RESEARCH ARTICLE OPEN ACCESS

Difference in the Source of Anti-AQP4-IgG and
Anti-MOG-IgG Antibodies in CSF in Patients
With Neuromyelitis Optica Spectrum Disorder

Tetsuya Akaishi, MD, PhD, Toshiyuki Takahashi, MD, PhD, Tatsuro Misu, MD, PhD, Kimihiko Kaneko, MD, PhD,
Yoshiki Takai, MD, PhD, Shuhei Nishiyama, MD, PhD, Ryo Ogawa, MD, PhD, Juichi Fujimori, MD, PhD,
Tadashi Ishii, MD, PhD, Masashi Aoki, MD, PhD, Kazuo Fujihara, MD, PhD, and Ichiro Nakashima, MD, PhD

Neurology® 2021;97:el-e12. doi:10.1212/WNL.0000000000012175

Abstract

Objective

To elucidate the differences in the source and in the level of intrathecal synthesis between
anti-aquaporin-4 antibodies (AQP4-IgG) and anti-myelin oligodendrocyte glycoprotein an-
tibodies (MOG-IgG).

Methods

Thirty-eight patients with MOG-IgG-associated disease and 36 with AQP4-IgG-positive
neuromyelitis optica spectrum disorders (NMOSD) were studied for the antibody titers in the
sera and CSF simultaneously collected in the acute attacks. The quotients between CSF and
serum levels of albumin, total immunoglobulin G, and each disease-specific antibody were
calculated. Intrathecal production level in each disease-specific antibody was evaluated by
calculating the antibody index from these quotients.

Results

Eleven of the 38 patients with MOG-IgG were positive for the antibody only in the CSF, while
no patient with AQP4-IgG showed CSF-restricted AQP4-IgG. Blood-brain barrier compromise
as shown by raised albumin quotients was seen in 75.0% of MOG-IgG-positive cases and 43.8%
of AQP4-IgG—positive cases. Moreover, MOG-IgG quotients were >10 times higher than
AQP4-IgG quotients (effect size r = 0.659, p < 0.0001). Elevated antibody index (>4.0) was
confirmed in 12 of 21 with MOG-IgG, whereas it was seen only in 1 of 16 with AQP4-IgG (¢ =
0.528, p < 0.0001). The CSF MOG-IgG titers (p = 0.519, p = 0.001) and antibody indexes for
MOG-IgG (p = 0472, p = 0.036) correlated with the CSF cell counts but not with clinical
disability.

Conclusions

Intrathecal production of MOG-IgG may occur more frequently than that of AQP4-IgG. This
finding implies the different properties of B-cell trafficking and antibody production between
MOG-IgG-associated disease and AQP4-IgG—positive NMOSD.
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Glossary

Al = antibody index; AQP4-IgG = anti—aquaporin-4 immunoglobulin G; CI = confidence interval; IgG = immunoglobulin G;

IgG-spec = specific antibody; IQR =

interquartile range; MOG-IgG = anti-myelin oligodendrocyte glycoprotein

immunoglobulin G; MOGAD = MOGAD; MS = multiple sclerosis; NMOSD = neuromyelitis optica spectrum disorder;
OCB = oligoclonal band; ON = optic neuritis; OR = odds ratio.

Neuromyelitis optica spectrum disorder (NMOSD) is a de-
myelinating neurologic condition in the CNS."? In contrast to
multiple sclerosis (MS), which usually lacks disease-specific
antibodies, NMOSD is characterized by the presence of
specific antibodies such as anti-aquaporin-4 immunoglobulin
G (AQP4-IgG) and anti-myelin oligodendrocyte glycopro-
tein immunoglobulin G (MOG-IgG).>® Both patients with
MOG-IgG-associated disease and those with AQP4-
IgG—positive NMOSD typically present with recurrent neu-
rologic episodes represented by optic neuritis (ON) and acute
myelitis.*® Although these 2 conditions are likely to present
similar clinical manifestations in the acute phase of attacks, the
resulting neurologic sequelae are generally thought to be
worse in AQP4-IgG—positive NMOSD,” " suggesting that
these 2 disorders should be considered as independent disease
entities with different approaches for relapse prevention.''"?
On the basis of the suggested differences in the clinical
spectrum and eventual neurologic prognoses between pa-
tients with MOG-IgG and those with AQP4-IgG, neurologic
conditions related to MOG-IgG have been considered sepa-
rately from other conditions of NMOSD and regarded as an
independent disease entity called the MOG-IgG-associated
disease (MOGAD).'*"” Thereafter, the clinical need and
rationale to discriminate between these 2 conditions have
been vigorously discussed.'®'® Controversial topics include
differences in properties of B-cell trafficking and antibody
production site between these diseases. In this study, to
evaluate the prevalence and clinical impact of intrathecal
production of these disease-specific antibodies, we measured
the titers of these antibodies in time-matched paired serum
and CSF samples obtained in the acute phase of attacks.

