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Abstract [ MOREONLINE

Background and Objective @ Class of Evidence
To investigate the clinical relevance of CSF myelin oligodendrocyte glycoprotein-immunoglobulin Criteria for rating

G (MOG-IgG) testing in a large multicenter cohort. therapeutic and diagnostic

studies

Methods NPub.org/coe
In this multicenter cohort study, paired serum-CSF samples from 474 patients with suspected

inflammatory demyelinating disease (IDD) from 11 referral hospitals were included. After

serum screening, patients were grouped into seropositive myelin oligodendrocyte glycoprotein

antibody associated disease (MOGAD, 31), aquaporin-4-IgG-positive neuromyelitis optica

spectrum disorder (AQP4-IgG + NMOSD, 60), other IDDs (217), multiple sclerosis (MS, 45),

and non-IDDs (121). We then screened CSF for MOG-IgG and compared the clinical and

serologic characteristics of patients uniquely positive for MOG-IgG in the CSF to seropositive

patients with MOGAD.

Results

Nineteen patients with seropositive MOGAD (61.3%), 9 with other IDDs (CSF MOG + IDD,
4.1%), 4 with MS (8.9%), but none with AQP4-IgG + NMOSD nor with non-IDDs tested
positive in the CSF for MOG-IgG. The clinical, pathologic, and prognostic features of patients
uniquely positive for CSF MOG-IgG, with a non-MS phenotype, were comparable with those
of seropositive MOGAD. Intrathecal MOG-IgG synthesis, observed from the onset of disease,
was shown in 12 patients: 4 of 28 who were seropositive and 8 who were uniquely CSF positive,
all of whom had involvement of either brain or spinal cord. Both CSF MOG-IgG titer and
corrected CSF/serum MOG-IgG index, but not serum MOG-IgG titer, were associated with
disability, CSF pleocytosis, and level of CSF proteins.
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Glossary

ADEM = acute disseminated encephalomyelitis; AQP4+ = aquaporin-4 antibody positive; AQP4-IgG + NMOSD = aquaporin-
4 immunoglobulin G positive neuromyelitis optica spectrum disorder; CIS = clinically isolated syndrome; iATM = idiopathic
acute transvers myelitis; IDD = inflammatory demyelinating disease; IgG = immunoglobulin G; MFIr = mean fluorescence
intensity ratio; MOG = myelin oligodendrocyte glycoprotein; MOGAD = myelin oligodendrocyte glycoprotein antibody
associated disease; MS = multiple sclerosis; OCB = oligoclonal band; RRMS = relapsing-remitting MS.

Discussion
CSF MOG-IgG is found in IDD other than MS and also in MS. In IDD other than MS, the CSF MOG-IgG positivity can
support the diagnosis of MOGAD. The synthesis of MOG-IgG in the CNS of patients with MOGAD can be detected from the

onset of the disease and is associated with the severity of the disease.

Classification of Evidence

This study provides Class II evidence that the presence of CSF MOG-IgG can improve the diagnosis of MOGAD in the absence
of an MS phenotype, and intrathecal synthesis of MOG-IgG was associated with increased disability.

Myelin oligodendrocyte glycoprotein-immunoglobulin G
(MOG-IgG) associated disease (MOGAD) has been regarded
as a distinct disease of inflammatory demyelinating diseases
(IDDs) involving CNS.? Serologic assays for MOG-IgG, us-
ing the full-length human MOG, has been widely accepted as
an assay of choice to identify clinically relevant MOG-IgG in
patient sera.>* A recent cohort study identified 3 patients who
only had MOG-IgG in their CSF’; the clinical utility of CSF
MOG-IgG detection is not clear.%”

Herein, we aimed to investigate the clinical utility of CSF
testing for MOG-IgG in patients with suspected IDD and
examine any clinical, pathologic, or prognostic implications of
intrathecal MOG-IgG synthesis, using time-matched serum-
CSF sample pairs.

Methods

Study Population and Data Collection

Paired serum and CSF from patients with suspected IDD
were included from the prospectively collated database of 11
referral hospitals in Korea, from October 2011 to March 2020.
Demographics, clinical, radiologic, and pathologic features of
patients were obtained by case report form and medical re-
cord review. Disability at the time of sampling was measured
by the Kurtzke Expanded Disability Status scale.®

Serologic Assay for MOG-IgG and AQP4-IgG
Assays for serum aquaporin-4 IgG (AQP4-IgG) were per-
formed by an in-house flow cytometric assay using live cells
expressing human M23 AQP4, as reported.”"’

Assay for serum MOG-IgG were performed either by cell based
assay at the John Radcliffe Hospital, Oxford, UK (103 samples,
collected from October 2011 to November 2013),” or by in-
house flow cytometric assay (414 samples) with minor modi-
fications of our previous methods'""? using full-length human
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MOG and anti-human IgG1 secondary antibody (Alexa Fluor
488 goat anti-human IgG1, 1:100 dilution; A10631, Invitrogen;
Supplementary data 1, links.Iww.com/ NXI/A642).

