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Editorial on the Research Topic
Advances in Autoimmune Myasthenia Gravis

Myasthenia gravis (MG) is an autoimmune neuromuscular disorder characterized by impaired
neuromuscular transmission, which causes fluctuating fatigable muscle weakness. MG is a
prototypical autoimmune disease with well-defined autoantibodies that target the neuromuscular
junction. The majority of MG patients have autoantibodies against the acetylcholine receptor
(AChR) and a smaller proportion of patients have autoantibodies against the muscle-specific
tyrosine kinase (MuSK) or the low-density lipoprotein-related protein 4 (LRP4) (Borges and
Richman) (1). Furthermore, several other antigenic targets, such as agrin, Kv1.4 potassium channel,
rapsyn, cortactin, acetylcholinesterase (AChE), collagen Q (ColQ), and collagen XIII, have been
reported. Although the pathogenicity and specificity of these autoantibodies for MG have not been
fully characterized, their presence could help in better understanding the variability in disease
severity. Moreover, they could provide a diagnostic/prognostic value for the management of MG
patients (Fichtner et al.; Lazaridis and Tzartos).

The existence of B cells, which produce autoantibodies, is dependent on the interaction with
CD4™ T cells—both are key factors in MG. Thymic regulatory T cells are not efficiently suppressive,
and T helper cells are resistant to suppression (2). Phenotypic variation of regulatory T cells and
functional impairment are more pronounced in the thymus than in peripheral cells (Truffault
et al.). Thymic epithelial cells from MG patients appear to play a central role in CD4" T cell
defect via the release of soluble factors, such as TSLP (Thymic Stromal LymphoPoietin) (Truffault
etal.). T helper (Th) 1, Th2, Th17, and T follicular helper (Tth) cells are involved in MG pathogenic
mechanisms. An increase in the levels of interleukin (IL)-21, IL-4, IL-10, and IL-17A is observed
in CD4™" T peripheral cells in AChR antibody seropositive (AChR™) MG, as compared to healthy
controls (Cebi et al.). Among CD4™" T cells, the percentage of Th17 cells is increased in AChR+
MG patients. ICOS (Inducible T-cell COStimulator) and PD-1 (Programmed cell death protein
1), two molecules associated with Tfh cell function, are also highly expressed on CD4TCXCR5™
Tth cells in AChR+ MG. Tth cells can be stratified in Tfh regulatory cells, or Tthl, Tfh2, and
Tfh17 cells that differentially affect B-cell differentiation. In AChR+ MG patients, the percentage
of peripheral Tfh17 cells (CXCR3™CCR61TCD4™ T cells) is also increased but Tth1 and Tfh2 cells
remain unaffected. Some of these changes are also observed to a lesser degree in AChR- MG patients
(Cebi et al.) and in MuSK antibody seropositive (MuSK™) MG patients (3). Immunosuppressive
treatments commonly used in MG do not affect these cells but enhance IL-10 in CD4 T cells (Cebi
et al.), and also B cells (4), suggesting a role of IL-10 in favoring immuno-regulatory mechanisms.
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Classical treatments of MG include chronic treatments such
as AChE inhibitors and general immunosuppressive drugs (5),
thymectomy (6), as well as acute treatment for deterioration
such as intravenous immunoglobulin and plasmapheresis (5).
A new line of molecules is now available and is used for
refractory MG. One of these is Rituximab, an anti-CD20 B-
cell depleting monoclonal antibody which is often used as
a second-line of treatment in combination with conventional
immunosuppressants. Rituximab seems more efficient in MuSK™
MG patients, with the reduction in MuSK antibodies being
associated with clinical improvement (Marino et al.). Other
therapies aiming at targeting B cells are also emerging (Huda).

Most recently, medications inhibiting the cleavage of the
complement protein C5 have been evaluated in clinical trials.
Eculizumab (a monoclonal antibody) has obtained authorization
from the US Food and Drug Administration to be used
in MG. A second generation of C5 inhibitor, Zilucoplan (a
macrocyclic), has also recently entered clinical trials (Albazli
et al.). Molecules blocking the function of FcRn are of interest
for autoimmune diseases. Inhibition of FcRn reduces the ability
to recycle IgGs and thereby removes them from circulation.
Agents such as Efgartigimod (IgG1 Fc fragment) or Nicocalimab,
Rozanolixizumab, and RCT-140 (monoclonal antibodies) are in
clinical trials for MG (Gable and Guptill).

Other therapeutic approaches are still at the preclinical phase
and have demonstrated beneficial effects on experimental MG
(EAMG) rodent models. If oral or nasal administration of
AChR fragments suppress autoimmunity in EAMG (Yamada
et al.) (7), the recombinant extracellular domain of MuSK
may also be effective in inducing oral tolerance in MuSK*
EAMG (Reuveni et al.). Oral tolerance is a phenomenon
based on suppressing immune responses in the gut where
microbiota could play a role. In that way, probiotics could
balance the gut microbiota and have beneficial effects in
EAMG (Rinaldi et al.).

Even though MG has been studied for a number of
years, the understanding of the etiological mechanisms is

1. Mantegazza R, Bernasconi P, Cavalcante P. Myasthenia gravis:
from autoantibodies to therapy. Curr Opin  Neurol. (2018)

31:517-25. doi: 10.1097/WCO.0000000000000596

2. Gradolatto A, Nazzal D, Truffault E, Bismuth ], Fadel E, Foti M, et al. Both Treg
cells and Tconv cells are defective in the Myasthenia gravis thymus: roles of IL-
17 and TNF-alpha. ] Autoimmun. (2014) 52:53-63. doi: 10.1016/j.jaut.2013.
12.015

3. Li Y, Guptill JT, Russo MA, Howard JE Massey JM, Juel VC, et al
Imbalance in T follicular helper cells producing IL-17 promotes pro- in
fl ammatory responses in MuSK antibody positive myasthenia gravis.
J  Neuroimmunol. (2020) 345:577279. doi: 10.1016/j.jneuroim.2020.5
77279

4. Yilmaz V, Maillard S, Truffault E Bolgert F Behin A, Regnard JE
et al. Regulatory B cells in myasthenia gravis are differentially affected
by therapies. Ann Clin Transl Neurol. (2018) 5:1408-14. doi: 10.1002/ac
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still evolving. In AChR" MG, the thymus is known to
play a central role in disease onset either in the early-
onset form of the disease or in MG-associated thymoma (8).
The analyses of enriched pathways from “omics” data might
reveal new unexplored pathways central in MG development
(Cron et al; Yamada et al.). It is well-known that genetic
predispositions exist in MG patients (9), however, additional
epigenetic changes occur. The expression of small non-
coding RNA, microRNA (miRNA), is dysregulated in the
thymus of AChRT MG patients (10, 11) and could be
involved in thymic changes associated with MG, linked to
thymic inflammation and ectopic germinal center development
(Bortone et al; Cron et al.). Circulating miRNAs are also
potential biomarkers since they are differentially expressed in
the serum of MG patients (Sabre et al.). Specific circulating
miRNAs have been associated with AChR™ and MuSK™ MG
subtypes and their expression is regulated by treatment with
immunosuppression and thymectomy (Fiorillo et al; Sabre
et al.). Investigations into the triggering events that lead to
MG are still needed. Sexual hormones can affect, for example
miRNAs, and in addition, favor autoimmunity in women
(Fiorillo et al.) (12). Environmental factors are also candidates for
driving/perpetuating autoimmunity, such as pathogen infection,
endocrinal disruptors, and microbiota changes.

Although MG is a relatively well-characterized autoimmune
disease, recent studies shed light on the mechanisms of
development of this pathology and, most importantly, make
it possible to propose more effective tools for monitoring and
more effective treatments with fewer side effects. This Research
Topic, dedicated to autoimmune MG, addresses these different
aspects, both with Original Research articles and Reviews of
the literature.
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Therapeutic Effect of
Bifidobacterium Administration on
Experimental Autoimmune
Myasthenia Gravis in Lewis Rats

Elena Rinaldi’, Alessandra Consonni’, Chiara Cordiglieri’, Grazia Sacco’, Camilla Crasa’,
Alessandra Fontana?, Lorenzo Morelli?, Marina Elli°, Renato Mantegazza' and
Fulvio Baggi ™

" Neurology IV — Neuroimmunology and Neuromuscular Diseases Unit, Fondazione IRCCS Istituto Neurologico Carlo Besta,
Milan, Italy, ? Department for Sustainable Food Process, Universita Cattolica del Sacro Cuore, Piacenza, Italy,
3 AAT—Advanced Analytical Technologies, Fiorenzuola d’Arda, Italy

Beneficial effects of probiotics on gut microbiota homeostasis and inflammatory immune
responses suggested the investigation of their potential clinical efficacy in experimental
models of autoimmune diseases. Indeed, administration of two bifidobacteria and
lactobacilli probiotic strains prevented disease manifestations in the Lewis rat model
of Myasthenia Gravis (EAMG). Here, we demonstrate the clinical efficacy of therapeutic
administration of vital bifidobacteria (i.e., from EAMG onset). The mechanisms involved in
immunomodulation were investigated with ex vivo and in vitro experiments. Improvement
of EAMG symptoms was associated to decreased anti-rat AChR antibody levels, and
differential expression of TGFB and FoxP3 immunoregulatory transcripts in draining
lymph nodes and spleen of treated-EAMG rats. Exposure of rat bone marrow-derived
dendritic cells to bifidobacteria or lactobacilli strains upregulated toll-like receptor 2
mMRNA expression, a key molecule involved in bacterium recognition via lipotheicoic acid.
Live imaging experiments of AChR-specific effector T cells, co-cultured with BMDCs
pre-exposed to bifidobacteria, demonstrated increased percentages of motile effector
T cells, suggesting a hindered formation of TCR-peptide-MHC complex. Composition
of gut microbiota was studied by 16S rRNA gene sequencing, and o and B diversity
were determined in probiotic treated EAMG rats, with altered ratios between Tenericutes
and Verrucomicrobia (phylum level), and Ruminococcaceae and Lachnospiraceae (family
level). Moreover, the relative abundance of Akkermansia genus was found increased
compared to healthy and probiotic treated EAMG rats. In conclusion, our findings
confirms that the administration of vital bifidobacteria at EAMG onset has beneficial
effects on disease progression; this study further supports preclinical research in human
MG to evaluate probiotic efficacy as supplementary therapy in MG.

Keywords: MG, EAMG, probiotics, immunoregulation, therapeutic treatment
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INTRODUCTION

Myasthenia Gravis (MG) is a chronic autoimmune disease
characterized by the presence of serum autoantibodies against the
nicotinic acetylcholine receptor (AChR) at the neuromuscular
junction (NM]J) in a large proportion of patients; AChR-specific
antibodies lead to the alteration and destruction of NM]J causing
muscle weakness and fatigability, major clinical symptoms in
MG (1). Experimental autoimmune myasthenia gravis (EAMG),
induced in susceptible strains as the Lewis rat or the C57Bl/6
mouse, is a well-characterized model to study the mechanisms
involved in MG and novel therapeutic treatments (2).

Over the past years, many studies have been conducted
and demonstrated the benefits of probiotic treatment in
animal models of inflammatory diseases, such as experimental
arthritis (3), experimentally induced colitis (4) and experimental
autoimmune encephalomyelitis (5). Effects of probiotic
administration on clinical symptoms and on immune
mechanisms of EAMG has been investigated by us and other
groups, according to a preventive or prophylactic/preventive
protocol (6, 7). We previously demonstrated the effects of the
preventive administration of two bifidobacteria strains or two
lactobacilli strains in the Lewis rats EAMG model. We observed
that probiotics significantly attenuated EAMG symptoms,
decreased serum anti-rat AChR antibody levels and increased
muscle AChR content. Pro-inflammatory and immunoregulatory
transcripts were found differentially expressed in primary and
secondary immune organs, and increased levels of Transforming
Growth Factor- (TGFp) were measured in EAMG rat serum (6).

Orally administered probiotics exert their function in the gut,
interacting with epithelial cells and the gut associated lymphoid
tissue (GALT). GALT defends the host from pathogenic
microorganisms and it is influenced by intestinal microbiota that
lives symbiotically in the human gut. Dendritic cells (DCs), IgA-
producing B cells, T helperl (Thl1), T helper 17 (Thl7), and
T regulatory (Treg) cells are the main players of the mucosal
firewall that protects gut from external threats (8). In particular,
DCs keep the immune system on high alert and balance T cell
responses to pathogenic and not to commensal bacteria (9).
Indeed, DCs can receive antigens from CX3CR1" macrophages
and intestinal epithelial cells, and extend dendrites toward the gut
lumen to capture bacteria (10, 11). Upon antigen uptake, DCs
migrate to mesenteric lymph nodes (LNs) to interact with T cells
and shape the intestinal immune response (12).

Probiotics exert beneficial effects on gut microbiota
homeostasis, and can contribute in restoring the eubiosis
condition. The most abundant taxa colonizing the human gut
are Firmicutes and Bacteroidetes and an altered ratio between
the abundance of these taxa can be considered an index of
intestinal dysbiosis. Besides this effect, probiotics also modulate
inflammatory immune responses and foster the immunological
surveillance; in this regards, it has been demonstrated that
certain Lactobacilli strains stimulate the gamma interferon
(IFNy) and tumor necrosis factor (TNF) production, key
molecules involved in the maturation and proliferation of
immune cells (13), Lactobacillus casei Shirota induces IL12
production and promotes T helper cells development (14),

Lactobacillus rhamnosus GG induces CD4TCD25" Foxp3™ T
cell expansion in mesenteric LNs (15), strains of Bifidobacterium
animalis and Bifidobacterium longum are able to support Thl
response, whereas strains of Bifidobacterium bifidum induce
Th17 polarization (16).

In this study, we report the clinical efficacy of the therapeutic
bifidobacterium administration on EAMG course, and that
vital bacteria are more potent compared with inactive (heat
exposed) bacteria. Moreover, we showed probiotic interactions
with immune cells in the gut (namely the Peyer’s Patches),
through ex vivo and in vitro immunofluorescence analyses, and
that probiotic altered the motility patterns of AChR-specific
effector Tcells when co-cultured with probiotic-exposed bone
marrow DC (BMDC), by means of live imaging microscopy.
Lastly, we investigated gut microbiota composition of probiotic-
treated EAMG rats by NGS 16S rRNA analysis, showing greater
a and B diversity during EAMG course.

MATERIALS AND METHODS

Animals

Female Lewis rats, 6-8 weeks old, were purchased from Charles
River Laboratories Italia (Calco, Italy) housed at the animal
facility of the Foundation IRCCS Neurological Institute Carlo
Besta. Rats were housed in groups of three in cages with
artificial circadian 12-h light/12-h dark cycle, maintained at air-
conditioned room with temperature of 23°C at all time, with free
access to a standard stock diet and water provided ad libitum.
Procedures involving animals were approved by the Institute
Ethical Board and Italian Ministry of Health (1064/2015- PR)
and were performed in respect to the Italian Principle of
Laboratory Animal Care (D.Lgs 116/92 and D.Lgs 26/2014),
in accordance to European Communities Council Directive
86/609/EEC and 2010/63/UE. Animals were sacrificed after deep
anesthesia obtained by carbon dioxide; low-grade anesthesia with
2% isoflurane (60:40 N,O: O,, flow rate 0.8 1/min) was induced
in animals prior to immunizations and treatments.

TAChR Preparation

TAChR was purified from Torpedo californica electric organ
tissue (Aquatic Research Consultants), according to (17). Briefly,
the electric tissue was homogenized in 10 mM sodium phosphate
buffer, 1 mM EDTA, 0.02% NaN3, 0.0l mM PMSE, pH 7.8 for
3 min, and then centrifuged for 1h at 100,000 x g at 4°C. Pellet
was resuspended in ice-cold water and the pH adjusted to 11.0
with NaOH; membranes were centrifuged for 30 min at 100,000
x g at 4°C. AChR-containing membranes were homogenized for
2 min and the receptor solubilized with 2% sodium deoxycholate,
overnight at 4°C. The detergent was removed by progressive
dialysis, and TAChR stored at —80°C. TAChR concentration was
quantified by the standard radioimmunoprecipitation protocol
with [!2°1]-o bungarotoxin (aBTX) (PerkinElmer), according to
Lindstrom et al. (18). ['2°I]-aBTX in samples was determined
by a gamma counter (PerkinElmer). To evaluate the aspecific
binding, serum samples were pre-incubated with an excess of
unlabelled aBTX and counts per minutes (cpm) were subtracted
from test samples. The specific activity of TAChR preparation
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used to induce EAMG was 1.19 nmol/mg, expressed as the a-BTX
binding sites/mg of total protein content (micro BCA assay).

