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Abstract
At one time considered a possible form of neuromyelitis optica (NMO) spectrum disorder
(NMOSD), it is now accepted that myelin oligodendrocyte glycoprotein (MOG) antibody
(Ab)–associated disorder (MOGAD) is a distinct entity from either NMO or multiple sclerosis
(MS) and represents a broad spectrum of clinical phenotypes. Whereas Abs targeting
aquaporin-4 (AQP4) in NMO are pathogenic, the extent that anti-MOG Abs contribute to
CNS damage in MOGAD is unclear. Both AQP4-specific Abs in NMO and MOG-specific Abs
in MOGAD are predominantly IgG1, a T cell-dependent immunoglobulin (Ig) subclass. Key
insights in neuroimmunology and MOGAD pathogenesis have been learned from MOG
experimental autoimmune encephalomyelitis (EAE), described 2 decades before the term
MOGAD was introduced. MOG-specific T cells are required in MOG EAE, and while anti-
MOG Abs can exacerbate EAE and CNS demyelination, those Abs are neither necessary nor
sufficient to cause EAE. Knowledge regarding the spectrum of MOGAD clinical and radiologic
presentations is advancing rapidly, yet our grasp of MOGAD pathogenesis is incomplete.
Understanding both the humoral and cellular immunology of MOGAD has implications for
diagnosis, treatment, and prognosis.

Introduction
Historically, 2 opposite paths led to the identification of myelin oligodendrocyte glycoprotein
(MOG) and aquaporin-4 (AQP4) as autoantigens in human CNS neuroinflammatory syn-
dromes. The phenotype of neuromyelitis optica (NMO) was well recognized before the
discovery of its target autoantigen, AQP4.1 By contrast, MOGwas a target in search of a human
disease.2 Initial studies of MOG focused on its role as an autoantigen in experimental auto-
immune encephalomyelitis (EAE) and possibly in MS.3,4 Antibodies toMOG found in patients
with clinically isolated syndrome were once thought to predict the development of clinically
definite MS.5 However, MOG antibody assays were unreliable at that time. Subsequent im-
provement in MOG IgG testing by cell-based assay (CBA) along with the insight to search for
these antibodies in neuroinflammatory syndromes besides MS led to the identification of
MOG-specific antibodies in a range of CNS inflammatory conditions, now consolidated by the
term MOG antibody–associated disorder (MOGAD).6,7

MOGAD is a difficult disease to tackle. First, it encompasses an expanding spectrum of pheno-
types that now includes acute disseminated encephalomyelitis (ADEM), optic neuritis, transverse
myelitis, cortical encephalitis, cerebral lesions, and brainstem or cerebellar syndromes.7-9 Addi-
tional heterogeneity exists with respect to age at disease onset and course, with a proportion of
patients exhibiting a relapsing course.10 Such pronounced heterogeneity in MOGAD affects our
ability to test and advance disease-modifying therapies.
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What Is the Role of MOG-Specific
Antibodies in MOGAD?
By definition, the diagnosis of MOGAD requires detection of
IgG Abs that bind exposed conformational epitopes of MOG,
commonly measured by CBA.6,11,12 Antigen-specific IgG can
facilitate complement deposition, antibody-dependent cell-
mediated cytotoxicity, or antibody-dependent cellular
phagocytosis. Antibodies from patients with MOGAD can
induce these effector functions when exposed in vitro to cells
expressing full-length MOG.13 MOG is exposed on the outer
oligodendrocyte surface, possibly permitting antibody expo-
sure to this target antigen.14 However, current data support-
ing the pathogenicity of anti-MOG antibodies in vivo is
indirect: IgG staining is present in some MOGAD lesions,
MOG IgG can be detected in the CSF of many patients with
MOGAD, andMOG antibody titers are often elevated around
the time of an attack.15-17 It is possible that MOG IgG con-
tributes secondarily to disease, or in some cases merely serves
as a marker of ongoing inflammatory pathology.18 For ex-
ample, low titers of MOG IgG have been detected in indi-
viduals with other neurologic syndromes, questioning their
relevance in those conditions.19 Further, MOG seropositivity
is not always stable, and relapses may occur after seror-
eversion.20 Some patients with MOGAD experience rapid
improvement after corticosteroid treatment for acute flares,
an effect unlikely mediated by potential changes in MOG-
specific antibody levels. Mechanistic investigations evaluating
pathogenicity of MOG-specific IgG in MOGAD using animal
models are limited due to species specificity of most human
MOG-reactive antibodies.21 Notably, MOG-specific IgGs that
cross-react with rodent or marmosetMOG enhance disease in
recipient animals if cell-mediated CNS inflammation is
established beforehand, but those MOG-specific Abs do not
cause disease when administered alone.21,22

