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Antibodies to MOG have a demyelination
phenotype and affect oligodendrocyte
cytoskeleton

ABSTRACT

Objective: To examine the clinical features of pediatric CNS demyelination associated with pos-
itive myelin oligodendrocyte glycoprotein (MOG) antibodies and to examine the functional effects
of MOG antibody on oligodendrocyte cytoskeleton.

Methods: WemeasuredMOGantibody using a fluorescence-activated cell sorting live cell-based assay
in acute sera of 73 children with CNS demyelination (DEM) (median age 8 years, range 1.3–15.3)
followed for a median of 4 years. We used MO3.13 cells to examine immunoglobulin (Ig) G effects on
oligodendrocyte cytoskeleton using 3D deconvolution imaging.

Results:MOGantibodieswere found in 31/73 patients with DEM (42%) but in 0/24 controls. At first
presentation, MOG antibody–positive patients were more likely to have bilateral than unilateral optic
neuritis (ON) (9/10 vs 1/5, respectively, p 5 0.03), less likely to have brainstem findings (2/31 vs
16/42, p5 0.005), more likely to have a raised erythrocyte sedimentation rate.20 mm/h (9/19 vs
3/21, p 5 0.05), less likely to have intrathecal oligoclonal bands (0/16 vs 5/27, p 5 0.18), and less
likely to be homozygous or heterozygous for human leukocyte antigen DRB1*1501 (3/18 vs 7/22,
p5 0.46). MOG antibody positivity varied according to clinical phenotype, with ON and relapsing ON
most likely to be seropositive. Two relapsingMOG antibody–positive patients treated with mycophe-
nolate mofetil remain in remission and have become MOG antibody seronegative. Oligodendrocytes
incubated with purified IgG from MOG antibody–positive patients showed a striking loss of organi-
zation of the thin filaments and the microtubule cytoskeleton, as evidenced by F-actin and b-tubulin
immunolabelings.

Conclusions: MOG antibody may define a separate demyelination syndrome, which has therapeu-
tic implications. MOG antibody has functional effects on oligodendrocyte cytoskeleton. Neurol
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GLOSSARY
ADEM 5 acute disseminated encephalomyelitis; AQP4 5 aquaporin-4; CIS 5 clinically isolated syndrome; DEM 5 demyelinating
diseases;ESR5 erythrocyte sedimentation rate; FACS5 fluorescence-activated cell sorting;HC5 healthy control;HEK5 human
embryonic kidney; HLA 5 human leukocyte antigen; Ig 5 immunoglobulin; MBP 5 myelin basic protein; MMF 5 mycophenolate
mofetil; MOG 5 myelin oligodendrocyte glycoprotein; MS 5 multiple sclerosis; NMO 5 neuromyelitis optica; ON 5 optic neuritis;
SNP 5 single nucleotide polymorphism; TM 5 transverse myelitis.

Recently, autoantibodies that bind to cell surface antigens have been shown to be important
diagnostic biomarkers in autoimmune brain disease, including autoimmune encephalitis and
autoimmune demyelination.1–3 Myelin oligodendrocyte glycoprotein (MOG) is a minor com-
ponent of myelin proteins but has been the focus of extensive research in demyelinating diseases.
MOG is localized on the outermost surface of myelin and has a proposed role in the regulation

*These authors contributed equally to the manuscript.

From the Neuroimmunology Group (R.C.D., E.M.T., V.M., R.-Y.A.K., N.S., K. Pathmanandavel, S.R., F.B.), Institute for Neuroscience and
Muscle Research, The Kids Research Institute at the Children’s Hospital at Westmead, Sydney Medical School, University of Sydney, Westmead,
Australia; Institute for Immunology and Allergy Research (D.R.B.), Westmead Millenium Institute for Medical Research, University of Sydney,
Westmead, Australia; Clinical Immunology (L.A.W.), Royal Prince Alfred Hospital, Sydney Medical School Immunology & Infectious Diseases,
University of Sydney, Camperdown, Australia; Department of Radiology (K. Prelog), the Children’s Hospital at Westmead, Australia; Department
of Paediatric Neurology (D.R.C.), Women’s and Children’s Hospital, North Adelaide, Australia; Neuroinflammation Group (G.J.G., C.K.L.),
MND and Neurodegenerative Diseases Research Centre, Macquarie University, Australian School of Advanced Medicine, North Ryde, Australia;
and Neuroinflammation Group (E.K.M.), Brain and Mind Research Institute, University of Sydney, Camperdown, Australia.