Experimental Autoimmune Myasthenia
Gravis (EAMG) Model

Experimental MG model was induced according to a consensus
protocol (2) by a single subcutaneous immunization in the
hind limbs (multiple sites) with 50 pg of TAChR emulsified
in Complete Freud Adjuvant (CFA; Difco) supplemented with
1 mg/rat of Mycobacterium tubercolosis (total volume 200 ).
Each animal was weighed and scored at the beginning of the
experiment, and at least twice weekly until the end of the
experiment; clinical scores were taken every 24h or less if
the animals demonstrated severe weakness (2). EAMG clinical
score was assessed by researchers, blinded to animal treatment,
after 30s exercise, using a manual grip strength test. Disease
severity was graded as follows: grade 0, normal strength; grade 1,
mildly decreased activity and weak grip or cry; grade 2, clinical
signs present before exercise (tremor, head down, hunched
posture, weak grip); grade 3, severe clinical signs at rest, no
grip; grade 4, sacrifice, humane endpoint. EAMG was confirmed
by Piridostigmine test (i.p. injection). The experiments were
concluded 8 weeks post TAChR/CFA immunization.

Generation of R97-116 Teff Cell Line

Lewis rats were immunized with 200 pg of R97-116 peptide
(CASLO), the immunogenic region of rat AChR «-subunit,
in CFA. Draining lymph nodes were aseptically removed 10
days post immunization, and LNCs suspensions were stimulated
with R97-116 (10 ug/ml) in complete RPMI-1640 medium
(Euroclone), containing 1% Na-pyruvate, 1% non-essential
amino acids, 1% L-glutamine, 1% penicillin-streptomycin, 50 M
2-mercaptoethanol, 2% normal rat serum (19). Antigen specific
Teff were maintained by restimulation with R97-116 peptide
every 15 days, and expanded with IL2 (10 U/ml) every 3 days.

Probiotic Strains and Treatment Protocols
Lactobacillus ~ crispatus  LMG P-23257 (LC), Lactobacillus
rhamnosus ATCC 53103 (LR), B. animalis subsp. lactis BB12®
(BA, from CHR Hansen, Denmark) and B. animalis subsp.
lactis LMG S-28195 (BL) were used. All strains were grown at
AAT laboratory; briefly, lactobacilli were cultured in De Man,
Rogosa & Sharp (MRS) broth (Difco) at 37°C in microearophilic
conditions for 18h, and bifidobacteria were grown in MRS
broth supplemented with 0.05% cysteine at 37°C by anaerobic
incubation for 24-48h. Enumeration of viable bacterial cells
was performed on selective media (MRS for lactobacilli, and
Transoligosaccharide propionate agar medium added with
50 pg/ml mupirocin for bifidobacteria) by decimal counts.

Bacterial cells were resuspended at 10° CFU/150 ul in
phosphate saline buffer (PBS), 20% glucose, 10% glycerol and
stored at —80° C. Loss of bacterial viability was <2-4% over 2
months storage period.

Combinations of bifidobacteria (BBmix) or lactobacilli
(LBmix) strains were orally administered at a cumulative dose
of 2 x 10° CFU/300 pl. Alternatively to vital bifidobacteria,
EAMG rats were fed with heat exposed (90°C for 5min)

bifidobacteria (BBmix heat exposed). Twenty-two consecutive
doses of probiotics were administered starting from disease onset
(days 27-28); end of experiments was set at least 4 days after the
last probiotic administration. Animals were randomly selected
in experimental groups, and evaluation of EAMG symptoms
was performed by researchers blinded to the treatment group
allocation. Inguinal and popliteal lymph nodes, spleen, muscle
and blood were collected at the end of the experiment.

Anti-Rat AChR Antibodies in Serum

Anti-rat AChR antibodies were assayed in sera by
radioimmunoprecipitation, according to Lindstrom et al.
(18). Briefly, AChR was extracted from healthy rat muscle
and labeled with 2nM ['2°I]-aBTX. Sera were incubated
overnight with ['°1]-aBTX-rat AChR (0.5 pmol). Ab-AChR
complexes were precipitated by adding an excess of rabbit
anti-rat IgG (Sigma). Pellet was washed twice with cold 0.5%
Triton X-100 (Carlo Erba) in PBS, and ['2°1]-aBTX labeled-rat
AChR complexes in the pellet were evaluated by y-counter
(Perkin Elmer). The non-specific binding was subtracted from
each sample. Anti-AChR antibodies titres were expressed as
picomole of ['2°T]-aBTX binding sites precipitated per milliliter
of serum (pmol/ml).

Probiotic Interaction With GALT

To evaluate probiotic presence in the gut, bacteria were labeled
with wheat germ agglutinin-Alexa Fluor 555 conjugate (WGA-
AF555) (Thermo Fisher) for 10min, followed by extensive
washes. A dose of 10° CFU bacteria was administered to Lewis
rats, and gut samples were excised after 30-60 min, washed with
PBS, fixed with paraformaldehyde (PFA, 4% in PBS) for 24 h and
then transferred in sucrose (30% in PBS) for cryopreservation.
Samples were included in Killik (Bio-Optica) and kept at —80°C,
pending analysis. Serial 10 um thick cryosections were stained
with Hematoxilin and Eosin (images digitalized with ScanScope,
Aperio technologies) or with the following antibodies: mouse
anti-vimentin mAb (V9, Dako), mouse anti-cytokeratin mAb
(MNF116, Dako), mouse anti-CD11c mAb (8 A2; ThermoFisher),
mouse anti-CD3 mAb (G4.18, eBioscience), followed by species-
specific Alexa Fluor 488-conjugated secondary antibodies.
Isotype control stainings were routinely performed in the
immunofluorescence procedures. Nuclei were stained with DAPI
(Thermo Fisher Scientific). Single plan and z-scan images were
captured via confocal microscopy and Structured Illumination
microscopy (SIM), using a 100X APO-TIRF (NA 1.49) objective,
with 3D optical sectioning. Images were processed with Fiji
software (20).

Bone Marrow Dendritic Cells Cultures and

Probiotic Interaction

Single cell suspensions of myeloid precursor cells were derived
from bone marrows of femur and tibia of naive Lewis
rats and cultured in RPMI-1640 medium supplemented with
1% Na-pyruvate, 1% non-essential aminoacids, 1% penicillin-
streptomycin, 1% L-glutamine, 50 WM 2-mercaptoethanol, 10%
fetal bovine serum (complete RPMI-1640 medium), in presence
of GM-CSF and IL4 (each at 20 ng/ml; Peprotech) for 7 days
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to induce differentiation into immature bone marrow dendritic
cells (BMDCs). BMDCs were seeded into 8-well chamber slides
(1 x 10° cells/chamber) for 16 h and then WGA-AF555-labeled
probiotics (1 x 107 CFU/1 x 10° BMDCs) were added for
4h. BMDCs cultures were then washed and fixed with 4% PFA
for 10 min. BMDCs were stained with anti-CD11c mAb (8A2;
Thermofisher). The interaction between BMDCs and bacteria
has been visualized with rabbit anti-TLR2 pAb (AbClonal) and
mouse anti-LTA mAb (3811; GeneTex), followed by species-
specific Alexa Fluor-conjugated secondary antibodies.

Live Imaging Assay

BMDCs (2 x 10° cells) were exposed to probiotics (2 x 108
CFU) or TGFp (10 ng/ml) for 4 h, extensively washed with PBS,
and cultured with complete RPMI-1640 medium or with R97-
116 peptide (10 pg/ml in complete RPMI-1640) for further 2 h.
BMDCs were detached, counted and seeded (5 x 10° cells/dish)
on glass-inserted imaging collagen-coated dishes for 16 h. Then,
freshly stimulated R97-116 specific CD4 " Tcell lines, labeled with
5uM CEFSE for 10 min at 37°C, were added to BMDC cultures
(1.5 x 10° cells/dish).

Time-lapse video microscopy was performed using a live-
imaging Nikon set-up equipped with temperature/CO; control
unit (OKO lab). Differential interference contrast (DIC) and
green channel images were acquired on a 512 x 512 pixel field
of view, with 1.31 pm/pixel conversion. One hour recordings
were performed with 30s time-lapse interval using an inverted
microscope (20X, 0.5 NA objective) and a Q-imaging Fast
Camera (Roper scientific) and processed by NIS Elements AR
software v3.1 (Nikon). TrackMate plug-in of Fiji software was
used to automatically track T cells (21). Cells were defined as
stationary if their path length was shorter than 10 um every
10 min recording, or else they were classified as motile (22, 23).

RT-qPCR

cDNA was synthesized from total RNA (TRIzol, Thermo
Fisher Scientific) using random hexamers, and reverse
transcriptase (SuperScript VILO ¢cDNA Synthesis Kit, Thermo
Fisher Scientific). Real-time quantitative PCR (qQRT-PCR) was
performed using Assay-on Demand Gene Expression Products
(Thermo Fisher Scientific) specific for: IFNy (Rn00594078_m1),
IL6 (Rn01410330_m1), FoxP3 (Rn01525092_ml), TGFB
(Rn00572010_m1), TLR1 (Rn04181452_s1), TLR2 (Rn0213
3647_s1), TLR6 (Rn02121288_s1), CHRNA (Rn01278033_m1),
Rapsyn (Rn014886207_m1), LRP4 (Rn01486328_m1l); B-actin
(Rn01515681_m1) was used as housekeeping endogenous gene.
Target mRNA expression was calculated as mean 274Ct x
100 value, in which ACt is the difference between target and
housekeeping Ct. Real-time PCR reactions were performed in
duplicates using Viia7 Real-Time PCR System, according to the
manufacturer’s instructions.

Stool Collection and Nucleic Acid
Extraction

Stool samples were collected at day 0 (before immunization), day
30 (at EAMG onset) and at the end of experiment. Stool samples
collected from the animals housed in the same cage were pooled

and dissolved in Stool Nucleic Acid Collection and Preservation
Tubes (Norgen Biotek Corp.), pending analysis. Bacterial DNA
extraction was performed using Stool DNA Isolation Kit
(Norgen), according to the manufacturer’s instructions. Briefly,
400 pl of stool samples were mixed with lysis buffer (1:1.5
v/v) and homogenized using a flat-bed vortex. The supernatant
was collected and transferred to a DNAse-free microcentrifuge
tube, centrifuged to pellet any cell debris and loaded onto a
spin-column. The bound DNA was washed, eluted and stored
at —20°C.

Samples were: healthy rats (HD rats), EAMG rats at disease
onset (EAMG onset), vehicle treated EAMG rats (EAMG
chronic), EAMG rats treated with vital BBmix (EAMG BBmix
vital), EAMG rats treated with heat exposed BBmix (EAMG
BBmix heat exposed). Five replicates were considered for HD
rats and EAMG BBmix vital samples; four replicates for EAMG
chronic samples; three replicates for EAMG onset and EAMG
BBmix heat exposed.

16S rBRNA NGS Sequencing

Purity and quantity of the bacterial DNA were confirmed by
Bioanalyser 2100 (Agilent Technologies, USA) and NanoDrop
2000 (ThermoFisher) devices. Bacterial 16S rRNA variable
regions (V2, V3, V4, V6, V8, V7-9) were amplified using specific
primers (Metagenomic kit, Invitrogen) and completed by the
addition of a PGM sequencing adaptor (P1) and unique barcode
to allow multiplex analyses. Prior to NGS sequencing, quality and
amplicon sizes were assessed using the Bioanalyser 2100. The
samples were adjusted to a final concentration of 26 pM and
attached to the surface of Ion Sphere particles (ISPs) according
to the manufacturer’s instructions. Manual enrichment of the
resulting ISPs resulted in >95% templated- ISPs. Templated-ISPs
were sequenced on either “314” (10 Mb.p.) or “316” (100 Mb.p.)
micro-chips using the Ion Torrent Personal Genome Machine
(Life Technologies, USA) for 850 flows.

Metagenomic Analysis

Raw data from the Ion Torrent Personal Genome Machine
were analyzed with the Ion Reporter™ Software 5.10 and the
workflow Metagenomics 16S wl.1 to generate fastq sequences
for the different 16S rRNA variable regions and a consensus
sequence for each sample. Consensus fastq sequences were
elaborated with QIIME 2 2018.8 (24). Specifically, demultiplexing
and quality filtering were performed using the q2-demux plugin
followed by denoising with DADA2 (25). Alpha-diversity metrics
(observed OTUs, Shannon and evenness), beta-diversity metric
(unweighted UniFrac) (26) and Principle Coordinate Analysis
(PCoA) were estimated using q2-diversity after samples were
rarefied (subsampled without replacement) to 9,805 sequences
per sample. Taxonomy was assigned to OTUs using the
q2-feature-classifier (27) classify-consensus-vsearch taxonomy
classifier against the Greengenes 13_8 99% OTUs reference
sequences (28). Hierarchical clustering using Pearson distances
in MeV (29) was used to create a genus-level heatmap of the
relative abundances.
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Statistical Analysis

Experimental data were analyzed via one-way ANOVA or
two-way ANOVA for normally distributed values, followed by
Dunnetts multiple comparison test or via Kruskal-Wallis test
for not normally distributed values; normal distribution of data
was evaluated via Kolmogorov test. All p-values were corrected
for multiple comparisons. P < 0.05 was considered statistically
significant. Graph Pad Prism was used for data elaboration and
statistical analyses.

RESULTS

Improvement of EAMG Symptoms After

Therapeutic Treatment With Bifidobacteria
The therapeutic effect of bifidobacteria (BBmix) and lactobacilli
(LBmix) administration was evaluated in EAMG Lewis rats,
compared to vehicle-fed animals (Figure 1A). Probiotic
treatments started at disease onset and throughout the chronic
phase. BBmix was more effective than LBmix in ameliorating
the disease course (Figure 1A; vehicle-EAMG, mean score 1.75
£ 0.27, LBmix-EAMG, mean score 1.5 &= 0.45, BBmix-EAMG,
mean score 0.67 £ 0.52, corrected p < 0.001). The observed
EAMG improvement in BBmix treated animals was confirmed
by the assessment of animal weights, compared to control
(vehicle fed) EAMG. The mean weights (grams =+ SD) at the end
of experiments were: BBmix-EAMG, 228 + 10; vehicle-EAMG,
189 + 33; LBmix-EAMG, 218 + 15 (Supplementary Figure 1A).
Next, we investigated whether the beneficial effect of BBmix
could be associated to vital or heat exposed probiotics;
administration of vital bacteria was significantly associated with
a decreased clinical score, whereas heat exposed bifidobacteria
did not modify the disease course (Figure 1B; vehicle-EAMG,
mean score 2.2 & 1.25, BBmix vital- EAMG, mean score 0.86 £
1.34, corrected p < 0.001; BBmix heat exposed- EAMG, mean
score 1.54 £ 1.19, corrected p-value = 0.26 vs. vehicle-EAMG).
Again, EAMG improvement was paralleled by improvement of
mean animal weight (Supplementary Figure 1B, BBmix vital-
EAMG, grams 220 =+ 25, vehicle-EAMG, grams 182 + 37, BBmix
heat exposed- EAMG, grams 193 =+ 30).

Improvement of EAMG symptoms were confirmed by a
significant reduction of serum antibody level against rat AChR in
BBmix-EAMG rats (mean titer 12.73 £ 6.50 pmol/ml) compared
to vehicle-fed (mean titer 32.53 4 11.13 pmol/ml) or LBmix-
EAMG rats (mean titer = 37.51 £ 5.67 pmol/ml) (Figure 1C).
Similarly, anti-rat AChR antibody levels were found reduced
in EAMG rats treated with vital bifidobacteria but not in heat
exposed BBmix-fed rats (Figure 1D; BBmix vital-EAMG rats
mean titer 9.49 £ 4.55 pmol/ml, vehicle-EAMG rats mean titer
20.53 % 4.72 pmol/ml, corrected p = 0.007; BBmix heat exposed-
EAMG mean titer = 13.13 & 10.07 pmol/ml, corrected p = 0.06
ns). Clinical efficacy of BBmix treatment has been confirmed by
RT-qPCR analysis for the expression of mRNAs encoding for
CHRNA, Rapsyn and LRP4, key molecules of the NM]J involved
in AChR stabilization on the postsynaptic membrane. Treatment
of EAMG rats with vital BBmix is associated with decreased
CHRNAT1 and Rapsyn mRNAs, comparable to HD rats, whereas

their expression was significantly upregulated in vehicle treated-
EAMG animals (Supplementary Figure 2).

Since BBmix treatment, and especially BBmix vital, was
associated with a significant EAMG improvement, we then
studied by means of qRT-PCR the differential expression of IFNy
and IL6 (as proinflammatory markers) and of FoxP3 and TGFp
(as immunomodulatory markers) mRNA transcripts in draining
lymph nodes (drLNs) and spleen isolated from BBmix treated
EAMG rats (Figure 2). We did not detect differences for IFNy
in the different immunocompetent tissues analyzed, whereas
IL6 mRNA was found increased in the spleen (corrected p =
0.0074). With regard to regulatory markers, we found increased
expression of FoxP3 mRNA in drLNs (corrected p = 0.0209) and
spleen (corrected p = 0.0104) of animals treated with BBmix vital;
also TGFB mRNA was found upregulated in drLNs (corrected p
= 0.0380).

