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antigen-specific immunoglobulin E (IgE) positivity or (2) coexistent
atopic diseases [4], while the second survey also permitted IgE specif-
ic for other common environmental allergens besides mite antigens
[5]. On the one hand, increasing numbers of AM cases have been
reported outside Japan {2,3,6,8], while on the other hand, there is a
need for early introduction of disease-modifying drugs for MS or
even clinically isolated syndrome. Therefore, demand for more
evidence-based criteria for AM is growing, to ensure the correct dif-
ferentiation of AM from myelitis-onset MS as early as possible. In
the present study, we first compared the clinical and laboratory fea-
tures between patients with AM and those with myelitis-onset MS,
which is usually the most difficult differential diagnosis for AM, espe-
cially in Asians. Second, we established the first diagnostic criteria for
AM based on comparisons of the data, to achieve a reasonably high
sensitivity and specificity for diagnosis of AM vs. myelitis-onset MS.

2. Subjects and methods
2.1. Subjects

The medical records of all patients who had been referred to the
Department of Neurology, Kyushu University Hospital from January
1996 to September 2010 were reviewed. Consecutive patients with
AM and MS who met the following criteria were enrolled. For AM pa-
tients, the former (2003) empirically defined AM inclusion criteria
were used, which defined AM as myelitis of unknown cause, after ex-
clusion of other diseases, with either (1) hyperlgEemia plus allergen-
specific IgE positivity for any allergen, or (2) coexistent or past atopic
diseases [5]. All MS patients met the 2005 McDonald criteria [9] and
those presenting with myelitis at onset (myelitis-onset MS) who
had been examined for allergen-specific IgE were exclusively used
in the present study. All enrolled AM and MS patients were confirmed
to be negative for anti-aquaporin 4 {AQP4) antibodies.

For both disease groups, AM and MS, the existence of myelitis
was confirmed by spinal cord magnetic resonance imaging (MRI),
motor-evoked potentials (MEPs), somatosensory-evoked potentials
(SEPs), or the findings of neurological examinations in the absence
of explainable brain MRI lesions, such as exaggerated deep tendon re-
flexes, motor weakness of the four limbs without involvement of the
cranial region, sensory levels explainable for the spinal cord involve-
ment, and Lhermitte's sign. Measurement of allergen-specific IgE and
MRI data of the brain and spinal cord to judge dissemination in the
space defined in the revised McDonald criteria [9] were mandatory
for individuals in both enrolled groups. For all enrolled cases, the
following diseases were considered exclusion criteria: collagen-
vasculitis, HTLV-1-associated myelopathy, sarcoidosis, neuromyelitis
optica, neurosyphilis, parasitic myelitis, cervical spondylotic myelop-
athy, spinal cord tumor, and spinal vascular malformation. For further
discrimination of clinical and laboratory findings between AM and
myelitis-onset MS, only AM patients who were followed up and
evaluated by brain MRI more than 5 years from their disease onset,
and who did not fulfill the Barkhof MRI criteria for MS [10], were
used for comparison with myelitis-onset MS. AM and MS patients
for whom there were available data for two or all of the three
below-mentioned revised positive supporting criteria (1-3) and the
negative supporting criterion (4) were used for sensitivity and speci-
ficity evaluation. Written informed consent for using clinical informa-
tion was obtained from all the participants.

2.2. Clinical and immunological tests

Clinical data were collected from the hospital discharge records or
the medical records of the outpatient clinic, which included age of
onset, disease onset, and disease course. The severity of the clinical
manifestation was evaluated at disease onset and at the latest exam-
ination using the Expanded Disability Status Scale (EDSS) of Kurtzke

[11]. For measurement of allergen-specific IgE, the following allergens
were included: Dermatophagoides pteronyssinus, Dermatophagoides
farinae, cedar pollen, Candida, egg white, milk, wheat, rice, soybean,
mold, Anisakis, animal skins, house dust, and others according to the
patients’ atopic diseases. All of the enrolled patients were measured
for at least nine common environmental allergens including mite
antigens. Bronchial asthma, atopic dermatitis, allergic rhinitis, food
allergy, and allergic conjunctivitis were regarded as atopic diseases
in the present study. The serum level of IgE and the blood eosinophil
count were examined, and 240 U/ml and 500/ml were used as the
upper normal limits, respectively. The upper normal limits of IL9
and CCL11/eotaxin in the CSF, as measured by a fluorescent bead-
based immunoassay, were 14.0 pg/ml and 2.2 pg/ml, respectively,
based on a preliminary study of patients with non-inflammatory
neurological disease [7]. Measurement of serum anti-AQP4 antibodies
was conducted as previously described [12,13]. Any possibility of
other diseases was excluded by comprehensive examination of
serum antibodies for parasites, serum angiotensin-converting en-
zyme and lysozyme, serum anti-nuclear antigen antibodies, serum
anti-SS-A/B antibodies, anti-HTLV-1 antibodies in serum and CSF, se-
rologic tests for syphilis, Treponema pallidum hemagglutination, and
by evaluation of chest X-rays, and brain and spinal cord MRI.

2.3. Electrophysiological tests

MEP, SEP, and visual-evoked potentials (VEP) were recorded as
described previously [14].

2.4. Magnetic resonance imaging

Fulfillment of the Barkhof criteria [10], the criteria for dissemina-
tion in space, was judged for all the participants according to the dis-
tribution and number of T2 lesions. All MRI scans were performed as
described previously [12,15]. For the evaluation of spinal cord lesions,
the initial MRI scan was reviewed. For the evaluation of brain lesions,
the brain MRI scan that was initially available and one conducted
more than 5 years after disease onset were used.

2.5. Statistical analysis

Statistical analyses of the numerical variables among the patients'
demographic features were performed using the Kruskal-Wallis H
test. Comparison of ratios between the two groups was conducted
using the y? test or Fisher's exact probability test. We did not apply
a logistic regression model for the selection of parameters to be in-
cluded in the new AM diagnostic criteria due to the small sample
size. Instead, those clinical or laboratory parameters that were statis-
tically significantly distinct between AM and MS patients were man-
ually included in the new AM diagnostic criteria to obtain high
sensitivity and specificity. Sensitivity meant the probability of the
new diagnostic criteria exclusively detecting AM cases from the
mixed pool of both AM and muyelitis-onset MS patients for whom
there were sufficient data for evaluation. Specificity meant the prob-
ability that the new AM diagnostic criteria would exclude enrolled
myelitis-onset MS cases. In addition, the positive predictive value
was calculated by dividing the number of AM cases who also met
the new AM criteria by the number of all the cases, including MS
cases, who fulfilled the new criteria. The negative predictive value
was calculated by dividing the number of MS cases who were suc-
cessfully excluded by the new AM criteria by the number of all the
cases who did not meet the new AM criteria. All analyses were per-
formed using JMP 8.0 (SAS Institute, Cary, NC). Statistical significance
was set at p<0.05.
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3. Results

3.1. Comparison of the demographic features between AM and
myelitis-onset MS patients

During the study period, there were 69 cases who fulfilled the for-
mer (2003) empirical definition of AM [5] (Fig. 1). Among MS cases
who met the revised McDonald criteria [9], there were 90 cases
whose disease started with spinal cord lesions; among them, 52
cases were measured for serum antigen-specific IgE for common en-
vironmental allergens. Because of insufficient data being available
for enrollment, one case whose anti-AQP4 antibody status was un-
known was removed; this left 51 MS cases for further analyses.
Among the primary sorted 69 AM patients and 51 myelitis-onset
MS patients, the baseline (initial) brain MRI scans in our department
were available in 38 (55.1%) AM and 45 (88.2%) myelitis-onset MS
patients (taken 1.3+ 1.6 years and 2.7+ 3.0 years from the disease
onset, respectively, p=0.0808); the frequency of fulfillment of the
Barkhof criteria was significantly lower in AM patients than in
myelitis-onset MS patients (0/38 (0.0%) vs. 11/45 (24.4%), respectively,
p<0.0011).

Among the 69 AM patients, 26 were followed up for more than
5 years. Eighteen of these patients underwent brain MRI after at
least 5 years; one of these fulfilled the Barkhof criteria at that time.
Among the other 17 AM patients, one was not eligible because of
the lack of serum samples for anti-AQP4 antibody measurement,
leaving 16 patients. Among these 16 AM patients, spinal cord involve-
ment was confirmed by spinal cord MR! in 10 patients (62.5%), by
MEP/SEP in four patients (25.0%), and by clinical evaluation in the
other two patients (12.5%), one of whom had an exaggerated tendon
reflex in four limbs, motor weakness of limb muscles without in-
volvement of the cranial region, Lhermitte's sign and a sensory
level, while the other had exaggerated tendon reflex in four limbs,
motor weakness of limb muscles without involvement of the cranial
region, and a sensory level.

