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The discovery of AQP4-IgG (a pathogenic antibody that targets the astrocytic water channel aquaporin-4), as the first
sensitive and specific biomarker for any inflammatory central nervous system demyelinating disease (IDD), has shifted
emphasis from the oligodendrocyte and myelin to the astrocyte as a central immunopathogenic player. Neuromyelitis
optica (NMO) spectrum disorders (SDs) represent an evolving spectrum of IDDs extending beyond the optic nerves
and spinal cord to include the brain (especially in children) and, rarely, muscle. NMOSD typical brain lesions are
located in areas that highly express the target antigen, AQP4, including the circumventricular organs (accounting
for intractable nausea and vomiting) and the diencephalon (accounting for sleep disorders, endocrinopathies, and
syndrome of inappropriate antidiuresis). Magnetic resonance imaging brain abnormalities fulfill Barkoff criteria
for multiple sclerosis in up to 10% of patients. As the spectrum broadens, the importance of highly specific assays
that detect pathogenic AQP4-IgG targeting extracellular epitopes of AQP4 cannot be overemphasized. The rapid
evolution of our understanding of the immunobiology of AQP4 autoimmunity necessitates continuing revision of
NMOSD diagnostic criteria. Here, we describe scientific advances that have occurred since the discovery of NMO-IgG
in 2004 and review novel targeted immunotherapies. We also suggest that NMOSDs should now be considered under
the umbrella term autoimmune aquaporin-4 channelopathy.
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Out with the old, in with the new

In 1894, Devic and Gault reported a case of com-
bined optic neuritis (ON) and myelitis that was fatal
and provided a review of 16 similar cases from the
literature.1,2 The syndrome that Devic described was
a monophasic illness characterized by both bilat-
eral ON and transverse myelitis occurring at the
same time. The lack of involvement of the brain was
emphasized.3 Over the subsequent century, many
investigators reported single cases or case series of
patients with variations on this theme.2–6 It became
increasingly recognized that patients may have (1)
unilateral rather than bilateral ON, and (2) intervals
of weeks to years between attacks of ON and myelitis
rather than simultaneous onset.

Investigators put forward diagnostic criteria for
neuromyelitis optica (NMO), which emphasized

restriction of symptoms and signs to the optic nerves
and spinal cord and the requirement of normal
brain magnetic resonance imaging (MRI).7 Lon-
gitudinally extensive T2 signal abnormalities span-
ning three or more vertebral segments were reported
to be characteristic of NMO, a situation rarely found
in multiple sclerosis (MS), where lesions (at least in
adults) are generally asymmetric and short. Over
this period of time, NMO or Devic’s syndrome was
considered by most to be a variant of MS, and in
Asia the disorder was known as optic-spinal MS.

In 2004, an autoantibody termed NMO–IgG
was reported to be both a sensitive and spe-
cific biomarker for NMO (as defined by 1999
Wingerchuk criteria).8 Discovery that the target
antigen of NMO–IgG was aquaporin (AQP)-4, the
most abundant water channel in the central nervous
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system (CNS), indicated a new direction in CNS
demyelinating disease research.9 Since then, a com-
bination of clinical, pathological, radiological, and
serological observations have clearly distinguished
NMO and its partial or inaugural forms (constitut-
ing a spectrum of NMO-related disorders, NMO
spectrum disorder (NMOSD)) from classical MS,
for which no specific biomarkers are recognized.10,11

The detection of AQP4-IgG predicts relapses with
cumulative attack-related neurological disability,
and justifies prompt initiation of immunosup-
pressive therapy.12–14 AQP4 is highly expressed in
astrocytic end feet at the blood–brain barrier, sur-
rounding CNS synapses and nodes of Ranvier, and
in areas involved in osmosensitivity and osmoreg-
ulation, including supraoptic and paraventricular
nuclei of the hypothalamus and circumventricular
organs (e.g., the subfornical organ, the organum
vasculosum of the lamina terminalis, and the
area postrema).10,15,16 AQP4 is also expressed in
epithelial cells of the collecting ducts of the kidney,
in the parietal cells of the stomach, and in the
skeletal muscle. However, these peripheral organs
are not usually affected during the course of the
disease.

The NMO of today likely is a different entity from
the monophasic disorder originally described by
Devic.11 This is supported by a significant difference
in the prevalence of AQP4-IgG in relapsing (>90%)
versus monophasic (<10%) disease.11 We suspect
that the duration of follow-up may not be long
enough to accurately define monophasic in most
published reports. This is supported by a single case
of AQP4-IgG–seropositive monophasic NMO (rep-
resenting 12.5% of monophasic cases) reported by
Banwell et al. in 2008 who had a relapse subsequent
to that publication (unpublished personal commu-
nications, Silvia Tenenbaum), thus indicating a 0%
frequency of AQP4-IgG in monophasic pediatric
NMO for that study.17 The dramatic female prepon-
derance observed in AQP4-IgG–seropositive NMO
is also not evident in monophasic disease. Further-
more, in the past 60 years, the Mayo Clinic has
encountered very few truly monophasic Devic cases
with simultaneous ON and myelitis at onset, but
without further attack after adequate follow up (>20
years).

While a patient may be diagnosed clinically with
NMO in the absence of AQP4-IgG positivity,18 we
consider NMOSD to be defined by the presence

of AQP4-IgG.11 NMOSDs encompass a broadening
clinical spectrum and include NMO but also partial
forms, such as longitudinally extensive transverse
myelitis (LETM) and recurrent uni- or bilateral ON
(Fig. 1). AQP4-IgG, together with clinical, radio-
logic, and laboratory findings, unifies a group of
discrete, relapsing disorders that are distinct from
MS (Table 1).

Here, we will provide an overview of what has
changed in our understanding of this disease and
provide the foundation for a change in how we
approach diagnostic criteria moving away from
the traditional MS approach, where diagnosis is
based on a selection of clinical laboratory and
neuroimaging criteria, toward a molecular target–
defined approach.

Age, sex, and ethnicity

NMO incidence and prevalence varies between pop-
ulations and geographic region. Incidence ranges
from 0.053 to 0.40 per 100,000 people.19 The preva-
lence ranges from 0.3 to 4.4 per 100,000. Asian and
African-American populations are disproportion-
ately affected, which contrasts with white popula-
tions where MS is about 40 times more common
than NMO.20–25 NMOSD is much more common
among women than men (reported ratio ranges
from 3:1 to 9:1).26 Median age of onset for NMO
is 39 years.10,25 One in six NMOSD patients are
in the pediatric (<16 years) or elderly (>65 years)
groups.26 There have been no significant genetic risk
factors identified for NMO.