Subgroups of Patients With IDD

Participants were divided into 5 subgroups based on published
clinical criteria and serologic assay results for MOG-IgG/
AQP4-IgG: (1) seropositive MOGAD,4,13 (2) AQP4-IgG
positive neuromyelitis optica spectrum disorder (AQP4-IgG +
NMOSD),14 (3) other IDDs group including seronegative
NMOSD (defined as negative for serum AQP4-IgG and
MOG—IgG),14 idiopathic optic neuritis, " idiopathic acute
transvers myelitis (iATM),'® acute disseminated encephalo-
myelitis (ADEM),"” clinical isolated syndrome (CIS) of the
brain,'® and Balo concentric sclerosis,'” (4) multiple sclerosis
(MS),"® and (5) neurologic diseases other than IDDs group
(non-IDDs, supplementary data 2 for detailed diagnosis, links.
lww.com/NXI/A642) (Figure 1A). Patients with other IDDs
who tested positive for MOG-IgG only in the CSF were further
defined as CSF MOG + IDD.

CSF MOG-IgG Assay and Cutoff Value

CSF draw and serum sampling were performed within 24 hours
in 96.3% of the total CSF/serum pairs, and 99.2% were per-
formed within 1 week. All CSF samples were stored at —80°C
until required. The in-house flow cytometric assay for CSF
MOG-IgG was performed in SNUH Neuroimmunology Lab-
oratory using HEK - 293 T cells transfected with the full-
length human MOG with a minor modification from our assay
for serum MOG-IgG."'""? Briefly, cells were incubated with
CSF (dilution 1:2 for 1 hour at 4°C), and anti-IgG Fc secondary
antibodies (Alexa Fluor 488 goat antihuman IgG, 1:200 di-
lution, Jackson) were used.” The mean fluorescence intensity
ratio (MFIr) of the patients’ samples were determined using
the following formula:

MFIr = green MFI of patient’s antibody binding to the
dsRed-tagged MOG transfected cells (upper gate on red
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Figure 1 Diagnostic Flow and CSF MOG-IgG Assay Results
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(A) The flowchart of study participants. (B) Examples of CSF assay for MOG-IgG

.(C) The MFI ratio of CSF MOG-IgG assays in all participants. Among 474 patients,

19 seropositive MOGAD, 9 other IDDs, and 4 patients with MS were positive for CSF MOG-IgG. None with AQP4-IgG + NMOSD or with non-IDDs had positive
results for CSF MOG-IgG. Red dots indicate samples obtained at the time of first attack, and black dots indicate those at relapsing attacks. The MFIr are plotted
in logarithmic axis. AQP4-1gG + NMOSD = aquaporin-4 immunoglobulin G positive neuromyelitis optica spectrum disorder; AQP4+ = aquaporin-4 antibody
positive; CIS = clinically isolated syndrome; IDD = inflammatory demyelinating disease; IgG = immunoglobulin G; MFIr = mean fluorescence intensity ratio;
MOG = myelin oligodendrocyte glycoprotein; MOGAD = myelin oligodendrocyte glycoprotein antibody associated disease; MS = multiple sclerosis.

channel)/green MFI of the same gate with healthy control
sera (Figure 1B).

Patients with AQP4-IgG + NMOSD (n = 60),'* relapsing-
remitting MS (RRMS, n = 40),'® and non-IDDs (n = 121;
supplementary data 2 for diagnoses, linksww.com/NXI/
A642) were classified as the MOG-IgG (-) controls group (n =
221). The cutoff for positivity of the CSF MOG-IgG assay
(MFIr: 1.96) was set at 4 SD (0.260) above the mean MFIr
values (0.923) of the MOG-IgG (-) control group. If the MFIr
values were positive but lower than mean +8 SD (3.00) of the
MOG-IgG (-) controls, those were considered as low positive
results. All AQP4-IgG + NMOSD, non-IDDs, and most pa-
tients with MS (41/4S) were negative for CSF MOG-IgG
(specificity = 98.2%, 95% CI, 95.53-99.52). CSF positive

samples with sufficient volume were confirmed in Oxford.

Corrected CSF/Serum MOG-IgG Index

The MOG-IgG endpoint titers were obtained in any sample
positive in the serum or CSF. Serum was titrated in doubling
dilutions from 1:10 (range from 1:10 to 1:10,240), and CSF
was titrated similarly from 1:2 (range from 1:2 to 1:512). The

highest dilution with a positive result was considered the
endpoint. To measure the same MOG-IgG isotypes in CSF and
serum, the same secondary antibody against anti-IgG Fc (1:
200, Jackson) was used for both titrations (supplementary data
3, links.Iww.com/NXI/ A642).3”20’21

The albumin quotient (Q,y, = CSF/serum total albumin level),
IgG quotient (ngc = CSF/serum total IgG level), and IgG
index (QIgG/ Q.p) were calculated. Using Q,pp, the Quim(1gG)
was calculated as previous reported. Considering the possibility
of blood-CSF barrier compromise, the corrected CSF/serum
MOG-IgG index was calculated for the following 2 conditions,

12223
respectively.””