The demographic features of the enrolled 16 AM and 51 MS pa-
tients are shown in Table 1. There was no patient who had undergone
a spinal cord biopsy who was followed up for more than 5 years. Al-
though the AM patients comprised both genders almost equally and
the MS group comprised a larger percentage of females, there was

no significant difference between the two. The age of onset for both
disease groups was, on average, the early to middle fourth decade.
AM patients were significantly more likely to have a current or past
history of atopic disease at the time of disease onset compared with
myelitis-onset MS patients. Chronic or step-wise onset of the disease
was most common in AM, while acute or subacute onset was pre-
dominant in myelitis-onset MS. Patients with a monophasic disease
course tended to occur more frequently in the AM group than in the
myelitis-onset MS group, while those with a relapsing or fluctuating
course were significantly more likely to have myelitis-onset MS. The
disease duration and EDSS scores at disease onset or at the most re-
cent examination were similar in the two groups. The serum level of
total IgE was significantly higher in AM patients than in MS patients,
while the blood eosinophil counts were not different between the
two groups. For patients whose CSF was examined, the levels of IL9
and CCL11/eotaxin were significantly higher in AM patients than in
MS patients. Oligoclonal IgG bands (OCB) were seen in 30.4% of
myelitis-onset MS patients but none of the AM patients. There was
no significant difference in the frequency of MEP central abnormali-
ties in upper extremities and VEP abnormalities between the AM
group and the myelitis-onset MS group. Spinal cord MRI revealed
that posterior column lesions in the cervical spinal cord were
detected at a similar frequency in both groups.

3.2. Establishment of the diagnostic criteria for AM

Based on the above-mentioned comparison data of the clinical,
immunological, electrophysiological, and MRI parameters between
the AM and MS groups, we have generated the first evidence-based
diagnostic criteria for AM (Table 2). As absolute criteria, in addition
to myelitis of unknown etiology excluding diseases mentioned in
the footnote to Table 2, we adopted serum positivity for IgE specific
to common environmental allergens, plus negativity for brain MRI le-
sions fulfilling the Barkhof criteria for MS, because these two items
showed a statistically significant difference in frequency between
AM patients and myelitis-onset MS patients. Although there was no
patient with data from a spinal cord biopsy in the present series, we
regarded the existence of perivascular lymphocyte cuffings with var-
ious degrees of eosinophil infiltration as the pathological criteria,
according to previous pathological reports [16,17]. Our supporting

Consecutive AM cases
(n=69)
» HyperlgEemia & positive for allergen-specific IgE
OR
« Coexistent or past atopic disease

Consecutive MS cases
(n=90)

* Revised McDonald criteria (+)
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« Myelitis as initial presenting symptom

{’”l/_\
Follow-up period Follow-up period
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Fig. 1. Enrollment of patients with atopic myelitis (AM) and those with myelitis-onset multiple sclerosis (MS). From consecutive patients with these diseases, 16 AM cases and 51
myelitis-onset MS patients were enrolled for comparison of their demographic features. After establishing the new AM criteria, patients with sufficient data were selected to test the

efficacy of the criteria. *Barkhof et al. [10]. Ab, antibodies; Dx, diagnostic.
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Table 1
Demographic features of enrolled patients with either atopic myelitis or multiple
sclerosis.

AM? Myelitis-onset  p value
msP
Number of patients 16 51 NA
Gender (male/female) 8/8 (1:1.00) 16/35 (1:2.19) NS

3244115 NS
10448.1 NS
22/50 (44.0%)

3534103
91435
14/16 (87.5%)

Age of onset (years old)
Disease duration (years)
Present or past history of atopic
diseases
Clinical manifestations
Disease onset

Acute 2/16 (12.5%) 16/51 (31.4%) NS

Subacute 2/16 (12.5%) 23/51 (45.1%)  0.0204

Chronic/step-wise 12/16 (75.0%)  12/51 (23.5%)  0.0006
Disease course

Monophasic 2/15 (13.3%) 0749 (0.0%) 0.0521

Relapsing/fluctuating 10/15 (66.7%)  44/49 (89.8%)  0.0456

Progressive 3/15 (20.0%) 5/49 (10.2%) NS
EDSS score at the initial attack 41+16 36421 NS
EDSS score at the final follow-up  3.1::1.4 33426 NS

Blood or serum findings
Blood eosinophil count (/ml) 383.44-355.6 303.8:43956 NS
Hypereosinophilia® (+) 3/16 (18.8%) 9/46 (19.6%) NS
Serum total IgE (U/ml) 1762 3255 83314250 <0.0001
Hype:rlgEen':iad +) 12/16 (75.0%) 13/50 (26.0%)  0.0008
Allergen-specific IgE (+) 16/16 (100.0%) 27/51 (52.9%) 0.0003
CSF findings

1L9 (pg/ml) 152447 98432 0.0357
Increased 1L9° (+) 5/8 (62.5%) 1/8 (12.5%) NS
CCL11/eotaxin (pg/ml) 4103 20+£05 0.0008
Increased CCL11/eotaxin’ (+) 8/8 (100.0%) 3/8 (37.5%) 0.0256
OCB (+) 0/15 (0.0%) 14/46 (304%)  0.0137

Electrophysiological findings
MEP central abnormalities in
upper extremities
VEP abnormalities

MRI findings and others
Cervical cord lesions in posterior
column

9/15 (60.0%) 19/36 (52.8%) NS

3/11 (27.3%) 16/39 (41.0%) NS

4/16 (250%)  12/49 (245%) NS

*Those who fulfilled the former (2003) empirical inclusion criteria for AM and were
followed up for more than 5 years.

PMS patients presenting with myelitis as the initial symptom and who fulfilled the
revised McDonald criteria [9].

€>500/ml.

4>240 U/ml.

€>14.0 pg/ml.

f>2.2 pg/ml.

AM = atopic myelitis; CSF = cerebrospinal fluid; EDSS = Expanded Disability Status
Scale of Kurtzke; IgE = immunoglobulin E; IL = interleukin; MRl = magnetic reso-
nance imaging; MEP = motor-evoked potential; MS = multiple sclerosis; NA = not
applicable; NS = not significant; OCB = oligoclonal bands; VEP = visual-evoked
potential.

criteria comprise the following three supporting positive findings:
1) present or past history of atopic disease; 2) serum hyperlgEemia;
and 3) increased level of IL9 or CCL11/eotaxin in the CSF, and the
following one supporting negative finding: no OCB in the CSF.

Definite AM is therefore defined as follows: (1) cases who meet
the absolute criteria plus the pathological criteria, or (2) those who
meet the absolute criteria plus two or all of the three supporting
positive criteria plus the one supporting negative criterion. Probable
cases of AM are defined in Table 2.

3.3. Sensitivity and specificity of the new diagnostic criteria for AM

To test the efficacy of the new AM diagnostic criteria, we selected
the cases with sufficient data to judge the fulfillment of the new cri-
teria from the same set of patients. As shown in Fig. 1, 15 AM cases
and 45 myelitis-onset MS cases were enrolled. When we applied
these AM diagnostic criteria to both the AM cases and myelitis-

Table 2
New diagnostic criteria for atopic myelitis.

Criteria

Absolute criteria All three of the following are essential.

1) Myelitis with unknown etiology®

2) Positive for allergen-specific IgE

3) Negative for Barkhof brain MRI lesions®

Existence on spinal cord biopsy samples of perivascular
lymphocyte cuffings with various degrees of eosinophil
infiltration, sometimes accompanied by granuloma,

1) Present and/or past history of atopic disease

2) Serum hyperlgEemia (=240 U/ml)

3) Increased level of IL9 (2 14.0 pg/ml) or CCL11/eotaxin
(2.2 pg/ml) in the CSF

4) No OCB in the CSF

Pathological criteria

Supporting criteria
Positive findings

Negative findings

Diagnosis

Definite 1) Absolute criteria + Major pathological criteria

OR

2) Absolute criteria -+ two or all of the Supporting criteria
(1-3) -+ the Supporting criterion (4)

1) Absolute criteria -+ one of the Supporting criteria
(1-3) -+ the Supporting criterion (4)

OR

2) Absolute criteria -+ two or all of the Supporting criteria
(1-3)

Probable

CSF = cerebrospinal fluid; IgE = immunoglobulin E; IL = interleukin; MEP = motor-
evoked potential; MRI = magnetic resonance imaging; OCB = oligoclonal IgG bands;
SEP = sensory-evoked potential.

*The presence of myelitis should be confirmed by neurologically abnormal sign(s)
(limb hyperreflexia and/or sensory levels), MEP, and/or SEP abnormalities suggestive
of central nervous system lesions, or spinal cord lesions on MRI. The following diseases
should be excluded: parasitic myelitis, multiple sclerosis, collagen-vascular diseases,
HTLV-1-associated myelopathy, sarcoidosis, neuromyelitis optica, neurosyphilis, cervi-
cal spondylotic myelopathy, spinal cord tumor, spinal vascular malformation.

bBarkhof et al. [10].

onset MS cases, 14 (93.3%) of the 15 AM cases met the definite criteria
while three of the 45 myelitis-onset MS cases (6.7%) fulfilled the cri-
teria (Table 3-1). Therefore, the sensitivity of this AM criteria was
93.3% and the specificity was 93.3%. Moreover, the positive predictive
value was 82.4% while the negative predictive value was 97.7%
(Table 3-2).

