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Abstract— Demyelinating diseases of the central nervous system are caused by an autoimmune attack on the myelin sheath 
surrounding axons. Myelin structural proteins become antigenic, leading to the development of myelin lesions. The use of 
highly specialized laboratory diagnostic techniques for identification of specific antibodies directed against myelin compo-
nents can significantly improve diagnostic approaches. Myelin oligodendrocyte glycoprotein (MOG) antibody-associated 
disease (MOGAD) currently includes demyelinating syndromes with known antigens. Based on the demonstrated patho-
genic role of human IgG against MOG, MOGAD was classified as a distinct nosological entity. However, generation of 
multiple MOG isoforms by alternative splicing hinders antigen detection even with the most advanced immunofluorescence 
techniques. On the other hand, MOG conformational changes ensure the structural integrity of other myelin proteins and 
maintain human-specific mechanisms of immune autotolerance. 
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INTRODUCTION

Demyelinating disorders of the central nervous 
system (CNS) have always been in the spotlight due to 
their clinical diversity and relatively high incidence. 
Demyelinating diseases are caused by neuroinf lamma-
tion induced by the autoimmune attack of peripheral 
immune cells on the CNS antigens. They are associat-
ed with the formation in the gray and white matter of 
the brain and/or spinal cord of foci characterized by 
myelin damage, inf lammatory perivascular infiltration 
by  T and B lymphocytes and macrophages, activation 
of microglia in the disease acute phase, and subsequent 

alleviation of inf lammatory processes with the onset of 
myelin sheath repair. Depending on the extent of myelin 
sheath damage and functional and quantitative viability 
of myelin-forming cells, remyelination can be complete, 
partial, or ineffective [1]. Different inf lammatory demy-
elination mechanisms exist. The attack of antibodies on 
oligodendrocytes and myelin components can result in 
the development of primary demyelination. Secondary 
demyelination occurs due to the damage to other CNS 
cells and, as a result of developing inf lammation, sec-
ondary destruction of myelin takes place. The underly-
ing causes of autoimmune diseases of the CNS can be 
identified using highly specific cell-based assays (CBAs). 
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Understanding the role of autoantibodies in neurological 
diseases has significantly altered clinical practices over 
the past decade, while identification of autoantibodies 
has made it possible to reclassify some of these diseases. 
For instance, the discovery of antibodies targeting aqua-
porin-4 (AQP4), a water channel protein of astrocytes, in 
patients with neuromyelitis optica or antibodies against 
N-methyl-D-aspartate glutamate receptors (NMDARs) 
associated with the most prevalent autoimmune enceph-
alitis allowed to classify these diseases as distinct noso-
logical entities. Most important, the discovery of anti-
bodies targeting neurons, myelin components, or glial 
cells has significantly expanded existing diagnostic ap-
proaches and therapeutic options [2, 3].

CNS DISEASES ASSOCIATED 
WITH ANTI-MOG ANTIBODIES –

NEW NOSOLOGICAL ENTITIES 
WITH IDENTIFIED ANTIGEN

To date, the most common and well-studied chron-
ic demyelinating disease of the CNS is multiple sclero-
sis  (MS), which is characterized by the appearance of 
multiple lesions mainly in the white matter of the brain 
and spinal cord due to the development of autoimmune 
inf lammation. In the majority of cases, progression of 
MS is marked by relapses accompanied by the emer-
gence of new neurological symptoms or worsening of 
the existing ones. Over time, progression of neurologi-
cal deficits in MS acquires a steady character and leads 
to serious disabilities, mainly in young and middle-aged 
people. However, the precise mechanisms initiating the 
production of specific antibodies and activation of ef-
fector lymphocytes in MS have yet to be determined [4]. 
Most researchers believe that MS has a primary autoim-
mune etiology. Identification of its immunological caus-
es and molecular targets has been in the research focus 
over the past few decades, resulting in the discovery of 
strong genetic associations with the immune regulatory 
mechanisms and elucidation of mechanisms of immune 
attack on the elements of the CNS. Observations of the 
natural progression of MS, however, have revealed in-
consistencies that cast doubt on the assumption that MS 
is a solely autoimmune disorder. According to the alter-
native theory, MS is a neurodegenerative disorder and 
the initial failure occurs in the CNS cells and structures. 
This model states that the event initiating the disease 
is primary cytodegeneration resulting in the release of 
highly antigenic components which then trigger the im-
munopathological cascade [5]. Currently, the diagnosis 
of MS is based on clinical manifestations, neuroimaging 
data, and detection of intrathecal synthesis of oligoclo-
nal immunoglobulins, emphasizing the role of B  lym-
phocytes in the disease pathogenesis [6]. CNS demye-
linating syndromes that do not meet the criteria for MS 

have been considered as its atypical versions. Improving 
the methods of laboratory diagnostics, in particular, im-
munofluorescent CBAs, makes it possible to detect an-
tibodies against antigenic components of myelin with a 
high accuracy.