Detection of Probiotic in the GALT

Probiotic interaction with the host immune system occurs in
the GALT and, among the lymphoid structures located in the
intestinal mucosa, Peyers Patches (PPs) are one of the main
lymphocyte priming sites in response to microbial stimulation
(30). To investigate the interaction of our probiotic strains
within the GALT, bifidobacteria and lactobacilli were stained
with WGA-AF555, a fluorescently labeled lectin that binds
specifically to polar polysaccharides (31, 32) of bacterium
wall (representative images of labeled BA, Figure 3A, and LR,
Figure 3B). Lewis rats received a single dose (1 x 10° CFU)
of WGA-AF555 labeled probiotic and, after 30-60 min, the
small intestine was removed and processed for histological
(Figure 3C, H&E staining) and immunofluorescence analyses
(Figures 3D-I). Fluorescently labeled bacteria were found
localized inside intestinal villi (counterstained with a green-
fluorescent mAb anti-cytokeratin) with confocal microscopy
(Figure 3D) and SIM (Figure 3E), and within the PPs
(counterstained with a green-fluorescent mAb anti-vimentin)
(Figure 3F, confocal microscopy, and Figure 3G, SIM).

It is known that PPs are constituted by three regions
containing different cell types: the follicular and interfollicular
areas with a germinal center of proliferating B-lymphocytes,
follicular dendritic cells and macrophages, and the corona or
subepithelial dome, surrounding the follicle, populated by B-
cells, T-cells, macrophages, and dendritic cells (33). In order to
identify the main cell types within the PPs substructures proximal
to WGA-AF555 labeled probiotic, serial sections of the small
intestine were stained with a AF488-conjugated anti-CD3 to
detect T lymphocytes and with a AF488-conjugated anti-CD11c
to detect dendritic cells; super resolution analysis confirmed
that WGA-AF555 bacteria were nearby CD3%1 lymphocytes
(Figure 3I) and CD11c" dendritic cells (Figure 3H).

Exposure of BMDCs to Probiotic Affects
R97-116 Tcells Motility

The interaction between probiotics and immune cells was
further investigated by in vitro experiments with rat BMDCs
and T lymphocytes specific for the immunodominant peptide
R97-116 of the rat AChR alpha subunit (34). BMDCs were
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FIGURE 3 | Probiotics interact with immune cells located in Peyer’s Patches and villi. SIM images of WGA-AF555 (red) labeled-BA (A) and LR (B). (C) Hematoxilin and
Eosin staining of rat small intestine. (D) Confocal and (E) SIM images of villi stained for cytokeratin (green) and nuclei (blue). WGA-AF555 LR (red) are located inside villi
(confocal image scale bar: 50 wm). (F) Confocal and (G) SIM images of PP stained for vimentin (green) and nuclei (blue). WGA-AF555 LR (red) are located inside the
PP (confocal image scale bar: 100 wm). SIM images of CD3* cell (green) (H) and CD11c™ cell (green) (l). WGA-AF555 LR (red) are detected nearby CD3" and

Cytokeratin

Cytokeratin

exposed to WGA-AF555 labeled-probiotics for 60 min, and
cultures were analyzed via live imaging microscopy (Figure 4A—
single frame—and Supplementary Video 1). Most BMDCs are
characterized by short movements to sample the surrounding
microenvironment, while WGA-AF555-probiotics are either
stably captured by BMDCs or free to move. Parallel cultures
were processed for immunofluorescence analysis by SIM
(Figures 4B-D), further confirming that single BMDCs (bright
field) make multiple contacts with WGA-AF555 labeled-LR
bacteria, arranged in chain (Figure 4B). Representative SIM
images of CD11c™ BMDCs contacting WGA-AF555 labeled-
probiotics are reported in Figure4C (LC strain, single plan)
and Figure 4D (BA strain, single plan), and in the reconstructed
3D images (insets Figures 4C,D), showing probiotics contacting
BMDC plasma membrane.

Toll-like receptors (TLRs) recognize multiple pathogens,
including bacteria, viruses, fungi, and parasites, and their
expression is regulated in both a cell type- and stimulus-
dependent fashion (35). Hence, the differential expression
of selected TLRs mRNA was evaluated in BMDCs exposed
to bifidobacteria (BA, BL, BBmix) and lactobacilli (LC, LR,
LBmix) (Figure5). Increased TLR2 mRNA expression was
observed in bifidobacteria- (p < 0.001) or lactobacilli-treated
BMDCs (p < 0.004) vs. untreated BMDCs; TLR1 transcript
were downregulated (BBmix, p 0.048; LR, p = 0.047;
LBmix, p = 0.008) whereas TLR6 expression was not altered
in any experimental condition. The increased expression of

TLR2 transcript was confirmed via immunofluorescence analysis
(Figures 5B-E). Confocal and super resolution microscopy
studies demonstrated increased expression of TLR2 on the
membrane of probiotic exposed-CD11c*t cells (Figures 5C,E)
compared to untreated BMDCs (Figures 5B,D). Since TLR2
forms clusters in response to Lipoteichoic Acid (LTA), a
component of the wall of Gram-positive bacteria (36), we
investigated whether TLR2 upregulation observed on BMDCs
could be associated with LTA, expressed on our probiotic strains,
by means of SIM (Figure 5F). The analysis showed that LTA
molecules (in green) are arranged in clusters and localized in
proximity of TLR2 (in red) expressed by BMDCs, or even in
close contact with TLR2 molecules (reconstructed 3D volume,
Figure 5F inset).

To further evaluate the events associated with the probiotic-
induced BMDCs immunomodulatory profile, rat BMDCs,
grown in complete RPMI medium (as control) or exposed
to BBmix or TGEFf, were subsequently loaded with peptide
R97-116 and in vitro co-cultured with R97-116 specific
CD4%" effector T cells (Teff) (Figure6A). By means of
live imaging microscopy, the motility pattern of Teffs was
recorded (1 frame/30s, 60 min recording) and analyzed with
Fiji software, plug-in TrackMate (21). Representative movies
are included as Supplementary Videos 2, 3. Cells were defined
as stationary if their path length was shorter than 10pm
every 10min recording, or else they were classified as
motile (22, 23).
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FIGURE 4 | /n vitro interaction between BMDCs and probiotics. (A) Single
frame of BMDCs co-cultured with WGA-AF555 labeled-LR (red). Scale bar
20 um. (B) SIM image of a BMDC physically interacting with a chain of
WGA-AF555 labeled-LR (red). (C,D) SIM images of CD11c*tBMDC (green)
and WGA-AF555-L.C and WGA-AF555-BA (red) respectively. Site of contact
between BMDCs and bacterial cells are reported in insets (3D volume). SIM
image scale bar: 2 um.

When antigen-specific Teff cells were co-cultured with control
BMDCs (peptide-loaded but not exposed to BBmix), 27.3 £
8.6% of tracked cells (total number of tracked cells = 300; 4
replicates) showed a motile pattern at + = 10 min (Figure 6B,
empty bar) and, conversely, 72.7 & 8.6% had a stationary pattern
(Figure 6C, empty bar); percentages of motile Teff (as well as
stationary Teff) did not change in the subsequent time points
(stationary Teff: 75.7 £ 5.5% at t = 30min and 75.3 £+ 4.3%
at t = 60min). Exposure of BMDCs to BBmix resulted in
an altered Teff motility pattern: 63.7 £ 9.0% were classified
as motile at + = 10min (p < 0.001 vs. control BMDCs,
Figure 6B, black bar), and this percentage was stable at t = 30
and t = 60.

Then, mean velocity (expressed as pm/minute) and
meandering index were calculated for either motile
(Figures 6D,F) and stationary Teffs (Figures 6E,G): as expected,
motile Teff cells had a mean velocity greater than stationary
cells (8.1 £ 1.3 pm/min vs. 4.3 & 1.9, Figures 6D,E respectively,
empty bars) at t = 10, t = 30 and ¢t = 60. Interestingly, when
BBmix-exposed BMDCs were evaluated, mean velocity of
motile Teff significantly increased compared with control
BMDCs (¢t = 10, 18.2 £ 12.4 pwm/min vs. 8.1 &+ 1.3, corrected
p = 0.01, Figure 6D, black bars), and this observation was
confirmed at the subsequent time points. On the contrary, mean
velocity of stationary Teffs was significantly different at t = 30

only (Figure 6E, black bars), and at ¢ = 60 returned similar
to t=10.

Meandering index is a measure of the Teff cells patrolling
while moving nearby BMDCs, that reflects the intrinsic difference
between motile Teft cells, with a meandering index 0.4 + 0.1 (t =
10, Figure 6F, empty bar) and stationary Teff cells (meandering
index 0.13 4= 0.04, t = 10, Figure 6G, empty bar). No differences
were observed when Teffs were co-cultured with BBmix-exposed
BMDCs (Figures 6FG, black bars).

In a previous study, we have reported increased expression
of TGFp in tissue culture supernatants from probiotic-treated
BMDCs and in the serum from probiotic-treated EAMG rats,
suggesting an immunomodulatory role for this pleiotropic
cytokine. Hence, we exposed BMDCs to TGFf (10 ng/ml) prior
to antigen pulsing and co-culture with Teff cells (representative
movie is reported as Supplementary Video 4). Interestingly, the
percentage of tracked cells (total number of tracked cells
225; 3 replicates) classified as motile (Figure 6B, striped bars)
was significantly increased compared to Teff cells co-cultured
with control BMDCs (corrected p < 0.001, Figure 6B, empty
bars) and similar to what observed with BBmix-exposed BMDCs
(Figure 6B, black bars), at t = 10, t = 30 and ¢ = 60 time points.
Again, the mean velocity of motile Teff cells was found increased
(31.2 £ 4.9 wm/min, t = 10, Figure 6D, striped bars) compared
to control co-cultures (corrected p < 0.001), a behavior similar
to that observed in co-cultures with BBmix-exposed BMDCs
(Figure 6D, black bars).

Probiotics Influence Gut Microbiota in
EAMG

NGS analysis of gut microbiota was performed on stools collected
from experimental animals at different time points: HD animals
(day 0, before TAChR/CFA immunization), EAMG onset (at day
27, before treatments) and at the end of experiment, for each
treatment groups (vehicle, BBmix and BBmix heat exposed).
Stools collected from the animals housed in the same cage were
pooled before processing for DNA extraction. Raw data from

NGS sequencing were analyzed with the Ion ReporterTM Software
5.10 and the workflow Metagenomics 16S w1.1; consensus fastq
sequences were then elaborated with QIIME 2 microbiome
bioinformatics platform (version 2018.8). A total number of
1,255,155 reads were obtained, with an average of 59,769 reads
per sample, and 934 OTUs identified. Alpha and beta diversity
analyses were performed on the OTU table. The observed OTUs
plot (Figure 7A) showed a similar number of OTUs in HD
and EAMG onset groups, different from the OTU numbers in
EAMG chronic, EAMG BBmix vital and EAMG BBmix heat
exposed groups. The Shannon evenness analysis (Figure 7B)
showed a more complex degree of a-diversity occurring across
experimental groups, indicating a higher OTUs richness of
gut microbiota in chronic, vehicle fed, EAMG animals, with
a tendency to a-diversity reduction in BBmix heat exposed
group. Concerning the Pielou’s index for evenness, the highest
value was observed in EAMG onset group (Figure 7C), pointing
out that the microbiota species in these animals were more
equally distributed compared to the other groups. B-diversity was
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FIGURE 5 | Differential expression of TLRs in BMDCs exposed to probiotics. (A) gRT-PCR analysis of TLR2, TLR1, and TLR6 in BMDCs exposed to single strains
(BA, BL, LC, LR) and combinations (BBmix, LBmix) of probiotics for 4 h (mean =+ SD). (B) Confocal and (D) SIM images of untreated CD11c™ cells (green) and TLR2
(red). (C) Confocal and (E) SIM images of LR-exposed CD11c™ cells (green) and TLR2 (red). (F) SIM image of LTA (green) and TLR2 (red) of BMDCs exposed to LC
(inset: 3D volume). Statistical significance was assessed by one-way ANOVA test with Dunnett’s multiple comparison test. Corrected p-values are reported. Confocal

evaluated by the unweighted UniFracPCoA analysis (Figure 7D),
which allowed the identification of three separated clusters: HD
(red dots), EAMG onset (blue dots) and a more heterogeneous
cluster comprising EAMG chronic (green dots), EAMG BBmix
vital (pink dots) and heat exposed (turquoise dots). Of note, HD,
EAMG onset and EAMG chronic groups were quite separated,
indicative of a greater degree of B-diversity, while it was possible
to discriminate only a modest difference between probiotic
treated EAMG rats.

At taxonomical level, Firmicutes (relative abundance 62—
64%) and Bacteroidetes (relative abundance 28-34%) were the
dominant phyla in all groups (Figure 8A), together representing
~98% of the gut microbiota. Firmicutes/Bacteroidetes ratio
(F/B, Table 1) did not show any difference across experimental

groups. The analysis restricted to the phyla with relative
abundance below 5% showed 5 main phyla: Proteobacteria,
Deferribacteres, Verrucomicrobia, Actinobacteria and Tenericutes
(Figure 8B). Within this subset, the Tenericutes/ Verrucomicrobia
ratio (T/V) was found significantly altered in EAMG onset
group, compared to HD (T/V ratio 5.18 £ 1.3 vs. 2.21 + 1.8,
corrected p = 0.007), followed by a sharp decrease (0.1 & 0.1)
in chronic, vehicle fed, EAMG rats. Interestingly, treatment
with vital probiotic partly restored the T/V ratio (0.96 =+
0.3), indicating a possible effect of the BBmix treatment on
these phyla, not observed in heat exposed treated EAMG
animals. At family level, Ruminococcaceae (relative abundance
27 £ 2%), Prevotellaceae (relative abundance 20 4+ 3%) and
an unclassified family belonging to the Clostridiales order
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FIGURE 6 | Percentage, (E) velocity, and (G) meandering index of stationary Teff. Experimental conditions were: control cultures of BMDC, loaded with R97-116
peptide (empty bars), BMDC exposed to BBmix prior to antigen loading (black bars), BMDC exposed to TGFf prior to antigen loading (striped bars). Statistical
significance was assessed by two-way ANOVA test with Dunnett’s multiple comparison test. Corrected p-values are reported.
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FIGURE 7 | Treatment with Bifidobacteria modifies alpha and beta diversity of EAMG gut microbiota. (A) Observed OTUs, (B) Shannon index, (C) evenness, and (D)
unweighted UniFrac distance PCoA of healthy rats (HD rats; red dots), EAMG rats 30 days after the induction of the disease (EAMG onset; blue dots), EAMG rats in

the chronic phase (EAMG chronic; green dots), EAMG rats treated with vital bifidobacteria (EAMG BBmix vital; pink dots), and EAMG rats treated with heat exposed

bifidobacteria (EAMG BBmix heat exposed; turquoise dots).

(relative abundance 24 % 1%) represented ~70% of the gut  genera Sutterella, Phascolarctobacterium, Dialister, Odoribacter,
microbiota (Figure 8C), without differences. Major changes were  Lachnospira, two unclassified genera belonging to Rikenellaceae
observed in the less abundant families (relative abundance  and Barnesiellaceae families and one unclassified genus belonging
lower than 15%) (Figure 8D), showing a strong reduction of  to the Bacteroidales order. On note, the increase of Akkermansia
Lachnospiraceae in EAMG chronic group, and an increase  inthe EAMG chronic group, and the Turicibacter genus, reduced
of the Ruminococcaceae/Lachnospiraceae (R/L) ratio (EAMG  in vital BBmix group similar to what observed at the family level.
chronic R/L ratio 13.22 + 2.4; Table 1). Interestingly, probiotic ~ Ofinterest, the relative abundance of Lactobacillus genus was also
treatment was associated with a decreased R/L ratio (EAMG  affected by vital bifidobacteria treatment and not by inactivated
BBmix vital R/L ratio 8.49 =+ 0.8). A similar trend was  probiotic strains (Supplementary Figure 3).

showed by the relative abundances for Peptoptococcaceae and

Peptostreptococcaceae families (Figure 8D), increased in EAMG  DISCUSSION

chronic, unchanged in heat exposed BBmix, but reduced in vital

BBmix group to values similar to HD rats (Figure 8D). The = Modulation of the gut microbiota and its interactions with
relative abundance heatmap (Supplementary Figure 3) showed  the hosts immune system by probiotics has been proposed
a specific cluster in the EAMG onset group comprising the  as a novel therapeutic tool for the treatment of autoimmune
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FIGURE 8 | Bifidobacteria reduce the dysbiosis induced by the disease. Stacked barplot representing the taxonomic assignments at phylum level (phyla with relative
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disorders; altered immunological responses can be skewed
and damped by probiotics that exhibit immunomodulatory
properties (37-39). Previous reports from Chae’s (7) and our (6)
groups demonstrated that probiotic administration, according
to a prophylactic (7) or preventive (6) treatment protocols,
ameliorated EAMG symptoms and modulated AChR-specific
immune responses. In this study, we evaluated the probiotic
efficacy in the Lewis rat EAMG model, given to animals according
to a therapeutic protocol (i.e., treatments started at disease
onset). Two lactobacilli (LBmix) and two bifidobacteria (BBmix)
strains were administered during EAMG chronic phase of the
disease, and a significantly improvement of EAMG was observed
in BBmix-treated animals, compared with vehicle- and LBmix-
fed groups (Figure 1A), with a parallel reduction of anti-AChR
antibody levels (Figure 1C).