Go to Neurology.org/nn for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of
the article. The Article Processing Charge was paid by the authors.

This is an open access article distributed under the terms of the Creative Commons Attribution-Noncommercial No Derivative 3.0 License, which
permits downloading and sharing the work provided it is properly cited. The work cannot be changed in any way or used commercially.

Neurology.org/nn © 2014 American Academy of Neurology 1

ª 2014 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

mailto:Fabienne.brilot@sydney.edu.au
http://nn.neurology.org/content/1/1/e12
http://nn.neurology.org/content/1/1/e12
http://neurology.org/


of microtubule stability.4 Autoantibodies
against MOG (MOG antibodies) have been
shown to mediate demyelination in rodents
in “2-hit models” and also in primates.5–8

The importance of MOG antibodies in
human demyelinating disease has previously
been controversial, predominantly due to the
use of antibody assays that denature protein
and alter conformation. More recently, using
cell-based assays, high titer MOG antibody has
been unequivocally found in 20%–40% of chil-
dren with acute CNS demyelination.9 In partic-
ular, MOG antibodies have been shown to be
associated with acute disseminated encephalomy-
elitis (ADEM) and patients with neuromyelitis
optica (NMO)-like phenotypes who are negative
for NMO immunoglobulin (Ig) G.10–16 How-
ever, detailed clinical and radiologic phenotyping
associated with MOG antibodies is still lacking,
and the role of MOG antibodies as a biomarker
in clinical practice is still not clear.

Herein, we further define the clinical signif-
icance of MOG antibody as a biomarker and
show that MOG antibody can modify the
microtubule network and thin filaments of
oligodendrocytes.

METHODS Patients and controls. Patients. The stored

acute serum (280°C) taken from 73 children during their first

episode of CNS demyelination (DEM) was used for this study

(median age 8 years, range 1.3–15.3, 37 females). All sera were

acute and before immune therapy. The clinical and radiologic

features of 60 of the patients have been reported previously,17

but the serologic investigation of this cohort has not been pre-

viously reported. The patients were clinically phenotyped using

2013 consensus criteria.18 The first episode of demyelination

was ADEM (n 5 28), transverse myelitis (TM, n 5 15), optic

neuritis (ON, n 5 15), and other clinically isolated syndrome

(CIS) excluding TM and ON (n 5 15). These other CIS

patients had polyfocal CIS, cerebellar CIS, brainstem CIS, or

hemispheric CIS. The acute MRI brain scans (n 5 70) and

MRI spine (n5 30) were reviewed and rated using MRI criteria

blinded to the laboratory findings, as previously described using

McDonald, KIDMUS, Callen, and Verhey criteria.17 The

patients were followed for a median of 4.0 years (range 0.3–

13.7 years). At study census and classification, 54 patients had a

monophasic disease (ADEM n 5 24, TM n 5 13, ON n 5 7,

“other CIS” n 5 10). Nineteen of 73 patients had a relapsing

demyelinating disorder (multiple sclerosis [MS] n5 15, relaps-

ing ON n 5 4). The 15 patients with MS fulfilled criteria by

Krupp et al.18 and had 2 or more clinical events.

Controls. We have previously shown that MOG antibodies

are specific to CNS demyelination.10 To generate a control

range for this study, 24 pediatric controls with other neurologic

disease, including epilepsy, cerebral palsy, neurometabolic dis-

ease, and neurodegenerative disorders, were used (median age

11 years, range 2–14).

Patient and control sera had IgG concentrations measured by

nephelometry (BN ProSpec, Siemens, Germany), and IgG values

were within the normal range (6.2–14.4 g/L).

CSF samples (n 5 20 controls and n 5 22 demyelinating dis-

orders) were taken at acute presentation at the same time as sera.

Standard protocol approvals, registrations, and patient
consents. Ethics approval for this study was granted by the Syd-

ney Children’s Hospitals Network Human Ethics Committee

(12/SCHN/395, SSA/12/SCHN/398, 08/CHW/108, 09/

CHW/56, SSA/09/CHW/143), and written informed consent

was obtained from patients.

