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ARTICLE INFO ABSTRACT

Keywords: Objective: To explore the alteration of T and B lymphocyte subsets proportions in myelin oligodendrocyte gly-
Neuromyelitis optica spectrum disorder coprotein (MOG)-antibody-associated demyelination.
(NMOSD) Methods: 19 MOG-antibody-positive, 25 AQP4-antibody-positive and 25 double-negative NMOSD patients in the

Myelin oligodendrocyte glycoprotein (MOG)
Memory B cell
Regulatory B cell, T-follicular helper cell (Tgy)

acute phase of the diseases were included in the study, as well as 29 healthy controls. The frequencies of different
lymphocyte subsets, including CD19"CD27 " memory B cells, CD19*CD24"CD38", and CD19*CD5*cD1d™
regulatory B cells, IFN-yexpressing B cells, IL-10 expressing B cells and CD4 " CXCR5*ICOS™ T-follicular helper
cells (Try) were measured via flow cytometry and compared among the four groups.

Results: The frequencies of CD19*CD24"cD38", CD19"CD5*CD1d" regulatory B cells as well as the IL-10
expressing B cells were significantly lower in the MOG-antibody-associated demyelination compared to the
healthy controls, whereas the frequencies of CD19"CD27* memory B cells were significantly higher in the
MOG-antibody-positive group. The frequencies of Try were significantly higher in the MOG-antibody-positive
group as compared to the healthy controls. No significant difference was detected in the above mentioned
lymphocytic profile between the MOG-antibody-positive and the AQP4-antibody-positive groups.

Conclusions: The immuno-regulatory functions of B cells were significantly impaired whereas Tgy cells were
markedly increased in the acute phase of MOG-antibody-associated demyelination. Despite having distinct
clinical features, MOG-antibody-associated demyelination shared a similar lymphocytic profile with AQP4-an-
tibody-positive NMOSD in the acute relapse phase.

1. Introduction 2015). However, regardless of the continuous improvement of the

techniques for antibody detection, 10% —25% of the patients with a

Although first described a century ago, neuromyelitis optica (NMO)
had not been well understood until aquaporin 4 (AQP4)-antibody was
found in the sera, which eventually led to the recognition of this distinct
disease group from multiple sclerosis (Pittock et al., 2006;
Wingerchuk et al., 2006; Lennon et al., 2004, 2005). The discovery of
the AQP4-antibody and the following studies identified the role of B
cells in the pathogenesis of NMO, which had made a huge difference in
guiding targeted therapies (Quan et al., 2013; Bennett et al., 2015,

clinical diagnosis of NMO or NMO spectrum disorders (NMOSD) remain
AQP4-antibody negative (Wingerchuk et al., 2007).

Recent studies have shown the presence of myelin oligodendrocyte
glycoprotein (MOG)-antibody in the AQP4-antibody seronegative pa-
tients (Kitley et al., 2012; Rostasy et al., 2013). MOG is a membrane
protein expressed on oligodendrocyte cell surfaces and on the outer-
most surface of myelin sheaths (Brunner et al., 1989). With the in-
troduction of highly specific cell-based assays, conformation-sensitive

Abbreviations: NMOSD, neuromyelitis optica spectrum disorder; NMO, neuromyelitis optica; MOG, myelin oligodendrocyte glycoprotein; AQP-4, aquaporin-4; CNS,
central nervous system; Tgy, T-follicular helper cell; Bmem, Memory B cell; Breg, Regulatory B cell; IFN-y, Interferon-y; IL-10, Interleukin-10; ADEM, Acute dis-

seminated encephalomyelitis
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MOG antibodies have been detected in a distinct spectrum of central
nervous system (CNS) inflammatory demyelinating diseases (IDDs)
with clinical phenotypes partly overlapping with acute disseminated
encephalomyelitis (ADEM) or neuromyelitis optica spectrum disorder
(NMOSD) (Kitley et al., 2014; Jarius et al., 2016a,b,c; Pache et al.,
2016). The pathology of MOG-antibody-associated demyelination is
characterized by prominent demyelination with astrocytes being pre-
served, apparently different from the astrocytopathy seen in AQP4-
antibody-positive NMOSD (Wang et al., 2016; Zhou et al., 2017).

