NfL, and GFAP
were higher in AQP4-IgG-positive cases and might be used as indicators of disease activity,
relapse risk, and therapy efficacy [124-126]. Factors involving the tight junctions seem to
be other candidates for key biomarkers. Epidermal growth factor may be involved in the
disruption of the BBB by downregulating claudin-5 in NMOSD, and women were shown
to exhibit higher urinary levels of this factors, which might explain their greater suscepti-
bility to NMOSD [127]. Interferon-y reduces BBB integrity in cultured brain endothelial
cells through Rho kinase-mediated cytoskeletal contraction, causing junction irregularity
and cell—cell disconnections leading to deformity in adherence and tight junction pro-
teins [128,129]. Serum vascular endothelial growth factor, myeloid progenitor inhibitory
factor 1, and neuron-glia-related cell-adhesion molecule were positively associated with
AQP4-1gG titers; thus, they could be potential biomarkers of NMOSD [127]. A study on
plasma chemokine levels in NMOSD during remission confirmed that IL-13 and tumor
necrosis factor o stimulate eosinophilic chemoattraction, suggesting that the elevated secre-
tion of monocyte chemotactic protein (C—C motif chemokine ligand 13, CCL13) and eotaxins
(CCL11 and CCL26) may be a critical step in eosinophil recruitment during remission [130].

5.2. OCT Biomarker

The international CROCTINO program uses OCT as a standardized method to assess
the clinical course and pathophysiology of NMOSD as well as to monitor therapeutic
efficacy [131,132]. OCT was shown to provide unique insights into the identification of
foveal pitting in NMOSD likely due to the loss of Miiller cells [133].

6. Optic Nerve Structure in NMOSD

The use of OCT to discriminate the microstructures of the retinal nerve fiber layer and
GC-IPL has been debated in recent studies on NMOSD and MS. Moreover, while current
therapies were demonstrated to improve the visual function after acute treatment, structural
improvement remains an unmet need. GC-IPL thickness associated with visual ability in
NMOSD-ON eyes leads to more severe retinal thinning and visual impairment than that
found in MS [134]. A cross-sectional collaborative retrospective study reported that the
average GC-IPL loss was 22.7 pm after the first ON attack, and the average loss after a
recurrent episode was 3.5 pm, with noticeable subclinical GC-IPL loss in non-optic neuritis
(NON) eyes [132]. NMOSD-NON eyes exhibited reduced thickness in the GC-IPL but not
in the pRNFL compared with normal eyes, and relative changes in the parvocellular layer
of NMOSD-NON eyes were not fully confirmed in recent studies [132,134,135]. Due to the
presence of numerous confounding factors when determining the thickness of the anterior
visual pathway, parafoveal segmentation on OCT may enable a more sensitive detection of
neuronal loss and reflect a neurodegenerative reaction of retinal ganglion cells (RGC) and
Miiller cell damage in NMOSD [136,137]. Contrarily, pRNFL in the papillomacular bundle
exhibited a reduction in MS-NON due to parvocellular axons being more vulnerable to
energy depletion in MS studies [138-140]. GC-IPL damage on OCT spatial relationship
and papillomacular bundle loss in neurodegenerative disease such as mitochondriopathy
or neuroinflammmatory disease require further research to elucidate the damage in the
megacellular and parvocellular layers in the lateral genicular nucleus [139,141]. There were
no significant differences in the annual changes in mGC-IPL, pRNFL, total macular volume,
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and disc cup ratio in the NMOSD-ON eyes when comparing patients treated with different
immunosuppressive therapies [142].

7. Macular Structure in NMOSD

The foveal structure on OCT has been discussed as a potential biomarker of NMOSD.
The foveal structure, including foveal pit shape, depth or total macular volume (mm?), or
central foveal thickness, may be an early diagnostic marker of NMOSD [136,143,144]. This
hypothesis is supported by data from animal studies, which showed Miiller cell death after
intravitreal injection of AQP4 antibodies and revealed a lysosomal degradation mechanism
for AQP4 loss on Miiller cells [145].

In the parafoveal region, which is rich in astrocytes and AQP4-expressing Miiller cells,
a positive association between attack-independent neural loss and visual function was
observed [57]. Microcystic macular degeneration (MMD) may contribute to loss in both
high- and low-contrast visual testing after an NMOSD-ON episode [136,137]. The inner
nuclear layer (INL) and outer retinal layer were thicker in the NMOSD-ON eyes compared
with NMOSD-NON and control healthy eyes, due to the presence of MMD in the episode
of ON [134,137,146]. MMD is predominantly localized in the INL, but also extends to
the outer nuclear layer [136]. Interestingly, a previous study demonstrated that the INL
thickness was negatively correlated with the GC-IPL content in NMOSD [147].

To date, there have been no cross-sectional and longitudinal studies to elucidate
whether MMD is a temporary change or secondary to optic neuropathy. Although the
pathophysiologic mechanism of MMD in NMO is complex, degeneration is believed to be
caused by the disruption of the blood-retinal barrier and the transition of microglial cells
to phagocytose apoptotic RGCs [148]. Another possibility is vitreomacular traction, but
fluorescein angiography is needed to confirm the cause—effect relationship [149]. MMD
exhibited no progression over a 20-month follow-up, and the risk of MMD was observed in
4.7% of patients with MS and in 13.3-26% of patients with NMOSD [136,137,150]. MMD is
not a specific sign of NMOSD, and the exclusion of other secondary insults, such as uveitis,
diabetes, or Fingolimod exposure, is required [150,151]. In hereditary optic neuropathy,
MMD may be associated with vitreomacular traction or the epiphenomenon of optic
atrophy, unrelated to inflammation or retrograde transsynaptic degeneration [152]. In
advanced glaucomatous optic atrophy, MMD in the superior and nasal macular quadrants
was also documented on OCT [147]. Furthermore, the INL cyst secondary to retinitis
pigmentosa was not an uncommon sign [153,154].

To summarize, INL cystoid lesions are a nonspecific indicator of degenerative op-
tic neuropathy or retinopathy, and MMD could be linked to Miiller cell pathology in
NMOSD [155-157]. However, further research is required to prove this hypothesis.

8. OCT Angiography in NMOSD

Subclinical vascular changes in the parafoveal retina might occur during an ON attack
and could be associated with astrocyte damage with increased levels of sNfL/sGFAP [158].
Patients with NMOSD exhibited an enlargement of the foveal avascular zone independent
of an ON attack [158]. This could be explained by damage of the blood-retinal barrier
resulting from Miiller cell loss, leading to the enlargement of the foveal avascular zone on
OCT angiography in patients with NMOSD but not in those with MS [137,144,158,159]. A
strong correlation between the deep vascular complex and visual acuity was reported, and
decreased microvascular density in the superficial and deep vascular complex was signifi-
cantly correlated with the frequency of NMO-ON attacks [160]. OCT angiography with a
measurable analysis offers a new possibilities in the study of microvascular impairment in
NMOSD and may become an objective clinical tool for patient monitoring.

9. Animal Models of Neuromyelitis Optica

The available animal models of NMO are largely based on a passive transfer of
AQP4-IgG antibodies or AQP4-sensitized T cells to rodents and are often combined with
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proinflammatory maneuvers (coinfusion of proinflammatory factors or additional needle
trauma) [60,161-163]. The models exhibit T cell and B cell activation, macrophage /microglial
infiltration, eosinophil aggregation, immune complex deposition, loss of AQP4 and GFAP
expression, and astrocyte/axonal injury [42,45,60,162] (Table 2). There are currently two
main methods for generating animal models of NMO: one is NMO-IgG immunization in
the EAE model [162-166], and the other is coinjection of the NMO-IgG/human complement
into the target, which can be a route of intraventricular, intra-spinal cord, perichiasmal, or
transoptic nerve sheath [42,92,161,167-170].

Table 2. Animal models of NMO-optic neuritis without experimental autoimmune encephalomyelitis.

Reference Animal Model System Significance
7 days after treatment: lost expression of
NMO patients serawere 5 emertion and
Matsumoto et al., 2014 [169] Adult Lewis rats applied on the optic nerve after & y &

desheathing

inflammatory cell invasion, which
resulted in secondary loss of RGCs and
their axons

Asavapanumas et al., 2014 [42]

8- to 10-week-old,
weight-matched AQP4+/+ and
AQP4—/— mice in CD1 genetic

background

Passive transfer of NMO-IgG
and complement by continuous
3-day intracranial infusion near

the optic chiasm

Loss of AQP4 and GFAP
immunoreactivity, granulocyte and
macrophage infiltration, deposition of
activated complement, and
demyelination and axonal loss

Asavapanumas et al., 2014 [161]

Adult Lewis rats

A single intracerebral needle
insertion, without pre-existing
inflammation or infusion of
proinflammatory factors

At 5 days, there was marked loss of
AQP4, GFAP, and myelin. Granulocyte
and macrophage infiltration,
complement deposition, BBB disruption,
microglial activation, and neuron death.
The penumbra was associated with a
complement-independent mechanism
(antibody-dependent cellular
cytotoxicity).

Saadoun et al., 2010 [92]

8- to 10-week-old, wild-type
and AQP4-null mice on a CD1
genetic background

Intracerebral coinjection of Ig G
from NMO patients with
human complement

Within 12 h of injection, striking loss of
AQP4, glial cell edema, demyelination,
and axonal loss, but little
intraparenchymal inflammation. At 7
days, there was extensive inflammatory
cell infiltration, perivascular deposition

of activated complement, extensive
demyelination and loss of astrocytes,
and neuronal cell death.

Abbreviations: NMO = neuromyelitis optica; AQP4 = aquaporin-4; IHC = immunohistochemistry; RGCs = retinal
ganglion cells; GFAP = glial fibrillary acidic protein; BBB = blood-brain barrier.

10. Animal Model of NMO

Passive immunization by intraperitoneal injection of AQP4-specific T cells in EAE
rats allows EAE to develop faster via specific targeting of the astrocytes and the entry of
pathogenic AQP4 antibodies to produce NMO-like lesions in the CNS after 10 to 14 days
from the injection [171]. The extent and location of inflammation and demyelination mainly
vary according to the specific antigen introduced and rodent species and strain [170]. Lewis
rats can produce high titers of antibodies against specific epitopes of human AQP4 [172].
However, Saadoun et al. recently demonstrated that the coinjection of NMO-IgG with
human complement could produce NMO-like lesions in naive mice without EAE [92].
Asavapanumas et al. reported that a single intracerebral or intraperitoneal injection of
NMO-IgG antibodies after intracerebral needle stab injury without the administration
of complement or proinflammatory cytokines was able to produce a mouse model of
NMO [60,161]. Evidence suggests that the coadministration of the complement is required
for developing a complete NMO lesion but is not needed for the development of the
penumbra, which emphasizes the pathogenic role of macrophage/microglia involving
ADCC in NMO [59,60].
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Studies demonstrated that a passive transfer by intravenous or intraperitoneal injec-
tion of the AQP4 antibodies from seropositive NMO patients was insufficient to cause
NMO-like lesions in rodents, as the low levels of antibodies could not penetrate into the
CNS [163,173]. When applying patient sera without any filtration modification, it is likely
that coexisting human complements may play a synergic role in the development of strong
neuroinflammation [169,174,175]. Optic nerve susceptibility in NMO might also arise from
the abundant AQP4 expression along the optic nerve compared with the brain [65]. Aside
from the optic nerve, AQP4 is also highly expressed in astrocyte-like Miiller cells in the
inner retina and the ciliary epithelium [7]. A study using intravitreal AQP4-IgG passive
transfer resulted in a complement-independent retinal pathology that reduced AQP4 ex-
pression and increased GFAP levels by 5 days [145]. We summarize the rodent models
regarding ON without existence of EAE in Table 2. The passive cotransfer of NMO-IgG
antibodies and complement via a continuous 3-day infusion near the optic chiasm in mice
seemed to be sufficient to develop NMO-ON [42]. However, continuous infusion with
precise needle placement is technically challenging and might cause additional irreversible
damage. On the other hand, retrobulbar infusion, intravitreal injection, or a single intracra-
nial injection may result in a limited or transient pathology [42]. We believe that local
retrobulbar injection of NMO-IgG-positive serum is difficult to perform, as this approach
easily causes optic nerve unpredictable traumas. However, Matsumoto et al. injected
human NMO-IgG-positive serum directly into the space of the optic nerve sheath after
desheathing, which led to infiltration of inflammatory cells into the optic nerve and regional
astrocyte loss with progressive loss of RGCs and demyelination at day 14 [169].

11. Limitations of the Animal Models of NMO

Although each model was shown to have features of human NMO-like lesions, multi-
ple factors may limit direct comparisons between animal and human data. First, in human
NMOSD, AQP4-IgG antibodies are produced continuously, then astrocyte loss is associated
with loss of myelin. Second, astrocytes and RGCs in the human CNS and eye are more
complex than in rodents [176,177]. Third, the coinjection of AQP4-IgG antibodies and
complement can activate the complement system in rats but not in mice and may lead to
underestimation of the complement inhibitory function. Finally, EAE models in rats are
Th1-cell-mediated, whereas AQP4-specific T cells in NMO reportedly show a preferen-
tial involvement of Th17/Th2 lymphocytes including IL-6- and Th17-polarizing cytokine
interactions [65,108,178].

Animal models may enable us to understand the early pathogenetic mechanisms
in the immune cascade of nerve inflammation and develop potential drug therapies;
however, they partially recapitulate the pathological features of human NMO in animal
model as the complement system and humoral/cytotoxic immunity vary between different
species [170,172,179].

12. Conclusions

NMOSD is a complex multifactorial neuroinflammatory disease; extensive research is
ongoing on the pathogenesis, genetic background, serum biomarkers, OCT segmentation.
Novel drugs targeting the complement cascade system, IL-6R, and B cells are being studied.
Restoring the blood-brain barrier and enhancing immune tolerance by using stem cell
transplantation, dendritic cells, vaccine and regulatory T cells might provide potential
therapeutic strategies in the future. Animal models may help gain a better understanding of
the detailed immune mechanisms involved and could lead to the development of potential
future treatments, for example, based on the inhibition of AQP4 antibody formation that
could prevent the activation of inflammatory cells and offer neuroprotection.
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Abstract: Erythropoietin (EPO) is known as a hormone for erythropoiesis in response to anemia and
hypoxia. However, the effect of EPO is not only limited to hematopoietic tissue. Several studies
have highlighted the neuroprotective function of EPO in extra-hematopoietic tissues, especially the
retina. EPO could interact with its heterodimer receptor (EPOR/3cR) to exert its anti-apoptosis, anti-
inflammation and anti-oxidation effects in preventing retinal ganglion cells death through different
intracellular signaling pathways. In this review, we summarized the available pre-clinical studies of
EPO in treating glaucomatous optic neuropathy, optic neuritis, non-arteritic anterior ischemic optic
neuropathy and traumatic optic neuropathy. In addition, we explore the future strategies of EPO for
optic nerve protection and repair, including advances in EPO derivates, and EPO deliveries. These
strategies will lead to a new chapter in the treatment of optic neuropathy.

Keywords: erythropoietin; neuroprotection; retinal ganglion cell; optic neuropathy; optic nerve
protection

1. Introduction

Erythropoietin (EPO) is a hormone that can stimulate erythropoiesis [1]. Its expression
is regulated by hypoxia-inducible factors (HIF), a transduction factor sensitive to anemia
and hypoxia [2]. EPO is produced by interstitial cells in the adult kidney [3]. It is secreted
into the plasma and stimulates hematopoietic stem cell differentiation into red blood cells;
however, the effect of EPO is not limited to erythroid tissues. EPO and EPO receptors
(EPOR) have autocrine and paracrine functions in extra-hematopoietic tissues such as the
endothelium, the heart, and the central nervous system, including the retina [4-7]. The role
of EPO in paracrine signaling in the retina, which occurs inside the blood-retinal barrier,
suggests its physiological roles other than erythropoiesis.

An abundance of EPO and EPOR has been demonstrated in the retina of humans [8].
EPO, the product of ganglion cells and retinal pigment epithelium cells is capable of target-
ing EPOR on photoreceptor cells, bipolar cells and amacrine cells [9]. A study indicated
that EPOR upregulation is important for neuroprotection in retinal ischemic precondition-
ing [10]. Another study supported that exogenous EPO could protect neuron from damage
in a model of transient global retinal ischemia [11]. In our previous studies, we found
that EPO could protect cultured adult rat retinal ganglion cells (RGCs) against N-methyl-
d-aspartate (NMDA) toxicity, tumor necrosis factor-alpha (TNF-«) toxicity and trophic
factor withdrawal (TFW) [12]. Our in vivo study also found that intravitreal injection of
EPO could attenuate NMDA-mediated excitotoxic retinal damage [13]. Except for the
studies mentioned, many researchers have stated that EPO possesses antiapoptosis [14],
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antioxidative [15] and anti-inflammatory [16] properties. These properties are factors to
why EPO is characterized to have neuroprotective effect in an organism’s retina. Under-
standing the features of EPO might result in the development of beneficial optic neuropathy
treatments, including new delivery systems and derivatives with prolonged drug action
of tissue protection and without erythropoietic side effects. Therefore, we summarize the
available studies involving the neuroprotective effects of EPO in optic neuropathies and
propose future strategies involving EPO in optic nerve repair and protection.

2. EPOR: Different Isoforms with Pleiotropic Functions

The structure of EPOR consists of a cytoplasmic domain with 235 amino acids, a single
transmembrane domain with 23 amino acids, and an extracellular domain with 225 amino
acids [17]. There are two subdomains, D1 and D2, in the extracellular domain, both of
which are necessary for EPO binding [17]. Different isoforms of EPOR have been identified
and characterized to have pleiotropic functions:

2.1. The Homodimer Isoform: EPOR;

The homodimer isoform is present in erythroblasts [17]. During hematopoiesis, EPO
binds to its receptor and results in homodimerization of EPOR (Figure 1) [18]. Following
binding, Janus kinase-2 (JAK-2) activates several secondary signal molecules [17,19], such
as STATS5 [20], MAPK, and PI3-K/Akt [21]. The activation of these molecules contributes to
the differentiation and maturation of erythroid progenitor cells [22].
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Figure 1. Binding of EPO to EPOR induces JAK-2 phosphorylation, dimerization, and subsequently
activate STAT5/3, Ras/Raf/MEK/ERK, PI3-K/Akt, and NF-«B pathways. JAK-2 phosphorylates
STATS5 or STAT3, leading to the dimerization of STAT5 (STAT3). STAT5 (STAT3) and the last signaling
molecule in the MAPK pathway translocate into the nucleus and upregulate the expression of
antiapoptotic Bcl-2 and Bcl-xL. Activation of PI3-k/ Akt pathway increases endothelial nitric oxide
synthase (eNOS) protein expression and NO production, which could increase blood flow and
attenuate regional injury. PI3-k/Akt pathway also phosphorylates transcription factor GATA-1 and
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Foxo3 A, which enhance the expression of antiapoptosis proteins. Activation of the IKK complex
by Akt phosphorylates IkB, resulting in its ubiquitination, and degradation, and in the releases of
bound NF-«B. Free NF-«B translocates into the nucleus and exerts its antiapoptosis activity through
the expression of inhibitors of apoptotic proteins (IAPs). Furthermore, binding of EPO to EPOR/3cR
activates Wnt signaling, which inhibits GSK-33 phosphorylation and allow (-catenin to stabilize
and accumulate in the cytoplasm in a non-phosphorylated form. Free 3-catenin translocates into
the nucleus and trigger transcription of Wnt-target gene responsible for cell antiapoptosis and the
development of nervous system. Activation of NMDA receptors allows the influx of Ca?*, which
induces excitotoxicity via initiation of the p-calpain/Bax/cytochrome c/caspase-9 pathway. The
caspases result in DNA fragmentation and lead to cell apoptosis. Activation of PI3-K/Akt pathway
could also inhibit caspase activity by preventing cytochrome c leakage from mitochondria, thus
inhibiting DNA degradation.

2.2. Heterodimer Isoform: EPOR/BcR

In addition to the homodimerization, there are other types of EPO receptors, which
involve affinities 8-16 times weaker [23,24]. A study confirmed the receptor was a het-
erodimer consisting of EPOR and the 3 common receptor (3cR), a subunit of granulocyte-
macrophage colony stimulating factor, interleukin 5, and interleukin 3 [25]. Since the
EpoR/ 3cR heterodimer has the properties against tissue injury and inflammation, some
authors named it as the “tissue-protective receptor” or “innate repair receptor” [26]. Recent
data found the presence of this heterodimer complex in the RGCs, inner nuclear layer and
photoreceptors [27]. In experimental studies, EPO binding to the EPOR/3cR heterodimer
could reduce light-induced photoreceptor cell death [27]. Additionally, EPO binding to
the EPOR/ 3¢cR heterodimer could activate Wingless (Wnt) signaling (Figure 1) [28], which
could regulate cells survival, and differentiation. Wnt signaling is an important pathway
responsible for the development of different ocular structure [29]. This heterodimer recep-
tor contributes to the majority of the protective effects of EPO, which potentially underlines
a vast quantity of therapeutic approaches.

2.3. Extracellular Soluble Isoform: sEPOR

The extracellular soluble isoform of EPOR (sEPOR), which lacks the transmembrane
and cytoplasmic domains, is found in human plasma [30]. During hypoxia, in contrast to
the expression of the full-length form increased through HIF transduction, the expression
of the sEPOR is downregulated. In many studies, sEPOR is viewed as an endogenous
antagonist of EPO, which blocks the neuroprotective effects of EPO. This form interacts
with EPO without further activation of any downstream pathways. Moreover, its binding
with EPO restricts the interaction of EPO with other receptor isoforms, resulting in a lower
availability and bioactivity of EPO [10,31].

3. Effects of EPO
3.1. Angiogenic Effects

The transcription factor, HIF, has a vital role in hematopoiesis. In normoxic conditions,
prolyl hydroxylase domain proteins (PHDs) hydroxylate all HIF-« subunit. After bind-
ing to von Hippel-Lindau tumor suppressor protein (VHL), hydroxylated HIF-« is then
ubiquitinated. The ubiquitination of hydroxylated HIFs results in its degradation by the
proteasome. In hypoxic conditions, the action of PHDs is inhibited. The stabilized HIF-«
thus binds to HIF-3 and translocates into the nucleus to regulate erythropoiesis via regula-
tion of the expression of the EPO gene, vascular endothelial growth factor (VEGF) [32], as
well as genes coding for proteins involved in iron metabolism [33], which are important
for tissue oxygenation. After translation of EPO, the EPO is secreted into the circulation to
reach hematopoietic cells. EPO binds with EPOR on erythroid cells, which triggers homod-
imerization of EPOR and activates the EPOR-associated JAK-2 by autophosphorylation
(Figure 1) [17]. The active kinase JAK-2 results in the phosphorylation of tyrosine residues
on the cytoplasmic portion of the EPOR [17]. The phospho-tyrosine residues recruit vari-
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ous proteins, which subsequently activate a series of pathways, including JAK-2/STAT5
(STAT3), PI3-K/ Akt, and MAPK pathway [20,21]. JAK-2 phosphorylates STAT5 or STATS3,
once it binds to the cytoplasmic portion of EPOR. STAT5 (STAT3) homodimerizes and
translocates into the nucleus as a gene transcription factor. Activating the JAK-2/STAT5
(STAT3) pathway also leads to the upregulation of the antiapoptotic B-cell lymphoma-extra-
large (Bcl-X1,) protein, therefore protecting proerythroblasts from apoptosis [34]. After the
activation of Ras by adaptor proteins, initiation of RAF/mitogen-activated protein kinase
(MEK)/extracellular signal-regulated kinase (ERK) pathway would occur. RAF-1 protein
kinase phosphorylates MEK, which subsequently phosphorylates MAPK/ERK1/2 [35].
The last molecules in the cascades translocate into the nucleus and activate various gene
transcription factors for erythropoiesis regulation. PI3-K/ Akt pathway is one of the main
activating signaling pathways. PI3-K could lead to the phosphorylation of Akt, which
could activate other proteins involved in erythropoiesis regulation. Akt phosphorylates the
transcription factor GATA binding protein-1 (GATA-1), which is an important transcription
factor for the anti-apoptotic Bcl-Xy, expression and erythroid-specific genes. Phosphoryla-
tion of GATA-1 could enhance GATA-1 activity in erythroid cell [36]. The forkhead box O3A
(Foxo3A), another Akt targeted transcription factor, has proapoptotic functions; in contrast,
phosphorylation of Foxo3A inhibits its transcriptional activity [37]. Figure 1 illustrates the
intracellular signaling pathway of EPO. Dysfunction in these signaling pathway leads to
abnormal erythropoiesis by disrupting cells proliferation and apoptosis.

3.2. Antiapoptotic Effects

Binding of EPO to EPOR results in JAK2 phosphorylation and initiates STAT5 (STAT3),
MAPK, PI3-K/ Akt and nuclear factor kappa-light-chain-enhancer (NF-kB) downstream
pathways, which execute the antiapoptotic effect of EPO (Figure 1) [38]. The last molecules
in the STAT5 (STAT3) and MAPK pathways could translocate into the nucleus and ac-
tivate the apoptotic regulators of Bcl-2 family, antiapoptotic Bcl-2 and Bcl-Xp, to inhibit
apoptosis [39]. Activation of PI3-K/ Akt pathway also prevents cell apoptosis. Cell death
signaling can be initiated by caspases or mitochondrial membrane depolarization. When
the mitochondria membrane is depolarized, cytochrome ¢ would be released into the
cytoplasm and form the apoptosome complex with apoptotic protease activating factor-1
(Apaf-1) [40]. Pro-caspase-9 is activated by the apoptosome, which initiates downstream
caspase activation. The activated caspases would cause DNA fragmentation and lead to cell
apoptosis [40]. Activation of PI3-K/ Akt pathway could inhibit caspase activity by prevent-
ing cytochrome c leakage from the mitochondria [41]. IkB kinase (IKK), another Akt target,
is also associated with cell survival. In resting cells, NF-kB is held by the IkB. Activation of
the IKK complex phosphorylates IkB, resulting in its ubiquitination and degradation, and
in the releases of bound NF-«B. NF-«B exerts its protective effects through the increase in
inhibitors of apoptotic protein (IAPs) [42], blocking of caspase activity [42], suppression of
TNF-« related apoptosis [42], direct enhancing activation of Bcl-X, and removal of cellular
reactive oxygen species (ROS) [43].

In addition, Wnt signaling was proven to inhibit cancer therapy-mediated apoptosis
and exhibit its oncogenic properties through the antiapoptosis effect [44]. Binding of EPO
to EPOR/3cR heterodimer, present in RGCs and ocular stem cells, also activates Wnt
signaling (Figure 1). Wnt binds to the Frizzled transmembrane receptors, which inhibits
[-catenin phosphorylated by glycogen synthase kinase (GSK)-3f3 [45]. Free {3-catenin
accumulates and thus translocate into the nucleus. The binding of 3-catenin to T-cell factor
(Tcf) regulates cells survivability [44].

3.3. Anti-Inflammatory Effects

In inflammatory conditions, EPO was detected at the borders of the injury sites. Hence,
the potential anti-inflammatory effect of EPO has also been investigated. EPO was found to
decrease pro-inflammatory cytokine production, including intercellular adhesion molecule-
1 (ICAM-1) [46], interleukin-6 (IL-6) [47], and TNF-« [48,49]. EPO also increased the
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production of the anti-inflammatory cytokine IL-10 [48]. Additionally, EPO could increase
endothelial nitric oxide synthase (eNOS) protein expression (Figure 1) [50], which increase
nitric oxide production. Nitric oxide could increase blood flow, and attenuate regional
injury [51]. As regards the innate immune system, EPO could facilitate phagocytosis in
macrophages [52], mediate dendritic cell maturation and immunomodulation [53], and
reduce inflammation caused by mast cells [54]. In previous literature, these effects were
thought to be mediated by the inhibition of pro-inflammatory cytokines. However, recent
studies have confirmed the existence of EPORs on human T and B lymphocytes, suggesting
that EPO could potentially have a direct impact on the immune cells [55]. In the adaptive
immune system, EPO could directly promote the proliferation of regulatory T cells, but
inhibit the proliferation of conventional T cells without inducing apoptosis [56]. These
anti-inflammatory effects of EPO have been observed in several experimental studies of
kidney transplant, colitis and encephalomyelitis [56-58]. Thus, EPO is thought to be an
important hormone that facilitates immune homeostasis.

3.4. Antioxidant Effects

EPO has the ability to attenuate oxidative stress, allowing it to be categorized as a
cytoprotective agent [59,60]. EPO could induce heme oxygenase-1 expression via PI3K/ Akt
pathway [61], which could provide a cytoprotective effect in astrocytes [62]. EPO also
increases the level of glutathione peroxidase, a potent antioxidant protein, which can de-
crease the toxic activity of ROS [63]. Apart from direct antioxidative effects of EPO, indirect
antioxidative effects have been reported. For example, the increase in the number of red
blood cells resulting from EPO activity results in an increase in total level of antioxida-
tive enzymes. [64]. EPO could also indirectly inhibit iron-dependent oxidative injury by
depleting iron, a major catalyst for free radial reaction [65].

4. Current Strategy of EPO for Optic Nerve Protection and Repair

Encouraging results of EPO from basic research support the possibility of integrating
its therapeutic effects in glaucomatous optic neuropathy, optic neuritis, non-arteritic an-
terior ischemic optic neuropathy (NAION), and traumatic optic neuropathy (TON). We
summarize the available studies in the literature on the use of erythropoietin in these optic
neuropathies (listed in Table 1).

Glaucomatous optic neuropathy, a neurodegenerative disease, is characterized by
progressive loss of RGCs. Elevated intraocular pressure (IOP) is considered the most im-
portant risk factor of glaucomatous optic neuropathy. However, some patients experienced
continued RGCs loss despite good intraocular pressure control, suggesting the presence of
other complicated mechanisms stimulating RGC death. Multifactorial mechanisms have
been postulated for glaucomatous optic neuropathy, including vascular insufficiency, in-
flammation [66,67], excitotoxicity [68] and neurotrophic factor withdrawal [69]. Due to the
complex pathogenesis of glaucoma, EPO was developed to prevent the IOP-independent
RGCs loss. Several studies have reported that the EPO level in the aqueous humor increased
in patients with glaucoma [70]. The cause of the elevated aqueous EPO in glaucomatous
eyes might be related to the ischemia, hypoxia, or elevated ROS caused by glaucomatous
damage [71]. The increase in EPO is identified as a compensatory response due to the
presence of glutamate, nitric oxide and the free radicals after the glaucomatous damage [72].

Previous studies have reported glutamate and NMDA excitotoxicity as the probable
mechanism of glaucoma. This involves the opening of ion channels which allows the entry
of extracellular Ca?* into neurons. Ca?* acts as second messenger to activate downstream
signaling pathways leading to RGCs apoptosis [73]. TNF-o and TNF-« receptor 1 signaling
could also induce RGC hyper-excitability by upregulating Na* channels, which contribute
to RGCs apoptosis in glaucoma [74]. In our previous study, we cultured RGCs from adult
rats in a medium containing neurotrophic factors [12]. Cytotoxicity was induced by NMDA,
TFW, and TNF-a.. EPO was found to provide neuroprotection to cultured adult rat RGCs
against NMDA-, TFW-, and TNF-« -induced toxicity. The efficacy of EPO is similar with
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memantine (an NMDA receptor antagonist), glial cell-derived neurotrophic factor (GDNF),
and Z-IETD-FMK (a caspase-8 inhibitor). Additionally, inhibiting STAT5, MAPK/ERK and
PI3K/ Akt signal impaired the protective effects of EPO [12]. We subsequently investigated
the effect of EPO in vivo study [13]. Wistar rats were randomly assigned to different groups
treated with intravitreal NMDA and EPO. We found that EPO had dose-dependent neu-
roprotective effect against NDMA-mediated neurotoxicity. Through histological findings,
EPO was also found to reverse the NMDA-induced damage to bipolar cell axon terminals
in the inner plexiform layer. We also observed that in the excitotoxic signaling pathway of
NDMA-induced toxicity, p-calpain is activated first, followed by Bax, and then caspase-9
(Figure 1). EPO could protect RGCs by downregulating the activity of p-calpain, Bax as
well as caspase-9 [13].

Apart from our previous research results, EPO was also found to be neuroprotective
via systemic, intravitreal, subconjunctival and retrobulbar administration in rat model
of glaucoma. The DBA/2J mice, which spontaneously develop glaucomatous loss of
RGC and are used to mimic human hereditary glaucoma, were intraperitoneally injected
with EPO. Treatment with EPO could promote RGC survival without affecting IOP [75].
Subconjunctival injection of EPO in a rat model of glaucoma demonstrated increase in
electroretinography wave amplitudes and retinal thickness [76]. Retrobulbar injection
of EPO could preserve RGCs in rats with acute elevated IOP [77]. A single intravitreal
injection of EPO could provide protective effects on RGC viability in rat model of glau-
coma [78]. Based on the aforementioned studies, EPO is found to have neuroprotective
effects regardless of the EPO administration methods. However, the discussion of EPO in
the treatment of glaucoma is limited to animal studies. In humans, there are only a few
observational studies investigating the correlation between EPO and glaucoma, especially
neovascular glaucoma [79-81]. To date, human studies using EPO for the treatment of
glaucoma are still lacking. Future studies could focus the application of EPO in patients
with primary open-angle glaucoma to see if EPO exhibits the same neuroprotective effects
in animal experiments.

Optic neuritis is another high occurring disease among the world population. For
optic neuritis, methylprednisolone is the standard treatment in clinical practices. Although
steroid treatment could accelerate visual acuity recovery, recent study demonstrates that
steroids could not influence the visual outcome or atrophy of the optic nerve [82]. An ani-
mal study even demonstrated that methylprednisolone could increase RGCs degeneration
by inhibiting the neurotrophin pathway [83]. Since EPO has shown multiple neurotrophin-
like properties in various neuronal disorders, the efficacy of EPO is evaluated as an add-on
therapy to methylprednisolone in autoimmune optic neuritis by investigators. In an ex-
perimental autoimmune encephalomyelitis (EAE) rat model, intraperitoneal injection of
EPO (5000 U/kg) significantly increased the survivability and functionality of RGCs in
rats afflicted with myelin oligodendrocyte glycoprotein (MOG)-induced optic neuritis [84].
In the model of MOG-EAE, Sittler et al. concluded that the PI3-K/ Akt pathway plays an
important role in RGCs survivability under systemic treatment with EPO [84]. Establish-
ment of potentially relevant intracellular conduction pathways might make the application
of EPO more feasible in MOG-EAE. Human studies have been performed, but the results
were not conclusive. A comparatives study in humans demonstrated no difference in visual
acuity, visual field and contrast sensitivity between the intravenous EPO (20,000 IU/day)
accompanied with methylprednisolone group, and the methylprednisolone only group [85].
A comparative study reported intravenous EPO (33,000 IU/day) as an add-on therapy to
methylprednisolone improved median deviation of perimetry in acute optic neuritis [86],
but post-intervention retinal nerve fiber layer (RNFL) thickness demonstrated no significant
difference from the methylprednisolone only group [86]. One double-blinded random-
ized control study demonstrated decreased structural and functional impairments in EPO
add-on group [87]. Retinal nerve fiber thinning was less apparent, and visual evoked
potential latencies were shorter in the EPO add-on group than in the control group. One
randomized, placebo-controlled, double blind, phase 3 study compared patients receiving
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intravenous EPO (33,000 IU/day) plus methylprednisolone to patients receiving placebo
plus methylprednisolone [88]. Mean RNFL thickness atrophy and mean low contrast letter
acuity scores showed no difference between these two groups [88]. Most of the studies
failed to demonstrate EPO to be a structurally and functionally neuroprotective agent as
an add-on therapy in optic neuritis. The reason might be that most of these studies chose
longer disease-treatment duration (0-10 days), and did not stratify the severity of optic
neuritis. The application of EPO on the injured tissues might lack receptors activity since
severe inflammation might decrease tissue bioavailability for drugs to interact. Addition-
ally, all studies administrated EPO systemically in a short duration (3 days). The efficacy of
EPO might therefore be limited. Future studies into this matter could classify the severity
of optic neuritis, administer EPO more closely to disease onset and extend the treatment
duration to see the therapeutic effects of EPO.

Table 1. Summary of clinical studies that evaluate the effect of erythropoietin on optic neuropathies.

Number of Eyes/Patients

Authors Year Study Design (Animals) Intervention Main Outcomes
Glaucoma (Animal Studies)
Randomly assigned into five
groups:
(1) Control EPO protects RGCs and
(2) Intravitreal NMDAS0 bipolar cell axon terminals in
Randomized . (3) Intravitreal IPL by downregulating
Cheng etal. [13] 2020 intervention study 125 Wistar rats NMDASO + 10 ng EPO apoptotic factors to
(4) Intravitreal attenuate NMDA-mediated
NMDASO0 + 50 ng EPO excitotoxic retinal damage.
(5) Intravitreal
NMDASO0 + 250 ng EPO
Assigned into 5 groups:
(1) Control . EPO’s effects were similar to
(2) Intraperitoneal those of memantine, a
Memantine (70 mg/kg/wk) known neuroprotec‘éive
Zhong et al. [75] 2007 Intervention study gé 4%{3%// 26]] I;TCC: and Egz)(])l(;tfgﬁ(nt(;&es)l EPO agent. EPO promoted RGCs
8 survival in DBA /2]
(4) Intraperitoneal EPO laucomatous mice without
(6000 IU/Kg/wk) §ffectin IOP.
(5) Intraperitoneal EPO &1
(12,000 U/Kg/wk)
26 Wistar Hannover albino rats
Wlth unilateral glauc'oma EPO improved both
induced by coagulation of Subconjunctival injection of scoptopic and photopic
Resende et al. [76] 2018 Comparative study 3 episcleral veins in the right 1000 IU] EPO Versu]s placebo amglitu de. Retinal thickness
E};ese (right eye): 13 eyes is thicker in EPO group.
Control (left eye): 13 eyes
Assigned into 5 groups:
(1) Unoperated control
75 rats with unilateral (2) Operated control
glaucoma induced by saline (3) Acute elevated IOP group EPO with a retrobulbar
. infused into anterior chamber. (4) Acute elevated IOP + administration could protect
Zhong etal. [77] 2008 Intervention study The IOP was raised to 70 mm retrobulbar EPO (1000 U/100 uL)  RGCs from acute
Hg for a duration of up to (5) Acute elevated IOP + vehicle elevated IOP.
60 min. solution retrobulbar injection
(i.e., EPO diluted in a
vehicle solution)
Assigned into 4 groups: RGC counts were
(1) Unoperated control significantly decreased in
29 Sprague Dawlev rats with (2) Episcleral vessel cautery both the EVC and EVC+
Tsai et al. [78] 2005 Intervention study prag Y (3) EVC + intravitreal intravitreal normal saline

EVC glaucoma model

normal saline
(4) EVC + intravitreal
EPO(200 ng/5 uL)

groups but not significantly
decreased in the EVC-EPO
treated retinas.

153



Int. J. Mol. Sci. 2022, 23,7143

Table 1. Cont.

Number of Eyes/Patients

Authors Year Study Design (Animals) Intervention Main Outcomes
Optic Neuritis (Human Studies)
. s No difference was observed
. 62 patients Wl&.l 1501&,“.3(.1 Intravenous EPO 20,000 IU/day between the two groups in
Nonrandomized retrobulbar optic neuritis . PO
Sanjari et al. [85] 2019 mparati (onset <10 days) for 3 days + intravenous BCVA, contrast sensitivity,
anjart et al comparauve © Se. ays . methylprednisolone versus MD of visual field, and pace
case—control study Cases: 35 patients Control: . . - .
. intravenous methylprednisolone of recovery of visual acuity
27 patients
at 120-day follow-up.
The amount of MD
improvement was
significantly higher in
30 pe}t}ents. xﬁnth li\cute opt%c. Intravenous EPO 33,000 IU/day E'I;?-treated groEp. Noc1
Nonrandomized neuritis with unknown origin for 3 days + intravenous ifference was observe
Shayegannejad et al. . or demyelinative origin (onset . between the two groups in
2015 comparative methylprednisolone ) .
[86] <4 days) : post-intervention PSD,
case—control study Cases: versus intravenous amount of PSD
15 patients Control: 15 patients methylprednisolone improvement,
post-intervention RNFL, and
RNFL loss at 6-month
follow up.
EPO group had less RNFL
thinning, shorter VEP
latencies, and smaller
Randomized 37 patients with unilateral Intravenous EPO 33,000 IU/day decrease in retrobulbar
Siihs et al. [87] 2012 double-blind optic neuritis (onset < 10 days) for 3 days + methylprednisolone diameter of optic nerve. No
) clinical trial Case: 20 patients versus intravenous difference was observed
Control: 17 patients methylprednisolone between the two groups in
recovery of visual acuity and
visual field perception at
16-week follow-up.
No difference was observed
between the two groups in
post-intervention RNFL
. 103 patients with unilateral Intravenous EPO 33,000 IU/day tl_uckness, .10W contrast
Randomized optic neuritis (onset < 10 days) for 3 days + methylprednisolone visual acuity at 26-week
Lagreze et al. [88] 2021 double-blind clinical p R . Y Y VP follow up. One patient in
: Case: 52 patients versus intravenous
trial EPO group developed a

Control: 51 patients

methylprednisolone

venous sinus thrombosis,
which was treated with
anticoagulants and resolved
without sequelae.

Non-Arteritic Anterior Ischemic Optic Neuropathy(Human Studies)

31 patients with NAION (onset

Intravitreal injection of EPO

EPO improved visual acuity
and MD at 3-month follow
up. The effect of EPO began

Modarres et al. [89] 2011 Case series to wear off after 3 months.
< 1 month) (20001U/02 mL). The improvement in BCVA
from baseline persisted at
6-month follow-up.
Assigned into 3 groups: I .
113 patients with NAION (1) Intravenous EPO 10,000 ITU Sgrzlgglsgj;‘g; ‘iﬁf)f“‘lfﬁz
Nonrandomized (onset < 14 days) BID for 3 days + intravenous three eToups in Visua% acuit
Pakravan et al. [90] 2017 comparative LV. Steroid + EPO: 40 patients methylprednisolone o8 'llalz RNFL ¥
case series LV. Steroid: 43 patients (2) Intravenous E)}fircllgr?gsls ax}': d visual field at
Observation: 30 patients methylprednisolone 6-month follow-
(3) Observation month fotlow-up.
More patients in the EPO
group gained at least 3 lines
99 patients with NAION (onset ~ Assigned into 3 groups: Oifucvé'ezsrt‘lggigipo
Randomized < 5 days) (1) Intravenous EPO 10,000 U S e RNEL. No
Nikkhan et al. [91] 2020 ancomiz EPO: 34 patients BID for 3 days peripapiary - N
clinical trial Oral -1 . . significant differences in
ral steroid: 33 patients (2) Oral prednisolone visual acuity and MD of
Placebo: 32 patients (3) Placebo Y

visual field among the three
groups at 6-month
follow-up.

Traumatic Optic Neuropathy(Human Studies)

Kashkouli et al. [92] 2011

Nonrandomized
comparative
case—control study

15 patients with iTON
(onset < 3 weeks)

EPO: 7 patients
Observation: 8 patients

Intravenous injection of EPO
(10,000 IU/day) for 3 days

BCVA was significantly
higher in the EPO group at
last follow up (mean follow
up time: EPO group:

7.0 months, observation
group: 5.8 months)
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Table 1. Cont.

Number of Eyes/Patients

Authors Year Study Design (Animals) Intervention Main Outcomes
. . 18 patients with iTON Intravenous injection of EPO EPO improve BCVA at
Enterzari etal. [93] 2014 Case series (onset < 2 weeks) (20,000 TU/day) for 3 days 3-month follow-up.
Assigned into 3 groups: A.H th_ree groups showed a
100 patients with TON (1) Intravenous EPO sggr\l]lﬁcg}’;fgle};rccg;eég f:,tezrfl
(onset < 3 weeks) (10,000 or 20,000 IU/day) , i were not statisticall
Kashkouli et al. [94] 2017 Clinical trial EPO: 69 patients for 3 days & ouilzs r: eC ? S ai stieatly
Steroid: 15 patients (2) Intravenous sign! f%ca ti oorv mgr} w&s
Observation: 16 patients methylprednisolone Slgg 1canty lmproveh mn the
(3) Observation EPO group at 3-mont
follow-up.
Recent iTON (<3 month): BOth groups ?'aV%CV A visual
. 7 eyes Intravitreal injection of EPO umprovement in y Visua
Rashad et al. [95] 2018 Case series evoked response amplitude,

Old iTON (3-36 months):
7 eyes

(2000 TU/0.2 mL)

and latency at 6-month

follow-up.

NMDA: N-Methyl-D-aspartic acid; EPO: erythropoietin; RGC: retinal ganglion cell; IOP: intraocular pressure;
EVC: episcleral vessel cautery; BCVA: best-corrected visual acuity; MD: mean deviation; PSD: pattern standard
deviation; RNFL: retinal nerve fiber layer; VEP: visual evoked potentials; NAION: non-arteritic anterior ischemic
optic neuropathy; TON: traumatic optic neuropathy.

Non-arteritic anterior ischemic optic neuropathy is thought to result from vascular
insufficiency. Patients with hypertension or obstructive sleep apnea have higher risk of
developing NAION since the disease could result in hypoperfusion of the optic nerve. The
hypoperfusion causes ischemia and swelling of the axons, thus increasing the pressure
on the nervous tissues confined within the tight borders of the posterior scleral outlet.
The axon swelling results in further ischemia and neuron swelling. The vicious cycle
leads to severe ganglion cells damage. Due to the evidence showing neuroprotection
effect of EPO, investigators also determined the efficacy of EPO in NAION. Modarres
et al. conducted a prospective interventional case series by intravitreally injecting EPO
(2000 IU/0.2 mL) into thirty-one patients within 1 month of the NAION onset [89]. Within
the first month, 61.2% of patients had shown improvement in visual acuity, after 3 months,
the protective effect of EPO began to wear off. Nevertheless, the visual acuity remained
significantly better than baseline after a 6-month follow up [89]. Pakravan et al. performed
another prospective comparative case series in 113 patients diagnosed as recent onset
NAION (less than 14 days) [90]. Patients were categorized into three groups: intravenous
methylprednisolone with intravenous EPO (10,000 IU twice a day for 3 days), intravenous
methylprednisolone, and control group. Among the three experimental groups, there
were no statistically significant differences in best-corrected visual acuity (BCVA), mean
deviation, and peripapillary RNFL thickness after a 6-month follow up. The same research
group later performed a randomized clinical trial to compare the effect of systemic EPO
(10,000 IU twice a day for 3 days) versus oral steroids (75 mg daily tapered off within
6 weeks) versus placebo [91]. A total of 99 patients diagnosed as acute-onset (<5 days)
NAION were included. The EPO-treated group did not improve visual acuity and mean
deviation of visual field when compared to the oral steroid-treated group and placebo group.
However, more patients (55%) in the EPO group gained at least three lines of BCVA. Patients
in EPO group preserved more peripapillary RNFL [91]. Among the aforementioned studies,
the case series by Modarres et al. reported that EPO was beneficial in NAION, but its
limitation was the lack of a comparison group. The subsequent interventional comparative
study by Pakravan et al. failed to demonstrate the benefits of EPO in NAION. They were
debated involving the concomitant use of systemic steroid and EPO because high-dose
steroid has shown to inhibit pro-inflammatory cytokines and neurotrophic factors. The
postulated systemic steroid might blunt EPO’s neuroprotective effects. Limitations of
the study include the lack of randomized study design and the broad inclusion window
(14 days), so the neuroprotective effect of EPO might not be demonstrated. The research
team subsequently improved the limitations of their study by publishing a randomized
study and narrowing the inclusion window (5 days), which proved that EPO did have
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some structural and functional benefits although EPO group did not have significantly
better visual acuity than that in the steroid and placebo groups at the end of the tracking.
Since existing studies shows intravenous EPO appears to have limitations in the treatment
of NAION, future studies should be directed toward a larger randomized study to replicate
the benefit of intravitreal EPO in NAION in Modarres’s study.