Methods

Patients and Disease Groups Based on

Specific Antibody

We initially recruited patients in our facility with acute neu-
rologic episodes in whom time-matched paired serum and
CSF MOG-IgG and AQP4-IgG titers were simultaneously
evaluated during the acute phase of the neurologic episodes.
The enrollment period for the patients treated in our facility
(Tohoku University) was between 2006 and 2020. To in-
crease the sample size, data of the patients treated in other
facilities in Japan between 2019 and 2020 were additionally
collected. Based on the results of the MOG-IgG and AQP4-
IgG titrations for their serum and CSF samples, patients were
divided into the following 4 disease groups: MOGAD, AQP4-
IgG—positive NMOSD, MS without these antibodies, and
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other conditions (e.g, acute disseminated encephalomyelitis,
neuro-Behget disease, neuro-Sweet disease, cerebral infarction,
idiopathic ON, and tumors). Patients with MOG-IgG in either
serum or CSF were categorized as having MOGAD, and those
with AQP4-IgG in either serum or CSF were categorized as
having AQP4-IgG-positive NMOSD. Patients in the first 3
disease groups were enrolled in this study. Patients for whom
time-matched paired serum and CSF samples were unavailable
were not recruited in this study.

Variables From Time-Matched Paired Serum
and CSF Samples

In each of the 3 enrolled disease groups, CSF cell count
(mononuclear/polymorphonuclear), CSF protein level,
presence of CSF-restricted oligoclonal bands (OCBs), and
further CSF derivatives from time-matched paired serum and
CSF samples were collected as follows: albumin quotient
(Qaw; CSF/serum albumin ratio) and IgG quotient (Quqc-
totaly CSF/serum total IgG ratio), IgG index (i.e., a calculated
value to estimate intrathecal total IgG synthesis), and anti-
body index (AI) for each specific antibody.

Titration of each specific antibody (IgG-spec: MOG-IgG or
AQP4-IgG) was performed with a live cell-based assay as de-
scribed in our previous reports.’®*" Screening of the serum
samples to estimate seropositivity was performed at dilutions of
1:16 for AQP4-IgG and 1:128 for MOG-IgG; then, the antibody
titers were calculated semiquantitatively using consecutive 2-fold
endpoint dilutions. Screening for CSF samples was performed
without diluting the samples, and positive samples were further
studied for antibody titers using the aforementioned semi-
quantitative serial dilution method. If MOG-IgG was positive
only in the CSF, we additionally tested the serum of the patients
at a dilution of 1:16 to exclude the presence of serum MOG-IgG
with low titers between 1:16 and 1:64.

Using the time-matched paired serum and CSF samples in the
acute phase, the following derivatives were comprehensively
calculated from the equations described: Qan, QreG-total
QugG-specs 18G index, Qi (IgG), AL and corrected AL

Albumin level in CSF [mg/dl]

Qs = Albumin level in serum [mg/dl]
IgG level in CSF [mg/dl]
ngGftotul = -
IgG level in serum [mg/dl]
Disease specific IgG titer in CSF [X]
QIgG—spec =

Disease specific IgG titer in serum [X]
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Table 1 Demographics and Laboratory Data for Different Disease Groups

MS MOG-IgG (+) AQP4-1gG (+) Effect Size  p Value
No. 83 38 36 — —
Women, n (%) 63 (75.9) 23 (60.5) 33(91.7) 0.363 (¢) 0.0024
Age at CSF study, y? 30 (25-39) 23 (8-44) 52 (46-63) 0.552 (r) <0.0001
Optic neuritis at CSF study, n (%) 13/68 (19.1) 15/38 (39.5) 10/33(30.3) 0.096 (¢) 0.420
Acute myelitis at CSF study, n (%) 43/68 (63.2) 9/38 (23.7) 22/33 (66.7) 0.432 (p) 0.0003
Brain lesions at CSF study, n (%) 43/68 (63.2) 17/38 (44.7) 5/33(15.2) 0.319 (p) 0.0099
Times of previous neurologic episodes before CSF studyb 0 (0-0) 0 (0-0) 0(0-1) 0.083 (r) 0.475
CSF study results
CSF cell count, n/pL? 3(1-7) 15 (4-39) 8 (3-40) 0.029 (r) 0.810
Mononuclear cells, n/pL? 3(1-7) 14 (4-36) 7 (3-32) 0.049 (r) 0.683
PMNs, n/pL® 0(0-0) 0(0-2) 1(0-2) 0.092 () 0.447
CSF protein, mg/dL? 29 (23-37) 43 (29-53) 48 (33-68) 0.179 (r) 0.138
Qapy X10732 4.5(3.5-5.7) 5.8 (4.1-7.9) 6.2 (3.9-9.7) 0.016 () 0.924
Qun higher than age-specific reference range, n (%) 13/68 (19.1) 15/20 (75.0) 7/16 (43.8) 0.319 (¢) 0.087
Qg6 — totats X103 3.2(2.3-4.3) 3.9 (2.4-4.6) 4.3(2.0-6.9) 0.030 (1) 0.854
1gG index?® 0.70 (0.57-0.89)  0.58 (0.51-0.63) 0.60 (0.50-0.71) 0.030 () 0.854
CSF-OCB, n (%) 59/80 (73.8) 12/27 (44.4) 3/13 (23.1) 0.207 (¢) 0.298
Serum IgG-spec titer, 1:X? — 128 (0-1,024) 8,192 (1,024-32,768) 0.581(r) <0.0001
CSF 1gG-spec titer, 1:X° — 8 (4-16) 16 (4-32) 0.124(r) 0.286
Qe spec” — 0.063 (0.010->1)  0.0020 (0.0010-0.0039)  0.663 (r) <0.0001
Intrathecal MOG-IgG and AQP4-IgG syntheses
Al — 4.6(2.7-73.2) 0.65 (0.15-1.03) 0.659 (r) <0.0001
Corrected Al — 4.6 (3.2-56.3) 0.65 (0.21-1.03) 0.659 (r) <0.0001
Al 21.5, n (%) — 18/21 (85.7) 2/16 (12.5) 0.728 (¢) <0.0001
Corrected Al 1.5, n (%) — 18/21 (85.7) 2/16 (12.5) 0.728 (¢) <0.0001
Al >4, n (%) — 12/21 (57.1) 1/16 (6.3) 0.528 (¢) 0.0016
Corrected Al >4, n (%) — 12/21 (57.1) 1/16 (6.3) 0.528 (¢) 0.0016

