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ABSTRACT

While neuromyelitis optica (NMO) immunoglobulin (Ig) G is considered the hallmark serologic
marker of NMO, its association is not absolute, as NMO IgG is not detected in approximately
one-fourth of the patients diagnosed with NMO spectrum disorder (NMOSD). Thus, the recent discovery that antibodies to myelin oligodendrocyte glycoprotein (MOG) are detected in some NMO
IgG-seronegative patients manifesting clinical and neuroimaging signs of NMO or NMOSD has
created tremendous excitement. However, it may be premature to classify this subgroup as
NMOSD. NMO is considered an autoimmune astrocytopathy, and aquaporin-4 (AQP4), expressed
on astrocytes, is recognized as the target autoantigen of NMO IgG. As its name denotes, MOG is
produced by oligodendrocytes, CNS myelin-producing cells, and MOG is well-recognized as one
of the candidate autoantigens in multiple sclerosis (MS) and acute disseminated encephalomyelitis (ADEM). Thus, is it possible that the clinical NMOSD-like phenotype associated with MOGspecific antibodies represents a variant of opticospinal MS or ADEM but not AQP4 autoimmunity
or NMOSD? Whether this MOG-Ig positive AQP4-seronegative phenotype should be classified as
NMOSD, opticospinal MS, or a unique entity is not simply a theoretical question but rather has
practical implications for patients, their physicians, insurance carriers, and clinical investigators
conducting NMO treatment trials. Neurol Neuroimmunol Neuroinflamm 2015;2:e62; doi: 10.1212/
NXI.0000000000000062
GLOSSARY
ADEM 5 acute disseminated encephalomyelitis; AQP4 5 aquaporin-4; EAE 5 experimental autoimmune encephalomyelitis;
GFAP 5 glial fibrillary acidic protein; HLA 5 human leukocyte antigen; Ig 5 immunoglobulin; MBP 5 myelin basic protein;
MHC 5 major histocompatibility complex; MOG 5 myelin oligodendrocyte glycoprotein; MS 5 multiple sclerosis; NMO 5
neuromyelitis optica; NMOSD 5 NMO spectrum disorder; OB 5 oligoclonal IgG band.