Then, we wondered whether the observed clinical efficacy
of bifidobacteria in our EAMG model was dependent to their
vitality. Indeed, the debate concerning the efficacy of live

probiotics compared to inactivated bacteria is still open, with
contrasting results. Zimmermann et al. compared the effects
of several bacteria strains, live or heat exposed, on a human
colorectal adenocarcinoma cell line (HT-29) and observed that
live probiotics induced immunosuppressive effects, whereas heat
exposed bacteria caused an elevated immune response (40).
By contrast, Sugahara et al. observed that both live and heat
exposed B. breve M-16V suppressed pro-inflammatory cytokine
production in spleen cells of gnotobiotic mouse model (41).
However, the comparison between the effects of vital or dead
cells (irradiated or heat exposed) contained in a mixture of
probiotics (VSL3) administered to animals with colitis (DSS-
induced colitis), revealed that the non-viable irradiated or viable
probiotics attenuated the symptoms, whereas the heat exposed
probiotics had no effect on the severity of disease (42). In this
regard, results from in vivo experiments suggest that the selected
bifidobacteria strains, when vital, have a greater efficacy in
modulating EAMG compared with vital lactobacilli (Figure 1A)
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TABLE 1 | Firmicutes/Bacteroidetes (F/B), Tenericutes/Verrucomicrobia (T/V), and
Ruminococcaceae/Lachnospiraceae (R/L) ratios in samples.

F/B ratio T/V ratio R/L ratio
(phylum) (phylum) (family)
HD 1794+ 0.3 221+18 3.11+05
EAMG onset 221 +07 518 +1.32 3.93+1.4
EAMG chronic 198 +0.5 0.10 £ 0.1° 13.22 +2.4°
EAMG BBmix 1.83+0.3 0.96 + 0.3 8.49 + 0.8419
vital
EAMG BBmix 1.88 + 0.4 0.37 £ 0.3 11.92 +£1.98

heat exposed

£, Firmicutes (p); B, Bacteroidetes (p); T, Tenericutes (p); V, Verrucomicrobia (p); R,
Ruminococcaceae (f); L, Lachnospiraceae (f).

ays. HD, corrected P-value = 0.007.

bys. HD, corrected P-value = 0.04.

cdeys, HD, corrected P-value < 0.001.

fvs. EAMG vehicle, corrected P-value < 0.001.

9vs. EAMG BBmix heat exposed, corrected P-value = 0.02.

Statistical significance was assessed by one-way ANOVA test with Dunnett’s multiple
comparison test.

and with heat exposed bifidobacteria (Figure 1B), when given
to animals after disease onset (therapeutic protocol), and this
effect was associated with reduced serum anti-AChR antibodies
titers (Figure 1D). Thus, these data further confirm our previous
study on the efficacy of preventive probiotic treatment in
the rat EAMG model (6) and show, for the first time, the
efficacy of the administration of probiotics to EAMG Lewis rats,
following a therapeutic treatment. The beneficial effects of vital
bifidobacteria could be related to the maintenance of the integrity
of bacterial proteins (e.g., carbohydrate polymers exhibited on
the cell surface) and DNA sequences (e.g., CpG motifs), that
exhibit immunomodulatory properties (16). The minor effects
of heat exposed bifidobacteria could be, therefore, linked to
the partial denaturation of molecules with immunomodulatory
activity. Moreover, the heat inactivation blocks the metabolite
production, that could, even in a small amount, alter the cross-
feeding mechanisms among commensal bacteria, important
in the regulation of immune system (e.g., short chain fatty
acid). However, further studies using different techniques (such
as irradiation, formaldehyde, or DNase-treatment) that could
inactivate bacteria while retaining the intact protein structures,
may provide more insight into the mechanisms by which the
probiotics act and into the mediators induced in the EAMG
model by our vital or inactive probiotics.

As reported, probiotics are capable to influence the immune
system, not only locally but also in the periphery (38). We
observed that the therapeutic treatment with BBmix was
associated with increased FoxP3 and TGFf mRNAs expression in
drLNs of EAMG animals (Figure 2A). This observation is in line
with our previous report on the efficacy of preventive probiotic
treatment in this model (6); overall, these data further support
the hypothesis of TGFp as systemic cytokine able to orchestrate
the immune-modulation activated by probiotics (6), besides
FoxP3Tcells as key players in probiotic induced-suppressive
activity (43, 44).

Whether an interaction of bacteria with GALT could occur has
been studied by several researchers and it has been described that
DCs in the gut can even send dendrites in the intestinal lumen
to sample the microenvironment (10, 45). To study possible
interactions of our probiotic strains with immune elements in
the gut mucosa, bacterial wall was in vitro labeled with WGA-
AF555, that selectively binds to N-acetyl-D-glucosamine and
sialic-acid containing glycoconjugates and oligosaccharides (46).
Super resolution microscopy images showed slightly differences
in theWGA-AF555 staining pattern (Figures 3A,B), suggesting
a specific distribution of the two WGA ligands in bifidobacteria
and in lactobacilli cell wall. Then, WGA-AF555 labeled probiotics
were administered to Lewis rats and, after 30-60 min, the
intestine were aseptically removed and processed for confocal
and super resolution microscopy. Immunofluorescence images
demonstrated that WGA-AF555-labeled probiotics were found
nearby villi (Figures 3D,E) and in PPs (Figures 3EG); within
PPs, WGA-AF555-labeled probiotics were found in close contact
with CD3™ cells (Figure 3H) and CD11c" cells (Figure 31).

Furthermore, by means of in vitro live imaging (Figure 4A,
Supplementary Video 1) and super resolution microscopy
(Figures 4C,D) we were able to confirm that bacterial cells
interact BMDCs. These data suggests that DC cells and CD3"
lymphocytes could indeed interact with bifidobacteria in PPs;
whether these interactions are preliminary to phagocytosis by
DCs (47, 48) needs to be further investigated.

DCs make contacts with microbes using pattern recognition
receptors (PRRs), which recognize pathogen-associated
molecular patterns (PAMPs); among PRRs, toll-like receptors
(TLRs) play a pivotal role, and are capable to discriminate
different components of bacteria (49). Hence, we evaluated
whether the interaction of bifidobacteria with BMDCs could
modulate TLRs transcription profile. qRT-PCR analysis showed
increased TLR2 transcription in probiotic-treated BMDCs and
a weak down-regulation of TLR1 in BBmix-and in lactobacilli-
treated BMDCs (Figure 5A); TLR6 mRNA was unaltered. The
increased TLR2 mRNA expression was confirmed by confocal
(Figures 5B,C) and super resolution microscopy (Figures 5D,E),
showing increased TLR2 expression on CD11c" cells and its
localization in specific plasma membrane regions. Although
BMDC exposure to bifidobacteria and lactobacilli resulted
in differential expression of TLR1 and TLR2 mRNAs, as a
consequence of cell-cell recognition, their effects on EAMG
manifestation were different. The better therapeutic efficacy
of bifidobacteria could be partly explained by a differential
downstream effect on pathogens recognition pathways by
BMDC in vitro, possibly in correlation with not yet reported
differences on LTA protein structure between bifidobacteria
and lactobacilli and their affinity to TLR2. Indeed, we found
that lactobacilli strains induce a considerable increase of IL12b
mRNA (preliminary data, not shown) besides IL1I0 mRNA (6)
suggesting that lactobacilli could drive the differentiation of
naive T cells toward a Thelper rather than Treg phenotype. All
together these findings suggest that TLR2 could be one of the
PRRs engaged in the bifidobacteria recognition, while TLR1 and
TLR6, functionally associated with TLR2 in the discrimination of
a subtle difference between triacyl- and diacyl-lipopeptides (49),
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are not involved at this stage. Since lipoteichoic acid (LTA), a
major cell wall component of gram-positive bacteria, is primarily
recognized by TLR2 (50), probiotic exposed-BMDCs were
analyzed by immunofluorescence for the co-expression of LTA
and TLR2 (Figure 5F), further suggesting that the recognition of
our probiotics is mediated by LTA-TLR2 engagement that occurs
in TLR2-enriched domains on the BMDC plasma membrane.
Further analysis are needed to describe the events occurring
in DC cytoplasmic domain below the engaged LTA-TLR2
molecules (51), with regard to the TLR2-signal transduction
cascade resulting in the release of immunomodulatory cytokines.

To summarize, results or our research suggest that CD11ct
DCs contact probiotics in the GALT (Figure3) and this
interaction is mediated by TLR2 (Figure4), upregulates
immunoregulatory citokines mRNAs (i.e. IL10 and TGFp) and
induces the production of TGFp (6). Since activated DCs in
PPs migrate to mesLN (12), we sought to investigate, using a
simplified in vitro model of DC-Teffector interactions, a plausible
mechanism of immune modulation induced by probiotics in
vivo. Thus, DCs were exposed to bifidobacteria, and loaded
with an antigen involved in EAMG (R97-116). Then, DCs were
co-cultured with “circulating” antigen- specific CD4™" Teff cells
(Figure 6A) and since it has been suggested that probiotics can
induce immune tolerance either/or promoting Treg activity
and/or suppressing T helper response (5), we wondered whether
bifidobacteria treatment could influence Tcell motility, clue of
the correct immunological synapse formation (22). Indeed, it
has been demonstrated that the formation of a stable major
histocompatibility complex (MHC)-peptide-TCR complex
between DCs and antigen-specific T-lymphocytes results in a
temporary engagement of T cells, characterized by a reduced
motility and low meandering index (stationary phenotype), in
contrast to not engaged T cells, that remains free to move, with
high velocity and elevated meandering index (motile phenotype)
(22, 23). Hence, bifidobacteria-exposed and antigen-loaded
BMDCs were co-cultured with R97-116 specific CD4™" Teff cells
(Figure 6A) and, by means of live-imaging microscopy and
motility analysis, stationary and motile R97-116 Tcells analyzed.
In control co-cultures (i.e., antigen loaded BMDC) more than
70% of Teff had a stationary phenotype (Figure 6C, empty
bars); on the contrary, when Teff cells were co-cultured with
BBmix-exposed BMDCs, the majority of tracked cells displayed a
motile phenotype (Figure 6B, black bars), and an increased mean
velocity (Figure 6D, black bars), suggesting that antigen-specific
T lymphocytes continued to patrol the microenvironment near
BMDCs, presumably still searching the engagement with the
proper MHC-peptide complex. Whether this different Teff
behavior is due to a reduced density of MHC-peptide complexes
or of co-stimulatory molecules on BMDCs, is a point that
deserves further studies.

In our previous study (6), we demonstrated that TGFp
was involved in the immune-modulation observed in probiotic
treated EAMG rats (preventive protocol); of note, TGFp was
found increased in drLNs from BBmix-vital treated EAMG rats
(therapeutic protocol) (Figure 2A). Since the role of TGFf in
association to tolerance induction in EAMG has been reported
in several studies (52, 53), we choose to expose BMDCs to TGFB
prior to the antigen-loading step and co-culture with R97-116

specific CD4™ Teff cells; then motility analyses were performed
(Figures 6B-G, striped bars). Our data showed that TGF is able
to reproduce the effects observed with BBmix exposed BMDCs,
i.e, increased percentages of motile Teff (Figure 6B, striped
bars), characterized by a greater mean velocity (Figure 6C,
striped bars). Overall, these data show that the exposition of
BMDCs to bifidobacteria cause a downstream effect on Tcell
motility, mimicking the same results obtained with the TGEFp.
Hence, we can hypothesized that BBmix treatment could lead
to a T cell phenotype more tolerant, resembling the effects
induced by TGFp in DC in vitro (i.e., downregulation of antigen-
presenting function and expression of co-stimulatory molecules)
(52). The exact molecular mechanism that lead toward a tolerant
phenotype needs to be elucidated.

The effects of probiotics on the host immune system could be
also mediated by a modulation of the gut microbiota; indeed,
several studies reported alterations in bacterial taxonomical
composition in stools from patients and from animal models (54,
55), suggesting an important role of microbiota in (auto)immune
diseases. To our knowledge, this is the first study that characterize
the intestinal microbiota composition in the Lewis rat EAMG
model, considering also the effect of a probiotic therapeutic
treatment. The analysis of the gut microbiota demonstrated
differences between HD and EAMG rats, and during progression
of EAMG from onset to the chronic phase (end of experiments)
(Figures 7A-C), with an higher microbial diversity at the onset
stage of the disease (Figure 8D).

At the phylum level, Firmicutes and Bacteroidetes represent
almost the totality of the microbial population both in healthy
and EAMG rats (Figure 8A), and the Firmicutes/Bacteroidetes
(F/B) ratio is used to describe a pro-inflammatory microbiota
(56-59); however, in the different experimental conditions of
our study, the F/B ratio was unaltered (Table 1), suggesting the
absence of pathological disequilibrium in the gut microbiota
(dysbiosis). The microbial alteration observed during EAMG
course mostly regarded the less abundant bacterial populations
at each taxonomic level (Figures 8B,D). Overall, we observed
an increased abundance of certain families/genera in EAMG
onset compared to the other experimental groups (Table 1),
and that the probiotic treatment is associated with modulation
of the relative abundance of certain microbial community
(Supplementary Figure 3). Of note, this disequilibrium seems to
be partially reverted in BBmix vital EAMG rats, as it also occurs in
the last phase of the disease (EAMG chronic). The most affected
bacterial populations were Tenericutes and Verrucomicrobia
phyla, Lachnospiraceae family, Turicibacter, Lactobacillus, and
Akkermansia genera. The decrease of Tenericutes phylum was
also observed in intestinal dysbiosis of rats due to inflammatory
conditions (60), as well as the increase of Verrucomicrobia
(61). Moreover, it has been reported a positive correlation
of members belonging to the Lachnospiraceae family as
immune-modulating bacteria in rats affected by experimental
autoimmune encephalomyelitis (62). Thus, the decreased levels
of Lachnospiraceae in the EAMG chronic group could be related
to the inflammatory status, whereas the treatment with BBmix
vital could contribute to its increase. This effect was also observed
in gut microbiota of patients with inflammatory bowel disease
(63). We observed the increase of Akkermansia in rats in the
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chronic phase of the disease compared to both healthy rats and
rats treated with bifidobactiera. It is known that Akkermansia
muciniphila, belonging to the genera Akkermansia, is a mucin-
degrader bacterium and it has been reported to have both
regulatory and inflammatory properties (64). The increase of this
genus has been reported in other autoimmune pathologies, such
as multiple sclerosis (64, 65) and type 1 diabetes patients (66).
The reasons of this increase can be found in its dual functions: it
can increase to compensate for the imbalance in gut microbiota
composition or it can contribute itself to the disequilibrium.
However, a deepened analysis of the genus Akkermansia and
a more complex evaluation of bacteria and their metabolites
are required to understand the EAMG gut microbiota profile.
We were unable to detect changes in the relative abundance of
Bifidobacterium genera by 16S rRNA NGS sequencing in gut
microbiota; this could be explained by the fact that NGS approach
is not truly quantitative, and more specific and sensitive methods
(e.g., strain specific RT-qPCR assays) should be employed (6).

Our data suggest that an ongoing immune sensitization
process, from EAMG induction to EAMG onset, could contribute
to the microbiota imbalance that could be counteracted during
the disease course. Furthermore, microbiota analysis suggests
that, even if an evident alteration of gut microbiota can be
observed at EAMG onset, the administration of bifidobacteria,
either vital or heat exposed, could help in restoring the
normal gut microbiota balance, as observed in HD animals.
However, we cannot exclude that the systemic activation
of the immune system, as a consequence of the active
TAChR/CFA immunization, could influence the GALT thus
playing a crucial, although indirect, role in the gut microbial
alterations. Administration of probiotics is not associated to
major modification in the most abundant microbiota phyla
present in EAMG animals, and more focused studies are
necessary to specifically target the bifidobacterium genus, and
particularly in relation to the probiotic administration. Moreover,
the beneficial effects associated to probiotic administration still
deserve proper investigation, due to heterogeneity of metabolic
mediators, such as short chain fatty acid (67), produced by the
gut flora and involved in the crosstalk between microbiota and
the immune system.