Cloning and expression of human MOG. Human full-length

MOG cDNA were cloned from a fetal brain RNA library (gift from

Dr. Monkol Lek). Sequence-verified MOG cDNA was subcloned

into pIRES2-ZsGreen 1 lentivirus vector, enabling both MOG and

ZSGreen to be coexpressed in cells separately (gift from

Dr. Stuart Turville). We used published protocols to transduce

and obtain MOG-expressing human embryonic kidney 293 cells

(HEK293MOG1) and oligodendroglial (MO3.13MOG1) cells.19

Control cells (HEK293Ctl and MO3.13Ctl cells) were obtained by

transduction by particles with empty pIRES2-ZSGreen vectors. We

used HEK293MOG1 cells for the MOG antibody assay to conform to

recent reports and MO3.13MOG1 cells for functional studies due to

their oligodendrocyte characteristics. Transduction in both cell lines

resulted in 75%–85% MOG-expressing cells in culture.

Cell-based assay for detection of antibodies to cell surface
MOG in serum and CSF. We used fluorescence-activated cell

sorting (FACS) analysis to detect antibody binding of patient serum

IgG to surface MOG transduced in HEK293 cells as we have

previously described (appendix e-1 at Neurology.org/nn).10,20–23

Samples were considered positive if they were above threshold at

least 2 times out of 3 repeated experiments, and the intra-assay

variation is summarized in appendix e-1.

ELISA assay for detection of antibodies to aquaporin-4
antibody in serum. Serum samples were tested with an

aquaporin-4 (AQP4) autoantibody ELISA kit according to the

manufacturer’s instructions (RSR Limited, Pentwyn, Cardiff,

United Kingdom).

Functional effects on human oligodendroglial cells. MO3.13

cell line is an immortal human-human hybrid cell line that expresses

phenotypic characteristics of primary oligodendrocytes and was

created by fusing a 6-thioguanine-resistant mutant of the human

rhabdomyosarcoma RD (cancer of skeletal muscle) with adult

human oligodendrocytes by a lectin-enhanced polyethylene glycol

procedure.24 Transduced human oligodendroglial MO3.13MOG1

and MO3.13Ctl cells were cultured as previously described24 and

were immunostained with described protocols (appendix e-1).22,23

We purified human IgG or human MOG IgG from human sera

using protein G-agarose and Microcon (Millipore, Billerica, MA),

and human MOG bound to an activated N-hydroxysuccinimide

agarose column (GE Healthcare, Little Chalfont, United

Kingdom).25,26 We also immunoabsorbed MOG antibody–positive

sera by incubating 6 wells of live HEK293MOG1/Ctl cells with MOG

antibody–positive and –negative sera.22 In order to visualize effects of

protein G–purified human IgGs on single cells, MO3.13 cells were

seeded at low density and incubated with 6 mg of protein G–purified

human IgGs from patient or control sera and HEK293MOG1-

immunoabsorbed MOG antibody–positive serum for 45 minutes

at room temperature followed by goat anti-human IgG secondary

antibody for 15minutes at room temperature.27,28 After washing, cells

were fixed and permeabilized, and cytoskeleton filamentous actin

(F-actin, marker of cytoskeleton thin filaments) and b-tubulin
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(marker of cytoskeleton microtubule) were quantified using 3D

deconvolution microscopy (detailed methodology in appendix e-1).29

Human leukocyte antigen DRB1*1501 genotyping. DNA

from patients with DEM (n 5 40) was extracted from saliva using

a saliva-specific DNA extraction kit according to the manufacturer’s

instructions (Oragene, DNA Genotek, Kanata, Ontario, Canada).

The rs9271366 single nucleotide polymorphism (SNP) that lies on

chromosome 6 at position 32,694,832 upstream of the allelic variation

(A / G) was used to genotype the patients for human leukocyte

antigen (HLA)-DRB1*1501.30 Patients with the allelic A are negative

for HLA-DRB1*1501, whereas patients with the allelic G are HLA-

DRB1*1501–positive. The SNP rs9271366 is always inherited with

the HLA-DRB1*1501 allele (complete linkage disequilibrium with

HLA-DRB1*1501).30 DNA was amplified using PCR (detailed

methodology in appendix e-1), and sequences were analyzed by the

software Sequencher (Gene Codes Corporation, Ann Arbor, MI).