A great success in the search for specific pathogen-
ic antibodies in the atypical MS variants was achieved 
in 2004, when such autoantibodies were identified in 
patients with neuromyelitis optica, a disease manifested 
by unilateral or bilateral optic neuritis and longitudi-
nal widespread transverse myelitis involving more than 
three vertebral segments [7]. The detected antibodies 
were directed against AQP4, a water channel protein ex-
pressed in the perivascular zone on the astrocytic ped-
icles around blood vessels. The discovery of antibody 
to AQP4 (AQP4-IgG) as a target antigen unequivocally 
confirmed neuromyelitis optica as a separate nosological 
entity distinct from MS [8]. Over time, AQP4-IgG was 
identified by CBA not only in patients with the optic- 
spinal phenotype, but also in patients with demyelinating 
lesions in the brain, diencephalon, area postrema, and 
brainstem. Later, the term NMOSD (neuromyelitis op-
tica spectrum disorder) was introduced, which combined 
both AQP4-IgG seropositive and seronegative forms of 
the disease with a typical clinical and radiological pic-
ture [9]. It should be noted that demyelination caused 
by AQP4-IgG is secondary, since the main pathogenic 
events are associated with the development of astrocy-
topathy and damage to the blood–brain barrier (BBB). 
An increase in the BBB permeability initiates penetration 
of effector lymphocytes, antibodies, and granulocytes 
into the CNS. AQP4-IgG is synthesized by plasmablasts 
on the periphery, which may be due to the wide distri-
bution of AQP4 outside the CNS (collecting tubules of 
the kidneys, stomach parietal cells, epithelial cells of the 
bronchial mucosa, skeletal muscles). The  pro-inf lam-
matory cytokine profile, antibody- and complement- 
dependent cellular cytotoxicity, and impaired water and 
electrolyte homeostasis lead to the secondary myelin 
damage [10]. Therefore, no antibodies against the my-
elin sheath components are secreted in NMOSD. Myelin 
damage occurs at the sites of high expression of the AQP4 
protein (optic nerves, spinal canal, circumventricular or-
gans, i.e., CNS zones closely adjacent to the ependymal 
lining). However, the uncertainty of diagnostics in the 
case of negative serological results has forced researchers 
to continue the search for other immunological markers 
of CNS demyelinating syndromes.

Later, the antibodies against myelin oligodendro-
cyte glycoprotein (MOG) have been identified in the 
serum. Anti-MOG antibodies (MOG-IgG) are found in 
a large percent of children with acute disseminated en-
cephalomyelitis (ADEM). In adult population, recurrent 
optic neuritis is a condition in which elevated MOG-IgG 
titers are most prevalent, followed by myelitis of varying 
degree of severity, encephalomyelitis, stem encephalitis, 
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ADEM-like phenotypes, and cortical encephalitis. More 
than 40% NMOSD patients with the AQP4-IgG sero-
negative status have high MOG-IgG titers [11]. Because 
of this, myelin oligodendrocyte glycoprotein anti-
body-associated disease (MOGAD) was initially con-
sidered as one of the NMOSD phenotypes. First of all, 
this was due to the coincidence of their clinical manifes-
tations, especially in adult patients. However, histologi-
cal studies demonstrated different immunopathological 
patterns in these diseases. MOGAD is characterized by 
perivenous inf lammatory demyelination with the infil-
tration by macrophages, B lymphocytes, CD4+ T cells, 
and less prominent deposition of activated complement 
and immunoglobulin in comparison to the inf lammation 
in NMOSD [12]. In the majority of MOGAD cases, the 
histopathological picture was consistent with type II de-
myelination, which is typical of MS or ADEM (“sleeves 
of demyelination”). Moreover, no astrocyte destruction 
or loss of AQP4 expression was observed in MOGAD. 
Reactive hypertrophied astrocytes, apoptotic oligoden-
drocytes with compacted nuclei, and intact pre-oligo-
dendrocytes that did not express MOG were detected 
in the sections of biopsied material. Demyelinating le-
sions in MOGAD demonstrated a more pronounced 
loss of MOG staining than of other myelin proteins, 
and MOG-laden macrophages were identified, suggest-
ing MOG-dominant myelin loss. Moreover, axons with 
edema were detected very infrequently; in the majority 
of cases, the axons were intact. In rare severe forms of 
MOGAD, axonal spheroids were detected [13, 14].

International diagnostic criteria for MOGAD were 
first published in 2018 and then updated in 2023. Cur-
rently, MOGAD is recognized as a distinct nosological 
entity, distinct from other known neuroinf lammatory 
diseases, including MS and NMOSD [15,  16]. In fact, 
MOGAD is the first autoimmune demyelinating disease 
of the CNS in which primary demyelination develops and 
an antigen/antibody is clearly identified. Distinguishing 
MOGAD from the spectrum of other autoimmune de-
myelinating syndromes, with known or unknown anti-
gens, is very important in terms of differential diagnosis, 
prognosis, and treatment. However, for a long time, it 
has been discussed whether IgG-MOG detected in the 
serum of patients is pathogenic per se or represent an im-
munological epiphenomenon of prior demyelination and 
a clinically significant biomarker of the disease.

MOG STRUCTURE AND FUNCTIONS

Myelin is a complex multilayer structure synthe-
sized by oligodendrocytes that is composed of multiple 
cytoplasmic and transmembrane proteins interacting 
with highly structured lipids and glycolipids. These con-
nections maintain the integrity, structure, and function 
of the myelin sheath surrounding axons. The majority of 

myelin proteins belong to protein families represented by 
several isoforms resulting from alternative splicing of a 
single gene [17]. The majority of CNS myelin proteins 
belong to the two families: myelin basic protein (MBP) 
and proteolipid protein (PLP). Minor components in-
clude glycoproteins, such as myelin-associated glycopro-
tein (MAG) and MOG, which, together with other my-
elin components, play an essential role in the formation 
and maintenance of the myelin sheath [18].