In conclusion, our study demonstrated that the therapeutic
administration of two bifidobacteria probiotic strains induced
immunomodulatory effects leading to EAMG amelioration.
Furthermore, inactivated probiotic by heat exposure were less
effective; in vitro experiments demonstrate that LTA-TLR2
interaction does occur between probiotics and DCs, and TLR2
undergoes a membrane redistribution that could interfere with
the formation of the MHC-Ag-TCR complex between DCs
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Antagonism of the Neonatal Fc
Receptor as an Emerging Treatment
for Myasthenia Gravis
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" Department of Neurology, Duke University School of Medicine, Durham, NC, United States, 2 Duke Clinical Research
Institute, Durham, NC, United States

Myasthenia gravis is an autoimmune disease in which immunoglobulin G (IgG)
autoantibodies are formed against the nicotinic acetylcholine receptor (AChR) or other
components of the neuromuscular junction. Though effective treatments are currently
available, many commonly used therapies have important limitations and alternative
therapeutic options are needed for patients. A novel treatment approach currently
in clinical trials for myasthenia gravis targets the neonatal Fc receptor (FCRn). This
receptor plays a central role in prolonging the half-life of IgG molecules. The primary
function of FcRn is salvage of IgG and albumin from lysosomal degradation through the
recycling and transcytosis of IgG within cells. Antagonism of this receptor causes IgG
catabolism, resulting in reduced overall IgG and pathogenic autoantibody levels. This
treatment approach is particularly intriguing as it does not result in widespread immune
suppression, in contrast to many therapies in routine clinical use. Experience with plasma
exchange and emerging phase 2 clinical trial data of FCRn antagonists provide proof of
concept for IgG lowering in myasthenia gravis. Here we review the IgG lifecycle and the
relevance of IgG lowering to myasthenia gravis treatment and summarize the available
data on FcRn targeted therapeutics in clinical trials for myasthenia gravis.

Keywords: FcRn antibodies, myasthenia (myasthenia gravis-MG), novel therapeutic, IgG, autoimmune, treatment,
clinical trial review

Myasthenia gravis (MG) is an autoimmune disease affecting the neuromuscular junction that
manifests in clinical symptoms, such as dyspnea, dysphagia, diplopia, dysarthria, ptosis, and
fatigable muscle weakness. Symptoms often fluctuate in severity, are generally fatigable, and
improve with rest. It is estimated that this disorder affects ~60,000 people in the United States
(1). Patients with mild disease experience ocular symptoms of diplopia and intermittent ptosis
and, on the other end of the spectrum, patients with severe disease experience generalized
weakness that can progress into myasthenic crisis resulting in respiratory insufficiency and need
for ventilatory support.

Neuromuscular junction function involves acetylcholine release from the motor nerve, binding
of acetylcholine to the acetylcholine receptor (AchR) on the post-synaptic membrane, followed by
generation of muscle end plate potentials. Once the end plate potential reaches threshold an action
potential is generated, resulting in normal muscle contraction. The etiology of the autoimmune
process in myasthenia gravis is unclear in most cases, however, the autoantibodies generated in
the disease target the nicotinic AchR or other components of the post-synaptic neuromuscular
junction. Interference with downstream signaling at the post-synaptic junction reduces the ability
of the end plate potential to reach the threshold needed to trigger an action potential, ultimately
resulting in the clinical manifestation of fatigable or persistent muscle weakness (2).
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Current pharmacologic approaches to treat MG either try
to control the symptoms (e.g., cholinesterase inhibitors) or
suppress or modulate the immune system. Corticosteroids,
steroid-sparing agents, therapeutic plasma exchange (TPE),
and immunoglobulin infusions (IVIg) are currently the
most common treatment modalities. However, each of
these treatments can be associated with various side effects.
Corticosteroid treatment, especially at high doses over
the long term, is associated with a myriad of potential
complications, such as steroid-induced diabetes, bone density
loss, accelerated cataract formation, gastrointestinal ulcer
formation, hypertension, and peripheral edema. Commonly
used steroid-sparing agents in the United States, such as
azathioprine or mycophenolate mofetil, suppress the immune
system and increase risk of infection as well as slightly increase
the incidence of certain cancers, such as squamous cell cancer
and lymphoma, respectively.

IVIg infusions, TPE, and in some countries,
immunoadsorption are used in the setting of myasthenic
exacerbations and crisis. Immunoglobulin infusions do not
widely suppress the immune system but rather modulate
the autoimmune response to minimize the effect of the
autoantibodies directed against the post-synaptic receptors.
IVIg is associated with rare, but severe adverse events, such as
thrombosis, aseptic meningitis, and allergic reactions. In fact,
it has been reported that though adverse systemic reactions
are rare with subcutaneous IG infusions, they are relatively
common with IVIg infusions, occurring in 20-50% of patients
and 5-15% of all IVIg infusions (3). There can also be supply
issues given that IVIg is a blood product and requires healthy
donors. In many cases it is also not a viable long term treatment
given relatively common issues with intravenous access needed
for the infusions or the need for a long-term indwelling line;
subcutaneous administration may help alleviate those issues.

TPE eftectively lowers circulating IgG blood levels, including
pathogenic autoantibodies, and provides proof of concept for the
clinical effectiveness of lowering IgG levels to treat MG (4, 5).
One plasma volume exchange reduces serum immunoglobulin
levels by 60% and total body immunoglobulin stores by 20%
(6). Five sessions of TPE can lower IgG and autoantibody levels
by ~75-80%. Recovery of IgG levels close to a baseline level
occurs ~6 weeks after a course of TPE (5). TPE has limitations
as a maintenance treatment given intravenous access limitations
and many centers perform the procedure using a central line.
Also, there is also the potential for intolerance due to allergic
reactions to the solutions used in the exchange procedure, blood
pressure fluctuations or hematologic side effects. TPE removes
coagulation factors and complement proteins, requires colloid
replacement, most often with albumin replacement, and requires
special equipment and expertise (7). Due to the depletion of
coagulation factors, treatment is often performed every other
day to allow for natural recovery of these clotting factors. On
occasion, during the course of TPE treatment, infusion with fresh
frozen plasma is required to replace these clotting factors if they
are significantly depleted. The required spacing of TPE adds
to the time consuming nature of this type of treatment. Given
the limitations and risks of the currently available treatments of

myasthenia gravis, there is need for treatments that could provide
benefits similar to TPE or IVIg and that do not suppress the
immune system.

THE NEONATAL FC RECEPTOR AS A
THERAPEUTIC TARGET

A novel potential treatment approach is targeting the neonatal
Fc Receptor (FcRn). FcRn mediated IgG recycling accounts
for passive short-term humoral immunity that is provided
in utero from mother to offspring (8). In adults, FcRn is
expressed in muscle, skin, and vascular endothelium and is
critically important to the life cycle of IgG (9-12). In summary,
the normal mechanism of directional transport and recycling
involves IgG binding to FcRn on the surface of an endothelial
cell. This is followed by passive pinocytosis of IgG bound to
FcRn into the cell via an acidified endosome. Unbound protein is
relegated to lysosomal degradation, whereas IgG bound to FcRn
is transcytosed and released back into the serum at physiologic
pH. IgG and albumin make up 90% of the serum protein content
and the FcRn-mediated recycling process extends the serum half-
life of both proteins and is responsible for the 21 days half-life of
IgG (Figure 1A) (8, 13, 14). It has been estimated that the FcRn-
mediated IgG recycling rate is 42% greater than the rate of IgG
production, indicating that recycling of IgG, not its production, is
the dominant process for maintaining IgG plasma concentrations
in humans (14). Thus, FcRn serves a vital function in maintaining
serum IgG levels. Other immunoglobulins, such as IgM, are not
involved in FcRn mediated recycling. Inhibiting FcRn recycling is
overall expected to be a promising therapeutic target for lowering
all IgG subclasses, including IgG4, which has unique properties,
such as the ability of IgG half-molecules to recombine randomly
with other half-molecules via Fab arm exchange (15).

If binding of IgG to FcRn is inhibited, the expected
effect is enhanced IgG catabolism and a reduction in serum
IgG concentrations, an effect similar to TPE (Figure 1B).
This mechanism of action is potentially quite promising, as
therapeutics targeting FcRn inhibition could provide a rapid and
selective IgG lowering effect in a much less cumbersome method
as compared to TPE. Thus, FcRn inhibitors could potentially be
thought of as potential treatments for myasthenic crisis or as
maintenance therapy.

Myasthenia gravis is an autoantibody-mediated disease with
a favorable response to TPE treatment, so it is a prime disease
for testing whether FcRn targeted treatments would be beneficial
for antibody-mediated disease patient populations. Preclinical
studies in the experimental animal model of MG support this
treatment approach. A high affinity, pH-independent rat anti-
FcRN inhibitor enhanced the clearance of pathogenic AChR
antibodies and demonstrated a dose-dependent improvement
in disease symptoms in both passive and active models of
induced autoimmune MG. Therapeutic potential for FcRn agents
was also demonstrated in a mouse model for muscle-specific
kinase (MuSK) myasthenia gravis (16, 17). In addition to MG,
this target for drug development is also being explored to
expand treatment options for other autoimmune diseases, such
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FIGURE 1 | FcRn mediated recycling of IgG. (A) IgG recycling begins with IgG binding to the FcRn with IgG uptake into an endothelial cell via an acidified endosome
with ultimate release of IgG back into the blood. (B) Binding of anti-FcRn therapeutic to the FcRn receptor leaves unbound IgG in the endosome which undergoes
lysosomal degradation and reduces circulating IgG levels. Blue receptor, FcRn protein; Blue oval, albumin; Orange, IgG; Purple, anti-FcRn therapeutic.

as chronic inflammatory demyelinating polyneuropathy and

idiopathic thrombocytopenic purpura.

SAFETY CONSIDERATIONS FOR FcRn
TARGETED THERAPEUTICS

Therapeutics targeting FcRn in clinical development for MG
are human monoclonal antibodies or Fc fragments (Table 1).
Given the specificity associated with these therapeutics, limited
off-target effects are expected or have been observed in trials

completed to date. In comparison to TPE, which removes
many serum proteins, anti-FcRn therapeutics are expected to
confer significant benefits in terms of fewer off-target effects.
The current primary safety considerations with anti-FcRn
therapies focus on the role of FcRn binding of albumin and
the potential clinical implications of a reduction in serum
albumin levels. Modest post-treatment reductions in albumin
have been observed in preclinical studies and early phase studies
in humans. However, to date there have been no demonstrable
adverse clinical effects observed in the human clinical trials. In
addition, severe depletion of IgG could theoretically increase
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TABLE 1 | Overview of FcRn targeted therapeutics in development for MG including Phase 1 trial results.

Therapeutic Name Company Molecule Summary SAD/MAD Dosing* Maximum % IgG lowering
from baseline in phase 1
Efgartigimod (ARGX-113) Argenx BVBA Humanized IgG1 Fc SAD 10, 256 mg/kg IV: 75%
fragment IV: 0.2, 2, 10, 25, 50 mg/kg
MAD
IV: 10, 25 mg/kg every 4 or 7 days
Nipocalimab (M281) Momenta Human deglycosylated SAD 15, 30 mg/kg IV: 85%
IgG1 monoclonal Ab IV: 0.3, 3, 10, 30, 60 mg/kg
MAD
IV: 15, 30 mg/kg weekly’
Rozanolixizumab (UCB7665) UCB Biopharma Humanized 1gG4 SAD 4 mg/kg SC: 26%
monoclonal Ab IV: 1, 4,7 mg/kg SC: 1, 4, 7 mg/kg SC: 43%
7 mg/kg
MAD
NA, SAD only
RVT-1401(HL161) Immunovant Sciences GmbH Human IgG1 SAD 340mg SC: 63%
monoclonal Ab SC: 0.05, 1.5, 5 mg/kg, 340, 500, 680 mg SC: 78%
765mg
IV: 1.5 mg/kg, 100 mg, 340, 765,
1,530 mg
MAD

SC: 340, 680 mg weekly

Ab, antibody; AChR, acetylcholine receptor; Ig, immunoglobulin; IV, intravenous; kg, kilogram; MAD, multiple ascending dose; mg, milligram; NA, not applicable; SAD, single ascending

dose; SC, subcutaneous.
*Bolded doses used in MG phase 2 studies.
Tas mg/kg dose was also tested in phase 2.

the risk of infection. However, IgA, IgD, IgE, and IgM are
not dependent on FcRn-mediated recycling and preliminary
studies have not demonstrated any effect on the frequencies
of immune cells (e.g., T, B cells, NK cells), complement,
or peripheral cytokines (18). Furthermore, initiation of a
primary immune response through IgM and IgG is expected
to proceed intact (19). It is important to note that the
long term effects of severe IgG depletion, particularly in the
setting of additional immunosuppressive therapies as would be
expected in many MG patients, remain uncertain and require
additional study.

FcRn THERAPEUTICS IN DEVELOPMENT
FOR MG

The remainder of the review focuses on four therapeutics
currently in clinical testing for MG. One is a Fc fragment and
three are anti-FcRn monoclonal antibodies. Table 1 summarizes
each therapeutic and includes dosing and pharmacodynamic
(PD) information from the phase 1 clinical trials that were
critical to inform the subsequent clinical trials in MG patients.
Pharmacokinetic (PK) parameters for each therapeutic may be
found in the phase 1 and phase 2 manuscripts cited below. Other
FcRn targeted strategies, such as recombinant Fc multimers and
FcyR targeted therapeutics, and additional FcRn monoclonal
antibodies are in development but have not yet entered clinical
testing for MG (20, 21).

EFGARTIGIMOD

This molecule is a modified human anti-IgG1 derived Fc
fragment engineered to increase Fc/FcRn binding at neutral and
acidic pH. Flow cytometry and microscopic data indicate a high
affinity and avidity of efgartigimod for FcRn as evidenced by
greater retention of efgartigimod in FcRn-positive compartments
within cells, combined with increased lysosomal accumulation.
Cynomolgus monkey studies demonstrated a maximal 75%
reduction in IgG following multiple dosing up to 20 mg/kg and
no significant safety concerns.

Phase 1 Study

The safety, PK, and PD of efgartigimod was evaluated in
a placebo-controlled single- and multiple ascending dose
(SAD/MAD) study in 62 healthy adult volunteers (44 received
efgartigimod) (21). In the SAD study, doses of 0.2-50 mg/kg
administered as 2h intravenous infusions were explored in
5 cohorts of healthy volunteers (Table 1). During the MAD
portion of the study, 10 and 25 mg/kg doses administered
every 4 or 7 days were studied. No dose-limiting toxicity
was observed. Headache occurred in the highest dose of the
SAD, was predominantly mild, and resolved with minimal
interventions. There were no serious adverse events (SAEs)
related to efgartigimod. A single dose reduced total IgGs about
50%, while repeated dosing lowered IgG levels by ~75% (21).
The maximum IgG lowering effect was seen beginning with the
10 mg/kg dose and this dose was selected for further clinical
development. There was no effect on other immunoglobulins or
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albumin at any of the studied doses. There was no significant
anti-drug antibody production in the phase 1 study.

NIPOCALIMAB

This molecule is a human deglycosylated IgGl anti-FcRn
monoclonal antibody with no effector function. Nipocalimab
binds with picomolar affinity to FcRn at both endosomal pH 6.0
and extracellular pH 7.6 allowing occupancy of FcRn throughout
the recycling pathway and has a specificity designed to minimize
off target effects (22). It is not expected to cross the placenta and a
clinical trial is underway in pregnant women at high risk for early
onset severe hemolytic disease of the fetus and newborn (23, 24).
Phase 1 data supports infusion rates of 7.5 or 15 min for 30 and
60 mg/kg doses, respectively (25).

Phase 1 Study

The phase 1 placebo-controlled study in healthy adult volunteers
consisted of both SAD and MAD components and 50 subjects
were enrolled (36 nipocalimab) (Table 1) (22). Doses of 0.3-60
mg/kg over a 2-h infusion were studied in the SAD cohorts, and
the MAD cohorts included 4 weekly doses of 15 or 30 mg/kg.
Greater than 90% FcRn receptor occupancy was achieved with
>3 mg/kg doses within 2h of dosing. Following single doses,
maximum IgG reductions of 74-80% were observed with 30
or 60 mg/kg doses, and a >50% reduction in IgG levels were
maintained for 18 and 27 days for the 30 or 60 mg/kg doses,
respectively. During multiple doses, IgG levels were reduced
~85% below baseline by day 14. Treatment emergent AEs were
similar in both the nipocalimab and placebo groups and most
were mild or moderate. There were no severe or serious treatment
emergent AEs, and there was no increase in the incidence of
infections. Three subjects in the 15 mg/kg MAD experienced
transient elevations in creatine phosphokinase and one of these
cases was clearly related to exercise. Mild, transient reductions in
total protein and albumin were observed in the highest SAD dose
and in the MAD doses. The overall frequency of headache was
similar between the nipocalimab and placebo groups in the trial.