4. Discussion

This study is the first to compare clinical and laboratory findings
between patients with AM and those with myelitis-onset MS, who
were all seronegative for anti-AQP4 antibodies. The neurological fea-
tures of the enrolled AM patients were similar to those in previous
nationwide surveys [4,5]. In the present study, we found that,

Table 3-1
Application of the new diagnostic criteria for atopic myelitis.
AM Myelitis-onset MS
(n=15) (n=45)
Fulfillment of the new AM diagnostic criteria
(+) 14 3
(—) 1 42
Table 3-2
Utility of the new diagnostic criteria for atopic myelitis.
Sensitivity 93.3%
Specificity 933%
Positive predictive value 82.4%
Negative predictive value 97.7%

AM = atopic myelitis; MS = multiple sclerosis.
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compared with myelitis-onset MS patients, AM patients were signifi-
cantly more likely to have a present and/or past history of atopic dis-
ease, serum hyperlgEemia, and allergen-specific IgE, and showed
significantly higher levels of IL9 and CCL11/eotaxin in the CSF. By con-
trast, OCB was significantly less frequent in AM patients than in
myelitis-onset MS patients. Moreover, before filtering empirically di-
agnosed AM cases with the Barkhof criteria, the frequency of fulfill-
ment of the Barkhof criteria at baseline (first available) MRI was
found to be significantly lower in AM patients than in myelitis-
onset MS patients (0.0% vs. 24.4%, p<0.0011). Therefore, it was con-
sidered reasonable to incorporate these items, reflecting the charac-
teristic features of each condition, into the first evidence-based
diagnostic criteria.

Although blood eosinophilia is one of the distinctive features of
Churg-Strauss syndrome [5], the frequency of blood eosinophilia
was similar between AM patients and myelitis-onset MS patients.
Thus, this was not included in the present criteria. In the present
study, we did not find a statistically significant difference for VEP be-
tween the two study groups. We consider that this is partly because
myelitis-onset MS was used as a disease control, which was expected
to have a relatively low frequency of optic nerve involvement early in
the course of illness. In fact, we previously reported that the frequen-
cy of VEP abnormalities in our anti-AQP4 antibody-seronegative MS
patients was around 60% when all cases were used, regardless of
the onset sites [14], while in the present study only 41% of myelitis-
onset MS patients had abnormal VEPs. In addition, Constantinescu
et al. [18] reported a case of atopic optic neuritis, while we also previ-
ously reported that a significant fraction (21.7%) of AM patients had
VEP abnormalities in the second nationwide survey [5]. Thus, the ob-
servation that 27.3% of AM patients had abnormal VEP findings might
reflect such a clinically overt or subclinical involvement of optic nerve
in this condition, thereby partly contributing to the absence of statis-
tical significance in the comparison of abnormal VEP frequency be-
tween AM and myelitis-onset MS patients. For these reasons, we
decided not to include the absence of VEP abnormality in the support-
ing negative criteria for AM. The frequency of posterior column le-
sions in the cervical cord on MRI was similar in both AM and
myelitis-onset MS patients. This is probably explained by the fact
that the cervical posterior column is also one of the preferential
sites of spinal cord involvement in MS [12,19,20]. Therefore, we did
not adopt cervical posterior column lesions as a supporting item in
the present criteria.

These first criteria for AM achieved a relatively high sensitivity and
specificity against myelitis-onset MS. Occasionally, spinal cord attacks
in MS demonstrate neurological features indistinguishable from those
of AM. Therefore, in the early stages of MS, especially myelitis-onset
MS, it is critical to differentiate MS from AM using certain laboratory

markers, because the early use of disease-modifying drugs, such as °

interferon-beta, is increasingly demanded. Interferon-beta or glatira-
mer acetate may worsen AM via induction of an immune shift toward
a T helper (Th) type 2 cell response [21,22], which plays a key role in
atopic disorders [7,23-25]. The high sensitivity and specificity of the
present criteria may well facilitate the early discrimination of AM
and myelitis-onset MS and contribute to better treatment for both
diseases.

The present study has some limitations. First, because of the low
prevalence of AM, it was difficult to obtain sufficient cases for enroll-
ment. The paucity of AM patients enrolled in the present study might
also have partly influenced the achievernent of the surprisingly high
negative predictive value and the relatively low positive predictive
value of the new AM criteria. Second, for the same reason, we could
not evaluate the efficacy of the new AM diagnostic criteria in a repli-
cate population. In the future, the new AM criteria should be tested in
other AM cohorts in the Japanese and other ethnic groups. Third, we
did not apply a logistic regression model for the selection of parame-
ters to be included in the new AM diagnostic criteria due to the small

sample size. Multiple logistic analyses are needed in future large scale
studies to identify more specific factors to be incorporated into the di-
agnostic criteria. Finally, the measurement of IL9 and CCL11/eotaxin
in the CSF is not commonly undertaken. Thus, in the new AM criteria,
diagnosis of definite AM is designed to be feasible without measuring
CSF IL9 or CCL11/eotaxin; however, if measured, elevated levels of
these cytokines in the CSF are strongly indicative of AM [7].

Because the prevalence of atopic diseases is rapidly increasing
worldwide against a background of improved hygiene, more AM
patients might emerge. The first diagnostic criteria for AM will en-
courage early differential diagnosis of AM and myelitis-onset MS.
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Abstract

Neuromyelitis optica (NMO) is characterized by severe optic neuritis and longitudinally
extensive transverse myelitis. The discovery of an NMO-specific autoantibody to the
aquaporin-4 (AQP4) water channel has improved knowledge of NMO pathogenesis. Many
studies have focused on inflammatory and pathological biomarkers of NMO, including
cytokines and chemokines. Increased concentrations of T helper (Th)17- and Th2-related
cytokines and chemokines may be essential factors for developing NMO inflammatory
lesions. For example, interleukin-6 could play important roles in NMO pathogenesis, as it
is involved in the survival of plasmablasts that produce anti-AQP4 antibody in peripheral
circulation and in the enhancement of inflammation in the central nervous system. There-
fore, assessment of these useful biomarkers may become a supportive criterion for diag-
nosing NMO. Significant advances in the understanding of NMO pathogenesis will lead to
the development of novel treatment strategies. This review focuses on the current advances
in NMO immunological research, particularly that of cytokines and chemokines.

INTRODUCTION

Neuromyelitis optica (NMO) is an autoimmune inflammatory dis-
order of the central nervous system (CNS), clinically presenting
with longitudinally extensive transverse myelitis (LETM) and optic
neuritis (54). The discovery of the disease-specific serum anti-
aquaporin-4 (AQP4) antibody in NMO (25, 26) has dramatically
changed the clinical definition of NMO, leading to recent advances
in NMO research. The pathogenic role of anti-AQP4 antibody was
demonstrated in vivo by passive transfer experiments in animal
models (7,22,34). Several lines of evidence differentiating between
NMO and multiple sclerosis (MS) have accumulated based on
pathology (30, 33), neuroimaging (16), immunological findings
(38) and responses to immunotherapies (24, 29, 39). On the basis
of these extensive data, NMO is now considered an anti-AQP4
antibody-mediated astrocytopathy distinct from demyelinating dis-
orders as represented by MS (12). Besides anti-AQP4 antibody,
many additional biomarkers have proven useful for understanding
the pathogenetic and immunological aspects of NMO (32, 36, 38).
T and B cells may be implicated in the peripheral/CNS immune
responses and pathogenesis of NMO, whereas various cytokines
and chemokines have also been associated with the pathogenesis of
NMO (38). Therefore, this review focuses on the current research
on the roles of cytokines and chemokines in NMO pathogenesis and
their therapeutic applications.

Cerebrospinal fluid (CSF) cytokines and
chemokines in NMO patients

Many studies have analyzed CSF cytokine and chemokine levels in
NMO patients (Table 1). Although some cytokines may increase
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nonspecifically because of CNS inflammation, several cytokines
and chemokines are directly related to NMO pathogenesis. T
helper (Th)17- and Th2-related cytokines are upregulated in the
CSF of NMO patients (38). CSF interleukin (IL)-17 levels increase
in patients with NMO (48) or opticospinal MS (OSMS; some of
whom were considered to have NMO) (15, 37). Many studies have
also shown increased CSF IL-6 levels in patients with NMO.
Presumably, NMO expresses Th17 and Th2 axes in CNS (Figure 1)
differently from MS, which is primarily a Th1-dominant disease.
However, further studies are necessary to clarify the definite
cytokine and chemokine profiles in NMO.

Th17-related cytokines and chemokines

IL-17 is involved in the development of autoimmune diseases and
acts as a potent mediator in delayed-type inflammatory reactions
by increasing chemokine production in various tissues to recruit
monocytes and neutrophils to the inflammation site. As described
earlier, several reports have revealed elevated CSF IL-17 levels
in NMO (48) or OSMS patients (15, 37). Our own study could
not confirm such an elevation, but levels of some Thl7-related
cytokines and chemokines are reportedly increased in NMO
patients (38).