Abbreviations: Al = antibody index; AQP4-IgG = anti-aquaporin-4 antibodies; I1gG = immunoglobulin G; IgG-spec = each specific antibody (i.e., MOG-IgG or
AQP4-1gG); MOG-IgG = anti-myelin oligodendrocyte glycoprotein antibody; MS = multiple sclerosis; OCB = oligoclonal bands; PMN = polymorphonuclear
leukocyte; Qu, = CSF/serum albumin quotient; Qe-g.. = CSF/serum quotient of the titers for each specific antibody; Que-totat = CSF/serum IgG quotient.

The shown effect sizes and p values are for the comparisons between MOG-IgG-positive and AQP4-IgG-positive cases. Data from patients with MS were listed
only for reference and were not included in the statistical comparisons. Effect sizes were described with ¢ for the Fisher exact test or r (=z/+/N) for the Mann-
Whitney U test.

2Median and interquartile range (25th-75th percentile), followed by Mann-Whitney U test.

® Other comparisons of the prevalence are performed by the Fisher exact test.

1gG index = % The values of Qay, above this upper reference limit indicate

b blood-CSF barrier compromise.
The upper reference limit of Qay, is age dependent, which is

usually calculated with the following equation™”: A 2-dimensional scatterplot with Qu, and Qg is called a
Reibergram, which is useful for visually estimating the pres-

ence of intrathecal IgG synthesis and barrier dysfunction in
the CNS.>® The range between the upper (Qj;,) and lower
hyperbolic discrimination line on the Reibergram includes

4+ (age/lS)

Qan (upper limit) = 103
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99% (£3 SDs) of previously investigated patients with mis-
cellaneous conditions without intrathecal IgG synthesis.****
The upper line (Qy;») is defined by the following equation for
each value of Qyp:

Qin(IgG) = 0.934/Q2, +6x106-1.7x107

A value above this line on the Reibergram indicates the
presence of intrathecal IgG synthesis.”>*® This is useful for
estimating the intrathecal synthesis for the total IgG level.
After estimation of the intrathecal synthesis for each specific
antibody, the value of the AI calculated by the following
equation can be referenced:

QIgG—spec
Q.lgG—tatal

Al =

The normal range of the Al is 0.6 to 1.3. Values of the AT > 1.5
indicate intrathecal disease-specific IgG (ie, MOG-IgG,
AQP4-1gG) synthesis.”” As the above equation shows, the
value of the Al is made up of 4 independent parameters (i.e.,
IgG-spec level in the CSF, serum IgG-spec level, total IgG
level in the CSF, and total serum IgG level); thus, the value of
the Al is relative and can increase after immunosuppressive
treatments.”” The sensitivity of intrathecally synthesized
specific antibodies can be increased by applying the concept of
the corrected Al, which discriminates 2 cases as follows:

QIgG—spec
QIgG—totul

Corrected Al = (for QrgG—total < sz)

Corrected Al = % (for QugGtotal > th)
In this study, corrected Al was used as the Al values for MOG-
IgG and AQP4-IgG. If antibody titers instead of antibody
concentration are used to calculate Al as in the present study,
the cutoff Al value of 4 is recommended for judging the
presence of intrathecal antibody synthesis.”>*® Thus, the
prevalence of patients with each specific antibody with AT >4
was also evaluated.

Statistical Analysis

Distributions of quantitative variables were described as median
(interquartile range [IQR]; ie., 25-75 percentiles). Categorical
variables were described as number and the prevalence (percent)
in each disease group. Comparisons of quantitative variables
between the 2 disease groups (ie, MOG-IgG-positive and
AQP4-IgG-positive groups) were performed with the Student ¢
test for variables with normal distributions and Mann-Whitney U
test for variables with nonnormal distributions. Comparisons of
categorical variables between 2 groups were performed with the
Fisher exact test. Correlations between 2 quantitative variables
were evaluated with Spearman’s rank correlation coefficient (p).
Correlations between binary variables and continuous variables
were evaluated using point-biserial correlation coefficients (r,5;).
Test of no correlation was performed on the correlation

Neurology | Volume 97, Number 1 | July 6, 2021

coefficients (p, r,) to judge the significance of correlations. For
each statistical comparison, effect size with either of the following
values was reported: ¢, calculated as y/y?/N) or r (calculated as
Z/+/N). To calculate the odds ratio (OR) with its 95% confi-
dence interval (CI) for the prevalence of intrathecal synthesis
among MOG-IgG—positive cases, patients with AQP4-IgG were
used as the reference group.