The evolving clinical and radiological
spectra

Predilection for optic nerve and spinal cord
The majority of NMO cases (>90%) follow a relaps-
ing course.10,27 Relapses of ON or transverse myeli-
tis usually develop over a period of days and then
slowly improve over weeks to months.25,28 NMO
attacks tend to be more severe with less recovery
than in MS. Disability is generally attack related,
unlike MS, where disability mostly occurs as part of
the progressive phase of the illness.29–31

Optic neuritis
ON is most frequently unilateral.7 In NMOSD,
there is a higher propensity for ON to affect
more posterior parts of the optic nerve, including
the chiasm, to have bilateral (simultaneous or
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Figure 1. Autoimmune aquaporin-4 (AQP4) channelopathy. Schematic for proposed diagnostic criteria incorporating the expand-
ing clinical phenotypes of neuromyelitis optica spectrum disorders (NMOSDs). This schema is based on the proposal that the core
diagnostic criteria for any NMOSD requires the presence of the AQP4-immunoglobulin (IgG; red) and assumes no false positivity.
Seropositivity for AQP4-IgG must be interpreted within the clinical context. The absence of the biomarker (yellow outer circle)
could indicate an alternative diagnosis, such as multiple sclerosis, another demyelinating disease, or an indeterminate disorder.
Some patients may have autoimmune MOG oligodendrogliopathy. Each neurological manifestation is represented by a circle. The
area of the circle overlapping with the red AQP4-IgG+ circle represents an approximation of the proportion of patients with that
neurological manifestation considered an NMOSD (e.g., <5% of patients with single-episode optic neuritis; 5–25% of patients
with recurrent optic neuritis; 40% of patients with single-episode longitudinally extensive transverse myelitis (LETM); 70–90%
of patients with recurrent LETM). The area of the circle outside (yellow) the red AQP4-IgG+ circle does not fulfill criteria for an
NMOSD. The arrows signify that neurological manifestations commonly coexist; for example, patients might present with, or have
a history of, more than one neurological manifestation, such as optic neuritis and intractable vomiting, syndrome of inappropriate
antidiuresis and LETM, LETM and brain stem disorder, and LETM and posterior reversible encephalopathy syndrome. Only rarely
is myositis encountered. Adapted from Ref. 11, with permission from Wiley.

sequential) onset, and to be associated with poor
visual outcomes. Older studies reported that 60%
of NMO patients experienced unilateral or bilateral
blindness at a median of 7.7 years disease duration
compared with 4% in MS ON patients at 15-year
follow-up.7,32 Optical coherence tomography
studies have revealed that the retinal nerve fiber
layer thinning is greater in NMO patients with ON
compared with MS patients.33–36 In the AQP4-IgG
era, outcomes appear more favorable. Jiao et al.
reported that at 5 years after disease onset, 40% and

10% of patients were expected to be blind in one or
both eyes, respectively.29

Transverse myelitis
MRI of spinal cord in NMOSD demonstrates
inflammatory lesions affecting the central gray
matter, extending over three or more contigu-
ous vertebral segments.10 The length of the lesion
depends on the timing of the MRI, because signal
abnormality might resolve or become shorter with
time. Unlike MS, recovery from attacks is usually
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Table 1. Comparison of clinical, radiological, and laboratory characteristics of neuromyelitis optica spectrum
disorders (NMOSDs) and multiple sclerosis

Multiple sclerosis NMOSDs

Definition Central nervous system symptoms and signs

indicating involvement of the white matter

tracts

Evidence of dissemination in space and time

on the basis of clinical or MRI findings—no

better explanation

NMO: transverse myelitis and optic neuritis

At least two of the following: brain MRI,

nondiagnostic for multiple sclerosis; spinal

cord lesion extending over three or more

vertebral segments; or seropositive for

AQP4-IgG

NMOSD (see Fig. 1 for definition)

AQP4-IgG positivity 0% NMO: 80–90%

NMOSD: must be positive as per diagnostic

criteria (Fig. 1)

Clinical onset and course 85% relapsing/remitting, 15%

primary/progressive; not monophasic

Onset always with relapse

Greater than 90% relapsing course

Median age of onset (years) 29 39

Sex (female:male) 2:1 9:1

Secondary progressive course Common Rare

MRI: brain Periventricular white matter ovoid lesions Usually nonspecific white matter lesions; 10%

unique hypothalamic, corpus callosal/

splenial, periventricular, periaqueductal,

medullary, brain stem lesions;

note cloud-like enhancement;

occasional extensive and symmetric lesions

MRI: spinal cord Short-segment peripheral lesions Longitudinally extensive (�3 vertebral

segments) central lesions

CSF white blood cell number

and differential count

Mild pleocytosis; mononuclear Occasional prominent pleocytosis;

polymorphonuclear cells and mononuclear

cells; IL-6high; GFAPhigh

CSF oligoclonal bands 85% 15–30%

Coexisting autoimmune disease Rare Common: SLE, SS, MG, thyroid, APL

Attack-prevention therapies Interferon-�, fingolimod, rituximab,

natalizumab, glatiramer acetate

Prednisone, azathioprine, mycophenolate

mofetil, rituximab, mitoxantrone

APL, antiphospholipid syndrome; AQP4, aquaporin-4; CSF, cerebrospinal fluid; GFAP, global fibrillary astrocy interleukin-6; MG,
myasthenia gravis; MRI, magnetic resonance imaging; NMO, neuromyelitis optica; NMOSD, euromyelitis optica spectrum disorder;
SLE, systemic lupus erythematosus; SS, Sjogren’s syndrome.
Adapted from Ref. 11 with permission.

incomplete, and patients develop incremental
attack-related disability.10 Lesions may be spotty
with central necrosis and cavitation. Over half of
all spinal cord lesions occupy more than half of the
spinal cord cross section.37 While long lesions are
more common, short lesions should not preclude
the diagnosis of NMO. A recent study reported that
14% of patients present with short lesions on MRI.38

Asymptomatic lesions may also be observed.39

Painful tonic spasms are also common symptoms
and typically occur after a myelitis attack.40 Patients
also commonly complain of severe neuropathic
pain; the most commonly affected areas are the
chest, waist, entire length of the legs, or back.41–44

In the absence of treatment, approximately 50%
of patients with NMO will be wheelchair depen-
dent and functionally blind and a third will be dead
within 5 years after their first attack.7 More effective
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treatments combined with earlier and more accu-
rate diagnosis have led to improved outcomes. Cur-
rently, in the AQP4-IgG era, 5 years after onset, less
than 28% of NMO patients require a cane to walk
and less than 8% are wheelchair bound.29

Involvement outside optic nerves and spinal
cord: argument for moving away
from “myelitisoptica” terminology
Brain lesions are observed in more than 60% of
patients.45 They are present in over half at symptom
onset and increase with disease progression.45–47

The majority are nonspecific. MS-like brain lesions
occur in approximately 10% of cases, and some
fulfill Barkoff criteria for MS.45 In 2006, an anal-
ysis of brain MRI from 120 AQP4-IgG–positive
patients described “NMO-typical” brain lesions
as being localized at sites of high AQP4 expres-
sion at the astroglial foot processes, particularly
located in the subpial and subependymal zones
around the ventricles.48 Diencephalic (thalamic or
hypothalamic) lesions may be associated with end-
ocrinopathies, symptomatic forms of narcolepsy, or
states of altered consciousness. Hypocretin levels
may be reduced in cerebrospinal fluid (CSF).

