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Abstract:

Neuro-ophthalmologic diseases include a broad range of disorders affecting the afferent and efferent visual
pathways. Recently, monoclonal antibody (mAb) therapies have emerged as a promising targeted approach in
the management of several of these complex conditions. Here, we describe the mechanism-specific applications
and advancements in neuro-ophthalmologic mAb therapies. The application of mAbs in neuro-ophthalmologic
diseases highlights our increasing understanding of disease-specific mechanisms in autoimmune conditions such
as neuromyelitis optica, thyroid eye disease, and myasthenia gravis. Due to the specificity of mAb therapies,
applications in neuro-ophthalmologic diseases have yielded exceptional clinical outcomes, including both reduced
rate of relapse and progression to disability, visual function preservation, and quality of life improvement. These
advancements have not only expanded the range of treatable neuro-ophthalmologic diseases but also reduced
adverse events and increased the response rate to treatment. Further research into neuro-ophthalmologic disease
mechanisms will provide accurate and specific targeting of important disease mediators through applications of
future mADbs. As our understanding of these diseases and the relevant therapeutic targets evolve, we will continue
to build on our understanding of how mAbs interfere with disease pathogenesis, and how these changes improve
clinical outcomes and quality of life for patients.
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fragment (Fc) of human antibodies replaced
that of murine origin, and murine protein loops
were incorporated into human immunoglobulins,
respectively. Many modern mAbs are made
entirely of human proteins by recombinant
DNA methods, eliminating the risk of adverse
reactions to murine components.*’ Common
mAD suffixes, such as -omab, -ximab, -zumab,
and -umab, are used to differentiate their origins
among murine, chimeric, humanized, and
human, respectively [Table 1].1!

History oF DEVELOPMENT

Monoclonal antibody (mAb) therapy has
only recently been harnessed for disease
management. However, in this short time, these
customizable pharmaceuticals have proven to be
uniquely effective in treating a variety of difficult
oncologic and autoimmune diseases. Dr. Edward
Jenner was the first to document the use of antibodies
through immunization by inoculating a patient with
small pox pustular fluid in 1796.1 Nearly 200 years
later, in 1975, the hybridization of murine myeloma
cells and splenic B lymphocytes was used to
mass-produce clones of a single antibody. These
mass-produced mAbs became the first generation
of customizable immunologic therapies.”

PuarmAcoLoGgY AND FuNcTION

Immunoglobulin (Ig) G is currently the only
Ig used in mAD therapy, despite the existence
of four other types of Igs: IgM, IgD, IgE,
and IgA. The stability and pharmacokinetics
of IgG are the best suited for mAb
functions.™ Four isotypes or subtypes of IgG
Ig exist, IgG1, IgG2, 1gG3, and IgG4. These
isotypes activate complement-dependent
cytotoxicity (CDC) and antibody-dependent
cellular cytotoxicity (ADCC) to varying extents.

Soon after clinical use of mAbs began, patients
developed human anti-murine antibodies and
anaphylactic reactions. These events drove the
development of chimeric mAbs followed by
humanized mAbs, wherein the crystallizable
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Table 1: Substems and stems that comprise the monoclonal antibody names found within this review

Prefix Target substem Meaning Source substem Meaning Stem Meaning
Varies -Ci- Cardiovascular -u- Human -mab Monoclonal antibody
-1- Immunomodulating -Xi- Chimeric
_li-
-tu- Tumor -Zu- Humanized
-tum-

Note that the nomenclature continues to be updated and that these conventions represent the time during which the discussed antibodies were named

IgG antibodies consist of two heavy and two light chains, both
of which contain constant and variable domains. The Fc region
of Ig is made of only heavy chains. This portion determines the
effector function of the mAb through its ability to bind to the
Fc gamma receptor (FcyR). When a mAb binds to the FcyR
of immune cells, CDC and ADCC become activated.>®” The
complementarity-determining region (CDR) is found within
the antigen-binding fragment and directly binds to a pathogen’s
epitope. The CDR can be altered to recognize and bind any
epitope, providing high specificity and affinity for a given
target. The CDR allows mAbs to target-specific cells or
markers while eliminating the risk of additional, unintended
interactions.

MuttiPLE ScLEROSIS

Multiple sclerosis (MS) is an autoimmune disease defined by
clinical symptoms corresponding to demyelinating lesions
which are disseminated in space and time, within the brain,
optic nerve, and spinal cord.®! The onset of MS typically
occurs between 20 and 40 years of age and can present with
neurological symptoms ranging anywhere from isolated
incontinence or nystagmus to a simultaneous constellation of
symptoms. Clinical symptoms of MS are the result of myelin
destruction and axonal damage within a localized region of
the central nervous system (CNS). Lesions most often affect
the brainstem, cerebellum, spinal cord, and optic nerve, as
well as periventricular and juxtacortical areas of the brain.F-!!!

MS manifests as a variety of neuro-ophthalmologic symptoms,
which can be categorized into afferent or efferent symptoms
and signs.['Y The most common ophthalmologic presentation
of MS is optic neuritis (ON), defined as inflammation of the
optic nerve. In patients with MS, ON is most often unilateral
and begins with declining vision over the first 7-10 days
from symptom onset and typically plateaus by 2 weeks.
Other common symptoms of ON are pain, particularly in
eye movements, visual acuity and visual field loss, reduced
contrast sensitivity, and an ipsilateral relative afferent
pupillary defect in the affected eye. Typically, the optic
nerve appears normal (retrobulbar ON), but optic disc edema
may also occur. Because they are relatively uncommon in
MS-related ON, bilateral ON and optic disc edema should
prompt consideration for alternative antibody-mediated
ON (e.g., neuromyelitis optica spectrum disorder [NMOSD]
and myelin oligodendrocyte glycoprotein antibody-associated
disease [MOGAD] ON). Patients with ON typically recover
over several weeks to months from onset.[!%!?]