Despite the use of sensitive assays, aquaporin-4 (AQP4)-specific antibodies are not detected in
10%–40% of patients diagnosed with neuromyelitis optica (NMO) or NMO spectrum disorder (NMOSD).1 It is also recognized that AQP4 immunoglobulin (Ig) G1 NMO patients
frequently produce other autoantibodies, including antibodies that target nuclear and cytoplasmic antigens identified in certain systemic rheumatologic diseases, including systemic lupus
erythematosus and Sjögren syndrome.2 Together, these observations raise the possibility that
antibodies in some patients with NMO or NMOSD might also target another CNS autoantigen(s). In this regard, anti–myelin oligodendrocyte glycoprotein (MOG) antibodies (MOG
Ig1) have been identified in some patients diagnosed with NMO or NMOSD.3–8 When 3
separate groups evaluated antibodies to both MOG and AQP4 in patients with NMOSD,3,4,8
they observed that NMO IgG was only rarely detectable in MOG Ig1 patients, and conversely,
anti-MOG Ig was not observed in nearly all NMO IgG-seropositive NMO patients. Thus,
excluding potential issues regarding the sensitivity of the assays, reactivity to these CNS autoantigens was essentially mutually exclusive. Despite differences in ethnicity in the patient
populations studied, these 3 investigations identified similar clinical features in this MOG
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Ig1 patient subpopulation, including a higher
proportion of males, fewer relapses, and better
recovery than AQP4-seropositive NMO.
MOG Ig1 AQP4-seronegative opticospinal
disease therefore manifests with clinical features that are distinct from classical AQP4seropositive NMO.
From a clinical perspective, there are compelling reasons to include this MOG Ig1 subgroup of patients under the umbrella of
NMOSD. Physicians and their patients rely
on appropriate diagnosis when initiating therapeutic intervention. As AQP4-specific antibodies cannot be demonstrated in some
individuals suspected of having NMO, identification of subgroups of AQP4-seronegative
patients that produce antibodies to other target CNS autoantigens could facilitate its diagnosis. Optic nerves and spinal cord, the 2
anatomic sites affected most frequently in
NMO, are not safely accessible for biopsy.
Thus, diagnosis of NMO or NMOSD is ideally based on clinical manifestations, neuroimaging, and serology. Lastly, a diagnosis of
NMOSD may be advantageous when patients
are attempting to secure insurance coverage for
costly NMO treatments. Nevertheless, there
may be other clinical concerns in applying
the term MOG Ig1 AQP4-seronegative
NMO. For example, interferon b and natalizumab, 2 medications approved for treatment
of multiple sclerosis (MS), may exacerbate
AQP4-seropositive NMO.9–12 One can imagine that treatment decisions may become more
complex if the pathology of this MOG Ig1
opticospinal inflammatory condition is different from AQP4-seropositive NMOSD.
The limited knowledge of the mechanisms
responsible for the pathogenesis further highlights the issues in currently applying the term
NMOSD to MOG Ig1 opticospinal inflammatory disorder. Serum antibodies against
MOG are most well-recognized in acute disseminated encephalomyelitis (ADEM),13 especially in pediatric patients,13–19 and have now
been identified in children diagnosed with
NMO7 or with clinical presentations resembling NMO, i.e., longitudinally extensive
transverse myelitis19 or recurrent optic neuritis.18 The immunology, pathology, and genetics of MOG Ig-associated opticospinal disease
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and NMOSD might be quite distinct. Since
the discovery of NMO IgG in 2004,20 the
presence of these antibodies in patients has
provided diagnostic confirmation and served
to distinguish NMO from MS or other forms
of CNS demyelinating disease.21 AQP4, the
most abundant CNS water channel protein,
is highly expressed on astrocyte foot processes
at the blood-brain barrier,22 and pathologic
studies of NMO lesions demonstrate injury
to astrocytes associated with deposition of Ig
and complement, providing further support
for a humoral immune pathogenesis (see the
figure). In contrast to MS, in NMO there is
relative sparing of myelin, considered the primary immune target in MS. The presence of
antibodies is a hallmark feature of type 2 MS
pathologic lesions.23 Furthermore, anti-MOG
antibodies have been identified in MS lesions,
in particular those associated with vesicular
demyelination.24 The MOG Ig1 NMOSDlike clinical phenotype might therefore represent an opticospinal type 2 MS variant.
Whereas lymphocytes are characteristic of
newly forming MS lesions,25 the cellular composition of NMO lesions is marked by the
presence of neutrophils and eosinophils,22 2
leukocyte subtypes not normally detected in
MS. Of interest, mice containing T cells specific for MOG develop optic neuritis,26 and
when both T cells and B cells target MOG,
they spontaneously develop an opticospinal
form of experimental autoimmune encephalomyelitis (EAE) that is characterized by lymphocytic infiltrates.27–29 It should also be
beneficial to determine whether there are
genetic associations with this unique phenotype. MS is associated with human leukocyte
antigen (HLA)-DR2 (DRB1*1501), and
NMO has been associated with HLA-DR17
(DRB1*0301).30 Antibody responses may be
associated with HLA subtypes (i.e., major histocompatibility complex [MHC] restriction).
Although serum anti-MOG antibodies are not
a characteristic feature of MS31 and data indicate
anti-MOG antibodies in pediatric ADEM are
not related to specific MHC II (i.e., HLA-D)
genes,32 it is important to determine whether
MOG Ig1 AQP4-seronegative opticospinal
inflammatory disease is associated with either
HLA-DR2 or HLA-DR17.
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Figure

Model contrasting the potential role of antibodies to myelin oligodendrocyte glycoprotein (MOG) or
aquaporin-4 (AQP4) in opticospinal inflammation

