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| 1. Neuromyelitis Optica Spectrum Disorders

The term neuromyelitis optica was introduced by Eugéne Devic and Fernand Gault in 1894, who first recognized the
association of amaurosis and myelitis as a new clinical entity. Devic & reported the case of a 45-year-old French woman
who was seen at the Hoétel-Dieu hospital of Lyon because of an intractable headache and depression in addition to
general asthenia. One month later, she developed urinary retention, complete paraplegia and blindness, and died few
weeks later. Autopsy disclosed severe demyelinating and necrotic lesions extending 4-5 cm length in the lower thoracic
and lumbar spinal cord. There was demyelination of the optic nerves, but a gross examination of the brain was
unrevealing. In this paper, Devic emphasized the similarity of the pathological process involving the spinal cord and the
optic nerves, named the syndrome “neuro-myélite optique”, or “neuroptico-myélite”, and discussed its relationship with
MS. Fernand Gault, a disciple of Devic’s, reviewed in detail 17 cases of this condition in his doctoral thesis named “De la
neuromyélite optique aigué” (. The eponym “Devic’s disease” was suggested by Acchiote . However, the association of
myelitis and blindness had already been reported by other authors in the early and mid 19th century. The case of Marquis
de Causan—known as the first description of this association by the French anatomist and pathologist Antoine Portal in
1803-1804—was characterized by relapsing myelitis followed by amaurosis and signs of brainstem involvement 2. Other
previously reported cases included those by Giovanni Battista Pescetto in 1844 &, Christopher Mercer Durrant in 1850 [,
Jacob Augustus Lockhart Clarke in 1862 [, Thomas Clifford Albutt in 1870 [, and Wilhelm Heinrich Erb in 1879-1880 &,
Also, in the American continent, the association of optic neuritis and myelitis was identified by Seguin (1880) X4 prior to
Devic and Gault's pioneering publication. None of these previous authors however, had used the term “neuromyelitis
optica”, or considered their cases as expression of a new nosological entity. It was only in 1943 that the disease was first
identified in Latin America, when Aluizio Marques, in Rio de Janeiro, described two female patients who developed
bilateral blindness and acute transverse myelitis L1,

| 2. Pathophysiology

The discovery of NMO-IgG and AQP4 as its targeted antigen unequivocally confirmed neuromyelitis optica as a disease
distinct from MS and allowed its early laboratorial recognition 12131, The serum identification of AQP4-IgG expanded the
clinical spectrum of the disease to include its limited forms (single or recurrent longitudinally extensive transverse myelitis
[LETM], defined by MRI as a lesion extending for three or more vertebral segments, or recurrent isolated optic neuritis)
(141 along with a wide variety of brainstem, diencephalic, and cerebral manifestations [12116],

Aquaporin-4 monomers assemble to form tetramers which further aggregate in cell plasma membranes to form
supramolecular arrays called orthogonal arrays of particles (OAP). There are two major forms of AQP-4: the full-length
323 amino acid M1 isoform, and the shorter 301 amino acid M23 isoform. Only the M23 isoform forms large OAPs 14, |t
has been shown that M1 isoform does not form OAPs on its own, but can co-assemble with M23 in heterotetramers that
limit OAP size 18119

Aquaporin-4 is widely expressed throughout the CNS. It is also highly expressed in the optic nerves and spinal cord,
explaining their preferential involvement in the disease. Other CNS sites expressing AQP-4 include the supraoptic nucleus
of the hypothalamus, the periventricular structures such as area postrema and the vascular organ of lamina terminalis,
which lack BBB and contain osmo-sensitive neurons that regulate fluid homeostasis and release arginine-vasopressin,
which facilitates this process. Aquaporin-4 is also expressed in non-neural tissues including skeletal muscle cells, lung



airway cells, gastric parietal cells, renal collecting duct cells, inner ear, retinal Muller cells, lacrimal gland and salivary duct
cells, and olfactory epithelial cells 22, Human and experimental studies have shown that AQP4-IgG belongs mainly to
IgG1 class, a potent activator of complement. The antibody enters the CNS, binds the antigen at astrocyte processes,
induces complement-mediated inflammation, granulocyte infiltration, and astrocyte death 221, Complement-mediated
inflammation with secondary neutrophils and eosinophil infiltration plays a key role in the pathophysiology of NMOSD
attacks 22,