Lesions of the efferent visual pathway (e.g., brainstem or
cerebellum) in MS can produce diplopia or oscillopsia. The
most common efferent presentation of MS is an internuclear
ophthalmoplegia (INO) from a demyelinating lesion of the
medial longitudinal fasciculus (MLF). The MLF contains
nerve fibers that facilitate CNVI communication with CNIII
for conjugate horizontal movement. Demyelination and
inflammation at the MLF cause impaired adduction of the
eye ipsilateral to the lesion and a dissociated horizontal
nystagmus of the contralateral eye during abduction. Other less
common efferent manifestations of MS include other ocular
motor cranial neuropathies from fascicular involvement in
the brainstem or new-onset nystagmus. Rarely, MS can also
present with uveitis (e.g., pars planitis) or periphlebitis.!'!

The revised McDonald criteria for MS, last updated in
2017,13 include radiographic lesions on magnetic resonance
imaging (MRI) of the brain and spinal cord and clinical symptoms
and signs of dissemination in time and space. MS is typically
divided into four subcategories based on a pattern of relapse
and disease progression.l'*!*I These subtypes, relapse-remitting,
primary progressive, secondary progressive, and clinically
isolated syndrome (CIS), were established in 2013 after the
revision of the previous subcategorization.['*19 Criteria for
the (CIS) subtype include imaging and clinical history consistent
with a first-time attack where MRI and historical evidence
of previous demyelinating episodes is lacking. In primary
progressive MS, patients do not show acute exacerbations,
instead, gradual, continuous decline in neurological function is
observed. The most common of the subtypes, relapsing-remitting
MS, is defined by acute exacerbations of new or worsening
symptoms with or without complete recovery between events.
This disease course can convert to the fourth subtype, secondary
progressive MS, wherein patients experience a continuous
neurological decline, with or without exacerbations.['*1517]

Currently, the pathogenesis of MS appears to be multifactorial
and the clinical course is quite variable.!'3] Proposed
environmental risk factors for MS include obesity, smoking,
Epstein—Barr virus exposure, gut microbiome composition,
serum Vitamin B levels, and serum Vitamin D levels.[®!8
The latter has been shown to have an inverse correlation
with latitude, in the context of MS risk factors.®! The non-
modifiable risk factors are genetic and include female sex,
as well as the presence of human leukocyte antigen (HLA)-
DRI15 on CD4+ T cells and HLA-A3 and HLA-B7 on CD8+
T cells.'89 In contrast, HLA-A2 on CD8+ T cells appears to
be protective against developing MS.['"!
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Several cell types and their products have been identified for
their pro- and anti-inflammatory roles in MS disease. Immune
dysregulation in MS is believed to be mediated primarily
by T cells.!'¥! Peripherally, CD4+ T cells are exposed to
self-antigens of the CNS, resulting in T lymphocyte recruitment
to the CNS.[%!8 Several studies have identified aberrant T
regulatory cells (Treg) in MS as possible culprits in peripheral
T-cell self-antigen recognition. Aberrant Tregs are unable to
produce an appropriate amount of their anti-inflammatory
products, interleukin (IL)-10 and transforming growth
factor (TGF)-P.[1#20 As a result, myelin-reactive CD4+ cells
cannot be suppressed peripherally.'8 T lymphocyte infiltration
into the CNS requires interactions with endothelial cellular
adhesion molecules, such as lymphocytic integrin a4p1
(very late antigen-4 or VLA4) and endothelial vascular
cell adhesion molecule 1 (VCAM-1), to bypass the blood
brain barrier (BBB).[?'?2 Several CNS self-antigens have
been identified as targets of these aberrant T cells in various
diseases including myelin basic protein (MBP) and myelin
oligodendrocyte glycoprotein (MOG).[23231 On aberrant
T-cell recognition of CNS self-antigen, macrophages, and
microglia are activated, further propagating localized myelin
destruction, axonal damage, and BBB disruption. Myelin
damage then triggers Thl and Th17 pro-inflammatory
cell activation. Thl and Th17 continue to propagate the
pro-inflammatory state by releasing interferon (IFN)-y and
IL-17, respectively. Despite the prominent role of CD4+ in
MS, CD8+ T cells are found in greater numbers at the site of
acute inflammation.®'® These CD8+ T cells, which are found
at the lesion and within cerebrospinal fluid (CSF), appear to
have an oligoclonal expansion which suggests antigen-driven
selection. Finally, these cells propagate inflammation by
producing granzyme B, IFN-y, and IL-17.%! In contrast to an
increase in pro-inflammatory cells, anti-inflammatory cells,
Th2 and Th9, appear to have low serum counts in states of
acute MS exacerbations.?”!