Extensive cerebral white matter signal abnormal-
ities are sometimes encountered, most commonly
in children, and are sometimes associated with
encephalopathy. Ito et al.49 reported that nearly
all enhanced lesions in NMO have a “cloud-like”
pattern of enhancement characterized by patchy
enhancement with blurred margins. T2 hyperin-
tense lesions adjacent to the lateral ventricle and
inferior temporal lobe and subcortical U-fiber and
Dawson’s finger-type lesions are more commonly
seen in MS than in NMO.50 Magana et al. reported
posterior reversible encephalopathy syndrome–like
lesions in NMOSD.51

Circumventricular organs (e.g., area postrema,
subfornical organ, organum vascolosum lamina
terminalis) are preferentially involved. These spe-
cialized structures located along the surface of
the brain ventricles are characterized by high
AQP4 expression and by the presence of fen-
estrated capillaries and loosely apposed astro-
cytic processes. This unique vascular architecture
might facilitate the entry of AQP4-IgG. Symp-
toms and signs attributable to area postrema
involvement include intractable hiccups, nausea,
and vomiting.52,53 Intractable hiccups, nausea, and

vomiting are the first symptoms in approxi-
mately 12% of NMOSD patients. Dysregulation
of osmosensitivity and osmoregulation may lead
to syndrome of inappropriate antidiuresis. These
symptoms and signs may occur in isolation or in
association with the more classical ON or LETM
and may herald the onset of NMO.54 Skeletal mus-
cle abnormalities characterized by the presence
of sarcolemmal immune complex deposition and
AQP4 loss were recently reported in an AQP4-
IgG–seropositive NMOSD patient55 and hyper-
CKemia was reported in three patients 2 weeks
before the onset of NMOSD symptoms.56–60 Reti-
nal Müller cells express AQP4 and may be an
additional pathogenic target. Recent reports indi-
cate focal retinal vascular attenuation, inner nuclear
layer thickening, and microcystic edema in NMO
patients.36,61,62 Though rare, these findings support
the concept that NMOSD may extend beyond the
CNS and in some patients be more of a systemic
disease.

Pediatric NMO
Children account for up to 10% of NMOSD cases.26

The disease can affect children as young as 1–
2 years of age. Typically, initial manifestations occur
between the ages of 10 and 14. The frequency of
AQP4-IgG in childhood NMO is similar to that in
adults. Furthermore, LETM in children is not as
predictive of NMOSDs as it is in adults.17,63 Child-
ren tend to have greater brain involvement than
adults, and brain lesions are more symptomatic
than is typical for adult patients.64 McKeon et al.
reported that 45% of patients had brain attacks with
encephalopathy, ophthalmoparesis ataxia, seizures,
intractable nausea, and vomiting. Brain MRI abnor-
malities involved the following areas in decreasing
order of frequency: the periventricular white mat-
ter, the medulla, the supratentorial and infratento-
rial white matter, the midbrain, the cerebellum, the
thalamus, and the hypothalamus. Of 88 seroposi-
tive children, 88% were girls and the most com-
mon ethnicities were African American (34%), Cau-
casian (27%), Hispanic (10%), and Native American
(9%).64

NMO and pregnancy

There are approximately 100 cases of pregnancy
reported in the context of NMO. There is a higher
rate of spontaneous abortion in women that are
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AQP4-IgG seropositive.65 In addition, pregnancy
negatively affects the outcome for women with
NMO. The relapse rate decreases during the first
and second trimesters but increases significantly
during the third trimester and the first postpartum
trimesters.66,67 Animal models show high expression
of AQP4 in the placenta during the first and sec-
ond trimester. Intraperitoneal injection of AQP4-
IgG into pregnant mice binds to placental AQP4,
activates human complement, and induces inflam-
matory cell infiltration into the placenta with
accompanying placental necrosis resulting in fetal
death.65 Taken together, potential complications
must be considered when pregnancy occurs in a
woman with NMO.

Detection of AQP4-IgG

Patients suspected of NMO or NMOSD should
have their serum tested for AQP4-IgG. Positivity
allows for early distinction between NMO and MS,
allowing for faster initiation of therapy appropriate
for NMO. AQP4-IgG was initially identified using
tissue-based immunofluorescence on mouse com-
posite substrate, given its distinctive binding pat-
tern on astrocytic endfeet surrounding the ablu-
minal face of blood vessels, pia, CNS synapses,
Virchow-Robin sheaths, and nodes of Ranvier.8

Staining of a small subset of kidney cells (collecting
duct tubules) is very distinctive and indicative of
AQP4-IgG positivity. Subsequent to identification
by tissue-based immunofluorescence, immunopre-
cipitation and ELISA (enzyme-linked immunosor-
bent assay) assays were developed. However, these
assays were prone to false positives and have since
been replaced by more sensitive and specific cell-
based assays.68,69 There are several cell-based assays
available that have increased sensitivity without
losing disease specificity (97%). These assays use
AQP4-transfected cells as a substrate for either
immunofluorescence or fluorescence-activated cell
sorting (FACS) to detect AQP4-IgG in serum or
CSF. Cell-based assays have increased AQP4-IgG–
detection rates to almost 90% compared to 56–
68% with noncell-based assays.29,30,68–70 For many
clinical assays, M1 is the preferential isoform used
for AQP4-IgG detection owing to increased dis-
ease specificity and decreased false positive rate.69

M23 aggregation is thought to increase nonspe-
cific binding of IgG molecules. AQP4-IgG test-
ing should be performed before initiation of

immunosuppressant therapies (especially high-
dose steroids, plasmapheresis, and rituximab) when
possible, as these may result in significant drops
in AQP4-IgG titers, sometimes below detection
threshold.

NMOSD is commonly associated
with organ- and nonorgan-specific
autoimmunity

The most commonly encountered coexisting auto-
immune conditions with NMOSD include myas-
thenia gravis, celiac disease, ulcerative colitis,
sclerosing cholangitis, systemic lupus erythemato-
sus, rheumatoid arthritis, antiphospholipid anti-
body syndrome, Sjogren’s syndrome, autoimmune
hypothyroidism, immune thrombocytopenic pur-
pura, pernicious anemia, pemphigus foliaceus,
alopecia areata, psoriasis, scleroderma, dermatitis
herpetiformis, polymyositis, chronic inflammatory
demyelinating polyneuropathy, paraneoplastic dis-
orders, insulin-dependent diabetes mellitus, and
autoimmune encephalitis.71,72 Coexisting antibod-
ies in the absence of obvious autoimmune disease
are observed in up to 50% of NMOSD patients and
include antinuclear antibodies (43%), extractable
nuclear antigen (15%), SS-A (10%), SS-B (3%),
and rheumatoid factor (5%).73 NMOSD patients
with coexistent nonorgan-specific autoimmunity
are reported to have more frequent brain abnor-
malities than those with AQP4-IgG alone.72

There is also a high rate (35%) of coexist-
ing neural-specific autoantibodies in NMO. Mus-
cle acetylcholine receptor antibody, voltage-gated
potassium channel complex antibodies (VGKC,
Caspr2, Lgi1)74 and collapsin response–mediator
protein (CRMP)-5 IgG have all been found in
NMOSD. This differs from MS, where there is no
significant increase in organ-specific autoimmunity
identified. In a study of 88 children with NMOSD,
42% had coexisting autoimmune disorders.64

These findings suggest a genetic predilection for
autoimmunity and an amplified humoral immune
response.