Statistical analysis. Chi-square with Yates correction test was used
to compare MOG antibody positivity between patient and control

groups and between patient subgroups, and to compare binary clin-

ical and radiologic features between MOG antibody–positive and –

negative groups. Wilcoxon 2-sample test was used to compare ages

of patients in 2 groups. No adjustment for multiple testing has been

performed. The effects of IgG on F-actin and b-tubulin were

normally distributed; thus, means and SDs were analyzed with

the 2-tailed Student t test. A p value less than 0.05 was

considered significant for the 2-tailed Student t test (MOG

antibody pathogenic effect).

RESULTS Surface MOG IgG antibody in children with

demyelinating diseases. In order to align our detection
method to recent reports, we first detected MOG
antibody in serum using FACS assay andHEK cells ex-
pressing human MOG.11,14,16,31,32 The mean fluores-
cence intensity correlated with antibody concentration
(figure 1A). Using the mean plus 3 SDs to establish the
threshold for positivity, MOG antibodies were found
in 31/73 (42%) of the DEM group but in 0/24 con-
trols (figure 1, B–D, p 5 0.000). We have tested 57
other medical and neurologic controls, and all were
negative. We also tested MOG antibody in CSF (fig-
ure 1E). We had CSF available in 22 patients with
DEM, of which 5 were positive for MOG antibody
in serum. Only 3/22 CSF samples were positive, 2 of
which were serum positive and 1 of which was serum
negative (figure 1E). Serologic testing for AQP4 anti-
bodies was performed in 64 patients with DEM and
was negative in all (data not shown).

Clinical and investigation findings according to serum

MOG antibody findings. First episode. We compared the
clinical features according to MOG antibody status
during the first episode of demyelination in detail,
and findings are presented in table e-1. Patients with
positive MOG antibody were younger (median age
6.7 vs 10.4 years, p5 0.06) and marginally more likely
to be female (18/31, 58% vs 19/42, 45%, p 5 0.40).
MOG antibody positivity was negatively associated
with brainstem signs (2/31 vs 16/42 42, p 5 0.005).
In patients with ON, positive MOG antibody was

more common in patients with bilateral compared to
unilateral ON (9/10 vs 1/5, respectively, p 5 0.03 (fig-
ure 1F). MOG antibody–positive patients were more
likely to have a raised erythrocyte sedimentation rate
(ESR) .20 mm/h during the first episode than MOG
antibody–negative patients (9/19 vs 3/21, p 5 0.05).
There was no correlation between age and elevated
ESR in MOG antibody–positive patients (figure 1G).
Intrathecal oligoclonal bands were not present in the
MOG antibody–positive patients and were seen only
in MOG antibody–negative patients (0/16 vs 5/27,
p 5 0.18). MOG antibody–positive patients were less
likely to be homozygous or heterozygous for HLA-
DRB1*1501 than patients with negative MOG anti-
body (3/18, 17% vs 7/22, 32%, p 5 0.46). Detailed
blinded radiologic analysis of MRI brain (n 5 70) and
MRI spine (n5 30) during the first episode showed no
significant differences according to MOG antibody sta-
tus (table e-2). There was no difference in MRI MS
criteria usingMcDonald, KIDMUS, Callen, and Verhey
(table e-3).

Follow-up diagnosis. To compare MOG antibody
findings, we compared the subgroups according to clas-
sification at follow-up (figure 1, H and I). In the mon-
ophasic subgroups, MOG antibodies were positive in
11/24 (46%) patients with ADEM, 6/7 (86%) patients
with ON, 4/13 (31%) patients with TM, and 0/10
(0%) patients with “other CIS” (defined in Methods).
Patients with monophasic ON were more likely to be
MOG antibody–positive than the rest of the cohort
(6/7 vs 25/66, p 5 0.04), and patients with “other
CIS” were less likely to be MOG antibody–positive
than the rest of the cohort (0/10 vs 31/63, p 5