For traumatic optic neuropathy, indirect TON is the more common type. The shear-
ing force could lead to small vessel and neuron axon injury around the optic nerve by
inducing ischemia, inflammation, and oxidative stress, all of which result in ganglion cell
death. Currently, the common treatments are observation, corticosteroids and optic canal
decompression. However, none of these managements are proven to be effective. Since
EPO has shown to be neuroprotective, EPO might play a role in treating indirect TON.
Intravenous EPO was first commenced in patients with indirect TON by Kashkouli et al. in
2011 [92]. Indirect TON patients with intravenous EPO (10,000 IU in 3 days) were compared
to indirect TON patients without treatment. They found that the EPO-treated group has
higher BCVA than that in the observation group. They advocated intravenous EPO may
be a new effective and safe treatment in patients with indirect TON [92]. The efficacy of
EPO in indirect TON was re-tested by Enterzari et al. in 2014. In the case series, EPO was
also shown to improve the mean BCVA [93]. In 2017, Kashkouli et al. performed a phase 3,
multicenter study. They enrolled TON patients with trauma-treatment duration less than
3 weeks [94]. The mean BCVA was compared among the three groups, including the EPO
group, the methylprednisolone group and the observational group. The dosage of EPO
was given according to patient’s age, where 10,000 units EPO per day were infused into
patients under 13 years of age and 20,000 units EPO per day were infused into patients
above 13 years of age for 3 consecutive days. The EPO-treated group has better color vision
than other groups. All three groups demonstrated improvement of BCVA. Although a
better final vision was seen in the EPO group, but the results were insignificant between
the groups [94]. They also reported late treatment (>3 days) and initial BCVA of no light
perception as poor prognosis factors, but then another study takes a different view. An-
other study by Rashad et al. investigated the efficacy of intravitreal EPO in treating recent
(<3 months trauma-treatment duration) and old (3-36 months) TON in 2018 [95]. They
reported intravitreal injection of EPO (2000 IU/0.2 mL) improved BCVA, visual evoked
response amplitude and latency in either recent and old indirect TON [95]. All of the
above studies reported EPO could improve BCVA in TON patients either in the case series
or in a larger clinical trial. Although EPO seems to bring promising experiment results,
these studies still lack randomized study designs. The results need to be interpreted with
care. The American Academy of Ophthalmology presented a report exploring the efficacy
of surgery, steroids, EPO and other drugs for TON; however, they were also unable to
reach a conclusion due to lack of level I evidence [96]. Notably, Rashad’s study reported
that intravitreal EPO could improve vision in old TON patients. The conclusion is highly
anticipated since there has been no effective treatment for old TON patients. Future studies
should prioritize a large, randomized study, while investigating the efficacy of intravitreal
EPO in recent or old TON patients.

5. Advances in EPO Derivatives

For more than a decade, the use of EPO to treat hematopoietic anemia in chronic
kidney disease has played an integral role in clinical practice. On non-hematopoietic cells,
high-dose systemic EPO administration is required to promote tissue repair and neuro-
protection due to the low affinity toward heterodimeric EPOR/cR [23]. However, high
doses of EPO have the potential to trigger undesirable side effects such as polycythemia
and thromboembolic events. The development of EPO derivatives with a higher affinity
toward the heterodimeric EPOR/ 3cR would further improve medical protocols by elimi-
nating undesirable and detrimental effects. In addition, the availability of EPO derivatives
could potentially lower the costs of EPO treatment and provide new series of treatment
options to counteract different neurodegenerative diseases. Recently, newly modified EPO
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possesses improved characteristics as an erythropoiesis-stimulating agent (ESA), including
diminished side effects, extended half-life, and reduced clearance rate during circulation.

Epoetin alfa (Epogen), a type of ESA medicine, has been the standard of care for
patients with kidney disease and cancer-related anemia. Epoetin alfa-epbx (RetacritTM)
shares the same amino acid sequence and similar carbohydrate composition as epoetin alfa
(EpogenTM). In 2018, the protein was approved by the FDA, making it the first biosimilar
EPO molecules approved in the USA [97]. Darbepoetin alfa (DA, Aranesp), an alternative
agent of Epoetin alfa and a hyperglycosylated EPO analog, is a novel ESA with two
additional N-glycosylation sites accompanied by 22 sialic acid moieties. In the attempt to
extend the molecule’s half-life by three-fold longer than EPO in vivo, glycoengineering
was conducted to increase the structure’s resistance to degradation. Darbepoetin alfa was
approved for treating anemia resulting from renal diseases and cancer chemotherapy. The
treatment protocol only requires a once-per-week visit and is accompanied by lower clinical
costs [98,99]. C.E.R.A. (continuous erythropoietin receptor activator), a third-generation
ESA, is an EPO (~34 kDa) integrated with methoxypolyethylene glycol (PEG, 30 kDa).
Compared with other EPO derivatives, C.E.R.A. has a unique pharmacological profile with
the longest half-life and slowest clearance rate. These unique pharmacological properties
exist because of methoxypolyethylene glycol (PEG) integration into EPO. Notably, EPO
pegylation (the process of connecting a hydrophilic polymer to EPO) significantly prolongs
the duration of EPO action, and enhances proteolytic resistance in cell-free plasma [100].

Two types of modified EPO molecules with no affinity towards canonical EPOR have
been developed, each of which possesses tissue protective effects by binding onto het-
erodimeric EPOR/3cR. The two enzymatically desialyated EPO are asialoerythropoietin
(asialoEpo) and carbamylated EPO (cEpo), with each having neuron and oligodendrocyte
protection capabilities without erythropoietic functions. Asialerythropoietin (asialoEPO)
was evaluated to be a safe drug for clinical treatments. However, asialoEPO’s half-life
(t1/2~1.14 min) is much shorter than that of EPO (t1/2~5.6 h). The short half-life gives
asialoEPO insufficient persistence time to stimulate hematopoiesis. Based on the above con-
cept, researchers found that chemical modification of the EPO binding sites could abolish
erythropoiesis function but retain the tissue-protective effect. Carbamylated EPO (cEpo),
a chemically modified derivative of EPO’s lysine residues, was found to act through the
heterodimeric EPOR/ 3cR rather than classical EPOR; primarily because of the modified
structure of cEpo. The study has confirmed that cEpo possesses neuron anti-apoptotic
effects similar to EPO but instead does not induce neovascularization [101]. Investigators
emphasized the future pharmacological role of cEpo as a non-hematopoietic neuroprotec-
tive agent. In recent years, the neuroprotective effects of cEpo makes it a rising candidate
for prospective drugs [102].

Helix B of EPO, exposed to aqueous medium away from the binding sites of EPO and
EPOR2, is important for the recognition of heterodimer EPOR/3cR. Based on the finding,
investigators developed an eleven-amino acid linear peptide, mimicking the structure
of the external surface of the helix B peptide and named it as ARA290 or Cibinetide
or helix B surface peptide (HBSP). As predicted, HSBP were not erythropoieitic but
has properties in protecting against neuronal injury. McVicar et al. demonstrated that
HBSP is sufficient in activating tissue-protective pathways without altering hematocrit or
exacerbating neovascularization [103]. Although it has clear advantages, the 2 min plasma
half-life of HBSP limits its application in vivo. Based on the amino acid sequence of HBSP,
Zhang et al. designed and synthesized thioether-cyclized helix B peptide (CHBP) to
increase structure integrity, prevent proteolytic degradation, and improve tissue-protective
potency [98,104]. More recently, Cho et al. further designed a next-generation modified
helix C peptide (ML1-h3) capable of improving neuroprotective effects against oxidative
stress. This innovation would promote EPOR-mediated cell survival and proliferation
in vitro and in vivo. This process signifies a brighter prospective for clinical applications
and promotes the value of developing EPO derivatives for clinical use [105].
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6. Advances in EPO Delivery
6.1. Protein-Based Ocular Delivery

Many EPO studies involve frequent injections of ophthalmic proteins via invasive
procedures, which might result in a variety of adverse effects and increase the probabil-
ity of irreversible damage to the patient’s eye. Topical sustain released formulations are
non-invasive drugs, that effectively reaches the posterior segment of the eye. According to
Silva et al., mucoadhesive polymers such as chitosan and hyaluronic acid can improve the
ocular bioavailability of drugs with the support of nanoparticulate delivery systems [106].
The formulation was found to be non-cytotoxic toward ARPE-19 and HaCa T cell lines.
CS/HA6-thEPO may be a promising topical formulation after enhancing its bioavailability
through different ocular barriers. For the intraocular route of administration, De Julius
et al. developed two polymer microparticles, poly (propylene sulfide) (PPS) and poly
(lactic-co-glycolic acid) (PLGA), to prolong His-tagged rhEPO-R76E (42kDa) release [107].
The thEPO-R76E was loaded into the polymeric microparticles to prolong in vivo re-
lease for at least 28 days to resolve the issue involving short half-life of the rhEPO-R76E
(t1/2~13 min). PPS-based microparticles platform is especially promising because it is
degradable by ROS. The delivery system provides extended neuroprotection and inherent
antioxidant benefits, which reinforces its ability in ocular delivery of EPO.

6.2. Gene-Based Ocular Delivery

Under the gene delivery approaches, EPO has significant therapeutic potential in
neurodegenerative diseases due to its neuroprotective effects. However, recombinant EPO
is limited in clinical treatment of glaucoma patients due to its short half-life. As regards this
issue, Bond et al. constructed a viral gene delivery system for EPO-R76E [108]. Treatment
with recombinant adeno-associated virus (rAAV) provides sustainable, long-term delivery
of EPO-R76E without a critical rise in hematocrit [108,109]. AAV-mediated long-term EPO
expression is achievable in animal models with the primary functions of promoting red
blood cells proliferation and neuroprotection.

Another challenge in applying gene therapy in humans is the improvement of drug
selectivity. For systemically secreted hormone, such as EPO, it is vital to use an inducible
genetic delivery system to avoid excess expression and side effects. However, precise
expression control is highly desirable when maintaining steady-state red blood cell counts
within a narrow therapeutic window. Hines-Beard et al. packaged EPOR76E into a re-
combinant adeno-associated viral vector under the control of the tetracycline inducible
promoter [110]. In the retina, tetracycline-controlled expression of green fluoresce protein
(GFP) in retinal pigmented epithelium and photoreceptor cells becomes apparent in rats
following subretinal injections of rAAV-2/2 vector. The outer nuclear layer in the eyes was
approximately 8 pm thicker in mice that received doxycycline water as compared to the
control groups.

The morpholino-regulated hammerhead ribozyme was selected as another inducible
genetic delivery system by Zhong et al. [111]. One of the designed ribozymes enabled
regulation of AAV-delivered transgenes, allowing dose-dependent and more than 200 folds
of protein to be expressed. The induction rate of morpholino becomes functional when
interacting within EPO-encoding switchable AAV vectors. By controlling the dose of
morpholino, EPO levels can be maintained for several weeks after a single injection while
preventing hematocrit level fluctuations.

6.3. Surface Receptor-Targeted Ocular Delivery

Through surface receptor-targeted delivery results, most suggest that the tissue-
protective effect of EPO and injury response are mediated by the EPOR/3cR heterodimer
and not by the EPOR homodimer [112]. In addition to some well-known derivatives of
EPO with better affinity for the EPOR/[3cR heterodimer, such as asialoEPO, cEpo and
HBSP (see above), traptamers of transmembrane domain (TMD) proteins of EPOR/[3cR are
also an option. He et al. constructed ELI-3 traptamer that specifically targets the TMD of
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human EPOR and triggers cooperative JAK/STAT signaling for proliferation and tissue
protection [113]. Moreover, ELI-3 fails to induce erythroid differentiation from primary
human hematopoietic progenitor cells. This traptamer-mediated delivery strategy not only
provides selective receptor binding but also enhances binding affinity, and facilitates better
EPO delivery efficiency.

6.4. Cell-Based Ocular Delivery

Mesenchymal stem cell (MSC) therapy is potential in treating optic neuropathies.
MSCs have demonstrated to possess neuroprotective effects in numerous neurodegener-
ative diseases while maintaining retinal morphology [114,115]. They could also regulate
inflammatory responses [116] and increase the secretion of neurotrophic factors [117]. Fur-
thermore, they could transdifferentiate into retinal progenitor cells [118]. Johnson et al.
intravitreally transplanted MSCs in a rat model of glaucoma and found an increased in
axon survivability and decreased in axon loss of RGCs [119]. However, successful stem
cell transplantation depends on the survivability of MSCs in a pathological environment.
This can be addressed using EPO, which could enhance the engraftment of MSCs [120].
MSCs could be the vector of EPO because these cells could cross the brain-retinal barrier
and localize into the inflamed sites [121]. The phenomenon emphasizes a mutualistic
relationship between MSCs and EPO. Hence, some investigators attempt to evaluate the
efficacy of EPO-expressing MSC in treating retinal degenerative diseases. Ding et al. trans-
duced MSCs with lentiviral particles encoding EPO. They found that co-treatment with
EPO and MSCs instead of only with MSC could attenuate human retinal neuron apoptosis
by restoring the mitochondrial membrane potential and protect human retinal neurons
from glutamate neurotoxicity [122]. The ability for EPO to synchronize with MSCs may
become beneficial in producing medical protocols involving the treatment of patients with
glaucomatous optic neuropathy. Given their endogenous long-term therapeutic effects,
MSCs-based therapy could be the future direction in optic nerve repair.

7. Conclusions

EPO plays a vital role from the time of eye development to the many protective actions
in optic neuropathies. EPO binding to heterodimeric EPOR/[3¢cR initiates intracellular
pathways, including JAK-2/STATS5 (STAT3), PI3-k/ Akt, MAPK, NF-kB and Wnt signaling,
which contributes to its anti-apoptosis, anti-inflammation, anti-oxidative effects. The above
effects have brought promising neuroprotective results in several pre-clinical studies of
glaucomatous optic neuropathy, optic neuritis, NAION and TON. However, the practi-
cal application of EPO is still limited by its hematopoietic side effects due to the lower
affinity toward EPOR/3cR heterodimer. For this purpose, investigators developed EPO
derivatives with extended half-life in plasma, decreased clearance rate and higher affinity
toward EPOR/ 3cR heterodimer. These strategies enhance the tissue protection and reduce
erythropoiesis. In addition, creating new EPO delivery systems is also a hurdle required
to address. The development of topical drugs, microsphere, specific traptamer toward
transmembrane domain of EPOR/3cR heterodimer, promoter-regulated gene therapy and
even more appealing candidate, EPO-modified MSC therapy are promising therapeutic
strategies in the future, which would bring endogenous long-term therapeutic effect in
current noncurable optic degenerative diseases. We foresee that more clinical trials will
be conducted to address on the safety and efficacy of these new strategies. Incorporating
these therapeutic approaches with a better-controlled regulation could potentially magnify
the beneficial effect of EPO for optic neuropathies in the future.
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Abstract: Nonarteritic anterior ischemic optic neuropathy (NAION) is the most common cause of
sudden optic nerve (ON)-related vision loss in humans. Study of this disease has been limited by the
lack of available tissue and difficulties in evaluating both treatments and the window of effectiveness
after symptom onset. The rodent nonarteritic anterior ischemic optic neuropathy model (rNAION)
closely resembles clinical NAION in its pathophysiological changes and physiological responses.
The rNAION model enables analysis of the specific responses to sudden ischemic axonopathy and
effectiveness of potential treatments. However, there are anatomic and genetic differences between
human and rodent ON, and the inducing factors for the disease and the model are different. These
variables can result in marked differences in lesion development between the two species, as well as
in the possible responses to various treatments. These caveats are discussed in the current article,
as well as some of the species-associated differences that may be related to ischemic lesion severity
and responses.

Keywords: nonarteritic anterior ischemic optic neuropathy; retinal ganglion cells; optic nerve;
neuroprotection; rodents; gene expression; models

1. Introduction

Nonarteritic anterior ischemic optic neuropathy (NAION) is an ischemic lesion in the
anterior portion of the optic nerve, which results in sudden vision loss, visible edema of the
optic nerve head (the optic disc), and ultimately retinal ganglion cell (RGC) neuron death
and loss of RGC axons by Wallerian degeneration (progressive axon degeneration in both
directions from the site of the lesion). Most clinical NAION cases are believed to be due to
a post-ischemic compartment syndrome associated with vascular (capillary) dysregulation
at the site of the initial lesion [1]. However, a number of associated factors potentially
contribute to this disease, and the relative degree of severity of each case. These include
the size of the optic nerve as it enters the eye (morphology), vascular dysregulation due to
underlying systemic disorders such as hypertension and diabetes, familial genetics and mi-
tochondrial mutations, and possible other spontaneous pathologic processes. These include
such things as microemboli to the optic nerve head, elevated central venous pressure, and
differential cerebrospinal fluid pressure gradients [2-4]. Importantly, no currently available
drug has been shown to be consistently effective in reducing the damage or in ameliorating
the visual debilitation that occurs in NAION. One reason for this lack of progress in clinical
treatment is a dearth of knowledge of the pathophysiological mechanisms responsible for
permanent visual loss after NAION. Another reason is the variable time from onset of
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NAION symptoms to clinical recognition and possible treatment. Finally, it is clear that
some patients have some degree of optic disc swelling, for an unknown amount of time,
before clinical symptoms develop. Thus, we largely lack an understanding of the processes
and time window opportunities that may be available for different treatment approaches.
The rodent NAION (rNAION) and primate NAION (pNAION) models are now available
for intensive analysis of pathophysiological mechanisms associated with clinical NAION,
evaluation of potential treatments, and to identify the time windows of opportunity for
treating this disorder [5-7].

The rNAION Model: Histology and Comparison with Human Disease

The optic nerve head (ONH) has a vasculature far more complex than the distal optic
nerve, with circulatory contributions from the retina, choroid and optic nerve-pial vessels.
Thus there are possibilities for dysregulation from multiple components (see Figure 1).

Figure 1. Overview of the ONH and contributory vascular components, and limitations of vascular
leakage in rNAION. (A). Schematic of the vascular supply of the primate ONH, The ONH is partially
bounded by the thick scleral wall, which resists lateral expansion. The fenestrated lamina within the
ONH enables transit of the RGC axons. ONH circulation is a plexus formed with contributions from
intraretinal, choroidal, optic nerve intraneural and pial circulations, as well as direct contribution
from the short posterior ciliary arteries (SPCAs) in primates. (B). H&E-stained cross-section of the rat
ONH. The unmyelinated portion of the ONH is bounded by the sclera, and smaller in diameter than
the myelinated distal ON. The arrowheads above the figure indicate 500 um boundary. (C). Limits
of ONH vascular leakage following rNAION induction (arrow) 1d post-induction in the INAION
model. Immunohistochemistry using labeled 3 kDa (red-Dextran) and 55 kDa (green-FITC/BSA)
probes. Serum leaks from decompensated capillaries in the ONH in a focal manner, with distal ON
vasculature unimpaired. Scale bar: 100 um in (B,C).

The ONH is bounded within the thick-walled sclera and in primates, the individual
axon bundles are enclosed between collagenous columns. Thus there is little room for
compensatory tissue expansion in the setting of edema. This problem is compounded in
individuals with only a small opening in the sclera where the optic nerve emerges to form
the optic nerve (the “disk-at-risk’) [3].

In prototypical human NAION, vascular dysregulation anywhere in the optic nerve
head can result in some degree of interstitial (extravascular) or intracellular edema. This
causes expansion of the fascicles containing the ON axons until resistance is met by either
the tissue surrounding the fascicles or the optic nerve sheath. At that point, extracellular
pressure increases by hydraulic action until the resistance is sufficient to close off capillary
circulation, resulting in a compartment syndrome with tissue ischemia. Human ON axons
are thickly fasciculated: that is, individual groups of axons (fascicles) are separated by
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relatively dense collagenous partitions within the nerve. Thus, compartment syndromes
can occur in only a portion of the human ON, affecting individual fascicles.

The farther away in evolution an animal model is from humans, the more retinal
and optic nerve dissimilarities may occur that can confound both the interpretations of
pathology and possible treatments. Thus, animal models of NAION are just that: Models
that are representative of various components of the disease and potentially useful for
analysis of disease mechanisms and treatments, but that must always be considered with a
number of caveats, including reliance on individual pathways to a greater or lesser degree.
Although rats and humans share ~99% of their overall genes [8], different species can
express individual genes that may be relevant to a specific neuroprotective mechanism
at different levels. For example, L-type calcium channel blockers are highly effective
neuroprotectants in models of rodent central nervous system (CNS) ischemia [9] but
relatively ineffective in humans [10]. This may be partly because rats express L-type
calcium channels in ON tissue at levels ~5-fold higher than in humans or other old world
primates [11], suggesting that rats rely on these channels to a greater degree than primates.

The initial NAION model was defined in rats and called rodent anterior ischemic optic
neuropathy (rAION) or rodent NAION (rNAION). Both terms are used in the literature.
The intraocular optic disk diameter in the rat examined through a plano-convex contact
lens is 500 um (Figure 1B, arrows), but narrows within the sclera to ~250 um (Figure 1B). A
500 pm laser spot thus irradiates both the optic nerve and the peripapillary retina and its
supporting vessels. While the collagen sheaths in the human ON surrounding the axon
fascicles are quite dense, the sheaths surrounding rodent ON axons are extremely thin.
The laser/rose Bengal-induced vascular decompensation causes focal serum leakage in
the ONH (Figure 1C), resulting in intraneural edema limited by the sclera and ON sheath
(Figure 1C). This gross expansion is easily seen in vivo using spectral-domain optical
coherence tomography (SD-OCT), where it can be measured at the anterior portion of the
ON, including its intraretinal portion (compare Figure 2F, control rat ONH, with Figure 2H;
post-induction). ONH capillaries are likely compromised by a rise in overall intraneural
pressure, rather than from compromise of individual fascicles. Axon loss in INAION thus is
likely a function of the total size of the nerve, rather than associated with individual regions,
as occurs in humans and in the nonhuman primate (NHP) NAION model (pNAION) [7,12].
The laser spot must be precisely focused; if laser irradiation extends over the surrounding
peripapillary retina, this can result in decompensation of retinal vasculature, causing both
ON and retinal ischemia. Including animals with mixed ischemic lesions in the evaluation of
rNAION can confound individual analyses and confuse subsequent treatment approaches.
In particular, as retinal responses to neuroprotective agents can be vastly different than
those of the ON, it can be difficult to separate treatment responses to the retinal ischemic
and optic nerve head-axon ischemic components. A ganzfeld electroretinogram can be
used to distinguish animals with mixed lesions from those with pure ON ischemia.

Mice ONs have fewer axons than rat ONs (mice: ~50,000 vs. rat: ~100,000), and a
correspondingly smaller ONH, which means that a 300um laser spot size at 50 mW is
required for mouse induction, rather than the 500 um spot used for rats. The same 50 mW
of radiant power is distributed over a smaller area (mouse ON circumference is only 36%
the size of the rat ON). There is, therefore, correspondingly more power per unit area, and
a potential for greater capillary decompensation. Additionally, ON ischemic induction that
results in large percentages (>75%) of RGC loss can be associated with amacrine retinal
neuron loss [13]. This suggests that conditions required to generate severe ONH edema also
can induce a state of overlapping retinal ischemia. Following mouse rNAION induction,
great care is needed to identify animals with pure ON ischemic lesions, so that animals
with mixed retinal and ON ischemia can be eliminated from further analyses.
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Figure 2. Comparison of OCT appearance of the ON in two NAION (pNAION and rNAION) models:
(A). OCT image of uninduced NHP. (B). Quantification of peripapillary nerve fiber layer (RGC
axonal layer) thickness in uninduced NHP. The global nerve fiber layer thickness (G) is 110 pm,
with quantification of individual regions. (C). OCT image of 2d post-induced NHP ONH. There is
edema of the ONH, with striae extending out into the superior retina. (D). Quantification of the RGC
axon layer. There is increased thickness of the global peripapillary nerve fiber layer, indicating ONH
edema. (E). OCT en face view of uninduced rat ON. The ONH is dark, and relatively small in diameter.
(F). Cross section enabled by planoconcave contact lens. The width of the ONH at mid-diameter, as
measured by the distance in microns between the boundary of inner nuclear layer (INL) on either
side of the nerve, is 258 um. (G). OCT en face view of rNAION 2d post-induced ON. The nerve head
is pale and enlarged. (H). ONH cross sectional view after INAION induction. The ONH diameter (in
brackets) has expanded to 552 um; compare with panel F, indicating ONH edema.

Some of the advantages of the INAION model, then, are balanced by the differences
from human NAION as well as pNAION in ON morphology. Identifying additional species
whose ONH and ON structure more closely resemble that of primates may help reduce
some of the drawbacks associated with the rodent model, but the INAION model, with
its ease of induction, the relative inexpense of the animals and of animal upkeep, and the
availability of complete genomic information for both rats and mice make this model an
invaluable tool to use in ischemic optic neuropathy research.

2. Results
2.1. Analytical Approaches and Correlation

Although the initiating events that result in ONH edema may be different between the
human disease and its animal models, the pathophysiological changes that ultimately result
in axon ischemia are likely similar. In both clinical disease and in the nonhuman primate
and rodent models, vascular decompensation and leakage results in ONH edema within a
tightly restricted space. The edema in turn causes capillary compression and compromise,
causing a compartment syndrome that generates axon ischemia. Axon ischemia results
in subsequent localized loss of axon transport and electrical conductivity, followed by
inflammation, RGC axon collapse and, eventually, isolated RGC loss.

Acute ONH edema is present in human NAION [3], and also in the rodent and primate
models [7,14]. This edema can be quantified by optical coherence tomography (OCT) in
clinical NAION [15], pNAION [12], and rNAION, [14,16]. The primate retina and ONH can
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be evaluated using a standard OCT device such as a Heidelberg spectral domain-optical
coherence tomograph (SD-OCT), and the ONH changes associated with pNAION are
similar to those of clinical NAION (Figure 2A-D). However, the small size of the rodent eye
requires additional optical adjustment, depending on whether or not a rodent-specialized
imaging device such as a bio-optigen OCT is used. We initially developed a simple plano-
concave contact lens for use in rats and mice that is now commercially available (Micro-R
and Micro-M; Cantor and Nissel, UK) and that can be used with standard OCT devices
such as the Heidelberg spectral domain-OCT in combination with a high-plus (28-diopter)
correcting lens. The use of the plano-convex lens enables both a cross-sectional and en face
view of the rodent retina (Figure 2E-H).

2.2. ONH Vascular Leakage in the rINAION Model

Following rNAION induction, ONH vascular leakage is demonstrable within 5 h. We
performed post-induction leakage analysis using indocyanine green (ICGA) and fluorescein
angiography (IVFA) (Figure 3). ICG signal at the ONH was found to be more robust than
fluorescein, likely because ICG is >95% protein bound, limiting diffusion [16]. We used
a 5 h post-rNAION ICGA to determine if the relative degree of early leakage is useful
as a biomarker for later INAION severity (Figure 3I-G leakage). While all induced eyes
showed some degree of ICG-leakage signal, the degree of early leakage by either method
was not sufficiently robust to predict the ultimate level of INAION severity, as measured
by RGC loss at 30 days [16]. Animals with strong early signals can ultimately have little
neuronal loss, whereas animals with less intense leakage could yield significant loss of
RGCs (Figure 3). These findings may be associated with a number of factors, including ON
sheath resistance, and the relative size of each animal’s ON. Thus, very early biomarkers
(<1d) of rNAION lesion severity remain to be identified.

IVFA A iccA B IVFA C icGa D

E Y543 F G Y544 H | Y545 J

IVFA ICG IVFA

ICG IVFA ICG

Figure 3. Markers of ONH vascular leakage in rNAION. (A,B). Baseline retinal fundus photos taken
30 s post-intravenous dye injection in a naive (uninduced) animal of A. Fluorescein (IVFA). The
intraretinal veins (Ve) and arteries (Ar) are visible, but the optic nerve circulation is muted due to
the presence of melanin pigment, which blocks visible light. (B). Indocyanine green (ICGA). ICG
fluorescence is visualized via infrared light, which passes through melanin. The choroidal circulation
below the retinal pigment epithelium is clearly visible, as is the enhanced circulation around the
ON. (Q). fluorescein dye fluorescence 5 min post-injection. The ONH is barely visible. (D). ICG
fluorescence 5 min post-injection. No leakage is visible. (E-J): fluorescein and ICG image pairs of the
same eyes in three animals (Y543, Y544, Y545) taken 5 h post-rNAION induction. There are significant
differences in the amount of post-injection fluorescence revealed by the two dye types. In general,
the ICG dye signal is more stable, due to its nearly 100% binding to serum proteins and reduced
diffusion. The ICG patterns are indicative of the deeper leakage in the ONH. The circle in plate (J) is
500 pm. Data for Figure 3 is reprinted with permission from [16]. 2021 PLOS-One.
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2.3. ONH Edema-Based Expansion Predicts NAION Severity

While very early biomarkers of severity remain to be found, edema development in
the intraocular portion of the ONH at 1-2d post-induction using (mean) ONH diameter
has proven to be a useful indicator of ultimate RGC loss [14,16]. The mean diameter of
the intraocular portion of the uninduced rat ONH for current purposes, is defined as the
mean distance between the two margins of the inner nuclear layers on either side of the
optic nerve head, and is 310 & 38.2 um [16]. A 6-s laser induction generates ONH ICG
leakage, edema, with ONH expansion to a mean of 347.5 £ 13.6 pm. However, this level of
edema does not result in discernable RGC loss. Following a 9-11-s induction time, mean
ONH diameter increased with a range between 355 p to >650 pm [16]. RGC loss was only
consistently seen when ONH diameter was >510 um [16]. The majority of ONH edema
develops by 1 day, with a minimal amount of additional edema between 1 day and 2 days
post-induction.

ONH expansion to >510 um post-induction is predictive of significant RGC loss. This
suggests that, in preclinical trials of neuroprotective agents for NAION, OCT can be used
to either identify and segregate animals for analysis in neuroprotection treatment studies
with long time window effects (>1 d), or to identify agents that effectively suppress post-
induction edema 1-2 days post-rNAION induction. The use of the 510 um cutoff is also
useful for identifying individuals that can be included in neuroregeneration studies, since
these treatments are typically given later (=days) post-induction.

2.4. RGC Quantification

Many RGC neuroprotection analyses use estimation of the number of surviving RGCs.
Rats have only a single layer of RGCs, unlike primates. Thus, randomized statistically
valid cell analysis (stereology) of RGCs can be performed easily on retinal flat-mount
preparations by immunohistochemistry. Antibodies against Brn3a(+) identify RGC nuclei,
whereas anti-RPBMS labels RGC soma. While retrograde labeling of RGC soma can be
performed using either intracerebral injection of fluorogold into the superior colliculus or
application of the fluorescent dye Dil onto the cut section of the ON, these latter approaches
may not consistently label all RGCs or even the same region of RGCs. Previous studies
have revealed that to achieve 90-95% RGC fluorogold labeling, the superior colliculus must
be covered with fluorogold-soaked gelfoam (M. Vidal-Sanz, personal communication).

2.5. Measuring Visual Function Loss following rNAION Induction

We currently evaluate visual function using a device which combines contrast sensi-
tivity and optokinetic nystagmus (Optomotry). The optomotry device can evaluate visual
acuity in each eye of an animal. Visual function in mice and rats is fairly coarse (mice:
0.5 cycles/degree; Long-Evans pigmented rats: 1 cycle/degree; ~20/500) [17]. This rela-
tively low acuity is likely based on a lack of strong evolutionary pressure for high-level
visual function in rodents compared with their motor skills. Visual acuity of albino rat
strains is even lower (~0.5 cycles/degree) [18]. Thus, attempts to identify subtle degrees
of subjective visual acuity improvement resulting from various neuroreparative therapies
other than simple quantification of RGC numbers before and after treatment are likely to
be problematic.

Visual function also is quantifiable using objective measures such as the visual-evoked
potential (VEP), which evaluates signal received at the visual cortex, the photopic negative
response (phNR), and the pattern electroretinogram (pERG) [19,20], the latter being able
to evaluate the degree of RGC activity within the retina itself, rather than as an action
potential to the brain. We previously demonstrated that in pNAION, the VEP and pERG
were significantly correlated (r = 0.80, p = 0.0002 [12]. VEPs also may be useful in evaluating
the degree of ON functional preservation distinct from simple RGC preservation. We
found that administration of a monoclonal antibody (11c7mAb) that targeted the NOGO
receptor in degenerate myelin did not improve either ONH edema or RGC counts following
induction of rNAION, but flash VEP amplitudes were significantly preserved (p = 0.01
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vs. vehicle; n = 8 animals) in 11C7mab-treated animals compared with mAb (anti-ragweed
IgG) treated controls [21]. There was also reduced inflammatory cell infiltration. This sug-
gests that treatments targeting functional preservation, distinct from simple RGC survival,
may be an effective neuroregenerative strategy.

2.6. RGC Loss Variability in rNAION Using Different Induction Times

Generally, we use an 11-s laser exposure at 50mW laser power to induce rNAION.
Power output is measured at the point of exposure, using a thermocouple power
meter. These induction parameters result in few uninduced animals or unwanted
intraretinal complications.

We evaluated the relative efficiency of laser exposure to induce rNAION and the
corresponding severity of subsequent RGC loss (Figure 4). A 9-s laser induction (1 = 7)
yielded a mean RGC loss of 35.8 £ 17.9% (mean =+ sem) (Figure 4A). The range varied
from <5% to >76% RGC loss (Figure 4B). The severity variability of the 9- and 10-s-induced
animals is strongly correlated with the degree of ONH edema produced. This suggests
the NAION model exhibits a threshold effect, in which low levels of ONH edema may
not produce sufficient ONH compression to generate RGC loss. An 11-s induction time
(n = 10) generated a mean 71.4 &+ 2.4% (sem) RGC loss (Figure 4A) with a range of 60%
to >84% loss (Figure 4B). Although these data support the idea of a threshold effect,
longer exposure times were associated with a greater number of unwanted intraretinal
complications; eg, branch retinal vein occlusions (BRVOs) and central retinal vein occlusions
(CRVOs). Intraretinal complications can skew interpretation of neuroprotective approaches
for rNAION, since retinal neuroprotective mechanisms (which include activity of Mueller
cells) also may be considerably different from the astrocyte-driven mechanisms of the ON.
This is confirmed by the number of agents known to be retina-neuroprotective but which
fail to induce optic nerve neuroprotection. Therefore, identification and elimination of
animals with retinal ischemic complications by both visual (retinal-fundus) examination
and SD-OCT imaging is important in designing relevant treatment trials, especially those
with fewer animals. As previously mentioned, ganzfeld electroretinography also can be
helpful in identifying animals with large degrees of retinal ischemia.
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Figure 4. RGC loss patterns with increasing amounts of laser exposure. (A). Comparison of mean
RGC loss in rINAION with increasing exposure times using a 532nm laser at constant power and
spot size (50 mW power; 500 um spot size). (B). Induction times compared against the range of
individual animal RGC loss values. Low induction times (9 s) result in a wide range of RGC loss
values, including a number of animals without any RGC loss as well as animals with minimal levels
of RGC loss. An intermediate induction time (10 s) results in identification of two animal subgroups
suggestive of a threshold effect, with subthreshold- (low levels of RGC loss) and threshold- animals
(high-level RGC loss). A further increase in exposure time to 11 s results in the majority of animals
having significant RGC loss (threshold). Data for Figure 4 is reprinted with permission from [16].
2021 PLOS-One.
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2.7. Early Ischemic Stress-Related Changes in RGCs

Following rNAION induction, RGCs with axon dysfunction begin to show significant
stress. cfos elevation is detected as soon as 5 h post-induction, which was the earliest time
analyzed (see Figure 7a in [5]). In an early experiment, we used Affymetrix microarray
analysis to evaluate early stress-related retinal gene expression changes at 1-day and 3 days
post-induction from pooled (1 = 3 retinae) Poly (A+) RNA from each condition, with two
replicates (Table 1). Complete Affymetrix chip data is shown in Supplementary Table S1.

Table 1. Changes in retinal and ONH gene expression post-rNAION induction. Retinal expression
data are derived from Affymetrix U34A genechips (Data from Supplemental Table S1, this report),
whereas the ONH (in red) gene expression data are derived from Illumina sequencing and previously
reported in Supplementary Materials in [22]. Retinal ratios are generated from individual assay
results between comparison sets. ONH ratio data are generated from a single sample of six pooled
rNAION ONHs from 1d post-induction, divided by the mean results from five individual naive
ONHs. Genes evaluated for protein expression (seen in Figure 4) are indicated in bold. Lipocalin-2
mRNA expression was elevated >6 fold at 1 day and decreased to >2 fold by 3 days post-rNAION.

Crh expression did not increase in the first 3 days.

1d Post-rNAION

3d Post-rNAION

1d Post-rNAION

Gene ID Gene Symbol Gene Name Ratio (R1/L1) Ratio (R3/L3) Ratio (R3/L3)
(Retina) (Retina) (ONH)
. Secreted
M14656 Spp1/osteopontin phosphoprotein 1 3.432111001 1.417575157 1.530076555
AA892553 Stat 1 STAT1 10.43670886 4104424779 1.080385971
U66707 Densin-180/Lrrc7 Densin-180 1.713261649 2555331992 1.093128466
neurotransmitter
AF030089 Ania-4/Dclk1 early gene 4 8.987133516 1.700414108 0.975284552
(ania-4)
J02722 hmox1 Heme 3.646239554 1.928571429 1132401488
Oxygenase-1
1.33869 Cp Ceruloplasmin 2.937233461 2.498855835 1.000494963
AF008650 SLC-1/SSTR1 Somatostatin 3253018661 2729357798 0.954323595
receptor-1
D28508 JAK3 J akéfar;’etem 8.614443084 1.719766472 1.142099095
AT045030 CELF CELF protein 4.181425486 1.86818377 1.027053789
M19651 Fra-1 fosl1 Fos-related antigen 5.223048327 1.319474836 1.174091099
AI176456 MT-2a Metallothionein 2a 6.331651318 1.597822606 0.971216928
M29866 C3 Complement 3¢ 4.054368932 3.743093923 0.939352616
AT169327 TIMP1 Tissue inhibitor- 25.57614679 1.648916117 1.223379175
metalloproteinases-1
Lipoprotein
U53184 Litaf inducing TNF 2.894752945 1.301528426 1.016124153
factor

AA946503 Len2 Lipocalin-2 6.955862534 2.376604473 1.038533352
AA893280 Plin2 Perilipin 2 6.457792208 2.39125239 1.104502556
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Table 1. Cont.

1d Post-rNAION

3d Post-rNAION

1d Post-rNAION

Gene ID Gene Symbol Gene Name Ratio (R1/L1) Ratio (R3/L3) Ratio (R3/L3)
(Retina) (Retina) (ONH)
Corticotropin
M54987 CRF/Crh releasing 0.923984891 1.05511811 0.933884278
hormone
U92081 RTI40/PDPN RNRTI1- 4.873994638 1.848832659 0.999564836
podoplanin
ubiquitin
U56407 Ube2d4 conjugating 4.523255814 4.270042194 0.915009744
enzyme
alpha-type
M11597 Calca calcitonin 4.830188679 2294117647 1559015745
gene-related
peptide
X61381 IFITM3 Interferon induced 3.532416331 0.916807529 1.048079385
mRNA
V09228 TCF4 Deaconess E-box 3.228754366 1.075950771 1.041957282
binding factor
contrapsin-like
D00753 Cpi-26 prot. inhibitor 4.660706861 2.730576441 Not Found
(CPi-26)
X06769 cFos cFos mRNA 2.259195894 0.880295098 1.076489824
AF082125 AHR Aryl hydrocarbon 4.016318205 1.222446237 1077670043
receptor
U01344 NAT1 N-Acetyl 3.98401066 1.263825929 1.025181547
Transferase
Monocyte
X17053 MCP-1/CCL2 chemoattractive 3.333156499 1.466160658 1.12708558
protein-1
X17163 cJun c-jun oncogene 1.38262668 1.140383102 1.043633554

The most dramatic changes in gene expression compared with contralateral uninduced
eyes were found at 1d post-induction (Timp1: 25-fold induction; Stat1: 10-fold induction,
and Lipocalin-2: 7-fold induction). STAT1 and lipocalin-2 expression declined to 4-fold and
2.4-fold, respectively, by 3 days. The decline in retinal TIMP1 expression was even greater,
to 1.6-fold at 3 days post-induction, suggesting that there are distinct retinal requirements
associated with early RGC stress.

Affymetrix-derived retinal results following rNAION-induced stress were compared
against results obtained from changes in ischemic ONH gene expression obtained by illu-
mina deep sequencing. Sequence data was obtained from total RNA from isolated ONHs
from naive vs. 3d post-rNAION induced animals (previously reported in [22]). Using the
combined datasets, we then evaluated protein expression and RGC localization for a num-
ber of candidate RGC stress genes. These included Lipocalin-2, Jun-phosphorylation (pJun)
and Corticotrophin releasing factor/releasing hormone (CRF/CRH). cJun phosphorylation
is closely associated with neuronal ischemic stress [23]. CRF was chosen bibliographically
because although this gene is known to be constitutively expressed in retinal amacrine
neurons [24], it is upregulated in neurons after ischemia [25]. We confirmed expression in
RGCs using Brn3a colocalization (Figure 5).
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Figure 5. RGC stress protein expression after axon ischemic stress. A-C: RGC responses 1d post-
rNAION induction. D-E: RGC responses 3d post-rNAION induction. F. RGC responses 7d post-
rNAION induction. (A,D): Phospho-Jun (pJun). The majority of RGC nuclei (Brn3a(+) nuclei; in
red) colocalize with pJun (in green) within 1 day of induction. (D). pJun expression is demonstrable
in nearly every RGC nucleus in an affected region by 3d post-induction. The upper (dashed line-
outlined actual area) and lower (inset: solid line) indicated areas reveal the relative decrease in Brn3(+)
expression in RGCs by 3d post-induction. (B,E): Lipocalin-2. There is little signal at 1 day, despite
high levels of lipocalin-2 mRNA. Lipocalin-2 protein signal is present in the majority of affected
RGCs by 3d post-induction. (C,F): CRE. CRF expression is minimal in RGCs at one day (C), while in
(F) Strong expression is seen 7 days post-induction. Expression is prominent in cells that have
lost their nuclear Brn3a expression (arrows), but also in nuclei with persistent Brn3a (arrowheads).
Scalebars in (A,F): 50 uM.

RGCs whose axons are undergoing ischemic stress rapidly upregulate cJun phospho-
rylation, likely via retrograde signaling through the double leucine zipper kinase (DLK),
a member of the JNK signaling pathway [26]. One day post-rNAION induction, nearly
all RGC nuclei express some degree of pJun signal, although the signal varies in intensity
(Figure 5A). In contrast, while strong len-2 upregulation is seen at the mRNA level in
Table 1, lipocalin-2 protein signal is low (Figure 5B). However, 3 days post-induction, len2
expression is clearly detectable in nearly all RGCs, as defined by coexpression of green
(Ien2) and Brn3a(+) (red) nuclei (Figure 5E). There is also a significant reduction in the
intensity of Brn3a(+) signal at this time (Figure 5E; compare red signal with Brn3(+) signal
in 5B). RGC stress is also confirmed by the strong expression of pJun at 3 days (Figure 5D;
green nuclei), with few RGC nuclei still expressing strong Brn3a(+) signal (Figure 5D; red
nuclei). Individual confocal channels reveal that, while most RGC nuclei still express Brn3a,
few RGCs have the same signal level seen in naive retinae, suggesting a shutdown of Brn3a-
homeodomain-related gene functions by this time. The timing of these events provides an
indirect estimation of the potential window of neuroprotective treatment opportunities
in NAION.

2.8. Soluble and Cellular Inflammatory ONH Responses

It is not surprising that a robust inflammatory response quickly follows the induction
of an ischemic axonopathy. Nevertheless, the existence of post-NAION inflammation was
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debated for years, until the INAION model became available. This was simply because
of a lack of relevant clinical material, since NAION is not associated with acute mortality.
Post-rNAION inflammatory responses include both soluble cytokine/chemokine changes
in the lesion site within a day, as well as inflammatory cell migration (both extracellular
macrophages and microglia) within 3 days post-lesion.

We performed deep sequencing on both naive rat ONH and pooled ONH tissue from
1d post-rNAION induced eyes (1 = 6). These results are shown in Table 2, and the data
is derived from the Supplementary Materials previously deposited [22]. IL6 showed the
greatest increase 1d post-induction (1.66 & 1.0 fold in NAION/Naive), followed by CCL17
and CCL9 (1.46 £ 1.0 and 1.40 £ 0.85 fold, respectively).

Table 2. ONH-Interleukin and chemokine responses in early (1d) rNAION), compared with naive
tissue. Mean naive is the average of five individual samples (Naive 1-5), whereas rNAION is a
pooled sample containing ONH-RNA from six eyes 1d post-induction. IL6 showed the greatest
overall increase at 1 day.

S;;;‘]‘:Ol Gene Name Naive 1 Naive 2 Naive3 Naived Naive5 Voon  NAION AION
Interleukins
116 interleukin 6 3.66 4.85 3.66 4.37 6.01 4.51 7.50 1.66
127 interleukin 27 4.77 5.05 3.66 4.93 3.66 4.41 5.72 1.30
1124 interleukin 24 3.66 3.66 3.66 3.66 3.66 3.66 4.70 1.28
110 interleukin 10 3.66 3.66 3.66 3.66 3.66 3.66 4.49 1.23
113 interleukin 3 3.66 3.66 3.66 3.66 3.66 3.66 4.49 1.23
I11b interleukin 1 beta 6.35 5.67 5.79 5.62 7.05 6.10 7.43 1.22
111 interleukin 11 5.52 5.73 7.38 5.09 10.46 6.84 8.26 1.21
Chemokines

Ccll?7 C-C motif chemokine ligand 17 3.66 3.66 3.66 4.79 6.00 4.35 6.34 1.46
Ccl9 chemokine (C-C motif) ligand 9 3.66 4.51 3.66 4.69 5.72 4.45 6.25 1.40
Cxcr3 C-X-C motif chemokine receptor 3 3.66 5.62 3.66 5.37 3.66 4.39 5.95 1.35
Cxclll C-X-C motif chemokine ligand 11 4.55 5.25 3.66 6.44 6.62 5.31 7.10 1.34
Cxcl3 chemokine (C-X-C motif) ligand 3 3.66 3.66 3.66 3.66 6.10 415 5.50 1.33
Ccl22 C-C motif chemokine ligand 22 4.92 4.51 3.66 3.66 6.03 4.56 5.95 1.31
Cer7 C-C motif chemokine receptor 7 5.71 4.51 5.76 4.99 4.70 5.13 6.67 1.30
Cxcl10 C-X-C motif chemokine ligand 10 6.91 6.74 7.41 7.34 8.75 743 9.62 1.29
Ccl3 C-C motif chemokine ligand 3 6.10 5.48 3.66 5.73 7.46 5.69 7.36 1.29
Ccl4 C-C motif chemokine ligand 4 512 519 3.66 521 7.04 524 6.76 1.29
Cclll C-C motif chemokine ligand 11 5.98 6.00 524 6.27 8.80 6.46 8.03 1.24
Cer4 C-C motif chemokine receptor 4 3.66 3.66 3.66 4.37 3.66 3.80 4.70 1.23
Ccl21 C-C motif chemokine ligand 21 3.66 3.66 3.66 3.66 5.98 413 5.06 1.23
Cer8 C-C motif chemokine receptor 8 3.66 3.66 3.66 3.66 3.66 3.66 4.49 1.23
Cxcll7 C-X-C motif chemokine ligand 17 6.20 5.81 3.66 5.84 5.92 5.48 6.66 1.21
Cxcl6 C-X-C motif chemokine ligand 6 5.26 4.96 6.17 5.40 6.61 5.68 6.81 1.20

Within the lesion itself, early release (1d) of inflammatory proteins include multiple
pro-inflammatory cytokines, such as osteopontin/SPP1 (see Table 1) and interleukin-6
(IL6; see Table 2) (rNAION /naive = 1.53 and 1.66-fold, respectively) [22]. IL6 is a cytokine
with pleotropic (multiple actions) activity. It is important in induction of acute-phase
inflammation-related proteins, but also in the transition to chronic inflammation [27,28].
Additional changes include inflammatory prostaglandins (PGE;) and thromboxanes Al
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and A2. Post-rNAION, the retina and ONH also express pro-inflammatory TNFx and
IL-13 mRNAs, with levels peaking by the first day and declining thereafter.

2.9. Neuroprotective Treatment Approaches to rNAION
2.9.1. Edema/Vascular

ONH edema is a key factor in NAION pathology. Early edema reduction would thus
would seem to be an effective approach to NAION treatment. The caveats with respect to
this approach are: (1) treatment needs to be effective after initiation of the edema-inducing
insult, but before irreversible ischemic axon damage occurs, and (2) treatment must be
effective before irreversible death-associated signaling occurs in the RGCs.

1.  PGJ,. 15-Deoxy delta 12,14-Prostaglandin J, (PGJ,) is a natural, non-enzymatically
generated product of prostaglandin D2 (PGD,). We selected this prostaglandin be-
cause early studies revealed that PGD synthase gene expression declined dramatically
after INAION induction and then rebounded to supernormal levels precisely when
post-stroke edema resolved, suggesting that the loss of either PGD; or one of its
metabolites might play a major role in edema development and its rebound have a
role in edema resolution.