Statistical testing in this study was done at a 2-tailed a level of
0.0S, and significance threshold correction based on the
Bonferroni method was adopted as appropriate to adjust the
statistical significance in multiple statistical comparisons. For
the main outcomes (i.e,, quotient of each specific antibody
and Al for each specific antibody), a 2-tailed a level of 0.05 was
used as the threshold of statistical significance, whereas a
2-tailed a level of 0.005 was adopted in other comparisons.
Statistical analyses were performed with IBM SPSS Statistics
22.0 (IBM Corp, Armonk, NY).

Standard Protocol Approvals, Registrations,
and Patient Consents

This study was approved by the Institutional Review Board of
Tohoku University Graduate School of Medicine. Written
informed consent was obtained from all enrolled patients.

Data Availability
All relevant data underlying the findings described in this
study have been deposited in Dryad (doi.org/10.5061/dryad.

wm37pvmmn).

Results

Patients

A total of 241 patients with acute neurologic episodes based
on objective evidence of CNS lesions for whom time-matched
paired serum and CSF samples were available were initially
recruited in this study. Patients whose serum and CSF sam-
ples were obtained at different times with a time interval of 1
day or more (37 patients with MOG-IgG, 44 patients with
AQP4-1gG, and 31 patients with MS) were not included.

According to the results of the titration tests for MOG-IgG
and AQP4-IgG with the time-matched paired samples, the
initially recruited 241 patients were further divided into the
following 4 disease groups: 38 patients with MOGAD, 36
patients with AQP4-IgG—positive NMOSD, 83 patients with
MS, and 84 patients with other conditions. Patients in the first
3 disease groups were enrolled in this study. Eleven of the 38
MOG-IgG-positive patients (28.9%) were seronegative with
only CSF-restricted MOG-IgG. In these 11 patients with
CSF-restricted MOG-IgG, 4 were with isolated ON, 2 were
with acute myelitis, 3 were with cerebral lesions, and the
remaining 2 were with mixed distributions (i.e., ON, myelitis,
and cerebral lesions). The remaining 27 patients were MOG-
IgG seropositive with (n = 24) or without (n = 3) MOG-IgG
in the CSE. All the 36 AQP4-IgG—positive patients were

Neurology.org/N
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Figure 1 Simultaneous Titers of Specific Antibodies (MOG-IgG, AQP4-IgG) in the Serum and CSF
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Anti-myelin oligodendrocyte glycoprotein antibody (MOG-IgG) showed higher quotients (i.e., ratio of CSF/serum levels) than anti-aquaporin-4 antibodies
(AQP4-1gG) regardless of the serum titer levels. This shows that a larger proportion of specific antibody in the CSF originates intrathecally in MOG-IgG

compared to AQP4-IgG.

seropositive with (n = 32) or without (n = 4) AQP4-IgG in
the CSF.

The paired serum and CSF samples in the acute phase of
attacks before starting acute treatments were available for all
patients with MOG-IgG, but 4 of the 38 patients (2 with CSF-
restricted MOG-IgG, 2 with serum MOG-IgG) had already
undergone relapse prevention treatment (low-dose oral
prednisolone) before sample collection. Furthermore, the
paired samples in the acute phase of attacks were available for
all patients with AQP4-IgG, but 1 of the 36 patients was
enrolled just after the initiation of high-dose IV steroid ther-
apy as acute treatment. Four of the 36 patients with AQP4-
IgG had already undergone relapse prevention treatment (3
with low-dose oral prednisolone and 1 with oral prednisolone
and methotrexate) before sample collection. Twenty-eight of
the 38 MOG-IgG-positive patients were analyzed at onset,
whereas the remaining 10 were analyzed during relapses.
Twenty-five of the 36 AQP4-IgG-positive patients were an-
alyzed at onset, whereas the other 11 were analyzed during
relapses.

Neurology.org/N

Demographics and Laboratory Data

The demographics and measured laboratory data in each
disease group are listed in the upper third of table 1. Female
rate was 74.7% in the MS group, 60.5% in the MOGAD
group, and 91.7% in the AQP4-IgG-positive NMOSD group.
The age distribution was significantly higher in AQP4-
IgG-positive NMOSD group than in the other 2 disease
groups. Among 21 of the 38 MOG-IgG-positive patients
(55.3%) and 16 of the 36 AQP4-IgG-positive patients
(44.4%), QeG-total Values were obtained at the same time as
the titration for each specific antibody, enabling the calcula-
tion of AL Furthermore, the Q4j, was obtained for 20 of the 38
MOG-IgG-positive patients and 16 of the 36 AQP4-
IgG-positive patients. The IgG index was obtained for 23
of the 38 MOG-IgG-positive patients and 28 of the 36 AQP4-
IgG-positive patients. The level of CSF cell counts was
slightly higher in cases with MOG-IgG or AQP4-IgG than in
patients with MS. Pleocytosis with CSF white blood cell count
>5/uL was observed in 22 of 35 (62.9%) patients with MOG-
IgG and in 21 of 35 (60.0%) patients with AQP4-IgG. The
protein level in the CSF was also higher in cases with MOG-
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Figure 2 Scatterplots for Each Patient on the Reibergram According to Disease Type
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(A) Scatterplots with albumin quotient (Q;) and immunoglobulin G quotient (Que-«t) ON the Reibergram. Plots in patients with anti-myelin oligodendrocyte
glycoprotein antibody (MOG-IgG) or anti-aquaporin-4 antibodies (AQP4-IgG) distribute below and along the upper line of the distribution of patients without
intrathecal IgG synthesis on the Reibergram (Qy,;,) line, whereas many of them were with raised Q. (B) Scatterplots with Qu; and quotient for each specific
antibody (i.e., Quoc-1e6: Quars-1gc) (Qig6-gec) ON the Reibergram. Plots in patients with MOG-IgG distribute above the Q;, line and not along the line. MS = multiple

sclerosis.