NMOSD may be a paraneoplastic disease
in some patients with NMOSD, especially
the elderly

A variety of neoplasms have been reported in the
context of AQP4-IgG positivity and a clinical diag-
nosis of NMOSD. These have included breast, lung,
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thymic, and uterine cervical carcinomas, and ovar-
ian teratoma, B cell lymphoma, thyroid Hürthle cell
neoplasm, pituitary somatotropinoma, leiomyosar-
coma, and stomach carcinoid.75–79 A study focusing
on advanced age of onset for NMOSD ident-
ified neoplasms in 20% of AQP4-IgG–seropositive
patients over the age of 50 years.80 In addition,
AQP4-IgG has been found in patients with can-
cer but lacking NMOSD. Taken together, AQP4-
IgG may be a marker of a paraneoplastic immune
response in some cases, especially among those
greater than 60 years of age.

Cerebrospinal fluid

CSF pleocytosis with a predominance of neutrophils
and eosinophils of 50–1000 × 102 white blood
cells/L and increased protein levels are observed
in NMO patients, especially during attacks.10 In
contrast to MS, oligoclonal bands are found in a
minority of AQP4-IgG+ NMOSD patients.10 NMO
patients have increased IL-6 in their CSF81,82 com-
pared to MS and healthy controls, and IL-6 lev-
els correlated with NMO disease severity. IL-6
inhibition appears to prevent attacks in refractory
NMO.83,84 In an in vitro model, IL-6 signaling pro-
moted AQP4-IgG production from plasmablasts
and blockade of the IL-6 receptor reduced survival
of the plasmablasts. CSF glial fibrillary acidic protein
(GFAP) levels are reported to be several thousand
times higher than in MS and can be a distinguishing
feature.85–87

Immunopathological outcome of AQP4-IgG
binding to its target antigen

Aquaporin-4: structure, function, expression
AQP4, the most abundant water channel in the CNS,
has a polarized expression and is enriched on astro-
cytic endfeet at fluid–parenchymal interfaces.15,16

AQP4 is known to facilitate water flux in the brain
and spinal cord during normal synaptic transmis-
sion, following injury, and during cell migration.88

Mice lacking AQP4 have better outcomes in mod-
els of cytotoxic edema (cellular swelling induced
by water intoxication and ischemia89) and poorer
outcomes in models of vasogenic edema (water
accumulating in extracellular spaces such as dur-
ing breakdown of the blood–brain barrier90), a
common symptom associated with brain tumors,
abscesses, and hemorrhage. AQP4 has also been

shown to be important for neuroexcitation and
reuptake of glutamate after synaptic transmission.

In addition to the CNS, AQP4 is also expressed
in many nonneural tissues, including skeletal mus-
cle (fast-twitch fibers), stomach (parietal cells), lung
airway cells, kidney (collecting duct cells), inner ear
(Claudius, Hensen, and inner sulcus cells), eye (reti-
nal Müller cells and lacrimal gland), salivary glands
(duct cells), and olfactory epithelial cells.91 The var-
ied expression of the autoantigen is reflected in the
diverse phenotypes characterizing NMOSD. Rare
subtle yet significant physiologic effects of AQP4-
IgG binding to AQP4 in nonneural tissues have
been reported. For example, skeletal muscle abnor-
malities were recently reported in an AQP4-IgG–
seropositive NMOSD patient55 and hyperCKemia
was reported in three patients 2 weeks before the
onset of NMOSD symptoms.56–60 It is unclear why
AQP4-IgG primarily causes CNS lesions by acti-
vating complement, but generally spares peripheral
AQP4-expressing organs. A recent study demon-
strated that in normal brain, astrocyte endfeet
express AQP4, but are devoid of complement regu-
latory proteins CD46, CD55, and CD59.92 AQP4 is
coexpressed with CD59 in astrocytes cultured alone,
but in astrocyte–endothelial co-cultures, coexpres-
sion of CD59 is absent. This suggests that astro-
cytes co-cultured with endothelial cells (as would be
the case in vivo) are more vulnerable to AQP4-IgG
and complement-mediated lysis than astrocytes cul-
tured alone. These findings may explain why NMO
primarily damages the CNS but spares peripheral
organs. In the kidney, AQP4 is coexpressed with
CD46 and CD55; in stomach, with CD46; and in
skeletal muscle, with CD46. Complement regulators
protect peripheral organs, but not the CNS, from
AQP4-IgG– and complement-mediated damage. It
will be of interest to investigate complement regula-
tory protein expression in patients with involvement
of extra CNS tissues.

There are two predominant AQP4 isoforms (M1
and M23), and they interact with themselves and
each other to form homo- and heterotetramers.90,93

Each AQP4 monomer contains six membrane-
spanning domains surrounding a central pore. M1
and M23 differ at the cytoplasmic N-terminus,
which in M1 has 22 additional residues.94–96

M23 homotetramers assemble into higher order
structures, called orthogonal arrays of particles
(OAPs), which are an ultrastructural hallmark of
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astrocytic endfeet membranes.97,98 Bordering het-
erotetramers containing M1 and M23 limit OAP
size, owing to interactions with the first 22 residues
in the longer M1 N-terminus interacting with N-
terminal residues of M23 that are essential for
M23 homotetramerization.99 It was proposed that
AQP4-IgG only binds to AQP4-M23,100 but it is
now well documented that AQP4-IgG binds to both
M1 and M23, which have identical extracellular
domains.9,69,101

Molecular outcome of IgG binding
to AQP4: in vitro studies

AQP4-IgG is a polyclonal autoantibody that binds
multiple epitopes with variable avidity for both
AQP4-M1 and AQP4-M23.101 Effects of AQP4-IgG
binding to AQP4 are diverse and isoform specific
(Fig. 2). After binding of IgGs to AQP4, there is
preferential internalization of the M1 isoform and
reorganization and aggregation of M23 rather than
internalization.102,103 Loss of AQP4 through inter-
nalization decreases water transport.103 Internaliza-
tion of AQP4 (and associated EAAT2) is thought
to be through cross-linking by AQP4-IgG, which
induces aggregation of surface AQP4. Cross-linked
proteins on the membrane initiate a series of sig-
naling cascades resulting in endocytosis of that por-
tion of the membrane. Large aggregates are more
resistant to endocytosis and remain on the mem-
brane, accessible for complement-mediated cellular
cytotoxicity (CDCC). Regions with a higher pro-
portion of M1 would be internalized more rapidly
and less available to CDCC, perhaps sparing that
area from destructive damage. AQP4-M1 is rapidly
replaced on the plasma membrane after removal
of AQP4-IgG.102 This may be a model mimick-
ing reversible lesions after antibody-depleting ther-
apies. In contrast, areas rich in AQP4-M23 would be
more prone to CDCC, and these regions may reflect
the more necrotic lesions. Individual variations in
AQP4-M1 and AQP4-M23 expression profiles con-
ceivably could contribute to the variability seen in
NMOSD lesions.