PGJ, administered in pharmacological doses (100 ug/kg) up to 5 h post-induction
reduced ONH edema (see Figure 1 in [29]) and also reduced RGC loss in rats with
rINAION [29], and in a model of old-world primates [30]. Ultrastructural studies revealed
that PGJ; likely reduces early intraneural edema by inhibiting endothelial vesicular fluid
transport after INAION induction [29]. This probably occurs by PGJ,’s suppression of
NFkB activation in disc vasculature [31]. Late (>1d) treatment with PG]J, alone did not no-
tably affect the levels of late ONH edema and did not improve RGC survival. This suggests
that PGJ,’s major neuroprotective effect in INAION occurs by early edema suppression.

2. TRPM4/Sur-1 inhibition. Following CNS ischemia, astrocytes express the transient
receptor potential cation-family M/sulfonylurea receptor-1 (TRPM4/SUR1). This
results in opening of a water channel, with resulting intracellular astrocytic edema
contributing to ischemic damage. SUR1 inhibitors such as glibenclamide have been
shown to be neuroprotective after hemorrhagic and ischemic strokes as well as after
spinal cord injury in humans [32-34]. Interestingly, SUR-1 is not expressed in early
(<1d) ONH exhibiting edema after INAION induction [35], and there is minimal
elevation in ONH-SUR1 mRNA expression even 3d post-induction compared with
naive ONH (DS-5Seq: naive 9.34 vs. 3d post-induction: 9.85). We performed a limited
sighting study (n = 4 animals), utilizing NAION induction in both eyes of each animal,
with each animal serving as its own induction control. Animals were induced in one
eye (11s/50 mW /1 mg/kg 2.5 mM rose Bengal). Immediately following induction, we
administered glibenclamide (50 ug/kg) daily via intraperitoneal injection for the next
5 days. One week post-induction of the first eye, the contralateral eye was induced to
an identical level, and vehicle (PBS) was administered intraperitoneally. ONH edema
was evaluated using SD-OCT at 2d post-induction in each eye (Figure 6A). We also
evaluated RGC survival in both eyes of all animals. Because of the small number of
animals used, no statistically valid analysis was possible.
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Figure 6. Effects of an astrocytic TRPM4/SUR1 (white matter edema inhibitor) on ONH edema and
RGC survival post-rNAION. Adult rats were administered glibenclamide (40 ug/kg) immediately
after INAION induction and daily for 4 subsequent days via intraperitoneal injection. (A). ONH
edema 2d post-induction. Minimal reduction was seen in glibenclamide-treated animals (ONH
mean values 516 £+ 17um in vehicle-treated vs. 492 + 20um s.e.m in glibenclamide-treated animals;
n = 4). (B). RGC survival post-rNAION induction. Brn3a(+)-RGC counts in naive retinae yielded
a ratio of 1423.2 + 19.3 cells/unit area (n = 10 animals). Retinae 30d post-induction yielded a
mean of 767.6 + 167.6 cells/unit area for vehicle treatment vs. 775.7 £ 149.1 cells/unit area for
glibenclamide treatment.

Glibenclamide treatment resulted in only a small reduction in ONH edema, compared
with the vehicle-treated animals (Figure 6A). RGC quantification 30d post-induction re-
vealed essentially no difference in RGC survival in glibenclamide-treated vs. vehicle-treated
animals (775.7 & 149.1 glibenclamide vs. 767.6 & 167.6 cells sem for vehicle; Figure 6B). In-
terestingly, astrocytic SUR-1 induction takes about 1 day post-injury in the CNS (Gerzanich,
personal communication), suggesting that TRPM4/SUR-1 suppression is not likely to be
neuroprotective in sudden ON edema-associated damage. Nevertheless, other non-SUR1-
dependent astrocytic mechanisms responsible for ON edema may still be responsive to
edema reductive therapies.

2.9.2. Other INAION-Neuroprotective Mechanisms

1.  Astrocyte-associated neuroprotective mechanisms. Astrocytes exert neuroprotective
effects directly via both edema-related mechanisms [36-38] and mechanisms related
to ischemic preconditioning and that are associated with Al-Adenosine agonist activ-
ity [39]. In addition to TRPM4/SUR-1-mediated channels, Adenosine receptor-1 and
-3 (A1IR, Ale) agonists have been shown to be neuroprotective in cerebral ischemia [40]
and are expressed in A2B5(+) glia, which include astrocytes [41]. A1R are also strongly
expressed in RGCs [42,43]. Activation of A1Rs is at least partially responsible for
neuroprotection associated with ischemic preconditioning [44]. Deep sequencing
of rat ONH reveals moderately high levels of the AIR and nearly 8-fold less of
A3Rs (Ds-Seq analysis in naive ONH 12.53 (A1R) vs. 3.84 (A3R)(data provided on
mdpi website https:/ /www.mdpi.com/article/10.3390/ cells10061440/5s1, accessed
on 5 June 2022 Table S1). This suggests that A1 or A1R agonists might be useful in
RGC neuroprotection. We evaluated topical administration of Trabodenoson, a highly
selective, topical A1R agonist. Although Trabodenoson only moderately suppressed
ONH edema (564 + 14.52 um sem for vehicle vs. 512.15 +20.12 um sem for Trabo-
denoson; 1 = 13), the difference was significant (two-tailed ¢-test: p = 0.05). Even more
importantly, however, Trabodenoson was potently RGC neuroprotective, with RGC
loss reduced from 53.2 £+ 7.1% sem in vehicle-treated animals to 27.9 &+ 6.5% sem
RGC loss in animals treated with Trabodenoson (Figure 7B; data derived from [45]).
These results also were statistically significant (two-tailed t-test; p = 0.01) and suggest
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that adenosine receptor agonism is potently neuroprotective, with effects only partly
exerted through edema reduction. It should be noted that Trabodenoson treatment in
this study was begun 3d before NAION induction. Thus, the ability of Al agonists
to exert a neuroprotective effect in post-ischemic events is still an open question. We
are now evaluating the ability of other Al agonists to exert neuroprotective effects
post-rNAION.
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Figure 7. Adenosine A1l agonist effects on ONH edema and RGC survival. Trabodenoson drops

were administered twice daily for 3 days prior to rNAION induction and for 2 weeks post-induction.

(A). ONH edema. There is a statistically significant 15.4% reduction in ONH edema in Trabodenoson-

treated eyes compared with vehicle-treated eyes. Two-tailed f test: * p = 0.049. (B). RGC preservation.
Trabodenoson treatment resulted in a 62.1 £ 6.5% (sem) RGC survival 30d post-rNAION induction
compared with 46.8 £ 7.1 % (sem) RGC survival in vehicle-treated eyes. Two-tailed f test: ** p = 0.015.

Following rNAION, cellular inflammatory invasion is present by 3 days post-induction [46],

with late increases in a number of chemokines and inflammatory factors. Our lab and others
have also evaluated compounds that can suppress or modify cellular inflammation, using
multiple inflammatory pathways.

2.

Corticosteroids. An initial clinical report suggested that immune suppression in
clinical NAION treatment could be beneficial using high-dose/chronic glucocorti-
coids [47], but this was based on a retrospective study. In current clinical practice,
some neuroophthalmologists either give no treatment or, based on the previous report,
utilize corticosteroids (with its associated side effects, including steroid dependent
glaucoma, diabetes and hip fractures). Most later prospective studies using steroids
in clinical NAION did not show visual improvement effects [48,49]. These studies
included patients diagnosed within a month of symptom onset. One study utilizing a
modified steroid early in treatment suggested some effect [50], but the time from onset
of symptoms to beginning treatment was not discussed. Multiple investigators have
explored the use of inflammatory suppression to reduce rINAION-associated dam-
age [51], with mixed results. Glucocorticoids were reported to be neuroprotective in a
single report involving the rodent NAION model [52], but we have not seen this effect
in our own study nor in other reported studies utilizing both methylprednisolone and
triamcinolone [53]. No studies have combined corticosteroid administration and other
inflammation- or edema-related therapies, such as the tetracyclines (see paragraph
below) or PG]J,. This is a reasonable area for further research, and the NAION model
would appear to be ideal for this.

Tetracycline derivatives. Minocycline is a CNS-penetrating tetracycline derivative
with CNS neuroprotective effects in some models [54], but not in others, such as closed
head trauma [55]. For ON injury, minocycline was reported to preserve RGCs at
2 weeks post-ON transection and at 4 weeks in model of glaucoma [56]. Minocycline
treatment begun 3 days prior to INAION was also reported to be RGC neuroprotec-
tive [57]. However, we did not see any neuroprotective effect when minocycline was
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begun after INAION induction [58]. This suggests that treatments designed to inhibit
inflammation need to be started early in the course of the process.

2.9.3. Potentiated and Synergistic Treatment Approaches

As previously noted, no currently available treatment has been shown to be consis-
tently clinically effective in human NAION. This may be because: (1) Multiple damage
mechanisms (soma, axon, inflammation, post-stroke demyelination) are activated. (2) Late
recognition of clinical NAION typically limits treatment opportunities to neuroregeneration
as the window of survival for many RGC subtypes and their axons may have passed by the
time NAION is diagnosed. However, recent studies have demonstrated that approaches
using multiple reparative and/or regenerative mechanisms can exert a potentiated (one
drug does not elicit a response on its own but enhances the response to another drug)
or synergistic effect (the combined effect of two drugs is greater than the sum of their
separated effects). Thus, combinatorial treatments for ON repair can potentiate ON re-
generation effectiveness [59]. The INAION model enables effective evaluation of multiple
factors as well as multiple approaches; ie, combinatorial approaches with anti-inflammatory
+ growth factors, cell death suppression agents, etc.

We have evaluated a number of dual-treatment approaches, including the multispecific
tyrosine kinase inhibitor sunitinib (Sutent), which was reported to enhance RGC survival
in ex vivo culture as well as in vivo models of ON injury [60]. However, combining Sutent
10 mg/kg with PGJ, did not enhance overall RGC survival compared with PGJ; alone in our
rNAION model, suggesting that the neuroprotective effects of suppressing nonspecific re-
ceptor tyrosine kinase activity and NFkB activity (anti-inflammatory) may mechanistically
overlap. A recent approach of inhibiting all prostaglandin synthesis while simultaneously
administering one anti-inflammatory prostaglandin (PGJ,), was unsuccessful due to in-
complete prostaglandin suppression by a monoacylglycerol lipase (MAGL) inhibitor [22].
These results reveal some of the complexities of multiple treatment approaches, as well
some of the potential drawbacks.

3. Discussion

The rNAION model system has enabled recognition of a vast number of variables
that are potentially associated with clinical ischemic optic neuropathies such as NAION.
Although simply inhibiting ONH edema can be effective in early stages of lesion develop-
ment, this is not likely to prove effective in clinical practice. An awareness of the significant
differences in INAION-associated RGC survival between pre- and post-treatment therapies
is also essential; pre-treatments for NAION are not likely to be effective unless they are
being considered as long-term adjuncts to prevent NAION from occurring in the contralat-
eral eye of at-risk patients or in situations where there is high risk of precipitating NAION,
such as cardiac surgery with cardiopulmonary bypass.

The rNAION model can be useful to help decipher the individual contributions to
pathophysiology made by vascular leakage, as well as by the individual ONH cellular
components such as astrocyte-associated inflammation and neuroprotection, RGC so-
matic and axon response times and stress resistance mechanisms, and potential neural
progenitor cell contributions to ischemic stress resistance [61]. There is also a great oppor-
tunity to identify early biomarkers to both confirm the presence of disease and to predict
disease severity.

As previously noted, no currently available treatment has been shown to be consis-
tently clinically effective in human NAION. This is likely because: (1) Multiple damage
mechanisms (soma, axon, inflammation, post-stroke demyelination) are activated and (2)
The recognition of NAION typically limits neuroprotection treatment opportunities to
inflammatory suppression or neuroregeneration as the window of survival for many RGC
subtypes and their axons may have passed by the time NAION is diagnosed. However,
recent studies have demonstrated that approaches using multiple reparative and/or regen-
erative mechanisms can exert a potentiated (one drug does not elicit a response on its own
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but enhances the response to another drug) or synergistic effect (the combined effect of two
drugs is greater than the sum of their separated effects). Thus, combinatorial treatments for
ON repair can potentiate ON regeneration effectiveness [60]. The INAION model enables
effective evaluation of multiple factors as well as multiple approaches; ie, combinatorial
approaches with anti-inflammatory + growth factors, cell death suppression agents, etc.

The rNAION model may also be valuable for determining the potential time windows
for treatment opportunities and identifying mechanisms that may extend these windows,
both in terms of RGC survival, axonal survival and inflammatory pathways. Using the
rNAION model to evaluate strategies for enhancing RGC and axonal survival by modulat-
ing multiple independent pathways is an exciting possibility, which may potentially extend
the effective treatment time windows. The INAION model’s mechanistic similarity with
the primate NAION model also provides an invaluable bridge to understanding primate
responses in ischemic optic neuropathy, and ultimately the rapid evaluation of potential
therapeutics and strategies for treatment of the human disease.

4. Materials and Methods

While the data in the majority of this report is based on other research we have
previously reported on (Sections 2.1-2.6, 2.8 and 2.9), the data reported in Figure 4 and
Table 1 in Section 2.7 and Figure 6 in Section 2.9 have never been reported before. Thus, we
include the materials and methods for these experiments.

Animals: All animal protocols were approved by the UMB institutional animal care
and use committee (IACUC).

Affymetrix gene expression analysis: Three Male Sprague Dawley rats (225-250 g)
were used for each pooled mRNA preparation. Following unilateral INAION induction,
retinae were pooled from 3 individual eyes treated similarly, and the contralateral unin-
duced eyes were used as controls. Tissue was obtained from animals following induction at
1 and 3 days. Total RNA was purified using Qiaprep RNAeasy micro kit, and poly(A)RNA
further isolated using oligo d(T) cellulose columns. 500 ng of total RNA was used for
each pooled cDNA probe. Complementary DNA (cDNA) was generated from pooled poly
(A+) RNA using a genechip one cycle cDNA synthesis kit for synthesis of double stranded
cDNA with a T7 RNA polymerase promotor. Biotinylated complementary RNA (cRNA)
probes were then generated for reaction to the genechips using a one- or two cycle in vitro
transcription (IVT) reaction kit.

Two RNA preps were used for analysis of each timepoint and contralateral con-
trols, with two U34A rat genome genechips (total of 4 chips). cRNA was loaded onto an
Affymetrix U34A total genechip array, containing >24,000 genes and EST clusters, with
~7000 known genes (rat gene expression). The chips were reacted /hybridized with the
biotinylated probes and processed on an Affymetrix fluidics station 400 platform according
to manufacturer’s protocols, and following genechip scanning, the resulting data was
analyzed using Genechip sequence analysis software at the DC Children’s hospital core
sequencing facility. These results are seen in Table 1 results in Section 2.7.

Immunohistochemical analysis of INAION-associated early RGC stress. To con-
firm early RGC stress following rNAION, we induced rNAION (11 s/50 mW /500 uM/
532 nm) spot size in one eye each of three Long-Evans (L-E) male rats. L-E pigmented rats
are preferred over albino strains for visual function studies and have largely replaced our
use of the SD strain. Animals were euthanized at 1, 3 and 7 days post-induction, and tissue
post-fixed in 4% paraformaldehyde-phosphate-buffered saline pH 7.4 (PF-PBS). Whole
retinae were isolated, fixed overnight in PF-PBS, and the inner limiting membranes were
permeabilized by brief (—70 °C) freezing in PBS, followed by incubation in 10% normal don-
key serum/0.3% Triton X-100 with primary antibodies. Tissues were treated with primary
antbodies. These included rabbit monoclonal antibody to lipocalin 2 (Len2)-purchased
from Abcam (ab41105). Polyclonal goat antibody to Brn 3a (Santa Cruz Chemicals, Santa
Cruz, CA). Rabbit monoclonal antibody to phospho-Jun (pJun; Cat # 3270/D47G9; Cell
Signaling Technologies, Danvers, MA). Rabbit Polyclonal antibody to CRF/CRH (CREF;
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Thermofisher/Bioss (BS-0328R)). Tissues were washed and incubated with fluorescent-
labeled secondary donkey antibodies (Jackson Immunoresearch, West Grove PA), and
examined using confocal microscopy on a Leica 4 channel confocal microscope.

Glibenclamide treatment for ONH edema. 4 male Long-Evans (LE) rats (225-250 g)
were used as a sighting study to determine whether ONH edema is suppressible using
glibenclamide, an FDA approved anti-glycosemic drug which, even at low doses, inhibits
opening of astrocytic sulfonylurea receptor-1 (SUR1)-water associated channel [34], and
suppresses cerebral edema. Animals were induced with 11 s laser (50 mW /532 nm/
500 um spot size) 30 s post-injection with rose Bengal (2.5 mM solution” 1 ml/kg). Both
eyes utilized in this sighting study; Animals were treated with subcutaneous (SC) saline
for 5 days post-induction of the first eye. Following induction of the second eye, animals
were SC injected with glibenclamide (50 ug/kg) immediately after induction and daily for
five days thereafter. We evaluated ONH edema using OCT at two days post-induction
of each eye [16], and quantified RGCs by stereology using Brn3a(+) immunopositivity of
flat mounted retinae, at 30d post-induction of the second eye, as previously reported [14].
These results are seen in results Section 2.9.

5. Patents

The use of PGJ; in the treatment of NAION is covered by US patent US 8,106,096 B2
‘Compositions and methods for treatment of optic nerve diseases (SLB).
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/ /www.mdpi.com/article/10.3390/ijms232415604/s1.
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Abstract: Optic nerve injury causes secondary degeneration, a sequela that spreads damage from
the primary injury to adjacent tissue, through mechanisms such as oxidative stress, apoptosis, and
blood-brain barrier (BBB) dysfunction. Oligodendrocyte precursor cells (OPCs), a key component of
the BBB and oligodendrogenesis, are vulnerable to oxidative deoxyribonucleic acid (DNA) damage
by 3 days post-injury. However, it is unclear whether oxidative damage in OPCs occurs earlier at
1 day post-injury, or whether a critical ‘window-of-opportunity” exists for therapeutic intervention.
Here, a partial optic nerve transection rat model of secondary degeneration was used with immuno-
histochemistry to assess BBB dysfunction, oxidative stress, and proliferation in OPCs vulnerable
to secondary degeneration. At 1 day post-injury, BBB breach and oxidative DNA damage were
observed, alongside increased density of DNA-damaged proliferating cells. DNA-damaged cells
underwent apoptosis (cleaved caspase3+), and apoptosis was associated with BBB breach. OPCs
experienced DNA damage and apoptosis and were the major proliferating cell type with DNA
damage. However, the majority of caspase3+ cells were not OPCs. These results provide novel
insights into acute secondary degeneration mechanisms in the optic nerve, highlighting the need to
consider early oxidative damage to OPCs in therapeutic efforts to limit degeneration following optic
nerve injury.

Keywords: oligodendrocyte precursor cells; secondary degeneration; oxidative stress; DNA damage;
proliferation; blood-brain barrier; CNS injury; optic nerve injury

1. Introduction

Injury to the central nervous system (CNS) involves two components of damage: the
initial mechanical insult and a subsequent cascade of spreading damage called secondary
degeneration [1]. The initial primary injury typically manifests as axonal shearing, contu-
sions, and hemorrhage or hematoma [1,2]. Secondary degeneration occurs as pathological
factors released by injured neurons and glia spread to the surrounding tissue, causing
additional self-propagating damage [3]. Glaucoma and other optic neuropathies follow
similar sequelae, where axonal injury to retinal ganglion cells triggers a plethora of de-
generative mechanisms that spread throughout the visual system to progressively impair
visual function [4]. Hypoxia-induced vascular dysfunction can reduce blood flow to the
optic nerve head, contributing to axonal injury and vision loss in optic neuropathies [5,6].
The BBB, comprising endothelial cells, neurons, astrocytes, pericytes, and OPCs, is a key
component of vascular function [7].

The rodent partial optic nerve transection model is especially useful for characteriz-
ing mechanisms of secondary damage in the optic nerve, facilitating spatial segregation
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between primary and secondary injury. Only the dorsal aspect of the right optic nerve is
partially transected thus leaving the ventral aspect vulnerable solely to secondary degenera-
tive processes [8]. Within the initially spared tissue, a multitude of secondary degeneration
mechanisms occur, including oxidative stress, BBB dysfunction, reactive gliosis, axonal
damage, dysmyelination, and oligodendrocyte death, associated with functional deficits
post-injury [9,10]. Such secondary damage can spread as far into the brain as the superior
colliculus via the visual pathways, to elicit a remote degenerative response following optic
nerve injury [11].

A key feature of secondary degeneration that exacerbates acute pathology is oxidative
stress. Oxidative stress occurs when the rate of reactive oxygen species production increases
and overwhelms the detoxification capacity of the antioxidant system [12]. Excessive levels
of reactive oxygen species can cause damage to a variety of cellular structures, including
lipids, proteins, and DNA [13]. One form of oxidative DNA damage is nucleobase modifi-
cations, such as the guanine oxidation by-product 8-hydroxy-2-deoxyguanosine (SOHDG).
Nucleobase modifications can cause particularly harmful effects by either modifying the
genetic code or blocking DNA replication [14].

Within 5 min of a partial optic nerve transection, astrocytes are oxidatively stressed and
become hypertrophic by 3 h [15]. No changes in Olig2+ oligodendroglia are observed by
24 h. However, at day 3, oligodendroglia, including OPCs, are significantly more likely to
become oxidatively DNA damaged than other cell types within the ventral optic nerve [16].
The heightened vulnerability of OPCs is likely due in part to increased concentrations of
Ca?*-permeable P2X7 receptors and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors [17,18], increased intracellular iron levels [19], and decreased con-
centrations of antioxidant defenses [19,20]. Similarly, a specific subpopulation of newly
derived mature oligodendrocytes has been identified to have elevated oxidative DNA
damage compared to their pre-existing counterparts at this same time point [16]. The newly
derived oligodendrocyte subpopulation was also less likely to become apoptotic than
pre-existing oligodendrocytes, but instead demonstrated a decreased long-term capacity
for myelination [16]. The concurrent death of pre-existing oligodendrocytes alongside the
reduced myelination capacity of newly derived, DNA-damaged oligodendrocytes likely
contributes to chronic deficits in myelination observed at 1, 3, and 6 months after optic
nerve injury [21-23]. However, the specific vulnerability of oligodendroglia to this oxida-
tive DNA damage at the earlier 1 day timepoint, is yet to be investigated. It is possible that
a therapeutic window exists prior to 3 days, where oligodendroglia show signs of oxidative
damage but are not yet proliferative or apoptotic.

To address this knowledge gap, this study assessed the vulnerability of OPCs to oxida-
tive DNA damage at an acute 1 day timepoint following a partial optic nerve transection.
Within the ventral nerve susceptible to secondary degeneration, SOHDG DNA damage
increased and correlated to the extent of BBB dysfunction. DNA-damaged cells showed
increased proliferation with injury and increased apoptosis. While OPCs accounted for
the majority of proliferating, DNA-damaged cells, these were not the largest population of
apoptotic cells.

2. Results
2.1. Secondary Degeneration in the Ventral Optic Nerve following Partial Injury

At 1 day following a partial optic nerve transection, the ventral nerve was immunohis-
tochemically assessed for SOHDG, immunoglobulin G (IgG) and 5 Ethynyl-2-deoxyuridine
(EdU) to quantify oxidative DNA damage, BBB dysfunction and cellular proliferation re-
spectively. There was a significant effect of injury on both the area (t(4.448) = 17, p = 0.0004,
Figure 1A) and mean intensity (t(4.197) = 17, p = 0.0006, Figure 1B) of SOHDG immunore-
activity relative to sham controls, indicating increased oxidative DNA damage post-injury
(Figure 1C). Similarly, the mean area of IgG immunoreactivity significantly increased with
injury compared to sham controls (Mdngham = 2.018, Mdnipjureq = 0.00825, U = 0, p < 0.0001,
Figure 1D,F). The observed increase in IgG extravasation indicates an injury-induced breach
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of the BBB. A strong and significant positive monotonic relationship between the mean
areas of IgG and 8OHDG immunoreactivities was also observed (rs = 0.752, p = 0.0003,
Figure 1E), suggesting that animals with increased DNA damage in the ventral optic nerve
typically experience greater levels of BBB dysfunction.

A B

20 Aokok o 3000 Rk
O Q5
Q7% ~ ® T 2 — 2500 .
I M) - o) M
ggE™ ¢ <% 3 2000- B RS
$Es . sEs Bty [0
o 210+ e 2% 5 1500 D
Sag@ 2]
§0= e a8
g 28 ° . £9 _‘E 1000
§2< 5 F;n_1 . =858
=© L] g © =~ 500+
0 l l = 0 . .
Sham Injured Sham Injured
Sham Injured "
S AHokokok
3 40
%237 .
- 9 9
o .E S 30
g ool = .
R
c ¥ = 20
FRR] J—
235
= % ~ 10
. 1.
Sham Injured
100 Sham Injured
03, .
oL 8
-9 1
o c
: ‘-C: ; Sham
@ %5 0.1 Injured
cos
§28 0017
g 28 r = 0752
s 0.001
0.0001 T T T 1
0 5 10 15 20
Mean area of 80OHDG above set threshold

(arbitrary units)

Figure 1. Effect of injury on oxidative DNA damage and BBB dysfunction within the ventral optic
nerve, relative to sham injury. Area (A) and mean intensity (B) of SOHDG immunoreactivity within
the ventral optic nerve were assessed to determine the level of oxidative DNA damage. Graphs
display individual data points overlaid on a bar displaying the mean + SEM. n = 9-10 rats per
group. Statistical analysis by f-tests. (D) Area of IgG immunointensity within the ventral nerve was
assessed to determine the extent of BBB breach. Graph displays individual data points overlaid
on a bar displaying the mean 4+ SEM. Statistical analysis by Mann-Whitney test. n = 9-10 rats per
group. (E) The area of IgG immunointensity was correlated to the area of SOHDG using Spearman’s
correlation, with the rs value and corresponding p-value displayed on the graph. The mean area of
IgG immunointensity was plotted on a log scale to best illustrate the overall relationship between
IgG and 8OHDG on the scatterplot. Each data point on the graph represents an individual animal.
n = 8-10 rats per group. (C,F) Representative images of both SOHDG and IgG immunoreactivity in
sham and injured rats are shown, scale bars = 100 pm. Area of the ventral nerve is denoted by dotted
lines. All areas above threshold measurements are presented in arbitrary units as the data have been
normalized to the total area of the ventral nerve for each animal. No outliers were removed for any
outcome measure. Significant differences are indicated by *** p < 0.001, **** p < 0.0001.
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The effect of partial optic nerve transection on cellular proliferation as indicated by
EdU+ staining in the ventral nerve was also assessed. There was a trend towards an
increased density of EAU+ cells with injury compared to sham controls, although this
difference did not reach statistical significance (t(2.072) = 17, p = 0.0538, Figure 2A). EdU+
cells were then categorized based on colocalization with SOHDG above a set threshold and
a two-way ANOVA was used to compare the densities of proliferating cells either with
or without oxidative DNA damage (F(1,34) = 2.947, Figure 2B,D). A significant difference
was observed by Tukey post-hoc comparisons in the density of EAU+ 8OHDG+ cells with
injury compared to the sham group (p = 0.0264). There were no differences in the density of
EdU+ 8OHDG— cells with injury compared to those without injury (p > 0.05). A weak but
significant positive monotonic relationship between the mean area of IgG immunointensity
and EdU+ densities was also observed (rs = 0.489, p = 0.0394, Figure 2C).
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Figure 2. Effect of injury on cellular proliferation within the ventral optic nerve. (A) The density
of EAU+ cells was quantified in the ventral optic nerve following partial optic nerve transection or
sham injury. Graphs display individual data points overlaid on a bar displaying the mean 4+ SEM.
n = 9-10 rats per group. Statistical analysis by t-test. (B) The relative densities of EdU+ 8OHDG+
and EdU+ 8OHDG— cells were quantified. Statistical analysis by two-way ANOVA and Tukey post-
hoc tests. Graphs display individual data points overlaid on a bar displaying the mean £+ SEM.
n = 9-10 rats per group. (C) The area of IgG immunointensity was correlated to the density
of EdU+ cells using Spearman’s correlation, with the rs value and corresponding p-value displayed
on the graph. The mean area of IgG immunointensity was plotted on a log scale to best illustrate
the overall relationship between IgG and EdU on the scatterplot. Each data point on the graph
represents an individual animal. n = 8-10 rats per group. (D) Representative image of both an
EdU+ 80OHDGH+ cell (white arrow head) and an EdU+ 8OHDG— cell (yellow arrow head) is shown,
scale bar = 25 pm. No outliers were removed for any outcome measure. Significant differences are
indicated by * p < 0.05.

Additionally, the effect of partial optic nerve transection on apoptosis was assessed
by detecting Cleaved Caspase3, the proteolytically-cleaved and functionally-active form
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of Caspase3 [24]. A significant increase was observed in the overall density of Cleaved
Caspase3+ cells with injury compared to sham controls in the ventral nerve (t(5.064) = 16,
p = 0.0001, Figure 3A). Cleaved Caspase3+ cells were then categorized based on colocaliza-
tion with SOHDG above a set threshold and a two-way ANOVA was used to compare the
densities of apoptotic cells either with or without oxidative DNA damage (F(1,32) = 25.64,
Figure 3B,D). A significant difference was observed by Tukey post hoc comparisons in the
density of Cleaved Caspase3+ SOHDG+ cells with injury compared to Cleaved Caspase3+
8OHDGH+ cells in the sham group (p < 0.0001). A significant increase was also found be-
tween Cleaved Caspase3+ cells with and without SOHDG+ in both the injured (p < 0.0001)
and sham groups (p < 0.0001). No differences were observed in the density of Cleaved
Caspase3+ SOHDG— cells with injury compared to Cleaved Caspase3+ SOHDG— cells
without injury (p > 0.05). A moderate and significant positive monotonic relationship
between the mean area of IgG immunointensity and Cleaved Caspase3+ densities was also
observed (rs = 0.694, p = 0.003, Figure 3C).
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Figure 3. Effect of injury on apoptosis within the ventral optic nerve. (A) The density of Cleaved Cas-
pase3+ cells was quantified in the ventral optic nerve following partial optic nerve transection or sham
injury. Graphs display individual data points overlaid on a bar displaying the mean + SEM. n = 9 rats
per group. Statistical analysis by t-test. (B) The relative densities of Cleaved Caspase3+ 8OHDG+
and Cleaved Caspase3+ 8OHDG— cells were quantified. Statistical analysis by two-way ANOVA
and Tukey post hoc tests. Graphs display individual data points overlaid on a bar displaying the
mean £ SEM. n =9 rats per group. (C) The area of IgG immunointensity was correlated to the density
of Cleaved Caspase3+ cells using Spearman’s correlation, with the rs value and corresponding p-value
displayed on the graph. The mean area of IgG immunointensity was plotted on a log scale to best
illustrate the overall relationship between IgG and Cleaved Caspase3+ on the scatterplot. Each data
point on the graph represents an individual animal. n = 8-9 rats per group. (D) Representative image
of both a Cleaved Caspase3+ 8OHDGH+ cell (indicated by >>) and a Cleaved Caspase3+ SOHDG— cell
(indicated by >) is shown, scale bar = 25 pm. No outliers were removed for any outcome measure.
Significant differences are indicated by ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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2.2. Heightened Vulnerability of OPCs to Oxidative DNA Damage

To identify oxidatively damaged OPCs, antibodies detecting neural/glial antigen
2 (NG2) [25] or platelet-derived growth factor receptor o« (PDGFRx) [26] were utilized.
Within NG2+ glia specifically, the mean intensity of SOHDG immunoreactivity significantly
increased compared to sham controls (t(2.161) = 15, p = 0.0472, Figure 4A,B). Correspond-
ingly, there was a significant increase with injury in the mean intensity of SOHDG within
PDGFRa+ glia (t(3.992) = 17, p = 0.0007, Figure 4C,D).
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Figure 4. Effect of injury on oxidative DNA damage within NG2+ glia and PDGFRo+ glia. The mean
immunointensity of SOHDG was specifically quantified in NG2+ glial cells (A) and PDGFRo+ glia
cells (C) in the ventral nerve. Graphs display individual data points overlaid on a bar displaying
the mean + SEM. n = 8-10 rats per group. Statistical analysis by t-tests. Representative images of
NG2+ glia (B) and PDGFRa+ glia (C) with SOHDG+ DNA damage are shown, indicated with arrow
heads, scale bars = 20 um. No outliers were removed for any outcome measure. Significant differences
are indicated by * p < 0.05, ** p < 0.001.

2.3. Proliferative and Apoptotic Status of OPCs with Oxidative DNA Damage

The proliferative status of oxidatively DNA-damaged OPCs was then assessed within
the ventral nerve. The EdU+ population was first identified as either PDGFRx+ or
PDGFRx— cells and analyzed using a two-way ANOVA (F(1,36) = 1.457, Figure 5A). Tukey
post hoc comparisons revealed a significant increase in the density of EdU+ PDGFRa+ OPCs
with injury compared to sham (p = 0.0466). No significant difference was observed
in the density of EAU+ PDGFR«— cells with injury (p > 0.05). The EdU+ PDGFRax+
and EdU+ PDGFRa— populations were further classified by colocalization with SOHDG
DNA damage and analyzed via a three-way ANOVA with Tukey post hoc comparisons
(F(1, 64) = 1.958, Figure 5B,C). There was a significant increase with injury in the density of
EdU+ PDGFRo+ 8OHDG+ cells compared to sham (p = 0.0115). Interestingly, the densities
of EdU+ PDGFRa+ 8OHDGH+ cells were also significantly higher than EAU+ PDGFRo+
8OHDG-— cells within injured animals (p = 0.0033). No significant differences were ob-
served with injury for EdU+ PDGFRa+ 8OHDG— OPCs (p > 0.05), or EdU+ PDGFR«—
8OHDG+ (p > 0.05) or EdU+ PDGFRax— 8OHDG— (p > 0.05) cells compared to sham. Al-
together, this suggests that OPCs are the major proliferating, DNA-damaged cell type at
1 day following injury to the optic nerve.
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Figure 5. Effect of injury on proliferation and oxidative DNA damage within OPCs. (A) The relative
densities of EdU+ PDGFRa+ and EdU+ PDGFRx— OPCs were quantified. Statistical analysis by
two-way ANOVA and Tukey post hoc tests. (B) The relative densities of EQU+ cells colocalized
with PDGFR« and 8OHDG were quantified. Statistical analysis by three-way ANOVA with Tukey
post hoc tests. Graphs display individual data points overlaid on a bar displaying the mean + SEM.
n = 8-10 rats per group. (C) Representative images illustrating EdU+ PDGFRx+ 8OHDG+ OPCs (in-
dicated by >>), EdU+ PDGFRa+ 8SOHDG— OPCs (indicated by > | ), EdU+ PDGFRa— 8OHDG+ cells
(indicated by >), EdU+ PDGFRx— 8OHDG— cells (indicated by e>) are shown, scale bar = 25 pm.
No outliers were removed for any outcome measure. Significant differences are indicated by
*p <0.05*p <0.01.

The apoptotic status of oxidatively DNA-damaged OPCs was also assessed within
the ventral nerve. The Cleaved Caspase3+ population was initially identified as either
PDGFRo+ or PDGFRa— cells and analyzed using a two-way ANOVA (F(1,32) = 5.611,
Figure 6A). Tukey post hoc comparisons revealed no significant increase in the density
of Cleaved Caspase3+ PDGFRa+ OPCs with injury compared to sham (p > 0.05). A
significant difference was observed in the density of Cleaved Caspase3+ PDGFRx— cells
with injury (p < 0.0001). There was also a significant increase in the density of Cleaved
Caspase3+ PDGFR«x— cells compared to Cleaved Caspase3+ PDGFRa+ cells within both
injured (p < 0.0001) and sham groups (p < 0.0001). The Cleaved Caspase3+ PDGFRx+
and Cleaved Caspase3+ PDGFRx— populations were further classified by colocalization
with SOHDG DNA damage and analyzed via a three-way ANOVA with Tukey post-hoc
comparisons (F(1, 64) = 33.37, Figure 6B,C). There was a significant increase with injury
in the density of both Cleaved Caspase3+ PDGFRa+ 8OHDG+ OPCs (p = 0.0304) and
Cleaved Caspase3+ PDGFRa— 8OHDG+ cells (p < 0.0001) compared to sham. Within the
sham group, there were significantly more Cleaved Caspase3+ PDGFRo— 8OHDG+ cells
than Cleaved Caspase3+ PDGFRa+ 8OHDG+ OPCs (p < 0.0001), Cleaved Caspase3+
PDGFRoa+ 8OHDG— OPCs (p < 0.0001) and Cleaved Caspase3+ PDGFRa— 8OHDG— cells
(p < 0.0001). Similarly, within the injured group, there were significantly more Cleaved
Caspase3+ PDGFRa— 8OHDG+ cells than OPCs that were Cleaved Caspase3+ PDGFRo+
8OHDG+ (p < 0.0001) or Cleaved Caspase3+ PDGFRo+ 8SOHDG— (p < 0.0001) or Cleaved
Caspase3+ PDGFRa— 8OHDG— cells (p < 0.0001). In addition, there was a significant
increase in the density of Cleaved Caspase3+ PDGFRo+ 8OHDG+ OPCs compared to
both Cleaved Caspase3+ PDGFRa+ SOHDG— OPCs (p = 0.0019) and Cleaved Caspase3+
PDGFRa— 8OHDG- cells (p = 0.0019) within the injured group. These data indicate an
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increase in apoptosis of DNA-damaged OPCs at 1 day following injury to the optic nerve,
though these cells do not form the majority of the overall apoptotic cell population.
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Figure 6. Effect of injury on apoptosis and oxidative DNA damage of OPCs. (A) The relative
densities of Cleaved Caspase3+ PDGFRa+ and Cleaved Caspase3+ PDGFRa— OPCs were quantified.
Statistical analysis by two-way ANOVA and Tukey post hoc tests. (B) The relative densities of
Cleaved Caspase3+ cells colocalized with PDGFRa and 8OHDG were quantified. Statistical analysis
by three-way ANOVA with Tukey post hoc tests. Graphs display individual data points overlaid
on a bar displaying the mean £ SEM. n = 9 rats per group. (C) Representative image illustrating
Cleaved Caspase3+ PDGFRo+ 8OHDG+ cells (indicated by >>), Cleaved Caspase3+ PDGFRo+
80OHDG— cells (indicated by > 1) and Cleaved Caspase3+ PDGFRx— 8OHDG+ cells (indicated by >)
is shown. Cleaved Caspase3+ PDGFRx— 8OHDG— cells were not observed in the ventral nerve.
Scale bar = 25um. No outliers were removed for any outcome measure. Significant differences are
indicated by * p < 0.05, ** p < 0.01, **** p < 0.0001.

3. Discussion

This study investigated the role of oxidative DNA damage to OPCs following optic
nerve injury at an acute 1 day timepoint. Early pathological changes induced within
the ventral nerve were indicative of secondary degeneration mechanisms, with observed
increases in BBB dysfunction and SOHDG DNA damage, as well as increased cellular
proliferation specifically in DNA-damaged cells. Heightened DNA damage was also
specifically identified within both NG2+ glia and PDGFRa+ glia, indicating a vulnerability
of OPCs to oxidative DNA damage. Apoptotic cells were DNA damaged, and associated
with BBB breach. Finally, this study demonstrated that while the PDGFRx+ OPC population
was the major proliferating, DNA-damaged cell type following injury to the optic nerve,
most of the apoptotic cells were not OPCs. While additional research is needed to further
delineate the role of oxidative damage post-injury, these novel results provide valuable
insights into early mechanisms that underpin secondary degeneration of the optic nerve at
1 day following injury.

In line with previous work that assessed outcomes at 1 day following a partial op-
tic nerve transection, this study found significant increases in DNA damage and BBB
dysfunction in the ventral optic nerve vulnerable to secondary degeneration [10,27]. A
strong and significant relationship between the extent of oxidative DNA damage and BBB
breach was also uncovered and observed across animals in both sham and injured groups.
Though oxidative stress had already been closely associated with BBB dysfunction in a
variety of CNS diseases and injuries [28], a direct relationship between the two has not been
previously investigated within the partial optic nerve transection model. Taken together
with the increased oxidative damage to OPCs, this direct relationship suggests that the

194



Int. J. Mol. Sci. 2023, 24, 3463

observed increase in parenchymal IgG relates to a breakdown of the OPC component of
the BBB and not due to transcellular transport [29]. The density of DNA-damaged cells
undergoing proliferation significantly increased with injury. Meanwhile, there was no
change in the density of proliferating cells without DNA damage as indicated by SOHDG
immunoreactivity. This finding suggests a relationship between oxidative DNA damage
and cellular proliferation that requires further elucidation. Additionally, it will be impor-
tant to determine whether oxidative damage is driving, or is a consequence of, secondary
pathological mechanisms.

Consistent with previous studies [25,30], this study used NG2 and PDGFR« separately
to identify OPCs. In our hands, immunohistochemical detection reliably allowed quantifi-
cation of one cell identifying marker together with the functional indicators SOHDG and
Cleaved Caspase3. We, therefore, identified OPCs using a combination of their expression
of NG2 or PDGFRa& and known morphology (i.e., round features with small processes; in
line with several other studies [25,31]). The majority of the PDGFRa+ cells in this study
were most likely OPCs, as OPCs have the most abundant expression of PDGFR« in the
CNS [26] and PDGFR« is the best singular marker for OPCs [25]. PDGFR« and NG2 likely
identified a similar population of OPCs in this study, as the distribution and morphol-
ogy of PDGFRa+ cells coincide with NG2+ cells in the brain [30,32], and PDGFRa+ and
NG2+ cells showed a similar pattern of oxidative damage.

OPCs have previously been shown to be vulnerable to DNA damage at 3 days follow-
ing a partial optic nerve transection [16]. The present study showed that this pathology
occurs as early as 1 day after injury, with increases in oxidative DNA damage specifically
observed within both NG2+ glia and PDGFRa+ glia. The PDGFRa+ OPC population
was the major proliferating and DNA-damaged cell type. This finding builds on previous
work in this model which showed that approximately 54% of proliferating cells were NG2+
Olig2+ OPCs at 1 day post-injury [33]. This early proliferative response of OPCs to injury
occurs prior to the onset of cell death at 7 days, with OPC loss continuing out to 3 months
post-injury [33]. Therefore, the observed early proliferation does not prevent a chronic
depletion of OPCs later in the pathological sequelae. Combined with the observed increase
in the proliferation of OPCs with oxidative DNA damage specifically within the injured
nerve, these data suggest that proliferation could be an early indicator of OPC damage and
dysfunction following optic nerve injury. However, whether increased OPC proliferation is
actively induced by DNA damage or whether already proliferating OPCs are inherently
more vulnerable to oxidative stress mechanisms post-injury is not yet known. Indeed, not
all of the cells that are proliferating post-injury are OPCs, with a variety of cells known to
proliferate following CNS injury, including astrocytes and microglia [34,35]. Nevertheless,
the data suggest that oxidatively damaged OPCs drive the majority of cellular proliferation
acutely post-injury.

As OPCs differentiate into mature oligodendrocytes post-injury, a peak ratio of prolif-
erating to non-proliferating OPCs occurs at 3 days post-injury before these EdU+ OPCs
differentiate through the stages of the oligodendroglial lineage towards mature myelinating
oligodendrocytes [16]. By 3 days following a partial optic nerve transection, there is also
a specific subpopulation of newly derived mature oligodendrocytes that have increased
levels of DNA damage compared to their pre-existing counterparts [16]. Therefore, it is
highly likely that a proportion of the identified proliferating and DNA-damaged OPC
population at 1 day post-injury may differentiate into mature oligodendrocytes at later
timepoints. This subpopulation of DNA-damaged, newly derived mature oligodendrocytes
are less likely to become apoptotic than pre-existing oligodendrocytes but demonstrate
a decreased long-term capacity for myelination [16]. The decreased apoptosis of newly
derived and proliferating oligodendrocytes suggests that proliferation and differentiation
may have been protective against the cell death associated with DNA damage post-injury.
Nevertheless, the concurrent death of pre-existing oligodendrocytes alongside the reduced
myelination capacity of newly derived, DNA-damaged oligodendrocytes likely contributes
to chronic deficits in myelination following injury.
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Heterogeneity within the overall OPC population [36] could convey varying degrees
of susceptibility to oxidative damage. For example, some OPCs colocalize and interact
with blood vessels, whilst others reside solely in the brain parenchyma [37]. OPCs with an
intermediate phenotype have also been observed, whereby they are both simultaneously
perivascular and parenchymal [38], suggesting a spectrum of OPC phenotypes based on
association with the vasculature. Functional differences between OPC subpopulations
identified here remain to be investigated. However, it may be that a portion of the observed
DNA-damaged OPCs modulated detrimental effects at the BBB. OPCs located at the
vasculature have already been found to play a key role in BBB integrity under pathological
conditions, such as cerebral hypoperfusion [39] and MS [40,41]. Therefore, future studies
should determine the relative vulnerability of OPC subpopulations to oxidative DNA
damage to elucidate any potential contribution of perivascular OPC damage in pathological
BBB dysfunction. It is also important to note that OPCs do not exist in isolation, and cross-
talk between OPCs and other cells, both in the parenchyma and at the perivascular regions,
is likely to contribute to outcomes.

Female rats were used in this study to enable initial comparison with our previously
published work and to address the disproportionate overrepresentation of male animals
within neuroscience literature. Future studies will include both male and female rats
to identify possible sex-dependent changes. However, it is noteworthy that differences
were observed between injured and uninjured female rats, indicating that any potential
effect of female hormones does not preclude the detection of injury-induced changes in
these animals.

This study identified OPCs as the major proliferating, DN A-damaged cells acutely
following optic nerve injury. The observed early oxidative damage to this cell type likely
plays a key role in exacerbating pathology post-injury, further highlighting oxidative stress
as a therapeutic target worthy of future investigation. Pharmacological modulation of
glial components of the BBB, such as the aquaporin-4 water channel on astrocytes, has
been shown to reduce vasogenic edema and improve function in rats with CNS injury [42].
Given the importance of OPCs for BBB and CNS function, therapeutic interventions that at-
tenuate oxidative DNA damage in OPCs are likely to mitigate the progression of secondary
degeneration to axonal and functional loss after injury. Computer-aided, high-throughput
drug screening platforms that investigate up to a hundred thousand compounds per day
have the potential to accelerate the discovery or repurposing of drugs that effectively
target oxidative stress-induced OPC dysfunction [43]. High-resolution imaging of OPCs
and associated cells in humanized, self-organized 3D organoids or microvessel-on-a-chip
platforms would facilitate the robust assessment of drug candidates likely to be effective
in humans [44,45].

4. Materials and Methods
4.1. Animal Procedures and Study Design

Twenty adult, female PVG rats (180 g) were obtained from the Animal Resource Centre
in Murdoch, Western Australia. All procedures were in accordance with the principles
of the National Health and Medical Research Council (NHMRC) of Australia Code of
Practice for use of Animals for Scientific Purposes and were approved by the Animal Ethics
Committee of The University of Western Australia (RA/3/100/1485) and the Animal Ethics
Committee of Curtin University (ARE2017-4). The rats were provided ad libitum access to
both food and water and were housed under a 12 h light/dark cycle. Rats were also given a
1 week acclimatization period to the holding facility prior to commencing the experimental
period. The cohort consisted of two experimental groups: a sham control group (n = 10)
and an injured group (n = 10).

4.2. Surgical Procedures

Partial optic nerve transections were performed as previously described [8], un-
der anesthesia with intraperitoneal Ketamine (Ketamil, 50 mg/kg, Troy Laboratories,
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Glendenning, Australia) and Xylazine (Ilium Xylazil, 10 mg/kg, Troy Laboratories). In
brief, the right optic nerve was surgically exposed about 1 mm behind the eye and the
dorsal aspect of the nerve was partially lesioned to approximately 200 um using a diamond
radial keratotomy knife (Geuder, Heidelberg, Germany). Rats that underwent a sham
injury received all surgical procedures except the cut in the surrounding nerve sheath and
the partial transection into the optic nerve. Post-operative analgesia (Carprofen, 2.8 mg/kg,
Norbook, Newry, UK) and sterile phosphate-buffered saline (PBS, 1 mL) were administered
subcutaneously following surgery. To label cells actively undergoing the cell cycle, EAU
(20 mg/kg, Invitrogen, Waltham, MA, USA) was delivered via intraperitoneal injection
twice, once immediately following the surgical procedures during post-operative care and
once the following morning at least 2 h prior to euthanasia. The total number of sham
control animals was reduced to n = 9 due to n = 1 rat being resistant to the anesthesia
necessary for surgery and thus omitted from the study. There were no deaths from the
surgical procedure.