MOG was first identified in the late 1970s, when 
it was shown that a CNS myelin component named 
M2 (distinct from MBP and PLP) induced immune re-
sponse in a form of demyelination in guinea pigs [19]. 
Using the mouse monoclonal antibody (mAb) 8-18C5, 
the M2 antigen was then identified in the rat cerebellum 
tissue. Based on the tissue and cellular location, molec-
ular weight, and immunological cross-reactivity, it was 
demonstrated that mAb 8-18C5 recognized a unique 
myelin antigen similar to MOG. Using ultrastructural 
immunocytochemistry with 8-18C5, it was shown that 
MOG is expressed on the bodies, processes, and uncom-
pacted abaxonal (attached to the basement membrane) 
and adaxonal (separated from the axonal membrane by 
the periaxonal space) myelin membranes of oligoden-
drocytes [20]. The MOG protein has a molecular weight 
of 26-28 kDa and consists of 218 amino acids (with ad-
ditional 29 residues of the signal peptide). The MOG 
epitope interacting with mAb 8-18C5 was found only in 
mammals, in contrast to the evolutionarily older MBP 
and PLP [21, 22].

MOG is a type I integral membrane protein that 
belongs to the immunoglobulin (Ig) superfamily. It con-
sists of the extracellular variable (IgV) domain, the trans-
membrane hydrophobic domain, a short cytoplasmic 
loop, and the second hydrophobic region within the 
membrane bilayer (transmembrane region), followed 
by the cytoplasmic end. This structure is unique, since 
other members of this superfamily either have one trans-
membrane domain or are attached to the membrane 
surface by a glycosylphosphatidylinositol anchor [23]. 
Using recombinant MOG, it was found that the 8-18C5 
epitope was in the IgV-like domain, but at that time, all 
attempts to refine the binding site for the 8-18C5 mAb 
were unsuccessful. In this connection, it was suggested 
that MOG undergoes dimerization and its dimeric form 
partially masks the 8-18C5 epitope, which is conforma-
tional [24].

Demyelination in MOGAD develops due to the 
formation of a ternary complex consisting of the T-cell 
receptor (TCR), MOG, and human leukocyte antigen 
(HLA) [25]. T cells identify three epitopes in the MOG 
extracellular domain (residues 1-22, 35-55, and 92-106) 
as autoantigens and initiate the process of antibody gen-
eration. MOG1-22, MOG35-55, and MOG92-106 
have been shown to be encephalitogenic epitopes. It was 
also found that the FG loop (residues 92-106) acts 
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as  an  epitope for the interaction with mAb 8-18C5, 
the residues His103 and Ser104 being essential for the 
anti body binding [26]. MOG 35-55 has been used as 
an immunodominant epitope in a large number of an-
imal models. At the same time, human MOG 35-55 
showed mild encephalitogenic properties compared to 
the same fragment of rat MOG. The immunodominant 
peptide MOG 35-55 is a part of a highly conserved re-
gion of the MOG protein (residues 20-50) with a single 
amino acid polymorphism at position 42 [the only dif-
ference between the human and animal (mouse, rat) 
MOG proteins]. MOG proteins of humans and higher 
primates have proline in position 42, while rodent pro-
teins have serine, which explains why human MOG 
epitopes cannot be identified by rodent antibodies [27]. 
The pathogenic activity of IgG-MOG was analyzed 
in  vivo by transferring affinity-purified antibodies from 
MOGAD patients to experimental animals. Moreover, 
selected antibodies recognized different MOG epitopes 
(CC’ and FG loop) with the cross-reactivity to rodent 
MOGs. In this case, other antibody conformations were 
excluded. After intrathecal injection of IgG-MOG from 
patients into Lewis rats, the animals developed a demy-
elinating disease. The  antibodies, together with related 
MOG-specific T  cells, increased T cell infiltration and 
induced demyelination associated with the deposition of 
C9neo antigen (marker of lytic complement complex that 
is deposited exclusively in areas of active myelin destruc-
tion), resembling type  II demyelination pattern charac-
teristic of  MS [28]. Human MOG is a heterogeneous 
protein, and IgG-MOGs derived from MOGAD patients 
recognized different epitopes in animal MOG proteins. 
The  study using single-point MOG mutants identified 
seven different binding patterns for IgG-MOG in pa-
tients with MOGAD. Mutations were most often found 
in the CC’ loop (residues 41-46) and FG loop [29].

Glycosylation introduces a significant structur-
al diversity and regulates biological activity of proteins. 
Post-translational modifications of proteins at N-gly-
cosylation sites affect protein folding, localization, and 
function. The binding of antibodies to an antigen often 
depends on the position of glycosylated residue [30]. 
MOG has one N-linked glycosylation site (Asn31). 
Glycosylation reduces the f lexibility of MOG in both 
unbound and Fab-bound states. The presence of gly-
can enhances stability of the MOG protein and helps 
to maintain its almost native folded conformation [31]. 
In  some patients, attachment of glycan chain to MOG 
created a steric hindrance to antigen recognition [32].

The functions of MOG remain poorly understood. 
MOG is located on the myelin sheath outer surface and 
has an extracellular domain, which makes it accessible 
to potential antibodies. Other components of myelin are 
difficult to interact with antibodies and T cells because 
of their location. PLP is also a transmembrane protein, 
but it is extremely hydrophobic and hidden within dense, 

multilayered myelin. MBP is attached to the inner sur-
face of the cell membrane and resides predominantly in 
the cytoplasm. MAG is found in the innermost layer of 
myelin sheets, which remains in close contact with the 
axonal membrane [33].