ROZANOLIXIZUMAB

This molecule is a high affinity human anti-FcRn IgG4
monoclonal antibody. Rozanolixizumab dosing in animals
demonstrated marked decreases in plasma IgG concentrations
(75-90% from baseline) at 50 and 150 mg/kg doses with
maximal effects achieved by about day 10. Rozanolixizumab
does not strongly block albumin binding to FcRn, and small
not clinically significant albumin decreases were observed in
animals, possibly related to steric hindrance by antibody bound
to FcRn. There was no increase in infection rates, no effects on
plasma concentrations of acute-phase proteins, no changes in
IgM and IgA serum concentrations and immunophenotyping did
not show a significant treatment effect on absolute lymphocyte
count or lymphocyte subsets (18).

Phase 1 Study

Rozanolixizumab was studied in a placebo-controlled phase
1 trial in 49 healthy volunteer subjects (36 rozanolixizumab)
administered as a single 1h intravenous or subcutaneous
infusion at doses of 1, 4, or 7 mg/kg (Tablel) (18).
The intravenous formulation demonstrated a dose-dependent
increase in headaches and back pain, including 4 severe treatment
emergent AEs, compared to the subcutaneous formulation.
Dose-dependent and treatment-related vomiting, nausea, and
pyrexia were also seen more frequently in the intravenous
formulation compared to placebo, and were less frequent with
the subcutaneous formulation. As a result of these findings,
subsequent clinical development has focused on the better
tolerated subcutaneous formulation. The mean maximum IgG
reduction following single doses of rozanolixizumab occurred at
day 10 and was ~48% for the highest intravenous dose and 43%
for the subcutaneous formulation.

RVT-1401
Phase 1 Study

Publically available preclinical and clinical trial data for RVT-
1401 are more limited. RVT-1401 is a fully human monoclonal
antibody formulated for intravenous or subcutaneous injection.
A phase 1 SAD/MAD study in healthy volunteers has been
completed (Table 1) (26). The SAD portion of the study included
weight-based and fixed intravenous and subcutaneous doses
(fixed doses 100-765mg), while the MAD cohorts included
administration of weekly subcutaneous doses of 340 or 680 mg
RVT-1401 or placebo for 4 weeks. IgG levels were reduced by
47% after single doses of 765 mg, with the nadir being reached 8-
10 days after dosing. Weekly subcutaneous dosing with 680 mg
reduced total IgG levels by 78%. IgG reductions >35% were
maintained for more than 1 month after the last dose. Reversible
dose dependent reductions in albumin were observed (31% with
680 mg subcutaneous dosing) and were asymptomatic. Single and
multiple doses of RVT-1401 were well-tolerated with no subjects
terminating the study early due to AEs. The most common AEs
in the phase 1 study were injection site erythema and swelling.
No subjects in the MAD cohorts developed anti-drug antibodies.

CLINICAL TRIAL RESULTS IN MG

The profound and rapid reductions in IgG concentrations and
favorable PK and safety observed in the preclinical studies and
healthy volunteer phase 1 studies supported further investigation
anti-FcRn therapeutics in clinical trials in patients with MG.
Of note, the rapid PD effects of the FcRn therapeutics confer
the potential advantage of shorter duration clinical trials to
demonstrate clinically meaningful results. Two therapeutics,
efgartigimod and rozanolixizumab, have completed phase 2
clinical trials in patients with generalized MG and have active
phase 3 programs. Phase 2 clinical trials for Nipocalimab and
RVT-1401 are active. In summary, the phase 2 and phase 3
clinical trials studied adult patients with generalized MG. All
trials included AChR antibody positive patients, while MuSK
antibody positive patients were eligible for the nipocalimab and
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TABLE 2 | Summary of completed/active studies of anti-FcRn monoclonal antibodies for MG.

Therapeutic

Phase Study design

Study population Sample Dosing

Efficacy outcome

Safety summary

Results summary**

name size measures and
endpoints
Efgartigimod 2 2-arm parallel  AChR-Ab 24 10 mg/kg efgartigimod or A baseline to week 11: No SAE Efficacy week 11
(ARGX-113) RCT (1:1) PBO weekly x 4 IV MGADL No severe TEAE ~ MGADL: —3.5
QMG One withdrawal QMG: —4.8
MG-Composite due to lack MG-Composite: —7.1
MG-QoL15r of efficacy Max PD
19G: =71%
AChR-Ab: —40-70%
Efgartigimod* 3 2-arm parallel  AChR-Ab 150 10 mg/kg efgartigimod or A baseline to week 8:  NA NA
(ARGX-113) RCT (1:1) AChR-ab (includes PBO, dose adjustments Primary:
MuSK-Ab, allowed according to % MGADL
LRP4-Ab, patient symptoms IV responders in
Seronegative) 7 AChR-ADb pts
Secondary:
% QMG responders
(AChR-ADb pts)
% MGADL (all pts)
Nipocalimab* 2 5-arm parallel  AChR-Ab 60 5 mg/kg M281 Q4 A baseline to week 8:  NA NA
(M281) RCT (1:1:1:1:1)  MuSK-Ab weeks, 30 mg/kg M281 Primary:
Q4 weeks, 60 mg/kg MGADL
M281 x1, 60 mg/kg Secondary:
M281Q2 week or PBO QMG
Q2 weeks x 4 IV MG-QoL15r
Rozanolixizumab 2 Randomized AChR-Ab 43 Period 1: A baseline to week 4:  43.5% increase in  Efficacy week 4
(UCB7665) controlled MuSK-Ab 7 mg/kg rozanolixizumab QMG TEAE of HA'In QMG: —-1.8
2-period or PBO weekly x 3 MGADL active group; 3 MGADL: —1.8
crossover study Period 2: MG-Composite active treatment MG-Composite: —3.1
(1:1)F 4 or 7 mg/kg subjects withdrew Max PD
rozanolixizumab weekly due to HA per IgG Period 1: —56%
x 3 SC protocol 1gG Period 2: —68%
AChR-Ab Period
2: —68%
Rozanolixizumab* 3 3-arm parallel  AChR-Ab 240 7 mg/kg rozanolixizumab A baseline to week 6:  NA NA
(UCB7665) RCT (1:1:1) MuSK-Ab or PBO weekly x 3 SC Primary:
MGADL
Secondary:
MG-composite
QMG
PRO fatigability
RVT-1401* 2 3-arm parallel  AChR-Ab 21 340 or 680mg RVT-1401 A baseline to week 7:  NA NA
RCT (1:1:1) or PBO Q2 weeks x 4 MGADL
SC QMG
MG-Composite
MG-QoL15r

Ab, antibody; AChR, acetylcholine receptor; ADL, activities of daily living;, HA, headache; Ig, immunoglobulin; IV, intravenous; LRP4, low density lipoprotein receptor-related protein 4;
MuSK, muscle-specific tyrosine kinase;, NA, not available; PBO, placebo, PRO, patient-reported outcome; QMG, quantitative MG score; PD, pharmacodynamics QoL, quality of life;
RCT, randomized controlled trial; SAE, serious adverse event; SC, subcutaneous; TEAE, treatment emergent adverse event.

*Study ongoing.

**Efficacy results should be interpreted with caution due to the different study designs and timing of primary efficacy endpoints assessments in the phase 2 trials.

T Limited to 30 patients.
1 After period 1, subjects were re-randomized to 7 or 4 mg/kg rozanolixizumab.

rozanolixizumab phase 2 trials. All these trials excluded patients
with seronegative MG, with the exception of the efgartigimod

DEVELOPMENT

phase 3 trial which included a limited number AChR- and

MuSK antibody negative MG patients. Primary efficacy outcome
measures included the MG-ADL and QMG score (Table 2).
Several of the anti-FcRn clinical trial programs in MG include

open-label extension studies.

Phase 2 Study

EFGARTIGIMOD CLINICAL

The first data to directly support anti-FcRn therapy in
human MG came through the phase 2 randomized, double-

blind, placebo-controlled, multi-center clinical trial investigating
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efgartigimod in patients with AChR antibody positive generalized
MG (27). Twenty-four patients were randomized 1:1 to placebo
or 10 mg/kg efgartigimod intravenous infusions administered
over 2h on days 1, 8, 15, and 22. Patients were followed for 8
weeks after the last infusion.

Key eligibility criteria included a MG-ADL of at least 5 and
a MGFA-severity class of II-IVa and stable immunosuppressive
treatments. A history of malignancy and thymectomy within 3
months of screening were exclusionary. The primary endpoint
was safety and secondary endpoints included change from
baseline in validated MG clinical outcome measures, PK, and PD
markers (Table 2).

Overall, efgartigimod was well-tolerated with no SAEs or
treatment emergent AEs that led to discontinuation. No
safety signals were identified. One patient with concomitant
immunosuppressive drugs experienced a moderate AE of
shingles. Maximum IgG level reductions were ~70% and AChR
antibodies were reduced to a similar extent. AChR antibody
levels returned to normal within 8 weeks of the last dose.
Coinciding with maximal IgG lowering, improvements were
observed in multiple MG outcome measures within 1-2 weeks
of the last dose. The maximum change from baseline in MG
outcome measures were: QMG —5.7 points, MG-ADL —4.4,
MG-Composite —9.4, and MG-QOL15r —6.0. Reductions in the
QMG and MG-ADL were statistically significant at day 8 (QMG)
and days 29 and 36 (MG-ADL) (25). Efficacy endpoint reductions
at the end of the study are shown in Table 2. In addition, 75% of
patients who received efgartigimod had a >2 point improvement
in the MG-ADL score for >6 weeks, whereas only 25% of placebo
patients experienced a similar effect (28).

Given these promising results, a phase 3 randomized, double-
blind, placebo-controlled, multi-center clinical trial is currently
ongoing with a primary endpoint assessing the percentage of
MG-ADL responders at 8 weeks among AChR antibody positive
patients (29).

NIPOCALIMAB CLINICAL DEVELOPMENT
Phase 2 Study

In the phase 2, randomized, double-blind, placebo-controlled
study, 60 patients with generalized AChR- or MuSK antibody
positive MG are planned to be enrolled in 4 active and 1 placebo
treatment arms (Table 2) (30). Each participant will receive a
total of 5 study intravenous infusions administered every 2 weeks.
The primary endpoints are safety and the change from baseline
in the MG-ADL score at day 57. Secondary outcome measures
include the change from baseline in the QMG and MG-QOL15r
scores, as well as the change in serum IgG levels. The active
treatment arms will evaluate multiple dosing regimens thereby
providing PD data in patients that should help optimize dosing
for this therapeutic in patients.

ROZANOLIXIZUMAB CLINICAL
DEVELOPMENT

Phase 2 Study

UCB Pharma has completed a phase 2, randomized, double-
blind, placebo-controlled, clinical trial in patients with

generalized MG. Forty-three patients were randomized to
three once per week subcutaneous infusions of placebo or 7
mg/Kg rozanolixizumab on days 1, 8, and 15 (Period 1). Patients
were followed for 4 weeks after the last infusion and then were
re-randomized to 3 doses of either 4 or 7 mg/kg rozanolixizumab
(Period 2). Standard of care MG treatments were kept stable
during the study.

Key eligibility criteria included adult patients with AChR- and
MuSK antibody positive generalized MG patients who could be
considered for IVIg or PLEX treatment in the opinion of the
investigator and who had a QMG score of at least 11 (31).

Similar to the efgartigimod phase 2 trial, the primary outcome
was safety. Of note, 57% of patients treated with rozanolixizumab
experienced headache and three patients were withdrawn from
the study due to headache (32). There was no difference in
the rate of infections between the active and placebo treatment
groups. At the end of Period 1, there was a statistically significant,
but marginally clinically significant, improvement in the change
from baseline MG-ADL score in the rozanolixizumab group. The
MG-ADL responder rate, defined as a reduction of three or more
points from baseline, more robustly favored rozanolixizumab
(47.6 vs. 13.6% for placebo). Other MG outcome measures were
not significant. During Period 2 further improvements were
observed in the rozanolixizumab group, where the high dose
group experienced improvements of —5.1, —8.5, and —3.9 points
on the QMG, MG-Composite, and MG-ADL scores, respectively.
The phase 2 trial demonstrated a 68% decrease in serum IgG and
AChR autoantibodies at the end of Period 2 (33).

A 240 patient, phase 3, parallel design, randomized,
double-blind, placebo-controlled, multi-center clinical study of
rozanolixizumab is currently ongoing (34). Patients will be
randomized to one of two rozanolixizumab doses or placebo. The
primary endpoint is the MG-ADL score change from baseline at
day 43 among AChR antibody positive patients (Table 2).

RVT-1401 CLINICAL DEVELOPMENT
Phase 2 Study

The phase 2 parallel group clinical trial will evaluate the safety
and PD effects of subcutaneous RVT-1401 in 21 adult AChR
antibody MG patients (35). The two active drug arms and a
placebo arm will treat patients for 6 weeks. Patients must have
a QMG score >12 prior to randomization. Efficacy endpoints
include the MG-ADL, QMG, and MG-Composite (Table 2).

CLINICAL DEVELOPMENT SUMMARY

The available phase 1 and phase 2 clinical trial data for anti-
FcRn monoclonal antibodies consistently demonstrate the ability
to reduce and maintain total IgG and/or AChR autoantibodies
at levels associated with efficacy for PLEX (5, 36). In general, all
of the available therapeutics reduce IgG levels by 60-80% from
baseline at the doses studied, with modest effects on albumin. As
expected, all of the therapeutics show a selective effect on IgG
with no significant changes in IgA, IgD, IgE, and IgM.

At the moment, differences in therapeutic administration,
such as the route and infusion duration, and side effects are
the primary clinical features distinguishing these therapeutics in
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the early phase clinical trials. All were generally well-tolerated
in phase 1 studies with headaches from rozanolixizumab being
the most potentially limiting AE identified to date. In the short
term studies to date, no serious infections were observed. The
ongoing phase 2 and phase 3 programs will undoubtedly add
critical information to our understanding of these therapies and
their distinguishing features.

DISCUSSION AND CONCLUSIONS

Preliminary results of the completed rozanolixizumab and
efgartigimod phase 2 trials suggest proof of concept for
IgG lowering strategies to treat MG. The ongoing phase 2
and phase 3 trials will provide additional needed efficacy
and safety data, though the long term safety profile of
>70% reductions in total plasma IgG levels will not be
available in the near term. Of particular interest is the risk of
hypogammaglobulinemia associated infections in patients with
MG who are typically receiving chronic immunosuppressive
agents. Determination of dosing and the degree of IgG
lowering needed for chronic therapy are essential and
the nipocalimab phase 2 program, which has four active
dosing arms, should provide important data in that regard.
Immunogenicity is also uncertain, but preliminary results
suggest low immunogenic potential for all of the therapeutics in
development for MG.
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Myasthenia gravis (MG) is an autoimmune disease characterized by muscle weakness
and fatiguability of skeletal muscles. It is an antibody-mediated disease, caused by
autoantibodies targeting neuromuscular junction proteins. In the majority of patients
(~85%) antibodies against the muscle acetylcholine receptor (AChR) are detected, while
in 6% antibodies against the muscle-specific kinase (MuSK) are detected. In ~10%
of MG patients no autoantibodies can be found with the classical diagnostics for
AChR and MuSK antibodies (seronegative MG, SN-MG), making the improvement of
methods for the detection of known autoantibodies or the discovery of novel antigenic
targets imperative. Over the past years, using cell-based assays or improved highly
sensitive immunoprecipitation assays, it has been possible to detect autoantibodies
in previously SN-MG patients, including the identification of the low-density lipoprotein
receptor-related protein 4 (LRP4) as a third MG autoantigen, as well as AChR and MuSK
antibodies undetectable by conventional methods. Furthermore, antibodies against other
extracellular or intracellular targets, such as titin, the ryanodine receptor, agrin, collagen
Q, Ky1.4 potassium channels and cortactin have been found in some MG patients, which
can be useful biomarkers. In addition to the improvement of diagnosis, the identification
of the patients’ autoantibody specificity is important for their stratification into respective
subgroups, which can differ in terms of clinical manifestations, prognosis and most
importantly their response to therapies. The knowledge of the autoantibody profile of
MG patients would allow for a therapeutic strategy tailored to their MG subgroup. This
is becoming especially relevant as there is increasing progress toward the development
of antigen-specific therapies, targeting only the specific autoantibodies or immune cells
involved in the autoimmune response, such as antigen-specific immunoadsorption,
which have shown promising results. We will herein review the advances made by us and
others toward development of more sensitive detection methods and the identification of
new antibody targets in MG, and discuss their significance in MG diagnosis and therapy.
Overall, the development of novel autoantibody assays is aiding in the more accurate
diagnosis and classification of MG patients, supporting the development of advanced
therapeutics and ultimately the improvement of disease management and patient quality
of life.