4.3. Tissue Processing

At 1 day post-injury, rats were euthanized with pentobarbitone sodium (160 mg/kg,
Delvet) prior to being transcardially perfused with 0.9% saline followed by 4% paraformalde-
hyde (Sigma-Aldrich, St. Louis, MO, USA). The injured right optic nerves were dissected
and immersed in a 4% paraformaldehyde solution overnight. The following day, the nerves
were transferred to 5% sucrose (ChemSupply Australia, Bedford, South Australia, Australia),
0.1% sodium azide (Sigma-Aldrich) in PBS for cryoprotection. The optic nerves were then
cryosectioned transversely at 14 um, collected onto Superfrost Plus glass microscope slides,
and stored at —80 °C prior to immunohistochemical analysis.

4.4. Multiplex Immunohistochemistry

Prior to commencing immunohistochemical analysis, the back surface of each slide
was placed unsubmerged in PBS within an electrophoresis tank for 1 h at 70 V to reinforce
the electrostatic bond between the tissue and slide, mitigating the risk of tissue detachment
during the multiple wash steps involved in the protocol. Slides were then dried in a 37 °C
oven for 10 min. Antigen retrieval involved heating the slides in 10 mM Tris-EDTA-0.5 M
NaCl (pH 9.0) solution in the microwave for 2 min and 20 s, followed by a 20 min cooling
period at room temperature. Slides were washed in a PBS bath prior to the application
of a hydrophobic barrier around the tissue, using a PAP pen (Merck, Advanced PAP Pen,
Darmstadt, Germany). Sections were washed with PBS three times before incubation with
Peroxidazed 1 solution (0.3% HyO,, PX968M, 121219-2, Biocare Medical, Pacheco, CA, USA)
for 10 min at room temperature. Slides were washed three times in PBS after the application
period for each reagent was complete. Non-specific background was blocked using 3%
bovine serum albumin solution (Merck, 12657) for 20 min at room temperature.

Primary antibodies used recognized: 8OHDG (1:250, 4 pg/mL, mouse, Abcam,
ab62623, GR3284216-13), rat Immunoglobulin G (IgG, 1:150, 10 pg/mL, goat, BA-9400,
7ZG0108, Vector Laboratories, Burlingame, CA, USA), NG2 (1:50, 20 ug/mL, rabbit, AB5320B,
3218879, Merck), Cleaved Caspase3 (Aspl75, 1:150; rabbit, D3E9, #9579, Lot 1, Cell Sig-
naling Technology, Danvers, MA, USA) and PDGFR« (1:250, 4 pg/mL, rabbit, PA516571,
VJ2870528A, ThermoFisher, Waltham, MA, USA). Primary antibodies were diluted in PBS
and applied overnight at 4 °C. Target markers were detected sequentially in three sepa-
rate combinations of antibodies/detection systems—Combination 1: PDGFRe«, SOHDG,
EdU; Combination 2: PDGFR«, 8OHDG, Cleaved Caspase3; and Combination 3: NG2,
8OHDG. A separate section was used for each combination. IgG was detected alone on a
separate section.

Fluorescence labeling of PDGFR«, SOHDG, and Cleaved Caspase3 was performed
using the following secondary antibodies, respectively: AF488-conjugated anti-rabbit IgG
antibody (1:400; 5 ug/mL, donkey, A21206, 2289872, ThermoFisher), AF647-conjugated
anti-mouse IgG antibody (1:100; 20 pg/mL, donkey, A31571, 2136787, ThermoFisher) and
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AF555-conjugated anti-rabbit IgG antibody (1:400; 5 ug/mL, donkey, A31572, 1945911,
ThermoFisher). Secondary antibodies were diluted in PBS and applied for 2 h at room
temperature. To minimize cross-reactivity between the two anti-rabbit secondary anti-
bodies for each combination, anti-rabbit IgG (H+L) antibody (1:100, 15 pg/mL, horse,
BA-1100-1.5, ZH0421, Vector Laboratories) was applied for 1 h at room temperature after
the full detection of the first rabbit antibody (i.e., after primary and secondary antibody
application steps). The anti-rabbit IgG (H+L) antibody saturates the remaining binding sites
for rabbit-specific secondary antibodies on the Fc region of the preceding rabbit primary
antibody, restricting off-target binding when the next rabbit-specific secondary antibody is
applied. The biotinylated NG2 and IgG antibodies were fluorescently labeled using the
VECTASTAIN® Elite® ABC-HRP Kit (1:100, PK-6100, ZG0312, Vector Laboratories) in con-
junction with a TSA FLUORESCEIN REAGENT PACK (NEL701A001KT, 191230019, Akoya
Biosciences, Marlborough, MA, USA) according to manufacturers’ instructions. To detect
EdU+ cells, the Click-iT EAU AlexaFluor-647 Imaging Kit (C10340, 2284610, ThermoFisher)
was utilized according to the manufacturer’s instructions. Finally, sections were washed
with PBS three times and coverslipped using Fluoromount-G (Thermo Fisher).

4.5. Imaging and Analysis

For each analysis, the entire optic nerve was visualized using a Nikon A1l confocal
microscope (Nikon Corporation, Sydney, Australia) or a Dragonfly High Speed Confocal
Microscope System (Andor Technology, Belfast, UK). A series of images were taken at
0.5 um increments along the z-axis with consistent capture settings across all images for
each outcome, at a magnification of 20 x and numerical aperture of 0.75. Image analysis
was performed using Fiji/Image] image processing software (National Institutes of Health,
Bethesda, MD, USA).

The area of the ventral nerve region was segmented and quantified. Representative
immunointensity thresholds for each outcome measure were determined to distinguish
positive signals from the background prior to analyses within the ventral nerve. Using
the most in-focus visual z-slice and the defined intensity thresholds, the mean area and
intensity of immunoreactivity for IgG and 8SOHDG were then semi-quantified. The areas
above threshold measurements were normalized to the total area of the ventral nerve
region. The number of EdU+ and Cleaved Caspase3+ cells was counted within the ventral
nerve, normalized against the total ventral area, and expressed as the mean number of
cells/mm?. Both EdU+ 80HDG+ and Cleaved Caspase3+ 8OHDG+ cells were detected by
the colocalization of either EdU+ or Cleaved Caspase3+ cells with SOHDG immunointensity
above the set threshold similarly quantified.

Using the defined thresholds to identify NG2+ glia and PDGFRo+ glia, the intensity
of SOHDG was then also measured within the identified glia to assess the levels of DNA
damage specifically within these cell types. EdU+ and Cleaved Caspase3+ cells were
categorized into PDGFRx+ and PDGFR«x— subpopulations based on immunoreactivity
and cellular morphology. These subpopulations were further categorized via the colocalized
detection of SOHDG DNA damage.

4.6. Statistics

The obtained data were analyzed and plotted using GraphPad PRISM 9 software. All
outcome measures, except for the area of IgG immunointensity, satisfied the assumption of
normality according to a Kolmogorov-Smirnov test. Therefore, a t-test, two-way ANOVA
with Tukey’s post hoc or three-way ANOVA with Tukey’s post hoc were used as appropriate.
Given the area of IgG immunointensity did not satisfy the assumption of normality, the
non-parametric Mann-Whitney test was used to assess the statistical difference between
sham and injury for this outcome measure. A Spearman’s correlation was used to assess
the monotonic relationship between IgG and either SOHDG, EdU or Cleaved Caspase3.
Any reductions in final n’s reflect a loss of tissue from slides during immunohistochemical
analyses or the exclusion of sections that had become damaged during tissue processing and
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analysis in a way that precluded reliable quantification of outcomes. Statistical significances
shown on graphs are hypothesis-driven and may not display all significant differences
obtained. Specifically, only significant differences in comparable cell types between the
sham control and injured groups are shown, as well as any differences found between cells
within each group. No data outliers were removed for any outcome measures.
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Abstract: Neuromyelitis optica (NMO) is a rare disease usually presenting with bilateral or unilateral
optic neuritis with simultaneous or sequential transverse myelitis. Autoantibodies directed against
aquaporin-4 (AQP4-IgG) are found in most patients. They are believed to cross the blood-brain barrier,
target astrocytes, activate complement, and eventually lead to astrocyte destruction, demyelination,
and axonal damage. However, it is still not clear what the primary pathological event is. We
hypothesize that the interaction of AQP4-IgG and astrocytes leads to DNA damage and apoptosis.
We studied the effect of sera from seropositive NMO patients and healthy controls (HCs) on astrocytes’
immune gene expression and viability. We found that sera from seropositive NMO patients led to
higher expression of apoptosis-related genes, including BH3-interacting domain death agonist (BID),
which is the most significant differentiating gene (p < 0.0001), and triggered more apoptosis in
astrocytes compared to sera from HCs. Furthermore, NMO sera increased DNA damage and led to a
higher expression of immunological genes that interact with BID (TLR4 and NOD-1). Our findings
suggest that sera of seropositive NMO patients might cause astrocytic DNA damage and apoptosis.
It may be one of the mechanisms implicated in the primary pathological event in NMO and provide
new avenues for therapeutic intervention.

Keywords: NMO; astrocytes; apoptosis; BID; inflammation; neuroimmunology

1. Introduction

Acute optic neuritis (ON) is the most common optic neuropathy affecting young
adults [1]. It is characterized by reduced visual acuity, color desaturation, scotoma, and
may induce ocular pain [2]. ON is present at onset in more than 50% of patients with Neu-
romyelitis optica (NMO) [3,4], a rare autoimmune inflammatory demyelinating syndrome
of the central nervous system (CNS) [3]. The detection of antibodies against the astrocytic
water channel aquaporin-4 (AQP4-IgG) distinguished NMO from other demyelinating
disorders and re-defined NMO as an antibody-mediated autoimmune disease [5-8].

In the brain, AQP4 is mainly concentrated in astrocyte end-feet at pial and ependy-
mal surfaces in contact with the cerebrospinal fluid (CSF) and blood vessels [9]. Astro-
cytes are critically important in the formation and maintenance of the blood-brain barrier
(BBB), in maintaining ion and water homeostasis, neurotransmitter recycling, formation
and maintenance, as well as the regulation of neural synaptogenesis [10-15]. They are
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known for their roles in immune response as well, including: the expression of immune-
related receptors [16], synthesis of the complement components, and production of both
immunomodulatory and immunopathogenic cytokines and chemokines [17-19].

AQP4-IgG primarily targets astrocytes in the CNS, resulting in secondary demyeli-
nation [20-22], which frequently leads to severe neurological deficits, including blindness
and paraplegia [23,24]. It is thought that AQP4-IgG enters the CNS through areas of in-
creased BBB permeability and binds selectively to AQP4 on astrocytes. The binding of
the autoantigen is followed by complement activation and astrocyte destruction, leading
to massive infiltration of leukocytes, particularly T and B lymphocytes, eosinophils, and
neutrophils [25-27]. Although the role of autoantibodies and B cells remains the key factor
in NMO pathogenesis, the primary pathological event remains elusive [21,26-28].

Here, we examined the effect of sera from seropositive NMO patients and healthy
controls (HCs) on astrocytes” immune gene expression and viability. The ability to identify
the pathological changes astrocytes undergo upon exposure to sera of NMO patients is of
interest, as this may lead to the development of novel therapies in NMO patients.

2. Results
2.1. Immunological Gene Expression Profiling of Human Astrocytes Cultured with NMO Sera

In order to study the effect of sera of seropositive NMO patients on astrocytes, we
performed a large-scale gene expression array of 580 immune-related genes using the
NanoString nCounter code set panel. Human astrocytes were cultured with human sera
(10% of media) of either seropositive NMO patients or HCs for 24 h (n = 4 for each group).

Out of 580 genes, we identified 73 genes that differentiate significantly (padj < 0.1) be-
tween the two groups (NMO vs. HCs, Figure 1a and Table S1). Functional and enrichment
analyses of the differently expressed genes were performed using DAVID [29]. Top signifi-
cant Gene Ontology (GO) terms related to the apoptotic process, Toll-like receptor (TLR)
signaling pathway, regulation of Interleukin (IL)-6 production, and antigen processing and
presentation (Figure 1b). In addition, among the 73 significantly differentiating genes are
complement-related genes such as CR2 and C7, which are known to be involved in NMO
pathogenesis [30].

2.2. BID Pathway in Neuromyelitis Optica
2.2.1. Increased BID Expression in Astrocytes Following Exposure to Sera of Seropositive
NMO Patients

BH3-interacting domain death agonist (BID) is the most significant differentiating gene
between the two groups as found in the nCounter analysis (NMO: 131.4 = 9.3 nCounts,
HCs: 73.7 £ 8.0 nCounts, p < 0.0001, Figure 2a). In a validation experiment performed
on primary astrocytes of mice and a larger group of patients (NMO: n = 18, HCs: n = 15)
using rt-QPCR analysis, we confirmed that the expression level of BID was significantly
increased in astrocytes cultured with sera of seropositive NMO patients compared to HCs
(1.02 £ 0.6 RQ and 0.54 £ 0.22 RQ, p = 0.0037, Figure 2b).

BID is an essential member of the apoptotic process [31]. Also, it is involved in the
regulation of DNA damage [32], and the regulation of innate immunity and inflammation
via TLR and nucleotide-binding oligomerization domain containing (NOD)-1 signaling
and IL-6 production [33,34]. Thus, we next analyzed these pathways in astrocytes cultured
with sera obtained from patients with NMO.
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Figure 1. Inmunological gene expression profiling in human primary astrocytes cultured with NMO
sera. NanoString nCounter analysis of astrocytes cultured with human sera from HCs (n = 4) and
NMO (n = 4) patients. (a) Dot plot illustrating top 73 differentially expressed genes: blue denotes low
expression, red denotes high expression (padj < 0.1), (b) analysis of top 73 differentially expressed
genes in NMO cultured astrocytes versus HC cultured astrocytes. Plot of the top enriched gene
ontology (GO) terms (focus on “function” in GOrilla), sorted by -log10[FDR].
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Figure 2. Exposure of astrocytes to sera of NMO patients increased BID expression. (a) The expression
of BID increased significantly in human astrocytes cultured with sera of NMO patients (131.4 + 9.3,
n = 4) compared to astrocytes cultured with sera of HCs (73.7 £ 8.0, n = 4), as was determined
with NanoString nCounter technology, (b) The expression of BID increased significantly in mouse
astrocytes cultured with sera of NMO patients (1.02 % 0.6, n = 18) compared to the HCs (0.54 £ 0.22,
n = 15), as was determined using rt-QPCR. Each assay was repeated independently at least three
times. Significance was determined by unpaired two-tailed student’s ¢-test (p ** < 0.01, **** < 0.0001).
Error bars in all graphs represent standard deviation.
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2.2.2. Sera of NMO Patients Increase DNA Damage Response in Astrocytes

Tumor protein P53 (tp53) is an essential regulator of DNA damage, cell-cycle arrest,
and the apoptotic process. It is known to regulate important genes that may initiate the
intrinsic apoptotic pathway, such as BID [35,36]. In the nCounter analysis, tp53 was signifi-
cantly upregulated in NMO compared to HCs (2224.3 £ 139.3 nCounts and 1923.2 & 150.9
nCounts, p = 0.026, Figure 3a). In a validation experiment performed using rt-QPCR, we
found that the expression level of tp53 is significantly increased in astrocytes cultured
with seropositive NMO sera compared to sera of HCs (1.6 £ 0.6 RQ and 0.64 &= 0.4 RQ,
respectively, p < 0.0001, Figure 3b).
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Figure 3. Sera of AQP4+NMO patients increase DNA damage response in astrocytes. (a) The
expression of tp53 increased significantly in the human astrocytes cultured with sera of NMO patients
(2224.3 +139.3, n = 4) compared to the HCs (1923.2 £ 150.9, nn = 4), as was determined with NanoString
nCounter technology, (b) the expression of tp53 increased significantly in the astrocytes cultured with
sera of NMO patients (1.6 &= 0.6, n = 15) vs. 0.64 & 0.4 (n = 12) of the HCs, as was determined using
rt-QPCR, (c) time-course experiments of H2AX expression. Mouse primary astrocytes were cultured
with human sera (20% of media) for 48 h, followed by evaluation of nuclear H2AX expression using
immunofluorescence staining, (d) nuclear expression of H2AX was determined after culture of 48 h:
HCs: 10.6 £ 3.4%; NMO: 30.3 £ 2.2%. Data are means =+ SD (1 = 9 for each group), (e) representative
immunofluorescence analysis of primary astrocytes cultured with sera from seropositive NMO
patient or HC for 48 h (scale bar = 60 um). Each assay was repeated independently at least three
times. Significance was determined by unpaired two-tailed student’s t-test (p * < 0.05, **** < 0.0001,).
Error bars in all graphs represent standard deviation.

To address DNA damage response, we examined histone family member X (H2AX)
expression in primary astrocytes of mice following exposure to sera of AQP4+ patients.
Immunofluorescence staining was performed following exposure to human sera (20% of
media) for 48 h (Figure 3c). Exposure of astrocytes to sera from seropositive NMO patients
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resulted in significantly higher percentages of H2AX-expressing cells compared with the
exposure to sera of HCs and no sera (30.3 £ 2.2%, 10.6 &= 3.4%, and 1.7 & 0.6%, p < 0.0001,
Figure 3d,e).

2.2.3. Increased Apoptosis of Astrocytes Following Exposure to NMO Sera

In response to pro-apoptotic signaling, BID interacts with other Bcl-2 family proteins,
such as BCL2 Associated X (BAX), to initiate the apoptotic process [31]. BAX was found to
be significantly upregulated in astrocytes cultured with NMO sera compared to HCs in the
nCounter analysis (7680.1 &= 449.7 nCounts and 6270.4 & 712.7 nCounts, p = 0.038). This
was established in a validation experiment as described above (NMO: 1.11 £ 0.62 RQ, HCs:
0.56 + 0.24 RQ, p = 0.0059, Figure 4a).

In order to assess the apoptosis level, we performed annexin staining of mouse primary
astrocytes following exposure to sera of AQP4+ NMO patients or HCs. Astrocytes were
cultured with human sera (20% of media) for 72 h. Then, we evaluated the astrocytes’
apoptosis using flow cytometry (Figure 4b). Exposure of astrocytes to sera of NMO patients
resulted in significantly higher annexin staining compared to the exposure to sera of HCs
(13.34 £ 4.03% vs. 5.7 £ 3.3%, p = 0.0002, Figure 4c,d).
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Figure 4. Exposure of NMO sera increased apoptosis in astrocytes. (a) The expression of BAX
increased significantly in the astrocytes cultured with sera of NMO patients (1.11 £ 0.62, n = 17) vs.
0.56 & 0.24 (n = 13) of the HCs, as was determined using rt-QPCR, (b) time-course experiments of
annexin levels. Primary astrocytes were cultured with human sera (20% of media) for 72 h, followed
by evaluation of apoptosis expression using flow cytometry, (c) representative flow cytometry analysis
of apoptotic astrocytes upon culture with sera obtained from seropositive NMO patients or HCs,
(d) higher levels of apoptosis among astrocytes cultured with sera of NMO patients (13.34 + 4.03%,
n = 10), compared to HCs (5.7 £ 3.3%, n = 10), as evaluated using annexin staining. Each assay was
repeated independently at least three times. Significance was determined by unpaired two-tailed
student’s t-test (p ** < 0.01, *** < 0.001). Error bars in all graphs represent standard deviation.
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2.2.4. Volumetric Brain Loss Correlates with BID and Annexin Levels of Astrocytes
Cultured with Sera of NMO Patient

We analyzed the volume of 14 different brain structures using the Volbrain platform.
We assessed the correlation of each patient’s volumetric data and the effect of the same
patient’s sera on mouse astrocytes, as measured by BID expression and annexin levels.

We found a significant negative correlation between BID expression levels of mouse
astrocytes cultured with sera of NMO patient and total cerebrum (r = —0.62, p = 0.0412,
Figure 5a) and cerebellum volume (r = —0.88, p = 0.0003, Figure 5b) of the same patient.
Furthermore, we assessed the correlation between brain volume and annexin levels of
mouse astrocytes cultured with sera of NMO patient. We found a significant negative
correlation between annexin levels and cerebellum volume (r = —0.78, p = 0.0068, Figure 5c)
and brainstem volume (r = —0.81, p = 0.0038, Figure 5d) of the same patient.
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Figure 5. Correlation between BID and annexin levels in sera-cultured astrocytes and brain volume.
(a,b) Correlation between BID RQ expression levels of mouse astrocytes following culture with sera
of AQP4+ patients and (a) total cerebrum volume (r = —0.62, p = 0.0412), (b) total cerebellum volume
(r=—0.88, p =0.0003), (c,d) correlation between annexin levels of mouse astrocytes following culture
with sera of AQP4+ patients and (c) total cerebellum volume (r = —0.78, p = 0.0068), (d) total brainstem
volume (=—0.81, p = 0.0038). Correlation was determined by Pearson correlation test. Differences
were considered significant at p < 0.05.

2.3. Increased Pro-Inflammatory Gene Expression upon Exposure of Astrocytes to Sera of NMO
Patients

To better understand the immune effect of NMO sera on astrocytes, we validated two
representative genes that were found to differ significantly between the groups.

One of the major signaling pathways was TLR signaling pathway (Figure 1b). TLR4
is known for its roles in pathogen recognition and activation of innate immunity [37],
but also for its involvement in autoimmune disorders such as multiple sclerosis [38].
Additionally, TLR4 interacts with BID both in innate immune pathways [33] and the
apoptotic pathway [39]. In nCounter analysis, the expression of TLR4 was significantly
higher among astrocytes exposed to sera of seropositive NMO patients (1597.1 & 146.7
nCounts) compared to sera of HCs (1218.9 £ 136.3 nCounts). These findings were further
validated on mouse primary astrocytes and a larger group of patients using rt-QPCR
analysis (NMO: 1.9 £ 0.6 RQ, HCs: 1.26 &= 0.4 RQ), p = 0.0003, Figure 6a).
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NOD-1 plays a key role in innate immune [40] and activated TLR4 signaling [41]
pathways. It is also regulated by BID, and their interactions may eventually lead to
NEF-kB activation [33]. BID is required to activate host defense mechanisms to control
bacterial infections but may also exacerbate immune-mediated inflammatory disease [33].
In nCounter analysis, NOD-1 expression levels were significantly higher among astrocytes
exposed to NMO sera compared to HCs (188.11 & 17.01 nCounts, and 127.4 £ 28.0 nCounts,
respectively, p = 0.009). These findings were further validated as described above (NMO:
1.8 £ 0.9 RQ, HCs: 0.66 £ 0.62 RQ, p = 0.002, Figure 6b).
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Figure 6. Increased pro-inflammatory gene expression upon exposure of astrocytes to sera of NMO
patients. Quantitative PCR gene expression analysis of: (a) the expression of TLR4 increased signifi-
cantly in astrocytes cultured with sera of NMO patients (1.9 & 0.6, n = 19) vs. 1.26 & 0.4 (1 = 19) of
astrocytes cultured with sera of HCs, (b) the expression of NOD-1 increased significantly in astrocytes
cultured with sera of NMO patients (1.8 & 0.9, n = 15) vs. 0.66 & 0.62 (n = 11) of astrocytes cultured
with sera of HCs. Each assay was repeated independently at least three times. Significance was
determined by unpaired two-tailed student’s t-test (p ** < 0.01, *** < 0.001). Error bars in all graphs
represent standard deviation.

2.4. Sera of NMO Patients Stimulates a Repair Process

Following our observation that sera of seropositive NMO patients increased the
expression of both genes involved in apoptosis and the TLR signaling pathway, we explored
two immunological genes involved in synaptogenesis and known to reduce neuronal
damage.

IL-15 is known to be upregulated in the CNS after injury [42—46]. Its expression
is known to be related to NMO progression: high expression is implicated in reduced
lesion size, attenuation of BBB leakage and tight junctions lost, reduced brain infiltration of
immune cell subsets, and promotion of astrocytes survival [47]. IL-15 induces the activation
of JAK1. Studies suggested that this cytokine may increase the expression of apoptosis
inhibitor BCL2L1/BCL-x(L) [48]. Both IL-15 and JAK-1 were significantly upregulated
among astrocytes exposed to NMO sera compared to HCs (IL-15: 185.8 & 13.4 nCounts
vs. 137.6 & 24.7 nCounts; JAK-1: 4356.9 &+ 175.1 nCounts vs. 3818.1 £ 130.02 nCounts). In
validation experiments as described above, we found that the expression levels of IL-15 and
JAK-1 were significantly increased in astrocytes cultured with NMO sera compared to HCs
(IL-15: 1.1 £ 0.5RQvs. 0.72 = 0.3 RQ, p = 0.0008; and JAK-1: 1.1 £ 0.4 RQ vs. 0.86 £ 0.4 RQ,
p = 0.029, Figure 7a,b).

Taken together, these data suggest that exposure of astrocytes to NMO sera triggers
not only a damaging cascade but also a repair process, which may eventually serve as a
therapeutic target.
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Figure 7. Sera of NMO patients stimulates repair process. Quantitative PCR gene expression analysis
of: (a) the expression of IL-15 increased significantly in astrocytes cultured with sera of NMO patients
(1.1 £0.5,n=31) vs. 0.72 £ 0.3 (n = 24) of astrocytes cultured with sera of HCs, (b) the expression of
JAK-1 increased significantly in astrocytes cultured with sera of NMO patients (1.1 & 0.4, n = 32) vs.
0.86 £ 0.4 (n = 24) of astrocytes cultured with sera of HCs. Each assay was repeated independently
at least three times. Significance was determined by unpaired two-tailed student’s t-test (p * < 0.05,
*#* < 0.001). Error bars in all graphs represent standard deviation.

3. Discussion

In the current study, we found that sera from NMO patients have a differential effect
on astrocytes’ immune gene expression. Sera from NMO patients led to increased apoptosis
of astrocytes compared to sera from HCs. In addition, it also led to higher expression of
DNA damage marker, H2AX, and higher expression of immunological genes, such as TLR4
and NOD-1.

Although NMO has been studied extensively, it is still not entirely clear what the pri-
mary pathological event is [21,26-28]. One accepted theory is that complement activation
is initiated upon binding to the autoantigen, leading to astrocyte destruction and secondary
demyelination and axonal damage [25-27]. It is in line with our result of higher expression
of complement-related genes such as CR2 and C7 in human astrocytes cultured with sera
of NMO patients. Other studies suggested that astrocyte damage may produce a toxic by-
stander effect on oligodendrocytes which can lead eventually to demyelination [49-51]. An
additional possible explanation may be that following the primary event of the interaction
of AQP4-IgG and astrocytes, there is an increase in DNA damage, increased expression
of BID, and a higher level of apoptosis. The increased expression of BID also leads to
higher expression of TLR4 and NOD-1. Understanding the mechanisms leading to NMO
pathology may promote the development of new therapeutic interventions.

Another question regarding NMO pathology is why NMO lesions localize to the
optic nerve. Previous works suggested that the restricted diffusion of AQP4 and other
pro-inflammatory factors in the optic nerve may increase their concentration [52,53]. Also,
the unique anatomy of the optic nerve is exceptional in myelinated tracks, which may
provide another explanation for ON as well [54]. Furthermore, the high expression of AQP4
on astrocytes in the optic nerve compared to the brain remains the main reason for the
susceptibility of the optic nerve in NMO patients [55].

Initially, we chose to focus on the apoptotic process. BID, the most significant differ-
entiating gene in the nCounter analysis, is a pro-apoptotic member of the Bcl-2 protein
family [31]. We assessed apoptosis in astrocytes exposed to NMO and HCs sera using
annexin staining. We found higher levels of apoptotic astrocytes (2.34 time-fold) among
the NMO group compared to the HCs. These observations align with a previous work by
Brill et al., which showed an increase in apoptosis and BID expression levels in peripheral
blood mononuclear cells (PBMCs) of NMO patients compared to HCs [56]. Additionally,
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we found a significant negative correlation between annexin levels or BID expression of
mouse astrocytes cultured with sera of NMO patients and their volumetric MRI data. Liu
et al. observed lower brain volume in NMO patients compared to HCs [57]. Previous
works suggested a correlation between brain atrophy and cognitive impairment in NMO
patients [58,59]. Our data show that sera of seropositive NMO patients induce more apop-
tosis of astrocytes in vitro and suggest that a mechanism of programmed astrocytic death
by apoptosis might be implicated in the pathology of NMO.

BID is a regulator of the apoptotic process. In response to apoptotic signaling, BID
interacts with other Bcl-2 family proteins, such as BAX. We found higher expression of BAX
in astrocytes cultured with sera of NMO patients compared to HCs. BAX has previously
been implicated in mediating nitric oxide-induced apoptosis in astrocytes of the cerebral
cortex and the optic nerve through a tp53-dependent pathway [60-62]. To initiate apoptosis
and activate BAX, BID must be trunked into trunked(t)-BID [63]. It can be due to cues
from the extrinsic pathway (such as FADD), the granzyme B pathway, or due to DNA
damage response [64]. Our data showed a higher expression of tp53 in astrocytes cultured
with sera of NMO patients compared to HCs. Using H2AX staining, we found that sera
of NMO patients led to higher levels of DNA damage in astrocytes compared to sera of
HCs. It is possible that one of the signals leading to higher apoptosis in astrocytes cultured
with NMO sera is DNA damage (Figure 8). DNA damage leads to activation of cell-cycle
regulator tp53, which might lead to BID activation and initiation of the intrinsic pathway.

Inflammation

¥ N
&

Figure 8. Proposed scheme for BID-mediated apoptosis in astrocytes in NMO. Following culture of
astrocytes with sera of NMO patients, we found an increase in the expression of BID, tp53, BAX, NOD-
1, and TLR4. Increased BID levels may be linked to NMO pathogenesis through several pathways:
The increase in BID can mediate the inflammation process in NMO by increasing NOD-1 and TLR4.
The interaction of AQP4-IgG and AQP4 receptors on astrocytes leads to complement activation,
necrosis/apoptosis, and DNA damage, which in turn may activate cell-cycle regulator tp53, leading
to BID-mediated apoptosis. Other inflammatory factors in the sera of NMO patients can directly
activate the BID pathway or indirectly by increasing DNA damage.
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BID also has a role in inflammation and innate immunity [33]. It is suggested that
BID is important for the ability to respond to local or systemic exposure to infection [33].
To do so, BID interacts directly with NOD-1 and activates nuclear factor kappa B (NF«B)
and ERK pathways [33]. NOD-1 acts as a pattern-recognition receptor that binds bacterial
peptidoglycans and initiates inflammation [65,66]. Previous work has shown that activation
of NOD-1 in PBMCs of NMO patients increased IL-6 levels [67]. We found that NOD-1
is upregulated in astrocytes cultured with NMO sera compared to HCs. Once activated,
NOD-1 can interact with TLR4 and is involved in innate immune activation [33,40,41]. In-
terestingly, three of the leading pathways found in the nCounter analysis are TLR signaling
pathway, IL-6 production, and apoptotic process.

Our data reveal that TLR4 is upregulated in astrocytes cultured with sera of NMO
patients at the mRNA expression level. It was previously reported that using bacterial
lipopolysaccharide (LPS), a typical TLR4 activator, astrocytes are activated and induce a
complex set of molecular reactions mediated by NF«B, mitogen-activated protein kinase
(MAPK), and Jak1/Statl signaling pathways [68]. This cascade may lead to both pro-
inflammatory and anti-inflammatory signals. The use of TLR4 agonist has shown to lead
to higher secretion of pro-inflammatory mediators (such as IL-6, IL-17, and IL-1b) and to
impede secretion of anti-inflammatory IL-10 in PBMCs of NMO patients [69,70]. Haase et al.
showed that macrophages deficient for TLR4 diminished Yersinia-induced apoptosis [39].
They also showed that the extended stimulation of overexpressed TLR4 elicited cellular
death in epithelial cells. These suggest the implication of TLR4 not only in the immune
response but also in the apoptotic process.

Demyelination and oligodendrocytes loss are two of the most important pathological
processes leading to disability in NMO patients [30]. Both pathological events are consid-
ered secondary damage to astrocyte dysfunction or inflammatory bystander damage [71].
The crosstalk of astrocytes and oligodendrocytes in the CNS is complex and may lead
to different outcomes [72]. Astrocytes can secrete detrimental factors (such as hyaluro-
nan or fibronectin), which may halt remyelination and differentiation of oligodendrocyte
progenitor cells into mature myelinating oligodendrocytes [73-76]. On the other hand,
astrocytes play a major role in the homeostatic support of oligodendrocytes and secrete
beneficial factors to promote remyelination (such as CXCL12 and IGF-1) [77,78]. We sug-
gest that astrocytic apoptosis may lead to a breach of the homeostatic balance and support
of oligodendrocytes, thus, eventually leading to loss of oligodendrocytes and failure of
remyelination. Theoretically, it is plausible that following damage and apoptosis, astrocytes
are secreting detrimental factors that lead to apoptosis of oligodendrocytes. Moreover,
the same BID-mediated apoptosis pathway may occur not only in astrocytes but also in
oligodendrocytes of NMO patients. This hypothesis is difficult to assess due to the lack
of an animal model for NMO and the technical difficulties in co-culture experiments of
both cells.

Upon injury, astrocytes may increase the expression of anti-inflammatory or pro-
synaptogenesis genes. We found that IL-15 is highly expressed in NMO-cultured astrocytes
compared to HCs. Its expression is known to be related to NMO progression: high
expression is implicated in reduced lesion size, attenuation of BBB leakage and tight
junctions lost, reduced brain infiltration of immune cell subsets, and promotion of astrocytes
survival [47]. IL-15 induces the activation of JAK1. Studies suggested that this cytokine may
increase the expression of apoptosis inhibitor BCL2L1/BCL-x(L) [48]. These data suggest
that exposure of astrocytes to NMO sera prompts not only damage cascade, but also a
repair process, which may eventually serve as a therapeutic target. Targeting astrocytes
with treatments that may induce IL-15 expression may serve as a potential treatment for
ON and NMO [79,80].

Further potential therapeutic intervention may be the inhibition of astrocytic apop-
tosis. Inhibition of cysteine cathepsin B and L in astrocytes was reported to contribute to
neuroprotection against cerebral ischemia via blocking the t-BID-mitochondrial apoptotic
pathway [81]. Other small molecules such as BI-6C9 or idebenone were previously sug-
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gested as inhibitors of BID or BAX-induced apoptosis [61,82]. However, there is a potential
risk in inhibiting programmed apoptosis instead of targeting the reason that initiated the
process.

The limitations of this study are the relatively small cohort and the use of mouse
primary astrocytes. Although, we used both human and mouse cells for the immunological
expression data.

In conclusion, we showed that following exposure to sera from seropositive NMO
patients, there is an increased expression of both immunological and apoptosis-related
genes in astrocytes. Astrocytes undergo more apoptosis and gain DNA damage upon
exposure to NMO sera. Our data contribute to the current knowledge regarding astrocytic
destruction in NMO pathology, suggesting apoptosis as one of the implicated mechanisms
in the primary pathology in NMO. These findings may provide new avenues for therapeutic
intervention and furnish a better understanding of disease pathogenesis.

4. Materials and Methods
4.1. Approvals

The Hadassah Medical Organization Ethics Committee approved this study. All
subjects provided written informed consent (0589-08-HMO). The research reported in this
study complied with all relevant ethical regulations for animal testing and research and
was approved by the Hebrew University Institutional Animal Care and Use Committee
(MD-20-16227-1).

4.2. Subjects

The patients cohort included 35 NMO patients (26 females, 9 males; mean age at
diagnosis 41.9 &+ 16.9 years; disease duration 9.4 & 5.2 years; EDSS 4.47 & 2.4) and 28 healthy
individuals who served as controls (16 females, 10 males; mean age 40.5 £ 15.9 years). All
patients were followed at the Neurology clinic in the Neurology Department of Hadassah
Medical Center, Jerusalem, Israel. The participants’ characteristics were obtained from
medical files from the Neurology clinic. All NMO patients were diagnosed according to
2015 diagnostic criteria [5], and were tested positive to anti-AQP4.

4.3. Gene Expression Array and Bioinformatics Analysis

A large-scale gene expression array was performed by utilizing NanoString nCounter
technology (NanoString Technologies Inc., Seattle, WA, USA). Total RNA was extracted
from human astrocytes (LONZA, Haifa, Israel) cultured with sera of NMO patients and
HCs using Tri Reagent BD (Sigma—Aldrich, Rehovot, Israel). Samples were analyzed for 580
immunology genes with the nCounter code set panel (NanoString Technologies Inc., Seattle,
WA, USA). The assay is based on direct digital detection of mRNA molecules of interest with
the aid of target-specific, color-coded probe pairs, without the use of reverse transcription or
amplification. Raw data (following control and reference gene normalization) is analyzed
with nsolver analysis software. Following hierarchical clustering, GO pathway enrichment
analysis is used to define pathways related to these genes [83]. The Database for Annotation,
Visualization and Integrated Discovery (DAVID) [29] was used to study shared biological
processes of significant differential genes (https://david.ncifcrf.gov, RRID:SCR_001881,
Date: 31 May 2022).

4.4. Mouse Primary Astrocytes Culture

Mouse primary astrocytes were isolated from naive PO to P1 neonatal C57/BL6 mice
cortices as previously described by Chen et al. [84], with minor modifications [85,86].
Briefly, a mixed glial culture isolated from neonatal mice was grown for 8 days in Dul-
becco’s modified Eagle’s medium (DMEM) low glucose (Biological Industries, Kibbutz
Beit-Haemek, Israel) supplemented with 5% fetal bovine serum (Biological Industries,
Kibbutz Beit-Haemek, Israel), 1 mM sodium pyruvate (Biological Industries, Kibbutz Beit-
Haemek, Israel), 1 mM L-glutamine (Sigma—Aldrich, Rehovot, Israel) and 0.6% Gentamycin
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Sulfate (Biological Industries, Kibbutz Beit-Haemek, Israel). Culture medium was replaced
every 2 days. After 8 days, microglia were detached by 30 min shaking at 140 rpm using an
orbital shaker. After medium was removal, a new fresh culture medium was added, and
OPCs at the top of the astrocyte monolayer were detached by shaking for 18 h at 200 rpm.
Media was replaced and astrocytes were grown for further 7 days. Cells were detached
from flasks using TrypLE (Thermo Fisher Scientific, Waltham, MA, USA). All cultures
expressed high level of GFAP (mean of 96.6% GFAP+ cells, Figure S1).

4.5. Apoptosis Assay

Cells were seeded in plates for 24 h. Then, media was replaced for DMEM low
glucose (Biological Industries, Kibbutz Beit-Haemek, Israel) supplemented with 1 mM
sodium pyruvate (Biological Industries, Kibbutz Beit-Haemek, Israel), 1 mM L-glutamine
(Sigma—-Aldrich, Rehovot, Israel) and 0.6% Gentamycin Sulfate (Biological Industries,
Kibbutz Beit-Haemek, Israel). Human sera of either NMO patients or HCs (20% of media)
were added into mouse primary astrocytes media for 72 h. Apoptosis was assessed by
Annexin V detection kit (Cat# BG-62700, EMELCA Bioscience, Clinge, The Netherlands).
All fluorescence-activated cell sorting (FACS) samples were analyzed in a Beckman coulter
FC500 apparatus using the CXP software. Each assay was repeated independently at least
three times.

4.6. DNA Damage Assay

Cells were seeded in plates for 24 h. Then, media was replaced for DMEM low glucose
(Biological Industries, Kibbutz Beit-Haemekm Israel) supplemented with 1 mM sodium
pyruvate (Biological Industries, Kibbutz Beit-Haemek, Israel), 1 mM L-glutamine (Sigma—
Aldrich, Rehovot, Israel) and 0.6% Gentamycin Sulfate (Biological Industries, Kibbutz
Beit-Haemek, Israel). Human sera of either NMO patients or HCs (20% of media) were
added into mouse primary astrocytes media for 48 h. Then, DNA damage response was
evaluated using anti-H2AX (Cat# sc-517348, Santa Cruz biotechnology Inc., Dallas, TX,
USA, 1:100). Each assay was repeated independently at least three times.

4.7. RNA Isolation and Reverse Transcription

Mouse primary astrocytes were cultured with 10% human CSF for 24 h. RNA was
extracted from cultured astrocytes using Tri-reagent (Sigma—Aldrich, Rehovot, Israel) as
previously described [87,88]. The cDNA was synthesized from 250 ng total RNA using the
qScript cDNA Synthesis Kit (Quanta Biosciences, Gaithersburg, MD, USA). Quantitative
polymerase chain reaction (PCR) was performed using PerfeCTa SYBR Green FastMix Rox
(Quanta Biosciences, Gaithersburg, MD, USA). Gene amplification was carried out using
the StepOnePlus real-time PCR system (Applied Biosystems, Waltham, MA, USA). The
threshold cycle value (274¢T) was used for statistical analysis. All target mRNAs were
normalized to the Hypoxanthine-guanine phosphoribosyltransferase (HPRT) reference
gene. At least three independent experiments were performed; expression of each gene
was evaluated in triplicate and is presented as mean mRNA relative quantification £ SD.

Primers used (Agentek, Yakum, Israel):

HPRT F: 5 CATGGACTGATTATGGACGGAC R: 5 ACAGAGGGCCACAATGT-
GATG

BH3-Interacting Domain Death Agonist (BID) F: 5 GGCTCCTCAGTCCATCTGGTT
R: 5 GCCAGTCACGCACCATCT

Tp53 F: R: F: 5 GAGGGAGCTCGAGGCTGATAT F: 5 TTCTCCGAAGACTGGAT-
GACTG

Nucleotide-Binding Oligomerization Domain Containing (NOD)-1 F: 5 TGAGGAG-
CAACCTAGGACAAAGR: 5 CAGCCATAACAGAGATTTGTCTC

Interleukin (IL-)15 F: 5 AGCCTACAGGAGGCCAAGAA R: 5 AATGCCCAGGTAA-
GAGCTTCAA
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Janus Kinase 1 (JAK1) F: 5 GCTCCACTACCGCATGAGGTT R: 5 TGGAGAAT-
GTCGCCATACAGAC

TLR-4: F: 5 TGATGACATTCCTTCTTCAACCA R: 5 TGGTTGAAGAAGGAATGT-
CATCA

BCL2 Associated X (BAX): F: 5 AGTGCACAGGGCCTTGAG R: 5 GCGTGGTTGCC-
CTCTICT

4.8. Immunostaining

For intra-cellular markers, staining was performed on living cells followed by fixa-
tion and permeabilization. Anti-Glial fibrillary acidic protein (GFAP; Cat# Z0334, RRID:
AB_10013382, Agilent, Santa Clara, CA, USA, 1:50) was used to identify astrocytes, anti-
H2AX (Cat# sc-517348, RRID:AB_2783871, Santa Cruz biotechnology Inc., Dallas, TX, USA,
1:100) was used for evaluation of DNA damage response. Goat anti-rabbit Alexa Fluor 488
(Cat# A-11034, RRID: AB_2576217, Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA, 1:200) and goat anti-mouse Alexa Fluor 555 (Cat# A28180, RRID:AB_2536164, Invitro-
gen, Thermo Fisher Scientific, Waltham, MA, USA, 1:200) were used as secondary antibodies
appropriately. Nuclei were counterstained with 4/,6-diamidino-2-phenylindole (DAPL; Cat#
H-1200, RRID:AB_2336790, Vector Laboratories, Burlingame, CA, USA). Quantification was
performed using Image] software (NIH, public domain software) by measuring positively
stained cells relative to total DAPI. Quantifications are represented as mean percentages
from total DAPI+ cells & SD and are from at least 15 random fields captured in three or
more independent experiments.

4.9. MRI Data Acquisition, Processing, and Analysis

Brain MRIs were acquired using demyelination protocol [89]. T1-weighted images
were acquired using MRI scanners at Hadassah Ein Kerem medical center as described
before [90]. Volumetric data were extracted using volBrain (http://volbrain.upv.es, Date: 1
December 2021) platform. VolBrain software contains advanced pipelines and automatically
provides volumetric information of the brain MR images at different scales [91]. Volbrain
provide volumes of total brain, total white matter, total gray matter, cerebrum, cerebellum,
brainstem, lateral ventricles, caudate, putamen, thalamus, globus pallidus, hippocampus,
amygdala, and nucleus accumbens.

4.10. Statistical Analyses

Unpaired two-tailed student’s t-test, one-way ANOVA with Tukey’s multiple compar-
isons post hoc test, Mann—-Whitney, and Pearson correlation tests were performed. Specific
tests are noted in figure legends with significance level annotations. Values are provided as
mean =+ SD, or as described for each figure. All error bars represent standard deviation.
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Abstract: Leber’s hereditary optic neuropathy (LHON) is a maternally transmitted disease caused
by mitochondria DNA (mtDNA) mutation. It is characterized by acute and subacute visual loss
predominantly affecting young men. The mtDNA mutation is transmitted to all maternal lineages.
However, only approximately 50% of men and 10% of women harboring a pathogenic mtDNA
mutation develop optic neuropathy, reflecting both the incomplete penetrance and its unexplained
male prevalence, where over 80% of patients are male. Nuclear modifier genes have been presumed
to affect the penetrance of LHON. With conventional genetic methods, prior studies have failed to
solve the underlying pathogenesis. Whole exome sequencing (WES) is a new molecular technique
for sequencing the protein-coding region of all genes in a whole genome. We performed WES from
five families with 17 members. These samples were divided into the proband group (probands with
acute onset of LHON, n = 7) and control group (carriers including mother and relative carriers with
mtDNSA 11778 mutation, without clinical manifestation of LHON, #n = 10). Through whole exome
analysis, we found that many mitochondria related (MT-related) nuclear genes have high percentage
of variants in either the proband group or control group. The MT genes with a difference over 0.3 of
mutation percentage between the proband and control groups include AK4, NSUN4, RDH13, COQ3,
and FAHDI. In addition, the pathway analysis revealed that these genes were associated with cofactor
metabolism pathways. Family-based analysis showed that several candidate MT genes including
METAP1D (c.41G > T), ACACB (c.1029del), ME3 (c.972G > C), NIPSNAP3B (c.280G > C, c.476C > G),
and NSUN4 (c.4A > G) were involved in the penetrance of LHON. A GWAS (genome wide association
study) was performed, which found that ADGRGS5 (Chr16:575620A:G), POLE4 (Chr2:7495872T:G),
ERMAP (Chr1:4283044A:G), PIGR (Chr1:2069357C:T;2069358G:A), CDC42BPB (Chr14:102949A:G),
PROKI1 (Chr1:1104562A:G), BCAN (Chr 1:1566582C:T), and NES (Chr1:1566698A:G,1566705T:C,
1566707T:C) may be involved. The incomplete penetrance and male prevalence are still the major
unexplained issues in LHON. Through whole exome analysis, we found several MT genes with a
high percentage of variants were involved in a family-based analysis. Pathway analysis suggested
a difference in the mutation burden of MT genes underlining the biosynthesis and metabolism
pathways. In addition, the GWAS analysis also revealed several candidate nuclear modifier genes.
The new technology of WES contributes to provide a highly efficient candidate gene screening
function in molecular genetics.

Keywords: Leber’s hereditary optic neuropathy; LHON; whole exome sequencing; nuclear modifier genes
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1. Introduction

Leber’s hereditary optic neuropathy (LHON) is a maternally transmitted disease char-
acterized by acute and subacute visual loss predominantly affecting young men [1-3]. It
usually onsets between 15 and 35 years of age, with a male predominance [1,4]. The course of
visual loss is usually acute or subacute. The optic disc becomes hyperemic and is associated
with peripapillary telangiectasia. The retinal nerve fiber layers are swollen. Over months,
the disc edema subsides and becomes pale and atrophic. Visual acuity deteriorates to the
degree of less than 20/200, commonly accompanied by a cecocentral scotoma [1]. Both eyes
are involved with or without intervals [1]. Three primary mitochondrial DNA (mtDNA)
mutations underlie the main pathogenesis of LHON. The first association of a mtDNA 11778
mutation with LHON was reported by Wallace and colleagues in 1988 [5]. These three primary
mutations of mtDNA 11778, 14484, and 3460 encodes the NADH dehydrogenase subunit 4,
subunit 6, and subunit 1 of Complex I of the respiratory chain, respectively [5-8].

Despite intense studies on the clinical and molecular aspects of LHON from 1988, the
pathogenesis is still unclear, especially in the area of gender prevalence and penetrance.
The mtDNA mutation is transmitted to all maternal lineages. However, only approximately
50% of men and 10% of women harboring a pathogenic mtDNA mutation develop optic
neuropathy, reflecting both the incomplete penetrance and the gender prevalence differ-
ence [1]. LHON is well-known for its male prevalence, where over 80% of patients are
male [1,2]. This male predominance exists in different mutation groups with a male to
female ratio of 3:1, 4-6:1, and 8:1 in patients harboring the 3460, 11778, and 14484 mutations,
respectively [1,4]. The reason for this male predominance remains unknown.