MOG expression begins with the onset of myelin-
ation and thus can serve as a differentiation marker of oli-
godendrocyte maturation [34]. During myelination, there 
is an increase in the content of MBP, which is responsi-
ble for stabilization of microtubules in oligodendrocytes. 
In  turn, excessive stabilization of microtubules leads to 
the retraction of normal myelin sheath. Addition of the 
anti-MOG antibody 8-18C5 causes local MBP degrada-
tion and results in microtubule depolymerization. It is 
known that continuous turnover of microtubules is nec-
essary for myelination, and it is likely that the interaction 
of signals from these two proteins maintains the dynamic 
balance of microtubules in oligodendrocytes [35].

It was suggested that MOG does not play a direct 
role in myelination, but rather mediates interactions be-
tween myelin and immune system. One of the unique 
functions of CNS myelin is its ability to directly activate 
the classical complement pathway. Therefore, CNS my-
elin should contain a protein capable of binding the C1q 
complement component and triggering the following 
cascade of events. Highly purified native MOG and re-
combinant extracellular IgV-like MOG domain have been 
shown to bind C1q in a dose-dependent manner [36].

The composition and function of myelin also de-
pend on the adhesion mechanisms mediated by the 
epitopes of human natural killer-1 (HNK-1), a unique 
trisaccharide containing sulfated glucuronic acid and 
predominantly expressed on cells of the nervous sys-
tem. These molecules, originally identified as adhesion 
markers, mediate interaction of neurons with glial cells 
and growth of astrocytic processes. It was shown that 
some MOG (and MAG) molecules are glycosylated with 
HNK-1. Therefore, MOG can provide contact between 
adjacent myelinated fibers [37].

MOG ALTERNATIVE SPLICING

The human MOG gene is located in the major his-
tocompatibility complex (MHC) locus on chromosome 
6p21.3-p22 and is a member of the immunoglobulin 
superfamily. Detailed mapping of the MOG gene has 
shown that it lies 60 kilobases telomeric to HLA-F [38]. 
It is hypothesized that this close proximity to the MHC 
locus mediates MOG involvement in the initiation of au-
toimmune response. In 2006, the first complete analysis 
of alternative splicing of the MOG gene in five represen-
tative species (from rodents to humans) was performed. 
It was found that, unlike other myelin proteins, the most 
complex MOG splicing patterns were unique to higher 
mammals (humans and primates). The structural and 
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topographic features of MOG splice variants can be 
important for the phenotypic expression of autoimmu-
nity [39]. The human MOG gene contains 10 exons and 
demonstrates a complex pattern of alternative splicing 
resulting in 17 MOG isoforms. At present, there are six 
most studied MOG isoforms that were classified as alpha 
(α1, α2, and α3) and beta (β1, β2, β3) based on the exon 
composition and molecular weight and that differ in the 
composition of the intracellular (cytoplasmic) C-termi-
nal fragment. All mRNA splicing variants contain exon 1 
(signal peptide), exon  2 (Ig-like domain), exon  4 (first 
transmembrane domain), and small exons 5 and 6 (cyto-
plasmic region). Exons 5, 6, 7, 9, and 10a/b encode the 
hydrophilic domains found on the cytoplasmic surface 
of the lipid bilayer. Exon 8 encodes the membrane-asso-
ciated intracellular portion of the α1 and β1 transcripts. 
Exons  10a and 10b encode the C-terminal amino acids 
that define the α and β isoforms.

Incorporation of exon 3 into two MOG splicing vari-
ants causes premature termination of protein translation 
due to the presence of multiple in-frame stop codons, 
resulting in two shortest MOG isoforms that have iden-
tical amino acid sequences and represent soluble Ig do-
mains (since their transmembrane and cytoplasmic re-
gions are not translated) [40, 41].

It should be noted that compared to the full-length 
MOG isoforms (α1 and β1), other isoforms are not 
translated or only poorly translated and therefore, can-
not be detected by enzyme-linked immunosorbent assay 
(ELISA) and immunoblotting. Soluble MOG isoforms 
can most likely be detected only in the cerebrospinal 
f luid. Indeed, the results of a recent study suggest that a 
number of patients with MOGAD synthesize MOG-IgG 
intrathecally. Interestingly, it is adjusted cerebrospinal 
f luid/serum MOG-IgG index, but not serum MOG-IgG 
titer, that indicates a less favorable course of the dis-
ease [42].

The studies of alternative splicing of the MOG mRNA 
during human brain development demonstrated that the 
main α1 isoform of the MOG mRNA is expressed already 
at the 21st week of prenatal development. Expression of 
MOG α1 mRNA was even more pronounced in the brain 
biopsy of a 2-year-old child, when detection of other iso-
forms has only started to be possible. These data show 
that expression of additional MOG isoforms was initiated 
as the organism developed and positively correlated with 
the stages of myelination and acquisition of coordinated 
CNS activity at this age (e.g., speech development) [43]. 
These changes in the MOG expression are similar to the 
shift in the expression of the two PLP gene isoforms in 
the process of human brain development, since the PLP 
isoform DM20 dominates in the prenatal period, while 
PLP is more strongly expressed starting from the second 
year of life, when the amount of PLP is 50%. In this con-
text, the discovery of MOG splicing variants during late 
development suggests that their role can be specific and 

indicates myelin maturity. It is also interesting that some 
isoforms can be re-expressed during remyelination [44].