The existence of MOG-antibody indicates that B cells may play a key
role in the disease process. Besides antibody production, B cells can also
function as antigen-presenting cells and produce cytokines
(Dalakas, 2008). Similar to the T cell compartment, different B cell
subsets were recognized to have relatively opposite functions.
CD19%CD27* memory B cells (Bmems) were considered to be the
source of pro-inflammatory cytokines such as interferon (IFN)-y, ex-
erting pathogenic effects during autoimmune processes (Duddy et al.,
2007; Lund, 2008; Sanz and Lee, 2010). Re-accumulation of CD27*
memory B cells was found to be relevant to the relapse of autoimmune
disease after long-term remission induced by B cell depletion
(Sanz, 2009; Sanz and Lee, 2010; Anolik et al., 2007; Kim et al., 2011;
Nakayamada et al., 2015). In contrast, regulatory B cells (Bregs) may
play a protective role in autoimmune diseases through the production
of interleukin (IL)—10 (Mauri and Ehrenstein, 2008).
CD197CD24MCD38" B cells, a subset of CD 27 negative immature
transitional B cells possessing regulatory properties, were found to be
deficient in several autoimmune disorders. (Blair et al.,, 2010)
CD197CD5*CD1d" cells, which predominantly express IL-10, were
also recognized as a potent negative regulator in autoimmunity
(DiLillo et al., 2010). Adoptive transfer of CD5*CD1d" B10 cell nor-
malized the disease in B cell-depleted, MOG immunized EAE mice
(Candando et al., 2014). Therefore, it is reasonable to infer the ex-
istence of an immune balance between Bmem and Breg based on their
opposite functions. The regulator of the immune balance between
Bmem and Breg thus seems to be very crucial. Located in the lymphoid
follicles, T-follicular helper cells (Tgy) facilitate the maturation of naive
CD27~ B cells into CD27* memory B cells and long-lived plasma cells,
therefore boosting the humoral response (Crotty, 2011). Theoretically,
Try may be one of the upstream candidates that orchestrate the balance
between B cells.

To better understand the immunopathogenesis of the disease, we set
out to explore the alterations of the immune balance between Breg and
Bmem and the alterations of Try subsets in MOG-antibody-associated
demyelination.

2. Materials and methods
2.1. Patients

From December 2016 to December 2017, we analyzed peripheral
blood samples from 19 patients with MOG-antibody-associated de-
myelination, 25 patients with AQP4-antibody-positive NMOSD and 25
patients who fulfilled the 2015 International Panel for NMO Diagnosis
(IPND) criteria for NMOSD (Wingerchuk et al., 2015) but were negative
for both antibodies at Huashan Hospital, Fudan University. All of the
patients in the three disease groups were in the acute phase (within two
weeks of disease onset, or the onset of relapse). 68.4% (13/19) of the
MOG-antibody-positive, 60% (15/25) of the AQP4-antibody-positive
and 88% (22/25) of the double-negative patients had never been on
immunosuppressants before sampling. The rest of the patients either
had a relapse while on immunosuppressive agents or had used im-
munosuppressants in the past but were not on any agent at the time of
sampling. Detailed medication histories are listed in Supplemental
Table 1. Of note, none of the patients had used IL-6 blockers or ri-
tuximab. Whole blood samples were collected in the acute phase prior
to corticosteroid or plasma exchange (PLEX) therapies. The clinical,
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laboratory and radiological data of the patients were retrospectively
reviewed.

Blood samples were also taken from 29 age- and sex-matched
healthy controls (HC) (17 women, 12 men; median age 27 years; range
24-68 years). All the individuals in the healthy control group had not
taken any medications for at least four weeks prior to sample collection.
The study was approved by the Medical Ethics Committee of Huashan
Hospital, Shanghai Medical College, Fudan University.

2.2. AQP4 and MOG-antibody detection

All of the sera from the 69 patients were tested for anti-MOG-IgG
and anti-AQP4-IgG in Euroimmun Medical Diagnostic Laboratory
(Hangzhou, China) using a fixed cell-based indirect immune-fluores-
cence test (IIFT) (Euroimmun AG, Liiebeck, Germany). Full-length
human MOG and AQP4 isoform M1 transfected HEK293 cells were used
in the assays.