Elevated CSF IL-6 levels in NMO have also been reported. [L-6
is a proinflammatory cytokine with a wide variety of functions.
Secreted by immunocytes and activated astrocytes (11), it pro-
motes immunoglobulin (Ig) synthesis in activated B cells and
differentiation of naive T cells into Th17 cells or cytotoxic T cells
(6, 23). Among the several CSF cytokines and chemokines
elevated in NMO, IL-6 shows the strongest correlation with clini-
cal variables in NMO; these include CSF glial fibrillary acidic
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Table 1. Cerebrospinal fluid (CSF) cytokine/chemokine levels in NMO patients,

CSF cytokines/chemokines  Axis Change Reference  Correlation
IL-17 Th17 T (vs. MS, ONNDs] (48) CSF HMGB1
IL-6 Th17 T {vs. MS, HC) (9)
T (vs. MS, ONNDs) (14) EDSS and AQP4 ab positivity
T (vs. MS) (55) Definite form > limited form
T {vs. MS, ONNDs) 41 CSF cells, CSF proteins and AQP4 ab positivity
T (vs. MS, ONNDs) (38) (44) CSF cells, CSF GFAP, AQP4 ab, recovery from relapse and
relapse duration
T (vs. MS, ONNDs) (43) CSF HMGB1
T (vs. MS, ONNDs) (49) EDSS
T (vs. MS, ONNDs) (48) CSF HMGB1
IL-1ra Th17 T (vs. MS, ONNDs) (38) CSF cells and CSF GFAP
G-CSF Th17 T {vs. MS, ONNDs) (38) CSF cells and CSF GFAP
IL-8 Th17 T (vs. MS, ONNDs) (38) CSF cells, CSF GFAP and EDSS
- (vs. MS) (55)
IL-13 Th2 T (vs. MS, ONNDs) (38) CSF cells and CSF GFAP
IL-6 Th2 T {vs. MS, HC) 9)
Eotaxin-2, -3 Th2 T (vs. MS, HC) 9)
Eotaxin Th2 — (vs. MS, ONNDs) (38)
— (vs. MS, ONNDs) (31)
TARC Th2 T (vs. ONNDs) (31)
IL-10 Treg T (vs. ONNDs) — (vs. MS)  (38) CSF cells, AQP4 ab and CSF GFAP
— {vs. MS) (55)
IL-12 Thi T (vs. HC) (9
— (vs. MS, ONNDs) (38)
IL-1B Thi T (vs. MS) (55) Definite form > limited form
— (vs. MS, ONNDs]) (38)
CXCL10 (IP-10) Thi T {vs. ONNDs) 31
T (vs. ONNDs) (38) CSF cells and CSF GFAP
CXCL13 Beell T l(vs. MS, ONNDs) (57) ARR and EDSS
IFN-y, G-CSF, IL-17 T (vs. CMS, ONNDs) (37)*
IL-17, MIP-1B, IL-1B, IL-13, T (vs. ONNDs) (15)* IL-8: EDSS, albumin quotient and length of spinal cord lesion
IL-8, IL-10, TNF-q, IL-5 T (vs. CMS) IL-17: albumin guotient and length of spinal cord lesion

*Cytokine analyses were performed in opticospinal MS patients.

AQP4 ab = aquaporin-4 antibody; ARR = annualized relapse rate; CMS = conventional multiple sclerosis; CXCL = (C-X-C motif) ligand; EDSS =
Expanded Disability Status Scale; G-CSF = granulocyte colony-stimulating factor; GFAP = glial fibrillary acidic protein; HC = healthy controls;
HMGB1 = high mobility group box 1; IFN-y = interferon-gamma; IL = interleukin; IP-10 = interferon gamma-induced protein 10; MIP = macrophage
inflammatory protein; MS = multiple sclerosis; NMO = neuromyelitis optica; ONNDs = other noninflammatory neurological disorders; TARC =
thymus and activation-regulated chemokine; Th = T helper; TNF-o. = tumor necrosis factor-alpha; Treg = regulatory T cell.

T = upregulation; — = unchanged.

protein (GFAP) levels, CSF cell counts and anti-AQP4 antibody
titers (38). I¢oz et al reported that patients with NMO have higher
CSF IL-6 levels than those with optic neuritis, relapsing—remitting
MS or healthy control (HC). Further, CSF IL-6 levels in NMO
patients correlate with anti-AQP4 antibody titers and the
Expanded Disability Status Scale (EDSS) score (14). Wang et al
found that CSF IL-6 and soluble IL-6 receptor levels are signifi-
cantly higher in patients with NMO than in those with MS and
other noninflammatory neurological disorders (ONNDs) (49).
Yanagawa et al reported elevated CSF IL-6 levels in patients with
definite NMO compared with those with limited NMO (anti-
AQP4-positive myelitis without optic neuritis) (55). The CSF/
serum ratio of IL-6 is significantly higher in NMO than in ONNDs,
suggesting that IL-6 is mainly produced in the CNS of NMO
patients (38). Although IL—6-producing cells in CNS have not yet
been identified, activated or damaged, astrocytes by anti-AQP4
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antibody may produce IL-6 in the CNS of NMO patients. Of note,
high CSF IL-6 levels have been found in 82.3% of NMO patients,
but no such increase has been observed in MS patients (38). CSF
IL-6 levels are also markedly high not only during relapse, but also
during the initial attacks in NMO patients (45). Interestingly, CSF
IL-6 levels can predict recovery from NMO relapses and relapse-
free duration (44). NMO patients who relapse with optic neuritis
exhibit high CSF IL-6 levels, similar to NMO patients who relapse
with myelitis (38, 45); nevertheless, optic neuritis lesions are
usually much smaller than myelitis lesions in NMO patients. These
data suggest that CSF IL-6 is not a product of NMO inflammation,
but an important molecule in the pathology of this disease. We
have recently shown that CSF IL-6 levels correlate with CSF levels
of high mobility group box 1 (HMGBI1), a proinflammatory
mediator (43), and with CSF-soluble intercellular adhesion mol-
ecule 1 levels, one of the markers of blood—brain barrier disruption
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Figure 1. Differentiation pathways of naive CD4* T cells. CD4* T cells
can differentiate into T helper (Th)1, Th2, Th9, Treg, Th17 or Th22 by the
actions of differentiation cytokines. These T-cell subsets promote dif-
ferent inflammatory responses based on their respective cytokine pro-
files, responses to chemokines and interactions with other cells. The
Th17 and Th2 axes may be mainly upregulated in neuromyelitis optica.
IL = interleukin; TGF = transformaing growth factor; TNF = tumor
necrosis factor.

(42). Accumulated evidence suggests important roles for CSF IL-6
in NMO pathogenesis; these could include CNS inflammation,
astrocytic damage and blood-brain barrier disruption. In addition,
CSF IL-6 may serve as a biomarker to diagnose NMO and differ-
entiate it from MS. It remains unclear whether astrocytic damage
releases IL-6, or IL-6 directly contributes to astrocytic damage and
CNS inflammation in NMO.

IL-1ra is a member of the IL-1 cytokine family. CSF IL-1ra
levels are significantly elevated in NMO compared with MS or
ONNDs and correlate with CSF cells and CSF GFAP levels (38).
Granulocyte colony-stimulating factor (G-CSF) stimulates sur-
vival, proliferation and differentiation of neutrophils. CSF G-CSF
levels are higher in NMO than in MS and ONNDs and correlate
with CSF GFAP levels and CSF cell counts (38). Tanaka et al
reported significantly elevated CSF G-CSF levels in patients with
OSMS (some of whom were considered to have NMO) compared
with conventional MS (CMS) and ONNDs, and found correlations
with the albumin quotient, length of spinal magnetic resonance
image (MRI) lesions and EDSS score (37). IL-8 is known as a
neutrophil chemotactic factor. CSF IL-8 levels are significantly
elevated in NMO compared with MS and ONNDs, and correlate
with the CSF GFAP levels, CSF cell counts and EDSS score (38).
However, Yanagawa et al reported no difference between CSF 1L-8
levels in NMO and MS patients (55). Ishizu ez al found that sig-
nificantly elevated CSF IL-8 levels in OSMS patients (some of
whom were considered to have NMO) compared with CMS and
ONNDs. These levels correlate with the albumin quotient, length
of spinal MRI lesion and EDSS score (15). They speculated that
the markedly increased IL-8 in CSF may be relevant to neutrophil
infiltration in CNS.
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Th2-related cytokines and chemokines

Although IL-4, a representative Th2-related cytokine, has not been
elevated in CSF (38), other Th2-related cytokines and chemokines
are upregulated in the CSF of NMO patients. The effects of IL-13
on immune cells are similar to those of IL-4. CSF IL-13 levels are
elevated in NMO compared with MS or ONNDs, and their levels
correlate with CSF cells and CSF GFAP levels (38). IL-5 stimu-
lates B-cell growth and increases Ig secretion; it is also a key
mediator in eosinophil activation. CSF IL-5 levels are significantly
higher in NMO patients than in MS patients or HC (9). Eotaxin is
an eosinophil-selective chemokine. CSF eotaxin levels in NMO
patients are similar to those in MS or ONNDs patients (31, 38).
However, Correale and Fiol reported significant increases in CSF
eotaxin-2 and eotaxin-3 levels in NMO patients compared with
MS patients or HC (9). The chemokine thymus and activation-
regulated chemokine (TARC) specifically binds and induces
chemotaxis in T cells. CSF TARC levels are significantly higher in
NMO than in ONNDs (31).