ANALYSIS OF IgG RESPONSE 
TO MOG ISOFORMS

Due to the conformational variability of MOG, there 
are different patterns of its binding with MOG-Ig. Most 
often, the epitopes are located in the loops between the 
β-sheets of the extracellular Ig domain of human MOG. 
In the retrospective study [45], serum samples from 
202 patients with positive MOG-IgG serostatus were an-
alyzed for their reactivity with MOG isoforms using live 
MOG α1 CBA and HEK293 cells transfected with oth-
er MOG isoforms. Cell surface expression of the MOG 
isoforms was demonstrated by performing live CBA with 
serial dilutions of the humanized mouse mAb 8-18C5. 
Despite small differences in the transfection efficiency, 
MOG isoforms showed comparable specific binding to 
8-18-C5. Therefore, all extracellular domains of different 
MOG isoforms were equally available for antibody bind-
ing. According to the results of this study, the strongest 
reactivity of IgG was directed against the longest MOG 
isoforms α1 (currently used as a standard in the CBA for 
MOG-IgG) and β1, while the shorter isoforms α2, α3, 
β2, and β3 were recognized less frequently; however, this 
does not exclude their pathogenicity in the development 
of MOGAD. Three different antibody binding patterns 
have been identified in MOGAD: (i)  binding to MOG 
α1 and β1 isoforms only (α1, β1), (ii) preferential bind-
ing of MOG α1 and β1 isoforms with recognition of 
at least one other MOG  α isoform, but not β isoforms 
(α1-3, β1) and (iii) binding to all MOG isoforms (α1-3, 
β1-3). MOG-IgG with α, β1 and α1-3, β1 patterns were 
more common in children, while MOG-IgG with α1-3, 
β1-3 pattern were found mostly in adults. This observa-
tion was consistent with the earlier data showing dom-
inant expression of MOG  α1 and β1 isoforms in early 
human development [46]. No differences or correlations 
between the identified antibody binding patterns and 
clinical manifestations of MOGAD were found. Exis-
tence of differential MOG isoform-binding patterns can 
explain some of the conf licting results obtained in CBAs 
with fixed cells, which might have failed to detect IgG 
against some alternative MOG isoforms [45].

Both nucleotide and amino acid sequences of MOG 
are highly conserved among various species, which is 
also the case for other myelin genes. However, a num-
ber of studies have shown that the alternative splicing 
patterns of the MOG gene are more complex in humans 
than in mice. It appears that exon 2, which codes for the 
Ig-like domain, have undergone adaptive shuff ling in 
the process of evolution, since it was also found in some 
other genes. In particular, MOG gene exon 2 is homolo-
gous (46% identity) to the Ig-like domain of the gene for 
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butyrophilin, the main glycoprotein of milk fat globules. 
Butyrophilin is absent in myelin and its expression is as-
sociated exclusively with lactation. Hence, it is likely that 
the observed homology resulted from exon shuff ling, a 
process by which a common Ig-like domain has become 
associated with other unrelated functional exons  [47]. 
These evolutionary events provided an opportunity for 
differential expression of MOG isoforms to serve as an 
additional source of phenotypic diversity among species. 
Similar to substitutions in gene nucleotide sequences 
leading to the synthesis of functionally different pro-
teins, expression of different MOG isoforms might en-
sure different biological roles of this protein in different 
species or in the same species in normal and pathological 
conditions.

MOGAD ENDOPHENOTYPES

The clinical phenotypes MOGAD differ in different 
age groups. Children under 12 years of age mainly suffer 
from ADEM with large asymmetric foci of brain dam-
age, which in 10-20% of cases can be accompanied or 
followed by the acute attack of optic neuritis. In adult pa-
tients (older than 12 years old), ADEM-like phenotype 
is much less common; both the onset of MOGAD and 
subsequent relapses are dominated by the unilateral or 
bilateral forms of optic neuritis with or without damage 
to the spinal cord, brain stem, or combined with atyp-
ical demyelination at other sites [48]. The mechanisms 
underlying the pathogenic effects of human IgG-MOG 
and their correlation with the age-related disease char-
acteristics remain poorly understood [49]. It is known 
that the effector functions of antibodies are largely medi-
ated by the IgG fragment crystallizable region (Fc) that 
binds to the Fcγ receptors (FcγRs) on the surface of nat-
ural killer (NK) cells and macrophages. The Fc fragment 
also binds the C1q component of complement and plays 
an important role in the initiation of enzymatic cascade 
resulting in the formation of the membrane attack com-
plex (MAC) and generation of pores in the pathogen’s 
cell membrane, a terminal event in the complement- 
dependent cell cytotoxicity [50].