In contrast to MOG antibodies, AQP4 IgG clearly has a direct
role in NMO pathogenesis (Figure 1).25 AQP4 is expressed in
multiple tissues, yet AQP4 orthogonal arrays of particles
(OAPs), the target of pathogenic AQP4-specific Abs inNMO,
are expressed primarily on astrocyte end-foot processes, and
NMO lesions occur where the density of OAPs is highest.23,24

AQP4 OAPs provide a lattice-like platform for IgG clustering
and subsequent complement deposition.24 Thus, NMO may
be considered a “humoral OAP autoimmune disease.”26 Al-
though individual MOG isoforms expressed in vitro influence
the binding of MOG-specific IgG, it is not clear how the
structure, number, or density of MOG molecules on

oligodendrocytes in vivo promotes MOG IgG binding and
complement deposition in MOGAD.12 Complement staining
is not consistently identified in MOGAD lesions, whereas
complement deposition is a hallmark feature of NMO
lesions.15,27 Complement inhibition is beneficial in NMO, yet
the extent that pathology in MOGAD is complement-
dependent is unresolved.

Animal models can provide invaluable insight into pathophysi-
ologic mechanisms of human diseases. For instance, the dis-
covery that myelin-specific T-cell clones can cause relapsing
paralysis and CNS demyelination in mice represented the first
demonstration that individual self-antigen–specific T-cell clones
can cause autoimmune disease.28 These findings underscored
the importance of clonal expansion and the requirement for self-
antigen recognition in autoimmunity.28 Some approved MS
disease-modifying therapies were successfully developed through
testing in EAE.29,30 Yet, testing candidate medications in animal
models of disease is not an obligate requirement. Indeed, the 3
currently approvedmedications for NMOwere advanced largely
without leveraging an established NMO animal model.31-33

MOG is different. MOG EAE shares key clinical and pathologic
features with MOGAD. MOG EAE is characterized by myelitis,
optic neuritis, and encephalitis.34,35 MOG EAE has informed
how T and B cells can contribute to MOG CNS autoimmunity
and may serve as an ideal model for many immunologic features
of MOGAD.

MOG-Specific T Cells, a Critical Link
in MOG Autoimmunity
There are distinct immunopathogenic variants of MOG EAE
(Figure 2). One model, which is induced by immunization
withMOGpeptide, requiresMOG-specific CD4+ T cells and is
B-cell-independent.37 We refer to this model as T-dependent
MOG EAE. CD4+ T cells, which are the predominant T-cell
subset in MOGAD lesions,27 recognize 9–14 amino acid pep-
tide fragments of antigen in association with self-MHC II
molecules expressed on antigen-presenting cells (APCs).41

Mature MOG protein contains 218 amino acids,14 so how is
MOG recognized by T cells? APCs are capable of processing
protein antigens into peptide fragments that can be presented
on MHC II molecules and recognized by antigen-specific
T cells (Figure 2). Because many peripheral APCs express
MHC II constitutively, immunization with encephalitogenic
MOG peptides bypasses the need for peripheral antigen pro-
cessing.34 However, MOG-specific T cells that enter the CNS