IgG (Cohen d = 0.776, Student ¢ test, p = 0.0004) or AQP4-
IgG (Cohend = 1.121, p < 0.0001) than in cases with MS. The
blood- and CSF-derived quotients are listed in the middle of
table 1. Both Qajp and QeG-tora1 Were lowest in patients with
MS, while the derived IgG index was highest in these patients.
The distribution of Qg-gpec in cases with MOG-IgG
(QuoG-16) was significantly higher than that in cases with
AQP4-IgG (Qaqps-1gc)- To visually confirm this difference, a
scatterplot with simultaneous serum and CSF titers for each
specific IgG (i.e, MOG-IgG and AQP4-IgG) is shown in
figure 1. Eleven of the 38 patients with MOG-IgG showed
positive results for the antibody in the CSF alone and negative
results for that in the serum. None of the patients with serum
AQP4-IgG showed positive results for the antibody in the
CSF alone. The prevalence of OCB was not different between
patients with CSF-restricted MOG-IgG and other MOG-IgG
seropositive patients (4 of 9 [44.4%] vs 8 of 18 [44.4%], ¢ =
0.000, Fisher exact test, p = 1.000). The number of cases with
respective clinical phenotypes of MOGAD in OCB-positive
and -negative groups was as follows: 4 with ON, 2 with acute
myelitis, and 6 with brain involvement in 12 OCB-positive
cases, and 7 with ON, 3 with acute myelitis, and S with brain
involvement in 15 OCB-negative cases.

Intrathecal IgG Synthesis and Barrier
Dysfunction by Disease Group

Next, Qan and Qyy6-1oral for each patient were plotted on the
Reibergram for all the disease groups, as shown in figure 2A.
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Most patients with MOG-IgG or AQP4-IgG were distrib-
uted below the hyperbolic curve of Qi (IgG), which was
different from the distribution of the patients with MS. A
raised Qup value above the age-specific reference range
(i.e., suggestive of blood-CSF barrier compromise) was
confirmed in 15 of 20 MOG-IgG-positive patients, whereas
raised Q4 was confirmed in 7 of the 16 AQP4-IgG—positive
patients (75.0% vs 43.8%, ¢ = 0.319, Fisher exact test, p =
0.0874). The prevalence of raised Qu in patients with
MOG-IgG was significantly higher than the 19.1% preva-
lence in patients with MS (¢ = 0.503, p < 0.0001), whereas
the difference between AQP4-IgG-positive patients and
patients with MS narrowly failed to reach statistical signif-
icance (¢ = 0.227, p = 0.0517). If we use the cutoff value
of 0.60 as the upper reference limit of IgG index, 9 of the
23 MOG-IgG-positive patients and 15 of 28 AQP4-
IgG-positive patients showed elevated IgG index (39.1%
vs 53.6%, ¢ = 0.144, p = 0.4004). The prevalence of in-
creased IgG index in patients with MOG-IgG was signifi-
cantly lower than that in 54 of 78 (69.2%) patients with MS
(¢ =0.261, p = 0.0136) but not in those with AQP4-IgG (¢
= 0.145, x” test, p = 0.1359).

Meanwhile, as shown in the previous section, QoG- for
MOG-IgG and AQP4-IgG showed a completely different
distribution. On this basis, scatterplots with Qazp, and Qye-pec
by disease group (ie, MOG-IgG associated, AQP4-IgG posi-
tive) were also plotted on the Reibergram, as shown in figure 2B.

Neurology.org/N
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Figure 3 Distributions of IgG Index, Q,gg-spec; and Al by Disease Type
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Intrathecal Synthesis of MOG-IgG and AQP4-1gG
With the achieved values of Que-tota1 and QggG—gpec, the Al was
calculated for each of the MOG-IgG-positive and AQP4-
IgG—positive groups. Although the distribution of Q4 and
QigG-total in the patients with MOG-IgG did not surpass the
Qyin line (suggesting the absence of intrathecal IgG synthesis),
the quotient of the specific MOG-IgG showed totally different
results. Grouped scatterplots for the IgG index, QpgG-pec, and
Al in each disease group are shown in figure 3. Both the Al
values (effect size r = 0.659, Mann-Whitney U test, p <
0.0001) and the rate of cases with an Al >1.5 (¢ = 0.728,
Fisher exact test, p < 0.0001) were significantly higher in the
MOG-IgG-positive patients than in the AQP4-IgG—positive
patients. The calculated unadjusted OR on taking an Al value
>1.5 among MOG-IgG—positive patients compared to AQP4-
IgG-positive patients as reference was 42.00 (95% CI
6.15-286.68). The Al value was still significant even after we
excluded the S cases with CSF-restricted MOG-IgG (effect
size r = 0.603, p = 0.0006). When an Al value >4 was adopted
for judging the presence of intrathecal synthesis, the preva-
lence of cases with Al > 4 was still significantly higher in
MOG-IgG-positive patients (57.1% vs 6.3%, ¢ = 0.528, p =
0.0016) with the calculated OR of 20.00 (95% CI
2.21-180.69).