Th1-related cytokines and chemokines

Interferon-gamma (IFN-y), a representative Thl-related cytokine,
has not been elevated in the CSF of NMO patients (38). (C-X-C
motif) ligand (CXCL10) (interferon gamma-induced protein 10) is
secreted by several cells in response to IFN-y. CSF CXCL10 levels
are significantly higher in NMO than in ONNDs (31, 38), and
correlate with CSF GFAP levels and CSF cell counts (38). IL-12 is
involved in the differentiation of naive T cells into Thl cells and
plays an important role in the activities of natural killer cells and T
lymphocytes. CSF IL-12 levels are significantly elevated in NMO
patients compared with HC (9). However, some studies report no
differences in CSF IL-12 levels between NMO, MS or ONND:s (38).
IL-1 is an important mediator of the inflammatory response. CSF
IL-1B levels are elevated in patients with definite NMO compared
with those with limited NMO (55). However, no differences have
been found between NMO, MS or ONNDs patients (38).

Other cytokines and chemokines

IL-10, a regulatory T (Treg)-related cytokine with pleiotropic
effects in immunoregulation and inflammation, is capable of inhib-
iting proinflammatory cytokine synthesis. CSF IL-10 levels are
significantly elevated in NMO compared with ONNDs (38), but no
difference is observed in MS patients (38, 55). CSF IL-10 levels
correlate with CSF GFAP levels, CSF cell counts and anti-AQP4
antibody titers (38).

CXCL13 is selectively chemotactic for B cells. CSF CXCL13
levels are significantly higher in NMO than in MS or ONNDs and
correlate with the annualized relapse rate and EDSS score (57).
Alvarez et al reported elevated CSF CXCL13 levels in NMO and
MS patients compared with ONNDs, which correlate with CSF
cell counts in NMO patients (1).

Serum/plasma cytokines and chemokines in
NMO patients

Serum/plasma cytokine and chemokine levels in NMO patients
are summarized in Table 2. As with CSF analyses, Th17- and
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Table 2. Serum cytokine/chemokine levels in NMO patients.

Uzawa et al

Serum cytokines/ Axis Change Reference Correlation
chemokines
IL-17 Thi7 T {vs. HC) (51)
T (vs. HC) (52) HMGB1
T {vs. HC) (27)
T (vs. MS, HC) (50)
T (vs. NMO without LSCL) (13) Length of spinal cord lesion
IL-6 Th17 T (vs. HC) (28) EDSS
T tvs. MS, HC) (9)
T {vs. MS, ONNDs) (14)
T (vs. ONNDs) (38)
T (vs. HC) (47) 1L-32
T {vs. HC) (46)
T {vs. HC) (61)
IL-23 Th17 T (vs. HC) (27)
T (vs. HC) (50)
T (vs. HC) (28)
IL-21 Th17 T (vs. HC) (50)
T (vs. HC) (28) EDSS
IL-4 Th2 T (vs. HC) (2)
T {vs. MS, HC) (51)
IL-10 Treg T (vs. MS, HC) (51)
IL-2 Treg T (vs. MS, HC) (51)
4 (vs. HC) (28)
IFN-y Thi T (vs. HC) (52) HMGB1
T (vs. MS, HC) 51
4 (vs. HC) (28)
TNF-o Th1 T (vs. HC) (52) HMGB1
T (vs. HC) (1)
IL-32 T (vs. MS, HC) (47) IL-6, EDSS

EDSS = Expanded Disability Status Scale; HC = healthy controls; HMGB1 = high mobility group box 1; IFN-y = interferon-gamma; IL = interleukin;
LSCL = long spinal cord lesions greater than three vertebral segments; MS = multiple sclerosis; NMO = neuromyelitis optica; ONNDs = other
noninflammatory neurological disorders; Th = T helper; TNF-o. = tumor necrosis factor-alpha; Treg = regulatory T cell.

T = upregulation; | = downregulation.

Th2-related cytokines and chemokines are predominantly upre-
gulated in the serum/plasma of NMO patients (Figure 1).
Serum/plasma IL-17 levels increase in NMO patients compared
with HC or MS patients (27, 50-52). Plasma IL-17 levels correlate
with plasma HMGBI1 levels (52). NMO patients with LETM
(more than three vertebral segments) have higher serum IL-17
levels than NMO patients without LETM (13). NMO patients in
the relapse phase have significantly higher serum IL-6 levels than
ONND patients (38). I¢6z ef al also reported that patients with
NMO, particularly those who are anti-AQP4 antibody positive,
have higher serum IL-6 levels than those with optic neuritis,
relapsing-remitting MS or HC (14). Wang etal found that
plasma IL-6 levels are higher in NMO patients than in HC and
are positively correlated with IL-32 levels (47). AQP4-specific
T-cell responses are amplified in NMO patients and exhibit a
Th17 bias, and intracellular IL-6 production increases after
lipopolysaccharide stimulation in monocytes from NMO patients
(46). The number of anti-myelin oligodendrocyte glycoprotein
IL-6- and IL-12-secreting cells in the peripheral blood and CSF
of NMO patients is higher than that of MS, ONNDs or HC (9).
The release of IL-6, IL-21 and IL-23 from activated peripheral
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blood mononuclear cells is significantly higher in NMO patients
than in controls, and IL-6 and IL-21 levels positively correlate
with the EDSS score in NMO patients (28). Although the role
of IL-6 in peripheral blood is unclear, Chihara et al recently
reported that the population of plasmablasts exhibiting the
CD19™CD27"eCD38"¢"CD 180" phenotype selectively increases
in the peripheral blood of NMO patients, and that these
plasmablasts are major producers of anti-AQP4 antibodies (8).
IL-6 enhances plasmablast survival and anti-AQP4 antibody pro-
duction in these cells, whereas anti-IL-6 receptor antibody lessens
their survival. IL-6 in the peripheral blood of NMO patients is
implicated in the peripheral immune response and anti-AQP4 anti-
body production. Serum IL-23 and IL-21 levels are also elevated in
NMO patients compared with HC (27, 50).

The Th2 cytokine IL-4 is upregulated in the serum of NMO
patients compared with HC and MS patients (2, 51). Other Th2-
related cytokines and chemokines have not been analyzed.

Studies of Treg-related cytokines show that IL~10 and IL-2 levels
increase significantly in NMO patients compared with MS patients
and HC (51), but Linhares et al reported that IL-2 levels decrease
significantly in NMO patients compared with controls (28).
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The levels of the Thl-related cytokines IFN-y and tumor necro-
sis factor-alpha (TNF-o) increase in NMO patients compared with
HC and MS patients (51, 52), and are correlated with plasma
HMGBI levels (52).

Chemokine receptor expression on peripheral
blood T cells in NMO patients

CD8+CXCR3+T cells might affect the pathogenesis of both NMO
and MS, and could be an important marker of disease activity. The
CD8+CXCR3+/CD8+CCR4+ ratio, which reflects immune and
inflammatory activities, is higher in NMO than in MS patients
(35). Th1 dominance of chemokine receptors on blood T cells and
the correlation between CXCR3+T cells and disease activity have
been confirmed by analyzing chemokine receptors on peripheral
blood lymphocytes during the relapse phase in MS patients.
However, such deviations in the Th1/Th2 balance have not been
observed in NMO patients (40).

Pathogenic role of cytokines and chemokines

IL-6 infusion into the spinal subarachnoid space of rats induces
progressive weakness with CNS inflammation, axonal degenera-
tion and myelin loss (18). CSF IL-6 is mainly produced by
astrocytes in transverse myelitis patients, and its levels correlate
with astrocytic expression and disease severity (18). IFN-f treat-
ment is effective in reducing experimental autoimmune encepha-
lomyelitis (EAE) symptoms induced by Thl cells, but exacerbates
disease induced by Th17 cells (4). The Th17 EAE model repre-
sents several aspects of NMO, suggesting that Th17 cells may play
a pathogenic role in NMO pathogenesis. Ex vivo experiments
performed on murine spinal cords have revealed that slices
exposed to NMO IgG and human complement exhibit NMO-like
lesions. These lesions increase in severity with the addition of
neutrophils, natural killer cells, macrophages or cytokines (such as
TNF-a, IL-6, IL-1B or IFN-y), implicating specific immune cells
and cytokines may amplify tissue damage in NMO (56).