Glossary
Ab = antibody; ADEM = acute disseminated encephalomyelitis; APCs = antigen-presenting cells; AQP4 = aquaporin-4;CBA =
cell-based assay; EAE = experimental autoimmune encephalomyelitis; FcRn = neonatal Fc receptor; MOG = myelin
oligodendrocyte glycoprotein; MOGAD = MOG antibody–associated disorder; NMO = neuromyelitis optica; NMOSD =
NMO spectrum disorder; OAP = orthogonal arrays of particles.
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Figure 1 Models Illustrating How Antibodies and Complement May Participate in NMO and MOGAD

AQP4, a transmembrane (TM) protein, is expressed in the astrocytes, kidneys, muscle, and lung, yet the AQP4-specific IgG1 in NMO damages astrocytes primarily.18,23

AQP4 is expressedabundantly inastrocyteend-footprocessesat theblood-brainbarrier (BBB) (A),where tetramersofAQP4 (M23:M23andM23:M21 isoforms)assemble
intoorthogonalarraysofparticles (OAPs)23 (B),whichprovidesa lattice-likeplatformthatpermitsmonovalentbindingofAQP4-specific IgG1 inadistribution that isoptimal
for recruitment of C1q (C) and initiation of the classical complement cascade that results in cytotoxicity to astrocytes from formation of the membrane attack complex
(MAC).24 (D–G) MOG, also a TM protein, is exposed on the outer oligodendrocyte surface. Unlike AQP4-specific IgG1 in NMO, the role of anti-MOG antibodies in CNS
damageand thepotentialmechanisms (e.g., complement-dependent cytotoxicity [CDC], antibody-dependent cellular cytotoxicity [ADCC], or antibody-dependent cellular
phagocytosis [ADCP]) employed by MOG-specific IgG1 in MOGAD are less clear. Complement deposition is identified inconsistently in MOGAD lesions.15 Unlike AQP4-
specific IgG1 from patients with NMO, MOG-specific IgG1 from patients with MOGAD may preferentially bind MOG in a bivalent manner that is less efficient for
recruitmentofC1qandactivationofCDC12butmaypromoteADCCorADCP.13Naturalkiller cell (NK);myeloidAPC (M).CopyrightXavierStudio, reprintedwithpermission.
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Figure 2 MHC II Endocytic Antigen Processing and Presentation to T Cells in MOG CNS Autoimmunity

This figure illustrates types of APCs, including myeloid cells (A), B cells (B), and microglia (C) that may participate in MOG CNS autoimmunity. MOG EAE is
typically induced by subcutaneous immunization with either MOG protein or MOG peptide (pMOG), which leads to peripheral (outside CNS) activation of
pathogenic MOG-specific T cells that traffic into the CNS and initiate CNS inflammation.36 Human MOG protein, which contains proline-42, causes T-B-
dependent EAE.36,37 MOG-specific T-cell activation requires recognition of pMOG in association with MHC II molecules expressed on APCs.34 Antigen
processing of MOG protein through the MHC II endocytic pathway is required in at least at 2 stages in MOG protein-induced EAE, for initial recognition by
MOG-specific T cells in the periphery and for reactivation within the CNS (in situ).34,38 Several molecules, including invariant chain (Ii, CD74), HLA-DM (H-2M)
(DM), and proteases participate inMHC IImaturation and in orchestrating stepswithin the endocytic pathway.39MHC II (α/β) molecules associate with Ii in the
endoplasmic reticulum (ER) forming a trimer (Ii-MHC II) and travel through the Golgi to the endosomal compartment. Ii is enzymatically degraded yielding a
fragment of Ii, class II Ii peptide (CLIP), which remains bound within the MHC II peptide-binding groove. The MHC II chaperone DM facilitates removal of CLIP,
permitting exchange for antigenic peptide (e.g., pMOG). Peripheral myeloid cells capture native antigenic proteins (MOG) (top of A) via phagocytosis or
pinocytosis and deliver them to the endolysosomal compartment where they are degraded by proteases into 9–14 amino acid fragments that can bind the
MHC II peptide-binding groove.39 Endosomes containing peptide-MHC II complexes fuse with the plasma membrane permitting presentation of peptides
(e.g., pMOG-MHC II) to encephalitogenicMOG-specific T cells. In contrast toMOG protein, pMOG immunization (lower left in A) supplies peptide that can bind
cell surface MHC II molecules directly, bypassing the need for endocytic processing.34 B cells are exceptionally efficient APCs when they bind antigens (e.g.,
MOG protein) (top of B) with their B-cell antigen-specific receptors (anti-MOG-BCR) and deliver them to the endolysosomal compartment for processing and
association with MHC II molecules.39,40 Independent of whether MOG EAE is induced by immunization with MOG protein, pMOG, or by adoptive transfer of
encephalitogenicMOG-specific T cells (not shown), endocytic Ag processing by APCs (e.g., residentmicroglia) (shown in C) in situ is required for recognition of
cognate MOG peptide by MOG-specific T cells that initiate CNS inflammation.34,38 Copyright Xavier Studio, reprinted with permission.
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encounter endogenous oligodendrocyte-derived MOG protein
that must be endocytosed, processed, and presented by APCs
in situ for recognition by MOG-specific T cells.34,38