Association Between Al for MOG-IgG and
Clinical Manifestation

To identify the background factor leading to the production
of an elevated Al in patients with MOG-IgG, we checked the
relationship between the corrected Al values (ie., level of
intrathecal synthesis for each specific antibody) and other
variables (e.g., clinical manifestation and laboratory data).
The Spearman correlation coefficient (p) for each pair of the
variables in each disease group is listed in table 2. The CSF
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level of MOG-IgG significantly correlated with the CSF cell
count (p = 0.519, p = 0.0014). Meanwhile, the correlation
between CSF level of AQP4-IgG and the CSF cell count was
weaker (p = 0.311, p = 0.0691). The clinical manifestation of
encephalitis was not associated with an elevated AI for MOG-
IgG (ryp = 0.047, p = 0.7813). In detail, the median (IQR) of
the AI for MOG-IgG among those with encephalitis was 4.6
(IQR 2.7-2100; n = 9) and that among those without en-
cephalitis was 4.3 (IQR 3.2-39.2; n = 12), suggesting the same
level of intrathecal MOG-IgG synthesis regardless of the
clinical manifestation of encephalitis. The median of the AI for
MOG-IgG among those with ON was 73.2 (IQR 4.3->100; n
= 7), which was slightly higher than the 3.9 (IQR 2.7-25.0; n
= 14) among those without ON but did not reach statistical
significance (effect size r = 0.361, Mann-Whitney U test, p =
0.0985).

After Exclusion of Cases With Relapse
Prevention and With CSF-Restricted MOG-IgG
Last, because the evaluated cohort included some patients
with relapse prevention treatment at the CSF study, com-
parison of Al values between MOG-IgG-positive and AQP4-
IgG-positive cases was additionally performed after the
exclusion of those treated with relapse prevention or with
acute treatments at the lumbar punctures. Furthermore, to
exclude the bias from the heterogeneity of the cohort with
MOG-IgG seropositive cases and others with CSF-restricted
MOG-IgG, we further excluded the MOG-IgG seronegative
cases with CSF-restricted MOG-IgG. Consequently, Al values
from 15 MOGE-IgG seropositive cases and 12 AQP4-IgG se-
ropositive cases were eligible for further analyses. Scatterplots
of QueG-total and QyeG-pec among these serologically homoge-
neous cohorts are shown in figure 4. The serum titers of each
disease-specific antibody were 1:128 or higher in all patients
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Table 2 Correlation Coefficients Between the Al and Other Variables

MOG-IgG

AQP4-IgG

CSF MOG-IgG Titer (n =38) Corrected MOG-Al (n =21)

CSF AQP4-1gG Titer (n =36) Corrected AQP4-Al (n =16)

Men? 0.079 (p = 0.64)

-0.045 (p = 0.85)

-0.061 (p =0.73) -0.123 (p = 0.65)

Age at CSF study® -0.081 (p = 0.63)

-0.060 (p = 0.80)

0.109 (p = 0.53) -0.041 (p = 0.88)

Disease duration at CSF study® -0.202 (p = 0.22)

0.249 (p = 0.28)

-0.373 (p = 0.033) 0413 (p=0.13)

No. of attacks before CSF study® 0.018 (p = 0.92)

0.341 (p = 0.13)

-0.289 (p = 0.088) 0.424 (p = 0.10)

Moderate to severe cases®* -0.209 (p = 0.27)

0.008 (p = 0.98)

0.251 (p = 0.23) -0.320 (p = 0.27)

Type of clinical manifestation at CSF study?®

Brain involvement 0.047 (p = 0.78)

0.222 (p = 0.33)

-0.147 (p = 0.414) -0.151 (p = 0.61)-

ON 0.008 (p = 0.96)

0351 (p=0.12)

0.169 (p = 0.35) 0.525 (p = 0.054)

Acute myelitis -0.040 (p = 0.81)

-0.029 (p = 0.90)

0.179 (p = 0.32) 0.190 (p = 0.51)

Laboratory data®

White blood cell count 0.216 (p = 0.30)

0.194 (p = 0.46)

0.430 (p = 0.041) -0.051 (p = 0.86)

CSF cell count (total) 0.519 (p = 0.001)

0.472 (p = 0.036)

0.311 (p = 0.069) -0.499 (p = 0.049)

Mononuclear cells 0.489 (p = 0.003)

0.474 (p = 0.035)

0.316 (p = 0.069) -0.502 (p = 0.047)

PMNs 0.490 (p = 0.003)

0.341 (p = 0.14)

0.282 (p=0.11) -0.271 (p = 0.31)

Serum total protein level -0.001 (p = 1.00)

0.157 (p = 0.56)

-0.193 (p = 0.44) 0.603 (p = 0.050)

CSF protein level 0.183 (p = 0.30)

-0.114 (p = 0.63)

0.401 (p = 0.017) ~0.429 (p = 0.097)

Abbreviations: Al = antibody index; AQP4-IgG = anti-aquaporin-4 antibodies; MOG-IgG = anti-myelin oligodendrocyte glycoprotein antibody; ON = optic

neuritis; PMN = polymorphonuclear leukocyte.