The most well-understood role of B cells in MS is the
production of antibodies to self-antigens, such as anti-MBP
antibody, which are released during myelin destruction.
This proposed mechanism is supported by the fact these
antibodies exhibit clonotypic expansion seen in the CNS
and CSF.['828291 Alternatively, peripheral memory B cells
may be aberrant and trigger MS by presenting a self-antigen
to autoreactive CD4+ T cells.? Evidence of other B-cell
roles in MS, including antibody-independent mechanisms, is
supported by B-cell depletion through Rituximab, resulting in
reduced rates of relapse. Despite B-cell depletion, abnormal
antibodies in the CSF persisted.?!! This reduced relapse rate
secondary to B cell depletion may be attributed to a lack of
circulating B cell inflammatory products, TNF-o, IL-6, and
granulocyte-macrophage colony-stimulating factor.’?331 B
regulatory (Breg) cells, which produce anti-inflammatory
IL-10, TGF-P, and IL-35, also appear to be reduced in MS.[®!

Treatment of MS includes acute treatment (intravenous steroids)
to accelerate recovery time and chronic disease-modifying

therapy (DMT) to reduce disease relapse. High-dose,
short-term, IV methylprednisolone is the first-line treatment
of acute MS attacks. Because this treatment period is short,
infection risk is lower compared to risk during chronic
glucocorticoid use. Plasma exchange serves as second-line
therapy when patients do not respond appropriately to IV
methylprednisolone.

Traditional DMT for MS includes injectable recombinant
human IFNf-1a/b and glatiramer acetate and oral medications
such as dimethyl fumarate and cladribine.?¥ Although these
are effective in reducing the number of lesions, relapse rate,
and progression to disability, they are limited in their ability
to target key players of MS disease progression.

Natalizumab is a humanized, second-generation mAb that
targets the lymphocyte-endothelial cell interaction, preventing
transcytosis.?!! This mAb is the first in the class of selective
adhesion molecule inhibitors. Natalizumab specifically targets
o1 B4 integrin on lymphocytes, thereby preventing transcytosis
through interaction with VCAM-1 on endothelial cells. Without
lymphocyte transcytosis, inflammation is reduced and new
lesions are prevented.**! Natalizumab significantly reduces
both the rate of MS relapse and disease progression.>®

The most common adverse effects of natalizumab include
infusion-related symptoms, infections, arthralgias,
gastroenteritis, depression, and rash. Although rare, the risk
of progressive multifocal leukoencephalopathy (PML), a
potentially fatal disease caused by JC virus reactivation, is
associated with the use of natalizumab.*"! A prospective study
designed to evaluate the long-term safety of natalizumab
reported <0.5% of patients developed PML and most
patients tolerated natalizumab well throughout the 10-year
period.?®¥! Ofatumumab, ocrelizumab, and rituximab are all
CD20+ B-cell-depleting mAbs used in MS management.
Ocrelizumab and ofatumumab were approved by the
United States Food and Drug Administration (FDA) for the
management of MS in 2017 and 2020, respectively. Rituximab
has been used as an off-label therapy for MS before the
approval of other B-cell-depleting therapies.3%4"

NeuromyeLmis Optica SpecTRum DiSORDER

NMOSD is an antibody-mediated autoimmune disease of
the CNS, preferentially affecting the optic nerve and spinal
cord.*!! Recently, an antibody found in the serum of patients
with NMOSD was identified as aquaporin-4 (AQP4)-1gG
antibody. The AQP4 auto-antibody targets a specific water
channel found in high concentrations at astrocytic end-feet
and ependymal cells of the CNS.#?! Although this antibody
is quite specific for NMOSD, diagnosis of NMOSD can be
made in the absence of AQP4-IgG when appropriate clinical
criteria are met (seronegative NMOSD). There are six core
clinical criteria for the overall diagnosis of NMOSD: ON,
acute myelitis, area postrema syndrome (APS), symptomatic
narcolepsy or acute diencephalic syndrome with consistent
imaging, or symptomatic cerebral syndrome with consistent
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imaging. Diagnosis of NMOSD with AQP-4 IgG can be made
when at least one of the six core clinical criteria is met, and
serology is positive for AQP-4 IgG. In cases of NMOSD
without AQP-4 IgG, at least two of the six core clinical criteria
must be met as a result of one or more clinical attacks. One
of the two clinical criteria must be either ON, acute myelitis
with longitudinally extensive transverse myelitis (LETM),
or APS.M In both cases, alternative diagnoses must be ruled
out as well.[*]

Since identifying NMOSD as a separate disease from MS,
several revisions to the clinical manifestations have been
published.™! In contrast to MS, NMOSD often involves a
long spinal cord segment and LETM, evident on T2 weighted
spinal MRI.I*647 Other sites of inflammation characteristic of
NMOSD correspond to areas where AQP-4 has the highest
concentration, such as the optic nerve and area postrema.®!
The involvement of the area postrema presents with either
intractable hiccups or vomiting, these clinical symptoms
favor NMOSD over MS, as this involvement is consistent
with APS.M*7 Other clinical presentations that favor diagnosis
of NMOSD over MS include new onset narcolepsy, thermal
dysregulation, and autonomic dysregulation such as
bradycardia or hypotension. These symptoms may correspond
to inflammation of the hypothalamus and can be confirmed
through MRI.B%U Finally, ON in NMOSD is often unilateral,
however, rapidly sequential or simultaneously bilateral ON is
highly suggestive of this disease.*? Brain imaging of patients
with NMOSD often does not show demyelinating lesions.
Instead, the spinal cord and optic nerve, if involved, may be
the only sites of radiologically evident inflammation.’*!