2.3. Flow cytometry analysis

150 pL of EDTA-anticoagulated whole venous blood was separated
into 3 tubes. Each was stained with fluorescent-labeled monoclonal
surface antibodies in the dark for 30 min at 4°C. After lysing the red
blood cells with FACS Lysing Solution (BD Biosciences, San Jose,
California, USA), the samples were washed and resuspended in 400 pL
of phosphate-buffered saline (PBS) supplemented with 0.5% fetal calf
serum (FCS). The frequencies of different subsets of lymphocytes were
determined using BD Acurri C6 flow cytometer (BD Bioscience, San
Jose California, USA). Isotype controls were used to determine appro-
priate gating (Table 1).

2.4. Cytokine detection

Peripheral blood mononuclear cells (PBMCs) were separated from
6 mL of heparinized blood using Ficoll-Hypaque density gradient cen-
trifugation (Sigma Aldrich, St. Louis Missouri, USA). Cells from the
interface were washed with PBS and adjusted to a concentration of
1 x 10° cells/mL in RPMI 1640 containing r-glutamine and NaHCO3
(Sigma Aldrich, St. Louis, Missouri, USA) supplemented with 100 U/
mg/mL  penicillin/streptomycin  (Life Technologies, Carlsbad,
California, USA) and 10% FCS in 24-well U-bottom plates (Nunc,
Langenselbold, Germany). To detect B cell cytokine expression, the
PBMCs were stimulated with 0.1 mg/mL CpG oligodeoxynucleotide
(CpG ODN) 2006 (InvivoGen, San Diego, California, USA) at 37 °C with
5% CO2 for 22 h. During the last 5 h, 25 ng/mL Phorbol 12-myristate
13-acetate (PMA), 2 ug/mL Ionomycin and 10 pug/mL Brefeldin A (BFA)
(BioGems, Westlake Village, California, USA) were added. The cells
were then stained with anti-human CD19 PE-Cy7 (eBioscience, San Jose
California, USA) and were subsequently washed, fixed and permeabi-
lized with the Fix&Perm Kit (Invitrogen, Camarillo California USA).
Anti-human IFN-y FITC and IL-10 PE (eBioscience, San Jose California,
USA) were added to the permeabilized cells for intracellular cytokines

Table 1
Detection of subsets of lymphocytes by flow cytometry.

Combinations of Monoclonal
Antibody

Subsets of Lymphocyte

CD19*CD27 " memory B cell
CD19*CD24"CD38M regulatory B cell

CD19 PE-Cy7, CD27 FITC

CD19 PE-Cy7, CD24 PE, CD38
APC

CD19 PE-Cy7, CD1d PE, CD5 APC
CD19 PE-Cy7, IL-10 PE

CD19 PE-Cy7, IFN-y FITC

CD4 FITC, CXCR5 PE-Cy7, ICOS
APC

CD19"CD5*CD1d™ regulatory B cell
CD19*IL-10" B cell

CD19"IFNy* B cell

CD4*CXCR5TICOS™ T-follicular helper cell
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detection. Appropriate isotype controls were used to establish the cy-
tokine detection gates.

2.5. Statistical analysis

Flow cytometry data were analyzed with Flowjo X10.0 software
(FlowJo, LLC., Ashland, Oregon). Statistical analysis and figure con-
struction were performed with GraphPad Prism 7 software (GraphPad
Software inc., La Jolla CA, USA). D'Agostino &Pearson normality test
was used to examine the data distribution. One-way ANOVA was used
for the comparison of normally distributed data whereas the Kruskal-
Wallis test was used for non-normally distributed data. Chi-square was
used for comparison of clinical characteristics among the 3 patient
groups. Statistical significance was set at p < 0.05.

3. Results
3.1. Clinical findings

The demographic, laboratory and radiological data of the 19 pa-
tients with MOG-antibody-associated demyelination, 25 patients with
AQP4-antibody-positive NMOSD and 25 double-negative NMOSD pa-
tients were listed in Table 2.

3.2. Regulatory and memory B cells

The proportions of CD19"CD27* memory B cells as well as
CD197CD24MCD38", CD19*CD5*CD1d" regulatory B cells were
measured and compared in AQP4-antibody-positive, MOG-antibody-
positive, double-negative NMOSD patients as well as healthy controls
(Fig. 1A-C, Fig. 2A-C).