1. For Qg < Qum(iga), the corrected CSE/serum MOG-
IgG index = [CSF/serum MOG-IgG titer]/ Qa-

2. For Qi > Qum(iga) the corrected CSF/serum MOG-
IgG index = [CSF/serum MOG-IgG titer]/ Qiim (156)-

The “intrathecal MOG-IgG synthesis” is defined as corrected
CSF/serum MOG-IgG indices exceeding 4 or MOG-IgG detec-
ted uniquely in the CSF, using IgG Fc as the secondary antibody.”*
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Table 1 Demographics, MOG-IgG Positivity, CSF Data, and MRI Lesions in the Analyzed Participants

Seropositive MOGAD AQP4-1gG + NMOSD Other IDDs MS Non-IDDs

Number of cases, n 31 60 217 45 121

Age at sampling, mean (+SD), y 43.7 (+ 16.50) 46.4 (£ 13.61) 44.2 (£ 14.94) 34.7 (£ 11.84) 47.5(+16.72)

Children (age <18), n (%) 13.2) 0(0) 5(2.3) 0(0) 1(0.8)
Female, n (%) 19(61.3) 53(88.3) 105 (48.4) 29 (64.4) 43(35.5)
Serum MOG-IgG1 positive cases, n (%) 31 (100.0) 0(0) 0(0) 0 (0) 0(0)
Serum MOG-IgG1 MFIr, mean (+SD)? 9.96 (+6.68) 0.94 (£0.13) 1.07 (£0.24) 1.05 (+0.22) 1.00 (£0.19)
CSF data

MOG-IgG positive cases, n (%) 19 (61.3) 0(0) 9(4.1) 4(8.9) 0(0)

MOG-IgG MFIr, mean (+SD) 7.04 (+17.60) 0.93 (x0.17) 1.16 (£1.72) 1.29 (£1.92) 0.89 (+0.13)

WBC, median (range) 2 [0-70] 2 [0-486] 1 [0-276] 0 [0-40] 1 [0-2,300]

Protein, median (range) 46.0 [22-90] 45.0 [24-353] 45.0 [17-242] 43.5[17-98] 49.7 [18-1,147]

1gG index, mean (+SD) 1.05 (£2.03) 0.58 (+0.12) 0.63 (+0.87) 0.90 (+0.77) 0.65 (+0.82)

OCB Positive cases, %" 3.8 11.4 13.4 46.4 9.4
Involved structure, %

Optic nerve 71.0 54.7 28.8 27.5 1.3

Spinal cord 19.4 774 61.3 65.0 243

Brain 38.7 41.5 29.8 100.0 38.3

Abbreviations: AQP4-1gG + NMOSD = aquaporin-4 antibody positive neuromyelitis optica; IDD = inflammatory demyelinating disease; IgG =immunoglobulin-
G; MFIr = mean fluorescence intensity ratio; MOG-IgG = antimyelin oligodendrocyte glycoprotein immunoglobulin-G; MOGAD = myelin oligodendrocyte
glycoprotein antibody associated disease; MS = multiple sclerosis; OCB = oligoclonal band; WBC = white blood cell.

2 Except sera tested at the John Radcliffe Hospital, Oxford; Seropositive MOGAD, n = 25; AQP4 + NMOSD, n = 50; other IDDs, n = 169; MS, n = 37; non-IDDs, n = 90.
b OCB positive cases were analyzed only among patients tested with isoelectric focusing; Seropositive MOGAD, n = 26; AQP4 + NMOSD, n = 35; other IDDs, n =

97; MS, n = 28; non-IDDs, n = 53.

Independent Confirmation of the CSF MOG-
IgG Assay

Among CSF samples tested for MOG-IgG in SNUH Neu-
roimmunology Laboratory, 45 non-IDD samples (all CSF
MOG-IgG (=), consecutively sampled between 2015 and
August 2017) and 34 IDD samples (22 seropositive
MOGAD, 8 other IDD with unique CSF MOG-IgG, and 4
MS with CSF MOG-IgG), with sufficient volume, were tested
for MOG-IgG at the Oxford Autoimmune Neurology Di-
agnostic Laboratory, Oxford, UK by cell-based assay at a
starting dilution of 1:2.°

Statistical Methods

The comparisons between subgroups were performed using
Fisher exact test for categorical variables and also Kruskal Wallis
test with post hoc analysis (Mann-Whitney U test) for contin-
uous variables. The Spearman rank correlation test was used to
evaluate correlations between the serum or CSF parameters and
clinical data. A Wilcoxon signed rank test was used to analyze the
difference of MFIr in longitudinal CSF data. Statistical analyses
were performed using the SPSS software (version 23 for Win-
dows; IBM, Chicago, IL) or the GraphPad Prism software
(version 5.0; GraphPad Software Inc., La Jolla, CA).

Neurology: Neuroimmunology & Neuroinflammation
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Standard Protocol Approvals, Registrations,
and Patient Consents

This study was approved by the SNUH Institutional Review
Board (approval number: SNUH [H-1005-023-317, H-1902-
083-1,010], Seoul National University Bundang Hospital [B-
1007/105-401]). All patients provided written informed
consent before participating.

Data Availability

Individual participant data will not be made publicly available
due to potential confidentiality concerns related to the rarity
of the condition and the small study population. Further in-
formation about the datasets is available from the corre-
sponding author upon reasonable request.