NMOSD predominantly occurs in females between 30 and
55 years of age.’*5%! Patients commonly present with a
relapsing course, but monophasic disease courses have been
reported.[*3! The presence of AQP4-IgG is associated with
a greater risk of relapse compared to those seronegative
for AQP4-1gG.1* Other epidemiologic risk factors include
Asian descent and elder patients of African descent.[5357
Importantly, treating a patient with NMOSD during or after
pregnancy can be especially challenging, as many DMTs,
including methotrexate, azathioprine, and mycophenolate are
contraindicated in pregnant patients. This creates an increased
dependence on mAbs for the treatment of pregnant patients.
Although direct clinical trial data demonstrating the safety
and efficacy of mAbs in treating pregnant patients is limited,
several reports demonstrate positive outcomes when taking
rituximab during pregnancy.%% Larger studies are necessary
to fully understand the safety and efficacy of mAb treatment
in pregnant patients with NMOSD.

The discovery of AQP4-IgG shifted our understanding of
NMOSD from a demyelinating disease to an astrocytopathy
with consequential myelin and neuronal dysfunction.!®"
Histologically, CNS lesions are characterized by perivascular
complement, IgG, and IgM deposition in a rosette pattern with
hyalinized vessels. Cellular components include neutrophils,
eosinophils, macrophages, and microglia.l*!

B cells play a major role in the initiation and maintenance of
NMOSD. Evidence suggests initial AQP4-IgG production
occurs through peripheral B cells, as these antibodies are
found in both CSF and serum in the majority of cases.[¢4!
These peripheral cells are phenotypically AQP4-1gG secreting
plasmablasts, and are stimulated in response to IL-6.02465
AQP4-IgG is believed to enter the CNS through either a
damaged BBB or circumventricular organs, where the BBB is
absent, but AQP4 is still expressed.[) Once beyond the BBB,
AQP4-IgG binds to the AQP channel on astrocytes. Before
astrocytes die in response to events following AQP4-1gG
binding, they play a crucial role in initiating the complement
cascade.[ Notably, plasmablasts found within the CNS also
exhibit clonal expansion, suggesting CNS AQP4 antigen-driven
selection. Further, CNS-infiltrating eosinophils release IL-6,
which further stimulates AQP4-IgG production by local
plasmablasts.[67] [n addition to auto-antibody production, B
cells are crucial to the maintenance of NMOSD through their
role as antigen-presenting cells within the CNS.*4

T cell contribution to NMOSD also begins peripherally, as
AQP4-specific CD4+ T cells are required for the production
of AQP4-IgG.[%) A growing body of research indicates AQP4
stimulation through AQP4-IgG drives the production of the
pro-inflammatory cell, Th17.1] Pro-inflammatory cytokines
IL-6,1L-17,and IL-21 are produced by Th17 as a result. [L-17
facilitates BBB damage, leading to endothelial activation and
further neutrophil/lymphocyte transmigration.!®’ IL-6 within
the CNS shifts the balance between Treg and inflammatory T
cells toward AQP4-specific CD4+ T cell production, further
feeding the ongoing cycle of inflammation./*®

The role of innate immunity in NMOSD begins after
AQP4-IgG binds to AQP4 on astrocytes. Astrocytes produce
large quantities of C3 in response to bound AQP4-IgG, thus
triggering the start of CDC. C3 then activates microglia by
binding to its C3a receptor.[®! Microglia produce C1q, which
contributes to disease propagation in two ways. The first is
through axonal damage and subsequent neurodegeneration
which occurs independent of the complement cascade. The
second is through the classical complement pathway during
which Clq binds to IgG or IgM antigen-antibody complexes,
resulting in membrane attack complex (MAC) formation. %67
Other products of complement activation, C3a, and C5a,
contribute to BBB permeability and act as chemokines for
several granulocytes. Eosinophil and neutrophil recruitment
by their chemokines, including C5a and C3a, allows ADCC to
begin.[ These granulocytes bind the Fc region of AQP4-IgG,
causing degranulation and neuronal damage, leading to
the formation of characteristic NMOSD lesions. Results of
complement and antibody involvement in NMOSD are evident
in histology through vascular fibrosis and hyalinization as well
as perivascular immune and complement deposition./”!!

Classes of mAbs used in the long-term management of
NMOSD include complement inhibitors (eculizumab), B cell
and precursor B cell inhibitors (e.g., rituximab, ublituximab,
and inebilizumab), and IL-6 inhibitors (e.g., tocilizumab
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and satralizumab).*%] Complement inhibitors as well
as B cell and precursor B cell inhibitors are discussed in
other sections of this review. Tocilizumab and satralizumab
are humanized IL-6 inhibitors approved as long-term
therapies for patients with NMOSD. Both mAbs bind to the
IL-6 cytokine, blocking its ability to trigger downstream
inflammatory mechanisms.!*®! Satralizumab works specifically
by antagonizing and internalizing IL-6, reversing external
expression of the receptor, and has been shown to have a greater
affinity to IL-6 compared to tocilizumab.[’?