Aquaporin-4 antibodies are more abundant in the peripheral blood than in the cerebrospinal fluid (CSF) 3. In the
periphery, they are produced by a number of B cell subpopulations which are vulnerable to interleukin-6 (IL-6), which
enhances their survival and AQP4-IgG secretion 24, Although AQP4-1gG can gain direct access to AQP4 on astrocytes
located at circumventricular organs where the endothelia lack tight junction, the mechanisms of its penetration into other
CNS sites that are protected byBBB are still unclear. Recent findings have shown that AQP4-1gG is not sufficient or even
necessary to cause BBB disruption 22, Sera from NMO patients contain non-reactive AQP4 antibodies, identified as
recombinant antibodies (rAb) ON-12-2-46 and ON-07-5-31 which target glucose-regulated protein 78 (GRP78) on the cell
surface of brain microvascular endothelial cells (BMEC). GRP78 is a stress protein of the heat shock 70 family expressed
in all CNS cells 28, However, only rAb ON 12-2-46 induces nuclear translocation of nuclear factor kB (NF-kB) p65, which
is a marker of cell activation 22, BMECs activation causes increased secretion of vascular endothelium growth factor
(VEGF) and metaloproteinases (MMP)-2/9 which result in a down regulation of claudin 5 and disruption of the BBB.
Leakage of the BBB allows entrance of AQP4-1gG to the CNS and its binding to AQP4 in the astrocytic endfeet. Evidences
showing the causal role of AQP4-1gG in NMOSD include its nearly absolute specificity for the disease; its correlation with
disease activity, higher number of relapses and more severe course as compared with seronegative patients; some
distinct demographic and clinical features; increased concentration of AQP4-positive plasmablasts in NMOSD patients,
mainly during disease relapses; and decreased serum AQP4-IgG concentration following successful treatments and
during disease remission 22128129 Histopathological features such as a marked loss of astrocytes and accumulation of
IgG and IgM around blood vessels, the site of AQP4 expression; spare of myelin and axons in some lesions suggesting
that astrocytes (which have a higher expression of AQP4) are the initial cell target in the disease, whereas in more recent
lesions there may be preservation of glial fibrillary acidic protein (GFAP), a marker of astrocyte damage, suggesting that
AQP4 is the primary target of the immune attack. The initial loss of AQP4 with astrocyte preservation might reflect the
internalization of AQP4 of either M1-AQP4 or both isoforms before a complement becomes locally available to mediate a
lytic inflammatory process. This would account for the rapid reversal of some MRI abnormalities in the area postrema and
some parts of the cerebrum. The disease individual clinical phenotype and severity may be related to the ratio of AQP4-
M1 to M23 in the optic nerves, brain, and spinal cord. While CNS regions with a higher proportion of M1 would rapidly
internalize, avoiding a cascade of tissue damage, areas richer in AQP4-M23 isoform would be more liable to necrotic
lesions and cavitation [2611271(28]

Additionally, following a decreased serum concentration of AQP4-1gG, the AQP4-M1 isoform is rapidly replaced in the
astrocytic membrane. Experimental studies have showed that a passive transfer of AQP4-1gG from NMOSD patients to
animals with disrupted BBB by previous experimental autoimmune encephalomyelitis (EAE), or through pretreatment with
Freund's adjunct, develop CNS typical NMO histopathological lesions LBBE1[S2][33]

| 3. Epidemiology

Some caveats are needed before looking at published data on the epidemiology of NMOSD. First, studies on the
frequency and distribution of the disease across the world are still scanty and most of them are based on small cohorts.
Additionally, they employed non-standardized methodology and inconsistent inclusion of seronegative patients, and differ
regarding used diagnostic criteria and assays for AQP4 antibodies detection. In spite of these limitations, a number of
issues related to disease prevalence, ethnicity and geography have been clarified. Studies in different populations and
geographic regions show that NMOSD is a rare disorder with worldwide distribution 24!, However, an exception to these
studies is the seroprevalence study from Olmsted County, in the United States, and Martinique B2 which showed a 2.5-
fold higher prevalence rate of the disease in Martinique (10 per 100,000) than in Olmsted County (3.9 per 100,000), all
other studies B4 indicated a fairly uniform prevalence rate below 5 per 100,000 people in different regions and
populations. Likewise, incidence rates were also homogeneous in different countries, ranging from 0.2 per 1 million per
year, in Mexico 28 to 4.0 in Denmark B4, Although most studies point to incidence rate below 1 per 1 million, a peak
incidence rate of 7.3 per 1 million was again found in Martinique (2,

Although NMOSD has been regarded to have a predilection for non-Caucasians, the similarity of prevalence and
incidence rates in different geographic regions and distinct ethnicities may suggest that, as in opposition to MS, latitude
and genetic factors may not play a key role in NMOSD pathogenesis 28, This contradicts the ethnicity-specific higher



prevalence for blacks in Olmsted County, which was similar to that found in the black population of Martinique B2l The
Australian-New Zealand study also observed higher prevalence rate in people with Asian ancestry than in Caucasians 2.