Results

Participants

In total, 510 CSF/serum pairs from 474 patients with sus-
pected IDD and complete clinical records were included.
After serum screening for MOG-IgG and AQP4-IgG, and

applying clinical criteria, our cohort included 31 seropositive

| January 2022 Neurology.org/NN
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Figure 2 Radiologic Findings of CSF MOG + Patients With IDD

(A) Case 1: The brain MRI shows T2 HSl lesions at the right basal ganglia and external capsules in patients who presented with seizure. (B) Case 3: Multiple T2
HSI lesions in the cortex and deep gray matters in the brain MRI of a patient with headache and tetraparesis. (C) After treatment with interferon beta for 5
months, the patient relapsed with multiple cortical and deep gray matter lesions. Her treatment was switched to rituximab, and she had been relapse-free for
3.3years (D) Case 5: Large, confluent, and disseminated cortical-subcortical lesions and a lesion in the left cerebral peduncle in the brain MRI of a patient who
presented with headache, dysarthria, and cognitive Impairment. (E) Her symptoms improved after combined treatment with steroids, intravenous immu-
noglobulin, and plasmapheresis, and oral steroid maintenance was administered for 5 months 10 days after the cessation of oral steroid treatment. The
patient experienced left facial palsy, and her MRI revealed a new lesion involving the right thalamus and internal capsule. She began treatment with rituximab
and had been relapse-free for 7 years (F) An MRI taken 7 years after disease onset reveals severe brain atrophy that is more severe in the areas involved in
previous attacks. (G) Case 6: Multiple lesions in the pons, unilateral cortex (arrow head), subcortex, medulla, and spinal cord in a patient with visual
disturbance, dysarthria, dysphagia, and quadriparesis. (H) Case 2; Lesions involving the unilateral cerebral cortex (arrow head), right thalamus, and cerebral
peduncle in a patient with seizures. (I) Case 8: Left optic nerve lesion with asymptomatic cervical spinal cord lesion (arrow head) in a patient with left optic
neuritis. (J) Case 9: Right optic nerve lesion with asymptomatic parietal subcortical lesion (arrow head) in a patient with right optic neuritis. HSI = high signal

intensity; MOGAD = myelin oligodendrocyte glycoprotein antibody associated disease.

MOGAD,"" 60 AQP4-IgG + NMOSD,'* 217 other IDDs
(12 seronegative NMOSD,'* 49 iON,'%,123 iATM,'® 8
ADEM,"'” 24 CIS,"® 1 Balo concentric sclerosis'®), 45 MS (40
RRMS, 3 secondary progressive MS, 2 primary progressive
MS),18 and 121 non-IDDs (Supplementary data 2 for de-
tailed diagnosis) patients (Figure 1). Clinical characteristics
and laboratory findings of patients are in Table 1.

CSF MOG-IgG Positivity

Among 474 patients, 19 seropositive MOGAD (61.3%), 9
other IDDs (defined as CSF MOG + IDD, 4.1%), and 4
patients with MS (8.9%) tested positive for CSF MOG-IgG.
Neither patients with AQP4-IgG + NMOSD nor with non-
IDD:s tested positive for CSF MOG-IgG (Figure 1C).

CSF MOG + IDD: Clinical/Radiologic Features
and Comparison With Seropositive MOGAD
In the other IDDs group, all of whom were seronegative for
MOG-IgG, 9 patients (eTable 1, links.lww.com/NXI/A642,

Neurology.org/NN
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case 1-9 [S ADEM, 1 CIS, 1 iATM, and 2 ON]) tested
positive for CSF MOG-IgG (Figure 1C) and were defined as
CSF MOG + IDD. Among them, 6 (66.7%) had relapsing
disease courses, 6 (66.7%) were men, and 7 (77.8%) had a
good response to steroid therapy for their acute attack. Four
relapsing patients did not experience further relapses after
long-term maintenance with oral prednisolone (case 2), with
rituximab (case 3 and S), or with monthly infusion of IV
immunoglobulin (case 9). All CSF MOG + patients with IDD
had brain and/or spinal cord lesions.

The brain and spinal MRI of the CSF MOG + IDD group
revealed gray matter lesions involving basal ganglia and
thalamus, large confluent lesions, unilateral cerebral corti-
cal lesions, and brainstem lesions, all which have been
proposed as typical MRI findings of MOGAD."****°, No
typical MS lesions such as ovoid lesions adjacent to the
body of lateral ventricles or Dawson finger-like lesions were
found in the CSF MOG + IDD group. One of our patients

| Volume 9, Number 1 | January 2022
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Table 2 Comparative Demographics and Clinical Features of Seropositive Patients With MOGAD and CSF MOG + IDD

Seropositive MOGAD (n = 31) CSF MOG +IDD (n=9)

Age at sampling, mean [range], y 43.7 [17-70] 31.4 [14-47]
Female, n (%) 19 (61.3) 3(33.3)
Serum MOG-IgG1 MFIr, mean (+SD)? 9.96 (+6.68) 1.38 (£0.26)
CSF MOG-IgG MFIr, mean (+SD) 7.04 (£17.60) 6.96 (£6.27)
CSF MOG-IgG titier, median [range]b 1:2 [0 - 1:256] 1:4[1:2-1:16]
Corrected CSF/Serum MOG-IgG index, median® 0.4 186.9
Relapsing disease courses, n (%) 15 (48.4) 6 (66.7)