The penetrance in LHON is incomplete and variable, where a positive family history
was found in 50% of patients with the 11778 mutation, 71% with the 3460 mutations, and
100% with the 14484 mutation [1,9]. The penetrance of LHON is variable, even with the
same mutation in homoplasmic fashion within the same family in a different pedigree
branch [1,10]. All of these features cannot be explained by a single point mutation of
mtDNA alone. Thus, genetic and epigenetic factors have been presumed to be involved
in the penetrance of the LHON. Previously investigated genetic modifiers include het-
eroplasmy [11-14], secondary mtDNA mutations [15,16], mtDNA haplogroup [17-19],
X-linked modifying gene or susceptibility locus [20-22], and other nuclear genes [23]. To-
bacco and alcohol consumption have been proposed to be related to the onset of LHON,
but the results are controversial from different studies [24,25].

Whole exome sequencing (WES) is a molecular technique for sequencing the protein-coding
region of all genes in a whole genome. As humans have about 180,000 exons, constituting about
1% of the human genome, to sequence the exonic DNA, one needs to use high-throughput next
generation DNA sequencing technology. WES may help to identify genetic mutations that alter
protein sequences in either Mendelian and common polygenic diseases. It could be performed
at a much lower cost than whole-genome sequencing. Thus, whole exome sequencing has been
used in different fields of basic research and clinical practice [26].

The pathogenesis of incomplete penetrance and male prevalence in LHON is still
unclear [1]. The comparative genomic hybridization (CGH) technique detects the chromo-
somal copy number changes. With the CGH technique, we did not detect any chromosomal
abnormalities in LHON patients or in unaffected relatives [27]. The male predominance
suggests that an X-linked modifying gene acts in concert with the pathogenic mtDNA
mutation [20,22]. However, many other previous studies have failed to support an X-linked
susceptibility locus based on linkage analysis [10], X-inactivation analysis or skewed X-
inactivation in the affected tissues [28], or meiotic breakpoint mapping [29]. There have
been many other studies investigating LHON susceptibility nuclear genes such as NDUFA-
1, EPHX1... etc. [30,31] by using conventional genetic approaches. However, no conclusive
evidence supports the pathogenic role of these genetic candidates.

With the new technology of whole exome sequencing (WES), Jiang PP et al. searched
the nuclear modifier gene in a LHON family with four family members, and presumed
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YARS? as the candidate gene [32]. YARS2 gene is yet to be verified by further study for its
role in the LHON penetrance, since it came from a single family only.

In this study, we aimed to identify the LHON susceptibility allele(s) in the nuclear genomes
by using whole exome sequencing technology. We intended to examine multiple LHON families
including the LHON proband (11778 G > A mutation), adult sibling carrier, and the proband’s
mother. By taking advantage of a larger cohort with multiple LHON families, we might be able
to find the nuclear modifier gene responsible for the disease penetrance.

2. Results

A total of five families with the mt11778G > A mutation including seven patients and
10 relative carriers were enrolled in this study (Figure 1B).

B

Mitochondria related Family 1 Family 2 Family 3 Family 4
nuclear genes (N=1273)

Retrieve variants including slice % ‘ i
donor/splice acceptor, start loss, - .

stop gained, frameshift, missense
and CADD Phred>20/REVEL >0.5

}

i

Family 5

Excluded UTR, intron, synonymous

variants, and variants labeled as

database

E‘ @ Carrier with 11778 mutation

'

Extract variants from
analysis with all subjects

{

Extract variants from
intra-family analysis
(Family-based)

Subjects enrolled in this study

benign and likely benign in ClinVar IJL_] i . ‘ LHON patient with 11778 mutation

Figure 1. (A) Summary of exome sequencing in this study. (B) Five Chinese pedigrees with LHON.
Vision-impaired individuals are indicated by blackened symbols.

The mean age of the LHON patients was significant younger than the carrier group
(mean age, 30.71 years in the LHON vs. 50.40 years in the carrier group, p = 0.005).
There was a significant male predominance in the LHON group compared to female
predominance in the carrier group (male percentage, 86% in the LHON vs. 20% in the
carrier group, p = 0.01). The LHON patients had significantly worse BCVA compared to the
carrier group (mean logMAR, 1.80 in the LHON vs. 0.02 in the carrier, p < 0.001). Regarding
the other ocular examinations, the LHON patients had worse VF and a thinner peripapillary
RNFL and GCIPL thickness on OCT compared to the carrier group (all p < 0.05) (Table 1).

2.1. Identification of Nuclear Modifier Genes

To identify the nuclear modifier gene for the phenotypic penetrance of the mtDNA
11778 mutation associated LHON, we performed exome sequencing of DNA from five
families with 17 members. These samples were divided into the proband group (probands
with acute onset of LHON, n = 7) and control group (carriers including mother and relative
carriers with the mtDNA 11778 mutation, without clinical manifestation of LHON, n = 10).
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Table 1. The basic characteristics of patients with Leber’s hereditary optic neuropathy (LHON) and
their relative carrier with the mitochondrial 11778 mutation.

LHON Patient (n1=7) Relative Carrier (1 =10)*  p Value *

Age in years, mean (SD) 30.71 (11.32) 50.40 (12.87) 0.005
Gender
Male, n (%) 6 (86%) 2 (20%) 0.01
Female, 1 (%) 1 (14%) 8 (80%)
Best-corrected visual acuity <0.001
logMAR, mean (SD) [range] 1[(?25(;%?) [B(? ?8(8(?2)2]
Snellen visual acuity [range] [LP~0.3] [0.6~1.5]
RNFL thickness, mean (SD) 60.82 (11.69) 101.43 (5.92) <0.001
GCIPL thickness, mean (SD) 50.42 (3.15) 76.33 (8.94) <0.001
MD of VF in dB, mean (SD) —17.19 (12.52) —1.11 (2.08) 0.03

* One patient in the carrier group had poor BCVA due to cataract. * t-test for continuous variables and Fisher’s
exact test for categorical variables. GCIPL, ganglion cell-inner plexiform layer; MD, mean deviation; logMAR, the
logarithm of the minimum angle of resolution; RNFL, retinal nerve fiber layer; SD, standard deviation; VF, visual
field.

We found that many MT genes had a high percentage of variants in either the proband
group or control group, with missense mutation as the major mutation type (Figure 2).
Based on the gene burden method, we calculated the affected sample rate of genes for the
control and proband groups. Then, we compared the difference of the affected sample rate
between the control and proband groups. We focused on the top difference and a short list
of genes due to these genes providing more correlations and more potential to be a key
regulator between the control and proband groups. The difference of 0.3 gave us around
ten genes, which is in accordance with our expectations. Therefore, the MT genes with a
difference over 0.3 of mutation percentage between the proband and control groups are
shown in Table 2.

We next asked whether these genes were involved in any pathway. To answer this
question, we conducted the pathway analysis for the genes in Table 2. Notably, the pathway
analysis revealed that these genes were associated with the cofactor metabolism pathways
(Table 3) [33]. Collectively, these data suggest a difference in the mutation burden of MT
genes between the controls and probands, underlining the cofactor metabolism pathways.
The complete list of variants in this study are available from the corresponding author,
A.-G.W.,, upon reasonable request.

2.2. Family-Based Analysis for MT Genes

Next, we conducted family-based analysis and performed intra-family genotype fil-
tering analysis. After the initial analysis, an inter-family comparison was conducted. We
found several interesting candidate MT genes, but conflicting results existed in different
families (Table 4). METAP1D (c.41G > T), ACACB (c.1029del), ME3 (c.972G > C), NIP-
SNAP3B (¢.280G > C, c476C > G), and NSUN4 (c.4A > G) seem to be involved in the
penetrance of LHON.

2.3. GWAS (Genome Wide Association Study) Analysis

A GWAS (genome wide association study) was performed with the strategy of the
Cochran—Armitage trend test. The Cochran—Armitage trend test was used with the
proband versus the control as having a “trend”, which depends on the count of the mi-
nor/alternate allele D/ A, which is zero within genotype dd/rr, one within genotype Dd/ Ar,
and two within genotype DD/AA. We found that ADGRG5 (Chr16:575620A:G), POLE4
(Chr2:7495872T:G), ERMAP (Chr1:4283044A:G), PIGR (Chr1:2069357C:T;2069358G:A), CDC
42BPB (Chr14:102949A:G), PROK1 (Chr1:1104562A:G), BCAN (Chr 1:1566582C:T), NES
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(Chr1:1566698A:G,1566705T:C, 1566707T:C) may be involved in the clinical penetrance of

LHON (Table 5).
Top 10 mutated genes
A Proband group B Control group
MTCH? IS 100% MTCH2 N 90%
SDR39U1 [l 100% HELZ2 mam90%
RHOT2 WI100% SDR39U1 HE100%
GTPBP10 m100% GTPBP10 Wi90%
NSUN4 [100% RHOT2 Wi100%
GCAT W100% PM20D1 W100%
ECHDC3 M100% CPTIB WE90%
CHPT1 BE100% MRPL45 BE100%
ATPSCKMT B8100% DMAC2 m100%
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= 2 8 B © 8 ¥ B

Number of variants

Missense_Mutation _

Splice_Site l
Nonsense_Mutation I
Translation Start_Site I
Frame_shift_Del |

Frame_Shift_Ins |
©c © © © 9© ©
S © 9O © O
N N M T B

Number of variants

E

Variants per sample

Each participant

Number of variants

Missense_Mutation _

Splice_Site l
Nonsense_Mutation I
Translation_Start_Site I
Frame_Shift_Ins |
Frame_shift_Del |

OO0 0O 000 OO0
S 90 OO0 O OO
NN ®mT WL oN

Number of variants

F Variants per sample Type Of mutation
o @® Missense
@ Nonsense
61 © Splice site

@ Translation start site
@ Frameshift-deletion
@ Frameshift-insertion

w
S

0 IIIIIIIIII

Each participant

Figure 2. Mitochondria-related nuclear genes with variants in the proband and control group. The
top 10 mutated genes are shown for the proband (A) and control group (B). The percentage indicates
the ratio of mutation in all samples. Counts of consequences of variants for the proband (C) and
control group (D). Counts of variants per sample for the proband (E) and control group (F). The
color of the bars indicates the consequences of the variants while each bar presents a sample. We
found that many MT genes had a high percentage of variants in either the proband group or control
group, with missense mutation as the major mutation type. Forty percent of the top 10 mutated
genes in the control group were the same as in the proband group, which may be related to a similar
genetic background, since our controls were the proband’s relatives. The colors green, red, orange,
international orange, sky blue, and violet indicate the missense, nonsense, splice site, translation start
site, frameshift deletion, and frameshift insertion, respectively.
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Table 2. Mitochondria-related nuclear genes with aa difference over 0.3 of variant percentage between
the proband and control groups.

Variant Percentage

Symbol Chromosome Differences
Control Proband

AK4 chrl 0.70 0.29 —0.41
NSUN4 chrl 0.60 1 0.40

RDH13 chr19 0.50 0.14 —0.36
COQ3 chr6 0.50 0.86 0.36
FAHD1 chrl6 0.10 0.43 0.33
CHPT1 chrl2 0.70 1.00 0.30
METAP1D chr2 0.70 1.00 0.30

MRM1 chrl7 0.30 0 —0.30

NCOA6 chr20 0.30 0 —0.30

TOP3A chrl7 0.30 0 —0.30

Chr, chromosome.

Table 3. Pathway analysis of the mitochondria-related nuclear genes with a difference over 0.3 of
variant percentage between the proband and control groups.

Pathway Symbol Adjusted p Value
Biosynthesis of cofactors * AK4/RDH13/COQ3 0.000628845
Ubiquinone anq other terpenmd-qumone COQ3 0.030532282
biosynthesis
Thiamine metabolism AK4 0.030532282

* Biosynthesis of cofactors: A metabolism of essential cofactors used by the minimal cell starting with precursors
such as nicotinamide, riboflavin, thiamine, pyridoxal, pantothenic acid, methionine, and folic acid [33].

Table 4. Family-based analysis of mitochondria-related nuclear genes between the proband and
control groups.

Gene Symbol Chromosome Family Description
METAP1D Chr2 1 Heterozygous c.41G > T in proband
” Homozygous c.41G > T proband,

heterozygous in control

ACACB Chr12 1 Heterozygous c.1029del in 2 probands
3 Missense variant found in control
4 Heterozygous ¢.1951G > A in proband
ME3 Chr11 2 Heterozygous c.972G > C in proband
4 Homozygous ¢.972G > C in proband,
heterozygous in control
NIPSNAP3B Chr9 3 Homozygous c.280G >C, C'.476C >G
in proband, heterozygous in control
4 Heterozygous ¢.280G > C, c.476C > G
in proband
NSUN4 Chrl 4 Homozygous c.4A > G in proband,
heterozygous in control
5 Heterozygous c.4A > G in proband
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Table 5. The genome wide association study (GWAS) analysis of the proband and control groups.

Symbol  Gene ID SNP HGVSc p Value
ADGRG5 221188 chr16:57562087:A:G NM_001304376.3: c.-7A > G 0.001
POLE4 56655 chr2:74958729:G:T NM_019896.4: c.50G > T 0.002
ERMAP 114625 chr1:42830447:G:A NM_001017922.2: c.-2G > A 0.005
PIGR 5284 chr1:206935771:C:T NM_002644.4: ¢.1093G > A 0.006
chr1:206935822:G:A NM_002644.4: c.1046-4C > T 0.006
CDC42BPB 9578 chr14:102949759:G:A NM_006035.4: c.3449 + 6C > T 0.006
PROK1 84432 chr1:110456232:G:A NM_032414.3: ¢.199G > A 0.007
BCAN 63827 chr1:156658204:T:C NM_021948.5: ¢.2370T > C 0.008
NES 10763 chr1:156669844:G:A NM_006617.2: c.4344C > T 0.008
chr1:156670516:C:T NM_006617.2: ¢.3672G > A 0.008
chr1:156670711:C:T NM_006617.2: ¢.3477G > A 0.008

HGVSc, Human Genome Variation Society notation in the cDNA; SNP, single nucleotide polymorphism.

3. Discussion

LHON is the major hereditary optic neuropathy in Taiwan [1]. It has a minimum
point prevalence for the mtDNA LHON mutation of 11.82 per 100,000 subjects and the
minimum point prevalence of visual failure due to LHON of 3.22 per 100,000 subjects in
adults under 65 years of age in Northeast England [1,34]. It may cause bilateral blindness
in a young adult and cause severe disability. Thus, it is of utmost importance to understand
this disease. Even though it has not been difficult to diagnose since the development of
molecular diagnosis, there are few treatments available for this disease.

The incomplete penetrance and male prevalence are still the major unexplained is-
sues in LHON. Nuclear modifier genes have been presumed to affect the penetrance of
LHON:-associated mtDNA mutations. Through whole exome analysis, we found that many
mitochondria related (MT-related) genes had a high percentage of variants in either the
proband group or control group (Figure 2). Forty percent of the top 10 mutated genes in
the control group were the same as in the proband group, which may be related to a similar
genetic background, since our controls were the proband’s relatives. However, all of the
participants in the control group did not have an abnormal phenotype at the current stage.
Therefore, the impact of these variants on the participants in the control group was not de-
termined and need further follow-up. The MT genes with a difference over 0.3 of mutation
percentage between the proband and control groups include AK4, NSUN4, RDH13, COQ3,
and FAHD1. AK4 (Adenylate Kinase 4) encodes the enzymes of the adenylate kinase
family, which localize to the mitochondrial matrix [35]. It is related to the metabolism of
nucleotides, which can catalyze the reversible transfer of the phosphate group among the
adenine and guanine nucleotides (www.genecards.org, accessed date: 28 July 2022) [35-39].
NSUN4 (NOP2/Sun RNA Methyltransferase 4) encodes 5-methylcytosine rRNA methyl-
transferase NSUN4 in humans, which methylates mitochondrial 12S rRNA and is probably
involved in mitochondrial ribosome small subunit (SSU) maturation and mitochondrial
ribosome assembly [36,40,41]. RDH13 (Retinol Dehydrogenase 13) encodes a mitochondrial
short-chain dehydrogenase/reductase, which localizes at the entrance to the mitochondrial
matrix [42]. It may aid retinoic acid production and protect the mitochondria against ox-
idative stress [35,36,42]. COQ3 (Coenzyme Q3, methyltransferase) encodes mitochondrial
ubiquinone biosynthesis O-methyltransferase, which catalyzes the 2 O-methylation steps in
the ubiquinone biosynthetic pathway [36,40,43]. FAHD1 (Fumarylacetoacetate Hydrolase
Domain Containing 1) encodes mitochondrial aC.-Y.L.pyruvase FAHD1, which is able to
hydrolyze fumarylpyruvate and acetylpyruvate in vitro [36,40,44,45]. It may also have
oxaloacetate decarboxylase activity in eukaryotes [46]. Pathway analysis also supports the
findings that these genes are associated with cofactor metabolism pathways (Table 3). As
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above-mentioned, AK4 encodes adenylate kinases, which catalyze the phosphorylation
of AMP while using ATP/GTP as phosphate donors [35-39]. It may also be involved in
thiamine metabolism [47—49]. RDH13 encodes a mitochondrial short-chain dehydroge-
nase/reductase that may protect the mitochondria against oxidative stress [35,36,42]. COQ3
encodes mitochondrial ubiquinone biosynthesis O-methyltransferase and is involved in the
ubiquinone biosynthetic pathway, while ubiquinone is an important electron carrier in the
mitochondrial respiratory chain [36,40,43]. All of these genes contribute to the biosynthesis
of cofactors and help to maintain the essential functions of mitochondria. The malfunc-
tion of these genes may endanger the essential functions of mitochondria including the
respiratory chain reaction, which is important for the pathophysiology of LHON.

Family-based analysis showed that several candidate MT genes including METAP1D
(c.41G > T), ACACB (c.1029del), ME3 (c.972G > C), NIPSNAP3B (c.280G > C, c476C > G),
and NSUN4 (c.4A > G) seem to be involved in the penetrance of LHON (Table 3). METAP1D
(methionyl aminopeptidase type 1D, mitochondrial) is a gene encoding the mitochondrial
aminopeptidase responsible for removing the N-terminal methionine from many proteins [50].
METAP1D gene mutation has been associated with spinocerebellar ataxia (www.genecards.
org, accessed date: 28 July 2022) [36]. ACACB (acetyl-CoA carboxylase beta) is a biotin-
containing enzyme that catalyzes the carboxylation of acetyl-CoA to malonyl-CoA, the rate-
limiting step in fatty acid synthesis [36]. ME3 (malic enzyme 3) encodes an isoform of
mitochondrial NADP (+)-dependent malic enzyme, which catalyzes the oxidative decarboxy-
lation of malate to pyruvate using NADP+ as a cofactor [36]. NIPSNAP3B protein belongs
to a vesicular trafficking-related protein family [51], and seems to be associated with type I
3-methylglutaconic aciduria and anemia of prematurity [36]. In family-based analysis, the
results showed some differences between different families. However, there seemed to be a
trend of dose-effect. For example, homozygous in the proband vs. heterozygous in the control
and heterozygous in the proband vs. null in the control. Therefore, we still believe that these
variants may contribute to the penetrance of LHON.

A GWAS (genome wide association study) was performed, which found that AD-
GRGS5 (Chr16:575620A:G), POLE4 (Chr2:7495872T:G), ERMAP (Chr1:4283044A:G), PIGR
(Chr1:2069357C:T;2069358G:A), CDC42BPB (Chr14:102949A:G), PROK1 (Chr1:1104562A:G),
BCAN (Chr 1:1566582C:T), and NES (Chr1:1566698A:G,1566705T:C,1566707T:C) may be
involved (Table 4). ADGRGS (adhesion G protein-coupled receptor G5) encodes a member
of the adhesion family of G-protein coupled receptors. They may play a role in the immune
system as well as in the central nervous system [36]. POLE4 (DNA polymerase epsilon 4,
accessory subunit) is a histone-fold protein that interacts with other histone-fold proteins
to bind DNA in a sequence-independent manner [36]. ERMAP (erythroblast membrane
associated protein) is a cell surface transmembrane protein that may act as an erythroid cell
receptor, possibly as a mediator of cell adhesion [36]. PIGR (polymeric immunoglobulin
receptor) is a member of the immunoglobulin superfamily [36]. CDC42BPB (CDC42 bind-
ing protein kinase beta) encodes a member of the serine/threonine protein kinase family
containing a Cdc42/Rac-binding p21 binding domain resembling that of PAK kinase [36].
The PROK1 (prokineticin 1) protein may induce proliferation, migration, and fenestration
(the formation of membrane discontinuities) in the capillary endothelial cells derived from
endocrine glands [41]. BCAN (brevican) encodes a member of the lectican family of chon-
droitin sulfate proteoglycans, specifically expressed in the central nervous system. It is
developmentally regulated and may function in the formation of the brain extracellular
matrix [36]. NES (nestin) encodes a member of the intermediate filament protein family
and is expressed primarily in nerve cells [36].

Although the clinical studies disclose a male predilection in LHON, we did not find a
significant change in sex chromosome in our studies [1,52]. The mystery of gender bias in
LHON may need more investigation to unravel.

This study was limited to the small sample size. However, we collected both the proband
and carriers in the same family and established the family-based analysis. We believe that
a family-based strategy could help to avoid the confounding factor from population stratifi-
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cation in genetic studies. In addition, we included only mitochondria-related nuclear genes
for efficacious analysis, which may miss other genes that might also contribute to clinical
penetrance. Moreover, we did not have a prediction model regarding the structural /functional
alterations of the variants, and further investigations including verifying these candidate genes
are required. Although it has many limitations, this study provides a new profile of candidate
nuclear modifier genes for the clinical penetrance of LHON.

In summary, the incomplete penetrance and male prevalence are still the major unex-
plained issues in LHON. Through whole exome analysis, we found that several MT genes
with a high percentage of variants were involved in a family-based analysis. A difference
in the mutation burden of MT genes underlining the cofactor metabolism pathways was
suggested by pathway analysis. In addition, the GWAS analysis also revealed several candi-
date nuclear modifier genes. The new technology of WES contributes to providing a highly
efficient candidate gene screening function in molecular genetics. However, these candidate
modifier genes need further verification for their modifying effect on the clinical penetrance
in a larger cohort as well as more in-depth investigation of their biologic mechanism.

4. Materials and Methods

This prospective cross-sectional study was conducted from 6 January 2020 to 31
December 2021 at Taipei Veterans General Hospital. Eligible LHON patients with mito-
chondrial(mt) 11778 mutation G > A and their relatives who also carried the mt11778G > A
mutation were invited to participate in this study consecutively. The study was approved
by the institutional review board of Taipei Veterans General Hospital and the study protocol
adhered to the tenets of the Declaration of Helsinki. Written informed consent was obtained
from each participant after the goals and methods of the study were fully explained.

4.1. Families and Subjects

DNA samples used for this investigation were obtained from members of families
who carried the mtDNA 11778G > A mutation including the probands, proband’s mother,
and adult relative carriers. The genomic DNA of the probands and family members will be
extracted from the peripheral blood for WES. Ophthalmic examinations and other clinical
evaluations of probands and other members of these families were conducted.

Subjects who did not have genetic-proved mtDNA 11778G > A mutation had no
comparable relative carriers or who could not cooperate with the ophthalmic examinations
were excluded from the study.

4.2. Ophthalmic Examinations

The best-corrected visual acuity (BCVA) was examined with the Snellen visual acuity
chart. Other ophthalmic examinations included intraocular pressure, slit-lamp examination,
fundoscopy, visual field (VF) with the Humphrey 30-2 SITA-standard protocol (Humphrey
Field Analyzer 3, Carl Zeiss Meditec, Dublin, CA, USA), and optical coherence tomography
(OCT) (Avanti RTVue XR, Optovue, Inc., Fremont, CA, USA) for the peripapillary retinal
nerve fiber layer (RNFL) and ganglion cell-inner plexiform layer (GCIPL) thickness was
conducted if feasible.

4.3. Sample Collection and DNA Extraction

Peripheral blood (10 mL) was collected from each participant after obtaining their
informed consent. DNA was extracted using Nucleospin Blood Mini MACHEREY-NAGEL,
Diiren, Germany) according to the manufacturer’s instructions. Briefly, 20 uL Proteinase K
and 200 uL blood were mixed, and 200 uL B3 buffer was added for 15 min of incubation
at 70 °C. Next, 210 puL of ethanol was added to the lysate from the last step and mixed
thoroughly. Then, the sample was transferred to the NucleoSpin® Blood Column and
centrifuged for 1 min at 11,000x g for DNA binding. For the silica membrane wash, 500 pL
of Buffer BW was added to the column and centrifuged for 1 min at 11,000 g twice,
followed by silica membrane dry spinning for 1 min at 11,000x g. The purified DNA was
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obtained by adding 100 pL preheated Buffer BE to the column and incubating for 1 min,
followed by 1 min at 11,000 g centrifuge.

4.4. Whole Exome Sequencing

Whole exome sequencing was performed according to the referenced paper as fol-
lows [53]. WES was conducted on 500 ng of genomic DNA from the probands and their
family members. Fragment libraries were prepared from the sheared samples by soni-
cation and target enrichment was performed according to the manufacturer’s protocols
(Agilent SureSelect QXT ALL Human Exon V6 Kit or Roche KAPA HyperExome Kit). Cap-
tured DNA was amplified followed by solid-phase bridge amplification and paired-end
sequenced on Illumina NovaSeq 6000 (Illumina, Inc., San Diego, CA, USA). Alignment of
reads to the human reference sequence (hg38 assembly) and variant detection were per-
formed using DRAGEN 3.7.5 (Illumina, Inc.) with the alt-aware configuration. The variant
annotation information was obtained from Variant Effect Predictor (version 100) and Janno-
var (version 0.35) with dbNSFP 4.1a. The novel variants were filtered against 1000 Genomes
(1000 genomes release phase 3, http://www.1000genomes.org/, accessed date: 28 July
2022), dbSNP (http:/ /www.ncbi.nlm.nih.gov/projects/SNP/snp_summary.cgi accessed
date: 28 July 2022), and the Genome Aggregation Database (gnomad.broadinstitute.org
accessed date: 28 July 2022) [54-56].

4.5. Mitochondria-Related Genes Analysis

The overview of the exome analysis is summarized as follows. First, we used the
Msigdb mitochondria (MT)-related canonical pathway (CP) database with 838 genes and
the MitoCarta3.0 database with 1135 genes to sort out a total of 1273 mitochondria-related
nuclear genes (MT genes) as our target genes. Next, we excluded UTR, intron and synony-
mous variants, and also excluded those variants labeled as benign and likely benign in the
ClinVar database. We filtered for variants including donor/splice acceptor, start loss, stop
gained, frameshift, missense, and CADD Phred > 20/REVEL >0.5 (Figure 1A). Thereafter,
we extracted the most significant variants from the analysis of all of the probands and
controls. We also investigated the intra-family variants differences between the proband
and carriers as our family-based analysis, which may help to find the variants impor-
tant for penetrance for participants with the same genetic background (Figure 1A). The
pathway analysis was performed using R package “clusterProfiler” with the ontology
database of the Kyoto Encyclopedia of Genes and Genomes (KEGG) [47]. An adjusted
p (Benjamini-Hochberg method) < 0.05 was considered as statistically significant for the
pathway analysis.

4.6. GWAS Analysis

The input of GWAS was the exome sequencing data, which was converted to the
PLINK format for the GWAS analysis. The GWAS analysis focuses on the correlation
between the control and proband groups at a scale of SNP or the locus near SNP, while the
gene burden analysis aims to look for candidate genes. We applied two different approaches
intending to explore any genes or SNPs that potentially contribute to the pathogenesis
of LHON. The gvcf files of all samples were combined and genotyped using the GATK
bundle (4.2.0.0). The quality of cohort variants was evaluated by the Variant Quality Score
Recalibration (VQSR) with the indel and SNP tranche of 99 and 99.8, respectively. The
variants with GQ <20, depth of diploid <10, depth of haploid <5, allele fraction <0.2 and
>0.8 for heterozygous or low inbreeding coefficient <—0.8 were excluded. The vcf format
of the high-quality variants was converted to the PLINK (v1.90b6.24) bed format. Single
SNPs had to meet the following criteria: minor allele frequencies (MAF) >10%, missing
rate <10%, Hardy—Weinberg equilibrium (HWE) significance threshold <0.00001, otherwise,
they were excluded from further analysis. The association analysis was conducted by using
PLNK with the “~model” function. A p < 0.05 was considered as statistically significant.
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4.7. Family-Based Analysis

The MT genes obtained from Section 4.5 were also used for family-based analysis
(Figure 1A). We applied an intra-family filter that looked for variants that were either
homozygous alternate in the proband and heterozygous alternate in the control, or het-
erozygous alternate in the proband and homozygous reference in the control. Then, we
counted the concurrence of matched variants across families and reported variants with a
concurrence count >1.
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Abstract: This study evaluated the potential neuroprotective effect of azithromycin (AZ) intraperi-
toneal injections in male C57B1/6 (wild type, WT) and female NOD scid gamma (NSG) mice subjected
to optic nerve crush (ONC) as a model for optic neuropathy. Histologically, reduced apoptosis and
improved retinal ganglion cell (RGC) preservation were noted in the AZ-treated mice as shown by
TUNEL staining—in the WT mice more than in the NSG mice. The increased microglial activation
following ONC was reduced with the AZ treatment. In the molecular analysis of WT and NSG mice,
similar trends were detected regarding apoptosis, as well as stress-related and inflammatory markers
examining BCL2-associated X (Bax), heme oxygenase 1 (Ho-1), interleukin 1 beta (I/1f), superoxide
dismutase 1 (Sod1), and nuclear factor-kappa B (Nfkb) levels. In the optic nerve, AZ increased the
levels of expression of Sod1 and Nfkb only in the WT mice and decreased them in the NSG mice. In
the retinas of the WT and NSG mice, the Bax and Ho-1 levels of expression decreased following the
AZ treatment, while the Sod1 and Nfkb expression decreased only in the WT mice, and remained
stable near the baseline in the NSG mice. /18 remained at the baseline in WT mice while it decreased
towards the baseline in AZ-treated NSG mice. The neuroprotective effects demonstrated by the
reduced RGC apoptosis in AZ-treated WT mice retinae, and in the optic nerves as stress-related and
inflammatory gene expression increase. This did not occur in the immunodeficient NSG mice. AZ
modulated the inflammatory reaction and microglial activation. The lack of an effect in NSG mice
supports the assumption that AZ acts by immunomodulation, which is known to play a role in ONC
damage. These findings have implications for the development and repurposing of drugs to preserve
RGC:s after acute optic neuropathies.

Keywords: optic nerve crush; neuroprotection; azithromycin; NAION; neural injury; neural ischemia;
neural inflammation

1. Introduction

Ischemic optic neuropathy (ION) refers to the infarction of any portion of the optic
nerve from the chiasm to the optic nerve head. Clinically, it may be divided into anterior
and posterior forms [1]. The pathogenesis of non-arteritic anterior ION (NAION) is not
fully understood. NAION has been associated with acute nocturnal hypotension, sleep
apnea, microvascular diseases, and Phosphodiesterase-5 inhibitor usage, but in most cases,
it is unpredictable and no direct trigger is found [2,3]. Salgado et al. [4] reported an
inflammatory component in the pathogenesis of NAION. In animal studies, the mechanical
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crush of the optic nerve posterior to the globe often serves as a model for investigating the
pathogenesis of optic neuropathy and possible neuroprotective treatments [5,6].

The anti-inflammatory effect of azithromycin has been reported, especially in the
mouse model of cerebral infarction and retinal ischemia, and its neuroprotective effect
has also been reported [7-12]. Immunological modifications may be involved in the
neuroprotective effects of azithromycin.

The neuroprotective effect of azithromycin may be effective as a treatment for NAION.
Although not a model for NAION, the purpose of this study is to verify the neuroprotec-
tive effect of azithromycin using an experimental system of optic nerve crush (ONC)
in mice as a model for optic nerve disease and to further verify the involvement of
immunological modification.

2. Results
2.1. Histological Analysis (Day 21): RGC Survival

At 21 days after ONC, the RGC count was significantly higher in AZ-treated than
untreated WT mice (30.1 £ 0.3 vs. 26.3 £ 2.8 cells/field, respectively, p = 0.01) and signifi-
cantly higher in AZ-treated than untreated NSG mice (31.4 = 2.3 vs. 19.4 + 4.9 cells/field,
respectively, p = 0.01). There were no statistically significant differences in retinal thickness
between the treated and untreated WT groups (212 w & 20 vs. 208 u & 10, respectively) and
NSG groups (214 p £ 12 vs. 202 p = 15, respectively).

2.2. Immunohistochemistry Analysis (Day 21): Gliosis (GFAP)

The analysis following ONC in WT and NSG mice demonstrated maximal reactive
gliosis and RGC loss in WT mice without the AZ treatment and a reduction in gliosis
following the AZ treatment in both groups. In addition, RGC preservation can be noted in
AZ-treated mice as compared to non-treated mice (Figure 1A-H).

Figure 1. Immunohistochemistry analysis (day 21): Gliosis (GFAP). (A) The right eye of WT
mouse following ONC and injected with AZ, demonstrating reduced gliosis and RGC preserva-
tion in comparison to right eye ONC without AZ treatment (B). The left eye of a WT mouse with
AZ (C) as compared to the control left eye without AZ, (D) both demonstrating minimal gliosis. NSG
mice following right eye ONC and systemic AZ injection demonstrates right moderate gliosis and
RGC preservation, (E) as compared to right eye following ONC without AZ (F). Note that NSG mice
following ONC demonstrate reduced gliosis both with (E) and without (F) AZ injection as compared
to WT mice following ONC with AZ injection (A). NSG mice left control eye with (G) and without
(H) AZ systemic injection.
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2.3. TUNEL Staining (Day 1 and 3): Apoptosis

The TUNEL staining of retinal sections showed a reduction in the rate of RGC apoptosis
in the AZ-treated than the untreated WT mice on day 1 (1.20 &= 0.4 vs. 2.00 = 0.7 cells/field,
respectively, p = 0.0081) and day 3 (4.40 £ 2.5 vs. 6.00 & 3.7 cells/field, respectively,
p = 0.028), respectively (Figure 2).

Figure 2. Immunohistochemistry analysis (day 3) for apoptosis (TUNEL). Note stained apoptotic
RGC cells following ONC only (A), with reduced apoptosis following AZ treatment (B).
2.4. Immunohistochemistry Analysis (Day 3): Microglial Activation (Ibal)

The analysis following ONC in WT mice demonstrated reduced microglial activation
in AZ-treated mice (Figure 3).

Figure 3. Immunohistochemistry analysis (day 3) for microglial activation (Ibal): (A) Right eye of
WT mouse following ONC without treatment, showing increased microglial activation, as compared
to AZ-treated RE ONC-induced eye (B), demonstrating reduced activation.
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2.5. Immunohistochemistry Analysis (Day 3): CD45

The analysis following ONC in the WT mice was nonspecific.

2.6. Molecular Analysis WT and NSG Mice (Day 3 after ONC): Optic Nerves

Bax. WT mice: The Bax expression levels remained at the baseline without treatment
(0.83 £ 0.21-fold, n = 3) and increased with the AZ treatment (3.77 £ 3.55-fold, p = 0.17,
n = 4). NSG mice: The Bax expression levels remained at the baseline without treat-
ment (0.813 4+ 1.186-fold, n = 4) and increased with the AZ treatment (3.176 + 2.262-fold,
p =0.087, n = 3) (Figure 4A).
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Figure 4. Molecular analysis of the optic nerves, day 3 after ONC. (A) Bax expression levels in WT
and NSG mice remained at baseline without treatment and increased with AZ treatment. (B) Ho-1
levels in WT and NSG mice increased without treatment and further increased with AZ treatment.
(C) Sod1 levels in WT mice increased without treatment and further increased with AZ treatment,
while in NSG mice levels increased without treatment but decreased with AZ treatment. (D) II15
levels in WT mice remained at baseline without treatment and increased with AZ treatment, while in
NSG mice levels increased without treatment and further increased with AZ treatment. (E) Nfkb1
levels in WT mice increased without treatment and further increased with AZ treatment, while in
NSG mice levels increased without treatment with a relative decrease with AZ treatment.

Ho-1. WT mice: The Ho-1 expression levels increased without treatment (14.42 + 22.19-fold,
n = 3) and further increased with the AZ treatment (27.22 £ 37.76-fold, p = 0.64, n = 6).
NSG mice: The Ho-1 expression levels increased without treatment (14.25 fold, n = 1) and
further increased with the AZ treatment (47.73 & 62.42-fold, n = 3) (Figure 4B).

Sodl. WT mice: The Sod1 expression levels increased without treatment (2.64 £ 4.75-fold,
n = 8) and further increased with the AZ treatment (4.83 & 8.76-fold, p = 0.46, n = 9). NSG
mice: The Sodl expression levels increased without treatment (2.22 £ 3.84-fold, n = 5) and
decreased with the AZ treatment (0.73 £ 1.27-fold, p = 0.386, n = 4) (Figure 4C).

1118. WT mice: The Il18 expression levels remained at baseline without treatment
(0.81 £ 0.23-fold, n = 4) and increased with the AZ treatment (2.12 + 2.94-fold, p = 0.82,
n = 7). NSG mice: The [l1 expression levels increased without treatment (2.94 fold, n = 1)
and further increased with the AZ treatment (12.64 + 22.81-fold, n = 4) (Figure 4D).

Nfkb1. WT mice: The Nfkb1 expression levels increased without treatment (2.15 £ 2.54-fold,
n = 7) and further increased with the AZ treatment (5.21 £ 6.10-fold, p = 0.24, n = 7).
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NSG mice: The Nfkb1 expression levels increased without treatment (4.811 £ 3.676-fold,
n = 3), with a relative decrease with the AZ treatment (2.304 + 2.845-fold; p = 0.139,n = 4)
(Figure 4E).

2.7. Molecular Analysis WT and NSG Mice (Day 3 after ONC): Retinas
Bax. WT mice: The Bax expression levels increased without treatment (2.14 & 1.98-fold,
n =5) and decreased with the AZ treatment (0.93 =+ 0.69-fold, p = 0.23, n = 5). NSG mice:

The Bax expression levels were reduced without treatment (0.766 + 0.585-fold, n = 2) and
further decreased with the AZ treatment (0.385+0.632-fold, p = 0.149, n = 3) (Figure 5A).
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Figure 5. Molecular analysis of the retinas, day 3 after ONC. (A) Bax expression levels in WT mice
increased without treatment and decreased with AZ treatment, while in NSG mice levels remained
at baseline without treatment and decreased with AZ treatment. (B) Ho-1 levels in both WT and
NSG mice increased without treatment and decreased with AZ treatment. (C) Sod1 levels in WT mice
increased without treatment and decreased with AZ treatment, while levels in NSG mice decreased
without treatment and increased with AZ treatment. (D) II18 levels in WT mice slightly increased
without and with treatment, while in NSG mice levels increased without treatment and decreased
with AZ treatment. (E) Nfkb1 levels in WT mice increased without treatment and decreased with AZ
treatment, while in NSG mice levels decreased without and with treatment.

Ho-1. WT mice: The Ho-1 expression levels increased without treatment (4.00 + 3.26-fold,
n = 3) and decreased with the AZ treatment (1.55 &+ 1.20-fold, p = 0.29, n = 3). NSG mice: The
Ho-1 expression levels increased without treatment (2.66 & 2.78-fold, n = 2) and decreased
with the AZ treatment (0.412 £ 0.563-fold, p = 0.379, n = 2) (Figure 5B).

Sodl. WT mice: The Sod1 expression levels increased without treatment (2.16 £ 2.92-fold,
n = 5) and decreased with the AZ treatment (1.08 £ 0.96-fold, p = 0.44, n = 9). NSG mice:
The Sod1 expression levels decreased without treatment (0.256 + 0.422-fold, n = 3) and
increased with the AZ treatment (1.30 £ 1.188-fold, p = 0.225, n = 3) (Figure 5C).

I11B. WT mice: The 1l1 expression levels slightly increased without and with treat-
ment, (1.1 & 0.92-fold and 1.4 £ 0.33-fold, respectively; p = 0.41, n = 4, n = 5, respectively).
NSG mice: The 116 expression levels increased without treatment (2.236 £ 2.59-fold, n = 2)
and decreased with the AZ treatment (0.986 & 1.70-fold, p = 0.283, n = 3) (Figure 5D).

Nfkbl. WT mice: The Nfkb1 expression levels increased without treatment (2.01 £ 1.77-fold,
n =5) and decreased with the AZ treatment (1.39 + 1.37-fold, p = 0.23, n = 9). NSG mice:
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The Nfkb1 expression levels decreased without and with treatment (0.372 = 0.343-fold and
0.367 £ 0.771-fold, respectively; p = 0.158, n = 3, n = 5, respectively) (Figure 5E).

3. Discussion

AZ is a macrolide that was recently found to have potential neuroprotective effects in
animal models [13,14]. On the assumption that its mode of action which is still unclear is
related to immunomodulation, we sought to evaluate the effect of AZ in an ONC model
of WT and immunodeficient NSG mice. Histologically and in immunohistochemistry,
we demonstrated a neuroprotective effect of AZ in both groups of mice, with no effect
on retinal thickness. However, there was a difference between the WT and NSG mice in
molecular expression, as the AZ effect was relevant only to the WT mice while the NSG
mice were not influenced by stress-related or inflammatory-related gene expression levels.
In both groups, the apoptosis-related gene Bax was reduced in the retinas following AZ
treatment, also shown by TUNEL staining. The increased Bax levels in the optic nerves
in both the WT and NSG mice can be associated with oligodendrocyte loss directly from
ONC [15].

To support the possible neuroprotective effect of AZ via immunomodulation and to
investigate the underlying pathophysiological mechanisms, we studied inflammation- and
stress-related genes in WT and NSG immune deficient transgenic mice. The inclusion of the
transgenic NSG mice, which lack B-, T-, and NK-cells, in the analysis was intended to obtain
information on the role of the immune response, which has been implicated in ONC [16].
Our results demonstrated significant differences in the molecular expression levels between
the WT and immunodeficient NSG mice only in stress-related and inflammatory-related
gene expression, while the Bax and Ho-1 levels behaved similarly in both the retina and
optic nerve. These differences, as expected, support AZ’s role as an immunomodulator. The
major molecular effect was detected in the optic nerves and less so in the retina, while the
microglial activation and apoptosis were clearly demonstrated in retinal immunostaining.

Nfkb1 expression increases when the tumor necrosis factor (TNF) pathway is activated.
The role of the TNF pathway in the neuroprotection of RGC survival was established
by Mac Nair et al. [17]. The present study showed that treatment with AZ activated the
protective effect of Nfkb1 following the ONC-induced inflammatory reaction, only in the
optic nerves of WT mice.

Previous studies of stress-related genes showed that SOD1 enzymatic activity increases
during oxidative stress, such as that induced by ischemia-reperfusion injury [18] or in optic
neuropathies [19,20]. In the present study, Sod1 levels were increased in the injured optic
nerves of the WT and NSG mice compared to the healthy internal control nerves and
further increased in the WT AZ treated mice, but not the NSG mice, suggesting that it
may reduce stress-related damage. In the retina, AZ treatment was associated with Sod1
return to baseline in both WT and NSG mice. In the present study, the difference in the
ON expression levels of Sod1 between the WT and NSG mice may suggest a different
response to injury and AZ treatment, implying differences in the response to oxidative
stress between WT and NSG mice.

The levels of Ho-1, another stress-related gene with an attributable neuroprotective
role, have also been found to increase significantly during oxidative stress in the optic
nerves, in line with published data related to optic nerve damage [21]. Kutty et al. [22]
reported that Ho-1 levels were barely detectable under normal circumstances in the retina,
but increased markedly in mice exposed to intense visible light compared to unexposed
controls. We found in the retina increased levels (4- and 2.6-fold, WT and NSG, respectively)
which returned to baseline following the AZ treatment.

Previous studies from our group reported an increase in Ho-1 expression in the retina
under extreme stress (central retinal artery occlusion) [23-25] and its reduction following
treatment with brimonidine [25]. In an ONC model, the Ho-1 level increased on day 3 with
a hyperbaric chamber treatment [26].
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Inba et al. [14] examined several macrolides, including AZ, in transient cerebral is-
chemia, but they administered the treatment before the induction of the ischemic damage.
We injected AZ intraperitoneally immediately after the ONC induction. Its significant effect
suggested that ONC leads to an immediate lymphocyte/macrophage/microglia immune
reaction that can be controlled or reduced by AZ. Preventive treatment for acute optic
neuropathy is possible only under laboratory conditions and not in real-life clinical scenar-
ios. Therefore, based on our findings, we assume that the earlier the treatment is given,
the greater the effect. Under laboratory conditions, the treatment administered almost
concurrently with the injury revealed the maximal therapeutic effect that might be achieved.
Further studies are needed to determine whether neuroprotection is achieved when the
injection is given one to three days after damage. Inba et al. [14] used immunodeficient
Sprague-Dawley rats, similar to NSG mice, to examine the effect of AZ and reported a
limited inflammatory response.

A similar study by Varano et al. [13] investigating the effect of intraperitoneal AZ on
retinal ischemia in a male Wistar rat model found that it had a neuroprotective effect. Ours
is the first study, to the best of our knowledge, to examine an ONC model in NSG mice,
which are usually used to investigate cancer, not ischemic or inflammatory diseases [27-29].
We propose that NSG mice might also serve for the study of the latter conditions, as a
neuroinflammatory response is relevant in a wide spectrum of ocular diseases, including
diabetic retinopathy [30].

This study revealed the role of the inflammatory system in response to damage. By in-
cluding the NSG mouse groups, we were able to compare the effect of AZ on ONC-induced
damage in WT mice and isolate the immunomodulating effect. The lesser effect of AZ in
NSG mice, especially in the gene expression of the optic nerves, may indicate that in the
presence of a compromised immune system, the inflammatory damage caused by ONC
was reduced due to a decreased immune response. The effect of AZ on RGC survival
and gene expression in WT mice suggests that it acts not only as an immunomodulator
but also as an anti-inflammatory and anti-apoptotic agent. The possible neuroprotec-
tive effect suggested in this study may lead to novel immunomodulation treatments for
optic neuropathies.

This study has several limitations. Although we clearly showed a protective effect of
AZ, not all changes in gene expression were statistically significant. Additionally, there was
a limited number of NSG mice, and all were female, as opposed to WT males. Furthermore,
additional pathways may be involved in the neuronal and RGC damage induced by ONC.

4. Materials and Methods
4.1. Animals

A total of 68 mice were included in the study: 44 male C57/Bl6 wild-type (WT)
mice (weight 24-26 g) obtained from Envigo RMS Laboratories (Jerusalem, Israel) and
24 female immunodeficient NOD scid gamma (NSG) mice from a self-colony. All mice were
maintained and handled in accordance with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research and the National Institute of Health guidelines. The
animal protocols for the study were approved by the local institutional animal research
committee (Rabin Medical Center, RMC-020619).

4.2. Experimental Design

ONC was induced in the right eyes of all the animals. Animals were placed under gen-
eral anesthesia by intramuscular injection of combined ketamine/xylazine (80 and 4 mg/kg,
respectively) supplemented with topical proparacaine hydrochloride 0.5%. Forceps were
inserted ~2.5 to 3.0 mm posterior to the right globe, and the right optic nerve was crushed
3 times for 7 s each, separated by a 3 s interval, as previously described by our group [23].
Mice were divided into four groups: two treated with AZ (WT = 23, NSG = 12), and two
untreated controls (WT = 21, NSG = 12) (Table 1). Immediately after ONC induction,

mice allocated to the treated groups were given a single IP injection of AZ (Zithromax®,
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azithromycin dehydrated for injection; Pfizer, New York, NY, USA) dissolved in saline
(0.9% NaCl) at a dose of 50 mg/kg, as reported elsewhere [31]. The control groups were
injected with the same amount of saline only.

Table 1. Experimental design.

Procedure/Study Analysis Method C5Z:li621;’)ﬁce N(SI;G= z/ii)ce
ONC molecular 10 5
IHC 11 7
ONC + AZ molecular 10 5
IHC 13 7

ONC = optic nerve crush, AZ = azithromycin, IHC = immunohistochemistry; NSG = NOD scid gamma.

4.3. Tissue Collection

Mice were euthanized by carbon dioxide asphyxiation at 3 or 21 days after ONC/treatment,
and the eyes (globes and nerves) were enucleated for molecular and histological analysis.