Therapeutic implications of cytokine blockade
in NMO patients

Low-dose oral corticosteroids, azathioprine, mitoxantrone, cyclo-
phosphamide, mycophenolate mofetil and rituximab are used as
maintenance treatments to prevent NMO relapses (10, 17, 20, 21,
53). Novel treatments using the IL-6 pathway blocker tocilizumab,
a recombinant humanized monoclonal antibody against the IL-6
receptor, may be useful for suppressing relapses in NMO patients
who cannot tolerate standard immunosuppression therapy (3, 5,
19). Treatment with tocilizumab rapidly reduces the number of
elevated plasmablasts and anti-AQP4 antibody titers in NMO
patients. Furthermore, neuropathic pain and disability scores
improve gradually (3). Patients with highly active anti-AQP4
antibody-positive NMO, in whom numerous immunosuppressive
interventions had failed, exhibited improved EDSS scores and
annualized relapse rates after initiating tocilizamab. Tocilizumab
significantly reduces CSF IL-6 levels, signal transducer and acti-
vation of transcription 3 (STAT3) activation (19). Three female
patients with anti-AQP4 antibody-positive NMO, who were
resistant to rituximab treatment, exhibited a decrease in the median
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annualized relapse rate from 3.0 to 0.6 after treatment with
tocilizamab (5). IL-6 receptor-blocking therapy can be effective
against NMO even in patients who fail to respond to conventional
therapy. This direct clinical evidence suggests that IL-6 may be a
critical molecule in NMO immunopathogenesis. In the future,
other cytokine-blocking therapies may also be applied clinically.

CONCLUSIONS

A growing number of recent immunological studies have sup-
ported the important role of cytokines and chemokines in NMO
pathogenesis. Although many cytokines and chemokines are
upregulated in both the peripheral and CNS of NMO patients,
Th17- and Th2-related cytokines and chemokines, particularly
Thl7-related cytokines, may be key players in NMO inflamma-
tion. IL-6 in the peripheral blood is implicated in anti-AQP4
antibody production in NMO patients, and IL-6 in CSF plays
important roles in CNS inflammation, astrocytic damage and
blood-brain barrier disruption. Thus, IL-6-blocking therapy with
tocilizumab may be a promising treatment option for NMO
patients. New treatments need to be developed to prevent severe
relapses in these patients. A better understanding of the role of
cytokines and chemokines in NMO pathogenesis is critical to
developing effective treatments.
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Abstract

A 34-year-old woman developed simultaneous bilateral severe optic neuritis and subsequent myelitis. Two
months after the first attack, she developed a headache and dysesthesia in the left arm. Brain magnetic reso-
nance imaging revealed multiple hyperintense lesions in the white matter of the right hemisphere, some of
which were Balé-like concentric lesions. Our diagnosis was neuaromyelitis optica spectrum disorder with
Balé’s concentric sclerosis (BCS), although the patient was negative for anti-aquaporin-4 (anti-APQ4) anti-
bodies. Our case suggests that Bald’s concentric sclerosis overlaps with neuromyelitis optica spectrum disor-
der and that this overlapping is caused by a mechanism that does not involve anti-AQP4 antibodies.

Key words: Balé’s concentric sclerosis, neuromyelitis optica, aquaporin-4, multiple sclerosis, myelitis, optic

neuritis
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Introduction

Neuromyelitis optica (NMO) is a severe demyelinating
disease defined principally by its tendency to selectively af-
fect optic nerves and the spinal cord causing recurrent at-
tacks of blindness and paralysis. Anti-aquaporin-4 (anti-
APQ4) antibodies have been found to be a specific
biomarker for NMO, and it was also discovered that NMO-
IgG recognizes the astrocytic water channel aquaporin-4
[AQP4 (1, 2)]. Some clinically limited forms of this disor-
der, such as bilateral simultaneous or recurrent optic neuri-
tis, are included in its pathogenetic spectrum and are classi-
fied as NMO spectrum disorder (NMOsd) (3).

Meanwhile, Bal6’s concentric sclerosis (BCS) is a rare
demyelinating disorder pathologically characterized by alter-
nating layers of myelinated and demyelinated tissue (4). It
has been pointed out that NMO and BCS have some fea-
tures in common (5), and cases of NMO (Devic’s syn-
drome) with Bal4’s concentric lesions (BCLs) have been re-
ported (6). However, such cases were reported a long time
before the disease entity of NMO was established (1, 7, 8).

Recently, a case of NMO with a BCL in the brainstem
was reported (9). In addition, a loss of APQ4 in BCSLs and
a lack of anti-APQ4 antibodies were reported in a pathologi-
cal study (10, 11), thus resulting in more attention to the as-
sociations between NMO and BCL and between BCS and
APQ4. We herein describe a case of NMOsd without anti-
APQ4 antibodies with BCLs. Our case may help to further
understanding of the associations between NMO, BCS/BCL
and APQ4.

Case Report

A 34-year-old Japanese woman with no prior neurologic
history presented with bilateral simultaneous optic neuritis
in April 2010. The patient was admitted one week after
symptom onset. A neurological examination revealed no ab-
normalities, except for bilateral visual acuity loss. The next
day, the patient developed sensory disturbances at the T7
spinal segment. Brain magnetic resonance imaging (MRI)
revealed bilateral tortuous swelling of the optic nerves on
fluid-attenuated inversion recovery (FLAIR) images (Fig-
ure A). No abnormalities fulfilling Barkhof’s criteria (12)
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Figure.

MRI of the present patient with neuromyelitis optica spectrum disorder and Bald’s con-

centric lesions. Brain MRI fluid-attenuated inversion recovery (FLAIR) imaging performed after
the first episode revealed bilateral tortuous swelling of the optic nerves (A). Spinal cord MRI per-
formed after the first episode revealed centrally located, concentric lesions at the T6 vertebral seg-
ment on axial T2*-weighted imaging (B) and longitudinal lesions extending more than two vertebral
segments on sagittal T2-weighted imaging (C). Brain MRI performed after the second episode re-
vealed concentric lesions comprising the central core and various rings in the white matter on
FLAIR imaging (D), diffusion-weighted imaging (E) and apparent diffusion coefficient imaging (F).
MRI FLAIR imaging revealed a remarkable reduction in the size of the lesions following steroid
treatment compared with that observed before treatment (G).

were observed. MR T2-weighted imaging of the spinal cord
revealed centrally located and longitudinal lesions extending
from the TS to T7 vertebral segments (Figure B, C). Axial
T2 -weighted MRI of the T6 vertebral segment also revealed
Bal6-like lesions with concentric rings (Figure B). The pa-
tient was also diagnosed with transverse myelitis because
she exhibited bilateral symptoms at a clearly defined sensory
level (13). Common biochemical laboratory tests were nor-
mal. The level of anti-APQ4 antibodies was tested as previ-
ously reported (14), and a serum sample obtained nine days
after the neurologic onset was negative. Antinuclear, anti-
neutrophil cytoplasmic, anti-SSA/RO, anti-SSB/LA and an-
tiphospholipid antibodies were also negative. The patient
was administered two courses of intravenous methylpredni-
solone pulse therapy at a dose of 1,000 mg for three con-
secutive days followed by oral prednisolone at a dose of 15
mg on alternate days, after which her symptoms improved.
In June 2010, she was readmitted to the hospital due to a
headache and left dysesthesia in the left arm. A neurological
examination revealed left facial weakness, hemiparesis and

sensory disturbances on the left side of the body. T2-
weighted MRI and FLAIR imaging of the brain revealed
multiple hyperintense lesions in the white matter of the right
hemisphere, some of which were Balé-like concentric le-
sions with various rings (Figure D). The central cores of
these lesions demonstrated hyperintensity on diffusion-
weighted imaging (DWI) (Figure E); however, no abnor-
malities in the apparent diffusion coefficient (ADC) were
observed (Figure F). The intervening rings exhibited rela-
tively unrestricted diffusion. As previously reported (15), the
outermost layer demonstrated hyperintensity on DWI with a
restricted ADC and revealed an active demyelination site on
gadolinium enhancement. A cerebrospinal fluid analysis re-
vealed a normal white blood cell count and protein level
with mild elevation of the level of myelin basic proteins
(183 pg/mL; normal limit, <102 pg/mL). No oligoclonal
bands were observed and the IgG index was normal. A test
for anti-APQ4 antibodies performed one day after the onset
of the second neurologic episode was also negative. Intrave-
nous methylprednisolone pulse therapy at a dose of 1,000
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Table. Cases of Neuromyelitis Optica Spectrum Disorder with Balé’s Concentric
Lesion
Authors Graberetal.  Kreft et al. Marti et al. Our case
(2009) (2009) @ (2010)*Y (2013)
Age at th et of neurological
'ge ¢ onset of neurologica 29 57 34 34
disorder
Sex woman woman man woman
Disease duration (Observation
. >8M >5Y > 8M
period)
Disease course multiphasic  multiphasic multiphasic multiphasic
Duration from the neurological
. 6M >2Y M M
disorder onset to the BCS onset
s - . optic neuritis, . .
Initial symptom myelitis myelitis optic neuritis
encephalopathy
Neurological system involved
clinically
Cerebrum NA + + -
Brainstem + NA + -
Cerebellum NA NA - -
Optic nerve right bilateral bilateral bilateral
Spinal cord 3 VS, single 2VS, multiple >3 VS, single 2VS, single
NMO-IgG / Anti-AQP4 Ab + NA - -
CSF OCB - - - -
1gG index NA 0.47 NA 0.44
Numbers of BCL one multiple multiple multiple
Localization of BCL brainstem cerebrum cerebrum cerebrum , spine
Fulfillment of Barkhoff's MRI
o o No No Yes No
criteria for MS on initial MRI
Fulfillment of Barkhoff's MRI
L No Yes Yes Yes
criteria for MS on the last MRI
Diagnosis NMO+BCS NMOsd+BCS NMOsd+BCS NMOsd+BCS
. no clinical good—not
Response to steroid therapy modest . good
effect improved

NMO: neuromyelitis optica, NMOsd: NMO spectrum disorder, BCS: Bald's concentric sclerosis,

BCL: Bald's concentric lesion, VS: vertebral segments, AQP4: aquaporin-4, OCB: oligoclonal band,

NA: not available, M: months, Y: years

References are indicated by the superscript numbers in parentheses.

mg for three consecutive days was reinitiated. Following the
administration of pulse therapy, oral prednisolone at a dose
of 40 mg daily was given, reduced by 5 mg every four
weeks, then stopped. The patient’s symptoms remarkably
improved, with the exception of residual, mild left hemi-
paresis, left facial weakness, sensory disturbances of the left
side of the body and decreased visual acuity. MRI revealed
a remarkable reduction in the size of the lesions following
steroid therapy (Figure G). The patient remains free of re-
lapse more than nine months after the onset of the second
episode.