The frequencies of pro-inflammatory CD19*CD27 " memory B cells
were 2.41% (range 0.68% —5.08%) in the MOG-antibody-positive
group and 2.22% (range 0.74% — 5.25%) in the AQP4-antibody-positive
group, which were significantly higher compared to the healthy con-
trols (1.42%, range 0.96%—1.98%) (Pmog-1c=0.0153, pagps-
1e=0.0464). The frequencies of CD19*CD5*CD1d™ regulatory B cells
were 0.76% (range 0.27%—2.81%) in the MOG-antibody-positive
group, 0.73% (range 0.08% —2.12%) in the AQP4-antibody-positive
group, 0.74% (range 0.06% —1.96%) in the double-negative group, all

Table 2
Clinical findings of the patients with different serological autoantibodies.
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of which were significantly lower than the healthy controls (1.36%,
range 0.31%— 3690/0) (PMOG-HC = 00063; PAQr4—HC= 0.0095;
Pon—tic =0.0134). The frequencies of CD19*+CD24"CD38" regulatory
B cells were 0.22% (range 0% —1.09%) in the MOG-antibody-positive
group, 0.26% (range 0% —1.09%) in the AQP4-antibody-positive
group, both of which were significantly lower than the healthy controls
(0550/0, range 0.11%—-2.1 70/0) (PMOG-HC = 0-01235PAQP4»HC = 00137).
There was no significant statistical difference in the frequencies of
memory B cells and regulatory B cells between the MOG-antibody-po-
sitive group and the AQP4-antibody-positive group (pyem =0.9467 and
PreG > 0.9999) (Fig. 2A-C).

Breg/Bmem ratio is calculated to further reflect the immune balance
between memory B cells and regulatory B cells. The Breg/Bmem ratio in
the MOG-antibody positive group (0.32, range 0.08-0.77), AQP4-anti-
body-positive group (0.38, range 0.07-0.98) and double-negative group
(0.44, range 0.09-1.02) were significantly lower than the healthy
controls (0.85, range 0.24-1.50, pmoc-nc < 0.0001, pagpa—nc=0.0001,
Pon.uc=0.0004) when CD19*CD5* CD1d™ cells were used for calcu-
lation (Fig. 2D). When CD19*CD24"CD38M cells were used as Bregs
(Fig. 2E), MOG-antibody-positive group (0.15, range 0-0.72), AQP4-
antibody-positive group (0.18, range 0-0.81) and double-negative
group (0.14, range 0-0.57) had lower Breg/Bmen ratio compared to the
healthy controls (0.37, range 0.07-1.11) (Pmog-nc=0.0061, pagps-
HC™ 0.01 73, PpN-HC= 00134)

3.3. The expression of IFN-y and IL-10 in circulating B cells

The proportions of IL-10 expressing B cells (CD19*IL-10") were
significantly lower in the MOG-antibody-positive group (0.94%, range
0.35% —2.16%) and the AQP4-antibody-positive group (1.45%, range
0.59% — 3.50%) when compared to the healthy controls (2.40%, range
0.99% — 4.33%) (Pmoc-uc < 0.0001, PAQP4-HC:0~0245)- No statistical
difference was demonstrated between the AQP4-antibody-positive and
the MOG-antibody-positive groups (pagps-moc=0.1802) (Fig. 1D,
Fig. 3A).

The circulating IFN-y expressing B cells were slightly higher in all
three disease groups compared to the healthy controls, but the differ-
ence did not reach statistical significance (pmog-nc > 0.9999; Pagpa-
e > 0.9999) (Fig. 1E, Fig. 3B).