4.4. Molecular Analysis (Day 3)

Three days following ONC induction, retinas and optic nerves were dissected from
both eyes (WT =5, NSG = 5) and placed in RN Alater solution (Invitrogen, Life Technologies,
Carlsbad, CA, USA) at —80 °C. Total RNA was isolated using a reagent (TRIzol; Invitrogen,
CA, USA) according to the manufacturer’s protocol and then reverse-transcribed into
c¢DNA using random hexamers (Bioline, London, UK) and Moloney murine leukemia virus
(M-MLV)-reverse transcriptase (Promega, Madison, WI, USA).

Two-stage real-time quantitative polymerase chain reaction (PCR; sequence detection
system, Prism 7900; Applied Biosystems, Foster City, CA, USA) was used to evaluate levels
of mRNA expression of genes coding for proteins involved in apoptosis, ischemia, and
oxidative stress: Bax, superoxide dismutase 1 (Sod1), heme oxygenase 1 (Ho-1), interleukin
1 beta (I/16), and nuclear factor-kappa B 1 (Nfkb1). Mouse glyceraldehyde 3-phosphate
dehydrogenase (Gapdh) was used to normalize cDNA input levels. The primers are listed
in Table 2. Reactions were performed in a 20 pL volume containing 4 pL. cDNA, 0.5 uM
each of forward and reverse primers and buffer included in the master mix (SYBR Green I;
Applied Biosystems, Foster City, CA, USA). Duplicate reactions were performed for each
gene to minimize individual tube variability, and an average was taken for each time point.
Threshold cycle efficiency corrections were calculated, and melting curves were obtained
using cDNA for each gene PCR assay.

Table 2. List of primers for molecular studies.

Sodl_F GCCCGGCGGATGAAGA

Sodl_R CGTCCTTTCCAGCAGTCACA
Bax_F CTGAGCTGACCTTGGAGC

Bax_R GACTCCAGCCACAAAGATG
Ho-1_F CAGGTGTCCAGAGAAGGCT
Ho-1_R TCTTCCAGGGCCGTGTAGAT

Il1B _F TGACAGTGATGAGAATGACCTGTTC
g _R GGACAGCCCAGGTCAAAGG
Gapdh_F TGCCACTCAGAAGACTGTGGATG
Gapdh_R GCCTGCTTCACCACCTTCTTGAT
Nfkb1_F CCTGCAAAGGTTATCGTTCAGTT
Nfkb1_R GCAAAGCCAACCACCATGT

PCR cycling conditions consisted of an initial denaturation step of 95 °C for 10 min
followed by 40 cycles of 15 s of denaturation at 95 °C and 1 min of annealing and extension
at 60 °C. Standard curves were obtained using untreated mouse cDNA for each gene PCR
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assay. The results were quantified using a comparative threshold cycle (Ct) method, also
known as the 2—AACt method, where: AACt = ACt (sample) — ACt (reference gene).

Molecular analysis was performed comparing the right (ONC) and left (control) optic
nerves and retinas with and without AZ treatment for each of the WT and transgenic
NSG groups.

4.5. Histological Analysis
4.5.1. Hematoxylin and Eosin Staining (Day 21)

At 21 days after ONC induction, the eyes were enucleated and fixed in 4% formalde-
hyde for 1 h, washed in phosphate-buffered saline (PBS, 1X; Beit HaEmek, Israel), and
placed in 15% and 20% sucrose dissolved in PBS for 1 h each. Eyes were then placed in
30% sucrose at 4 °C for 12 h and embedded in optimum cutting temperature compound
(Sakura Tissue-Tek, Tokyo, Japan). Cryosections of the globes and optic nerve (6 pm) were
mounted on slides and stained with hematoxylin and eosin (H&E), with three consecutive
sections on each slide.

4.5.2. Retinal Ganglion Cell (RGC) Count and Retinal Thickness Measurement

H&E stained slides were examined under a light microscope (Ernst Leitz GMBH
Wetzlar, Germany). RGC count was determined by counting the nuclei of the RGC in
the RGC layer (horizontal counting) in three sections of every 10 slides (30 consecutive
sections), for a total of 7 to 10 slides per eye. The percentage of cell loss was calculated as
follows: retinal cell loss = 100 * (1 — [average left-eye cell count in the RGC layer/average
right-eye cell count in the RGC layer]). Retinal thickness was measured in each section
by drawing a vertical line under light microscopy guidance from the outer segment of the
photoreceptors, avoiding artificial detachment from the retinal pigment epithelium to the
retinal nerve fiber layer internal limiting membrane.

4.5.3. GFAP and CD45 Immunostaining

Cryosections of the enucleated eyes taken on day 21 were washed with PBS x 1,
blocked with 2% BSA in PBS with 0.5% Triton X-100 for 15min and incubated at 4 °C
overnight with the primary antibody, rat anti-CD45 (1:100, Millipore, Temecula, CA, USA),
and GFAP (1:200, Proteintech, Thermo Fisher Scientific, MA, USA). The sections were
washed with 0.2% PBS with 0.5% Triton X-100 and incubated at room temperature for 1 h
with the secondary antibody, goat anti-rat IgG Alexa Fluor 488 (1:200) (Molecular Probes,
Invitrogen). The sections underwent nuclear counterstaining with DAPI (Invitrogen). Im-
ages were generated using a conventional fluorescence microscope (Fluoview X; Olympus,
Tokyo, Japan). Excitation wavelengths were 405 nm for DAPI and 488 nm for Alexa.

4.5.4. In Situ TdT-Mediated dUTP Nick End-Labeling (TUNEL) Immunostaining

Retinal cryosections 10 pm thick were cut in the direction of the optic nerve axis on
days 1 and 3 following ONC with or without AZ treatment and examined by in situ TdT-
mediated dUTP nick end-labeling (TUNEL) assay (Roche Diagnostics GmbH, Germany, Cat.
No: 11684795910) which is a fluorescein-tagged apoptosis detection system. Staining was
performed according to the manufacturer’s instructions. The sections underwent nuclear
counterstaining with DAPI. Results were analyzed with a confocal fluorescence microscope
(LSM 700 Inverted, Carl Zeiss, Oberkochen, Germany) equipped with appropriate filters.
Excitation wavelengths used were 405nm for DAPI and 488 nm for Cy2. The mean number
of TUNEL-positive cells was determined in five different regions in the section and plotted
as a column chart with standard deviation.

4.5.5. IBA1 Immunostaining

Cryosections of the enucleated eyes taken on day 3 were washed with PBS x 1,
permeabilized with 1% Triton for 10 min, blocked with 5% Fetal calf serum in PBS for
60 min, and incubated at 4 °C overnight with the primary antibody, rabbit anti-IBA1 (1:500,
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Abcam, Cat# ab178846). The sections were washed with PBS x1 and incubated at room
temperature for 1 h with the secondary antibody, goat anti-rabbit IgG H&L Alexa Fluor 647
(1:1000, Abcam, Cat# ab150079). The sections underwent nuclear counterstaining with
DAPI (Sigma Aldrich Israel, Rehovot, Israel). Images were generated using an LSM 700
inverted confocal fluorescence microscope (Carl Zeiss, Oberkochen, Germany). Excitation
wavelengths used were 405 nm for DAPI and 647 nm for Alexa Fluor.

4.6. Statistical Analysis

Differences between groups were analyzed using an unpaired Student’s t-test. Signifi-
cance was defined as p < 0.05.

5. Conclusions

This study demonstrated important differences between WT mice with a normal
immune response and immunodeficient NSG mice subjected to ONC. AZ had a neuropro-
tective effect against ONC-induced damage that preserved the RGCs in the WT mice. This
effect was not significant in the NSG mice, which had a lower (baseline) level of inflam-
matory markers following ONC. AZ treatment reduced the expression of stress-related
genes and modulated the inflammatory reaction in the retina while increasing it in the
optic nerves. This macrolide drug, already available and FDA-approved for infections, may
potentially protect oxidative-stress-related acute optic neuropathies. We suggest that the
neuroprotective effect is instigated by immunomodulation, as indicated by the improved
response of the WT mice to the AZ treatment compared to the NSG mice.
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Abstract: In contrast to the case in mammals, the fish optic nerve can spontaneously regenerate
and visual function can be fully restored 3-4 months after optic nerve injury (ONI). However, the
regenerative mechanism behind this has remained unknown. This long process is reminiscent of
the normal development of the visual system from immature neural cells to mature neurons. Here,
we focused on the expression of three Yamanaka factors (Oct4, Sox2, and Klf4: OSK), which are
well-known inducers of induced pluripotent stem (iPS) cells in the zebrafish retina after ONI. mRNA
expression of OSK was rapidly induced in the retinal ganglion cells (RGCs) 1-3 h after ONI. Heat
shock factor 1 (HSF1) mRNA was most rapidly induced in the RGCs at 0.5 h. The activation of OSK
mRNA was completely suppressed by the intraocular injection of HSF1 morpholino prior to ONIL
Furthermore, the chromatin immunoprecipitation assay showed the enrichment of OSK genomic
DNA bound to HSF1. The present study clearly showed that the rapid activation of Yamanaka factors
in the zebrafish retina was regulated by HSF1, and this sequential activation of HSF1 and OSK might
provide a key to unlocking the regenerative mechanism of injured RGCs in fish.

Keywords: HSF1; KIf4; Oct4; Sox2; Yamanaka factors; retina; optic nerve regeneration; zebrafish

1. Introduction

Neurons in the mammalian central nervous system (CNS) cannot regenerate after
nerve injury and eventually die, whereas neurons in the fish CNS can regenerate and fully
recover CNS function [1-3]. Since the work of Sperry in the 1950s, the fish visual system
has been the most popular model of CNS regeneration [4-9]. For the past 20 years, we have
examined the regeneration of fish optic nerves from nerve crush to the recovery of visual
function by using modern neurobiological tools such as immunohistochemistry [10-12],
cell and tissue culture systems [13-15], and three-dimensional image processing systems
for behavioral analysis [11,16,17]. The obtained results revealed that fish optic nerve
regeneration includes (i) an early preparation period at 04 days; (ii) a middle neurite
outgrowth period at 5-30 days; and (iii) a late synaptic refinement period at 1-4 months
after optic nerve injury (ONI). We were particularly interested in the early period (0—4 days)
because molecular events arising in this period are the most mysterious and important for
resolving the regenerative mechanism of adult fish retinal ganglion cells (RGCs) after ONL

In the past 10 years, we have applied molecular genetics in the search for genes
upregulated at this early stage using zebrafish. Some cell survival-related and anti-apoptotic
factors were found to be induced in RGCs within 1-4 days after ONI such as insulin-like
growth factor-1 (IGF-I), Bcl-2, phospho-Akt (p-Akt), and phospho-Bad (p-Bad) [17,18].
Similarly, molecules such as purpurin [19], neuroglobin [20,21], and cellular factor XIII
A subunit (cFXIII-A) [12,15] were induced in RGCs to activate neurite outgrowth. Heat
shock factor 1 (HSF1) was most rapidly induced in RGCs at 0.5 h after ONI [22-24]. These
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molecules were shown to function to maintain the viability of the injured RGCs and activate
neural budding in preparation for promoted neurite elongation in the next stage [22-24].

However, why adult fish RGCs can regenerate after ONI has remained unclear. In
consideration of the similarity between the regenerative process of the fish optic nerve and
the normal development of the visual system in embryogenesis, we hypothesize that the
injured fish RGCs are initialized to immature RGCs as soon as possible at the early stage
after ONIL These immature RGCs can easily regenerate, regrow their axons, and restore
visual function.

In the present study, we investigated the expression of Yamanaka factor genes after
ONI in zebrafish. The term “Yamanaka factors” originally referred to four transcription
factors, Oct4, Sox2, Klf4, and c-Myc, which have the effect of inducing somatic cells to
become induced pluripotent stem (iPS) cells [25,26]. Of these four Yamanaka factors, c-
Myc was reported to not necessarily be essential for initiating cell reprogramming [27-29].
Therefore, we evaluated the expression of three Yamanaka factors, Oct4, Sox2, and Klf4
(OSK), and their relationship to optic nerve regeneration. We also focused on the interaction
between the expression of OSK and HSF1 as the fastest acute-phase response molecule
after ONL

2. Results
2.1. Rapid Increase of HSF1 Gene Expression in Zebrafish Retina after ONI

We performed real-time PCR using gene-specific primers to examine how the expres-
sion of the HSF1 gene changes in the retina after optic nerve crush. The upregulation of
HSF1 mRNA started at 0.5 h after ONI, peaked at 6 h, and decreased at 24 h (Figure 1a).
However, HSF1 expression was still significantly higher at 24 h.

The same results were confirmed upon in situ hybridization of HSF1 in zebrafish
retina (Figure 1b). A prominent increase in HSF1 signal was first observed in the ganglion
cell layer (GCL) and the inner nuclear layer (INL) at 0.5 h after ONI (Figure 1b). These
changes were subsequently enhanced and spread to all of the nuclear layers in the retina,
peaking at 6 h after ONI. Similarly, immunohistochemical staining of the HSF1 protein in
zebrafish retina detected positive signals in all nuclear layers 1-24 h after ONI (Figure 1c).
These increases of HSF1 were accompanied by increases in four heat shock proteins (HSPs),
HSP25, HSP60, HSP70, and HSP90, the target genes of HSF1 examined here by real-time
PCR analysis (Figure S1).

2.2. Increase in OSK Gene Expression in Zebrafish Retina after ONI

Next, we performed real-time PCR to examine the expression of the three Yamanaka
factors—Oct4, Sox2, and Klf4 (OSK)—in the injured retina with the optic nerve crushed
using gene-specific primers (see Table S1). Figure 2a showed that the expression of these
transcription factors increased significantly and rapidly in the retina within 1 h after ONL
KIf4 responded most quickly, followed by Oct4 and then Sox2. The localization of OSK
was confirmed by in situ hybridization (Figure 2b). In situ hybridization showed the weak
expression of Klf4 throughout the retina at 1 h, which then became restricted to the GCL
at 3 h after ONI (Figure 2b, upper panel). Meanwhile, Oct4 showed a prominent signal
only in the GCL and INL at 3 h after ONI (Figure 2b, center panel), but this expression then
expanded to all nuclear layers at 6 h. The expression of Sox2 was observed in all nuclear
layers including the outer nuclear layer (ONL), INL, and GCL, at 3-6 h after ONI (Figure 2b,
lower panel). Immunohistochemical studies of OSK (Figure S2) revealed similar patterns
in the real-time PCR and in situ hybridization.
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Figure 1. Upregulation of HSF1 (heat shock factor 1) mRNA in zebrafish retina after ONI (optic
nerve injury). (a) HSF1 mRNA expression levels after ONI were determined using quantitative
real-time PCR. (b) In situ hybridization of HSF1 in the zebrafish retina after nerve injury. HSF1
mRNA started to increase in the retina for 0.5 h and peaked at 6 h after ONIL. Its localization was
first seen in the GCLs (ganglion cell layers) and after the INLs (inner nuclear layers). Then, these
signals spread to all nuclear layers including the ONLs (outer nuclear layers) at 6 h and slightly
decreased at 24 h after ONL. (c) Immunohistochemical staining of HSF1 in the zebrafish retina
after ONL Significant immunostaining peaked at 3 to 6 h in all nuclear layers after ONI Data are
expressed as the mean + SEM of five independent experiments and analyzed by one-way ANOVA,
followed by Scheffe’s multiple comparisons. Statistical significance was set at * p < 0.05 or ** p < 0.01.
Scale bar = 50 um.
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Figure 2. Upregulation of the Yamanaka factors (OSK) in zebrafish retina after ONIL. (a) mRNA
expression levels of OSK after ONI were determined by quantitative real-time PCR (left, kif4; center,
oct4; right, sox2). (b) In situ hybridization of OSK in zebrafish retina after ONI. KIf4 mRNA expression
started to increase at 1 h and localized to the GCLs at 3 h after ONI. Oct4 mRNA signal was observed
in the GCL and strongly in the INL and ONL at 3 h, but this strong signal was seen in all nuclear
layers at 6 h after ONI. Sox2 mRNA expression was observed in all nuclear layers 3 h after ONI and
more prominent at 6 h. No positive signals could be seen with the sense probe (Sense). Five to six
experiments were repeated with different retinas under each experimental condition and produced
the same results. Data are expressed as the mean + SEM and analyzed by one-way ANOVA, followed
by Scheffe’s multiple comparisons. Statistical significance was set at * p < 0.05. Scale bar = 50 pm.

2.3. HSF1 Regulates Expression of OSK

We explored the relationship between HSF1 and the three Yamanaka factors, OSK,
because the expression of these genes was induced so rapidly in the retina. HSF1 mRNA
expression was increased over 100 times at 6 h after ONI compared with the level in the
control (Figure 1a). Therefore, we used morpholino (MO) to suppress HSF1 expression by
the method shown in Figure 3a. Intraocular injection of HSF1-specific MO was conducted
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20 h before ONI completely suppressed the increase of HSF1 mRNA in the retina 6 h
after ONI (Figure 3b). In addition, treatment with HSF1 MO completely suppressed
the upregulation of KIif4 mRNA (Figure 3c), Oct4 mRNA (Figure 3d), and Sox2 mRNA
(Figure 3e). Intraocular injection of standard morpholino (Std. MO) was not effective at
suppressing the ONI-induced increase in OSK mRNA (Figure 3b—e).
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Figure 3. Treatment of HSF1 MO (morpholino) significantly reduced the mRNA expression of Klf4,
Oct4, and Sox2 6 h after ONI. (a) HSF1 MO or standard MO (Std. MO) was injected intraocularly 20 h
before ONI. (b) HSF1 MO-treated group suppressed HSF1 mRNA expression compared to the Std.
MO-treated group. Under these conditions, the mRNA expression of Klf4 (c), Oct4 (d), and Sox2 (e)
was inhibited compared to the control (Std. MO) groups. Five experiments were repeated under each
experimental condition. Data are expressed as the mean £+ SEM of independent experiments and
analyzed by one-way ANOVA, followed by Scheffe’s multiple comparisons. Statistical significance
was set at * p < 0.05.
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2.4. ChIP Assay of OSK in Response to HSF1

To confirm the correlation between the induction of HSF1 expression after ONI and
the subsequent increase in OSK, we performed a ChIP assay by using retinal samples with
anti-HSF antibodies. After ONI, DNA samples were extracted from the intact retina (0 h)
or injured retina 6 h. These samples were immunoprecipitated with anti-HSF1 antibodies
and purified. ChIP-enriched DNA samples were amplified with several primer sets for
the encoding of OSK (Table S1), which have putative HSF1 binding regions (Figure S3).
Anti-HSF1 antibodies precipitated approximately 10-20 times more of the specific DNA
of each OSK gene than the IgG control did (Figure 4a, 6 h). No amplified products were
detected in the IgG control-treated group (Figure 4b, IgG) or the intact group (Figure 4a,
0 h).

(b)

’71 * K1f4

—

* Input ChIP IgG

* Oct4
Sox2

— —

Oh

6h Oh 6h Oh 6h
Klf4 Oct4 Sox2

Figure 4. ChIP-enriched DNA was prepared using preimmune serum (IgG) or anti-HSF1 antibody
from the control (0 h) or damaged zebrafish retina after ONI (6 h). (a) The immunoprecipitated
DNA of Kif4, Oct4, and Sox2 were analyzed by real-time PCR. Each ChIP signal was divided by
the no-antibody signals (IgG), representing the ChIP signals as the fold increase in signals relative
to the background signals. (b) Gel electrophoresis image using the ChIP samples. The input was
used as an internal positive control for the ChIP assay. Five to six experiments were repeated
with different retinas under each experimental condition. Data are expressed as the mean + SEM
of independent experiments and analyzed by one-way ANOVA, followed by Scheffe’s multiple
comparisons. Statistical significance was set at * p < 0.05.

3. Discussion
3.1. Rapid Activation of OSK via HSF1 Signaling in the Zebrafish Retina after ONI

We found that the gene expression of OSK was rapidly induced after ONI. Among
these three factors, KIf4 was expressed transiently (1-3 h) and its expression peaked at 1 h.
Meanwhile, Oct4 was expressed at 1-6 h and peaked at 3 h. Finally, Sox2 exhibited more
long-lasting expression and peaked at 6 h. Regarding the localizations of these molecules,
Klf4 was predominantly expressed in the GCL, while Oct4 and Sox2 were first localized in
the GCL and INL, and later extended to all nuclear layers including the ONL. Since the
gene expression of OSK was so rapidly activated within 1 h after ONI, we tested whether
preceding HSF1 directly regulated OSK expression. Injection of the HSF1-specific MO into
the eye before ONI markedly suppressed OSK gene expression (Figure 3). Furthermore,
as the promoter regions of the OSK genes have a consensus sequence that binds to HSF1
(see Figure S3), we performed a ChIP assay. Results of the ChIP analysis with anti-HSF1
antibodies showed that enrichment genomic OSK bind to HSF1. Thus, both the HSFI MO
treatment assay and the ChIP assay clearly showed that the OSK genes were all regulated by
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HSF1 (Figures 3 and 4). It is well-known that HSF1 and its target heat shock proteins (HSPs)
protect cells under various stresses [22,23,30-36]. However, a genome-wide study of the
biological stress response highlighted novel target genes of HSF1 other than HSPs [30,31].
HSF1, as a master transcription factor, was recently shown to activate many genes related to
various cell functions such as development, aging, and carcinogenesis [32-35]. It is possible
that OSK may also be the target of HSF1. Therefore, we concluded that HSF1 directly
regulated the gene expression of OSK in the fish retina 1 h after ONIL

3.2. Role of Yamanaka Factors in the Injured Retina at the Early Stage of Optic Nerve Regeneration

The serial activations of HSF1-OSK protect cells and maintain their viability after
ONI stress. The gene expression of HSF1 started to increase at 0.5 h, peaked at over
100-fold at 6 h, and was still maintained 24 h after ONL. This rapid and widespread retinal
expression of HSF1 is essential for cell survival in the acute phase after ONI. When HSF1-
MO was pre-injected and the optic nerve was injured under conditions of suppressed
HSF1 expression, numerous apoptotic cells were observed in all nuclear layers and the
retinal layered structure was severely disrupted (Figure S4). The long-lasting HSF1 gene
expression must induce the gene expression of cell survival factors such as IGF-1, Bcl-2, and
p-Akt 1-5 days after ONI [10,12,14]. Furthermore, the gene expression of OSK was induced
rapidly and at the same time after ONI (Figure 2). This rapid activation of Yamanaka factors
in the injured retina is also necessary for initializing transformation and maintaining cell
survival. Sox2 is a well-established marker of neural stem cells and progenitor cells [37-39].
In mammals, Sox2 is highly expressed in the neuroepithelium of the developing central
nervous system [39]. In injured zebrafish RGCs, the gene expression of Sox2 could be seen
at 1-24 h after ONI (Figure 2 and Figure S2). Retinal neurons have been reported to change
their properties in this early stage of optic nerve regeneration. The electrophysiological
data reported that spike activities were suddenly lost a few days after ONI [24,40], and then
hypertrophic change occurred in fish RGCs [41,42]. These changes indicate that injured
RGCs in fish may initiate neural stem cell-like transformation. The other INL and ONL
cells also expressed Sox2 strongly, as late as 6 h after ONI (Figure 2 and Figure S2). At
present, we think that all retinal neurons transformed into neural stem-like cells under
strong HSF1 signals in all nuclear layers at 6 h after ONI. However, future studies are
needed to confirm this. Recently, Lu et al. demonstrated that overexpression of the OSK
genes in the mouse eye using a viral vector could increase the survival of RGCs, partially
regenerate optic axons, and recover vision [43]. This is because the expression of OSK
can reset DNA methylation of the gene, allowing the retinal neuron to regain its young
state. Interestingly, they also showed that if one of the three OSK factors was missing, the
regenerative effect was lost [43]. In our zebrafish retina, the genes encoding these Yamanaka
factors were all spontaneously and rapidly activated at the same time of 1 h after ONI, but
their expression peaks and durations were slightly different (Figure 2). An in vivo model
of OSK activity/expression in the fish retina after ONI would be useful for the next step
of addressing the relationship between OSK genes and their target gene expression. The
present study clearly showed that the rapid serial activations of HSF1-Yamanaka factors
contribute to cell survival and the induction of neuronal stem cells in injured fish retina
immediately after ONIL.

4. Materials and Methods
4.1. Animals

Adult zebrafish (Danio rerio; 3-4 cm in length) were used in this study. The zebrafish
were anesthetized with 0.02% MS222 (Sigma-Aldrich, St. Louis, MO, USA) in 10 mM
phosphate-buffered saline (PBS; pH 7.4). Under anesthesia, the optic nerves on both sides
were carefully crushed with forceps 1 mm posterior to the eyeball to create an “injured
retina”. Then, the fish were reared in water at 28 °C until the appropriate timepoints. All
animal care was performed in accordance with the guidelines for animal experiments of
Kanazawa University. Special care was taken to minimize the suffering of the fish.
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4.2. Tissue Preparation

Retinal samples were prepared for histological analysis at specific timepoints following
ONI. Briefly, the eyes were enucleated, bisected, and fixed in 4% paraformaldehyde solution
containing 0.1 M phosphate buffer (pH 7.4) and 5% sucrose for 2 h at 4 °C. After infiltration
with increasing concentrations of sucrose (5-20%), followed by overnight incubation in
20% sucrose at 4 °C, the tissues were embedded in Optimal Cutting Temperature (OCT)
compound (Sakura Fine Technical, Tokyo, Japan) and sectioned at a thickness of 12 pum.

4.3. Total RNA Extraction and cDNA Synthesis

Fish were killed by an overdose (0.1%) of MS222 in PBS at appropriate timepoints after
ONIL. For total RNA extraction, we used Isogen (Nippon Gene, Tokyo, Japan), in accordance
with the manufacturer’s instructions. Total RNA samples from each timepoint or treatment
were subjected to first-strand cDNA synthesis using a Transcriptor High Fidelity cDNA
Synthesis Kit (Roche, Mannheim, Germany).

4.4. Quantitative Real-Time PCR

Quantitative real-time PCR was performed with FastStart Essential DNA Probes
Master or Green Master Mix (Roche, Mannheim, Germany) using a LightCycler 96 (Roche).
On the basis of the zebrafish cDNA sequences (see Table S1), gene-specific primers were
created by Probe Finder using Universal Probe Library (Roche, Mannheim, Germany). The
expression levels were analyzed by the AACt method, using glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) as a reference gene. The accession numbers for the genes, DNA
sequences of the primer pairs, and lengths of the PCR products used in each experiment
are shown in Table S1.

4.5. Immunohistochemistry

Retinal sections from zebrafish were incubated at 121 °C for 10 min in 10 mM citrate
buffer. Following washing and blocking, sections were incubated with primary antibodies
overnight at 4 °C (HSF1, 1:300; Sox2, 1:500; Oct4, 1:500; Kl1f4, 1:200). Following incubation
with a biotinylated secondary antibody (Vector Laboratories, Burlingame, CA, USA) for
2 h at room temperature, bound antibodies were detected using horseradish peroxidase
(HRP)-conjugated streptavidin and 3-amino-9-ethyl carbazole (AEC; Nichirei Biosciences
Inc., Tokyo, Japan).

4.6. In Situ Hybridization

In situ hybridization was carried out as previously described [15]. Briefly, tissue
sections were rehydrated and treated with 5 mg/mL proteinase K (Invitrogen, CA, USA)
at room temperature for 5 min. After acetylation and prehybridization, hybridization
was performed with cRNA probes labeled with digoxigenin in a hybridization solution
overnight at 42 °C. The following day, the sections were washed and treated with 20 mg/mL
RNase A at 37 °C for 30 min. To detect the signals, the sections were incubated with an
alkaline phosphatase-conjugated anti-digoxigenin antibody (Roche, Rotkreuz, Switzerland)
overnight at 4 °C and visualized with tetrazolium-bromo-4-chloro-3-indolylphosphate
(Roche) as the substrate.

4.7. Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed using the MAGnifity Chro-
matin Immunoprecipitation System (Thermo Fisher Scientific, Waltham, MA, USA), in
accordance with the manufacturer’s instructions. Briefly, retinal samples were homog-
enized and linked in 1% formaldehyde for 10 min at room temperature, and 100 mM
glycine was added to stop the reaction, followed by washing with cold PBS three times.
After centrifugation and ultrasonication using a Bioruptor ultrasonic homogenizer (BM
Equipment Co. Ltd., Tokyo, Japan), samples were incubated with magnetic protein A/G
beads conjugated with anti-HSF1 (Millipore, CA, USA) or normal IgG, and kept overnight
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at 4 °C. After immunoprecipitation and washing, the genomic DNA associated with HSF1
was purified and quantified by SYBR Green-based quantitative real-time PCR using the
primer sets shown in Table S1. All primer sets were designed to contain the predicted HSF1
binding region. ChIP dilution buffer was used as a negative control and DNA from the
total input was used as an internal positive control.

4.8. Intraocular Injection of HSF1 Morpholino to Zebrafish Eye

Vivo-Morpholino (MO) was designed to inhibit the expression of the zebrafish heat
shock factor 1 gene via the following sequence: 5'-AGTTTAGTGATGATTTCTGACGGTA-
3. A standard vivo-MO (5'-CCTCTTACCTCAGTTACAATTTATA-3’) was used as a control.
All MOs were purchased from GeneTools (Philomath, OR, USA). The MOs were injected
into the eye with a Hamilton 33G neuron syringe. Twenty hours after the injection of
0.75 pL of MO solution (0.5 mM) into the eye, the optic nerve was crushed.

4.9. Statistical Analysis

To evaluate the mRNA expression of HSF1, Sox2, Oct4, and Klf4, their levels were
expressed as the mean = SEM and the significance of differences was evaluated by one-way
ANOVA. Significance was determined at p < 0.05 with IBM SPSS Statistic software.

5. Conclusions

HSF1 mRNA was immediately upregulated in the zebrafish retina after ONI. The acute
expression of HSF1 directly regulated the expression of Yamanaka factors, which might
dedifferentiate retinal neurons at the early stage of optic nerve regeneration after ONL
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Abstract: It is extremely difficult to achieve functional recovery after axonal injury in the adult central
nervous system. The activation of G-protein coupled receptor 110 (GPR110, ADGRF1) has been shown
to stimulate neurite extension in developing neurons and after axonal injury in adult mice. Here,
we demonstrate that GPR110 activation partially restores visual function impaired by optic nerve
injury in adult mice. Intravitreal injection of GPR110 ligands, synaptamide and its stable analogue
dimethylsynaptamide (A8) after optic nerve crush significantly reduced axonal degeneration and
improved axonal integrity and visual function in wild-type but not gpr110 knockout mice. The retina
obtained from the injured mice treated with GPR110 ligands also showed a significant reduction in
the crush-induced loss of retinal ganglion cells. Our data suggest that targeting GPR110 may be a
viable strategy for functional recovery after optic nerve injury.

Keywords: synaptamide; A8; axonal degeneration; retinal ganglion cells; neuronal survival; optic
nerve crush; visual evoked potential

1. Introduction

CNS injuries in adulthood are difficult to repair [1]. In particular, the inherently
low axon growth capacity of mature neurons [2] along with neuronal cell death caused
by injury [3,4] hinder the development of recovery strategies for functional restoration.
Although limited, the regeneration and repair of the optic nerve system have been demon-
strated by manipulating genes or signaling pathways to stimulate the intrinsic develop-
mental program for axon growth or to promote neuronal survival [5-8]. In addition, the
induction of cyclic adenosine monophosphate (cAMP) signaling has been proposed to
be a promising strategy to stimulate axon growth [9-11]. We have demonstrated that
N-docosahexaenoylethanolamine (synaptamide), an endogenous metabolite of docosahex-
aenoic acid (DHA, 22:6n-3), potently promotes neurite outgrowth and synaptogenesis in
developing neurons by binding to the G-protein coupled receptor 110 (GPR110, ADGRF1)
and increasing cAMP [12,13]. Recently, we have demonstrated that this developmental
mechanism for neurite outgrowth is applicable to a repair strategy for axonal injury in
the adult stage, as GPR110 is upregulated after injury [14,15]. For example, activating
GPR110 using its ligands stimulated axonal extension following optic nerve injury [14] and
improved the optic nerve axonal pathology and visual dysfunction caused by a traumatic
brain injury (TBI) in adult mice [15]. In this study, we investigated whether ligand-induced
GPR110 activation can improve visual function and axonal integrity impaired by crush-
induced optic nerve injuries in adult mice.
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2. Results
2.1. Synaptamide Stimulates Axon Regeneration after ONC

We have previously demonstrated that GPR110 ligands, synaptamide and A8 stim-
ulate axon extension in injured optic nerves [14]. At 3 weeks after ONC, synaptamide
treatment dose-dependently increased GAP43 staining, indicating that axon regeneration
was stimulated (Figure 1A,B). CTB labeling was detected together with GAP43-positive
staining in injured axons when treated with synaptamide, indicating that regenerating ax-
ons at least in part contributed to synaptamide-induced axon extension after the injury. The
mass spectrometric analysis of synaptamide in the eye indicated that the synaptamide level
decreased by 20% from the initially injected amount at 1 h after the injection, and further
decreased by nearly 80% at 24 h (Figure 1C). Nevertheless, a single intravitreal injection
of synaptamide at 2.5 mg/kg appeared to be effective to trigger axonal regeneration and
extension during the subsequent 3 weeks of recovery in the injured animals (Figure 1A,
bottom). A more stable and effective ligand, A8 [14,15], also showed a time-dependent
decrease, but to a lesser extent.
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Figure 1. Intravitreal injection of synaptamide stimulates axon regeneration and extension after injury.
(A). Synaptamide dose-dependent axon regeneration indicated by GAP43 staining of optic nerve
(top), and synaptamide (2.5 mg/kg)-induced GAP43-positive regenerating axons (green) and axonal
extension indicated by CTB labeling (red) at 3 weeks after ONC (bottom) compared to the vehicle-
treated control (middle). Longitudinal sections through the optic nerve were collected at 3 weeks
after ONC and regenerating axons were visualized by immunostaining for GPA-43, a regenerating
axon marker (top). On the third day prior to euthanasia, the animals were injected with CTB-Alexa
Fluor 555-conjugated cholera toxin subunit B (CTB, red) as an anterograde tracer to visualize axons
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in the optic nerve originating from RGCs (bottom). Lesion sites were marked by asterisks (*). Scale bar,
100 um. An enlarged view around the white arrow is shown as the boxed area, indicating overlapping
signals of GAP-43 and CTB. Scale bar, 20 um. (B). The fluorescent intensities of GAP-43 staining
shown in ((A) top) were quantified by setting the whole captured image as the region of interest. The
signal intensity was shown relative to the control group. Data are expressed as mean + s.em. (n =3
per group). ** p < 0.01, *** p < 0.001. (C). The time course of synaptamide and A8 detected in the eye.
Synaptamide (2.5 mg/kg) or A8 (0.3 mg/kg) intravitreally injected were detected by tandem mass
spectrometry. The data are expressed as mean + SD (1 = 3).

2.2. GPR110 Activation by Synaptamide or A8 Treatment Leads to Partial Restoration of Visual
Activity Impaired by ONC

The functional outcome of GPR110 activation was determined by evaluating the effect
of synaptamide and A8 treatment on visually evoked potentials (VEPs) [16]. At 12 weeks
after ONC, a drastic reduction in VEP amplitude was observed in the animals treated
with the vehicle, indicating that ONC caused vision impairment (Figure 2). Remarkably,
a single intravitreal injection of synaptamide (2.5 mg/kg) or A8 (0.03 mg/kg) following
injury improved their visual function, showing partial restoration of the VEP amplitude
with a normalized VEP wave (Figure 2A). In gpr110 KO mice, however, synaptamide or
A8 injection did not reverse the reduction in VEP amplitude caused by ONC (Figure 2B),
indicating that the observed in vivo effect of synaptamide and A8 on the functional outcome
was mediated by GPR110. The improvement of VEP amplitude was not shown when the
injured WT mice were treated with OEA (2.5 mg/kg), which was used as a bio-inactive
lipid control for synaptamide. The electroretinogram (ERG) of WT and gpr110 KO mice
indicated no significant effect of either injury or treatment (Figure 2C).
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Figure 2. Intravitreal injection of synaptamide or A8 GPR110 dependently improved visual function
impaired by ONC. (A,B), Representative VEP responses (top) and the mean amplitude (bottom)
measured at 12 weeks after ONC in sham (blue), vehicle- (green), synaptamide- (red), A8-(orange)
or OEA-injected (purple) C57BL/6 WT and gpr110 KO mice. ONC caused a drastic reduction in
VEP compared to sham animals (83.3 + 5.5 uV). At 12 weeks, WT mice injected with synaptamide
(2.5 mg/kg) or A8 (0.03 mg/kg) showed improvement of VEP amplitude, but the gpr110 KO group
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Relative signal intensity

did not show the same improvement. The improvement in the VEP amplitude was not shown in
OEA-injected WT mice. Full-field flash VEP was elicited under light-adapted conditions (10 cd-s/ m?).
(C) ERG measurements at 12 weeks after ONC, showing no effects of the injury or treatment in either
WT and gpr110 KO mice. Data are expressed as mean =+ s.e.m. (n = 7), representing two independent

L

experiments. *** p < 0.001. n.s., not significant.

2.3. ONC-Induced Loss of RGC Axons at the Brain Target was Partly Prevented by the Treatment
with GPR110 Ligands

The observed partial recovery of VEP function by the treatment with GPR110 lig-
ands suggests that at least some RGC axons successfully achieved or maintained target
innervation in the brain. The axon innervation to the lateral geniculate nucleus (LGN), the
brain target of RGC axons, was visualized by anterograde CTB labeling. At 12 weeks after
injury, the axon labeling at LGN was clearly missing in animals injured by ONC (Figure 3),
indicating that ONC caused the degeneration of distal axons. The axon labeling at the
target partially reappeared after the treatment with synaptamide or A8 in WT, but this
effect was not observed in gpr110 KO, which is consistent with the GPR110-dependent
partial restoration of visual function observed in Figure 2.

WT:Sham KO:Sham KO:Sham
L
o LGN

WT:ONC+Vehicle WT ONC+Vehicle KO:ONC+Vehicle KO:ONC+Vehicle

KO ONC+Syn E WT, ONC+A8 KO, ONC+A8

LGN
LGN

Figure 3. Intravitreal injection of GPR110 ligands partly prevented the ONC-induced loss of optic

nerve axons at the target. (A) Schematic representation of a brain section depicting the visual system
labeled by the CTB injection. The axons of retinal ganglion cells exit the eye via the optic nerve
(ON) and project to the contralateral lateral geniculate nucleus (LGN) through the optic tract (OT).
(B) The CTB fluorescent intensities were quantified by setting the whole captured image as the region
of interest. The signal intensity was shown relative to the WI-sham group. Data are expressed as
mean =+ s.em. (n =4 per group). *** p < 0.001. (C-E) Representative micrographs showing axon
projection to the contralateral LGN region of the brain. Anterograde axon tracing of regenerated
optic nerves was performed by injecting CTB conjugated to Alexa 555 on the third day prior to the
scheduled euthanasia at 12 weeks after ONC. The CTB labelling that was not observed in the brains
after ONC (C) was detected in synaptamide- or A8-injected injured WT (D), but not in gpr110 KO
mice (E). The micrographs of four individual mouse brains per each group are shown with DAPI
counterstaining. LGN, lateral geniculate nucleus. Cx, cortex. Th, thalamus. He, hippocampus. Scale
bars, 100 um. n.s., not significant.
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2.4. Optic Nerve Myelination Status Degraded after ONC Was Improved by Synaptamide or
A8 Treatment

To determine the integrity of the optic nerve in relation to the functional outcome,
the myelination status was evaluated for the optic nerve tissues collected from the ani-
mals in which VEP and ERG were measured at the end of the 12-week recovery period
(Figure 4). ONC appeared to cause myelin degradation, as the myelin basic protein (MBP)
immunostaining in the cross-section of the optic nerve fibers was markedly decreased
after ONC (Figure 4A,B). The level of oligodendrocyte marker proteins, MBP, CNPase and
O2 in the optic nerve tissues was also significantly decreased after ONC (Figure 4C,D),
indicating that ONC caused the degradation of oligodendrocytes that are responsible for
the myelination of neuronal axons. The treatment with synaptamide or A8 partly, but
significantly, prevented the loss of these proteins at 12 weeks post-injury, indicating that
these GPR110 ligands improved the myelination status.
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Figure 4. ONC-induced degradation of optic nerve myelination was partially prevented by synap-
tamide or A8 treatment. (A) Cross section of the optic nerve immunostained for MBP indicates the
loss of the axon structure at 12 weeks after ONC, which is partially reversed by synaptamide or
A8 injection. (B) The fluorescent intensities of MBP staining were quantified by setting the whole
captured image as the region of interest. The signal intensity was shown relative to the sham control
group. (C,D) Immunoblot of myelination marker proteins, MBP, CNPase and O2 from optic nerves
collected at 12 weeks after ONC from sham and vehicle-, synaptamide- or A8-treated group (C), with
quantitative results normalized by GAPDH from three mice per group (D). Data are expressed as
mean =+ s.em. (n = 3), representing two independent experiments. ** p < 0.01, *** p < 0.001. Scale bar,
10 pm.

2.5. GPR110 Ligands Improved Structural Integrity of Axons Deteriorated by ONC

Because myelin degradation has been shown to accompany cytoskeletal disintegration
of distal axons after injury [17], we also examined the ultrastructure of the optic nerves
by electron microscopy (Figure 5). The electron micrographs of the injured optic nerves
showed a severely disorganized structure with a drastically reduced axon number and
apparent penetration of astrocytic processes. Synaptamide or A8 treatment significantly
increased the total axon numbers in WT, but not in gpr110 KO animals (Figure 5A,B). The
thickness of the myelin sheath was also significantly decreased after ONC, as indicated by
the increased g-ratio [18]. However, this increase in the g-ratio was reversed by synaptamide
or A8 treatment (Figure 5C-E). These data indicated that the structural integrity of axons
deteriorated by injury can be reversed by ligand-induced GPR110 activation.
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Figure 5. Structural integrity of axons deteriorated by ONC was improved by treatment with GPR110
ligands. (A,B) Transmission electron microscopic images show cross sections of the optic nerves from
sham and vehicle-, synaptamide- or A8-treated WT or gpr110 KO mice at 12 weeks after ONC (A),
and the quantitation of the total axon number per field (B). Data are expressed as mean + s.e.m. of
the total 9 sections (3 sections per mouse) from 3 mice per group. (C-E) Electron microscopic images
show the thickness of the myelin sheath of the axon fibers at 12 weeks after ONC (C) and the scatter
plot for the g-ratio (the ratio of the inner to the outer diameter of the myelin sheath) as a function
of axon diameter (D), along with the average g-ratio for the sham (blue), ONC + vehicle (grey),
ONC + synaptamide (red) and ONC + A8 (orange) groups (E). Data are expressed as mean =+ s.e.m.
of the total 114 axons from 6 mice per group. *** p < 0.001. Scale bars, 2 um (A) and 100 nm (C). n.s.,
not significant.

2.6. RGC Loss after ONC Was Alleviated by Synaptamide or A8 Treatment

We also examined the surviving RGCs in the retina collected from the animals after
VEP and ERG were measured at the end of the 12-week recovery period (Figure 6). The 3-III
tubulin-positive RGC neurons and neurites significantly decreased after ONC (Figure 6A,B),
as has been reported earlier [19,20]. The ONC-induced loss of RGCs and neurites was
partially rescued by the intravitreal injection of synaptamide or A8.
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Figure 6. ONC-induced RGC loss was alleviated by synaptamide or A8 treatment. (A,B) Confocal
images of whole mount retina where RGCs were visualized by b-III tubulin (green) and DAPI (blue)
at 12 weeks post-ONC (A), indicating significantly greater numbers of neurons and neurites after
synaptamide or A8 treatment compared to the vehicle-treated ONC control (B). A representative
image from the red-outlined boxed region is also shown with higher magnification ((A), bottom). The
number of b-III tubulin-positive RGC neurons and total neurite length were quantified for 4 fields
(boxed regions) per retina from three animals (B). Scale bars in (A), 400 um (top), 20 um (bottom).
***p < 0.001.

3. Discussion

In this study, we demonstrated the GPR110-dependent restoration of the visual func-
tion impaired after optic nerve injury in adult mice. The treatment with GPR110 ligands
after optic nerve crush injury at least partially prevented axonal degeneration and RGC
loss, improving visual function.

GPR110, an adhesion GPCR that has recently been deorphanized as the target recep-
tor of synaptamide [12], mediates neurogenic, neuritogenic and synaptogenic activity in
developing neurons through the activation of cAMP /PKA signaling [21]. We have recently
demonstrated that GPR110 expression in RGCs is rapidly induced after optic nerve injury,
and that activating GPR110-mediated cAMP/PKA signaling, a developmental mecha-
nism of stimulated axon growth, enables the extension of injured axons in adulthood [14].
Similarly, it has been previously shown that cAMP /PKA signaling can regulate neuronal
regenerative capacity [22], and by priming with neurotrophins, the axon growth inhibitory
signals derived from CNS glia around the injury site can be overcome in a cAMP- and
PKA-dependent manner [23]. Axon regeneration observed after synaptamide treatment
(Figure 1) is consistent with the reported cAMP-dependent regenerative capacity, since
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synaptamide is an endogenous ligand to GPR110 that activates cAMP/PKA signaling.
Considering synaptamide’s potent neuritogenic activity with IC50 at a low nanomolar
range [12], a local concentration of synaptamide from a single injection of synaptamide at
2.5 mg/kg may be sufficient to trigger axon repair in the early stage of injury and stim-
ulate axonal regeneration during the subsequent recovery period. The drastic reduction
in VEP observed after ONC (Figure 2) was accompanied by the nearly absent optic nerve
innervation at LGN, the target area for RGC axons in the brain (Figure 3), together with the
significant degeneration of optic nerve axons (Figures 4 and 5). When injured animals were
treated with GPR110 ligands, synaptamide or A8, the structural integrity of axons post in-
jury was improved (Figures 4 and 5), and optic nerve axons were detected in LGN (Figure 3)
in a GPR110-dependnet manner. The axonal degeneration alleviated through the activation
of cAMP /PKA signaling by specifically targeting GPR110 may have facilitated the partial
restoration of visual function. Given that GPR110 plays an important role in developmental
neurite outgrowth, the lack of GPR110 may have affected RGC axonal outgrowth during
development. However, the total RGC axon number per field (Figure 6A,B), as well as
the VEP amplitude (Figure 2), appeared to be similar between WT and KO sham animals,
suggesting that unlike the injury situation, other mechanisms for axonal outgrowth can
compensate in the long run for the developmental deficit caused by the lack of GPR110
activation.

Axonal injury caused by ONC is known to be mild. It has been reported that RGC
survival of greater than 40% can be achieved depending on the severity of the crush [24]. It
has also been reported that the loss of RGC soma is not required for axon degeneration.
We observed more than 10% of the total RGCs were still spared at 12 weeks after injury
(Figure 6). It is noteworthy that GPR110 activation by its ligands improved the survival
of RGC neurons after the optic nerve injury (Figure 6). In addition to stimulating axon
growth after injury, it is possible that GPR110 activation that elevates the cAMP level may
have a specific role in survival/death signaling to help preserve injured neurons, especially
when target-derived trophic support is absent after ONC. Similarly, it has been reported
that cAMP analogues can promote neuronal survival and neurite outgrowth independently
of nerve growth factors [25]. The timely repair of injured axons by the activation of
GPR110/cAMP signaling may have prevented the death of neurons traumatized by ONC,
preserving their capacity to sprout neurites to form new synapses for signal transmission.
In such a case, the rapid induction of GPR110 in RGCs after injury that has been previously
observed [14] may be an intrinsic mechanism for preserving RGCs and stimulating axon
growth through activating GPR110/cAMP signaling. Further studies will be required to
fully understand the mechanisms underlying GPR110-derived trophic signals for RCG
survival after injury.