A second EAE model, induced by immunization with human
MOGprotein, requires both CD4+ T cells and B cells.36,37We
refer to this model as T-B-dependent MOG EAE. Besides
serving as the source of MOG antibody–secreting plasma
cells, B cells can function as APCs. Like other professional
APCs, B cells express MHC II constitutively.36,40 They also
express their B-cell antigen-specific receptor (BCR). In 1985,
Lanzavecchia taught us that when engaging specific antigen
via their BCR, these B cells can process and present antigen to
T cells that recognize the same antigen >10,000 fold more
efficiently than other B-cell APCs.40 Similarly, MOG-specific
B cells are more efficient than other B cells when presenting
MOG to MOG-specific T cells.35,42 B cells can also produce
cytokines that either promote or protect against CNS auto-
immunity. For example, B-cell IL-6 production promotes
expansion of Th17 cells and exacerbatesMOG protein EAE.36

It is difficult to distinguish the relative contribution of each of
these B-cell functions in MOGAD, a condition defined by the
detection of MOG-specific antibody. Indeed, one may

question whether MOG-specific IgG represents the tip of the
iceberg in MOGAD pathogenesis (Figure 3). MOG protein
EAE has provided the key insights. B-cell MHC II expression
is a requirement for activation of pathogenic MOG-specific
T cells and development of EAE when induced by MOG
protein.36 Further, mice containing B cells that express
membrane MOG-specific BCR, but are incapable of secreting
MOG-specific antibodies, are susceptible to MOG protein
EAE.36 Collectively, these results underscore the contribution
of B-cell APC function in MOG protein EAE.

The pivotal role of MOG-specific T cells is also highlighted in
spontaneous MOG EAE models.35,36 MOG-specific T-cell
receptor (TCR) transgenic mice develop spontaneous optic
neuritis.44 Although MOG-specific BCR knock-in mice se-
crete high levels of MOG-specific antibodies, they do not
develop EAE spontaneously.43 Further, mice that contain
both MOG-specific T cells and MOG-specific B cells, but do
not secrete any antibodies, develop spontaneous optic neuritis
and myelitis.36 Although anti-MOG Abs are not required,
they can potentiate severity of this “opticospinal” EAE.

What determinants are targeted by pathogenic MOG-specific
T cells in EAE and MOGAD? Most studies of MOG in mice
and in humans have focused upon recognition of its
N-terminal extracellular 1-117 Ig-like domain. MOG 35-55,
which causes EAE in C57BL/6, PL/J, and NOD mice, is
recognized in association with MHC II I-Ab, I-Au, and I-Ag7,
respectively, whereas MOG 92-106 causes EAE in SJL/J mice
and is recognized in association with I-As molecules.14,45