MOG Ab positive (n = 19)

AQP4 Ab positive (n = 25)

Double-negative (n = 25) p value among 3 groups

Female%(n/total) 52.6%(10/19) 84%(21/25) 56%(14/25) < 0.05
Median age, y, range 26 (5-67) 38 (17-65) 40 (11-79) < 0.05
Median age at onset, y, range 24 (5-62) 35 (9-62) 37 (11-79) < 0.05
Median disease duration, m, range 12 (2-228) 28 (2-360) 4 (1-120) < 0.05
No. of relapse, mean + SD 25 £ 15 26 = 1.4 1.5 = 0.9 < 0.01
Monophasic% (n/total) 31.6% (6/19) 20%(5/25) 72%(18/25) < 0.001
Autoantibody positivity% (n/total) 20%°(2/10) 76.2%%(16/21) 43.7%(7/16) < 0.01
CSF pleocytosis% (n/total) 64.2% (9/14) 29.4% (5/17) 28.6% (4/14) 0.082
Elevated CSF protein% (n/total) 21.4% (3/14) 29.4% (5/17) 14.3% (2/14) 0.599
Positive CSF OCB% (n/total) 7.1% (1/14) 0% (0/17) 7.1% (1/14) 0.530
Intracranial lesion (n/total) 16/19 18/25 20/25

Cortical% (n/total) 18.75% (3/16) 5.6% (1/18) 10% (2/20) 0.465
Scattered white matter% (n/total) 62.5% (10/16) 27.8% (5/18) 40% (8/20) 0.119
Large hemispheric% (n/total) 12.5% (2/16) 0% (0/18) 5% (1/20) 0.281
Midline structure?% (n/total) 0%(0/16) 16.7% (3/18) 0% (0/20) < 0.05
Brainstem®% (n/total) 6.3% (1/16) 33.3% (6/18) 30% (6/20) 0.135
Cerebellum% (n/total) 12.5% (2/16) 5.6% (1/18) 0% (0/20) 0.266
Intramedullary lesion (n/total) 8/19 22/25 14/25
Cervical cord% (n/total) 37.5% (3/8) 31.9% (7/22) 42.9% (6/14) 0.796
Thoracic cord% (n/total) 25% (2/8) 22.7% (5/22) 7.1% (1/14) 0.427
Lumbosacral% (n/total) 0% (0/8) 0% (0/22) 7.1% (1/14) 0.334
> 3 vertebral segments% (n/total) 50% (4/8) 95.5% (21/22) 28.6% (4/14) < 0.001

a:ANA,AMA-M2,U1RNP,SSA,SSB,dsDNA,pANCA,ACA,ATG,TPOAb,TRAb,Anticentromere Ab; b:ANA; c: ANA,TPO-Ab,ATG, anti-CCP, anti-histone, dsDNA, SSA,SSB,
U1RNP; d: thalamus, hypothalamus, periaqueductal area; e: excluding midline structure and cerebellum peduncles.
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Fig. 1. Flow cytometry figure representative. A. CD19*CD27 * Memory B cell; B. CD19*CD5 *CD1d™ Regulatory B cell; C.CD19* CD24"CD38" Regulatory B cell; D.
IL-10 expressing CD19* B cell; E. IFN-y expressing CD19* B cell; F. CD4*CXCR5*ICOS™ T-follicular helper cell.

3.4. T-follicular helper cells

T-follicular helper cells were measured through its surface marker
CD4"CXCR5"ICOS™ (Fig. 1F). The proportions of T-follicular helper
cells out of the total CD4* T lymphocytes were dramatically increased
in the MOG-antibody-positive group (1.12%, range 0.24% —2.33%)
when compared to the healthy controls (0.56%, range 0.28% — 1.09%)
(Pmog-c=0.0201). The frequencies of T-follicular helper cells were
slightly increased in the AQP4-antibody-positive group (0.76%, range
0.16%—2.28%) and double-negative group (0.75%, range
0.09% —2.55%) compared to the healthy controls, however, the sta-
tistical significance was not reached (p > 0.9999) (Fig. 3C).

4. Discussion

Our study demonstrated that the regulatory B cells were numeri-
cally and functionally impaired in MOG-antibody-associated demyeli-
nating disease, which was manifested by decreased frequencies of cir-
culating CD19 *CD24"CD38™ and CD19* CD5* CD1d" cells, decreased
IL-10 expressing B cells as well as lowered regulatory to memory B cells
ratio compared to the healthy controls. The shifted immune balance
between regulatory and memory B cells was accompanied by re-
markably increased frequencies of circulating T-follicular helper cells.
Despite having distinct clinical features, MOG-antibody-positive and
AQP4-antibody-positive patients did share similar circulating lympho-
cytic subpopulation profiles.