Satralizumab is now the first IL-6 receptor (IL-6R) antagonist
FDA approved for the treatment of NMOSD."*! Clinical trials
reported a significant reduction in relapses compared to placebo
and no anaphylactic reactions, opportunistic infections, or
deaths. Overall, patients tolerated satralizumab well in these
studies.[’*7]

Common adverse events include nasopharyngitis, headaches,
upper respiratory infections, gastritis, rash, arthralgias,
and fatigue. Contraindications to satralizumab include
hypersensitivity reaction to the medication, active hepatitis B,
and active or latent TB infections. Patients must be screened
for these infections before starting therapy. Liver enzymes,
platelet count, and neutrophil count should be monitored during
early treatment."®

MyeLIN OLiGoDENDROCYTE GLYCOPROTEIN

ANTIBODY-ASSOCIATED DISEASE

MOGAD is an antibody-mediated demyelinating disease
of the optic nerves, brain, and spinal cord.’? MOGAD was
recently recognized as separate from MS and NMOSD after the
characterization of the responsible antigen-antibody interaction
in 2007.3%1 MOGAD is characterized by IgG antibodies
against the oligodendrocyte surface antigen, MOG.*"

MOGAD affects both the pediatric and adult populations at
relatively equal rates, with one study showing a predilection
for pediatric populations. However, clinical presentation and
incidence of MOG-IgG seropositivity differs among these
populations. In addition, this disease affects men and women at
equal rates.®#2 The clinical course of MOG begins with acute
onset of unilateral or bilateral symptoms of ON, altered mental
status as a result of acute disseminated encephalomyelitis, and/
or symptoms of transverse myelitis including incontinence,
sexual dysfunction, or limb weakness.[””’ Symptoms progress in
severity until peaking after several days. Recovery from these
episodes can take weeks to months. Relapse episodes are typical
and the risk of relapse is greater in adult patients compared to
pediatric patients.®38 Current diagnostic criteria suggest some
MOGAD patients may also meet the criteria for the syndrome
of NMOSD without AQP4-IgG, defined as transverse myelitis
and ON with or without other CNS region involvement.!®!

Diagnostic criteria differ depending on the presence of
MOG-IgG. For patients strongly positive for MOG-IgG, the
presence of at least one of six core clinical demyelinating

events must also be present. In cases where MOG-IgG
is present but does not meet strongly positive criteria, an
additional supportive MRI finding and seronegative AQP4-1gG
test are required for diagnosis. ]

The pathogenic mechanism of MOGAD has not been clearly
defined. However, postinfection autoimmunity, by a pathogen
yet to be identified, is believed to contribute to onset.l”
The MOG antigen in humans likely contributes to myelin
maintenance and cell-to-cell communication, although this
has not been formally established.® Th17 cytokine and
chemokines present in MOGAD indicate a possible role for
Th17, Thl, Treg, and B cells in MOGAD pathogenesis.®”

DMTs are reserved for patients with relapsing MOGAD.Y mAb
therapies have not been approved for MOGAD maintenance
as of the date of this manuscript’s writing. However, off-label
use of tocilizumab, an IL-6 inhibitor, and rituximab, a
CD20+ B cell antagonist, are not uncommon in MOGAD.
Rituximab appears to be less effective as a DMT of MOGAD,
as relapses have been reported in roughly half of patients
using this DMT.P! Other B cell-depleting therapies, such as
the CD19+ antagonist inebilizumab, are being considered
for future studies, but are expected to have similar results.
Rozanolixizumab is another mAb being considered for future
management in MOGAD. Rozanolixizumab works by blocking
the neonatal Fc receptor and facilitates pathogenic antibody
degradation. The randomized clinical control trial for its use in
MOGAD is currently underway.l’”” Several small case-series
have reported clinical and radiological evidence of complete
MOGAD relapse prevention on tocilizumab. These results help
clinicians and scientists better understand the role of IL-6 in
MOGAD and offer an optimistic future of relapse prevention
in MOGAD.

GIANT CELL ARTERITIS

Giant cell arteritis (GCA) is a chronic granulomatous
inflammatory disease that primarily affects large-and
medium-sized arteries and is the most prevalent systemic
vasculitis, presenting most often in patients 50 years of
age or older.”** The symptoms of GCA typically fluctuate
throughout a patient’s presentation and are highly variable,
with different patients presenting with different timelines and
collections of symptoms.

Due to this symptomatic variability, the diagnosis of GCA is
based on laboratory results in concert with clinical presentation
and temporal artery ultrasound or biopsy confirmation.
Diagnosis of GCA is suspected in any patient over 50 years of
age with elevated erythrocyte sedimentation rate (ESR) and/
or elevated C-reactive protein (CRP) and one or more of the
following symptoms: Headache, abrupt onset of visual deficits,
including permanent monocular vision loss, jaw claudication,
constitutional symptoms (ex . fever, and chills), and other signs
of vascular abnormality (e.g., tenderness to palpation of the
temporal artery, asymmetric blood pressure, decreased pulse
amplitude, limb claudication, vascular bruits, and vascular
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nodules). Any patient who meets these criteria should be
evaluated further with temporal artery biopsy, or more recently,
temporal artery color Doppler ultrasound (CDUS).! A positive
temporal artery biopsy result includes a thickened arterial
wall replete with CD4+ T lymphocytes and macrophages,
which form granulomatous giant cell bodies.”s! Evidence of
a thickened dark arterial wall, corresponding to mural edema
on the temporal artery ultrasound (the “halo sign)” also can
confirm the diagnosis of GCA.P7 It is important to note that
patients with GCA are at high risk of vision loss and that any
patient who meets diagnostic criteria should be evaluated by
an ophthalmologist early in the diagnostic process.l’™

Due to the high risk of vision loss in any patient with
suspicion of GCA, high-dose glucocorticoids should be
immediately initiated without waiting for histological or
ultrasonic confirmation. Although never directly studied
in a clinical trial, glucocorticoids have shown remarkable
efficacy in preventing GCA-related vision loss.””'® However,
glucocorticoid use is also associated with adverse effects,!!
and is contraindicated in patients with osteoporosis, diabetes,
hypertension, and glaucoma.!' For this reason, alternative
immune-modulating therapies have been used to decrease
reliance on glucocorticoids while maintaining remission of
disease.