Depending on the effector function of IgG-MOG, 
two MOGAD endophenotypes can be distinguished. 
Endophenotype  1 (pro-inflammatory) is characterized 
by strongly positive titers of MOG-IgG with a high 
ability to bind FcγR and mediate antibody-depen-
dent activation of NK cells in both children and adults, 
while endophenotype  2 exhibits lower MOG-IgG ti-
ters and lower FcγR-binding capacity. The endophe-
notypes also differ in the mechanism of IgG-MOG 
Fc fragment glycosylation. The glycan linked to the 
heavy chain of the Fc fragment is crucial for maintain-
ing both the pro-inf lammatory and anti-inf lammato-
ry functions of the IgG [51]. Agalactosylation of the Fc 

fragment dominates in the MOGAD endophenotype  1, 
while sialylation of Fc fragment is more common in the 
endophenotype  2. It is noteworthy that the correlation 
between the titer, binding to FcγR, and glycosylation 
profile of the Fc fragment is more pronounced in the 
acute stage than during the remission of MOGAD and 
does not depend on age. Therefore, the active phase of 
MOGAD is characterized by active humoral response 
with a higher affinity of FcγR binding due to the anti-
body-mediated activation of NK cells, as well as aga-
lactosylation and asialylation of the IgG-MOG Fc frag-
ment, which enhances the pro-inf lammatory activity of 
antibodies [52].

In children with MOGAD, the ability of IgG-MOG 
to mediate the NK cell-related cytotoxicity is less pro-
nounced in comparison with adults, due to the preva-
lence of fucosylation of the IgG Fc fragment, because 
Fc-fucose prevents interaction between IgG and FcγR, 
thus reducing the ability of antibodies to activate NK 
cells [53]. Indeed, these results are consistent with the 
data on the reduction of the Fc fragment fucosylation 
over the lifetime [54].

On the other hand, the presence of N-acetylglu-
cosamine at the N-glycosylation site (Asn31) in MOG 
promotes antibody-dependent cell cytotoxicity after an-
tigen interaction with the antibody [55]. Moreover, gly-
cosylation of the Fab fragment in IgG-MOG positively 
correlates with age. Therefore, IgG-MOG glycoforms 
can significantly affect the pro-inf lammatory activity of 
IgG-MOG. Changes in the antibody glycosylation can 
lead to a decrease in the antibody titer during remission, 
while persistent seropositive results can be a predictor of 
the recurrent course of MOGAD [56]. The difference 
in the IgG-MOG glycosylation in children and adults 
can, among other things, determine the clinical diver-
sity of MOGAD. This assumption is consistent with 
the experimental data obtained in mouse models which 
demonstrated that galactosylation or sialylation changed 
the IgG structure and increase its affinity for activating 
FcγR [57].

Other well-known autoimmune diseases, such as 
rheumatoid arthritis, systemic lupus erythematosus, 
and nonspecific ulcerative colitis (Crohn’s disease), are 
also characterized by increase in the content of agalac-
tosylated glycoforms of both serum and antigen-specific 
IgG, and the level of these glycoforms correlates with the 
disease clinical manifestation. Although the Fc-linked 
carbohydrates contain only a small fraction of sialylated 
structures, it was reported that the content of asialylat-
ed glycovariants of antibodies increases in patients with 
systemic diseases of connective tissue and precedes the 
relapse of the disease [58]. Therefore, elevated levels 
of agalactosylated and asialylated IgG can be associat-
ed with the clinical activity of MOGAD, which is cor-
roborated by observations made in other autoimmune 
diseases.
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DETECTION OF SERUM MOG-IgG

The first attempts to detect MOG-IgG in the se-
rum of adult patients were performed using ELISA, 
yielding inconsistent data that showed no association 
with any form of demyelination. An attempt to search 
for MOG-IgG in atypical demyelination in adults was 
caused by the fact that in pediatric patients, MOG-IgG 
were detected in more than 50% ADEM cases, and the 
use of ELISA provided sufficiently high specificity and 
sensitivity of their detection. However, in adult patients, 
this technique was less promising. Over time, numerous 
attempts have been made to identify MOG-IgG in adult 
patients with atypical demyelinating syndromes other 
than MS. In summary, since 2018, testing for MOG-IgG 
has been recommended only by CBA in live or fixed cells 
followed by immunofluorescence microscopy (CBA-IF) 
or f low cytometry (CBA-FACS). For the purpose of in-
ternational standardization, Reindl et al. [59] published 
the study on the reproducibility of various methods for 
MOG-IgG determination that was conducted at five 
national testing centers in 2020. Comparative analysis 
revealed an excellent agreement (96%) between the live 
CBAs for MOG-IgG for samples previously identified 
as clearly positive or negative from four different test-
ing centers. The agreement was lower (90%) with fixed 
CBA-IF due to the loss of some conformational epitopes 
during fixation (Euroimmun center). Importantly, the 
majority of negative results in fixed assays were from 
patients with a typical MOGAD clinical phenotype that 
showed high titers of MOG-IgG when reassessed with 
live CBAs. Therefore, it should be taken into account 
that the use of a commercial (fixed) CBAs can lead to 
diagnostic errors in 10% cases. ELISA showed no con-
cordance with CBAs for detection of human MOG-IgG 
in both positive and negative serum. Later, it was found 
that MOG is a glycoprotein with a complex conforma-
tional structure that can form various splice variants, and 
given that ELISA denatures native tertiary structure of 
the protein, detection errors can occur in a large percent-
age of cases. This emphasizes again that ELISA should 
not be used for MOG-IgG detection in humans [59].