0.01). In the relapsing patients, MOG antibody was
positive in 7/15 (47%) of patients with MS and 3/4
(75%) patients with relapsing ON. It is interesting that
the 3 MOG antibody–positive patients with relapsing
ON were negative for AQP4 antibody, whereas the
MOG antibody–negative patient with relapsing ON
was not tested for AQP4 antibody due to insufficient
serum. In the relapsing patients (n 5 19), the MOG
antibody–positive patients were younger (median 5.6
years, range 2.6–14.2) than the –negative patients
(median 12.9 years, range 2.5–15.3, p 5 0.03). The
MOG antibody–positive patients had fewer relapses
(22 relapses in 60.3 patient-years, median annualized
relapse rate 0.56) than the MOG antibody–negative
patients (26 relapses in 39 patient-years, median annu-
alized relapse rate 0.65).

Longitudinal MOG antibody in 2 patients treated with

immune suppression. Two recent patients (figure 2 and
appendix e-2) with positive MOG antibodies who ful-
filled 2013 criteria for MS18 were treated with myco-
phenolate mofetil (MMF), which produced clinical
remission, no new lesions on follow-up MRI scans,
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Figure 1 Distribution of MOG IgG antibody in pediatric demyelinating diseases

(A) Antibody reactivity to myelin oligodendrocyte glycoprotein (MOG) was determined by flow cytometry live cell-based assay. (B) Representative example of
flow cytometry histograms for oneMOG antibody–positive patient with a very high DMFI and (C) an intermediate DMFI. MFI values are noted in the legend. (D)
Human surface MOG IgG antibody was detected in 31/73 sera from patients with demyelinating diseases (DEM) and 0/24 controls (CTL). Magenta line on
graph represents the positivity threshold. MOG antibody positivity is shown between brackets. (E) Surface MOG antibody was detected in 3/22 CSF from
patients with DEM and 0/20CSF from patients with other neurologic diseases (CTL). Black circles represent patients with positiveMOG antibody in CSF and
in serum. (F) Distribution and number of MOG antibody–positive patients in optic neuritis (ON). (G) Correlation between erythrocyte sedimentation rate and
age in MOG antibody–positive patients. (H) Distribution and (I) number of MOG antibody–positive patients in demyelinating diseases at follow-up. Ab 5

antibody; ADEM5 acute disseminated encephalomyelitis; CIS5 clinically isolated syndrome; BON5 bilateral optic neuritis; HEK5 human embryonic kidney;
Ig 5 immunoglobulin; MFI 5 mean fluorescence intensity; MS 5 multiple sclerosis; TM 5 transverse myelitis; UON 5 unilateral optic neuritis.
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and normalization of MOG antibodies (figure 2 and
appendix e-2). In both patients, upon treatment with
MMF, MOG antibody decreased below the threshold
of positivity (figure 2, A and B).

Loss of cytoskeleton organization by MOG antibody or

purified IgG from children with demyelinating diseases.

Human oligodendrocyte MO3.13MOG1 cells expressed
MOG at their surface, whereas noMOG expression was
observed on MO3.13Ctl cells (figure 3). MO3.13 cells
also expressed oligodendrocyte markers, such as 29, 39-
cyclic nucleotide 39-phosphodiesterase (CNPase), galac-
tocerebroside (GalC), oligodendrocyte marker O4,
vimentin, and c-series ganglioside-specific antigen
(A2B5) (figure 3A). Myelin basic protein (MBP), a
specific marker of mature oligodendrocytes, was
observed only in PMA-differentiated MO3.13MOG1

cells (figure 3A), suggesting that undifferentiated
MO3.13 cells are immature oligodendrocytes. Using

purified IgG and immunoaffinity-purified MOG IgG
fromMOG antibody–positive sera, we immunolabeled
HEK293MOG1 and HEK293Ctl cells on live cells by
FACS (figure 3B) and on fixed MO3.13MOG1 cells
by immunocytochemistry (figure 3C) and showed
a positive immunostaining compared to MOG
antibody–negative sera, suggesting that protein
G–purified IgG includes MOG-specific IgG. Due to
small volumes of pediatric sera, we used protein
G–purified IgG in pathogenic experiments. Next, we
treated fixed and live MO3.13MOG1/Ctl cells with IgG
from MOG antibody–positive and –negative patients
with DEM and healthy controls (HCs). Then, all cells
were immunolabeled for b-tubulin (marker of
microtubule) or F-actin (marker of thin filaments). We
quantified results and expressed them by the F-actin and
b-tubulin relative enrichments in the cytoplasm and
perinuclear region over the entire cell. All results were