MOG-specific and AQP4-specific antibodies (Ab) target 2 different CNS resident cell populations, the oligodendrocyte
(Olig.) or the astrocyte (A), respectively. Data indicate that antibodies are produced outside the CNS in both MOG Ig1
AQP4-seronegative opticospinal inflammatory disease (left) and AQP4-seropositive neuromyelitis optica spectrum disease
(NMOSD) (right). AQP4-specific antibodies are IgG1, an antibody subclass that requires assistance from antigen-specific T
follicular helper (Tfh) cells when B cells differentiate into plasma cells.49 Anti-MOG antibodies appear as IgG in the diagram,
although the antibody isotype is currently unknown. Serum antibodies to either MOG or AQP4 alone are not considered
pathogenic in the absence of a cell-mediated inflammatory response. MOG-specific T effector cells (Teff), like in experimental autoimmune encephalitis (EAE)50 and possibly in multiple sclerosis (MS),51 or AQP4-specific Teff cells,41 might
initiate CNS inflammation, which in AQP4-seropositive NMOSD is characterized by accumulation of neutrophils (Neutro.)
and eosinophils (Eosin.).22 Lymphocytes (Lymph.), which are characteristic in MS25 and MOG-induced EAE lesions,29,52 are
shown in MOG Ig1-associated inflammation, although their presence has not been confirmed. In both conditions, inflammation may disrupt integrity of the blood-brain barrier, permitting entry of antibodies.37,39,40 MOG-specific antibodies presumably bind MOG expressed on myelin-forming oligodendrocytes and myelin, a layer that surrounds the axons extending from
neuron (N) cell bodies. While the precise contribution of MOG-specific antibodies to MOG Ig1 opticospinal inflammation is yet
unknown, MOG-specific antibodies promote demyelination in EAE37 and have been identified in MS lesions.24 Damage to
oligodendrocytes or myelin may be associated with release of myelin basic protein (MBP).46 AQP4-specific IgG1 binds
to AQP4 water channels, which are abundant on astrocyte end-feet processes. AQP4-specific IgG1 fixes complement,
which amplifies astrocyte injury. Glial fibrillary acidic protein (GFAP) may be released upon injury to astrocytes.46,47 AQP4targeted damage of NMOSD is associated with relative preservation of myelin.22 Copyright XavierStudio, reprinted with
permission.

Nonetheless, certain immunologic features
of NMO are shared with this novel MOG
Ig-associated opticospinal inflammatory disease. Whereas oligoclonal IgG bands (OBs)
are identified in the CSF of most patients with
MS, they are detected in only a minority of patients with NMO.33 As in NMO, OBs were
rarely detected in patients with MOG Igassociated opticospinal inflammatory disease.3

It is recognized that NMO IgG is mostly produced outside the CNS, as studies have demonstrated that its concentration in serum is
many times higher than in CSF.34 Thus, both
the identification of MOG-specific antibodies
in the serum and the relative absence of CSF
OBs suggest that, like in NMO, the MOGspecific humoral immune process occurs predominantly outside the CNS in these patients.
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Of interest, histologic analysis of NMO lesions in experimental animal studies suggests
that the unique cellular composition of NMO
lesions may reflect the complement-fixing
properties of NMO IgG, an IgG1 subtype.35
While presumably targeting oligodendrocytes
and not astrocytes, one could imagine that
serum-derived MOG-specific Ig, whose isotype has yet to be characterized, could promote accumulation of cell types typically
detected in NMO in AQP4-seronegative patients. Then again, this possibility seems
unlikely because it is well-known that transfer
of MOG-specific antibodies in several MOGinduced EAE models in different species promotes demyelinating lesions that resemble
MS.24,36–38 Also, systemic administration of
MOG-specific antibodies alone, like NMO
IgG or AQP4-specific antibodies, is not considered pathogenic in the absence of CNS
cellular inflammation.37,39,40 AQP4-specific T
cells are detected in AQP4-seropositive NMO
patients41,42 and exhibit Th17 polarization.41
It has been observed that Th17-polarized myelin protein-specific T cells expanded in vitro
can induce atypical or opticospinal forms of
EAE that are associated with CNS recruitment
of neutrophils,43–45 so it is conceivable that
MOG-specific T cells, which likely direct the
peripheral humoral anti-MOG antibody
response (see the figure), could promote CNS
accumulation of neutrophils in MOG Ig1
AQP4-seronegative patients. Regardless, without pathologic examination of affected CNS
tissue from MOG Ig1 AQP4-seronegative patients, such views are only speculative.
If this opticospinal inflammatory disorder
associated with MOG-specific Ig is an NMOSD,
one should recognize that it represents just
one subset of AQP4-seronegative NMOSD.3,4
Although the sample sizes were small, in 1 of
the 3 reports, antibody tests to MOG or
AQP4 were repeated after recovery from the
acute exacerbation in patients who had previously demonstrated antibodies to MOG or
AQP4, respectively.3 Of interest, they could
no longer detect MOG-specific antibodies
in more than 50% of the original MOG Ig1
patients or AQP4-specific antibodies in 15%
of the patients who initially had detectable antibodies to AQP4. Thus, MOG Ig seropositivity
4