Expression of the glutamate transporter EAAT2
(excitatory amino acid transporter 2) is also
decreased after AQP4-IgG binding to AQP4, with
a concomitant decrease in glutamate uptake.104,105

EAAT2 and AQP4 reside in a common complex
in astrocyte membranes and are functionally
coupled.106 Uptake, recycling, and degradation of

neurotransmitters from the synaptic cleft after
synaptic transmission is a vital function of
astrocytes.107 EAAT1 and EAAT2 expressed on
astrocyte membranes are responsible for efficient
removal of extracellular glutamate after synaptic
activity in the brain.108 While astrocytes are more
resistant to damage caused by excess extracellular
glutamate, loss of EAAT2 in NMO lesions is thought
to contribute to excitotoxic death of oligodendro-
cytes and subsequent demyelination, even in the
context of GFAP preservation in some NMOSD
lesions.

Howe et al. recently demonstrated a robust pat-
tern of gene expression changes consistent with
the induction of a reactive and inflammatory phe-
notype in primary rat astrocyte-enriched cultures
after treatment with NMO patient–derived serum
or purified IgG.109 Interaction of AQP4-IgG with
its astrocytic target resulted in a 50-fold upreg-
ulation of Lcn2, consistent with a reactive astro-
cyte phenotype. They also observed upregulation
of genes encoding adhesion factors (ICAM-1 and
VCAM-1), the initiation of oxidative stress response
pathways involving SOD2, ceruloplasmin, and
NF-�B, and the upregulation of inflammasome
components (caspase-1 and various proteasome
subunits). AQP4-IgG induced a greater than five-
fold upregulation of IL-1� and IL-1�, and a greater
than twofold increase in IL-6, IL-10, and IL-33.
The pattern of chemokine induction was heav-
ily skewed toward monocytic (CCL2/3/4/5/7/12 on
CCR2), neutrophilic (CXCL1/2/6 on CXCR1/2),
and eosinophilic (CCL5/7 on CCR3) recruit-
ment. These data provide in vitro support to
the immunopathologic findings demonstrating
eosinophils and neutrophils in NMO lesions110

and the recent correlation between CSF levels
of the human CXCR2 ligand CXCL8 (function-
ally homologous to CXCL1/2 in rodents) with
disability score in NMO patients.111 Saadoun
et al. also showed a protective effect of neu-
tropenia and increased pathology by neutrophilia
in their rat model of intracerebral injection of
AQP4-IgG with human complement.112 In addi-
tion, within hours of AQP4-IgG binding to astro-
cytes in culture, there was a robust production
of C1q, the initiator of the classical complement
cascade. In the quiescent nervous system, C1q
is absent.113 The early recruitment of granulo-
cytes into NMO lesions likely precedes classical
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Figure 2. Mechanisms of NMO pathogenesis and pharmacologic targets. NMO lesions have a complex spectrum of characteristics
indicating multiple pathogenic mechanisms. In NMOSD, the immunizing event is not known. AQP4-IgG produced by plasma
cells and plasmablasts penetrates the CNS through endothelial transcytosis or at areas of relative blood–brain barrier permeability
or injury (some may be produced within the CNS). Binding of NMO IgG to AQP4 on the surface of astrocytes induces an
inflammatory reactive stress response that results in transcriptional and translational events within the astrocyte that promote
the primary recruitment of granulocytes to the CNS. In vitro studies have demonstrated upregulation of adhesion factors such as
ICAM-1 and VCAM-1, the initiation of oxidative stress response pathways involving SOD2 and ceruloplasmin, and the upregulation
of inflammasome components such as caspase-1 and various proteasome subunits, inducing a massive cytokine and chemokine
response (e.g., CXCL1/2 targeting neutrophils; CCL2 and CCL7 targeting monocytes, and CCL5 targeting eosinophils). Antibody-
dependent astrocyte damage involving complement-dependent cytotoxicity and antibody-dependent cellular cytotoxicity (ADCC)
mechanisms amplify inflammation and contribute to additional oligodendrocyte injury, demyelination, and neuronal loss. The
numbers (1–8) indicate some pharmacological targets in NMO, including approved drugs under evaluation for repurposing,
drugs in preclinical development, and drugs at early, proof-of-concept stage: (1) IL-6 inhibitors: tocilizumab (Actemra, Toactemra;
Genentech); SA237 (Chugai): phase III trial enrolling patients; (2) CD20: rituximab; (3) CD19: MEDI-551 (Medimmune LLC),
phase III trial enrolling patients; (4) glutamate antagonists; (5) AQP4-IgG blocking and inactivation strategies: high-affinity,
nonpathogenic anti-AQP4 antibody (aquaporumab) competes with pathogenic AQP4-IgG for AQP4 binding; (6) complement
activation pathways and complement drug targets: eculizumab (Soliris) inhibits C5 and is now in phase III trial; C1inh (Cinryse)
inhibits C1, phase I completed; (7) anti-neutrophil: sivelestat (Elaspol), phase I and II recruiting patients; and (8) anti-eosinophil:
antihistamines, cetirizine, and ketotifen reduce cytotoxicity mediated by AQP4-IgG and eosinophils in in vitro models. Eosinophil-
stabilizing agents are currently being studied in small numbers of patients with NMO.
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complement activation and antibody-dependent
cellular cytotoxicity (ADCC).110,114 Therefore,
targeting this astrocytic inflammatory response
could be a fruitful strategy for attenuating NMOSD
severity.