Tocilizumab is a mAb therapy against IL-6R that has shown
remarkable efficacy in promoting remission of GCA while
reducing the need for glucocorticoid therapy.['®*1°! Though
often used as adjunct therapy with glucocorticoids, tocilizumab
has also shown efficacy as a monotherapy following the
tapering of glucocorticoids. Treatment paradigms typically
last 12—18 months before cessation of therapy. If the goal
of complete remission without glucocorticoid use is not
met, however, the therapy can be continued. Notably, there
are no large trials that have tested the effects of long-term
tocilizumab exposure. In short-term trials, reported adverse
effects associated with tocilizumab include opportunistic
infections, neutropenia, abnormal liver function tests, and
increased serum cholesterol.' However, a systematic review
found no significant increase in adverse effects when compared
to placebo controls.['%! Importantly, blockade of the IL-6R
pathway results in a pharmacologic depression of ESR and
CRP values. Thus, patients undergoing tocilizumab treatment
must be evaluated clinically and with CDUS to detect signs
of GCA recurrence.!"?! Due to the limited number of clinical
trials of tocilizumab in patients with GCA, additional research
is essential for understanding how to best incorporate this
mAb therapy into the long-term care of patients with GCA.[1%!

TuyroiD EYE DiSeASE

Thyroid eye disease (TED) is an autoimmune, antibody-mediated
disease of the orbital tissue that most commonly occurs in
association with Graves’ disease, though it also infrequently
occurs in patients with other thyroid diseases, including
Hashimoto’s thyroiditis.!'!%! The initiating events of

TED are not well characterized. However, one of the early
steps in the pathogenesis of this disease is the production
of autoantibodies against the thyroid stimulating hormone
receptor (TSHR), which is expressed by the thyroid gland,
but also within the cell membranes of orbital fibroblasts
and adipocytes.!''”? The activity of TSHR is tightly linked to
the insulin-like growth factor 1 receptor (IGF-1R), which is
activated on autoantibody binding of TSHR. This subsequent
activation of TSHR/IGF-1R drives an expansion of orbital
fibroblasts and adipocytes. These activated fibroblasts secrete
hyaluronic acid and other glycosaminoglycans, which causes
fluid to accumulate within the cells of the orbit."""! This cellular
expansion and fluid accumulation, as well as accompanying
inflammatory processes, drive an increase in pressure behind
the eye. Consequently, the eyeball is pushed forward, causing
proptosis and disrupting venous drainage, thereby worsening
the fluid accumulation within the orbit. Sustained pressure and
ocular displacement result in extraocular muscle dysfunction,
leading to diplopia, as well as dry eye, conjunctivitis, blurring
of vision, periorbital edema, optic nerve compression, and
orbital pain.["'?

The majority of patients with TED can be diagnosed clinically
by the combination of the hallmark ocular symptoms
of the disease (i.e., proptosis, periorbital edema) and
hyperthyroidism. The diagnosis of hyperthyroidism/Graves’
disease can be confirmed by measuring the levels of TSH,
free T4, total T3, and by testing for the presence of anti-TSHR
antibodies. Subsequent diagnosis of TED can be confirmed
through eye examination and demonstration of periorbital
edema, sometimes extending to chemosis, failure of eyelid
apposition, decreased ocular range of motion, dysconjugate
gaze during extraocular movements, and proptosis confirmed
by exophthalmometer measurement (>24 mm).['!*]

Traditional treatment options for TED focus on reducing
inflammation while ameliorating the symptoms of the disease.
These included glucocorticoids combined with artificial tears
with selenium supplementation. These options provided only
little relief and minimal effect on the pathogenesis of the
disease.

Teprotumumab is a human mAb recently approved by the FDA
that disrupts the pathogenesis of TED by binding to IGF-1R,
thereby inhibiting the downstream signal transduction pathway.
This inhibition is sufficient to halt the mechanisms that drive
TED, and ultimately leads to apoptosis of aberrant orbital
fibroblasts and adipocytes, thereby reversing the pathogenesis
of disease and reducing the accompanying proptosis. This
approach has been shown to affect measurable improvements
in proptosis in nearly 80% of patients taking this medication.
Moreover, these effects have been shown to persist for at least
1 year after cessation of treatment.

Adverse events reported during the clinical trials of
teprotumumab included muscle spasms, nausea, alopecia,
diarrhea, and fatigue. More serious but less common events
included hearing loss and Hashimoto’s encephalopathy.
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Overall, teprotumumab was well tolerated, with only a small
fraction of the patients halting the clinical trials early due to
adverse events.['" Continued use of teprotumumab in the
general public, combined with close observation by the treating
clinical teams, will allow us to better understand the risks and
benefits of use as this medication becomes more widely used
in the population of patients with TED.

MyasTHENIA GRAVIS

Myasthenia gravis (MG) is an acquired chronic autoimmune
antibody-mediated neuromuscular disorder that affects
voluntary muscles. It is classically characterized by the
production of autoantibodies that block acetylcholine
receptors (AChRs) at the postsynaptic neuromuscular junction,
reducing the number of functional receptors on the muscle
membrane. The antibodies also cause complement-mediated
membrane damage and expedite acetylcholine (ACh)
degradation.!"’s! Subsequently, this interferes with the binding
of ACh to the receptor, leading to inadequate nerve stimulation
of muscle fibers and impaired muscle contraction.