Figure 2 Temporal distribution of MOG antibody in serum of 2 relapsing patients with demyelinating diseases

In both patient A (A) and patient B (B), upon treatment mycophenolate mofetil (MMF), myelin oligodendrocyte glycoprotein (MOG) antibody decreased to
within the healthy control range (below threshold of positivity), and these low titers were associated with remission. Representative dot plot out of 3 experi-
ments is shown. Magenta lines on graphs represent the positivity threshold (obtained with 24 control samples). Black squares represent serum analysis dur-
ing acute demyelination episodes, and black circles represent sera during remission. Type of demyelinating episode is shown on graph. (C, D) Representative
T2 axial MRI scans demonstrate demyelinating lesions during the first acute event and during convalescence. Patient A (C) had globular deep white matter
lesions on acute scan (left panel), which show residual gliosis on convalescent scan and no new lesions (right panel). Patient B (D) had inflammatory lesions in
basal ganglia and white matter on acute scan (left panel), with complete resolution on convalescent scan and no new lesions (right panel). Ab 5 antibody;
ADEM5 acute disseminated encephalomyelitis; CEREB5 cerebellar episode; Ig5 immunoglobulin; MFI5mean fluorescence intensity; ON5 optic neuritis;
TM 5 transverse myelitis.
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normalized using F-actin and b-tubulin in HC
IgG-treated fixed cells. Organization of the
microtubule and thin filament networks was
similar in fixed cells incubated with HC (100%
6 10.1 and 100% 6 22.6, respectively, figure 4,
A and C) or DEM IgGs (104.3% 6 11.3 and
85.8% 6 31.8, respectively, figure 4, A and C);

there was clear visualization of “stress-fibers” and
filopedia after F-actin immunolabeling (figure 4A,
upper panels) and bright mesh-like staining spread
out through the entire cell after b-tubulin
immunolabeling (figure 4A, lower panels). Live
cells treated by HC IgG displayed a small
disorganization of F-actin thin filaments (91%6 14.4,

Figure 3 Human oligodendroglial MO3.13MOG1 cells express markers of oligodendrocytes and are immunolabeled with protein G- and human
MOG-purified human IgG from MOG antibody–positive DEM patients

(A) Immunocytochemistry on fixed permeabilized cells showed that MO3.13MOG1 cells expressed oligodendrocyte markers. (B) Protein G- and human MOG-
immunopurified IgG from MOG antibody–positive serum immunolabeled live HEK293MOG1 cells but did not immunolabel HEK293Ctl cells compared to MOG
antibody–negative serum. Binding to cells was determined by flow cytometry. Mean fluorescence intensity (MFI) values are shown in legends. (C) Protein
G- and human MOG-purified IgG from MOG antibody–positive serum also immunolabeled fixed unpermeabilized MO3.13MOG1 cells compared to MOG
antibody–negative serum. Representative data are shown (volume projection of entire Z-stack acquired using 3D deconvolution microscopy). Nuclei stained
with 4’,6-diamidino-2-phenylindole (DAPI). Bar: 10 mm. A2B55 c-series ganglioside-specific antigen A2B5; Ab5 antibody; CNPase529, 39-cyclic nucleotide
39-phosphodiesterase; DEM 5 demyelinating diseases; GalC 5 galactocerebroside; HEK 5 human embryonic kidney; Ig 5 immunoglobulin; MBP 5 myelin
basic protein; MOG 5 myelin oligodendrocyte glycoprotein; O4 5 oligodendrocyte marker O4.
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Figure 4 Purified IgG from DEM patients induces loss of cytoskeleton organization in live human oligodendroglial MO3.13MOG1 cells