may not be a stable serologic phenotype. One
might therefore question whether generation of
MOG-specific antibodies in these individuals
could also reflect “acute phase” collateral injury
to oligodendrocytes, innocent bystanders from
an immune attack primarily targeting astrocytes.
Consequently, the MOG-specific antibodies in
NMOSD might represent an example of both
“intercellular” and “intermolecular” epitope
spreading. Yet if response to oligodendrocytes
occurs secondarily, one would anticipate detection of both AQP4-specific and MOG-specific
antibodies simultaneously in some patients.
However, when antibodies to AQP4 or MOG
were present, they were detected to only 1 of
these 2 CNS autoantigens in nearly all of the
patients described. Further, in a recent case
report46 of a patient who experienced a severe
exacerbation and also fulfilled diagnostic criteria
for NMO but was AQP4-seronegative, serum
anti-MOG antibodies corresponded to an elevation in CSF myelin basic protein (MBP),
indicative of acute injury to myelin. However,
there was no elevation in CSF glial fibrillary
acidic protein (GFAP), a marker of astrocyte
damage that is elevated during exacerbations
in AQP4-seropositive NMO patients.47 Clinical improvement in this patient was associated
with reduction in both serum levels of antiMOG antibodies and CSF MBP. Clearly,
more longitudinal studies evaluating antiMOG antibodies, as well as surrogate markers
of myelin or astrocyte damage (e.g., CSF
MBP and GFAP, respectively), should be
conducted in both AQP4-seronegative and
AQP4-seropositive patients.
Identification of this unique MOG Ig1
phenotype of opticospinal inflammatory disease creates an additional variable to consider
when conducting clinical treatment trials in
NMOSD. Clinical investigators are already
familiar with heterogeneity, as approximately
one-fourth of the patients diagnosed with
NMOSD are AQP4-seronegative.1 Because
the natural history of MOG Ig1 patients
is distinct and recovery without relapse could
be the norm, including all AQP4-seronegative
NMOSD patients together without consideration of MOG antibody status could compromise the capability of detecting a true benefit of
a candidate therapeutic. However, because
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NMO is a rare condition and there are currently
no approved therapies, there may be a desire to
include such patients in clinical treatment trials.
Thus, when designing NMO clinical trials, it
would be advantageous to consider these subgroups when calculating sample sizes for adequate statistical power and to plan prospectively
to analyze data obtained from them separately.
Identifying a problem is easier than solving
it. The criteria for diagnosing MS and classifying its subtypes have been refined and improved
with multiple iterations.48 Similarly, criteria for
diagnosing NMO have certainly advanced in
the 10 years since the discovery of NMO
IgG.21 As our understanding of the pathogenic
mechanisms of NMO increases, one can
anticipate further refinements in its diagnostic
criteria. However, the term MOG Ig1 AQP4seronegative NMOSD represents a fundamental disconnect with our current understanding
of NMO as an astrocytopathy. Thus, one
should exercise caution in applying the term
NMOSD to MOG IgG1 patients. While
one may consider categorization according to
antigen specificity, e.g., AQP4 autoimmunity
(“aquaporinopathy”) and MOG autoimmunity
(“MOG-opathy”), this may not accurately
reflect the AQP4-seronegative astrocytopathy,
currently classified as NMOSD. Because the
majority of NMOSD is AQP4-seropositive
and a minority of AQP4-seronegative NMOSD
is MOG Ig1, pathologic examination of sufficient numbers of AQP4-seronegative, MOG
Ig-seronegative NMOSD cases is particularly
important. Ultimately, neuropathologic examination of several AQP4-seronegative and MOG
Ig1 cases may dictate whether opticospinal
inflammatory disease associated with MOGspecific antibodies is classified as a member of
NMOSD, as opticospinal MS, or as a unique
condition. In our view, until that time, the
MOG Ig1 opticospinal phenotype should be
separated from NMOSD.
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