Keywords: autoimmunity, myasthenia gravis, autoantibody, diagnosis, therapy, acetylcholine receptor, MuSK,
LRP4
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INTRODUCTION agrin, which upon release from the nerve terminals binds to low-

density lipoprotein receptor-related protein 4 (LRP4), activating
Myasthenia gravis (MG) is an autoimmune disease, characterized it to form a complex with muscle specific kinase (MuSK), thus
by muscle weakness and fatiguability of skeletal muscles  causing the autophosphorylation and activation of MuSK. This
(1, 2). MG is antibody-mediated, caused by autoantibodies  results in a signaling cascade that promotes rapsyn-mediated
targeting components of the neuromuscular junction (NMJ).  AChR clustering at the NMJ (3, 4) (Figure 1).

Autoantibody  binding causes impaired neuromuscular MG is heterogeneous in terms of symptom presentation,
transmission, either by damage of the postsynaptic muscle  with focal or generalized weakness, as well as in terms of
membrane or by disruption of its normal organization. pathophysiology, since different NM]J antigens can be targeted

The NM]J is responsible for transmission of the signal from (5, 6). The symptoms usually initially manifest at the ocular
the axon terminals of motor neurons to the muscle, rapidly = muscles; in some patients they remain localized (ocular MG,
translating neuron action potentials into muscle contraction. ~ OMG), while in the majority of patients the symptoms progress
Acetylcholine released from the axon terminals binds to and  to other skeletal muscles within a couple of years (generalized
activates the muscle acetylcholine receptors (AChRs), triggering MG, GMG). The disease presents with two peaks of incidence,
opening of the receptor channel and depolarization of the muscle  below or above the age of 50, termed early-onset MG (EOMG)
membrane. The AChRs are clustered at the NM]J resulting in  and late-onset MG (LOMG), respectively.
localized high density of receptor clusters, which increases the Although MG is a rare disease, with a prevalence of 150-300
efficiency of signal transmission. AChR clustering is driven by  per million population and an incidence of ~10 per million per
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FIGURE 1 | Schematic representation of the neuromuscular junction and myotube components. Agrin released from the nerve terminal binds to LRP4, which in turn
binds to and activates MuSK, causing rapsyn-mediated AChR clustering. Acetylcholine (Ach) released from the nerve terminal binds to AChR causing opening of the
receptor channel and triggering muscle contraction. Unbound acetylcholine in the synaptic cleft is broken down into choline and acetic acid by AChE, thus terminating
its action. The antigenic targets for autoantibodies in MG known so far are depicted, though not all have been shown to be implicated in pathology. AChR,
acetylcholine receptor; MuSK, muscle specific kinase; LRP4, low-density lipoprotein receptor-related protein 4; RyR, ryanodine receptor; ColQ, collagen Q; AChE,
acetylcholinesterase; Kv1.4, voltage gated potassium channel 1.4.
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year (7), it is considered a model antibody-mediated autoimmune
disease, since in most cases the autoantibodies and target antigens
are well-characterized. The majority of patients (~85%) have
antibodies against the muscle AChR. Furthermore, antibodies
against MuSK are found in approximately 6% of the patients,
while relatively recently antibodies against LRP4 have been found
in about 2% of MG patients. The pathogenicity of all these
autoantibodies has been shown by the development of passive
transfer experimental autoimmune MG (EAMG) when injected
into laboratory animals and by the improvement of patients’
symptoms following plasmapheresis (8-10). Some patients do
not have detectable antibodies against any of these antigens, being
referred to as seronegative (SNMG). Antibodies against various
other extracellular or intracellular targets are found in several
MG patients. Although the pathogenicity of these molecules is
often uncertain or unlikely, they can still be highly informative
disease biomarkers.

The detection of autoantibodies is crucial for MG diagnosis
and for the differential diagnosis of many disorders with similar
presentation. We will review the main autoantibodies found in
MG, the advances toward development of increasingly sensitive
detection methods and the identification of new antibody targets
in MG. Furthermore, since the antigen targeted can dictate the
response to treatment and novel advanced therapeutics aim to be
antigen-specific, we will discuss their significance in therapy.

MG AUTOANTIBODIES AND THEIR
DETECTION

Antibodies Against the AChR

The autoantibodies in the majority of MG patients are directed
against the muscle AChR of the NM]J. The muscle AChR is
composed of five homologous subunits with a stoichiometry of
aPyd in fetal or denervated muscles and a,B8¢ in adult muscles
(11). Each subunit has a highly structured extracellular domain
(ECD), four transmembrane domains and a partly structured
intracellular domain. The autoantibodies target the ECDs of the
AChR subunits and are very heterogeneous, since autoantibodies
against all five subunits can be found in the same patient,
including the y subunit of the fetal AChR (12-15). Despite
this, approximately half of the autoantibodies bind to the a
subunit and especially the main immunogenic region (MIR),
formed by overlapping epitopes located on the al subunit ECD,
whose central core lies between amino acids 67-76, although
other segments contribute as well (16-18). Furthermore, the
autoantibodies against the o subunit are more pathogenic than
those against the other subunits (10).

The AChR antibodies belong primarily to the IgG1 and IgG3
subclasses (19, 20). They can, therefore, activate complement
at the postsynaptic membrane and thus cause AChR loss and
destruction of its characteristic architecture, which is necessary
for efficient signal transduction (21). Additionally, being bivalent,
they can cross-link receptors leading to their endocytosis and
destruction (antigenic modulation) (22). Finally, autoantibodies
that bind close to the ligand binding site can directly interfere
with receptor activation by acetylcholine (23).

Serological testing for the detection of AChR antibodies
is often the first step for MG diagnosis, along with
electrophysiological examination and assessment of response
to acetylcholinesterase (AChE) inhibitors. The titer of AChR
antibodies does not correlate with disease severity, although
some evidence suggests that such a correlation emerges when the
titer of only the MIR-directed, or the IgG1 subclass antibodies is
considered (20, 24). In individual patients, on the other hand, the
titer is associated with symptom severity and with response to
therapy (25). Indeed, in a recent case study, gradually increasing
AChR antibody titers were detected retrospectively up to 2 years
before the onset of typical MG symptoms (26). Therefore, testing
serial samples from the same patient attains added importance
for monitoring their progress and guiding disease management.
Additionally, the AChR antibody titer could provide information
with respect to the risk of transient neonatal MG (TNMG), since
it appears that TNMG is probable when the mother’s titer is
above 100 nM, but unlikely when it is below 10 nM (27).

The most widely used method for AChR antibody detection
currently is the radioimmunoprecipitation assay (RIPA) (28). It
is based on the indirect labeling of human AChR with '2°I-a-
bungarotoxin, which is a highly specific antagonist for the AChR
(29). Sources of AChR can be human muscle or, more commonly,
AChR-expressing cell lines, such as the CN21 cell line, which has
been engineered to express both the fetal and adult types of the
receptor (i.e., e-expressing TE671 cells) (30). The AChR antibody
RIPA has been the golden standard in MG diagnosis for many
years due to its very high specificity (approximately 99%), as well
as sensitivity, which is about 85% in the case of generalized MG
and about 50% in ocular MG (31). In rare cases AChR antibodies
can be found in patients with other autoimmune disorders or
with thymoma without MG (32). The RIPA is also quantitative,
allowing for detailed autoantibody titer determination, which is
useful for monitoring individual patients.

A simple but much more sensitive RIPA than the classical one,
has also been developed, which allows decreasing the cut-off for
positivity from 0.5 to 0.6nM AChR antibodies to <0.1 nM. It
involves the use of 16 times larger serum volumes mixed with
the usual amount of radiolabeled AChR followed by precipitation
with the minimum required amount of semi-purified anti-
human IgG antibody, to avoid increasing the background. By this
approach, 20 of 81 tested SN-MG Chinese patients were found
AChR antibody positive (33).

Enzyme-linked immunosorbent assay (ELISA) for AChR
antibodies is also available (34), but it is not as sensitive as
the standard RIPA (35) and consequently it has not gained
as much traction in routine diagnosis as RIPA. Furthermore,
radiological and ELISA assays have been developed to specifically
detect modulating or blocking antibodies, but they marginally
increased the sensitivity compared to the standard RIPA (36, 37).
Another promising non-radioactive alternative to the RIPA is
a fluorescence immunoprecipitation assay (FIPA), whereby the
target antigen is labeled with fluorescence. This method has been
shown to have relatively good overall sensitivity and specificity,
but it is still not as good as the RIPA, and although it circumvents
the hazards of radioactivity, it requires specialized equipment and
expertise, making it difficult for routine diagnosis (38). Finally,
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an approach based on labeling of the recombinant AChR «
subunit with Renilla luciferase and measuring the precipitated
fluorescence by serum autoantibodies was able to detect AChR
antibodies in 32% of MG patients (39). The low sensitivity could
be in part due to the use of a fragment of the o subunit and
further investigation is needed to assess its potential role in
MG diagnosis.

Over the last few years, the application of cell-based assays
(CBAs) has been gaining ground as previously undetected
antibodies can be identified. The antigen is expressed in a suitable
cell line, usually HEK293 cells, and the binding of autoantibodies
is detected by a secondary fluorescently labeled antibody by
microscopy. Specifically, in the case of AChR antibody CBAs
the cells are also transfected with rapsyn in order to promote
clustering of the receptors at the cell surface. This allows the
detection of antibodies that will only bind to high density AChRs,
resembling their organization at the NM]J, or of antibodies whose
epitopes are destroyed or altered by the detergent solubilization
of membranes for the isolation of AChR antigen. Initially, using
this CBA 60% of previously SN-GMG and 50% of SN-OMG
patients were found to have AChR antibodies (40, 41), though
subsequent studies had varying results ranging between 4 and
38% of previously SNMG patients (33, 42-44). Routine diagnosis
indicates that the overall fraction of SNMG sera positive for
clustered AChR antibodies may be ~20% (45). The sensitivity
of the assay is greater when both the adult and fetal form of
the receptor are used (46). The CBA-detected antibodies were
shown to belong to the same subclasses as the RIPA-detected
antibodies and to potentiate complement depositions on the cell
surface, indicative of a similar pathogenesis. However, patients
with AChR antibodies detectable only by CBA seem to present
with milder symptoms and better response to treatment (43).

Several studies have shown that the CBA can detect AChR
antibodies which are not detectable by the classical diagnostics
(38, 43, 47, 48). The CBA also has the advantage to be able to
distinguish between antibodies against the fetal or adult form
of the receptor (46). This becomes relevant in the diagnosis of
cases of transient neonatal MG not associated with maternal MG,
whereby the antibodies only recognize the fetal AChR leaving the
adult AChR practically unaffected and the mother without signs
of MG (13, 49, 50). On the other hand, in our own experience,
the CBA lacks the quantitative resolution of the RIPA and thus
cannot provide detailed titers for disease monitoring, while it
often fails to detect autoantibodies in sera of very low but positive
titer by the RIPA.

Finally, efforts are made toward the establishment of easy
to perform instrument-free rapid assays, that could be used in
non-specialized facilities (small clinics or neurologists’ offices),
since this could greatly reduce the time to diagnosis and improve
patient management. To this end, we have developed a modified
ELISA based on immobilization of AChR onto a solid support
stick (immunostick), which has shown to have good specificity
and sensitivity (99 and 91%, respectively) for AChR antibodies
(51). Moreover, the immobilization of additional antigens in
different zones on the immunostick could allow the simultaneous
detection of more than one MG autoantibodies by this method.
A similar approach based on blotting AChR preparations onto
a nitrocellulose membrane, resulting in a dot-blot method,

achieved the same sensitivity as the ELISA (52). Although such
methods could be beneficial for MG diagnosis, they require
further evaluation before clinical application.

Antibodies Against MuSK

MuSK is a muscle membrane protein, which has an extracellular
domain, a transmembrane helix domain and a cytoplasmic
domain with tyrosine kinase activity. The extracellular domain
includes three immunoglobulin-like regions and a cysteine-rich
domain, also called Frizzled-like domain. The majority of MuSK
antibodies bind to the Ig-like regions of the MuSK extracellular
domain (53, 54). MuSK antibodies are detected in ~6% of all MG
patients, or 40% among the AChR antibody negative patients.
This ratio varies among countries with a lower prevalence
in Northern Europe and higher toward the Mediterranean,
probably owing to geographical and genetic differences (53,
55-59). In Japanese populations MuSK-MG seems to be less
common with an overall prevalence of 2-3% (60). Until recently,
detection of MuSK antibodies in AChR antibody positive patients
was very rare (61, 62).

Unlike AChR antibodies, MuSK antibodies belong primarily
to the IgG4 subclass, which do not activate complement and
are largely functionally monovalent due to Fab arm exchange
(63, 64). Their pathogenicity appears to stem from inhibition of
interactions between MuSK and collagen Q or LRP4 via binding
to the first Ig-like domain of MuSK and subsequent reduction
of both agrin-induced and agrin-independent AChR clustering
(65-67). The titer of MuSK antibodies appears to correlate with
disease severity, both in individual patients and in the population
(68, 69).

MuSK antibodies are routinely detected by RIPA using directly
1257 Jabeled MuSK (70). In an effort to increase the sensitivity of
the RIPA, an alternative two-step method has been developed,
whereby in the first step the MuSK antibodies, which may be
at very low titers, are concentrated from large serum volumes
by means of affinity chromatography, while the second step is
effectively the standard RIPA (71). This approach allows the use
of up to 50 times larger serum volumes, which would otherwise
cause increased non-specific binding.

Commercially available ELISAs for the detection of MuSK
antibodies are available but less commonly used. As a non-
radioactive alternative to RIPA, FIPA seems very promising as
the two assays have been shown to have the same sensitivity (38).
Importantly, the FIPA could be performed so that both AChR and
MuSK antibodies are measured simultaneously by labeling each
antigen with a different fluorescent dye, thus potentially reducing
the cost and time for diagnosis.

CBAs for MuSK antibodies have also been developed over the
last years, which have detected MuSK antibodies in previously
SNMG patient sera, including Asian populations (38, 40, 47,
72). Screening of 633 SNMG sera from 13 European countries
revealed a prevalence of 5-22% for MuSK antibodies depending
on the country (44). Interestingly, most of the detected MuSK
antibodies in this study belonged to the IgM and not the IgG
class. The CBA allowed the detection of MuSK antibodies in SN-
OMG patients as well, which is not common with the classical
assays (38, 44). Furthermore, using CBAs the percentage of sera
positive for antibodies to more than one antigen has increased.

Frontiers in Immunology | www.frontiersin.org

37

February 2020 | Volume 11 | Article 212


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Lazaridis and Tzartos

Autoantibody Specificities in Myasthenia Gravis

In more detail, AChR antibody positive patients were also found
positive for MuSK antibodies in 0.5-12.5% of the patients (44,
73). It is conceivable that some double positive patients were not
identified in the past, since those found seropositive for AChR
antibodies were not routinely tested for MuSK antibodies.

Antibodies Against LRP4

LRP4 has a central role in synaptic development and
maintenance. It is a transmembrane protein, containing
several low-density lipoprotein domains. LRP4 acts as the muscle
receptor for neural agrin, propagating the signal to MuSK for
AChR clustering at the NMJ (74). LRP4 autoantibodies are
detected in some MG patients. Inhibition of the LRP4-agrin
interaction appears to be responsible, at least in part, for their
pathogenicity (75-78). However, LRP4 antibodies belong mostly
to the IgG1 subclass (75, 78), and they have been shown to cause
in vitro complement-mediated cell lysis of C2C12 myotubes (78),
so complement activation could also play a role in MG patients.

Initial reports varied significantly with respect to the
prevalence of LRP4 antibodies, reported from 2 to 45%, possibly
due to variations in the detection assays (ELISA, CBA or
immunoprecipitation), the source of the antigen used (animal or
human) and the populations examined (Japanese or Caucasian)
(75-77). Indeed, studies in Chinese populations suggested that
LRP4 antibodies are less frequent than in Western countries,
as they were only found in 1-2.9% of SNMG and 0.8-1.7% of
the total MG patients, while they were associated mostly with
OMG (73, 79). We used CBA to perform a multinational study
with samples from 635 patients without detectable AChR or
MuSK antibodies. We found that 19% had LRP4 antibodies,
corresponding to 2% of all MG patients, with considerable
variability among the various countries (from 7% for Norway and
Turkey to 33% for Poland) (80). Again, the use of these assays
has revealed several cases of double positive patients; 15-20% of
MuSK antibody positive and 7.5% of AChR antibody positive sera
have been found positive for LRP4 antibodies as well (44, 80, 81).
In addition to the NMJ, LRP4 is also present on motor neurons in
the brain. Interestingly, LRP4 antibodies have also been detected
in 10-23% of amyotrophic lateral sclerosis (ALS) patients and
are thus not exclusively specific for MG (82, 83). Nevertheless,
their detection can aid in the diagnosis of MG in parallel with the
clinical presentation of the patients.