F-actin (upper images) and b-tubulin (lower images) immunolabelings in human fixed (A) or live (B) oligodendroglial MO3.13MOG1 cells incubated with purified
healthy control (HC) IgG or MOG antibody–positive DEM IgG. Representative data are shown (volume projection of entire Z-stack acquired using deconvo-
lution microscopy). Nuclei stained with 4’,6-diamidino-2-phenylindole (DAPI). Bar: 10 mm. Dotted lines on right images represent contour of cells as deter-
mined by differential interference contrast images (not shown). (C) Quantification of change in distribution of thin filament (F-actin, upper scatter plot) and
microtubule network (b-tubulin, lower scatter plot) organization using 3D deconvolution microscopy. F-actin and b-tubulin were majorly affected in live cells
incubated with DEM IgG. Forty different cells (1 cell5 1 diamond) from 2 HC and 2 DEM patients out of 3 independent experiments are shown. Results are
expressed as ratio of the relative enrichment (RE) between cytoplasm and nucleus and values shown are percentages relative to HC IgG FIX (100%). Red
bars represent mean. Note that there also was a loss of organization of the thin filaments after HC IgG incubation on live cells compared to fixed conditions,
but to a lesser extent than after DEM IgG. (D) Cell viability assay by flow cytometry on live human oligodendroglial MO3.13MOG1 cells incubated 45 minutes
with 6 mg of purified HC IgG or DEM IgG. No difference in cell death was observed. Dead cell percentages are noted in the legend. 7AAD 5 7-amino-
actinomycin D; DEM 5 demyelinating diseases; Ig 5 immunoglobulin; MOG 5 myelin oligodendrocyte glycoprotein.
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p , 0.0001, figure 4, B and C, upper images)
and undisturbed microtubular b-tubulin network
(107.4% 6 32.1, figure 4, B and C), similar to that
observed in fixed DEM and HC IgG-treated cells
(figure 4A, upper panels). Following treatment with
DEM IgG on live MO3.13MOG1 cells, we observed a
striking loss of organization in both F-actin (72.4%
6 11.7, p , 0.0001, figure 4, B and C) and
b-tubulin networks (52.2% 6 13.1, p , 0.0001,
figure 4, B and C) in otherwise healthy-looking
undividing cells visualized by differential interference
contrast imaging (figure 4B, dotted line, and data not
shown) and analyzed by FACS, by which there was no
difference in viability between live MO3.13MOG1 live
cells treated with DEM IgG or HC IgG for
45 minutes (figure 4D, 87.26 0.6 vs 87.26 2.11) or
10 hours (data not shown). No loss of cytoskeleton
organization was observed when live MO3.13Ctl cells
were incubated with HC IgG and MOG antibody–
positive DEM IgG, nor when live MO3.13MOG1 cells
were incubated with MOG antibody–negative DEM
IgG (figure e-1 and appendix e-3). In addition,
successful immunoabsorption of MOG antibody–
positive serum on HEK293MOG1 cells led to no
change in cytoskeleton organization when
immunoabsorbed serum was incubated on live
MO3.13MOG1 cells (figure e-1 and appendix e-3).
Overall, after incubation with MOG antibody–
positive DEM IgG, both F-actin and b-tubulin
immunolabelings appeared to be enriched within
a perinuclear region in the center of the cells
surrounding the nucleus.

DISCUSSION As in this study, recent reports have
consistently found that serum MOG antibody is pre-
sent in a significant proportion of children with CNS
demyelinating disease, whereas AQP4 antibodies are
rare.9 We believe that the clinical and investigation
findings in this report support the evolving concept
that MOG antibodies may define a separate autoim-
mune demyelinating syndrome that may be distinct
from classic adult-onset MS. MOG antibodies are
present in up to 50% of children with ADEM, as in
this report. Proebstel et al.33 found that ADEMMOG
antibody seropositive children became seronegative in
the recovery period, whereas children with relapsing
MS typically remained seropositive. More recently,
MOG antibodies have been found in children with
ON and in some patients with NMO phenotype
negative for NMO IgG.14,31 In this report, we have
strengthened this association with ON and found that
patients with bilateral rather than unilateral ON were
more likely to be MOG antibody–positive. Bilateral
ON is a common ON phenotype in children but is
rare in adults, in whom unilateral ON is the more
typical demyelinating event of MS. In contrast,