Thus, MOG T-cell epitopes can be recognized in association
with multiple MHC II molecules. It is logical to focus on the
extracellular domain for recognition by Abs because it con-
tains contact residues of conformational MOG exposed on
the outer surface of myelin.46 However, the extracellular Ig
domain only accounts for roughly one-half of the MOG
protein, and T cells, unlike most Abs, can recognize processed
epitopes from the extracellular, transmembrane, or in-
tracellular domains. Although MOG 35-55 contains the
immunodominant determinant in the extracellular domain in
C57BL/6 mice, the transmembrane region 119–132 contains
the immunodominant pathogenic epitope of full-length
MOG, highlighting the need to study T recognition of full-
length MOG in MOGAD.47 While certain MOG-specific
T-cell determinants have been identified in healthy controls
and persons with MS, MOG-specific T-cell epitope(s) in
MOGAD have not yet been identified. Organ-specific auto-
immune diseases are often associated with HLA risk alleles.
For example, NMO is associated with HLA DRB1*03:01.18

No consistent HLA association has yet been defined in
MOGAD, although currently published studies have been
relatively small.48,49 It is conceivable that phenotypic het-
erogeneity or the presence of multiple HLA allelic associa-
tions could contribute to the lack of a specific HLA association
in early MOGAD studies. It may be important to stratify the
MOGAD phenotypes in larger studies that evaluate potential
HLA associations. Characterization of MOG-specific T-cell

Figure 3 Cellular Immunity May Have a Prominent Role in
MOGAD Pathogenesis

MOG IgG (above water surface) is necessary for diagnosis of MOGAD, yet
cellular immunity (beneathwater surface) is required inmodels ofMOGCNS
autoimmunity. MOG-specific antibodies in MOGAD and MOG EAE are IgG, a
T-cell-dependent Ig subclass. CD4+ T cells predominate in MOGAD lesions27

and in EAE lesions. Other cells (e.g., resident microglia, infiltrating myeloid
cells, fewer CD8+ T cells, and B cells) also contribute to CNS inflammation
(not depicted). In general, MOG-specific antibodies do not induce disease in
the absence of inflammation.43 MOG-specific T cells can induce EAE in the
absence of B cells or antibodies.36,37 Collectively, such findings suggest that
seronegative MOG-targeted autoimmune disease (“sMOG”) may exist in
some individuals who manifest clinical symptoms associated with MOGAD
in the absence of detectable MOG-specific antibodies. Graphics created
using BioRender.com. Copyright Xavier Studio, reprinted with permission.
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epitopes in patients may also help identify candidate HLA
associations in MOGAD.

Does MOGAD represent the true prevalence of MOG-
targeted CNS inflammatory disease? This important question
is not answered easily. While it is known that pathogenic Abs
recognize conformational determinants of MOG, not all MOG
Abs that recognize conformational MOG determinants are
pathogenic.50 Further, low-titer MOG-specific Abs that may be
detected in other CNS conditions are not necessarily patho-
genic.19 Collectively, those findings raise concern that the di-
agnosis of MOGAD may overestimate the true prevalence of
pathogenic MOG-targeted CNS inflammatory disease. Con-
versely, MOGAD could underestimate the prevalence of
MOG-targeted autoimmunity. Anti-MOG Abs do not persist
in some individuals. Thus, due to such seroreversion, one may
miss detection of anti-MOGAbs.20 As described, T-dependent
MOG EAE occurs independently of pathogenic conforma-
tional MOG-specific Abs, although it may be associated with
nonpathogenic Abs. Is there a human equivalent of
T-dependent MOG EAE? Specifically, does seronegative
MOG (“sMOG”)–targeted CNS autoimmunity exist? If so, our
current diagnosis ofMOGADcould conceivably underestimate
true MOG-targeted CNS autoimmune disease, a possibility
that may be relevant to some patients diagnosed with AQP4
and MOG seronegative (i.e. “double negative”) NMOSD.