The effect of synaptamide and its stable analogue A8 was observed with a single
treatment after ONC, suggesting that GPR110 activation in an early stage of injury can
mitigate RGC death (Figure 6) and axon degradation (Figures 4 and 5), and thus help
preserve visual function (Figure 2). The partial restoration of VEP function observed in the
present study (Figure 2) is a rare demonstration of successful functional recovery after CNS
injury. After spinal cord injury, improvement of motor function has been demonstrated
with pharmacologic intervention to decrease scarring using chondritinase ABC [26] or the
microtubule-stabilizing drug epothilone B [27]. Although clinically inapplicable, combina-
tion treatment with the inflammation-inducer zymosan and a cAMP analog, along with
pten deletion to reactivate the growth potential, was also shown to trigger partial restora-
tion of functional responses after optic nerve injury [20]. To the best of our knowledge,
the pharmacologic activation of GPR110 by its ligands represents the first demonstration
of functional improvement with translational potential following optic nerve injury. It
is also noteworthy that the activation of GPR110/cAMP signaling has been shown to
suppress neuroinflammation caused by traumatic brain injury [15] or endotoxin adminis-
tration [28], indicating the possibility that these GPR110 ligands may be similarly effective
in ameliorating inflammation-associated neuropathological conditions such as ischemia
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and Alzheimer’s disease. Further investigation is warranted to find an optimal and prac-
tical therapeutic time window for a treatment strategy based on ligand-induced GPR110
activation.

In summary, our data indicate that GPR110 activation by synaptamide or its stable
analogue A8 promotes RGC survival after optic nerve injury, preserves axonal integrity
and enables at least partial recovery of visual function. Our findings demonstrate a novel
restoration strategy for injured axons by activating GPR110 using its ligands synaptamide
or A8. We propose that synaptamide and its stable analogue may have therapeutic potential
for patients who have suffered an optic nerve injury, offering a new translational possibility
for CNS injuries.

4. Materials and Methods
4.1. Animals

Timed pregnant female C57BL/6 mice were obtained from the NIH-NCI animal pro-
duction program or Charles River Laboratories (Portage, MI, USA), and GPR110 (adhesion
G protein-coupled receptor F1: Adgrfl) heterozygous mice with a C57BL/6 background
were generated by the Knockout Mouse Project (KOMP) Repository. The animals were
housed in the SPF facility and gpr110 KO mice and matching WT were generated by
heterozygote mating in the NIAAA animal facility. All experiments were carried out in
accordance with the guiding principles for the care and use of animals approved by the
National Institute on Alcohol Abuse and Alcoholism (LMS-HK13).

4.2. Optic Nerve Crush (ONC)

Mice at 2 months of age were anesthetized by an injection of ketamine (100 mg/kg, i.p.)
and xylazine (10 mg/kg, i.p.). Under a binocular operating scope, a small incision was made
with spring scissors (cat. #RS-5619; Roboz, Gaithersburg, MD, USA) in the conjunctiva
beginning inferior to the globe and around the eye temporally. Caution was taken, as
making this cut too deep can result in cutting into the underlying musculature (inferior
oblique, inferior rectus muscles or the lateral rectus) or the supplying vasculature. With
micro-forceps (Dumont #5/45 forceps, cat. #RS-5005; Roboz), the edge of the conjunctiva
next to the globe was grasped and retracted, rotating the globe nasally, which exposed the
posterior aspect of the globe, allowing visualization of the optic nerve. The exposed optic
nerve was grasped approximately 1-3 mm from the globe with Dumont #N7 cross-action
forceps (cat. #RS-5027; Roboz) for 5 s to apply pressure on the nerve by the self-clamping
action. The Dumont cross-action forceps were chosen because their spring action applied a
constant and consistent force to the optic nerve. During the 5 s clamping, we were able to
observe mydriasis. After 5s, the pressure on the optic nerve was released and the forceps
removed, allowing the eye to rotate back into place. The ONC operation was performed on
one eye for each mouse.

4.3. Intravitreal Administration of Synaptamide or A8

Synaptamide (2.5 mg/kg), N-oleoylethanolamine (OEA, 2.5 mg/kg), A8 (0.03 mg/kg)
or the vehicle (DMSO) were intravitreally injected immediately after ONC while the mice
were still under anesthesia. The experimenter was blinded to the identity of the compounds,
including the vehicle. Before the injection of the compounds, PBS was applied to clean
the cornea. A pulled glass micropipette attached to a 10 uL Hamilton syringe was used to
deliver 2 pL of a solution into the vitreous chamber of the eye, posterior to the limbus. Care
was taken to prevent damage to the lens. The pipette was held in place for 3 s after the
injection and slowly withdrawn from the eye to prevent reflux. Injections were performed
under a surgical microscope to visualize pipette entry into the vitreous chamber and to
confirm the delivery of the injected solution.
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4.4. Anterograde Labeling

On the third day prior to euthanasia at 3 weeks after the injury or within a few days
after testing visual function at 12 weeks post injury, the animals were intravitreally injected
with CTB-Alexa Fluor 555-conjugated cholera toxin subunit B (CTB, Life Technologies, CA,
USA) as an anterograde tracer to visualize axons in the optic nerve that originated from
RGCs.

4.5. Visual-Evoked Potentials (VEP) and Electroretinogram (ERG)

The VEP and ERG were recorded using an Espion Electrophysiology System (Di-
agnosys, LLC, MA, USA), as described earlier [29]. At 12 weeks after ONC, the mice
were anesthetized by an intraperitoneal injection of ketamine (100 mg/kg) and xylazine
(10 mg/kg). Pupils were dilated with 1% tropicamide and 2.5% phenylephrine and mice
were placed on a heated platform with their head covered by the Ganzfeld dome with the
uninjured eye covered. A reference needle electrode was inserted in the lower lip, while
the ground electrode was inserted in the tail. For VEP recording, the test electrode was
subcutaneously inserted medially on the head such that it was in contact with the skull
over the visual cortex. Eyes were stimulated by the flash stimuli of white light generated
by the ColorDome Ganzfeld that had an intensity of 10 cd-s/m?, with each set including
100 sweeps. Three sets of readings were recorded and averaged to obtain the amplitude
and latency (implicit time) of the N1 component (the first negative peak: P1-N1). Standard
ERG was recorded according to the photopic protocol [30], as described earlier [29]. After
applying a drop of topical petroleum ophthalmic ointment, a gold wire loop electrode was
placed in the center of the cornea, a reference electrode in the forehead, and a grounding
electrode in the tail, and responses were recorded for 0.3 s after each stimulation. After the
test, the electrodes were removed, and the mice were transferred to their home cage on a
heating pad and allowed to regain consciousness and housed until further analysis.

4.6. Electron Microscopic Analysis

Shortly after the VEP measurements at 12 weeks after injury, the mice were anes-
thetized by an intraperitoneal injection of a lethal dose of ketamine/xylazine, and quickly
perfused with a fixative that contained 4% paraformaldehyde, 2.5% glutaraldehyde, 0.13 N
NaH4POy, and 0.11 M NaOH, at pH 7.4. Optic nerve tissues were collected and fixed in
PBS-buffered 2.5% glutaraldehyde and 0.5% osmium tetroxide, dehydrated, and embedded
into Spurr’s epoxy resin [31]. Ultrathin sections (90 nm) were taken from the optic nerve
approximately 100-500 um from the legion, double-stained with uranyl acetate and lead
citrate, and viewed in a JEOL JEM 1010 transmission electron microscope equipped with a
digital imaging camera. EM images were taken for samples from 6 mice per each group and
analyzed by NIH Image J software. The g-ratio (quotient axon diameter/fiber diameter) of
each axon was calculated by the perimeter of axons (inner) divided by the perimeter of the
corresponding fibers (outer) [32].

4.7. Whole Mount Retina Staining and RGC Survival Quantification

Eyes were dissected from PFA-perfused animals and left in 4% PFA for an additional
hour. Whole-mount immunostaining was performed using anti-3-III tubulin (Cell signaling,
1:500) with DAPI counterstaining. Retinas were mounted onto coverslips in mounting
medium (FluorSave) and imaged with a Zeiss LSM700 confocal microscope and images
were acquired from 4 representative fields per retina. For each field, 4 stacked images in
each perpendicular direction were acquired. The number of RGCs and neurite length were
measured using Metamorph and Image ] software by an observer masked to the treatment
and genotype.

4.8. Immunohistochemistry

At 3 or 12 weeks after ONC, tissues were collected after perfusion for immunostaining.
Frozen sections (25 um thickness) were prepared using a cryostat microtome (Leica, Deer
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Park, IL, USA ) and fixed in 4% PBS-buffered paraformaldhyde solution, and permeabilized
using 0.3% Triton-X 100 and 3% goat serum in PBS for immunostaining. Tissue samples
were incubated with primary antibodies diluted in PBS that contained 3% goat serum at
4 °C overnight. The primary antibodies used were rabbit anti-GAP43 (1:500, Cell Signaling,
Denve, MA, USA), anti-3-1II tubulin (1:500, Cell signaling) and anti-MBP (1:500, Cell
signaling). After washing 3 times with PBS, the samples were incubated with Alexa Fluor
488 (1:200, green) or Alexa Fluor 555 secondary antibody (1:200, red) (Molecular Probes,
Waltham, MA, USA) for 1 h at room temperature. The samples were mounted in fluoro
mounting medium (Millipore, Burlington, MA, USA) and images were taken with a Zeiss
LSM700 confocal microscope (Kuehnstrasse, Hamburg, Germany). The fluorescence images
were analyzed using Image] from the National Institute of Health (Bethesda, MD, USA) to
analyze the fluorescence intensities of the tissues compared with that of the control after
subtracting the background value.

4.9. Western Blot

WT or gpr110 KO mice were intracardially perfused with phosphate-buffered saline
(PBS) to clear their blood before the brains were removed. Optic nerve tissues were dissected
out and homogenized in ice-cold solubilization buffer (25 mM Tris pH 7.2, 150 mM NaCl,
1 mM CaCly; 1 mM MgCl,) that contained 0.5% NP-40 (Thermo Scientific, Waltham, MA,
USA) and protease inhibitors (Sigma, St. Louis, MI, USA). The protein concentrations
of the lysates were determined by microBCA protein assay (Pierce, Rockford, IL, USA).
The samples for SDS-PAGE were prepared at a 1 pug protein/uL concentration using 4X
SDS-PAGE bulffer (Lifetechnology, San Mateo, CA, USA) and 20 ug of protein was loaded
onto each well. Proteins were separated by SDS-PAGE on 4-15% polyacrylamide gels
(Lifetechnology, CA, USA) and transferred onto a PVDF membrane (Lifetechnology, CA,
USA). After treating with a blocking buffer that contained 0.01% Tween-20, 10% BSA
(Lifetechonolgy, CA, USA) for 1 h at room temperature, blots were incubated with primary
antibodies diluted in blocking buffer (anti-O, 1:1000, Millipore, anti-MBP 1:1000, Abcam
(Waltham, MA, USA), anti-CNPase 1:1000 and rabbit anti-GAPDH 1:1000, Cell Signaling,
CA, USA) overnight at 4 °C, followed by HPR-conjugated secondary antibodies (1:5000,
Cell Signaling, CA, USA) for 1 h at room temperature. Detection was carried out using the
KODAK Imaging System (Molecular Dynamics, Sunnyvale, CA, USA).

4.10. Determination of the Synaptamide and A8 Level

Synaptamide and A8 were analyzed by reversed phase liquid chromatography cou-
pled to high-resolution tandem mass spectrometry, using a Thermo Scientific Q-Exactive
mass spectrometer as described earlier [15]. Briefly, the mice were intravitreally injected
with a mixture of synaptamide and A8. At 1 and 24 h after the injection, the mice were
perfused with 1x PBS, and the injected eyes were collected and homogenized in a wa-
ter/methanol (1:1) mixture that contained 2 uM URB597 (a fatty acid amide hydrolase
inhibitor) and 50 ug/mL butyl hydroxytoluene (BHT) (Sigma-Aldrich, St. Louis, MO,
USA, cat# W218405). The homogenate was brought to BHT-methanol/water (7:3) and cen-
trifuged for 20 min at 4 °C, after the addition of a mixture of deuterated internal standards
of d4-synaptamide and dg¢-A8. The supernatants were loaded onto a Strata-X polymeric
C18 reverse-phase SPE cartridge (33 um, 30 mg/mL, Phenomenex, Torrance, CA, USA)
that was equilibrated with water. After washing with water, the samples were eluted with
2.5 mL BHT-methanol into glass tubes, dried under N2, and resuspended in a small volume
of BHT-methanol and injected onto the LC/MS/MS system. Separation was achieved
using an Eclipse C18 HPLC column (1.8 um, 2.1 mm x 50 mm, Agilent Technologies,
Santa Clara, CA, USA) and a tertiary gradient consisting of water (A), methanol (B), and
acetonitrile (C), with all solvents containing 0.01% acetic acid (Thermo Scientific). After
pre-equilibration of the column with A/B (60%/40%), 5 pL of the extract was injected, and
the solvent composition was linearly changed to A/B/C (36.3%/15%/48.7%) in 5 min,
followed by a linear gradient to A/B/C (13.5%/68.4%/18.1%) over 22 min. The mass
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transitions of 372.3 to 62.060, 400.3 to 72.081, 376.3 to 66.085, and 406.4 to 78.118 were used
to detect synaptamide, analog 8, d4-synaptamide, and dg-AS8, respectively. Quantitation
of synaptamide and A8 was achieved using d4-synaptamide and d4-AS8 as the respective
internal standards.

4.11. Statistical Analysis

Data were analyzed using GraphPad Prism 7 software (Ver. 7.05). All data are
presented as mean =+ s.e.m. and are representative of at least two independent experiments.
Statistical significance was determined by unpaired Student’s ¢ test or one-way ANOVA.
*p <0.05,*p <0.01 and ** p < 0.001.
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(S I O N

Abstract: The aim was to assess the protective effect of pioglitazone (PGZ) on retinal ganglion cells
(RGCs) after anterior ischemic optic neuropathy (AION) in diabetic and non-diabetic mice. Adult
C57BL/6 mice with induced diabetes were divided into three groups: group 1: oral PGZ (20 mg/kg)
in 0.1% dimethyl sulfoxide (DMSO) for 4 weeks; group 2: oral PGZ (10 mg/kg) in 0.1% DMSO for
4 weeks; and group 3: oral DMSO only for 4 weeks (control group). Two weeks after treatment,
AION was induced through photochemical thrombosis. For non-diabetic mice, adult C57BL/6
mice were divided into four groups after AION was induced: group 1: oral DMSO for 4 weeks;
group 2: oral PGZ (20 mg/kg) in 0.1% DMSO for 4 weeks; group 3: oral PGZ (20 mg/kg) in 0.1%
DMSO + peritoneal injection of GW9662 (one kind of PPAR-y inhibitor) (1 mg/kg) for 4 weeks;
group 4: peritoneal injection of GW9662 (1 mg/kg) for 4 weeks; One week after the induction
of AION in diabetic mice, apoptosis in RGCs was much lower in group 1 (8.0 & 4.9 cells/field)
than in group 2 (24.0 £ 11.5 cells/field) and 3 (25.0 & 7.7 cells/field). Furthermore, microglial cell
infiltration in the retina (group 1: 2.0 & 2.6 cells/field; group 2: 15.6 & 3.5 cells/field; and group 3:
14.8 + 7.5 cells/field) and retinal thinning (group 1: 6.7 &+ 5.7 um; group 2: 12.8 &+ 6.1 um; and
group 3: 15.8 £ 5.8 um) were also lower in group 1 than in the other two groups. In non-diabetic
mice, preserved Brn3A™* cells were significantly greater in group 2 (2382 + 140 Brn3A+ cells/ mm?,
n =7) than in group 1 (1920 £ 228 Brn3A+ cells/ mm?; p =0.03, n = 4), group 3 (1938 & 213 Brn3A+
cells/mm?; p =0.002, n = 4), and group 4 (2138 + 126 Brn3A+ cells/ mm?; p =0.03, n = 4), respectively;
PGZ confers protection to RGCs from damage caused by ischemic optic neuropathy in diabetic and
non-diabetic mice.

Keywords: diabetes; ischemic optic neuropathy; pioglitazone

1. Introduction

Diabetic retinopathy is the leading cause of adult blindness and is the most common
complication of diabetes. It affects >90% of people with diabetes and ultimately leads
to retinal edema, neovascularization, and vision loss in some patients [1]. Prolonged
hyperglycemia in diabetes is associated with retinal microvasculopathy due to pericyte
loss, acellular capillaries [2], capillary cell apoptosis, polyol-pathway-mediated basement
membrane thickening [3], the release of vascular endothelial growth factor (VEGF) and
proinflammatory cytokines (tumor necrosis factor (TNF)-«, interleukin (IL)-6, and IL-1p) [4],
leukostatsis [5], and eventually, vascular hemodynamic changes, which are considered to
play a pivotal role in diabetic retinopathy pathogenesis.

Non-arteritic anterior ischemic optic neuropathy (NAION) is the most common acute
optic neuropathy in individuals > 50 years old [6,7]. NAION is multifactorial, and its
systemic risk factors include arterial hypertension, diabetes, sleep apnea, ischemic heart
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disease, hyperlipidemia, and atherosclerosis [6]. Although diabetes is one of the most
common risk factors for NAION [8,9], the role of diabetes mellitus (DM) in NAION
severity is unclear [10-12]. Our previous study in a mice model of anterior ischemic
optic neuropathy (AION) showed that diabetes increases the loss of retinal ganglion cells
(RGCs), thus increasing the severity of retinal inflammation and damage, which can be
reduced with short-term glycemic control [13]. In this study, we investigated the protective
effect of long-term hyperglycemia control through treatment with pioglitazone (PGZ),
a synthetic ligand of peroxisome proliferator-activated receptor-y (PPAR-7y), on retinal
tissues after AION inducement in mice fed a high-fat diet (HFD) with streptozotocin
(STZ)-induced diabetes.

2. Results
2.1. PGZ Normalized Blood Glucose Levels and Did Not Change Body Weight

After rearing mice for 4 weeks on an HFD, their body weight increased (p = 0.479)
(Figure 1A). Furthermore, 2 weeks after injecting these mice with STZ, their blood glu-
cose increased gradually (Figure 1C), with a slight decrease in body weight (Figure 1B),
and they became diabetic. Diabetic mice treated with 20 mg/kg PGZ had lower blood
sugar levels (234.0 & 10.0 mg/dL, n = 10) than diabetic mice treated with 10 mg/kg PGZ
(271.2 £ 14.1 mg/dL, n = 10) and diabetic mice treated with 0 mg/kg PGZ (DMSO only)
(368.0 £ 28.3 mg/dL, n = 10) (p = 0.0016; Figure 1D).
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Figure 1. Blood glucose levels and body weights of mice. (A) Increase in body weight after high fat
diet (HFD) rearing. (B) No significant difference in body weight between diabetic mice treated with
20, 10, and 0 mg/kg pioglitazone (PGZ). (C) Increase in blood glucose levels after streptozotocin
(STZ) injection. (D) Diabetic mice treated with 20 mg/kg PGZ for 2 weeks had a lower level of blood
sugar than those treated with 10 and 0 mg/kg PGZ (* p < 0.05).
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2.2. PGZ Preserved Retinal Thickness on OCT Measurement after AION in DM Mice

Since our preliminary study showed that the thinning of peripapillary retinal thickness
at the posterior pole scan was more significant than the ganglion cell complex (GCC)
thickness at AION W1 and AION W3 in diabetic mice without treatment of PGZ (Figure 2A),
we evaluated the protective effect of PGZ on the preservation of peripapillary retinal
thickness at AION W1. We found peripapillary retinal thinning was noted 1 week after
AION induction in DM mice. Diabetic mice treated with 20 mg/kg PGZ showed lesser
thinning compared with that in the other two groups (20 mg/kg PGZ group: 6.7 = 5.7 um
thinning, N = 15; 10 mg/kg PGZ group: 12.8 & 6.1 um thinning, N = 15; and 0 mg/kg PGZ
(DMSO only) group: 15.8 £ 5.8 um thinning, N = 10; p = 0.041; Figure 2B,C).
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Figure 2. OCT measurement after AION in HFD feeding followed by STZ-induced diabetic mice.
(A) Peripapillary retinal thickness using posterior pole scan and ganglion cell complex (GCC) thick-
ness were measured through OCT on day 1 (AION D1), week 1 (AION W1), and week 3 (AION W3)
in diabetic mice without treatment of PGZ (n = 17). The thinning of peripapillary retinal thickness
was more significant than (GCC) thickness at AION W1 and W3. The up-right figure showed how
the OCT machine measured the peripapillary retinal thickness and GCC thickness. (B,C) Less retinal
thinning of peripapillary retinal thickness at posterior pole scan on AION W1 was noted in DM mice
treated with 20 mg/kg PGZ than in the other 2 groups (* p < 0.05).

275



Int. J. Mol. Sci. 2023, 24, 411

2.3. PGZ Reduced Apoptosis in RGCs 1 Week after AION in DM Mice

One week after ischemic optic neuropathy, RGC apoptosis was much lower in the
retina of diabetic mice treated with 20 mg/kg PGZ (8.0 & 4.9 cells/field, N = 8) than in that
of diabetic mice treated with 10 mg/kg PGZ (24.0 & 11.5 cells/field, N = 8) and diabetic
mice treated with 0 mg/kg PGZ (DMSO only) (25.0 £ 7.7 cells/field, N = 6) (p = 0.013;
Figure 3A,B).
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Figure 3. Apoptosis in RGCs 1 week after AION in DM mice. (A) Apoptosis in RGCs was evaluated
through TUNEL staining. After ischemic optic neuropathy, apoptotic cells (yellow arrows) in RGCs
were fewer in diabetic mice treated with 20 mg/kg PGZ than in those treated with 10 and 0 mg/kg
PGZ (DMSO only). (B) Bar graph shows less apoptotic cells in RGCs in the retina of DM mice
treated with 20 mg/kg PGZ compared with that in the other 2 groups (* p < 0.05) (scale bar: 75 pm;
magnification: 200 x).

2.4. PGZ Alleviated Ibal*-Activated Microglia Recruitment to Retina 1 Week after AION

Microglial cells were activated in the retina of diabetic mice 1 week after AION induc-
tion (Figure 4A). Activated microglia infiltration in the retina was lesser in diabetic mice
treated with 20 mg/kg PGZ compared with that in the other two groups (20 mg/kg PGZ
group: 2.0 £ 2.6 cells/field, n = 8; 10 mg/kg PGZ group: 15.6 £ 3.5 cells/field, n = §;
0 mg/kg PGZ (DMSO only) group: 14.8 & 7.5 cells/field, n = 6; p = 0.0016; Figure 4B).
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Figure 4. Recruitment of Ibal*-activated microglia to retina 1 week after AION inducement.
(A) Microglial cells (yellow arrows) were activated in the retina of DM mice 1 week after AION
inducement. (B) Bar graph shows less microglial cell infiltration in the retina of DM mice treated
with 20 mg/kg PGZ compared with that in the other 2 groups (* p < 0.05) (scale bar: 75 um;
magnification: 200 x).

2.5. PGZ Increased PPAR-7y Expression in Retina

To investigate whether the effects of PGZ are exerted through the PPAR-y pathway,
we performed immunofluorescence staining and found that PPAR-y expression was barely
detected in the retina of diabetic mice without AION and in the retina of AION eyes in
diabetic mice without the treatment of PGZ (DMSO only). However, PPAR-y upregulation
after AION inducement was more significant in the retina of diabetic mice treated with
20 mg/kg PGZ than in that of diabetic mice treated with 10 mg/kg PGZ and the retina
of normal eyes in diabetic mice treated with 20 mg/kg PGZ. Our results showed that
PGZ treatment upregulated PPAR-y expression in the retina of diabetic mice after AION
induction (Figure 5).

2.6. PGZ Preserved RGCs after AION in Diabetic Mice

We counted Brn3A* RGCs in the retinal whole mount of eyes harvested at 3 weeks
after AION induction. The significant loss of Brn3A™ cells was observed after AION
induction in diabetic mice treated with 0 mg/kg PGZ (DMSO only) and 20 mg/kg PGZ.
However, the loss of Brn3A* cells was significantly lesser in diabetic mice treated with
20 mg/kg PGZ than in those treated with 0 mg/kg PGZ (DMSO only) (DM-AION eyes
treated with 20 mg/kg PGZ orally: 1788 + 110 Brn3A* cells/mm?, DM-control eyes
treated with 20 mg/kg PGZ orally: 2441 + 264 Brn3A* cells/mm?, DM-AION eyes without
PGZ treatment: 1491 + 171 Brn3A+ cells/mm?, DM-control eyes without PGZ treatment:
2131 + 298 Brn3A+ cells/mm?; p = 0.029; N =10 per group; Figure 6).
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Figure 5. PPAR-y expression in the retina. The representative figures show that PPAR-y was barely
detected in the retina of diabetic mice without AION and in retina of AION eyes in diabetic mice
without treatment of PGZ. PPAR-y (yellow arrows) expression was more significant in the retina of
AION eyes in diabetic mice treated with 20 mg/kg PGZ than in that of diabetic mice treated with
10 mg/kg PGZ and retina of normal eyes in diabetic mice treated with 20 mg/kg PGZ (scale bar:
75 pm; magnification: 200x).
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Figure 6. Brn3A*™ RGCs in diabetic mice. (A) Representative images of immunostaining by using
anti-Brn3A antibody in retinal whole-mount preparations of control and AION eyes of diabetic mice
treated with 20 and 0 mg/kg PGZ 3 weeks after AION (magnification: 200x). (B) Bar graph showing
average Brn3A™* cell counts in all 4 conditions 3 weeks after AION (* p < 0.05).

2.7. PGZ Preserved RGCs after AION in Non-Diabetic Mice

In order to elucidate whether the mechanism underlying the protective effect of PGZ
on diabetic mice is antihyperglycemic-dependent or not, we fed C57BL/6 mice with a
regular diet without STZ and counted the Brn3A* RGCs in the retinal whole mount of
non-diabetic eyes harvested at 4 weeks after AION induction. We found the preserved
Brn3A* cells were significantly greater in non-diabetic mice treated with 20 mg/kg PGZ
orally every day (2382 & 140 Brn3A+ cells/mm?, N = 7) than in those without treatment
(1920 + 228 Brn3A+ cells/mm?; p = 0.03, N = 4), in those treated with both 20 mg/kg
PGZ orally every day and 1 mg/kg GW9662 (one kind of PPAR-y inhibitor) intraperi-
toneally injected very other day (1938 + 213 Brn3A+ cells/mm?; p = 0.002, N = 4), and
in those treated with only 1 mg/kg GW9662 intraperitoneally injected every other day
(2138 + 126 Brn3A+ cells/mm?; p = 0.03, N = 4), respectively (Figure 7). Our results indi-
cated that PGZ protects RGCs from AION insult through antihyperglycemic-independent
effects and through PPAR-y-dependent effects.
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Figure 7. Brn3A" RGCs in non-diabetic mice. Bar graph showed average Brn3A* cell counts 4 weeks
after AION induction in non-diabetic mice without treatment (oral DMSO only), non-diabetic mice
treated with oral (PO) PGZ 20 mg/kg in 0.1% DMSO every day for 4 weeks, oral PGZ 20 mg/kg in
0.1% DMSO every day+ intraperitoneal (IP) injection of GW9662 (PPAR-y inhibitor) 1 mg/kg every
other day for 4 weeks, and intraperitoneal injection of GW9662 (PPAR-y inhibitor) 1 mg/kg every
other day for 4 weeks, respectively (* p < 0.05).

3. Discussion

Hyperglycemia could cause endothelial damage through the loss of pericytes and
capillary apoptosis in a diabetic mouse model [1]. Moreover, observation under a scan-
ning laser ophthalmoscope showed that in diabetic Ins2Akita mice [5], leukocyte velocity
decreased, and the number of rolling leukocytes increased in the retinal arteriole, venule,
and vein, and this phenomenon of leukostasis in the endothelial lining suggests inflam-
mation in blood vessels under hyperglycemic status. Furthermore, hyperglycemia could
promote vascular perfusion insufficiency from damage to the endothelium through the
activation of the polyol pathway, the production of advanced glycation end products, an
increase in oxidative stress, the upregulation of the protein kinase C- pathway [8], and
the overproduction of superoxide from the mitochondrial electron transport chain [14].
Producing reactive oxidative species through the overexpression of nuclear factor kappa
B contributes to increased inflammatory cytokines, including TNF-«, IL-1§3, IL-6, IL-§,
vascular cell adhesion molecule-1, and intercellular adhesion molecule-1 [15], which in turn
triggers leukocyte infiltration and causes vascular inflammation [16]. Thus, the optic nerve
is vulnerable to ischemic insult in patients with diabetes. Some studies have suggested that
diabetes increases NAION risk [8,9].

PPAR-v, a member of the nuclear receptor superfamily, is a ligand-activated transcrip-
tion factor that plays a crucial role in gene expression associated with various physiological
processes including fat cell differentiation, glucose homeostasis, lipid metabolism, aging,
and inflammatory and immune responses [17]. In the ocular tissues of mice, PPAR-y is
constitutively expressed in the neuroretina and retinal pigment epithelium [17]. PGZ, a
type of thiazolidinedione, improves insulin sensitivity and lipid metabolism through the
activation of PPAR-vy [18]; thus, PGZ has been used widely to normalize glucose levels in
patients with type 2 diabetes. Moreover, PGZ regulates the lipid metabolism and reduces
the levels of inflammatory mediators [19-21]. PGZ has shown protective effects for retinal
ischemia/reperfusion injury [22], optic nerve crush injury [23], and normalized insulin
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signaling in diabetic rat retinas [24]. Our previous study showed that immediate blood
sugar control with insulin treatment after AION induction in mice with STZ-induced dia-
betes reduced damage to the retinal structure [13]. In this study, we further investigated
the effect of long-term hyperglycemia control through treatment with PGZ on retinal tissue
protection after AION induction in mice with low-dose-STZ-induced diabetes fed an HFD,
which mimicked type 2 diabetes through insulin resistance and partial damage to pancre-
atic -cells [25]. Two weeks of PGZ (20 mg/kg) treatment could normalize blood glucose
levels in HFD-fed mice with STZ-induced diabetes. Moreover, long-term PGZ treatment
in HFD-fed mice with STZ-induced diabetes showed reduced apoptosis in RGCs, the de-
creased recruitment of Iba-1*-activated microglial cells, preserved retinal thickness on OCT
measurement, and less loss of Brn3A™ RGC counts after AION, and these effects might
have occurred through PPAR-y activation in the retina, as demonstrated via immunofluo-
rescence staining. Furthermore, PPAR-y expression mainly on the RGC layer was higher in
the retina of AION eyes in diabetic mice treated with 20 mg/kg PGZ than in that of diabetic
mice without treatment or treated with 10 mg/kg PGZ. In order to elucidate whether the
protective effect of PGZ on RGCs from AION insult is antihyperglycemic-dependent or not,
we investigated the protective effect of PGZ on RGCs in non-diabetic mice. We found PGZ
also preserved more RGCs from AION insult compared with the group without treatment,
the group treated with both PGZ and the PPAR~y inhibitor (GW9662), or the group treated
with the PPAR-y inhibitor alone. Our study suggested that PGZ could also protect RGCs
from AION insult through antihyperglycemic-independent and PPAR-y-dependent effects.
To the best of our knowledge, this is the first study reporting the protective effect of PGZ on
retinas after AION induction in diabetic mice and non-diabetic mice. Our findings provide
insights into the potential therapeutic effect of PGZ on AION.

One limitation in this study is that we did not record the blood glucose levels of the
non-diabetic mice treated with PGZ or the PPAR-y inhibitor; it might be interesting to
know if pioglitazone resulted in a decrease in blood glucose (or if the PPAR-y inhibitor
increased it) in non-diabetic mice in a future study.

4. Materials and Methods
4.1. Animals

We used wild-type adult C57BL/6 mice weighing 25-30 g (Charles River, Hollister,
CA, USA) housed in a temperature-controlled room with a 12 h light-dark cycle and
with free access to food and water. All the animals were treated in accordance with
the Statement of the Association for Research in Vision and Ophthalmology for Use of
Animals in Ophthalmic and Vision Research. The mice were anesthetized with intraperi-
toneal injections of 50 to 100 mg/kg ketamine (Hospira Inc., Lake Forest, IL, USA), 2 to
5 mg/kg xylazine (Bedford Laboratories, Bedford, OH, USA), and 0.05 mg/kg buprenor-
phine (Bedford Laboratories). The pupils of the anesthetized mice were dilated with 1%
tropicamide (Alcon Laboratories Inc., Fort Worth, TX, USA) and 2.5% phenylephrine
hydrochloride (Akorn Inc., Lake Forest, IL, USA).

4.2. Diabetes Induction

Mice aged 4 to 5 weeks were fed a high-fat diet (HFD) (with 60% energy (Kcal/g) from
fat, D12492, TestDiet, St. Louis, MO, USA) for 4 weeks and then intraperitoneally injected
with low doses (40 mg/kg) of streptozotocin (STZ) (Sigma, St. Louis, MO, USA) in citrate
buffer (pH 4.5) [26] for 3 consecutive days. Two weeks after diabetes induction, we obtained
blood from the tail vein to test glucose levels using a basic blood glucose monitoring system
(Accu-Check, Aviva Plus, Roche, Indianapolis, IN, USA), and mice with blood glucose
levels consistently > 250 mg/dL were considered diabetic. The diabetic mice were divided
into 3 groups: (1) mice fed orally with 20 mg/kg PGZ (Sigma) in 0.1% dimethyl sulfoxide
(DMSO) with 10 mg/kg cellulose; group; (2) mice fed orally with 10 mg/kg PGZ (Sigma)
in 0.1% DMSO with 10 mg/kg cellulose; (3) mice fed orally with DMSO with 10 mg/kg
cellulose (control group).
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4.3. Experimental AION

Two weeks after treatment, the blood glucose level returned to the normal limit in group 1.
We induced AION in all the diabetic mice through photochemical thrombosis [27,28] follow-
ing an injection of rose bengal (1.25 mM in phosphate-buffered saline; 5 uL./g body weight)
into the tail vein by using a trans-pupillary laser in conjunction with a frequency-doubled
Nd:YAG laser (Pascal, OptiMedica, Santa Clara, CA, USA) with 400 um spot diameter,
50 mW power, 1 s duration, and 15 spots.

4.4. Spectral-Domain Optical Coherence Tomography

We performed spectral-domain optical coherence tomography (OCT) scans at baseline
and 1 day, 1 week, and 3 weeks after AION induction by using Spectralis HRA + OCT
(Heidelberg Engineering, GmbH, Heidelberg, Germany) [27-29]. We performed posterior
pole scans (scan angle: 30° x 25°) to measure the peripapillary retinal thickness by using
enhanced depth image (EDI) in the high-speed mode (a B scan consisted of 768 A scans,
with an average of 9 frames/B scan) as well as 25 line scans (scan angle 25° x 15°) in
the high-resolution mode (with an average 16 frames/B scan). The total retinal thickness,
defined as the distance from the retinal nerve fiber layer to the Bruch’s membrane, was
automatically segmented using Spectralis software, and the 1 or 3 mm diameter concentric
circle grid with the optic disc in the center was measured. The OCT images of poor quality
were excluded.

4.5. Immunohistochemistry and Morphometric Analyses

One week after AION induction, we performed intracardiac perfusion with 4%
paraformaldehyde in phosphate-buffered saline, whole-mount retinal dissection, immuno-
histochemistry, and fluorescence microscopy (Nikon Eclipse TE300 microscope, Nikon
Corporation, Tokyo, Japan) by using 4x, 10x, and 20x objectives (Nikon Corporation)
and Metamorph software (Molecular Devices, Sunnyvale, CA, USA). To measure activated
microglia, we performed morphometric analyses of fluorescence signals after the immuno-
histochemical analysis of paraffin-embedded retinal sections by using primary rabbit poly-
clonal anti-Ibal antibody; these labels activated microglia (1:200 dilution; Wako Chemicals,
Richmond, VA, USA). To analyze PPAR-y expression, we used primary mouse monoclonal
anti-PPAR-v (1:200 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Immunore-
activity was detected using fluorescein isothiocyanate (FITC)-labeled secondary antibody
(Abcam, Cambridge, UK), and cell nuclei were counterstained with 4’-6-diamidino-2-
phenylindole (DAPI). To count Brn3A* RGCs, we performed whole-mount retinal dissec-
tion 3 weeks after AION and then stained them with primary mouse monoclonal anti-Brn3A
antibody (1:200 dilution; Santa Cruz Biotechnology) and secondary goat antimouse IgG
Alexa Fluor 568-labeled antibody (1:200 dilution; Life Technologies). All the retinal whole-
mount preparations were mounted with 4’-6-diamidino-2-phenylindole (DAPI)-containing
media (Vectashield, Vector Laboratories, Burlingame, CA, USA). To quantify Brn3A* sig-
nals, we obtained 8 images (2 images with 4 quadrants, with each quadrant of 0.14 mm?) at
200 x magnification and used custom-written Image] scripts to quantify and calculate the
number of Brn3A* cells/mm?.

4.6. In Situ TdT-Mediated dUTP Nick-End Labeling

The eyeballs of diabetic mice were harvested 1 week after AION induction and were
sectioned along the vertical meridian to include the optic nerve head. For each mouse, two
3 um thick retinal sections which included the ora serrata and optic nerve were stained by
using a TdT-mediated dUTP nick-end labeling (TUNEL)-based kit (TdT FragEL; Oncogene,
Darmstadt, Germany). The number of TUNEL-positive cells in each retinal section was
obtained through the selection of 6 superior and inferior retinal areas, each 0.425 mm in
length. First, we chose 2 segments 0.425 mm superior and inferior to the optic nerve head;
second, we chose 2 segments 0.425 mm from the first 2 segments; and third, we chose 2
segments 0.425 mm from the second 2 segments. The total number of TUNEL-positive cells
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in these 12 retinal areas was averaged as a representative of the number of TUNEL-positive
cells per eye sample.

4.7. Statistical Analysis

All data are presented as mean £ SD. We performed statistical analysis by using SPSS
23.0 (SPSS, Inc., Chicago, IL, USA), and statistical significance was defined as p < 0.05.
We used the Wilcoxon signed-rank test for paired data and the Mann-Whitney U test for
unpaired data.
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Abstract: Optic nerve head (ONH) infarct can result in progressive retinal ganglion cell (RGC) death.
The granulocyte colony-stimulating factor (GCSF) protects the RGC after ON infarct. However,
protective mechanisms of the GCSF after ONH infarct are complex and remain unclear. To investigate
the complex mechanisms involved, the transcriptome profiles of the GCSF-treated retinas were
examined using microarray technology. The retinal mRNA samples on days 3 and 7 post rat anterior
ischemic optic neuropathy (rAION) were analyzed by microarray and bioinformatics analyses. GCSF
treatment influenced 3101 genes and 3332 genes on days 3 and 7 post rAION, respectively. ONH
infarct led to changes in 702 and 179 genes on days 3 and 7 post rAION, respectively. After cluster
analysis, the levels of TATA box-binding protein (TBP)-associated factor were significantly reduced
after ONH infarct, but these significantly increased after GCSF treatment. The network analysis
revealed that TBP associated factor 9 (TAF9) can bind to P53 to induce TP53-regulated inhibitor of
apoptosis 1 (TRIAP1) expression. To evaluate the function of TAF9 in RGC apoptosis, GCSF plus TAF9
siRNA-treated rats were evaluated using retrograde labeling with FluoroGold assay, TUNEL assay,
and Western blotting in an rAION model. The RGC densities in the GCSF plus TAF9 siRNA-treated
rAION group were 1.95-fold (central retina) and 1.75-fold (midperipheral retina) lower than that in
the GCSF-treated rAION group (p < 0.05). The number of apoptotic RGC in the GCSF plus TAF9
siRNA-treated group was threefold higher than that in the GCSF-treated group (p < 0.05). Treatment
with TAF9 siRNA significantly reduced GCSF-induced TP53 and TRIAP1 expression by 2.4-fold and
4.7-fold, respectively, in the rAION model. Overexpression of TAF9 significantly reduced apoptotic
RGC and CASP3 levels, and induced TP53 and TRIAP1 expression in the rAION model. Therefore,
we have demonstrated that GCSF modulated a new pathway, TAF9-P53-TRIAP1-CASP3, to control
RGC death and survival after ON infarct.

Keywords: rat anterior ischemic optic neuropathy model; retinal ganglion cell death; TBP associated
factor 9; TP53 regulated inhibitor of apoptosis 1; transcriptome

1. Introduction

In elderly individuals, the most common type of acute optic neuropathy is non-
arteritic anterior ischemic optic neuropathy (NAION), with an estimated annual incidence
of 3.72 per 100,000 individuals in Taiwan [1]. NAION is defined clinically as painless visual
loss with swelling of the optic disc leading to optic disc atrophy [2]. Currently, there is no
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effective treatment for NAION. Optic nerve (ON) ischemia induces a series of detrimental
events, eventually resulting in retinal ganglion cell (RGC) loss [2]. RGC death and axon
degeneration are major complications of ischemic damage and mainly caused by oxidative
stress [3—6], pro-inflammatory factors [6,7], aberrant calcium ion homeostasis [8], and
macrophage polarization [7,9]. Therefore, a comprehensive investigation on the complex
molecular mechanisms of axonal degeneration and RGC death in ON ischemia may bring
about new possibilities for treatment.

Several efforts in preventing ON injuries and RGC death have been made using differ-
ent approaches, such as anti-inflammatory compounds [10,11], neurotropic factors [12,13],
oxidative stress regulators [5], calcium channel blockers [14], microglial activation in-
hibitors [7,15], and blood-borne macrophage infiltration blockers [7,12,16]. These potential
treatments provide some possible directions to elucidate how to control the fate of RGCs.
In context with our previous study on the neuroprotective effects of granulocyte colony-
stimulating factor (GCSF), we found that GCSF exhibited the ability to rescue RGC from
apoptosis, which may be involved in modulations of the blood—ON barrier, macrophage
infiltration, and inflammatory reactions [7]. Moreover, our previous findings demon-
strate that treatment with GCSF can activate the PI3K/AKT pathway to protect RGC from
apoptosis [17].

GCSF is a member of the hematopoietic growth factor family. It is widely used in
clinical practice for the treatment of neutropenia [18]. Recent findings have suggested that
GCSF also has a nonhematopoietic role in memory improvement in Alzheimer’s disease
and a neuroprotective role in Parkinson’s disease [19,20]. It also promotes angiogenesis
and inhibits apoptosis and inflammation in rats with ischemic stroke [21-23]. Furthermore,
the GCSF receptor (GCSFR) is expressed in various neural and glial cells, such as RGCs,
microglia, astrocyte, and oligodendrocyte, which results in the direct activation of GCSFR
signaling pathways, including JAK/STAT, PI3K/AKT, and MAPK/ERK pathways [24].
These signaling pathways are involved in cell growth and differentiation. Thus, the
mechanisms by which GCSF promotes RGC survival are likely complex.

To deeply investigate and characterize the factors triggered by CGSF treatment, tran-
scriptome analysis of the rat retina is a possible approach that can be used to investigate the
transcriptome changes after ON infarct with or without GCSF treatment. The microarray
technique is a method of high-throughput analysis to determine the expression levels of
large numbers of genes belonging to specific pathways simultaneously. This technique
has also been used to evaluate changes after axonal injury in both the retina and isolated
RGCs [25,26]. Therefore, we considered that microarray analysis is an adequate tool to
explore any possible mechanisms involved in RGC apoptosis and survival.

Different animal models have been used to investigate RGC pathology. Herein, we
used a rat anterior ischemic optic neuropathy (rAION) model as it represents similar
features and pathology to human and primate AION [27]. The rAION model was achieved
by photodynamic therapy, which generates superoxide radicals in the ON capillaries,
causing capillary thrombosis, inflammation, and oxidative stress [27]. These pathological
changes are important events to induce RGC apoptosis. Thus, this is an appropriate model
to use in investigating the mechanisms of RGC apoptosis.

In the present study, a comparative microarray analysis was adopted to explore the
dynamic transcriptome changes in the rat retina under ON infarct and GCSF treatment.
We identified that the mRNA levels of several TATA-box-binding protein (TBP)-associated
factors (TAFs) were significantly reduced after ONH infarct, but significantly increased
after GCSF treatment. Among these genes, we targeted one of the most upregulated,
transcription initiation factor TFIID subunit 9 (taf9), which encodes for one of the smaller
subunits of transcription factor IID (TFIID) that binds to the general transcription factor
transcription initiation factor IIB (Gtf2b) and several transcriptional activators, such as
p53 and Vpl6 [28,29]. Taf9 physically interacts with p53 at its N-terminus, where p53
also interacts with its negative regulator, Mdm?2, thereby inhibiting Mdm?2 degradation of
p53 [30]. Functionally, this interaction translates to an increase in p53-induced angiogenesis,
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DNA repair, cell arrest, cell survival, or apoptosis [30]. However, it is questionable whether
TAF9 drives P53 toward cell survival or apoptosis. Thus, this study aimed to reveal the
underlying mechanisms of TAF9 in RGC apoptosis and cell survival.

2. Results
2.1. Identification of Differentially Expressed Genes by Microarray

To investigate RGC death and survival at the transcriptional level, the rAION-inducted
rats were treated with phosphate-buffered saline (PBS) or GCSE. The transcriptome profiles
were analyzed using oligonucleotide microarrays. Microarray data were analyzed using
the Gene Expression Pattern Analysis Suite to identify the differentially expressed genes.
From a total of 24,358 analyzed genes, 3101 and 3332 transcripts were regulated by GCSF
treatment on days 3 and 7 post rAION, respectively. In addition, 702 and 179 transcripts
were regulated by PBS treatment on days 3 and 7 post rAION, respectively (Figure 1A-D).
Unsupervised hierarchical clustering analysis of differentially expressed genes from all
groups was conducted to investigate the similarity of the whole gene expression between
the experimental samples. The result indicated that the profile of gene expression in the
GCSF-treated group was similar (Figure 1E). Additionally, the PBS-treated rats on days 3
and 7 post rAION also exhibited similar gene expressions. As stated above, the trend of
gene expression is consistent between the PBS- and GCSF-treated groups.

The PBS-treated group (day 3 post The PBS-treated group (day 7 post
rAION) vs. the sham-operated group rAION) vs. the sham-operated group.

——— e

D i

!

The GCSF-treated group (day 3 post The GCSF-treated group (day 7 post

rAION) vs. the sham-operated group

rAlON) vs. the sham-operated group.

Figure 1. Gene expression profiles of the retina samples. (A-D) Volcano plot showing the differentially
expressed genes in the PBS- and GCSF-treated groups. (A) The PBS-treated group (day 3 post rAION)
vs. the sham-operated group. (B) The PBS-treated group (day 7 post rAION) vs. the sham-operated
group. (C) The GCSF-treated group (day 3 post rAION) vs. the sham-operated group. (D) The
GCSEF-treated group (day 7 post rAION) vs. the sham-operated group. For each plot, the X-axis
represents log2 FC, and the Y-axis represents —log10 (p-values). The differentially expressed genes
are shown as red dots. (E) The heatmap of the hierarchical clustering of the differentially expressed
genes. Up- and downregulated genes are represented in red and green colors, respectively. The
differentially expressed genes were defined as having absolute FC > 1.5 and FDR < 0.1.
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2.2. TAFs Involved in Regulation of Cell Death and Proliferation

To classify the biological function of differentially expressed genes, we employed a
gene ontology (GO) analysis. After GO analysis, many TBP-associated proteins that were
classified into the category of regulation of cell death and proliferation. We found that
18 TAFs, including TAF1, TAFla, TAF1b, TAF1c, TAF1d, TAF2, TAF5, TAF6l, TAF7, TAF7],
TAFS, TAF9, TAF9b, TAF10, TAF11, TAF12, TAF13, and TAF15, were upregulated by GCSF
treatment. Additionally, 17 TAFs, including TAF1, TAFla, TAF1b, TAFlc, TAF1d, TAF3,
TAF5, TAF6, TAF6l, TAF7, TAF71, TAFS, TAF9, TAF10, TAF11, TAF12, and TAF13, were
downregulated by PBS treatment (Figure 2). This indicates that the expression levels of
many TAFs were suppressed by ON ischemic injury and induced by GCSF treatment.

PBS treatment PBS treatment GCSF treatment GCSF treatment
(3 days post rAION) (7 days post rAION) (3 days post rAION) (7 days post rAION)

Taf9
Taft [
Tafl2
Tafld
Taf9b
Tafll
Taflb
Taflc
Tafla [
Taf2
Taf5
Tafl3
Taf8
Taf7
Taf6l
Tafl5
Taf3
Taf7l
Tafl0
Taf6
Taf51

Figure 2. Heatmap of TBP-associated factors expressed in retina samples. After ON infarct, 18 TBP-
associated factors were upregulated by GCSF treatment. There were 17 TBP-associated factors that
were downregulated by PBS treatment. Genes were clustered into the regulation of cell survival
based on gene expression over time. Up- and downregulation are represented in red and blue
colors, respectively.