Lacking a good animal model of NMO

Many groups have attempted to develop an ani-
mal model that mimics the human disease.115 Tra-
ditional methods for developing animal models of
immunoglobulin-mediated diseases, such as pas-
sive transfer of human IgG or active immunization
with recombinant protein, have been unsuccessful
in eliciting signs reminiscent of NMOSD. Minimal
success has been achieved by injecting AQP4-IgG
with human complement directly into the brains
of rodents112,116,117 or passively transferring AQP4-
IgG into animals that already have a compromised
blood–brain barrier such as those used in mod-
els of MS (experimental autoimmune encephalitis
(EAE)) as the background strain.118–121 Direct injec-
tion of AQP4-IgG with human complement pro-
duces pathology reminiscent of the human disease,
with AQP4 loss, granulocyte infiltration, comple-
ment deposition, and axonal injury. EAE models
produce similar symptoms, but neither model is a
true reflection of human NMOSD. The lack of a
robust model has forced researchers to study the
effects of AQP4-IgG in vitro using cell culture and
spinal cord slice cultures. While these systems have
provided broad insight into the pathogenic mech-
anisms of AQP4-IgG, animal models would greatly
increase our knowledge of NMOSD, leading to bet-
ter understanding of disease initiation, progression,
and therapeutics.

Immunopathological characteristics
support in vitro and in vivo experimental
data

Histopathologically, there are two types of NMOSD
lesions.115 The classic acute lesion is character-
ized by confluent and/or perivascular demyeli-
nation, macrophage infiltration, and axonal and
astrocyte loss with necrosis of both gray and
white matter of the spinal cord. The second
type is characterized by vacuolated myelin in the
absence of obvious demyelination, reactive astro-
cytes, microglial activation, and granulocyte inflam-
mation with minimal axonal injury.103,114,122 These
nondemyelinated lesions do not necessarily progress

to necrotic lesions and may be reversible. Before the
identification of AQP4-IgG, evidence of humoral
mechanisms of pathogenicity was reported in NMO
lesions;110 82 lesions from nine autopsy cases
revealed extensive demyelination at multiple spinal
cord levels, cavitation, necrosis, and acute axonal
pathology in both gray and white matter. Oligo-
dendrocyte loss was a prominent feature, with infil-
trates of inflammatory cells such as macrophages,
perivascular granulocytes, eosinophils, and variable
numbers of T cells. Pronounced vascular deposition
of immunoglobulins and complement C9neo anti-
gen were present in active demyelinated lesions with
fibrosis and hyalinization of blood vessels. These
features are distinct from MS, where vasculocentric
complement deposition, eosinophil infiltration, and
vascular fibrosis are not typical.

After the discovery of AQP4-IgG, Roemer et al.
demonstrated marked loss of AQP4 independent
of stage of demyelination, tissue necrosis, or site of
CNS involvement.122 Loss of AQP4 was observed
in the absence of demyelination or necrosis, indi-
cating that loss of AQP4 is not simply owing to
astrocyte loss. Area postrema lesions were charac-
terized by tissue rarefaction, thickening of the blood
vessels, and myelin preservation in the subependy-
mal medullary tegmentum. Neuronal and axonal
pathology was not obvious.123 Similar to spinal
cord lesions, AQP4 loss is frequently pronounced
in area postrema lesions with lymphocytic inflam-
matory cells, microglial activation, and, sometimes,
eosinophilic infiltrates. Complement deposition
and astrocyte activation is also present.123 NMO
lesions contain IgG-specific plasma cells102 and,
consistent with in vitro data, may show loss of the
glutamate transporter EAAT2.115

A recent study revealed that AQP4 immuno-
histochemistry was helpful in differentiating
NMO/NMOSD from MS among a surgical biopsy
cohort of 19 patients with tumefactive active
demyelinating lesions. Those patients demonstrat-
ing pathological evidence for AQP4 loss in regions
of active demyelination were subsequently shown
to either be seropositive for NMO-IgG or had a
diagnosis consistent with NMO/NMOSD, whereas
patients with increased AQP4 expression were later
confirmed to have MS.124 This study also revealed
that seven of the 17 NMO/NMOSD patients pre-
sented with tumefactive brain lesions prompting
brain biopsy. The recognition that NMOSD may
present as a mass brain lesion should prompt
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serological testing for AQP4-IgG, which may help
avert a brain biopsy.

AQP4 is also expressed in normal cortex, and cor-
tical gray matter abnormalities have been described
on MRI.125,126 Cortical changes in NMO include
prominent gliosis, scattered pyknotic neurons, and
loss of AQP4 in cortical layer 1, but no evidence of
cortical demyelination.127

A broad spectrum of astrocytic pathology has
been described in NMO lesions, including the pres-
ence of astrocyte loss, dystrophic astrocytic pro-
files, astrocyte mitoses, multinucleated astrocytes,
and bipolar progenitor astrocytes. The extent of
observed pathological changes in astrocytes is dis-
tinct from MS, and underscores that in the CNS,
NMO is a primary astrocytopathy.115

Therapeutic approach

Acute attack
The first line of treatment in the management of
an acute attack is intravenous corticosteroids. The
usual dose given is 1000 mg of methylprednisolone
intravenously daily for 5 consecutive days. This
approach is mainly supported from case series or by
extrapolation from clinical trials involving patients
with single-episode ON or MS. In our experience,
early treatment is best. Patients with NMOSD who
present with subtle symptoms suggestive of an early
potential attack (e.g., new-onset back pain or tin-
gling numbness in the legs) should alert the clin-
ician to consider prompt initiation of intravenous
methylprednisolone or high-dose oral prednisone,
given the potential for rapid progression and severe
attack-related disability. In cases where patients have
developed disability and have not responded to
intravenous methylprednisolone, there is good data
from both prospective and retrospective studies to
support the use of plasma exchange (i.e., plasma-
pheresis, approximately 1.5 plasma volume every
other day for five to seven treatments) as a sec-
ond line of treatment. A recent study reported that
intravenous immune globulin may also have a role
in treating acute NMO relapses.

Attack prevention
Disability in NMO is attack related. Thus, it
would be expected that attack prevention through
early commencement of immunotherapy will have
a much greater impact on long-term disabil-
ity for NMOSD compared with MS. Currently,

immunosuppression is the mainstay of treatment
in NMO (Table 2). On the basis of relatively small
retrospective and open-label prospective series, sev-
eral treatments appear to be effective in prevent-
ing attacks and stabilizing disability in NMO.
These studies, unfortunately, are limited by lack of
randomization. Given the rarity of NMO, future
randomized controlled studies will require par-
ticipation of multiple centers. Despite the inher-
ent limitations of such studies, treatments appear
moderately or highly effective and, thus, placebo-
controlled trials in this disease will likely be
considered unethical by most. Cost, availability,
patient choice, route of administration, side effects,
and physician familiarity with immunosuppressant
medications will likely influence therapeutic deci-
sion making. Breakthrough attacks should result
in reevaluation of treatment strategy. Reasons for
treatment failure may include suboptimal dosage,
inadequate duration of treatment, and the potential
development of neutralizing antibodies in the case
of monoclonal antibody therapies.

Future therapies for the treatment of NMO are
aimed at several pathways involved in disease patho-
genesis, and many of these hold promise for poten-
tial monotherapies or as a multifaceted combined
therapeutic approach. For patients with previous
debilitating spinal cord or optic nerve damage,
transplantation of neural and glial stem cells may
provide some hope for regeneration in the future.