ADEM (n=5),CIS(n=1),
myelitis (n=1), ON (n=2)

Clinical presentation ADEM (n = 8), seronegative NMOSD
(n=2), CRION (n=7), ON (n =12),

myelitis (n = 2)

Attack to CSF sampling, median [range], d 10 [0-115] 15 [3-37]

None (n=7), Pd (n=1),
dexamethasone + Pd (n = 1)

Treatment within 1 mo before sampling None (n = 16), IVMP (n = 4),
dexamethasone (n = 1),

Pd (n =3), AZA (n = 1), MMF (n = 1),
RTX (n = 1), dasatinib (n = 1),

MTX+Pd(n=1)

Involved structure

Brain/spinal cord (%) 45.2 100

Optic nerve (%) 71.0 22.2
CSF WBC, median [range], cells/mm?3 2 [0-70] 4[0-102]
CSF Protein, median [range], mg/dL 46.0 [22-90] 51.0 [31-137]
Qigc (CSF/serum), mean (+SD) 0.58 (+0.52) 0.55 (+0.41)
Q. (CSF/serum), mean (xSD)? 0.53 (+0.27) 0.75 (+0.32)
IgG index, mean (+SD)? 1.05 (+2.03) 0.57 (x0.11)

Abbreviations: ADEM = acute disseminated encephalomyelitis; Alb = albumin; AQP4-IgG + NMOSD = aquaporin-4 antibody positive neuromyelitis optica; AZA
= azathioprine; CIS = clinically isolated syndrome; CRION = chronic relapsing inflammatory optic neuropathy; IDD = inflammatory demyelinating disease; IgG =
immunoglobulin-G; IVMP = IV methylprednisolone; MFIr = mean fluorescence intensity ratio; MMF = mycophenolate mofetil; MOG-IgG = antimyelin oligo-
dendrocyte glycoprotein immunoglobulin-G; MOGAD = myelin oligodendrocyte glycoprotein antibody associated disease; MS = multiple sclerosis; MTX =
methotrexate; NMOSD = neuromyelitis optica spectrum disorder; n.s. = not significant; ON = optic neuritis; Pd = prednisolone; Q. = albumin quotient; Qgc =

1gG quotient; RTX = rituximab; WBC = white blood cell.
2 Seropositive MOGAD, n = 25; CSF MOG + IDD, n=7.
b Seropositive MOGAD, n = 28; CSF MOG + IDD, n = 8.
¢ Seropositive MOGAD, n = 28; CSF MOG + IDD, n = 3.

had severe cerebral atrophy as a sequelae of severe ADEM-
like attacks, as was recently reported in patients with
MOGAD (Figure 2).*®

Next, we compared the characteristics of the CSF MOG +
IDD group with the seropositive MOGAD group. Although
the patients with CSF MOG + IDD group were slightly
younger (mean [range], 29.7 [14-47] vs 43.7 [17-70]), and
had more brain/spinal cord involvement (100% vs 45.2%),
other features including sex, proportion of relapsing patients,
and laboratory CSF findings were similar between 2 groups
(Table 2).

Pathologic Features of CSF MOG + IDD
Two of the CSF MOG + patients with IDD (case 1 and §,
eTable 1, linkslww.com/NXI/A642) who had recurrent

Neurology: Neuroimmunology & Neuroinflammation
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ADEM underwent brain biopsy. In both cases, histopatho-
logic findings showed MOG-dominant myelin loss, in-
filtration of T cells, with a few CD20 © B cells only in the
perivascular area, and the preservation of both axon and
AQP4, all of which were consistent with very recent reports of
pathologic features in MOGAD.*”" Activated complement
components (C9neo) are present on surface of reactive as-
trocytes (case 1) and on infiltrating macrophages (case S).

MS Patients Positive for CSF MOG-IgG

Four patients with MS with CSF MOG-IgG are described in
eTable 2. One patient (case 10) with secondary progressive
MS had distinctive brain MRI patterns including bilateral
inferior temporal lobe lesion and Dawson fingers sign, typical
MRI features that distinguish MS from MOGAD in previous
studies.25,32 She was also positive for oligoclonal band

January 2022 Neurology.org/NN


http://links.lww.com/NXI/A642
http://neurology.org/nn

Figure 3 Histopathologic Findings of 2 CSF MOG + IDD (Cases 1 and 5)

Case 1

Case 5

- Demyelinating = .