2.3. Network Analysis Revealed That TAFs Directly Interact with TP53 and TBP

The network analysis summarizes the network of predicted associations for a par-
ticular group of proteins. In evidence mode, multiple colored lines indicate the different
types of interaction evidence. STRING network analysis exhibited that many TAFs interact
directly with TP53, including TAF1, TAF1L, TAF2, TAF3, TAF4, TAF5, TAF6, TAF7, TAF7L,
TAF9, TAF9b, TAF10, TAF11, TAF12, and TAF13 (Figure 3). Additionally, TAFs have direct
interactions with TBP, including TAF1, TAFla, TAF1b, TAF1c, TAF1d, TAF1L, TAF2, TAF3,
TAF4, TAF5, TAF6, TAF7, TAF7L, TAF9, TAF9b, TAF10, TAF11, TAF12, and TAF13. Among
these TAFs, TAF9 was predicted to bind with TP53, and the expression level of TAF9 was
dramatically elevated by GCSF treatment and suppressed by PBS treatment. The biological
function of TAF9 is involved in gene regulation associated with apoptosis [31]. Thus, we
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selected TAF9 as a candidate gene to evaluate its function in RGC apoptosis and survival
after ON ischemia.

Figure 3. Network analysis of TBP-associated factors. STRING analysis shows that the TBP-associated
factors are involved in the known and predicted protein—protein interactions. Network analysis
exhibited that many TBP-associated factors directly interact with TP53. The network nodes are
proteins. The edges represent the predicted functional associations with 7 differently colored lines
representing the existence of the seven types of evidence used in predicting the associations. Red
line: the presence of fusion evidence; green line: neighborhood evidence; blue line: cooccurrence
evidence; purple line: experimental evidence; yellow line: textmining evidence; light blue line:
database evidence; black line: co-expression evidence.

2.4. Taf9 Knockdown Impaired the Protective Effect of GCSF on the Visual Function

To evaluate the role of TAF9 in the protection of visual function in rAION, flash
visually evoked potentials (FVEPs) were measured at day 28 post infarct (Figure 4A).
On TAF9 knockdown, we found no improvement in visual function despite GCSF treat-
ment. The P1-N2 amplitudes in the sham-operated and scrambled siRNA-treated group
(Sham + scram si), rAION induction and scrambled siRNA-treated group (rAION + scram
si), rAION induction and GCSF plus scrambled siRNA-treated group (rAION + GCSF
+ scram si), and rAION induction and GCSF plus TAF9 siRNA-treated group (rAION +
GCSF + TAF9 si) were 65.8 = 12.7 uV, 23.4 uV £ 4.2 uV,49.5 + 6.6 uV, and 28.9 = 8.4 v,
respectively (Figure 4B). Treatment with GCSF plus TAF9 siRNA in the rAION group
reduced the P1-N2 amplitude by 1.71-fold compared to that of treatment with GCSF plus
scrambled siRNA (Figure 4B, p < 0.05).
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Figure 4. Effect of TAF9 knockdown on FVEP recording in the fourth week after infarct. (A) Repre-
sentative FVEP wavelet in each group. (B) GCSF plus TAF9 siRNA treatment reduced the P1-N2
amplitude by 1.71-fold compared to GCSF plus scrambled siRNA treatment in rAION groups
(* p <0.05, n =12 per group). Data are expressed as mean + SD.

2.5. Taf9 Knockdown Impaired the Protective Effect of GCSF on RGC Density

The survived RGCs were labeled with Fluoro-Gold. In the central retina, the RGC
densities in the sham-operated and scrambled siRNA-treated group (Sham + scram si),
rAION induction and scrambled siRNA-treated group (rAION + scram si), rAION induc-
tion and GCSF plus scrambled siRNA-treated group (rAION + GCSF + scram si), and
rAION induction and GCSF plus TAF9 siRNA-treated group (rAION + GCSF+ TAF9 si)
were 1402.5 4+ 99.1, 655.2 + 199.6, 1265.1 + 352.5, and 649.7 + 227.6 cells/mm?, respec-
tively (Figure 5A). In the midperipheral retina, the RGC densities in the sham-operated and
scrambled siRNA-treated group (Sham + scram si), rAION induction and scrambled siRNA-
treated group (rAION + scram si), rAION induction and GCSF plus scrambled siRNA-
treated group (rAION + GCSF + scram si), and rAION induction and GCSF plus TAF9
siRNA-treated rAION group (rAION + GCSF + TAF9 si) were 1219.4 &+ 201.3, 319.2 £ 195.8,
863.3 4 161.3, and 492.9 4 250.1 cells/mm?, respectively (Figure 5). The RGC density in
the rAION induction and GCSF plus TAF9 siRNA-treated rAION group was significantly
reduced by 1.94- and 1.75-fold in the central and midperipheral retinas, respectively, com-
pared with that in the rAION induction and GCSF plus scrambled siRNA-treated group
(Figure 5B, p < 0.05).
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Figure 5. Effect of TAF9 knockdown on RGC density in the fourth week after infarct. (A) Represen-
tative RGC density of the central and midperipheral retinas in each group. The white spots in the
representative figures are the Fluoro-Gold-labeled RGCs in the retina. (B) Bar chart showing the RGC
density in the rAION induction and GCSF plus TAF9 siRNA-treated rAION group was significantly
reduced in the central and midperipheral retinas compared to that in the rAION induction and GCSF
plus scrambled siRNA-treated group (* p < 0.05, n = 12 per group; scale bar = 200 um).

2.6. TAF9 Knockdown Impaired the Anti-Apoptotic Ability of GCSF

The average numbers of TUNEL-positive cells in each high-powered field (HPF, x400
magnification) in the sham-operated and scrambled siRNA-treated group (Sham + scram
si), rAION induction and scrambled siRNA-treated group (rAION + scram si), rAION
induction and GCSF plus scrambled siRNA-treated group (rAION + GCSF + scram si), and
rAION induction and GCSF plus TAF9 siRNA-treated group (rAION + GCSF + TAF9 si)
were 0.2 £ 0.4/HPF, 7.4 + 2.7/HPF, 2.1 + 1.3/HPF and 6.3 & 2.2/HPF, respectively. The
number of TUNEL-positive celsls in the rAION induction and GCSF plus TAF9 siRNA-
treated group significantly increased by three-fold compared to that in the rAION induction
and GCSF plus scrambled siRNA-treated group (p < 0.05), but there was no significant
difference between the scrambled siRNA-treated and GCSF plus TAF9 siRNA-treated
rAION groups (Figure 6), further suggesting a survival pathway dependent on TAF9. In
addition, the number of TUNEL-positive cells in the rAION induction and scrambled
siRNA-treated group was significantly higher than that in the rAION induction and GCSF
plus scrambled siRNA-treated group (p < 0.05).
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Figure 6. Analysis of RGC apoptosis in the RGC layer through the TUNEL assay in the fourth week
after rAION induction. (A) Representative images of TUNEL staining. (B) Quantification of apoptotic
cells per HPF. The number of TUNEL-positive cells in the rAION induction and GCSF plus TAF9
siRNA-treated group significantly increased by threefold compared to that in the rAION induction
and GCSF plus scrambled siRNA-treated group (* p < 0.05, n = 6; scale bar = 50 um).

2.7. TAF9 Knockdown Suppressed GCSF-Induced TP53 and TRIAP1 Expression

Western blotting confirmed that the rAION induction and GCSF plus scrambled
siRNA-treated group exhibited the highest protein level of TAF9 compared with other
groups (Figure 7, p < 0.05). GCSF plus TAF9 siRNA treatment significantly repressed
TAF9 protein expression by 6.9-fold compared to GCSF plus scrambled siRNA treatment
(p <0.05). In the rAION induction and GCSF plus TAF9 siRNA-treated group, the TP53
level was reduced by 2.4-fold compared to that in the rAION induction and GCSF plus
scrambled siRNA-treated group (p < 0.05). One of TP53-regulated genes, the TP53-regulated
inhibitor of apoptosis gene 1 (TRIAP1), can inhibit apoptosis through interaction with
the APAF1 and heat shock protein 70 (HSP70) complex [32]. Our Western blotting data
demonstrate that the TRIAP1 level was reduced by 4.7-fold in the rAION induction and
GCSF plus TAF9 siRNA-treated group compared to that in the rAION induction and GCSF
plus scrambled siRNA-treated group (p < 0.05). In addition, the levels of TAF9, TP53, and
TRIAP1 were less in the rAION induction and scrambled siRNA-treated group compared
to those in the rAION induction and GCSF plus scrambled siRNA-treated group (p < 0.05).

2.8. Overexpression of TAF9 Inhibited RGC Death by Modulating TP53-TRIAP1-CASP3 Axis

To explore the role of TAF9 in the regulation of RGC death and survival, AAV2-rTAF9
was used to overexpress the TAF9 level in the rAION model. Four weeks after rAION, the
numbers of TUNEL-positive cells in the PBS-treated and AAV2-r-TAF9-treated groups were
7.4 £+ 2.7/HPF and 2.4 + 1.7 /HPE, respectively (Figure 8A). The number of TUNEL-positive
cell was 3.1-fold lower in the AAV2-r-TAF9-treated group than that in the PBS-treated group
(p < 0.05). Western blotting confirmed that the TP53 and TRIAP1 levels in the AAV2-r-TAF9-
treated group were significantly increased, by 2.04- and 2.71-fold, respectively, compared
to those in the PBS-treated group (Figure 8B, p < 0.05). Moreover, the cleaved-caspase
3 (Cl-casp3) level was reduced by 2.33-fold in the AAV2-rTAF9-treated group compared to
that in the PBS-treated group (Figure 8B, p < 0.05).
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Figure 7. Western blot analysis of TAF9, TP53, and TRIAP1 expression. (A) Western blotting image
of TAF9, TP53, and TRIAP1. (B) Relative protein level of TAF9, TP53, and TRIAP1. Treatment with
GCSF plus TAF9 siRNA significantly repressed TAF9, TP53, and TRIAP1 expression by 6.9-, 2.2-, and
4.7-fold compared to treatment with GCSF plus scrambled siRNA in rAION groups (*: p < 0.05).
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Figure 8. Effects of TAF9 overexpression on RGC apoptosis induced by rAION induction. (A) Left:
representative images of double-stained apoptotic cells in the ganglion cell layer in each group. The
apoptotic cells were stained in green, and the cell nuclei were counterstained with DAPI staining in
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blue. Right: Analysis of RGC apoptosis between the PBS- and AAV2-r-TAF9-treated groups. (B) West-
ern blot analysis of TP53, TRIAP1, and CASP3 expressions in the PBS- and AAV2-r-TAF9-treated
groups. (*: p <0.05).

3. Discussion

In this study, we conducted a microarray analysis of rat retinas to profile the tran-
scriptomic changes in response to ON ischemic injury and GCSF treatments. Dynamic
transcriptome profiling revealed many novel differentially expressed genes involved in
the regulation of cell death and proliferation. Among the differentially expressed genes,
the TAF protein was shown to be the most regulated and intriguing; this is involved in cell
death and proliferation. Furthermore, a subsequent in silico pathway analysis revealed
significant interactions between TAFs and TP53. One TP53 coactivator, TAF9, was selected
to prove its role in the regulation of RGC death and survival because TAF9 is an apoptosis
regulator [33]. TAF9 knockdown effectively reduced the neuroprotective effects of GCSF in
the rAION model. We found that TAF9 is a key element in modulating the TP53-TRIAP1-
CASP3 pathway. The overexpression of TAF9 inhibited RGC apoptosis in the rAION
model. This transcriptomic analysis discovered a novel GCSF-regulated pathway, which is
involved in RGC death and survival.

The differentially expressed genes found in the study are involved in the regulation
of RGC death. Notably, ON ischemia influenced 702 and 179 transcripts on days 3 and 7
post rAION, respectively. We found that the numbers of ON ischemia-influenced genes
gradually reduced from days 3 to 7 post rAION. These data indicate that a dramatic change
in transcription occurs in the acute stage, but this transcriptional change returns to normal
in the subacute stage. A similar observation was found in our previous study, whereby
vascular permeability was highly increased in the acute stage and reduced in the subacute
stage after ON infarct [7]. Taken together, we consider that ON ischemia may cause severe
pathological changes in the acute stage, and the natural course of recovery may be started
in the subacute stage. Therefore, the therapeutic window should be focused on the acute
stage in ON ischemia. As expected, our previous findings also demonstrated that early
treatment with GCSF or methylprednisolone provided good neuroprotective effects in the
rAION model [7,34].

Comparing the GCSF-treated groups with the PBS-treated groups, GCSF treatment
constantly influenced >3000 transcripts for 7 days, but the PBS-treated rats showed gradu-
ally reduced transcriptional changes from the acute to subacute stage. This indicates that
immediate treatment with GCSF can influence several genes to trigger the rescue actions af-
ter ON ischemia. These remarkable transcriptional changes provide informative messages
in discovering the key pathways involved in RGC survival. In this transcriptomic analysis,
we found that many TBP-associated proteins were suppressed by ischemic insult, but
induced by GCSF treatment. These TAFs were involved in the regulation of RGC death and
survival. At the molecular level, gene expression is regulated by many core transcriptional
complexes, such as TFIID, along with different cofactors [35]. Previous studies revealed
TFIID as an integral component of the core transcriptional machinery for RNA polymerase
II in mRNA-encoding genes [35,36], and demonstrated that it is assembled with TBP and
multiple TAFs [37]. To date, many TAFs and several tissue-specific variants have been
characterized [38]. Some genetic studies have revealed the complex role of TFIID in control-
ling tissue-specific and context-dependent transcriptional processes, proving the existence
of different TFIID complexes and tissue-specific TAFs [39—43]. TFIID subunits regulate
many cellular processes in tissue-specific manners, which facilitates research into TAF
involvement in moderating biological functions, including proliferation, differentiation,
apoptosis, metastasis, and hormone response [44].

After the network analysis, we found that TAF9 was predicted to interact with TBP
and TP53. In addition, TAF9 was highly upregulated by GCSF treatment at days 3 and 7
post rAION. This implies that TAF9 plays an important role in modulating RGC death and
survival via the P53 signaling pathway. TAF9 was reported to be a crucial P53 coactivator
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for the stabilization and activation of P53 [28,30]. TAF9 inhibits the MDM2-mediated
degradation of p53 by reducing MDM2 binding to p53 [30]. A previous study also demon-
strated that one TFIID complex lacking TAF9 in Hela cells causes apoptosis [45]. The
interruption of interactions between Hedgehog transcription factors (Gli proteins) and
TAF9 reduces Gli/ TAF9-dependent transcription, suppresses cancer cell proliferation, and
reduces xenograft growth [33]. As mentioned above, we hypothesize that the high TAF9
level activates the P53 pathway to inhibit RGC apoptosis after ON infarct. To verify our
hypothesis, the TAF9-knockdown experiment was performed to discover the role of TAF9
in the regulation of RGC death and survival. As expected, TAF9 knockdown effectively re-
duced the protective effects of GCSF in the rAION model. Therefore, we have demonstrated
that TAF9 plays a key role in RGC protection after ON ischemia.

Cell apoptosis is manipulated on multiple levels by the sequence-specific transcription
factor TP53, with >100 genes existing TP53 binding sites [46]. Moreover, the function
of these genes remains unclear. One of these genes is the TP53-regulated inhibitor of
apoptosis gene 1 (IRIAP1), which has a p53 binding site within its coding sequence and is
upregulated in many cancer cells [47]. TRIAP1 was reported to protect cancer cells from
apoptosis through interaction with HSP70 or the repression of cyclin-dependent kinase
inhibitor 1 (p21) [48,49]. Recent findings have demonstrated that TRIAP1 contributes to
the resistance of apoptosis in a mitochondria-dependent manner [50,51]. Based on this
evidence, we further evaluated the relationship among TAF9, P53, TRIAP1, and CASP3
in the rAION model. Remarkably, immunoblotting data have demonstrated that TAF9
overexpression prevented TP53 degradation and increased TRIAP1 expression in the
rAION model. Additionally, we found that TAF9 overexpression reduced apoptotic RGCs
and caspase 3 level after ON infarct. Taken together, we can suggest that TAF9 plays
a key role in the protection of ischemia-induced RGC apoptosis by modulation of the
TP53-TRIAP1-CASPS3 axis.

Therefore, our transcriptomic analysis found a novel signaling pathway to elucidate
the anti-apoptotic effects of GCSF on RGCs. In this novel signaling pathway, TAF9 is a key
element in the modulation of the TP53-TRIAP1-CASPS3 axis for preventing RGC death
(Figure 9). All the evidence suggests that TAF9 is a potential target in developing a new
drug for NAION treatment.
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Figure 9. The graphic abstract of the protective mechanism of G-CSF after ON infarct. G-CSF

treatment induces the level of TAF9 to prevent TP53 degradation. The binding complex of TP53 and
TAF9 induces the level of TRIAP1 to inhibit the level of cleaved CASP3; as a result, the RGC apoptosis
is inhibited by treating G-CSF. (1: increase; |: decrease).
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4. Materials and Methods
4.1. Study Design

In examining the transcriptome profiles in the retina, the rAION-inducted rats were
treated by PBS or GCSE. The GCSF-treated group and the PBS-treated group received a
subcutaneous injection of G-CSF (100 pg/kg body weight/day in 0.2 mL of saline; Takasaki
Pharmaceutical Plant, Tokyo, Japan) or PBS (0.2 mL) once daily for 3 days, respectively.
At day 3 post rAION, the retina samples were collected in the PBS-treated group (n = 3)
and GCSF-treated group (n = 3). At day 7 post rAION, the retina samples were again
collected in the PBS-treated group (n = 3) and GCSF-treated group (n = 3). The retina
samples in the sham-operated group (n = 3) were also collected. All retina samples were
used to extract the mRNA. The mRNA samples were analyzed by RNA microarray to
profile the transcriptome in each group. The differentially expressed genes were classified
by GO analysis. Among the differentially expressed genes, the TBP-associated proteins
were classified into the function of cell growth. Therefore, the TBP-associated proteins were
selected to predict the protein-to-protein interaction by network analysis (STRING 9.0).
The TP53 was predicted to interact with many TBP-associated proteins in the network
analysis. One of the TBP-associated proteins, TAF9, was selected to be the target protein
to verify the function in the regulation of cell death and survival. TAF9 knockdown and
overexpression experiments were performed in the rAION model. The rAION-inducted
rats were intravitreally treated with scrambled siRNA (50 pmol; GeneDirex, Keelung,
Taiwan), GCSF plus scrambled siRNA (50 pmol; GeneDirex), and GCSF plus TAF9 siRNA
(50 pmol; GeneDirex) to evaluate the visual function (1 = 12 in each group), RGC density
(n =12 in each group), and apoptotic RGCs (n = 6 in each group). The TAF9, TP53, and
TRIAP1 levels were evaluated in each group (1 = 6) using Western blot analysis. Moreover,
the AAV2-mediated overexpression of TAF9 was intravitreally administered before rAION
induction to examine the anti-apoptotic ability of TAF9 in the rAION model. The number of
apoptotic RGCs was evaluated in the AAV2-r-TAF9-treated group (n = 6) and PBS-treated
group (n = 6). The TP53, TRIAP1, and cleaved-CASP3 levels were determined in the
AAV2-r-TAF9-treated group (n = 3) and PBS-treated group (1 = 3).

4.2. Animals

Male Wistar rats were used in the study. The rats were aged 6-8 weeks with body
weights of 150-180 g. Animal care and experimental procedures were performed in accor-
dance with the Association for Research in Vision and Ophthalmology Statement for the
Use of Animals in Ophthalmic and Vision Research, and the Institutional Animal Care and
Use Committee (IACUC) at the Tzu Chi Medical Center approved all animal experiments.

4.3. rAION Induction

The procedure of rAION induction was described in our previous study [52]. Before
general anesthesia, all rats were administered Mydrin-P (Santan, Osaka, Japan) and Alcaine
(Alcon, Fort Worth, TX, USA) eye drops for pupil dilation and topical anesthesia, respec-
tively. Subsequently, the rats were injected intramuscularly with a mixture of ketamine
(40 mg/kg body weight, Pfizer, Tadworth, UK) and xylazine (4 mg/kg body weight; Sigma,
St. Louis, MO, USA) for general anesthesia. For photosensitization, 2.5 mM Rose Bengal
diluted in PBS (1 mL/kg of body weight) was administered intravenously before laser
application. After rose bengal injection, the optic disc was immediately exposed to an
argon green laser system (MC-500 Multi-color laser, Nidek Co., Ltd., Tokyo, Japan, setting:
532 nm wavelength, 500 pm size and 80 mW power) for 12 1-second pulses. A laser fundus
lens (Ocular Instruments, Inc., Bellevue, DC, USA) was used to target the optic disc. At the
end of experiment, TobraDex eye ointment (Alcon-Couvreur, Puurs-Sint-Amands, Belgium)
was applied to the eyes of all experimented rats.
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4.4. RNA Microarray Analysis (Quality Check, Annotation, and Ontology)

The retina samples were collected at day 3 and day 7 post rAION. Total RNA was
isolated from retina homogenate using TRIzol reagent (Invitrogen) according to the manu-
facturer’s instructions. Complementary DNAs were synthesized using reverse transcriptase
kit. RNA microarray analysis was performed using the Rat OneArray kit according to the
manufacturer’s protocol. Clustering and principal component analysis were performed to
determine the differences among biological sample replicates and their treatment condi-
tions. Raw intensities were normalized with the median scaling normalizing method, and
covariance was determined by the error model of the Rosetta Resolver system. Normalized
intensity was transformed to the log2 ratio (fold change). Gene annotation was performed
with reference to NCBI RefSeq Release 57. EnsEMBL released 70 cDNA sequences and
rattus_norvegicus_core_70_5b annotations. Differentially expressed genes that showed
both a log2 ratio (fold change) >1 and p < 0.05 were considered candidate genes.

4.5. Flash Visual-Evoked Potentials (FVEPs)

FVEP measurements were performed as described in our previous study [52]. After
general anesthesia, the sagittal region of the skull was opened in the rats. The 4 mm screw
implants were passed through the skull to approximately 1.5 mm and placed at the frontal
cortex and primary visual cortex regions of both hemispheres using stereotaxic coordinates.
A visual electrodiagnostic system (Diagnosys LLC, Lowell, MA, USA) was used to measure
the FVEP. The number of average sweeps was 64 for each rat. A comparison of the average
amplitude of the P1-N2 wave in each group was made to evaluate visual function.

4.6. Retrograde Labeling of RGCs and Measurement of RGC Density

RGCs were labeled as described in our previous study [52]. Briefly, retrograde tracer
dye fluorogold was injected into the superior colliculus one week before the rats were
euthanized. One week after labeling, the rats were euthanized, and retinas were carefully
flat-mounted. The central and midperipheral regions in the retina were examined under a
200x fluorescence microscope (Axioplan 2 imaging, Carl Zeiss, New York, NY, USA) with
a built-in filter set (excitation filter, 350-400 nm; barrier filter, 515 nm) and connected digital
imaging system. Six randomly selected areas in the central and midperipheral regions were
used to calculate the number of RGCs in the central and midperipheral regions of each
retina. The number of RGCs was calculated using the ImageMaster 2D Platinum Software
V 7.0 (GE Healthcare, Chicago, IL, USA).

4.7. Retinal Tissue Preparation and Sections

After euthanizing, the rat eyeballs were fixed in 4% paraformaldehyde overnight. The
eyecups and ONs were separated and transferred to 30% sucrose solution; the samples
were incubated at 4 °C until they settled at the bottom of the tubes. The retina cross-section
and ON longitudinal sections of 10 pm were obtained by using a cryostat-microtome.

4.8. TUNEL Assay

To determine the apoptotic RGCs in the retinal section, the TUNEL assay kit (Click-iT™
Plus TUNEL Assay, Invitrogen, Waltham, MA, USA) was used to stain the apoptotic cells
in the ganglion cell layer. Nuclei were stained with 4t,6-diamidino-2-phenylindole (DAPI).
The TUNEL-positive cells in the ganglion cell layer of each section were counted in 10 HPF
(400x), and an average of six sections per group was used for further statistical analysis.

4.9. Western Blotting Analysis

After euthanizing, the rats” eyes were enucleated. The retinas were homogenized in
lysis buffer. The protein sample was separated on 10% bis-acrylamide gel. The proteins
were transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were
blocked with 5% non-fat dry milk for 1 h. The membranes were incubated with Taf9, TP53,
TRIAP1, CASP3 and ACTIN antibody at 4 °C for 12-16 h, followed by incubation with a
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secondary antibody conjugated to HRP against the appropriate host species for 1 h at room
temperature. Then, the membranes were developed using enhanced chemiluminescent
(ECL) substrate. Membranes were exposed to a Western blot analyzer, and the relative den-
sity was calculated using image master platinum software V 7.0 (GE Healthcare, Chicago,
IL, USA).

4.10. Intravitreal Injection of AAV2-rTAF9

The AAV vectors AAV2-CMV-rTAF9 (NovoPro Biotechnology, Shanghai, China) used
in this study consisted of the AAV2 capsid, the CMV promoter, and codon-optimized rat
TAF9 cDNA. Briefly, rats were anesthetized with ketamine/xylazine and the injected eye
was numbed with Alcaine drops. After the general anesthesia, we selected an area on the
sclera, devoid of blood vessels, and slowly injected 3 uL. of AAV vector preparation into
the vitreous cavity for 30 s using a 10 L. Hamilton syringe with a 30 G needle. Tobradex
eye ointment was applied after injection to prevent infection in each rat.

4.11. Statistical Analysis

All statistical analyses were performed using IBM SPSS software. The data are pre-
sented as mean + standard deviation. A Mann—-Whitney U test was used for comparisons
between groups. p-values < 0.05 were considered statistically significant, with * represent-
ing p <0.05.

5. Conclusions

In conclusion, we proved that GCSF has an anti-apoptotic effect on RGCs after ON
infarct via modulating the TAF9-TP53-TRIAP1-CASPS3 axis. TAF9 is highly induced by
GCSF to prevent MDM2-mediated degradation of TP53. The binding complex of TAF9 and
TP53 upregulates the level of TRIAP1 to inhibit RGC apoptosis after ON infarct (Figure 9).
However, GCSF treatment may result in leukocytosis, fever, muscle pain, and joint pain
in patients with NAION. Induction of TAF9 and TRIAP1 in the retinal cells using the
transfection system may provide therapeutic effects similar to GCSF, and may preclude
the side effects from GCSF treatment. Thus, we believe that TAF9 and TRIAP1 may be the
potential targets of gene therapy for NAION patients in the future.
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Abstract: The goal of neuroprotection in optic neuropathies is to prevent loss of retinal ganglion cells
(RGCs) and spare their function. The ideal time window for initiating neuroprotective treatments
should be the preclinical period at which RGCs start losing their functional integrity before dying.
Noninvasive electrophysiological tests such as the Pattern Electroretinogram (PERG) can assess the
ability of RGCs to generate electrical signals under a protracted degenerative process in both clinical
conditions and experimental models, which may have both diagnostic and prognostic values and
provide the rationale for early treatment. The PERG can be used to longitudinally monitor the acute
and chronic effects of neuroprotective treatments. User-friendly versions of the PERG technology are
now commercially available for both clinical and experimental use.

Keywords: neuroprotection; retinal ganglion cells; optic neuropathy; glaucoma; pattern electroretinogram

1. Introduction

The death of retinal ganglion cells (RGCs) and their axons is the final common pathway
of optic neuropathies resulting in loss of vision [1,2]. Neuroprotective strategies aimed at
preventing loss of RGCs and sparing their function have been an area of intense investiga-
tion in animal models [3-5]. The great majority of experimental studies on neuroprotective
strategies have been performed in glaucoma models using a large variety of neuroprotec-
tants targeting multiple molecular pathways, often with impressive positive effects [2,6].
While neuroprotection studies in experimental models provide powerful proofs of principle,
translation of neuroprotective strategies to the clinical application remains elusive [7-9].
One caveat of experimental models is that they are a gross approximation of the correspond-
ing clinical condition [10,11], resulting in limited concordance of treatment effects between
preclinical models and clinical trials. Another limitation is that results obtained in animal
models most often reflect neuroprotective protocols started in temporal proximity of the
induction of the pathological condition, while in the clinical condition therapeutical options
are generally initiated after diagnosis that may occur relatively late over the course of the
disease. A further limitation is that the sophisticated methods to assess RGC structure and
function in experimental models are not generally applicable in the clinical setting. Here,
we offer a perspective on the optimal time window for neuroprotective treatments to rescue
RGC from death and preserve their function based on noninvasive methods to assess RGC
functional integrity that can be used both in experimental models and clinical trials.

2. The Tipping Point

In progressive optic neuropathies, the tipping point represents the idealized transition
from a physiological state to a pathological state. During the period preceding the tipping
point (critical period) [12-14] accumulating adverse factors eventually overwhelm homeo-
static mechanisms and cause irreversible and progressive cell death. The duration of the
critical period of transition can be of the order of years, as in glaucoma, [15] or months, as
in Leber’s Hereditary Optic Neuropathy (LHON) [16], and its identification would provide
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a red flag of impending disease and an opportunity to consider neuroprotective treatment
in a time window where altered conditions may be still capable of reversal. While the
tipping point is a well-established intuitive concept (Figure 1), its identification is challeng-
ing as phenotypic expression and molecular changes occurring during the critical period
overlap with those of the normal condition, and homeostatic neuroplasticity mechanisms
to maintain normal vision offset pathological alteration [17]. Later stages are dominated
by cell survival and associated maladaptive processes including rewiring of the neural
tissue and disruption of function that define the manifest disease state [18]. As sketched
in Figure 1, there are several potential therapeutical time windows for neuroprotection,
each of them probably resulting in a different outcome. Prophylactic neuroprotection
(Rx_t0 in Figure 1) based on risk factors only is not currently considered in the clinical
setting [19]. Typically, neuroprotective actions are considered by the time the disease is
manifest (Rx_t3, Rx_t4 in Figure 1) [20,21] with the goal of slowing further damage. If a
goal of neuroprotective therapy is to preserve RGC integrity and have a long-term efficacy,
then it should be initiated as early as possible, ideally at pre-clinical stages (Rx_t1, Rx_t2, in
Figure 1) where adaptive neural mechanisms may be still reversible. At preclinical stages,
noninvasive structural RGC and RNFL assessments are unlikely to provide meaningful
clinical indications [22,23]. In contrast, adaptive changes occurring during the critical
period may impair the electrophysiological response of RGCs to visual stimuli, which can
be used as biomarker of impending disease, to monitor its progression, and to provide a
rationale for initiating neuroprotective treatment.

Yy
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Critical period Discase
c Pre-clinical
K<l
=l
Q
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>
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Tipping point
Rx_t0 Rx_t1 J—L Rx_t2 Rx_t3 Rx_t4
Time

Figure 1. Hypothetical transitional stages of retinal ganglion cell function over the course of a
progressive optic neuropathy. The vertical arrow on the time axis represents the idealized transition
from a physiological state to a pathological state (tipping point). Abbreviations on the time axis
(Rx_t0-t4) represent the idealized time windows of neuroprotective treatment over the course of the
disease. Rx_t0 represents prophylaxis. In the time window immediately preceding the tipping point
(critical period), early pathological processes may induce RGC dysfunction that is identifiable using
sensitive electrophysiological tests such as PERG. Neuroprotective treatment during the critical period
(Rx_t1) may interrupt the pathological process and even reverse RGC dysfunction. Neuroprotective
treatments at increasing time after the tipping point (Rx_t2, Rx_t3, Rx_t4) may slow progression of
RGC dysfunction.

3. Electrophysiological Testing of Retinal Ganglion Cell Function

The electrophysiological activity of RGCs and their axons can be tested with specific
variants of the electroretinogram (ERG) [24]. The best-understood and most sensitive
technique is the ERG in response to contrast-reversing patterns (Pattern Electroretinogram,
PERG). While the precise cellular sources of the PERG signal are not known, the PERG
depends on the presence of functional RGCs, as it is rapidly abolished after the optic
nerve crush that results in RGC degeneration, while the standard ERG remains unaffected.
Both spiking and nonspiking electrical activity contribute to the PERG. Compared to the
standard ERG, the PERG has a much smaller amplitude. However, using state-of-the-art
equipment with robust averaging and processing to improve the signal-to-noise ratio,

302



Int. J. Mol. Sci. 2022, 23, 5751

the PERG can now be easily recorded from surface adhesive electrodes in human and
subdermal electrodes in mice (Figure 2) [25,26].

A

Figure 2. Outline of PERG setup for clinical (A-C) and experimental (D-F) use. (A) Pattern stimu-
lus. (B) Taped skin electrode placement. (C) Example of steady-state PERG and noise waveforms
(continuous lines) in response to one stimulus cycle (two pattern reversals). The dashed sinusoidal
waveforms superimposed to the SS-PERG waveforms represent the frequency-domain component
that is measured in amplitude (vertical arrow) and latency (horizontal arrow). (D) Tiltable pattern
displays to change body posture. (E) Binocular pattern stimuli reverse at slightly different frequency
to retrieve uniocular PERG using a common subcutaneous needle in the snout. (F) Examples of PERG
waveforms recorded simultaneously for both eyes consisting of a major positive component (P1) at
80-100 ms and a negative component (N2) at about 350 ms. Amplitude is measured from P1 to N2,
and latency is measured as time-to-peak of P1. From Monsalve et al., 2017 and Chou et al., 2014.

The PERG may be altered before histological loss of RGCs in glaucoma and optic
neuropathies in both human and animal models [27-29]. The PERG can also inform about
the response dynamics over a range of visual stimuli of different strength [30] as well as
the ability to autoregulate under physiologically stressful conditions such as body inver-
sion [31,32] or flicker-induced increase in metabolic demand [33]. Both response dynamics
and autoregulation may provide useful biomarkers to establish altered RGC function not
associated with cell death [30,34]. Typically, neuroprotection studies in experimental mod-
els of optic neuropathies quantify the effect of treatment by comparing the RGC/axon
number of an independent control group with that of the study group at a given endpoint.
Noninvasive electrophysiology such as PERG provides longitudinal information on overall
RGC function from baseline to endpoint, and additionally it provides unique informa-
tion on the acute effect of treatment and the time course of the effect, which includes the
potential neuroenhancement effect as well as the potential toxic effect and is useful for
screening purposes.

4. Comparing RGC Function with RGC Number

A strong proof of concept for the use of PERG as a biomarker of premanifest disease is
offered by the DBA /2] mouse strain, which spontaneously develops a pigment-liberating
iris disease, resulting in age-related IOP elevation and glaucoma [35,36]. Figure 3A com-
pares the time course of IOP, PERG amplitude, and optic nerve axon number as a function
of age of DBA /2] mice [29]. The IOP increases moderately between 2 and 7 months, and
more sharply thereafter, when the optic nerve starts losing axons. By the time axon loss is
noticeable at about 8 months of age, the PERG signal has already lost over 50% of baseline
amplitude at 2 months of age. This indicates that RGCs become dysfunctional before they
die. Multiple regression analysis of data shown in Figure 3A reveals that age (Log p = 28.5)
plays a larger role than IOP (Log p = 3.8) in progressive loss of PERG signal. The horizontal
distance between the decay curves of function and structure provides an estimate of the
lifespan of sick RGCs, which represents the time window of opportunity for treatment
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to prevent RGC death. The vertical distance between the decay curves of function and
structure provides an estimate of RGC dysfunction that is not accounted for by cell death,
which is potentially reversible [37].

A B

@

S
=5
8

N
a
-

80
IoP

n
=3
T
o
3

60

o

40

8
€v0l.Suoxy

Axons 60

ta0 209
PERG
20
[ ] 0

T T T T T T T
25 50 75 100 125 15.0 175 2.5 5.0 75 10.0 125 15.0 175
Age (months) Age (months)

Relative proportion (%)

I0P (mm Hg), PERG amplitude (pV)
B

Figure 3. Structure—function relationships in DBA /2] mice. (A) IOP, PERG amplitude, and optic nerve
axon counts as a function of age of mice. (B) Estimated proportion of healthy, sick, and dead retinal
ganglion cells at different ages based on a mathematical model that accounts for the structural /functional
differences shown in panel (A). (A) replotted from Saleh et al., IOVS 2007; (B) replotted from Porciatti
and Chou, Cells 2021.

The comparison between the time courses of PERG amplitude and axon number
(Figure 3A) offers an opportunity to investigate the relationship between RGC dysfunc-
tion and death [13]. The working hypothesis assumes that at any given time point the
residual PERG amplitude reflects the summed contribution of still normal RGCs, the re-
duced contribution of sick RGCs, and the null contribution of dead /lost RGCs, each in
relative proportions. The residual axon count reflects the remaining number of RGCs. The
hypothesis also assumes that at each successive timepoint a constant proportion of RGCs
becomes sick (decay rate b), functions at reduced capacity (dysfunction coefficient d) and
survives for a limited amount of time (time lag T between sick and dead RGCs). These
events will be reflected in progressive loss of PERG amplitude and axon number, with
the former expected to anticipate loss compared to the latter. These parameters can be
included in a simple mathematical model [13] that best fits the structural (axon number)
and functional (PERG amplitude) time courses. In the example of Figure 3A the parameters
that best fit the curves are decay rate b = 0.3/month, dysfunction coefficient d = 0.5 of
normal, and sick-to-dead time T = 6.5 months. Using these parameters, it is possible to
estimate at each timepoint the proportion of healthy, sick, and dead RGCs (Figure 3B).
Although the simple model shown in Figure 3B has obvious limitations, it is useful to
show that by the time RGCs start dying at about 7.5 months of age, most RGCs are sick
and there are fewer healthy RGCs left. By 10 months of age there are no heathy RGGs
left, while there are fewer sick RGCs to repair together with a growing population of dead
RGCs. This has implications for choosing the appropriate time window for preventing
RGC dysfunction (Rx_t1 in Figure 1), preventing RGC dysfunction and repairing ongoing
RGC dysfunction (Rx_t2 in Figure 1), or limiting the rate of RGC death (Rx_t3, Rx_t4 in
Figure 1). Neuroprotective strategies in different time windows do not necessarily use
similar pharmacological approaches and may result in distinctive outcomes for residual
RGC function and RGC number. Analogue models to that shown in Figure 3 may be
hypothesized for a variety of conditions impacting the susceptibly and lifespan of RGCs
together with their ability to generate electrical signals under a protracted degenerative
process. Longitudinal clinical data in early glaucoma patients [27] also show progressive
loss of PERG signal, anticipating comparable loss of retinal nerve fiber thickness by several
years. The rate of progressive PERG loss in glaucoma suspects may be reduced with
IOP-lowering treatment [38]. In human LHON, sudden and severe visual loss often begins
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with one eye first, usually followed by similar loss in the fellow eye few months later [16].
In unilateral LHON cases, the PERG signal is much altered not only in the symptomatic
eye, but also in the asymptomatic eye [39]. This suggests that in the asymptomatic eye
there is manifest RGC dysfunction preceding RGC death that may be potentially prevented
with a timely neuroprotective intervention, including gene therapy [40,41]. It is conceivable
that PERG testing in LHON carriers may anticipate conversion from asymptomatic to
symptomatic stage and thus inform timing of neuroprotective therapy.

5. Saving RGC Function vs. Saving RGC Bodies

Neuroprotection refers to the relative preservation of neuronal structure and/or func-
tion independently of the primary cause of neuronal insult [9]. Ideally, neuroprotection
should extend the lifespan of functional RGCs, but this may not always be the case. In
principle, neuroprotective strategies that target downstream molecular pathways of cell
death such as caspases [42] may keep RGCs on life support for a long time, but these
RGCs are not expected to be fully functional. In contrast, strategies that enhance RGC
function in the short term do not necessarily alter the rate of progression and may even
accelerate RGC death [43]. Noninvasive electrophysiology such as PERG provides the
necessary functional outcome to assess the ability of RGCs to generate electrical signals
under a protracted degenerative process with or without the presence of neuroprotective
treatments. Notably, the PERG can provide a unique contribution to document altered
dynamics of RGC function before the tipping point (critical period in Figure 1), which
would also represent a rationale for early treatment.

5.1. RGC Excitability

The PERG signal depends not only on the presence of functional RGCs, but also
on the molecular environment that controls neuronal excitability, such as neurotrophic
factors [44]. For example, BDNF/TrkB interaction controls RGC intrinsic excitability by
shifting polarization of the membrane potential [45,46]. In healthy mice, a retrobulbar
injection of lidocaine (axon transport blocker) does not induce RGC death but rapidly
and reversibly reduces the PERG signal [47] (Figure 4). These effects are believed to be
induced by deficiency of retrograde signaling in the optic nerve, in particular shortage of
neurotrophic factors derived from brain targets via retrograde axonal transport [48]. Axon
transport defects are known to play a critical role in the early stage in neurodegenerative
disease [49] including glaucoma and LHON [50,51]. Early PERG impairment in glaucoma
and optic neuropathies may be at least in part due to altered axonal transport that reduces
RGC excitability.

Changes in RGC excitability are reflected in the dynamics of the PERG response [30].
In the normal mouse, the PERG amplitude increases with increasing contrast approximately
in a linear manner (i.e., the PERG amplitude at 20% contrast is about 20% of the amplitude
at 100% contrast). Although there are measurable differences in PERG contrast dependence
in different mouse strains [52] a strong departure from linearity occurs when availability
of neurotrophic factors is altered [30]. Figure 5 shows that in naive C57BL/6] mice, the
PERG amplitude at 20% contrast is much lower than that at 100% contrast. In C57BL/6]
mice receiving an intravitreal injection of BDNF or in C57BL/6] mice who had a chronic
lesion of the superior colliculus—resulting in a compensatory upregulation of endoge-
nous BDNF in the retina [53]—the PERG amplitude at low contrast is higher than that
of control C57BL/6] mice. Although the mechanisms underlying altered PERG contrast
dependence (neurotrophic support/expression, synaptic transmission, plasticity) are only
conjectural, changes of PERG dynamics can be used to detect and monitor early changes in
RGC excitability.
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Baseline J

Figure 4. Retrobulbar lidocaine blocks axon transport and reversibly reduces PERG amplitude. The
axon transport marker Alexa Fluor 488 Cholera Toxin B was intravitreally injected in both eyes of
young DBA /2] mice, and lidocaine was immediately injected in the retrobulbar space of the left eye.
(A) The PERG signal (average of 5 mice + SE) was much reduced 1 h after retrobulbar lidocaine
compared to baseline and fully recovered one day after. (B) After PERG recording, the entire brain
was fixed, and both superior colliculi (SC) exposed by aspirating the overlying cortex. The dorsal
view shows the surface of both left SC (LSC) and right SC (RSC), roughly outlined with a dotted line
and a dashed line, respectively. Confocal scanning laser ophthalmoscopy was performed to identify
Alexa Fluor 488 Cholera Toxin B fluorescence. Note the bright fluorescence of the LSC and the absent
fluorescence of the RSC, indicating blockage of axon transport along the retinocollicular pathway of
the lidocaine-treated eye; scale bar, 200 um. Replotted from Chou et al., Int. J. Mol. Sci. 2018.

[J 100% contrast
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Figure 5. Contrast dependence of PERG amplitude in control C57BL/6] (B6) mice and in B6 mice in
which neurotrophic support has been altered ((B6 + BDNF): intravitreal injection of BDNF; (B6 + SCL):
chronic lesion of the contralateral superior colliculus). Replotted from Chou et al., Exp. Eye Res. 2016.

5.2. RGC Adaptation

Rapid dilation of retinal vessels in response to flickering light or fast-reversing pat-
terns (functional hyperemia) is a well-known autoregulatory response driven by increased
neural activity in the inner retina [54]. Sustained metabolic stress may in turn influence
RGC function, and this is reflected in a progressive decline of the PERG signal to a plateau
(adaptation) over 2—4 min [55] (Figure 6). PERG adaptation occurs in mice [33] as well as in
humans [56], and represents an index of normal neurovascular autoregulation triggered by
a metabolic challenge. PERG adaptation may be reduced or absent when RGCs are dysfunc-
tional as in glaucoma [57] or in optic neuritis [58]. For hypothesis-testing purposes, several
models can explain the PERG adaptation dynamics. The model sketched in Figure 6C is
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based on an energy budget model in a neurovascular-glial network that can be reduced to
a simple electrical circuit and mathematical equation [14].
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Figure 6. Flicker-induced PERG adaptation. (A) Flickering light at 11 Hz superimposed to a pattern
stimulus induces vasodilation in C57BL/6] mouse, as shown by fluorescein angiography, and reduces
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the PERG amplitude compared to the same pattern stimulus with superimposed flicker at 101 Hz
(invisible to photoreceptors). (B) In human subjects, the PERG signal in response to sustained
pattern reversal at 16 rps becomes progressively reduced to a plateau over 2 min. (C) Energy budget
model that accounts for the temporal dynamics of PERG adaptation in mice and human subjects.
At any given time, the energy available to activated neurons (e n, photoresistor) depends on the
energy flow provided by glial stores (¢ g capacitor) and vascular supply (¢ b, current generator)
minus the energy absorbed in the process (e g, resistor). The switch connecting activated neurons to
vascular supply represents the neurovascular coupling. The direction of arrows indicates the energy
flow. (A) Replotted from Chou et al., Sci. Rep. 2019; (B) replotted from Porciatti et al., IOVS 2005;
(C) replotted from Porciatti and Ventura, Vis. Res. 2009.

Independently of the underlying mechanisms, PERG adaptation dynamics can be
used to detect and monitor altered autoregulation of RGCs together with the neurovascular-
glial network impinging on them. As shown in Figure 3, in DBA /2] glaucoma the PERG
amplitude progressively decreases with increasing age followed by loss of RGCs [28,29]. In
DBA /2] mice, retinal levels of nicotinamide adenine dinucleotide (NAD+, a key molecule
in energy and redox metabolism) decrease with age and render aging neurons vulnerable
to disease-related insults [6]. Oral administration of the NAD+ precursor nicotinamide
(vitamin B3) spares RGCs and their function at older ages [6]. The magnitude of PERG
adaptation also decreases with increasing age (Figure 7) [59]. However, prophylaxis with
a diet rich in vitamin B3, in addition to saving functional RGCs, also spares the PERG
autoregulatory dynamic range in response to flicker [59].
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Figure 7. Flicker-PERG amplitude adaptation and RGC survival in control DBA /2] mice fed with
standard diet and in DBA /2] mice fed with vitamin B3-enriched diet. (A) Amplitude of PERG
recorded with superimposed flickering light at either 101 Hz (baseline, blue bars) or 11 Hz (test, red
bars) in mice of different ages. The difference between baseline and test represents the magnitude of
flicker-PERG adaptation. Note in control mice that flicker-PERG adaptation progressively decreases
with increasing age, whereas in vitamin B3-treated mice PERG adaptation is preserved together
with a slower decline of PERG amplitude with age. Error bars represent the SEM (1 = 10 for each
group). (B) Representative examples of RBPMS (RNA-binding protein with multiple splicing)-
immunostained RGCs and Mitotracker-immunostained mitochondria in flat mounted retinas of
DBA /2] mice 3 months old and 13 months old fed with either standard diet or vitamin B3-enriched
diet. Note the rescue effect of vitamin B3-enriched diet on RGCs and mitochondria in mice 13 months
old. Replotted from Chou et al., Nutrients 2020.

5.3. RGC Susceptibility to Stress

Stress tests such as physical exercise are widely employed to investigate altered heart
dynamics and are also used in eye diseases. Recovery of vision and VEP amplitude after
exposure to a bright light (photostress) may be prolonged in macular diseases [60] and
in optic neuritis [61]. Temporary IOP elevation can be induced with head-down (HD)
body posture. In DBA /2] mice of different ages, head-down (HD) tilt of 60 degrees causes
an IOP elevation of about 5 mm Hg [31]. The PERG of young mice is unaffected by HD,
but it becomes substantially depressed in older mice even before the onset of RGC death,
suggesting susceptibility to HD stress [31]. In human subjects, HD tilt of 10 degrees induces
IOP elevation of about 3 mm Hg on average [32]. While the PERG of normal subjects is
not altered by HD tilt, it becomes substantially depressed in a subpopulation of glaucoma
suspects [32]. Longitudinal observation of HD-susceptible glaucoma suspects has shown
that most of them developed RNFL thinning over 5 years [34].

6. Conclusions

Noninvasive, longitudinal assessment of RGC function appears to be a needed diag-
nostic tool in optic neuropathies. A substantial body of evidence supports the use of PERG
to assess the ability of RGCs to generate electrical signals under a protracted degenerative
process with or without the presence of neuroprotective treatments, which may have both
diagnostic and prognostic values. Further, the PERG can provide a unique contribution to
document altered dynamics of RGC function in response to stimuli of different intensity and
under different physiological stressors, which may occur before the tipping point and pro-
vide the rationale for early treatment. Indeed, a goal of neuroprotective approaches should
be preserving and restoring RGC integrity. The PERG can also be useful to screen acute
neuroenhancement and toxic effects of neuroprotective drugs. User-friendly versions of the
PERG technology are now commercially available for both clinical and experimental use.
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