patients with brainstem signs and CIS other than
ON and TM were rarely MOG antibody–positive.
An elevated ESR was more common in MOG
antibody–positive patients. An elevated ESR is
atypical of MS and should raise suspicion of an
autoimmune disorder or alternate inflammatory
mimic of MS. We showed that elevation of ESR in
MOG antibody–positive patients was independent of
age. Intrathecal oligoclonal bands are one of the classic
biomarkers of MS and were absent in all MOG
antibody–positive patients and were present only in
the MOG antibody–negative patients. Only 17% of
the MOG antibody–positive patients had 1 or both
HLA-DRB1*1501 alleles, the main MS susceptibility
allele, which is the same as the previously reported
percentage in the “normal” healthy population in
Australia,34 whereas the MOG antibody–negative
patients were more likely to have 1 or more HLA-
DRB1*1501 allele. This negative association was
not statistically significant and larger cohorts are
required to test whether this correlation is a real
rather than a suspected phenomenon. In contrast,
radiologic features did not appear to differentiate
MOG antibody–positive from –negative patients in
this childhood cohort.

The presence of MOG antibodies is unlikely to
have therapeutic implications in the first demyelinat-
ing event but is more likely to be therapeutically
important in the relapsing patient. Although 2 recent
patients fulfilled criteria for MS, the presence of
MOG antibodies and elevated ESR led us to treat
them more like NMO patients with the immune sup-
pression agent MMF rather than conventional MS
disease-modifying therapies. Both patients had no
clinical or radiologic relapse for 12 months and 36
months, respectively, and both became MOG anti-
body seronegative. Further studies are required to
understand the longitudinal course of patients with
MOG antibody–associated relapsing disease and the
treatment approach required.

Cell-based assays have been essential to detect
MOG antibody with a high specificity,9 especially
when the full-length MOG is expressed in cells rather
than the C-terminal truncated MOG.35 Our experi-
ence with neuronal antigens informed us that FACS
is sensitive and quantitative.10,13,20,22,33,36,37 We detected
CSF MOG antibody in only 3 of 22 DEM samples, of
which 5 were positive in serum. This suggests CSF is
less sensitive than serum for MOG antibody detection,
which could be due to a lack of sensitivity or could
represent a genuine absence of intrathecal Ig synthesis
in these patients. Supporting this concept, none of the
patients with positive MOG antibody had intrathecal
oligoclonal bands.

The pathogenic function of MOG antibody is still
unclear, but over the recent years, the detection of
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MOG antibody against the conformational native
form of the antigen has enabled pathogenic studies
using native MOG antibody from patient sera.
MOG antibodies have been shown to be of the
IgG1 isotype, which can activate complement13,16

and cell-mediated cytotoxicity,10 and induce experi-
mental autoimmune encephalomyelitis in mice.15,38

Although the function of MOG is still unclear,
MOG has been proposed to stabilize cytoskeletal mi-
crotubules.4 The monoclonal MOG antibody 818C5
has been shown to induce a rapid b-tubulin dephos-
phorylation and invoke a rapid retraction of oligoden-
drocyte processes,27,28 and to alter the cytoskeletal
structure and microtubular polymerization after
long-term MOG antibody exposure in cultured
murine oligodendrocytes.39 This effect on b-tubulin
occurred after MOG redistributed over internal MBP
domains, independently of F-actin. In our cell model,
MBP is only expressed after oligodendrocyte differ-
entiation with phorbol ester, and F-actin was clearly
disorganized after incubation with patient Igs, sug-
gesting that there is an MBP-independent microtu-
bular disorganization that would also involve F-actin
in our immature oligodendrocyte cell model. We also
observed a fast effect after short incubation times that
may be due to high expression of surface MOG in
transduced cells. Despite the significant alteration in
cytoskeleton, no cell death occurred, as previously
observed in animal models. Our findings add to the
pathogenic potential of MOG antibody, and it is
conceivable that different pathogenic effects may be
present in different patients. Recent studies have
shown that different patients have different epitopes
involved in antibody binding that may influence
pathogenic properties of MOG antibody.40

Taken together, our findings suggest thatMOG anti-
body may define an autoimmune demyelinating syn-
drome that is clinically and potentially pathologically
separate from “classic MS.” MOG antibody fulfills cri-
teria as a cell surface autoantibody-associated syndrome
and may prove to be a valuable biomarker with thera-
peutic implications in patients with relapsing demyelin-
ating disorders.
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