Discussion

This case report describes a patient with simultaneous bi-
lateral optic neuritis, transverse myelitis and Bald’s concen-
tric lesions.

NMO-IgG and anti-APQ4 antibodies, biomarkers of
NMO (1, 2), are also detected in the serum of patients with
NMO-related disorders (3). Any syndrome that includes re-

current or simultaneous bilateral optic neuritis or single or
recurrent myelitis associated with longitudinally extensive
myelitis of more than three vertebral segments is referred to
as NMOsd in the context of this study (3). The patient did
not fulfill the criteria for NMO due to the negative test re-
sults for NMO-IgG/anti-APQ4 antibodies and the presence
of myelitis shorter than three vertebral segments. However,
she originally presented with simultaneous bilateral severe
optic neuritis, immediately followed by transverse myelitis,
the typical clinical course of NMO. In addition, brain MRI
showed no abnormalities fulfilling Barkhof’s criteria (12),
and spinal cord MRI revealed long lesions extending more
than two vertebral segments. The spinal cord lesions ob-
served in patients with MS are rarely longer than a single
vertebral segment (16). Hence, the patient was diagnosed
with NMOsd, although the differential diagnoses, including
acute disseminated encephalomyelitis and tumefactive MS,
could not be completely excluded.

The association between BCS and NMO has hardly been
discussed due to differences in the clinical and laboratory
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features of these disorders. Poser and Brinar classified BCS
and NMO into one group based on purely clinical consid-
erations of chronicity and severity (5). Although it was
pointed out in the review of BCS conducted by Kuroiwa in
1985 that BCLs occasionally coexist with Devic’s syn-
drome (6), these cases (16-18) were reported long before the
discovery of NMO-IgG and the establishment of the current
concept of NMO (1, 2, 7, 8).

Recently, a single case of comparatively and longitudi-
nally extensive spinal cord lesions in a patient with
BCS (20) and a single case of NMO with a BCL in the
brainstem were reported (9). The clinical and laboratory
characteristics of these cases are summarized in Table. Al-
most all of the patients presented with bilateral optic neuri-
tis. The spinal cord lesions extended from two vertebral seg-
ments to more than three vertebral segments. NMO-IgG and
anti-APQ4 antibodies were negative in the case reported by
Marti et al. (21).

The extensive loss of APQ4 in the BCLs of four BCS pa-
tients was recently reported in a pathological study (10).
The loss occurred in both demyelinated and myelinated lay-
ers of the BCLs, and the authors concluded that APQ4 loss
can occur in patients with NMO and BCS. Furthermore, the
same group showed that none of the Bald’s disease patients
were positive for anti-APQ4 antibodies (11). Although a
current dominant hypothesis of the origins of concentric de-
myelination in BCS patients involves distal oligodendro-
gliopathy mediated by hypoxia-like tissue injury and tissue
preconditioning (22), it was recently proposed that antibody-
independent astrocytopathy with APQ4 loss may cause tis-
sue destruction via prolongation of vasogenic edema and
amelioration of tissue damage due to reduced cytotoxic
edema, thereby resulting in alternating bands of demyelina-
tion and preserved myelin (10, 11, 23). Our BCS case,
which was characterized by negative test results for anti-
APQ4 antibodies, may be in line with the antibody-
independent hypothesis.

In conclusion, our case suggests that an immune mecha-
nism other than anti-APQ4 antibodies may cause NMOsd
with BCS. If loss of APQ4 is a common pathologic feature
in the brains of patients with BCS, pathogenetic factors
other than anti-APQ4 antibodies may cause BCL formation
with a loss of APQ4. This case report may help to further
understanding of the associations and pathogeneses of these
disorders.
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Background: The current 2006 neuromyelitis optica (NMO) criteria is useful for diagnosing NMO, however
this criteria seemed to be insufficient at early stage of NMO. Hence, the development of diagnostic marker
besides anti-aquaporin 4 antibody at early stage of NMO may be required. Our main aim of this study is to
test the usefulness of measuring cerebrospinal fluid (CSF) interleukin (IL)-6 and glial fibrillary acidic protein
(GFAP) concentrations as early diagnostic markers during initial NMO attacks.

Methods: We investigated CSF IL-6 and GFAP concentrations in 13 NMO spectrum disorder (NMOSD) patients at
initial attacks, 24 idiopathic central nervous system inflammatory disease patients (9 optic neuritis, 9 myelitis
and 6 encephalitis) and 20 other non-inflammatory neurological disorders (ONNDs) patients, retrospectively.
Results: The mean CSF IL-6 and GFAP concentrations during the initial NMOSD attack were 91.4 pg/ml and
369.3 ng/ml, respectively, and were significantly higher than in ONNDs, idiopathic optic neuritis and myelitis
patients (P < 0.01). The sensitivity of high CSF IL-6 during initial NMO attack was 76.9% and that of high CSF
GFAP was 84.6%, respectively.
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Conclusion: Our data suggests that CSF [L-6 and GFAP may be useful early diagnostic markers of NMOSD.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Neuromyelitis optica (NMO) is a severe autoimmune-mediated
central nervous system (CNS) inflammatory disease that preferentially
affects the optic nerves and spinal cord [1]. Anti-aquaporin-4 (AQP4)
antibody is a disease-specific autoantibody found in NMO patient
sera, and is considered to target the astrocytic foot processes [2].
Although NMO patients require early diagnosis for preventing relapses
by intensive immunosuppressive treatments, the diagnostic capacity of
the 2006 NMO criteria [1] may be insufficient during early NMO stages
[3]. Measuring anti-AQP4 antibody titres aids in the early diagnosis of
NMO; however, 20%-30% of NMO patients are anti-AQP4 antibody-
negative [4]. Therefore, alternative early diagnostic markers are
required. Elevated cerebrospinal fluid (CSF) interleukin (IL)-6 and
glial fibrillary acidic protein (GFAP) concentrations have been reported
in NMO [5,6], which could be useful NMO biomarkers. However, these
increased concentrations were confirmed during relapses and not dur-
ing initial attacks. Therefore, we retrospectively investigated CSF 11-6
and GFAP concentrations during the initial attack in NMO patients to

* Corresponding author at: Department of Neurology, Graduate School of Medicine,
Chiba University, 1-8-1, Inohana, Chuo-ku, Chiba 260-8670, Japan. Tel.: 481 43 226
2129; fax: +81 43 226 2160.
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0009-8981/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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test the usefulness of these molecules as early NMO diagnostic
markers.

2. Methods
2.1. Patients

CSF samples were obtained from 13 NMO spectrum disorder
(NMOSD) patients (10 women and 3 men; mean age, 50.4 y), includ-
ing 2 patients with definite NMO who met the 2006 Wingerchuk's
criteria {1] and 11 patients with partial NMO defined as anti-AQP4
antibody-positive optic neuritis or myelitis [7], within 1 month of the
initial attack before treating the acute exacerbations with high-dose in-
travenous methylprednisolone or plasmapheresis, 9 idiopathic optic
neuritis patients (3 women and 6 men; 48.6 y), 9 idiopathic myelitis
patients (5 women and 4 men; 51.6 y) and 6 idiopathic encephalitis
patients (1 woman and 5 men; 34.7 y). All idiopathic optic neuritis,
myelitis and encephalitis patients showed monophasic disease course
and did not present anti-AQP4 positivity or clinical/laboratory findings
that suggest multiple sclerosis (MS) or NMO at final follow-up. CSF
samples from 20 patients (8 women and 12 men; 58.8 y) with other
non-inflammatory neurological disorders (ONNDs), including 5 with
amyotrophic lateral sclerosis, 5 with spinocerebellar degeneration, 4
with Parkinson's disease, 4 with multiple system atrophy and 2 with
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progressive supranuclear palsy, were used as controls. All patients in-
volved in this study visited Chiba University Hospital between 2003
and 2012. CSF samples were preserved at —80 °C until use.

The expanded disability status scale (EDSS) scores, lesion
localisations, length of spinal cord lesion on MRI, CSF variables and
positivity for serum anti-AQP4 antibody using an enzyme-linked im-
munosorbent assay (ELISA) (8] at the time of CSF sampling were
recorded. All subjects gave informed consent and ethics approval
was granted by the Ethics Committee of Chiba University School of
Medicine, Chiba, Japan.