MG is commonly diagnosed based on examination and
history and supported by laboratory and electrophysiologic
evidence. Patients experience muscle weakness commonly
involving facial and extraocular muscles. Patients often
describe a weakness that is worse on activity and markedly
improved with rest. Along with the extraocular muscles,
levator palpebrae superioris and orbicularis oculi are also
commonly affected.''®! Progressive or recurrent variable and
fatiguable ptosis and diplopia are commonly among the first
signs of disease and are a presenting symptom in over 50% of
patients. In over 20% of patients, MG remains confined to the
extraocular muscles (ocular MG),!"'" often mimicking ocular
nerve palsy or INO.[!6]

To confirm the diagnosis of MG, pharmacologic
testing (e.g., edrophonium test or Tensilon test) involves
administering edrophonium chloride to inhibit the degradation
of ACh at the neuromuscular junction. A positive test can
be described as an observable improvement in levator
palpebrae superioris muscle function postinjection. Another
electrophysiologic diagnostic test is repetitive nerve stimulation,
which tracks action potentials from muscles after receiving
nerve stimulation. A positive result in this test is a progressive
decline in compound muscle action potential amplitude with
each subsequent nerve stimulation.!''! A sleep/rest test, during
which ocular muscle function is tested on waking or after resting
the muscles of the eyelid, shows improved muscle function
following rest in those patients with MG.[''® Finally, an ice test is
highly specific for MG, where a positive test shows improvement
in ptosis after an ice pack is applied to the eyelid.[""”!

Serum antibody testing can also be used to support a diagnosis
of MG. These autoantibodies are directed against AChRs at
the neuromuscular junction. A subset of patients also have
antibodies against muscle-specific kinase (MuSK) at the
neuromuscular junction. In patients who are negative for

anti-AChR antibodies, MuSK antibody testing can provide
serological evidence of MG diagnosis.

Medical management of MG often involves the use of
acetylcholinesterase inhibitors like pyridostigmine. These
drugs work by decreasing the breakdown of ACh, extending
its availability at the neuromuscular junction. Consequently,
this improves the frequency of ACh binding to its receptors,
enhancing muscle contraction. In addition to this treatment,
corticosteroids have been utilized as an adjunct to suppress
the immune system and reduce the production of anti-AChR
autoantibodies. Plasmapheresis is another method of
slowing the progression of disease, especially during acute
exacerbations or in patients with severe symptoms that do not
respond well to corticosteroids or other immunosuppressive
treatments.!?" Surgical treatment of symptomatic MG patients
includes thymectomy, leading to clinical improvement of
symptoms in over 70%—80% of patients.[!!":121]

In recent years, mAbs, including rituximab and eculizumab,
have become a valuable addition to the treatment armament
for MG. Rituximab binds to CD20 on the surface of B-cells,
marking them for immune-mediated destruction, thereby
reducing the number of circulating B-cells, and subsequently,
the levels of anti-AChR autoantibodies. Greater than 70% of
patients reported only minimal MG symptoms and no need
for rescue treatment over a 4-month period after a single dose
of rituximab.!">?! Moreover, along with a significant reduction
in antibody levels, rituximab also reduces the long-term need
for prednisone use. However, rituximab use is relatively
contraindicated in patients with a high risk of infection or heart
failure, as well as in patients who are pregnant or breastfeeding.
Rituximab use has also been associated with various side
effects including infusion reactions, anemia, increasing the
risk of reactivation of latent infections such as tuberculosis
and viral hepatitis, and opportunistic infections. Rare cases
of secondary Ig deficiency and reversible encephalopathy
syndrome have also been reported.['?)

The anti-AChR autoantibodies characteristic of MG activate
the complement system, resulting in complement-mediated
damage to the neuromuscular junction. Eculizumab inhibits
the complement system by binding to the C5 protein,
preventing it from propagating the complement cascade and
thus preventing immune-mediated destruction of AChRs. In
2017, the U.S. FDA approved eculizumab as a treatment option
for adult patients with refractory MG who tested positive
for anti-AChR antibodies.!"**! Clinical trials of eculizumab
reflected improvement in both the overall quality of life and
the severity of MG symptoms including diplopia, ptosis, and
proximal muscle weakness. Eculizumab has been noted to have
various side effects including headache, diarrhea, arthralgia,
and increased susceptibility to meningococcal and other
systemic encapsulated bacterial infections.!'*s) Appropriate
vaccination against these pathogens is useful in improving the
long-term safety profile of eculizumab treatment.
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IMmune CHECKPOINT IMIONOCLONAL ANTIBODY-RELATED

Aoverse EFrecTs IN NEURO-OPHTHALMOLOGY

Although the majority of mAbs discussed in this special issue are
used to directly treat neuro-ophthalmic diseases, additional classes
of mAbs affect ocular health indirectly through their adverse effects
in the orbit. Immune checkpoint inhibitors (ICIs) are a class of
immunomodulatory antibodies that are leveraged against cancers,
including advanced malignancies, by exogenously enhancing the
activity of the immune system. The two major targets of ICIs are
the programmed cell death receptor 1 (PD-1)/PD ligand 1 pathway
and the cytotoxic T-lymphocyte-associated antigen 4 pathway. 2]
Although these therapies have shown an incredible ability to
fight previously untreatable cancers, their use is occasionally
accompanied by immune-related adverse events (irAEs), which
can be so severe as to be life-threatening.'?12! These irAEs
typically arise within the gastrointestinal, dermatological,
hepatic, and endocrine systems. However, ocular side effects
have also been reported.!?612133 The immune system enhancing
mechanisms that provide the anti-cancer effects associated with
these drugs are thought to be the same mechanisms that drive
irAEs, though aberrant expression of these pathways in cells
outside of the immune system may also play an important role
in mediating the associated irAEs.['*