areds

Case 1: (A) The lesion shows marked macrophage infiltration and focal mild perivascular lymphocytic infiltration with reactive astrocytes (arrows). There are
some Creutzfeldt-Jakob cells (inlet). (B) Markedly demyelinated lesions with myelin fragment-laden macrophages (LFB) are observed, but (C) axons are
relatively preserved (NF). (D) CD4-positive T-cells and (E) CD8-positive T-cells are found in perivascular area. (F) AQP4 immunostain is positive in the
membrane of reactive astrocytes, whereas (G) loss of MOG staining is observed in the demyelinated area. (H) Activated complement components (C9neo) are
negative for infiltrating macrophages (most negative cells in this figure), but positive in the reactive astrocytes (arrows). Case 5: (I) The lesion also shows
marked macrophage infiltration and focal perivascular lymphocytic infiltration. (J)) Marked demyelination with myelin fragment-laden macrophages (LFB) but
(K) relatively preserved axons (NF) are shown. (L) CD4-positive T-cells are numerous in the perivascular area and scattered in the brain parenchyma, but (M)
CD8-positive T-cells are rare. (N) AQP4 is preserved in the membrane of reactive astrocytes, but (O) loss of MOG is predominant. (P) In the infiltrating
macrophages and reactive astrocytes (arrows), activated complement components are observed (C9neo). AQP4 = aquaporin-4; CD = cluster of differentiation;
H&E = hematoxylin and eosin; LFB = Luxol fast blue; MOG = myelin oligodendrocyte glycoprotein; MOGAD = myelin oligodendrocyte glycoprotein antibody

associated disease; NF = neurofilament.

(OCB) in CSF. A second patient (case 11) had brain MRI
lesions involving periventricular white matter and brainstem,
experienced a relapse, and has subsequently been relapse free
for 2.8 years with glatiramer acetate, a disease modifying
treatment for MS. The third patient (case 12) with RRMS was
in the early stage of secondary progression at the time of CSF
sampling, after 4 years of follow-up despite of interferon beta
treatment. The CSF OCBs became positive at follow-up. The
last patient with MS with low positive CSF MOG-IgG (case
13) had multiple ovoid lesions in the subcortical white matter
and upper cervical spinal cord. She has been relapse free for
2.7 years with interferon beta. These clinical and radiologic
findings of our patients with MS support the diagnosis of MS
in these patients and suggest that CSF MOG-IgG assay can
yield positive test results in some patients with MS (Figure 3).
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Intrathecal MOG-IgG Synthesis: When and

for Whom?

We measured the MOG-IgG titer in both serum and CSF of
36 patients with MOG-IgG (18 seropositive only, 10 dual
CSF and serum positive, and 8 CSF positive only) with suf-
ficient volume and also calculated the corrected CSF/serum
MOG-IgG index. All but 1 patient, a 14-year-old, were adults
(aged >18). Twelve patients with MOGAD (4 dual positive
and 8 CSF positive only) were considered to have intrathecal
synthesis, either a corrected CSF/serum MOG-IgG index
exceeding 4 in the dual positive individuals or MOG-IgG
detected only in CSF.** Among these patients with intrathecal
synthesis for MOG-IgG, 7 patients had their samples col-
lected during the acute phase of the first attack (red dot in
Figure 4A, mean 19 days after disease onset), which suggests
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Figure 4 Corrected CSF/Serum MOG-IgG Index, Lesion Location, and Clinical Diagnosis in the MOGAD Group
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MOG-IgG titers were measured in both the serum and CSF of 36 patients with MOGAD (28 seropositive MOGAD and 8 CSF MOG + IDD) with a sufficient volume of
samples, and the corrected CSF/serum MOG-IgG index was calculated. (A) The corrected CSF/serum MOG-IgG index according to the MOG-IgG titer in the serum
and the CSF. Twelve patients with MOGAD (4 seropositive and 8 CSF positive only) have a corrected CSF/serum MOG-IgG index exceeding 4 or MOG-IgG in CSF only
and are thereby determined to have intrathecal MOG-IgG synthesis. The CSF/serum MOG-IgG indices could not be calculated because 3 patients were negative for
serum MOG-IgG (red box). (B-C) Patients with brain/spinal cord lesions or only optic nerve involvement are significantly different in (B) MOG-IgG positivity in the
serum and/or CSF, and (C) intrathecal MOG-IgG synthesis. (D) Clinical diagnoses of patients with MOGAD based on intrathecal MOG-IgG synthesis. All patients with
intrathecal MOG-IgG synthesis (+) had involvement in the brain/spinal cord; most (58.3%) manifested with a clinical diagnosis of ADEM. In contrast, in the
intrathecal MOG-IgG synthesis (-) group, iON was the most common (75.0%) diagnosis. ADEM = acute disseminated encephalomyelitis; CIS = clinically isolated
syndrome; iATM = idiopathic acute transverse myelitis; iON = idiopathic optic neuritis; MOG-IgG = myelin oligodendrocyte glycoprotein immunoglobulin G;
MOGAD = myelin oligodendrocyte glycoprotein antibody associated disease; NMOSD = neuromyelitis optica spectrum disorder; SC = spinal cord.

that intrathecal synthesis of MOG-IgG can occur early in the
disease course of MOGAD. Of note, both the presence of
CSF-MOG IgG and intrathecal MOG-IgG synthesis were
associated with the involvement of the brain or spinal cord
(Figure 4B and C). In our intrathecal MOG-IgG synthesis (+)
group, all patients had brain/spinal cord involvement, and
most manifested clinically as ADEM (7/12). In contrast, the
intrathecal MOG-IgG synthesis (-) group predominantly
presented as isolated optic neuritis (75%; p < 0.001). In ad-
dition to the difference in lesion location and clinical mani-
festations, the intrathecal MOG-IgG synthesis (+) group were
younger and had higher number of white blood cells in the
CSF (eTable 3, links.lww.com/NXI/A642).