Ethnicity, however, influences age at onset and phenotype of AQP4 seropositive NMOSD. A recent study comparing the
clinical manifestations and outcome of 603 NMOSD patients of three different races (Asians, Caucasians and Afro-
Americans/Afro-Europeans) showed that non-white patients are younger at disease onset, and more frequently have brain
attacks at onset or during the disease course, as well as more frequent abnormalities on brain MRI. Afro-American and
Afro-European patients have more severe attacks at onset than Asians and Caucasians, but the outcome at the last
follow-up was similar in the different racial groups 49, This observed that the similarity of the outcome at the last follow-up
for all racial groups is in opposition to previous reports of a more severe outcome of NMOSD in Afro-Caribbean than in
Caucasian patients 411421143

Usually, the initial clinical manifestations of NMOSD occur at an age of around 35-45 years (median age at onset is 39),
but children and the elderly account for 18% of cases. Women comprise 70% to 90% of all cases, but there is no gender
predilection in children 4. The estimated proportion of familial cases (3%) is greater than expected based on the disease
prevalence 22, |In some populations, human leukocyte antigen (HLA) has been reported to be associated with
susceptibility to NMOSD, such as HLA-DPB1*0501 allele in Japanese and Chinese populations #8147 and HLA-DPB1*03
in Caucasian, Afro-Caribbean, and Indian patients 284950511 These genetic factors may account for the phenotypic
variability among racial groups.

| 4. Magnetic Resonance Imaging

Magnetic resonance imaging of the brain and spinal cord is an essential tool for the diagnosis and management of
demyelinating diseases of the CNS. The correct differentiation of NMOSD and anti-MOG syndromes from MS is important
to provide patients with the most appropriate treatment.

Longitudinally extensive transverse myelitis, is the most specific imaging feature of NMOSD (Figure 1a). The length of the
lesion has been considered the most distinguishing feature from MS, although long lesions may occur in MS and short
lesions in NMOSD. Frequently, LETM lesions exhibit non-homogeneous contrast-enhancing that may persists for months
following acute attacks. An extensive centrally-located hypointense signal in T1-sequence denotes cavitation secondary to
tissue necrosis (Figure 1b). Cervical lesions may extend rostrally to the medulla oblongata (Figure 1c). Longitudinally
extensive cord atrophy results from severe or recurring myelitis (Figure 1d). Short lesions, characterized by extension <
three vertebral segments have been reported, predominantly at disease onset in 14% of the patients 52,

Figure 1. Examples of longitudinally extensive spinal cord lesions detected by MRI in AQP4- seropositive NMOSD
patients. (a). T2-weighted central longitudinally extensive cervical lesion. (b). T1-weighted lesion with gadolinium showing
multiple hypointensities (cavitations) throughout the cervical cord. (c). T2-weighted cervical lesion extending to brainstem.
Another lesion is seen in the upper thoracic levels. (d). Longitudinally extensive spinal cord atrophy of the cervical cord.

Optic nerve abnormalities differ between, NMOSD and MS. Thickened, contrast-enhancing and long (= one-half the length
of the optic nerve) lesions, as well as preference for involvement of the posterior segment of the nerve or chiasm are all in
favor of NMOSD (Figure 2).



Figure 2. Optic nerve abnormalities on MRI in AQP4-seropositive NMOSD patients. (a). Sagittal T1-weighted MRI shows
edematous gadolinium-enhancing optic nerve lesion extending from the eye to the intracranial segment. (b). Axial T1-
weighted extensive gadolinium-enhancing lesion in both optic nerves. (¢). Coronal T1-weighted MRI shows edematous
gadolinium enhancing lesion in the optic chiasm.

Most NMOSD patients have abnormalities on brain MRI 22, More commonly, brain MRI lesions are unspecific, but they
fulfill Barkoff's criteria for MS in up to 42% of patients 2334 |n a minority of cases, NMOSD typical brain lesions can be
identified mainly in AQP4 enriched regions, such as around the lateral, third and fourth ventricles (53] Brain lesions that
favor NMOSD more than MS include peri-ependymal lesions surrounding the ventricles and aqueduct, hemispheric
tumefactive lesions, extensive lesions involving corticospinal tracts, and “cloud-like” enhancing lesions B2, One recent
study 28 showed that criteria comprising (1) at least one lesion adjacent to the body of the lateral ventricle and in the
inferior temporal lobe; or (2) the presence of an S-shaped U-fiber lesion; or (3) a Dawson'’s finger type lesion were fulfilled
by 90.9% RRMS, 12.9% AQP4-1gG NMOSD, and 4.8% MOG-IgG NMOSD patients.