We speculate that a potential association exists between the altered
balance of the B cell populations and the increased frequencies of cir-
culating Ty cells. Previous studies have shown that Ty cells facilitate

the maturation and transformation of naive B cells (including reg-
ulatory B cells) into memory B cells and long-lived plasma cells via the
production of IL-21 in the germinal follicles. Memory B cells, in return,
stimulate the proliferation of Tgy cells, whereas long-lived plasma cells
produce antibodies. As an upstream regulator of B cell differentiation
and maturation, Ty cells play a pivotal role in the inflammatory re-
sponse, thus serving as an excellent therapeutic target. The maturation
of Tgy cell depends on IL-6 which is expressed by dendritic cells upon its
interaction with the Tgy precursor CD4" cells (Diehl et al., 2012;
Tangye et al., 2013). Thus we can discriminate the existence of an ‘IL-6-
Try- Bmem/Breg’ axis among the complex immune-regulatory network.
With the evidence of shifted immune balance between Breg and Bmem
accompanied by the alterations in Try subsets, it is reasonable to infer
that the ‘IL-6-Tgy- Bmem/Breg’ axis plays an important role in the pa-
thogenesis of both MOG- and AQP4-antibody-positive disorders
(Fig. 4).

It is reported that Tocilizumab, a humanized antibody targeting IL-6
receptor, has shown success in patients with otherwise treatment-re-
fractory AQP4-antibody-positive NMOSD (Araki et al., 2014;
Ringelstein et al., 2015). Although the underlying immunopathogenesis
of MOG-antibody-associated demyelination is not as well- understood
as it is in AQP4-antibody-positive NMOSD, treatment success with To-
cilizumab has also been described in clinical trials in MOG-antibody-
associated demyelination (Novi et al., 2019; Hayward-Koennecke et al.,
2019). Our study provides part of the laboratory evidence regarding the
association between Tgy and the dysregulation of B cell differentiation,
validating the use of IL-6 targeted therapy in MOG-antibody-positive
population. Further studies are yet to be conducted to better understand
the cytokine and chemokine regulation of this multi-step dynamic
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Fig. 2. Flow cytometry analysis of regulatory B cells and memory B cells. A. CD19*7CD27* Memory B cell (Nyoc=17; Nagps=21; Npy=23; Nyc=25); B.
CD19*CD5*CD1d" Regulatory B cell (Nyog=17; Naogpa=24; Npn=22; Nyc=29); C.CD19* CD24"CD38" Regulatory B cell (Nyog=14; Naogpa=22; Npy=20;
Nic=28); D. Breg/Bmem Ratio: CD19*CD5*CD1d™ / CD19*CD27* (Nyog=14; Nagpsa=15; Npny=18; Nyc=25); E. Breg/Bmem Ratio: CD19* CcD24Mcp3ghiy

CD19%CD27* (Nmog =14; Nagpa=19; Npn=17; Nuc=24); DN: double-negative; HC: healthy control. *p < 0.05, **p < 0.01, ***p < 0.001, *

multiple comparison adjustment.
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Fig. 3. Flow cytometry analysis of IL-10 expressing B cells, IFN-y expressing B cells and T-follicular helper cells. A. IL-10 expressing CD19* B cell (Nyog=17;
Nagpa=26; Npn=21; Nyc=19); B. INF-y expressing CD19™ B cell (Nmog=17; Nagpa=26; Npy=21; Ngc=19); C. CD4*CXCR5*ICOS™ T-follicular helper cell
(Nmog =16; Nagps = 25; Npy=22; Nyc = 29); DN: double-negative; HC: healthy control. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 after multiple com-

parison adjustment.
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Fig. 4. IL-6-Tyy-Bmem/Breg axis. Dendritic cell derived cy-
tokine IL-6 promotes the differentiation of naive CD4 T cell
into Tgy cell. IL-21 secreted by Tgy cells induce B cell differ-
entiation into memory B cells and plasma cells, resulting in
antibody production and altered Bmem/Breg ratio. The
Bmem/Breg imbalance disinhibits the pro-inflammatory cy-
tokine responses, ultimately contributing to active demyeli-
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regulation and to further elucidate the potential therapeutic values of
targeting Tgy cells.
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