Novel investigational immunotherapies
and repurposing
Advanced serological interpretive insights, coupled
with increased understanding of the pathogenic
impact of binding of NMO-IgG to AQP4 on the
astrocytic endfoot, have led to the discovery of novel
therapeutic targets (Fig. 2). These discoveries open
up possibilities for repurposing of drugs already
available, as well as the potential development of
NMO-specific therapies.128

Complement inhibition. Complement activation
after binding of AQP4-IgG to its target is a major
determinant of CNS inflammation and astrocytic
injury in NMO. Eculizumab is a therapeutic human-
ized monoclonal IgG that neutralizes the comple-
ment protein C5, thereby inhibiting its cleavage
to C5a and C5b, which prevents generation of
the proinflammatory and cell-activating C5a pep-
tide, the lytic terminal complex C5b-9, and the
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Table 2. Current attack-prevention therapies in NMO142

Treatment change Mode of action and ARR

Medication Dose and schedule Monitoring consideration reduction

Azathioprine (+
prednisone) (PO)

2–3 mg/kg/day

(+ 30 mg/day):

1–2 daily doses

(prednisone taper

after 6–9 months)

Initial: TPMT activity

assay. Periodic: MCV

increase �5 points

from baseline; monthly

liver function tests for

first 6 months, then

quarterly; maintain

absolute neutrophil

counts >1000 cells/�L

If MCV did not rise on

initial dose, consider

increase by 0.5–1

mg/kg/day; or consider

increasing dose or

duration of prednisone;

switch to rituximab or

mycophenolate mofetil

Blocks synthesis of

adenine and guanine:

ARR reduction from

2.20 to 0.52 over a

median duration of

22 months in 99

patients

Mycophenolate

mofetil (+
prednisone) (PO)

1000–3000 mg/day

(+ 30 mg/day):

Two daily doses

(prednisone taper

after 6–9 months)

Consider target of

absolute lymphocyte

count of 1.0–1.5 k/�L;

monthly liver function

tests for first 6 months,

then quarterly

If ALC goal cannot be

reached at maximum

dose of 3000 mg/day,

observe closely for

relapse; switch to

rituximab;

check trough levels of

metabolite

Inhibits inosine

monophosphate

dehydrogenase,

primarily the type II

isoform found in T

cells and B cells: ARR

reduction from 1.28 to

0.09 over a median

follow-up of 28 months

in 24 patients

Rituximab 1000 mg IV for

adults; two doses

of 1000 mg

14 days apart;

375 mg/m2 for

children for four

weekly doses of

375 mg/m2

Monthly CD19+ B cells

starting immediately

postinfusion; if CD19+

count exceeds 1% of

total lymphocytes,

re-dose with rituximab;

if suppression of

CD19+ count does not

occur, consider

switching to alternative;

monitor

immunoglobulins

yearly

Relapses during first 3

weeks of initial dosing

are not failures; relapses

when CD19+ count is

greater than 1% are

failures owing to

undertreatment; switch

to azathioprine or

mycophenolate mofetil

Anti-CD20, B cell

depletion: ARR from

1.7 to 0 after a median

follow-up of 19 months

in 25 patients

Prednisone (PO) 15–30 mg: daily dose;

taper after 1 year

Monitor for

hyperglycemia, blood

pressure; DEXA scans

as appropriate for

osteoporosis; vitamin

D and calcium

supplementation as

needed; consider

proton pump inhibitors

for gastric protection

Prednisone monotherapy

not recommended for

long-term use beyond

1.5 years; switch to

azathioprine,

mycophenolate, or

rituximab

Multiple effects

Methotrexate (PO) 15–25 mg weekly Check for liver toxicity

every 3 months;

recommend folate 1 mg

supplementation; avoid

nonsteroidal

anti-inflammatory

drugs

Switch to azathioprine,

mycophenolate mofetil,

or rituximab

Folic acid antagonist

Continued
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Table 2. Continued

Treatment change Mode of action and ARR

Medication Dose and schedule Monitoring consideration reduction

Mitoxantrone (IV) 12 mg/m2 monthly ×
6, followed by

monthly

maintenance dose

of 6 mg/m2; total

cumulative dose no

greater than 120

mg/m2

Baseline and monthly

echocardiogram to

exclude patients and

discontinue drug if left

ventricular ejection

fraction <50%

For consideration, with

caution, after

exhausting first-line

options; the maximum

cumulative dose is 120

mg/cm2; switch to

azathioprine,

mycophenolate mofetil,

or rituximab

Intercalates DNA, inhibits

mitosis: ARR reduced

from 2.8 to 0.7 over a

median follow-up of 17

months in 20 patients

Cyclophosphamide Generally not standard of care Inhibits mitosis

Cyclosporin A Generally not standard of care Inhibits T cells

noncytolytic soluble C5b-9 inflammatory prod-
uct. A recent open-label treatment trial showed
promise, and a randomized, double-blind, placebo-
controlled, multicenter trial to evaluate the safety
and efficacy of eculizumab in patients with relaps-
ing NMO is currently enrolling patients.129

C1-targeted monoclonal antibodies have also
been shown to reduce AQP4 antibody-mediated
injury in in vitro and in vivo models of NMO.
Another potential target in NMO is CD59. This
is a major complement inhibitory protein in
astrocytes. Pharmacological upregulation of this
protein or other complement inhibitors may be
beneficial in reducing AQP4-IgG–dependent cyto-
toxic complement-dependent toxicity.

IL-6 receptor–targeted therapy. Recent data
indicate that plasmablasts, a CD19intCD20−

CD27+CD38+ B cell subset, are the primary
source of AQP4-IgG production.130 Since this pop-
ulation of cells is CD20−, they would not be
affected by rituximab and may explain why some
patients continue to have relapses despite ritux-
imab therapy. Plasmablast survival is dependent on
IL-6. CSF, IL-6, and soluble IL-6 receptor levels are
increased at the time of an NMO attack, and the plas-
mablast population also increases during a NMO
relapse. Tocilizumab, an IL-6 receptor–blocking
antibody, decreases AQP4-IgG production and
reduces the numbers of circulating plasmablasts.131

Several case reports have shown that monthly infu-
sion of this medication is beneficial in refractory
NMO.83,84,131 Another anti-IL-6 receptor mono-
clonal antibody, SA237, with greater duration of

action than tocilizumab, has recently entered a phase
III clinical trial.

Anti-CD19–targeted therapy. Plasmablasts are
increased in the CSF and peripheral blood at time
of an NMO relapse.118,130 All CD20+ cells express
CD19, but not all CD19+ cells express CD20.132

Given the evidence that there is a unique role for
CD19+CD20– plasmablasts in the pathogenesis of
NMO, it is postulated that anti-CD19–mediated B
cell depletion may, in fact, be more beneficial than
rituximab and provide additional options for physi-
cians and patients. Several CD19-targeted thera-
pies are currently under active investigation,133 and
a humanized ADCC-enhanced affinity-optimized
immunoglobulin-G1 monoclonal antibody target-
ing CD19 is currently entering a phase III random-
ized control trial in NMO.