Adults and children with MOG antibody disease frequently had fluffy brainstem lesions, often located in pons and/or
adjacent to fourth ventricle. Children across all conditions showed more frequent bilateral, large, brainstem and deep grey
matter lesions. MOG antibody disease spontaneously separated from multiple sclerosis, but overlapped with AQP4
antibody disease. Multiple sclerosis was discriminated from MOG antibody disease and from AQP4 antibody disease with
high predictive values, while MOG antibody disease could not be accurately discriminated from AQP4 antibody disease.
The best classifiers between MOG antibody disease and multiple sclerosis were similar in adults and children, and
included ovoid lesions adjacent to the body of lateral ventricles, Dawson’s fingers T1 hypointense lesions (multiple
sclerosis), fluffy lesions and three lesions or less (MOG antibody). In the validation cohort patients with antibody-mediated
conditions were differentiated from multiple sclerosis with high accuracy 28I,

| 5. Treatment

In spite of their clinical similarities, NMOSD and MS have different treatment. It has been shown that most MS disease
modifying drugs, including beta-interferons, glatiramer acetate, natalizumab, alemtuzumab, fingolimod and dimethyl-
fumarate are not only inefficacious in NMOSD, but may cause disease exacerbation 27,

In NMOSD the outcome of attacks is usually poor. Recent analysis of 871 attacks revealed that complete remission
occurred in only 21% of them and 6% of them had no improvement 8. The sequence of treatments is of fundamental
importance to improve the outcome. Medical therapy, therefore, aims both to enfeeble an ongoing inflammatory attack,
and avoid future relapses.

5.1. Therapy of Acute Relapses

Relapses are usually treated with intravenous pulses of methylprednisolone (one gram/day for five days). In severe
NMOSD attacks, or when corticosteroids fail to stabilize progression of symptoms plasma exchange (PLEX) must be
added 59, Apheresis eliminates the pathogenic antibodies, from circulation and has higher therapeutic efficacy than IV
corticosteroids. Its early use as first-line therapy following attack is a predictor of better remission.

Post-infusion oral prednisone is usually recommended, mainly when an immunosuppressive agent with delayed onset of
action is prescribed as prophylaxis of new events 9. Azathioprine, mycophenolate mofetil, and rituximab are the most
commonly used immunosuppressive treatments for prevention of new attacks of the disease.

5.2. Therapy for Relapses Prevention

Azathioprine is probably the most commonly used drug in the preventive treatment of attacks in NMOSD. Initially, it should
be combined with prednisone for three to six months until its maximal therapeutic effect can be reached. The lymphocyte
count should decrease to 600-1000/cubic millimeter and the mean erythrocyte volume should increase five points from
baseline. Thiopurine methyltransferase enzyme activity testing, when available is recommended before the administration



of the drug to avoid higher risk of adverse effects. Monitoring of blood cell count and liver function tests on a regular basis
is mandatory.

Mycophenolate mofetil is recommended as an alternative treatment in patients who develop intolerance or poor response
to azathioprine.

Rituximab is a chimeric monoclonal anti-CD20 antibody that produces rapid depletion of circulating CD20 B cells. A
number of studies have showed its efficacy and tolerance in the treatment of NMOSD, but some aspects of treatment
strategy and long-term safety still remain to be clarified [61,

Monoclonal antibodies will probably play a most important role in treatment of NMOSD in the coming years. Eculizumab
and tocilizumab have already shown their efficacy in small groups of patients 621,

Eculizumab is a humanized monoclonal antibody that inhibits the complement protein C5 and blocks terminal complement
activation 83, The complement cascade is a fundamental part in the inflammation process in NMOSD lesions. In spite of
eculizumab efficacy in preventing relapses the increased risk of patients developing meningococcal meningitis raises
important safety concerns (64,

Tocilizumab is a monoclonal antibody that targets Interleukin-6 (IL-6) receptor and decrease survival of the antibody-
producing plasmablasts. Inebelizumab is a humanized anti-CD19 monoclonal antibody that targets B cell lineage.
Although there is still no open-label study supporting its use, it is probably more efficacious than rituximab, which targets

the more mature CD20. Inebelizumab removes plasmablasts that express CD19, decreasing the production of AQP4-1gG
f62]

Satralizumab is an anti-IL-6 receptor monoclonal antibody. A recent communication on results of a phase 1l study showed
that Satralizumab is a promising therapeutic agent by reducing the risk of relapses by 62% in NMOSD patients 3],

Tolerization is a recent therapeutic approach that uses innovative techniques to restore immune tolerance to host antigens
and suppress autoimmune diseases [68. Tolerization techniques include inverse DNA vaccination, T-cell vaccination,
peptide-coupling strategies, tolerogenic dendritic cell vaccination, as well as T-cell receptor engineering-, and chimeric
antigen receptor-based therapeutics. As AQP-4 is a specific target to NMO-IgG, there is reason for optimism that this new
approach might offer marked beneficial to NMOSD patients, avoiding the wide variety of adverse effects of chronic
immunosuppressive agents.
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