The shown p values aside from each correlation coefficient are the results of the test of no correlation. Values of p < 0.005 were regarded to be statistically
significant by adopting the Bonferroni correction for multiple statistical comparisons.

2 The shown correlation coefficients are point-biserial correlation coefficients (r,).

® The shown correlation coefficients are the Spearman rank correlation coefficients (p).

¢ Moderate to severe clinical severity was judged by the Expanded Disability Status Scale score (cutoff >3.0) at CSF study in 30 MOG-IgG-positive patients and

25 AQP4-1gG-positive patients.

except for AQP4-IgG in 1 patient (serum AQP4-IgG titer 1:64,
CSF AQP4-IgG negative). The distribution of Al value was
still significantly higher in MOG-IgG seropositive cases than in
AQP4-IgG seropositive cases (effect size r = 0.653, Mann-
Whitney U test, p = 0.0007). The rate of Al >4 was also still
significantly higher in MOG-IgG seropositive cases than in
AQP4-1gG seropositive cases (6 of 15 vs 0 of 12, ¢ = 0.478,
Fisher exact test, p = 0.0200).

Discussion

In the present study, we evaluated simultaneously acquired
serum and CSF samples to compare the concurrent serum
and CSF titers for each specific antibody (i.e., MOG-IgG and
AQP4-IgG). Thereafter, we evaluated the correlations be-
tween the levels of intrathecal production in these disease-
specific antibodies and patient demographics or clinical data.
The observed general CSF parameters in the present cohorts
with MOG-IgG or AQP4-IgG (e.g, CSF white blood cell
count, CSF protein) were similar to those reported in pre-
vious studies from other countries.”” As an exception, the
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prevalence of CSF-restricted OCB in MOG-IgG—positive
patients in the present cohort (44.4%) was higher than that
previously reported (5%-20%).”>" This may be partly at-
tributed to the relatively high rate of MOG-IgG-positive
patients with cerebral of brainstem lesions in the present
cohort.®® In our cohort, there were 77 other patients with
MOGAD who were excluded from this study due to un-
availability of paired serum and CSF samples in the acute
phase of attacks. Among them, 57 had ON, 9 had acute my-
elitis, and 20 had brain involvement, which is different from
the proportion of the clinical phenotypes of the patients with
MOGAD enrolled in the present study. This may have con-
tributed to a relatively high OCB-positive rate in the patients
with MOGAD included in this study. The calculated value of
the IgG index, a marker of intrathecal total-IgG synthesis that
is elevated in most patients with MS,*>*® was not elevated in
either of the patients with MOG-IgG or AQP4-IgG. Mean-
while, the prevalence of raised Qup, suggesting disrupted
blood-CSF barrier function, was significantly higher in MOG-
IgG-positive patients than that in patients with MS. These
facts clearly imply that patients with MOG-IgG and those
with AQP4-IgG have distinct properties in blood-brain/
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Figure 4 Distributions of Al Among Untreated Seropositive Patients
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with relapse prevention therapy or with CSF-restricted anti-my-
elin oligodendrocyte glycoprotein antibody (MOG-IgG) are
shown. Both the distribution of Al value and the prevalence of Al
value >1.5 or >4 were still significantly higher in the MOG-IgG
seropositive patients than in the anti-aquaporin-4 antibodies
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blood-CSF barrier permeability and intrathecal total IgG
production from patients with MS, compatible with the
general conception that the clinical manifestations in
MOGAD largely overlap with those in AQP4-IgG-positive
NMOSD rather than with those in MS.>®> Meanwhile, the
results of the present study demonstrated that the levels of
intrathecal production for each disease-specific antibody were
largely different between MOG-IgG and AQP4-IgG. Both the
calculated QIgG-spec (i-e') QMOG-IgG) QAQP4-IgG) and Al sug-
gested that most of the MOG-IgG in the CSF is intrathecally
produced by the CSF plasmablasts migrated from the pe-
ripheral blood, whereas most of AQP4-IgG in the CSF is
extrathecally produced and passively transferred from the
blood into the CSF.

The pathogenicity of disease-specific antibodies (MOG-IgG,
AQP4-IgG) in the CNS has generally been thought to be
exerted after they are passively transferred from the peripheral
blood into the CNS or CSF through an open blood-brain
barrier or blood-CSF barrier.>* One of the reasons for this
general conception is the absence of an elevated IgG index
and the reduced prevalence of OCB in patients with MOG-
IgG or with AQP4-IgG compared to patients with MS.353¢
Although AQP4-IgG in the CSF has been shown to be largely
derived from tissue-resident (e.g., bone marrow) or circulat-
ing peripheral AQP4-IgG—producing plasmablasts,”® some of
these peripheral AQP4-IgG-producing plasmablasts migrate
into the CNS or the intrathecal space and are involved in
intrathecal AQP4-IgG production.”**” In fact, AQP4-specific
CSF plasmablast was cloned from the CSF lymphocytes of the
AQP4-IgG-positive  patients.”® Meanwhile, intrathecal
MOG-IgG production is still controversial. An elevated rate of
intrathecal MOG-IgG production was reported to be present