BIOCHEMICAL FEATURES OF MOGAD: 
CYTOKINES AND NEUROFILAMENTS

Any type of neuroinf lammation is accompanied 
by changes in the cytokine profile. In demyelinating 
syndromes, changes in the levels of cytokines, chemo-
kines, myelin decay products, glial cells, and axons in 
the cerebrospinal f luid (CSF) are of particular interest. 
A comparative study of the cytokine panel, MBP (mark-
er of myelin damage), and glial fibrillary acidic protein 
(GFAP, marker of astrocyte damage) in MS, NMOSD, 
and MOGAD revealed a number of differences be-

tween these diseases. Thus, elevated concentrations of 
cytokines secreted by T helper 17 (Th17) cells, such as 
IL-6, IL-8, and GM-CSF (granulocyte-macrophage 
colony-stimulating factor), were found in the CSF of pa-
tients with MOGAD and active NMOSD. In addition, 
there was an increased production of IFN-γ (interfer-
on-gamma), TNF-α (tumor necrosis factor-alpha), and 
IL-10 compared with MS patients. Also, patients with 
NMOSD and MOGAD exhibited higher concentration 
of MBP in the CSF. Compared to MOG and MS, the 
content of GFAP was significantly higher in NMOSD 
and correlated with the IL-6 and MBP levels. Therefore, 
cytokines produced by Th17 cells may play an important 
role in the pathogenesis of both diseases associated with 
the production of antibodies against MOG and AQP-
4. Although the exact mechanisms remain unknown, it 
can be assumed that naive CD4+ T cells, which play a 
leading role in the initiation of autoimmune respons-
es, go through a dichotomy path under the inf luence of 
IL-6 and differentiate more towards Th17 cells than reg-
ulatory T cells providing immunological tolerance. This 
results in the overproduction of GM-CSF and IL-17A, 
leading to the recruitment of inf lammatory cells, includ-
ing polymorphonuclear cells (neutrophils), in the CNS. 
Indeed, routine CSF analysis in MOGAD and NMOSD 
often reveals moderate pleocytosis, which is rarely seen 
in MS. IL-6 also stimulates plasmablasts and B cells, this 
promoting production of autoantibodies. IL-6 increases 
permeability of the BBB, thus facilitating penetration of 
pro-inf lammatory factors into the CNS [60]. Previously, 
the role of IL-6 as a pleiotropic cytokine in the patho-
genesis of IgG-AQP4-associated syndromes was prov-
en in [61]. Clinical studies have shown that a human-
ized monoclonal antibody inhibiting the IL-6 signaling 
pathway significantly reduced the risk of recurrence in 
AQP4-IgG positive NMOSD patients [62]. Given that 
the cytokine profiles in MOGAD and NMOSD are very 
similar, it can be expected that the therapeutic targets 
may be the same.

Assays for quantification of neurofilament light 
chains (NfLs), components of the neuronal cytoskeleton 
that play an important role in axonal growth and stability, 
are now available. NfLs are biomarkers of axonal damage 
in various neurological diseases [63]. In particular, NfL 
serum levels are elevated in patients with MS and cor-
relate with the clinical and radiological activity, severi-
ty, and rate of disability progression [64]. In NMSOD, 
the level of NfLs increases during the periods of disease 
relapses and correlates with the EDSS (Expanded Dis-
ability Status Scale) score [65]. Measuring NfLs in the 
serum of MOGAD patients revealed that the NfL con-
tent reaches its maximum at the disease onset and then 
decreases with time; even during relapses, the concen-
tration of NfLs increases only slightly. Hence, the axonal 
damage in MOGAD is mainly due to the first attack of 
the disease, which once again emphasizes the difference 
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between MOGAD and other diseases, such as MS and 
NMSOD, and presumably ref lects a more favorable 
prognosis for the patients. At the same time, it indicates 
an importance of timely and appropriate treatment start-
ing from the very onset of the disease [66].

MECHANISMS OF MYELIN RECOVERY 
IN DEMYELINATING DISEASES

Regeneration of myelin in the CNS after an episode 
of demyelination is mainly mediated by oligodendrocyte 
progenitor cells (OPCs), multipotent parenchymal stem 
cells. After the myelin damage, OPCs rapidly prolifer-
ate in the areas of myelin damage, where they give the 
rise to new myelinating oligodendrocytes [67]. OPCs 
are highly proliferative, motile bipolar cells that express 
large amounts of gangliosides. Specification and differ-
entiation of OPCs are regulated by oligodendrocyte tran-
scription factors 1 and 2 [68]. OPCs make up 5-8% of all 
CNS cells and are diffusely distributed in the adult brain, 
with the largest concentration in the subventricular zone, 
optic nerve, motor cortex, corpus callosum, and cerebel-
lum that serve as reservoirs of new oligodendrocytes [69]. 
In healthy brain, oligodendrocytes proliferate constantly 
to maintain their cell density, but much more slowly than 
during the childhood or upon damage [70]. It is believed 
that formation of new myelinating oligodendrocytes 
is an important mechanism of neuroplasticity due to 
their participation in the regulation of CNS homeosta-
sis by affecting glutamatergic neurotransmission. OPCs 
are the only glial cells that form synaptic contacts with 
neurons. Synaptic activity inf luences OPC proliferation 
and differentiation into mature oligodendrocytes, which 
form new myelin. OPCs are activated by the glutamate 
released by neurons due to the expression of AMPA glu-
tamate receptors. However, the surface density of AMPA 
receptors significantly reduces after OPC differentiation 
into mature oligodendrocytes. Therefore, the short-term 
signaling mediated by the AMPA receptors is important 
for the induction of OPC differentiation and initiation of 
active axonal myelination [71]. Newly formed oligoden-
drocytes also play an important role in the formation and 
transformation of glial scars [72]. After myelin damage, 
mature OPCs differentiate into oligodendrocytes ca-
pable of axonal remyelination and restoration of nearly 
normal nerve conduction [73]. Like other regenerative 
processes, remyelination occurs most efficiently at the 
early active stages of formation of demyelination lesion 
characterized by the abundance of T and B lymphocytes 
and macrophages containing the products of myelin deg-
radation and often containing OPCs that form new my-
elin sheaths. The density of OPCs in these zones is com-
parable to their density in the surrounding white matter. 
In contrast, in chronic inf lammation foci, mature my-
elinating oligodendrocytes are extremely rare, suppos-