MOG-IgG Titer in the CSF: Association With
Disability and CSF Pleocytosis

The degree of disability, number of white blood cells, and level
of protein in the CSF of patients with MOGAD were associated

Neurology: Neuroimmunology & Neuroinflammation
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with the MOG-IgG titer in the CSF but not in the serum.
Moreover, they were also associated with the corrected CSE/
Serum MOGE-IgG index, representing the degree of intrathecal
MOG-IgG synthesis (Figure S).

Longitudinal Data of CSF MOG-IgG

The CSF had been collected more than twice in 28 patients (4
MOGAD, 10 AQP4+ NMOSD, 7 other IDDs, 4 MS, and 3
non-IDDs) because of clinical relapses. Four of these patients
(2 MOGAD and 2 MS) tested positive for CSF MOG-IgG in
their initial samples, and the mean interval between the first and
last sampling was 15.9 months (range, 1-51 months). The CSF
MOG-IgG assay results did not differ between initial and
follow-up samples in most patients (96.4%, 27/28), but 1 se-
ropositive patient with MOGAD with chronic relapsing in-
flammatory optic neuropathy converted from low positive
(MFIr 2.48) to negative (MFIr 1.48) after 32 months. Fur-
thermore, in 1 seropositive MOGAD patient, S serial paired
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Figure 5 Correlation Between MOG-IgG Titers and Clinical Severity

260 260 260 -
. r=0.429 e r=0.495 . r=0.494
250 1 p=0.009 250 p=0.002 250 1 p =0.002
_g 20 + 20 y 20 T
- ’ -
LD // ”/
glo 15_ L] ° /. ,|5 ,1 L1 ] 15_ L] L] ’,//, ]
LD . I/ ’//,
o) . ,
S 10- 104 / 10 1
[ e o o o .
(%] . K
“ 54 .7 54 1 5
. oo 000 [ ] L X ] . 00 00 O L] L]
L BN BN ) o o (L X I X J [ J
0 *——¢—o—9¢o T 1 0 qme T T—* T 1 0 * T 1
0 2 4 6 8 0 20 40 60 80 0 50 100
2,500 A ° r=-0.063 2,5004% r=-0.062 2,500 ® r=-0.228
o p=0717 p=0.721 p=0.181
(92,000 - 2,000 2,000
20
81,500 1,500 1,500 -
E L] LN ] L] me oo o0 000 O
£1,000 - 1,000 1,000
% l__e e oeoeee ® . . . o @m @ o
500 T T 500 """ meemm e 500
L] q . Tl
ol = % gi., , (1 AL S | 0l ey .. .
0 2 4 8 0 20 40 60 80 0 50 100 150
l o0 L] f ° ] J_ e oo o0
250 + r=0.404 250 - r=0.345 250 T N r=0.497
£ . p=0014 . p=0.039 p =0.002
= X
g % 200 4 . 200 A . 200 A o
[
J v 150 - 150 - 150
ho] oo . ° (]
gy
53 100 100 { 100
gs
_ Y 7_._ _______ L]
S 50 A 50 50 )
. . e .
s L] e
04— o o8 9ot , Oqmeseoes —* o o 0 e . |
0 2 4 6 8 0 20 40 60 0 50 100 150
EDSS CSFWBC CSF protein

The MOG-IgG titer and its correlation with the degree of disability, number of white blood cells in the CSF, and level of protein in patients with MOGAD are
associated with the MOG-IgG titer (A) in the CSF, but (B) not in the serum. (C) They are also associated with the corrected CSF/serum MOG-IgG index. EDSS =
Kurtzke expanded disability status scale; MOG-IgG = myelin oligodendrocyte glycoprotein immunoglobulin G; MOGAD = myelin oligodendrocyte glycoprotein

antibody associated disease; WBC = white blood cell.

samples of sera and CSF at relapses were all consistently pos-
itive for MOG-IgG during 28 months of follow-up (eFigure 2,
links.Iww.com/NXI/A642).

Independent Confirmation of the CSF MOG-IgG
Assay Accuracy

In total, 79 CSF samples were retested at the Oxford
Autoimmune Neurology Diagnostic Laboratory, Oxford,
UK, for an independent confirmation of CSF MOG-IgG
positivity. All CSF samples tested positive for MOG-IgG
in Seoul were also positive in Oxford, and the test results
of these 2 centers were identical in 77/79 (97.5%) sam-
ples. Two additional MOGAD CSF samples that tested
positive in Oxford. There was very good correlation be-
tween the flow cytometry in Seoul and the CBA score in

Neurology.org/NN
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Oxford (r = 0.7043, p < 0.001; eFigure 1, links.lww.com/
NXI/A642).