What stimuli initiate MOGAD? It is well recognized that a
febrile prodrome, often associated with a viral infection or
vaccination (e.g., Tdap), can precede ADEM.51 It is estimated
that 40% of MOGAD attacks follow infection by one of a
variety of pathogens, including SARS-CoV-2, Epstein-Barr
virus, and influenza.52 MOGAD onset has also been described

after PD-1 checkpoint inhibition, which is known to worsen
EAE.53 Rarely, cases of malignancy exist concurrently suggesting
that a paraneoplastic etiology could also contribute to de-
velopment of MOGAD.54 Whether these candidate triggers act
by molecular mimicry, by causing CNS damage leading to im-
munogenic MOG exposure, or by bystander proinflammatory
cytokine–mediated activation of MOG-specific lymphocytes is
unknown (Figure 4). The normal immune repertoire contains
T cells that recognize self-antigen, possibly at frequencies as high
in healthy persons as those with a given autoimmune disease.56 A
better understanding of the immunologic triggers should yield
further insights into the pathogenesis of MOGAD and may
identify predictors of monophasic or relapsing courses.

Currently, there are no approved therapies forMOGAD. Acute
exacerbations are commonly treated with high-dose steroids
along with additional plasma exchange or IV immunoglobulin
(IVIg) when refractory to initial treatment. Different classes of
potential disease-modifying therapeutics are being tested. Evi-
dence suggests anti-CD20 B-cell depletion likely reduces re-
lapses in a subset of patients with MOGAD but may be less
efficacious than in MS or NMO.57 Given the heterogeneity in
MOGAD, one questions whether B-cell depletion may prove
effective only in a subset of patients, similar to the benefit of
anti-CD20 B-cell depletion in T-B-dependent MOG EAE but
not in T-dependent MOG EAE.42 Therapeutics that directly
alter the level of circulating anti-MOG Ab are being evaluated
in MOGAD. The neonatal Fc receptor (FcRn) prevents Ab
degradation and can extend the half-life of pathogenic auto-
Abs. Rozanolixizumab, a monoclonal Ab that blocks the in-
teraction of Abs and FcRn, is currently being tested in
MOGAD and may provide insight into the pathogenicity of
anti-MOG Ab.58 IL-6, a pleiotropic cytokine that promotes

Figure 4 Potential Triggers of MOG Autoimmunity

Several possiblemechanismsmaypromoteMOGCNSautoimmunedisease.MOGautoimmunity could be triggeredbymolecularmimicry (left panel), a process that
can occur when antigenic determinants of pathogens cross-react with self-antigens. Immunogenic MOG exposure (middle panel), either from CNS damage
secondary from another disease,55 or ectopic MOG expression54 could promote activation of MOG-specific immune cells. The normal immune repertoire contains
MOG-reactive T cells. Thus, bystander activation (right panel) of preexisting MOG-specific T cells by proinflammatory cytokines from an unrelated stimulus (e.g.,
systemic infection) could theoretically lead toproinflammatorypolarizationandexpansionofMOG-specific T cells. CopyrightXavier Studio, reprintedwithpermission.
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Th17 differentiation, may be markedly elevated in the CSF of
patients with MOGAD,59 and treatment with tocilizumab, an
anti-IL-6R monoclonal Ab, has been associated with benefit in
some severe MOGAD cases.60,61 Currently, the anti-IL-6R
monoclonal Ab satralizumab, which has been approved for
treatment of AQP4-seropositive NMO,33 is being tested in a
phase III placebo-controlled trial in MOGAD.62 Although ef-
fective in NMO, it is thought that complement inhibitors may
not be as beneficial in MOGAD, given the lack of clear
complement-mediated pathology. The spectrum of MOGAD
presentations and demographic differences in age, sex, and
ethnicity that may influence risk of relapse underscore the
challenges when designing prospective treatment trials and
highlight the need to stratify patients appropriately.

Conclusion
Knowledge regarding clinical, pathologic, and imaging fea-
tures of MOGAD is growing quickly. Clinical experience
and improvements in MOG IgG assays have permitted
creation of initial MOGAD diagnostic criteria. However,
gaps exist in our understanding of the basic immunopa-
thology of MOGAD.

Although animal models alone cannot replicate human disease,
the investigators, who discovered MOG and advanced the
understanding of MOG EAE, can be commended for having
successfully introduced an invaluable animal model of
MOGAD, paradoxically before the human disease was
recognized.2,14 Studying MOGAD in parallel with MOG EAE
will accelerate our understanding ofMOGADpathogenesis and
possibly facilitate development of selective immunotherapy.
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