Blockade of AQP4-IgG binding to AQP4. A non-
pathogenic human monoclonal antibody, aquapor-
umab, generated from a recombinant monoclonal
AQP4-IgG, with a mutated Fc receptor abolish-
ing its ability to activate complement or generate
antibody-dependent cellular cytotoxicity, is cur-
rently in preclinical development.134 Aquaporumab,
in vitro, competitively blocks or dislodges AQP4-
IgG, preventing its binding and pathogenic effec-
tor functions, thus reducing AQP4-IgG–dependent
astrocytic injury.

Granulocyte-targeted therapies. In mouse mod-
els of NMO and in mouse spinal cord slices,
elimination or inhibition of neutrophils reduces
tissue damage whereas increased neutrophil counts
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exacerbate tissue damage. Sivelestat, a small
molecule inhibitor of neutrophil elastase, has been
shown to reduce NMO pathology in a mouse model
of NMO. Currently, Sivelestat is being investigated
in a small clinical trial in Japan as a treatment for
acute NMO attacks.112

Eosinophil-targeted therapies. Immunopatho-
logic studies have reported a preponderance of
eosinophils in the acute NMO lesion. Eosinophils
cultured from mouse BM produce AQP4-IgG–
dependent ADCC in AQP4-expressing cells and
spinal cord slice cultures. In the presence of
complement, eosinophils produced complement-
dependent cellular cytotoxicity. Antihistamines, cet-
irizine and ketotifen have been shown to reduce
cytotoxicity mediated by AQP4-IgG and eosinophils
in these models. Eosinophil-stabilizing agents are
currently being studied in small numbers of patients
with NMO.128

Diagnostic criteria: looking
to the future—a new nomenclature
required

In 2006, Wingerchuk et al. at the Mayo Clinic pro-
posed that a diagnosis of NMO requires simulta-
neous ON and acute myelitis together with one of
the following additional criteria: a contiguous spinal
cord MRI lesion spanning three vertebral segments
in length or greater or a brain MRI not meeting
diagnostic criteria for MS or AQP4-IgG positivity.18

The explosion in clinical and basic science research
driven by the AQP4-IgG biomarker has dramat-
ically expanded the clinical and neuroimaging
spectrum of NMO, rendering the 2006 criteria inad-
equate for clinical diagnosis. The recognition that
AQP4-IgG–seropositive patients may have limited
or inaugural forms of NMO such as a first attack of
LETM or ON or cerebral, diencephalic, or brain
stem lesions resulted in the introduction of the
term NMO spectrum disorders (NMOSD) in 2006.18

From a practical perspective, this would allow a
patient with a single episode of ON or transverse
myelitis, or intractable vomiting and seropositivity
for AQP4-IgG, to obtain a diagnosis before a sec-
ond event and allow early initiation of immuno-
suppression. This is supported by recent stud-
ies reporting that seropositivity for AQP4-IgG in
such clinically isolated syndromes is highly predic-
tive of further relapses.12–14,53 Immunopathologic

studies confirmed that NMO lesion pathology in
the brain matches that of the spinal cord and is
distinct from that of MS.115 Recent reports have
indicated that muscle and retinal AQP4 may be
targeted.52,53,55–62,110

These diverse disorders are unified by a specific
biomarker, and since many of the symptoms and
signs extend beyond the spinal cord (myelitis) and
optic nerves (optica), we suggest a new terminol-
ogy consistent with the evolving nomenclature used
in autoimmune neurological diseases that is molec-
ular target defined. The term autoimmune AQP4
channelopathy is inclusive of the expanding sys-
temic phenotype thus far identified and is repre-
sented in the schema proposed in Figure 1, where
the core diagnostic criterion is the presence of the
AQP4-IgG biomarker (and assumes no false posi-
tivity). The absence of AQP4-IgG might indicate an
alternative diagnosis, such as MS, another demyeli-
nating disorder, or an indeterminate diagnosis.
Similarly, the term autoimmune NMDAR encephali-
tis has been used to define the encephalopathy
resulting from targeted attack of the NMDAR by
pathogenic IgGs.135,136

The IgG specific for myelin oligodendrocyte
glycoprotein (MOG), a minor component of CNS
myelin, has been reproducibly reported in 10–15%
of AQP4-IgG–seronegative patients with NMO
phenotype.70,137–140 Using cell-based assays expre-
ssing recombinant MOG, rather than earlier-
generation assays employing denatured MOG
protein (immunoblot/ELISA), MS patients’ sera
are consistently negative. Unlike AQP4-IgG–
seropositive patients with NMOSD, MOG-IgG–
seropositive patients are commonly male, younger
at the onset of transverse myelitis or ON, and may
have conus and deep gray matter involvement and
more favorable outcome. MRI abnormalities in
MOG-IgG–seropositive patients appear to resolve
more completely following immunotherapy than
in AQP4-IgG–seropositive patients. Additionally,
symptoms and signs in MOG-IgG–seropositive
cases tend to involve the optic nerve more than the
spinal cord, are more frequently simultaneously
bilateral, and are more likely to be monophasic in
course. The pathogenicity of MOG-IgG is yet to be
determined. Thus, the evolving spectrum of inflam-
matory CNS disorders defined by MOG antibodies
will likely extend beyond an NMO-like phenotype
to include acute disseminated encephalomyelitis
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Figure 3. Molecular-based approach to classification of inflammatory demyelinating diseases (IDDs). Schematic for proposed
classification of CNS IDDs according to the molecular target. The circles illustrate the clinical phenotypic overlap for IDDs where
the molecular target is known (AQP4 in red and MOG in green) or yet to be discovered (orange circles indicate hypothetical
clinical phenotypic overlap, and question marks indicate clinical symptoms or signs to be determined). This schema recognizes
that clinical phenotype may be shared (for example, single (s) or recurrent (r) optic neuritis (ON) or transverse myelitis (TM))
though the immunopathogenic mechanisms may differ (astrocytopathy in AQP4 autoimmunity and oligodendrogliopathy in
MOG autoimmunity). Recognition of such immunopathogenic differences will likely be important as more individualized and
mechanistically targeted therapies become available.

(ADEM) and other MS-mimic diseases, warranting
the new term autoimmune MOG oligodendrocy-
topathy or MOG-opathy.141 Such an approach to
classification of inflammatory CNS demyelinating
diseases where the molecular target is known
(Fig. 3) recognizes that clinical phenotype may be
shared (e.g., optic neuritis or transverse myelitis)
though the immunopathogenic mechanisms may
differ (astrocytopathy in AQP4 autoimmunity
and oligodendrogliopathy in MOG autoimmunity.
Recognition of such immunopathogenic differences
will likely be important as more individualized

and mechanistically targeted therapies become
available.
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