2.2. CSF IL-6 and GFAP measurement

CSF IL-6 concentrations were measured at our clinical laboratory
by chemiluminescent enzyme immunoassay (CLEIA) using a two-
step sandwich method with an IL-6 measurement cartridge (Human
IL-6 CLEIA Fujirebio, Fujirebio, Tokyo) that was developed specifically
for the fully automated CLEIA system (Lumipulse f®, Fujirebio, Tokyo)
reported previously [9]. The chemiluminescence intensity was mea-
sured using a luminometer to determine IL-6 concentrations. These
procedures required approximately 30 min.

CSF GFAP concentrations were measured using a human GFAP
ELISA kit (BioVendor, Minneapolis, MN). The optical density was
measured at 450 nm, and measurements were repeated at 405 nm
if the microplate read did not record absorbances above the highest
standard. All procedures followed the manufacturer's instructions.

2.3. Statistics

The groups were compared using the Mann-Whitney U-test for
unpaired continuous measures. A P < 0.05 was considered statistical-
ly significant.

3. Results
3.1. Clinical profiles of patients

Ten NMOSD patients presented with myelitis, while 3 presented
with optic neuritis during the initial attack. None received immunosup-
pressive treatments, and 12 (92%) of 13 were anti-AQP4 antibody-
positive during initial attacks. The median EDSS was 5.0 (range,
1.5-8.5). The interval between the initial NMOSD attack and CSF sam-
pling was 14.5 + 9.8 days (mean + SD). The follow-up period after
the primary inflammatory attack was 49.5 4+ 35.9 months. Median
EDSS, median functional status (FS) score of visual function of EDSS,
median length of spinal cord lesion on MRI and mean CSF cell counts
of all patients at CSF sampling were summarised in Table 1.

Table 1

Clinical profiles of patients.
EDSS, FS score of Length of spinal CSF cell
median visual functions, cord lesion, median count

(range) median (range) vertebral segments  (/mm?),
(range) mean + SD
NMOSD  ° 50 (15-8.5) 5 (5-6) 45 (3-10) 15.0 + 15.0
i-ON - 5 (3-6) - 48 £ 75
i-myelitis 25 (2.0-7.0) - 1.0 (1-12) 72472
i-encephalitis - - - 167 4+ 11.7
ONNDs - - - 1.0 £ 11

EDSS, expanded disability status scale; FS, functional system; NMOSD, neuromyelitis
optica spectrum disorder; i-ON, idiopathic optic neuritis; i-myelitis, idiopathic myelitis;
i-encephalitis, idiopathic encephalitis; ONNDs, other non-inflammatory neurological
disorders.

3.2. CSF IL-6 and GFAP concentrations in patients

CSF IL-6 concentrations were 91.4 4+ 143.0 (mean -+ SD) pg/ml
and CSF GFAP concentrations were 369.3 £ 523.7 ng/ml in NMOSD
patients during the initial attack. These CSF IL-6 concentrations in
NMOSD patients were significantly higher than those in ONNDs pa-
tients (P < 0.001), idiopathic optic neuritis patients (P = 0.003) or my-
elitis patients (P = 0.007) and CSF GFAP concentrations in NMOSD
patients were higher than those in ONNDs patients (P < 0.001), idio-
pathic optic neuritis patients (P < 0.001), idiopathic myelitis patients
(P<0.001) or idiopathic encephalitis patients (P < 0.001). The CSF
IL-6 and GFAP concentrations did not differ between optic neuritis
and myelitis in NMOSD patients. The cut-off concentrations of CSF
IL-6 and GFAP were 4.93 pg/ml and 2.67 ng/ml, respectively, which
were defined as mean -+ 3SD of the concentrations in ONNDs patients
(Fig. 1). The sensitivity of CSF IL-6 positivity for diagnosing NMO was
76.9%, while that for CSF-GFAP was 84.6%. One (11.1%) of the 9
idiopathic optic neuritis patients (mean CSF IL-6 concentration was
2.7 pg/ml), 3 (33.3%) of the 9 idiopathic myelitis patients (mean CSF
1L-6 concentration was 3.8 pg/ml) and 3 (50.0%) of the 6 idiopathic en-
cephalitis patients (mean CSF IL-6 concentration was 16.7 pg/ml)
showed high CSF IL-6 concentrations above the cut-off concentration,
while 1 (11.1%) of the 9 idiopathic optic neuritis patients (mean CSF
GFAP concentration was 3.2 ng/ml), 1 (11.1%) of the 9 idiopathic mye-
litis patients (mean CSF GFAP concentration was 0.9 ng/ml) and 1
(16.7%) of the 6 idiopathic encephalitis patients (mean CSF GFAP con-
centration was 0.9 ng/ml) showed high CSF GFAP concentrations
above the cut-off concentration (Fig. 1).

4. Discussion

Evidence of the efficacy of oral prednisolone and azathioprine ther-
apy in preventing NMO relapses has been reported [10]. Therefore,
early diagnosis is essential for preventing NMO relapses using immu-
nosuppressive treatments, but the early diagnostic capacity of the
2006 NMO criteria [1] is relatively weak (the median interval from
disease onset to fulfilment of the criteria was 28 months) [3]. Although,
measurement of anti-AQP4 antibody titres is crucially important in
differentiating NMO, MS and other inflammatory diseases, anti-AQP4
antibody is often negative in NMO patients and the autoantibody de-
tection usually requires several days. Markedly increased CSF IL-6 [5]
and GFAP concentrations [5,6] have been established during NMO re-
lapses, and 77.4% and 83.9% of NMO patients showed high CSF IL-6
and GFAP, respectively [5]; however, no similar analyses during initial
NMO attacks have been performed. CSF IL-6 plays important roles in
CNS inflammation and could be a useful NMO activity biomarker
[5,11], while increased CSF GFAP concentrations indicate astrocytic
damage as a primary pathological process. The current study demon-
strates that CSF IL-6 and GFAP concentrations in NMOSD patients
were significantly increased during initial attacks. The high sensitivities
(75-85%) of these molecules for NMO diagnosis were comparable to
those of serum anti-AQP4 antibody in NMO patients [3]. Therefore,
CSF IL-6 and GFAP may be useful early diagnostic markers and measur-
ing CSF IL-6 could be valuable because of its easy availability and rapid
measurement.

One of the 13 NMOSD patients was anti-AQP4 antibody-negative
and was initially diagnosed with viral myelitis. However, 4 months
later, the patient was diagnosed with a NMOSD after having a myelitis
relapse and a high serum anti-AQP4 antibody titre. Analysis of CSF
samples obtained during the initial attack revealed increased CSF
IL-6 and GFAP concentrations. The possibility of NMO would have
been considered if we had known the increased CSF IL-6 and GFAP
concentrations at the initial myelitis episode.

We showed the clear differences in CSF IL-6 and GFAP concentra-
tions between NMOSD patients during their first event and ONNDs pa-
tients. CSF IL-6 concentration is also increased in other CNS
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Fig. 1. CSF IL-6 and GFAP levels. CSF interleukin (IL)-6 levels were significantly higher in neuromyelitis optica spectrum disorder (NMOSD) during the initial attacks compared with
other non-inflammatory neurological disorders (ONNDs) (P < 0.001), idiopathic optic neuritis (i-ON) (P = 0.003) or idiopathic myelitis (i-myelitis) (P = 0.007). CSF glial fibrillary
acidic protein (GFAP) levels in NMOSD during the initial attacks were also significantly higher compared with ONNDs (P < 0.001), i-ON (P < 0.001), i-myelitis (P < 0.001) or idio-
pathic encephalitis (i-encephalitis) (P < 0.001). Diamonds indicate myelitis patients, while circles indicate optic neuritis patients. White diamonds and circles indicate
anti-aquaporin-4 (AQP4) antibody-positive patients. Black diamonds, squares and circles indicate anti-AQP4 antibody-negative patients. The dashed lines are the cut-off levels

for CSF IL-6 and GFAP.

inflammatory diseases, such as CNS lupus, neuro-Behget's disease, men-
ingitis, acute disseminated encephalomyelitis and herpetic encephalitis,
while CSF-GFAP concentration is also increased in spinal infarction and
acute disseminated encephalomyelitis. In this study, some of the idio-
pathic optic neuritis, myelitis and encephalitis patients showed high
CSF IL-6 and GFAP concentrations. However, mean concentrations and
the sensitivities of CSF [L-6 and GFAP in these patients were obviously
low compared with those in NMOSD patients. Although anti-AQP4 anti-
body is an established validated biomarker and measuring anti-AQP4
antibody is needed for the accurate diagnosis of NMO, practical applica-
tion for CSF IL-6 and GFAP measurements are also helpful for early diag-
nosis of NMO.

5. Conclusions

CSF IL-6 and GFAP were increased during initial NMO attack with
high sensitivities. Measuring these molecules may be valuable for
early diagnosis in NMO patients. We propose that CSF IL-6 and GFAP
concentrations, besides serum anti-AQP4 antibody titres should be
actively measured in patients with CNS inflammation of undetermined
aetiology.
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