Discussion

The presence of MOG-IgG, detected on a live test, in the sera
of patients with IDD confer a diagnosis of MOGAD."*'* The
clinical utility of CSF testing for MOG-IgG is unclear. A re-
cent single center cohort study identified 3 patients with a
MOGAD phenotype who had MOG-IgG only in their CSF. A
second study identified 4 children with a diagnosis of MS with
CSF unique MOG-IgG.>® We sought to investigate the
clinical relevance of CSF MOG-IgG testing in 474 consecu-
tive patients from 11 tertiary referral hospitals.
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In total, we identified 32 individuals with MOG-IgG in their
CSF. Among these, 19 of 31 (61%) were seropositive patients
with MOGAD and 13 of 262 (5%) were uniquely positive in
the CSF: S of 8 (62.5%) ADEM, 1 of 24 CIS (4.2%), 1 of 123
(0.8%) iATM, 2 of 49 (4.1%) ON, and 4 of 45 (8.9%) patients
with MS. All patients with AQP4-IgG + NMOSD or with
non-IDDs were negative.

These data confirm recent reports suggesting both MOGAD
and MS cases are positive for MOG-IgG in the CSF. Further
work on CSF titres may be required to improve disease spec-
ificity in CSF testing as has been necessary for serum testing.

The non-MS, CSF-uniquely positive individuals (n = 9) added
another 29% to the serum antibody positive MOGAD group (n
=31). They had comparable clinical, radiologic, pathologic, and
prognostic features to those of the seropositive patients with
MOGAD. These data suggest that CSF testing in patients with
a clinical syndrome compatible with MOGAD will significantly
improve the capture of patients with MOGAD, particularly in
seronegative patients with ADEM. Of note, 67% (6/9) of these
patients had a relapsing disease and 78% (7/9) were untreated.
Immunosuppression was associated with a relapse-free follow-
up (eTable 1, links.lww.com/NXI/A642). Imrnunotherapy33
will likely be useful for patients without MS with CSF MOG-
IgG, most of whom relapsed.

Although the CSF MOG-IgG assay improves the diagnostic
yield for MOGAD, a unique CSF positive result should be
interpreted in the clinical context as 4/4S (8.9%) patients with
MS were positive. Individuals with MS are rarely seropositive,
and when positive is most often borderline as these assays
were set-up to rule out typical MS. A similar titration of CSF
samples may be needed to improve CSF test specificity. Al-
ternatively, a better understanding of the pathology associated
with MOG-IgG may help our interpretation of the presence of
these CSF unique MOG-IgG, particularly in MS patients
where they are currently not thought to be clinically relevant.

Several studies have shown that patients with MS have in-
trathecal production of polyspecific antibodies against di-
verse CNS debris®* or antigens, including MOG.* These
were more evident in secondary progressive MS where ec-
topic meningeal lymphoid follicles have been identified.***”
In this study, 1 of 3 patients with secondary progressive MS
and a patient with RRMS just before secondary progression
were uniquely positive in the CSF. Of note, some of us
recently reported the presence of a secondary progressive
disease course as an unusual manifestation of seropositive
MOGAD.?

Until recently, there has been little evidence for intrathecal
synthesis of MOG-IgG.*>*® In our patients with MOGAD, 12
(4 seropositive and 8 CSF positive only) had intrathecal
MOG-IgG synthesis. Intrathecal MOG-IgG synthesis was
found in samples collected at the time of first attack in 7,
which suggested that MOG-IgG synthesis in the CNS is
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present at disease onset. It can persist throughout the disease
course. In addition, both the CSF MOG-IgG titer and cor-
rected CSF/serum MOG-IgG index, but not the serum
MOG-IgG titer, correlated with higher disability at the time of
attack, more brain and spinal cord involvement, and a higher
number of inflammatory cells in the CSF of MOGAD. Finally,
in an additional 29% patients with MOGAD, MOG-IgG was
only detectable in the CSF. These findings seem to challenge
the current dogma that B cells producing CNS-targeting an-
tibodies are produced peripherally and subsequently gain
access to the CNS. Rather, we speculate that this finding could
imply that the synthesis of MOG-IgG in the CNS can play a
role in MOGAD, at least among patients with intrathecal
synthesis of MOG-IgG. Nevertheless, further studies, in-
cluding the experimental model for MOGAD, are required to
elucidate the exact role of intrathecal synthesis of MOG-IgG
in the pathogenesis of MOGAD.

In the MOGAD group, the CSF MOG-IgG assay yielded a
positive result in 61% patients, similar to previous studies
(62%-71%).>%*® However, we were unable to detect CSF
MOG-IgG in most patients with an iON. The one-way flow of
CSF from the intracranial subarachnoid space (SAS) to the
orbital SAS* may explain this lack of detection in patients
who are sampled via lumbar puncture.

Of note, recent report has demonstrated that the prevalence
of CSF MOG-IgG among pediatric encephalitis patients is
approximately 1.29%.%*° In our study, 3 CSF MOG + IDD
patients diagnosed with ADEM also had features of seizure/
encephalitis.

In conclusion, in the correct clinical context CSF testing for
MOGE-IgG can improve the capture of MOGAD patients.
Intrathecal synthesis of MOG-IgG can be detected in
MOGAD from the onset of the disease and is associated with
more severe disability at attack, higher number of in-
flammatory cells in the CSF, and more brain and spinal cord
involvement. Further work is required to understand the
pathobiology associated with intrathecally produced MOG-
IgG to help explain why it seems clinically relevant in non-MS
encephalomyelitis and yet seems irrelevant in patients with
clinically definite MS.
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