Neurological syndromes that include ocular symptoms have
been reported following ICI therapy use. These include MG
following ipilimumab and nivolumab use. This presentation
included symptoms of light sensitivity, blurred vision,
diplopia, fatiguing ptosis, ophthalmoplegia, and weakness in
orbicularis oculi. Although there was variability in the timing
of irAE presentation and the symptoms involved, all reported
patients demonstrated the hallmark diagnostic features of
MG, including positive anti-AhR binding antibodies.[!3%:13]
Similarly, patients have presented with varied forms of the
Miller Fisher variant (MFV) of Guillain—Barré syndrome
following pembrolizumab,!'?*132] ipilimumab,!'*!] and
nivolumab!3:133] therapy. In these patients, ophthalmoplegia
is a core symptom. However, some patients additionally
presented with nonfatiguing ptosis, and weakness of facial
muscles, including orbicularis oculi. Interestingly, though
one of these patients was found to be anti-GQ1b-positive,!'*!
the majority of reported cases have been found to be negative
for anti-GQ1b antibodies.[*13%1 This suggests that the
immunological mechanisms that underlie canonical MFV
may be distinct from those that drive the MFV-like symptoms
observed following ICI treatment.

Isolated ocular symptoms have also been reported in
response to ICI use. These include blepharitis, conjunctivitis,
episcleritis, retinitis, scleritis, and uveitis.!'>%137-131 Fortunately,
presentations of these adverse ocular effects are uncommon,
and mild cases, such as those previously reported, resolve
with cessation of the ICI and symptomatic treatment under the
supervision of an ophthalmologist. Importantly, more severe
cases may necessitate higher levels of care, beginning with
high-dose oral corticosteroids.!3”)

It is essential for any clinician who is prescribing ICIs to be
aware of the potential side effect profile of the given therapy
and to remain vigilant for any early symptoms of irAEs.
Recruitment of specialist care teams that correspond to the
specific irAE may be necessary.!'?¢13% In addition, care teams
should adopt a low threshold for pausing or stopping ICI
therapy when suspicious of irAE development. Importantly,
patients have shown remarkable response rates to ICIs even
when these therapies have been given at different doses
or given along differing timelines. This includes durable
responses to therapy even after the treatment has stopped.
Thus, it is best to continue ICI therapy slowly while monitoring
and treating the developing irAEs without fear of losing the
dose-responsivity of the ICI. The decision to pause or stop the
therapy should be made in conjunction with the patient and
should be based on the nature and severity of the irAEs, as
well as the responsivity of the cancer to the ICI therapy.['?9! It
is also important to remember that alternative ICIs, even those
that target the same pathway, may provide the same anti-cancer
effects while avoiding the same irAEs.['*"]

Future DIRECTIONS

This is an exciting time of discovery and development in
the field of mAb therapy. The prior decade has witnessed a
boon in both the interest and acceptance of mAb therapies,
causing antibody-based therapy to become one of the
fastest-growing therapeutic options in the world. There now
exist over 160 mAb-based therapies approved worldwide
against targets that treat diseases such as cancers, autoimmune
diseases, and infections, including SARS-CoV-2.1141:1421 The
majority of these have been approved in the past 10 years. The
next decade will be characterized by a better understanding
of the pharmacological mechanisms that underlie mAb
therapy. These advances will be driven, in part, by the
advancement of general basic scientific approaches, including
next-generation sequencing, and artificial intelligence-based
bioinformatic analysis. However, specific advances in the
development of antibody therapies, including the development
of mRNA-encoded antibodies will also continue to drive the
field toward novel therapies.!'*!

In addition, we will likely see a continued surge in the clinical
acceptance of these medicines. There are currently over 7000
clinical trials being conducted in the United States that involve
the use of mAbs as a therapy for human disease. More than
180 of these are in the final phase (Phase 4) of testing before
widespread clinical use.['*] With 122 mAb therapies already
approved by the FDA, the field of clinical mAb use has the
potential to double in size within the coming decade.!"** These
and similar initiatives will undoubtedly identify formulations
and targets that minimize disease burden in patients. However,
this work will also illuminate the gaps in the field that currently
hinder forward progress. One such gap is the continued
presence of irAEs that plague some patients under antibody
treatment regimens. These can be so severe as to compromise
the health of patients and often necessitate cessation of
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antibody treatment.!'>*!?] Already, the management of the
more common side effects, including thyroid dysfunction and
dermatological rashes, is becoming standardized.!'*) With
increased focus on alleviating these irAEs, combined with the
increased number of patients treated with mAb therapies, we
expect a deeper understanding of the mechanisms that underlie
irAEs, thereby driving a greater ability to minimize and prevent
these adverse symptoms.

CoNcLusION

In the relatively brief time that mAbs have been in clinical
use, they have shown an incredible ability to halt pathogenic
mechanisms, decrease symptom burdens, and decrease patients’
reliance on additional therapies, many of which carry with them
their own risk of adverse effects. The clinical benefit of mAb use
has become evident within the field of ophthalmology, but also
within other varied fields, including neurology, rheumatology,
and oncology. Increased interest in these biological therapies
will continue to drive the development of novel mAb-based
therapies. In addition, increased clinical use of mAbs, combined
with careful observation of intended response rates, and adverse
effects, will continue to shape our understanding of how mAbs
disrupt mechanisms of disease, and how these tools can be best
utilized to foster the health of patients.
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