edly because of the block of differentiation and arrest of 
OPC development at the preoligodendrocyte stage [74]. 
The reasons why OPCs fail to complete differentiation 
into mature oligodendrocytes might be related to intrin-
sic changes in the OPC population or specific changes 
in the lesions during chronic inf lammation. For exam-
ple, in progressive forms of MS, experimental depletion 
of immune cells in demyelination foci negatively affect-
ed remyelination, because the signals from these cells 
stimulate the activation and recruitment of OPCs and 
regulate their differentiation [75]. The state of incom-
plete remyelination and partial gliosis of the demyelin-
ation focus can be observed in MS due to the fact that in 
MS, demyelinating lesions undergo a number of changes 
over time. The first changes occur when the BBB per-
meability increases, immune cells rush into the CNS, 
and the inf lammatory infiltrate is distributed perivascu-
larly. Next, myelinating oligodendrocytes begin to enter 
the site of damage and initiate the restoration of myelin. 
Due to the decrease in the activation of glial cells and in 
production of inf lammatory mediators, expression of 
tight junction proteins is restored, whereas decrease in 
the expression of adhesion molecules on endotheliocytes 
prevents the penetration of activated lymphocytes into 
the CNS. As the inf lammation subsides and the integrity 
of the BBB is restored, the remaining immune cells move 
to the lesion periphery, where they contribute to the slow 
expansion of the peripheral zone of the focus and grad-
ual increase in its size. During this period, gliosis starts 
to dominate, and hypertrophied astrocytes, single my-
elinating oligodendrocytes, areas of myelin decay, and 
axonopathy can be observed. Accordingly, axons located 
in such foci almost never remyelinate and a glial scar is 
formed, which can be visualized by MRI. Such lesions 
are called black holes, hypointense areas on T1-weighted 
MRI images, that are observed mainly at the late pro-
gressive stages of MS. There is a correlation between the 
number of black holes, increase in the degree of global 
brain atrophy, and the EDSS score [76]. However, black 
holes are rarely formed in NMSOD and MOGAD, due 
to the absence of chronic smoldering neuroinf lamma-
tion in these diseases. Clinical manifestations and the 
following complete or incomplete recovery of neurologi-
cal functions are associated with the severity of the auto-
immune demyelinating process only during the relapse 
period. In syndromes associated with IgG-APQ4, sec-
ondary severe demyelination most often develops due to 
the BBB structural failure and production of pathogenic 
IgG-APQ4. In NMSOD, cystic transformation of demy-
elination foci at the sites of former acute lesions in the 
spinal cord often takes place, leading to severe neurolog-
ical symptoms, which, even at the time of the first attack 
of the disease, can result in significant disability [77]. 
In MOGAD, formation of black holes and cystic changes 
in the demyelination areas are extremely rare and only 
accompany severe ADEM-like phenotypes with very 
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large myelin lesions. In this case, cystic transformation 
or appearance of a T1-hypointense area can be observed 
in the center of the focus, where inf lammation persists 
for a long time [78]. In most MOGAD cases, the foci 
almost completely disappear or significantly decrease 
in size, which indicates, first of all, consistent remyelin-
ation, and apparently, a milder degree of myelin damage 
in general. Most often, patients experience a complete 
regression of symptoms after the treatment with gluco-
corticosteroids. However, despite the recovery and a fair-
ly favorable disease prognosis, MOGAD relapses in more 
than 50-70% cases (especially in adults). This requires 
therapy to prevent these relapses, otherwise repeated re-
lapses can lead to extremely negative consequences, such 
as blindness or movement impairments [79].

CONCLUSION

The discovery of new antibodies has significantly 
improved our understanding of the pathogenesis of in-
f lammatory demyelinating diseases of the CNS, some 
of which were identified as new nosological entities. 
MOGAD is the first demyelinating disease of the CNS 
in which the antigen has been identified and antibodies 
produced against MOG have been proven to be patho-
genic. The difficulties in identifying MOG-Ig have 
prompted researchers to gain new knowledge about mo-
lecular and biochemical aspects of this disease, which 
made it possible to investigate the structure of MOG in 
more detail, partially elucidate the mechanisms of in-
teraction between MOG and antibodies, and show the 
complexity of alternative splicing of the MOG gene. 
The data obtained will help in improving the diagnostics 
of the disease. Although MOGAD has a better progno-
sis than other demyelinating diseases, it is still relatively 
common for it to relapse. These are also severe cases of 
MOGAD, including in children, which require emergen-
cy treatment. Therefore, future studies should investigate 
various aspects of this disease in order to clarify the ther-
apeutic targets and to conduct multicenter randomized 
trials of drugs that can affect the frequency of MOGAD 
relapses.
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