Neurology.org/N

in some of the patients diagnosed with MS on the basis of the
titers measured with the ELISA method.*® Another study
reported that most of the MOG-IgG-positive patients do not
show intrathecal MOG-IgG production according to the titers
measured with a cell-based assay, indicating a predominant
peripheral origin of CSF MOG-IgG.** More recently, several
case series with acute neurologic episodes accompanied by
CSF-restricted MOG-IgG have been reported.*"** Whether
the patients with CSF-restricted MOG-IgG should be man-
aged separately from other MOG-IgG seropositive patients
has been a recent topic of discussion. In this study, the mea-
sured CSF MOG-IgG titer was =10 to 100 times higher than
that estimated when assuming that all MOG-IgG in the CSF is
passively transferred from the blood without intrathecal syn-
thesis. Furthermore, the CSF titer and calculated Al for
MOG-IgG significantly correlated with the CSF white blood
cell count, supporting the hypothesis that these CSF white
blood cells intrathecally produce MOG-IgG that comprises
most of the CSF MOG-IgG. Notably, 5 of the 9 patients with
CSF-restricted MOG-IgG who were studied for OCB were
negative for the presence of OCB. This fact implies that the
intrathecal synthesis of MOG-IgG cannot always be detect-
able by the elevated IgG index or OCB positivity. Such in-
trathecal MOG-IgG synthesis can be evaluated safely only by
calculating Quoc-1gc and Al in each patient. A possible ex-
planation for the observed difference in the origin sites of
MOG:-IgG and AQP4-IgG in the CSF may be the different
distributions of molecular expression between MOG and
AQP4 proteins. The molecular expression of MOG is gen-
erally limited to the nervous system,*** whereas that of
AQP4 ranges broadly across the human body and is not
limited to the nervous system.***® The expression of MOG
protein limited to the nervous system would result in the
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antigen-specific B-cell differentiation and maturation into
MOG-IgG-producing plasmablasts within the CNS or CSF.
This theory is further supported by the observed correlation
between the calculated MOG-AI and CSF white blood cell
count. It should be noted that this study does not deny the
presence and role of intrathecal AQP4-IgG production. As
described above, AQP4-IgG—producing plasmablasts in the
CSF have been already identified and cloned in a few previous
studies.>**”** Another previous study demonstrated corre-
lations between the CSF AQP4-IgG titer and CSF levels of
some proinflammatory cytokines such as interleukin-1p and
interleukin-6.*" Furthermore, this study is not enough to
conclude the clinical impact of intrathecal disease-specific IgG
production because the subsequent clinical course and neu-
rologic disturbance level in the chronic phase after acute
treatments were evaluated in fewer than half of the enrolled
patients. As shown in table 2, neither MOG-AI nor AQP4-AI
showed a positive correlation with the concurrent neurologic
disability level in the CSF study, a finding that was com-
patible with a previous study that reported that the esti-
mated intrathecal MOG-IgG production level did not
correlate with clinical disability or radiographic outcome
measures.”” Further studies are warranted to evaluate the
clinical impact of intrathecal MOG-IgG and AQP4-IgG
production on the clinical severity or prognosis of patients
with these antibodies.

This study has several limitations. First, all enrolled patients were
of Asian ethnicity, and these results are not generalized due to the
study being restricted to Asians. Second, the titers for MOG-IgG
and AQP4-IgG were measured semiquantitatively with 2-fold
endpoint dilutions. Consequently, the measured titers may have
some extent of errors with 2-fold at most, and the calculated
QigG-spec May have errors with 4-fold at most. However, because
this possible bias is applied to all measured cases, the conclusions
are not significantly affected by such errors derived from the
measurement system. Moreover, we applied the Al cutoff value at
4, not 1.5, in this study that used titers, not antibody concentra-
tions. Third, possible influence of the antigen sink effect by MOG
and AQP4 proteins on cellular membrane to the measured titers
for each disease-specific antibody was not considered in this study.
It has been known that therapeutic monoclonal antibodies can
be deprived and eliminated faster in low dose by unbound
targets on the cellular surface, especially when the target
antigens are internalizing receptors.**** While the CSF
AQP4-IgG titer may have decreased due to this sink model,
the model was unlikely to have resulted in the elevated
MOG-AI level. Consequently, the overall results of this
study were not significantly biased by the possible antigen
sink effect; however, the exact decrement in CSF AQP4-
IgG titer by the effect remains unknown. Another limitation
could be the small sample size, as is evident from the wide
ClIs for all unadjusted ORs. Last, the samples from most of
the evaluated patients were collected at the first clinical
episode. The observed findings might be different if we
measure the same data among the patients with relapses at
the second or later clinical episodes.
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Among patients with NMOSD with either AQP4-IgG or
MOG-IgG, a larger proportion of MOG-IgG than AQP4-IgG
is intrathecally produced in the CSF. Such differences in
proportions of intrathecal origin between the antibodies in
the CSF may reflect the different properties of B-cell traf-
ficking and antibody production between MOGAD and
AQP4-IgG-positive NMOSD.
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