Striational Antibodies
Striational antibodies were originally identified by staining of
sarcomeres with patients’ sera, which produced characteristic
striational patterns. They are directed against several muscle fiber
proteins, including titin, the ryanodine receptor (RyR), actin,
myosin, tropomyosin, filamin, and others (84-86). Although
all these proteins are important players in muscle contraction,
their intracellular localization makes it unlikely for the respective
autoantibodies to have a directly pathogenic role in MG.
Nonetheless, titin and RyR antibodies are useful biomarkers and
their detection can provide invaluable prognostic information.
Titin is a filamentous intracellular protein, the largest known
so far, with a molecular weight between 3,000 and 4,200 kDa

(87). Despite its size and repetitive nature, titin autoantibodies
bind to a specific 30 kDa domain corresponding to 1% of titin’s
mass. This domain, known as MGT30, has been expressed as
a recombinant titin fragment and is located near the A/I band
junction (88). Titin antibodies are currently mostly detected in
routine diagnosis by means of commercially available ELISA
kits with the MGT30 domain. Overall, 20-40% of all AChR
antibody positive patients have also been found positive for titin
antibodies, with a marked age-related pattern; the prevalence is
as low as 6% in EOMG and rises to 50-80% in non-thymomatous
patients with LOMG (89-93). In EOMG patients titin antibodies
are a strong indication for the presence of thymoma, as they
are found in 50-95% of EOMG patients with thymoma, but
only in few non-thymoma EOMG patients (86, 89, 90, 94—
97). On the other hand, the presence of titin antibodies in all
age groups appears to be related with more severe symptom
manifestation (90, 95, 96, 98), although this relation has not been
confirmed by all relevant studies (93). Using the aforementioned
ELISA, titin antibodies have not been found in MG patients
negative for AChR antibodies (93, 95, 98). More recently, we
developed a RIPA method for the detection of titin antibodies
using '2°T-labeled MGT30, which has been used to screen a large
cohort of European MG patients (99). The RIPA detected all
the positive sera found by the ELISA, but it also detected titin
antibodies in 13.4% of SNMG patients, as well as in patients
with MuSK and LRP4 antibodies (14.6 and 16.4%, respectively).
Interestingly, the titin antibody titers were higher in sera also
positive for AChR antibodies. Low titer titin antibodies found
in SNMG did not correlate with the presence of thymoma.
This is in agreement with the finding that patients without
AChR antibodies irrespective of age group were very unlikely
to present with thymoma (97). The symptom severity was the
same among the titin antibody positive and negative SNMG
patients, suggesting that the detection of titin antibodies in
SNMG is not prognostic for more severe disease, but they are
a valuable biomarker for MG diagnosis. Recently, despite its
intracellular localization, a “cytometric CBA” was developed for
the detection of titin antibodies, based on incubation of stably
titin-transfected HEK293 cell with serum samples and secondary
labeled antibodies, followed by FACS analysis for quantitation
of the results (100). This method showed increased sensitivity
for titin antibodies compared to the ELISA when it was used to
screen MG patients with myositis or myocarditis.

The RyR is a calcium channel located in the sarcoplasmic
reticulum membrane and is involved in the excitation-
contraction coupling mechanism by mediating Ca?* release from
the sarcolemma to the cytoplasm. RyR antibodies can be detected
by western blot using crude sarcoplasmic reticulum or by ELISA
using a fusion protein containing the main immunogenic domain
of the RyR (101). The presence of RyR antibodies in patients
has been found to differ between MG subgroups. Similar to titin
antibodies, they are usually absent in EOMG, while they can be
found in up to 40% of LOMG patients. Moreover, they are present
in up to 75% of MG patients with thymoma (95, 102, 103).
Opverall, their presence has been correlated with more severe
disease manifestation (104, 105).
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Antibodies Against Other Antigens

In addition to the aforementioned, several other antigenic
targets have been reported in MG, although their pathogenicity,
specificity for MG and diagnostic or prognostic value have
not been fully characterized. These include the proteins agrin,
Kv1.4 potassium channel, rapsyn, cortactin, acetylcholinesterase
(AChE), collagen Q (ColQ) and collagen XIII.

Agrin is a proteoglycan secreted by the motor neuron, which
then binds to muscle LRP4 and activates a signaling cascade
resulting in AChR clustering. Antibodies against agrin have been
detected in sera of MG patients ranging from 2 to 15% by ELISA
or CBA (81, 106-108). Although most agrin antibody positive
sera were also positive for AChR, MuSK or LRP4 antibodies,
some were SNMG. This finding, together with the absence of
detectable agrin antibodies among the samples from healthy
controls or patients with other neurological diseases (such as
multiple sclerosis, ALS, and neuromyelitis optica), support their
diagnostic value as MG-specific autoantibodies. Importantly,
patients with agrin antibodies presented with mild to severe
symptoms and moderate response to treatment, thus their early
detection could aid in disease management (81). Agrin antibodies
appear to be pathogenic, since in in vitro studies they were
capable of inhibiting MuSK activation by agrin and AChR
clustering (108), while immunization of mice with neural, but not
muscle, agrin induced MG-like symptoms (109).

The voltage gated potassium channel o-subunit Kvl.4 is
expressed mainly in neurons of the central nervous system,
where they control presynaptic release of acetylcholine. They
are also found in skeletal and heart muscles. Studies of
antibodies against Kv1.4 in Japanese MG populations, revealed
that they were present in 11-18% of the patients and their
presence was correlated with severe symptoms, myasthenic
crises, and thymoma (110-112). Furthermore, it was found
that 11-27% of Kv1.4 antibody positive Japanese MG patients
also suffered from or had clinically suspected myocarditis, the
clinical onset of which was always preceded by the detection
of Kvl.4 antibodies, while 36-60% presented with abnormal
ECG findings. On the other hand, investigation of a Caucasian
population revealed the same Kv1.4 antibody prevalence among
MG patients (17%), but their presence was associated with female
LOMG patients with mild symptoms, in many cases purely OMG
(113). It appears therefore, that only in Japanese populations,
the Kvl.4 antibodies are an important biomarker indicating
increased risk of myocarditis or cardiac dysfunction among MG
patients. However, their detection is difficult as it involves the
immunoprecipitation of >>S-labeled cell extracts by patient sera
followed by SDS-PAGE electrophoresis: the presence of a 70 kDa
Kv1.4 band in rabdomyosarcoma extracts but not in leukemic cell
extracts is considered a positive finding (110). The application
of a cytometric CBA could prove a useful alternative, as it has
recently been successfully used to detect Kvl.4 antibodies with
similar efficiency to the RIPA (100).

Rapsyn is an intracellular muscle protein, which acts as a
scaffold, linking the intracellular domain of the AChR with the
cytoskeleton and thus mediating receptor clustering at the NMJ
(114). Rapsyn antibodies are found in up to 15% of MG patients,
including SNMG (115). However, the fact that no associations

have been identified with disease severity or MG subgroups, while
they are also detected in several other autoimmune diseases,
such as systemic lupus erythematosus (116), diminishes their
diagnostic potential.

Cortactin is a cytoplasmic protein involved in actin
assembly and MuSK-induced AChR clustering at the NMJ.
Cortactin antibodies were first identified in patient sera using
a human protein array (117). Further analyses using ELISA
and western blot for confirmation of the results, detected
cortactin antibodies in up to 23.7% of SNMG samples and
9.5% of seropositive MG, suggesting that they can be valuable
in SNMG diagnosis and prognostic of mild disease (117-119).
However, cortactin antibodies have also been found in up
to 12.5% of patients with other autoimmune diseases and
5.2% of healthy controls, while they have been described as
myositis-associated, since they are found in 7.6-26% of patients
with polymyositis, dermatomyositis and immune-mediated
necrotizing myopathy (117, 120). Therefore, their relevance for
MG diagnosis and contribution to pathogenesis still requires
further investigation.

AChE is an enzyme localized at the synaptic cleft of
the NMJ, where it catalyzes the breakdown of acetylcholine,
thus terminating its action on AChRs. Antibodies against
AChE have been reported in 5-50% of MG patients (121-
123). No significant correlation was observed with sex, age
of onset, or thymic pathology, while they were not MG-
specific, as they were also found in several patients with other
autoimmune diseases.

ColQ is found in the extracellular matrix at the NM]J, probably
via interactions with MuSK, where it mediates the anchoring of
AChE (124). Recently, antibodies against ColQ were found in a
fraction of MG patients (3%) using CBA, including some SNMG
patients, although they were also present in a similar fraction of
the control cohort used in the study (125). The pathogenicity
of ColQ antibodies has not been assessed so far. Therefore,
their diagnostic value and potential pathogenic role remains to
be elucidated.

Collagen XIII antibodies have been detected in 7.1% of
AChR antibody positive MG patient and 15.8% SNMG sera
screened (126). No discernible differences were seen among
patients with and without collagen XIII antibodies in terms
of symptom manifestation. Moreover, these antibodies are
not MG specific and have been also associated with Grave’s
ophthalmopathy (127).

The above observations with respect to the different MG
autoantibodies are summarized in Table 1, while Figure 2 shows
the percentage of previously seronegative MG patients in which
autoantibodies are found using some of the novel detection assays
described, in a European cohort.

RELEVANCE FOR THERAPY

The determination of the autoantibody specificity, in addition
to its diagnostic value, is also very important for correct
management of MG patients. Firstly, the detection of serum
autoantibodies, especially in the case of AChR and MuSK, can
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TABLE 1 | Summary of autoantibody prevalence, usual detection method and major clinical associations where known'.

Autoantigen Detection % of MG patients % of dSN-MG Other diseases Clinical associations Representative
method patients references
AChR RIPA 80-85% N.A. Rare Thymic abnormalities, thymoma Several references,
reviewed in Gilhus et al. (6)
Clustered CBA N.T. ~20% N.T. Milder symptoms than AChR+ MG, (40, 45)
AChR (4-60%) thymic abnormalities
MuSK RIPA ~6% N.A. Rare Bulbar symptoms common, no (53, 56, 60)
(2-3% in Japanese) thymic abnormalities
MuSK CBA N.T. 13% 5% Milder symptoms (44)
LRP4 CBA ~2% ~19% 3.6% Milder symptoms than AChR+ MG, (80)
(10-23% in ALS) no thymoma (83)
Titin ELISA 20-30% 0-3%) Some Correlation with thymoma in (86, 90, 94, 128)
(90% in thymoma AChR+ EOMG
EOMG
Titin RIPA ~41% 13.4% 0-3.6% No correlation with thymoma (99)
RyR ELISA ~ 14% in LOMG (75% N.T. N.T. Correlation with thymoma in (95, 103, 104)
in thymoma MG) AChR+ MG
Agrin ELISA/CBA 2-15% 0-50% 13.8% in ALS Mild to severe symptoms, moderate (83, 106)
response to treatment
Kv1.4 IP and SDS-PAGE 10-20% 0% 0% Japanese: Severe symptoms, (110, 112, 113)
myasthenic crises, thymoma,
cardiac involvement
Caucasian: Mild symptoms
in LOMG
Rapsyn Immunoblots 1% 17% 10% OND 78% SLE  Not known associations (115, 116)
Cortactin ELISA, WB 5-10% ~20% 12.5% Not known associations (117, 118)
ColQ CBA 3% 3.4% 5% Not known associations (125)

"Some studies on potential antigens with small cohort sizes and non-MG-specific findings are not included in the table.
N.T., not tested or not extensively tested; N.A., not applicable; SLE, systemic lupus erythematosus.

provide a practically certain diagnosis for MG, allowing the
initiation of appropriate treatment. Moreover, monitoring of the
antibody titer can be very useful in following disease progression
and response to therapy.

Importantly, the therapeutic regime can differ between the
MG subgroups. Patients with MuSK antibodies tend to have
more severe symptoms and generalized weakness (129), whereas
treatment withdrawal in these patients can often lead to disease
exacerbation. In addition, MuSK-MG patients can present with
adverse effects when treated with pyridostigmine, an AChE
inhibitor commonly used as a first-line treatment for MG, while
there is little evidence to support the usefulness of thymectomy
in these patients (130). On the other hand, they usually greatly
benefit from plasma exchange (PLEX) (131), and they have a
very good response to the administration of rituximab, possibly
more pronounced than the other MG subgroups (132, 133).
AChR antibody positive patients who also have titin or RyR
antibodies tend to have more severe disease, while in the case
of EOMG they are indicative of thymoma (93). The benefit of
thymectomy is questionable in patients with SNMG, MuSK-
MG and LRP4-MG since they usually lack the typical thymus
pathology seen in AChR-MG (134). Especially in the case of
Japanese patients, the presence of Kvl.4 antibodies has been
associated with cardiac dysfunction and severe complications, so
they should be monitored accordingly. It is, therefore, important

to be able to diagnose the patients, not only based on clinical
and electrophysiological examination, but also serologically. The
detection of the autoantigen targeted in each patient is crucial to
adopt the best treatment options.

The most common treatment strategies for MG currently
include the use of AChE inhibitors, immunosuppressive
agents, thymectomy, intravenous immunoglobulin (IVIG) and
plasmapheresis (2, 135). These, however, are largely non-specific
and thus may be accompanied by a variety of side effects,
especially given the often life-long immunosuppressive treatment
required. Novel therapies should aim to be antigen-specific,
i.e., target the specific autoimmune components of the immune
system, which are mostly well-known in MG. For the application
of such tailor-made therapies the characterization of the patients’
autoantibody specificities by serological tests is crucial.

One approach would be the selective removal of
only the pathogenic autoantibodies (antigen-specific
immunoadsorption). The method is similar to plasmapheresis,
but in this case the plasma is passed through a suitable matrix,
such as sepharose-immobilized autoantigens, to which the
autoantibodies bind, while the rest of the plasma, free of
autoantibodies, is returned to the patient (136, 137). Several
studies have shown the efficiency of the approach, with
significant fractions of the autoantibodies being removed
from AChR and MuSK antibody positive MG patient sera
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FIGURE 2 | Detection of autoantibodies in SNMG by novel assays. We have used CBA and RIPA for screening a large number of MG patients without detectable
autoantibodies by the classical assays, as well as several control samples from healthy individuals or patients with other neuroimmune diseases (OND), from 10 to 13
different European countries (44, 80, 99). The numbers above the bars indicate the number of positive samples and the total tested with each assay. The cumulative
percentage (black bar) of new positives among the SNMG samples that were positive in more than one assays were taken into account, so as to avoid overestimation

in vitro, or from laboratory animals with EAMG ex vivo
(54, 138). In the ex vivo studies immunoadsorption was shown
to lead to significant amelioration of the symptoms within
a few treatment sessions, while no adverse effects were seen
(139, 140). No similar studies have been performed so far with
LRP4 autoantibodies. Further tests are needed before clinical
application of this approach, which should provide a solution
when an immediate relief from MG symptoms is required (e.g.,
myasthenic crises, preoperatively) or for patients refractory to
other treatments (132).

A different approach, aiming at treating the
underlying pathology of MG, is to induce antigen-specific
immunosuppression or immune tolerance for the targeted
antigen, depending on the antibody specificities detected in each
patient. To this end, several studies have shown that mucosal
administration of AChR domains can lead to prevention or
amelioration of ongoing EAMG (141-143). Prevention of
EAMG was likewise achieved when T cell dominant peptides
of the AChR ECDs were given orally or nasally (144, 145).
Interestingly, when T cell dominant epitopes were administered
in the form of subcutaneous immunization in the presence of
adjuvant, a beneficial effect was also observed (146). A similar
strategy relied on the use of peptide constructs incorporating
only the intracellular sequences from all the AChR subunits
(147). Although oral or nasal administration of the intracellular
polypeptides was able to prevent and, in some cases, treat

ongoing EAMG, the effect was greater when treatment was
given as subcutaneous vaccination (148, 149). The therapeutic
effect in the studies using ECD domains or their peptides
was mediated by a shift of Treg cell responses from Thl to
Th2, a reduction in IFN-y, IL-2, and IL-10 production levels
and a switch of autoantibody subclass from IgG2b to IgGl.
On the other hand, administration of the AChR intracellular
domains relied on diverting the immunological response away
from producing ECD-targeting pathogenic antibodies, toward
epitopes of the intracellular domains, and possibly causing
apoptosis of AChR-specific plasma cells. In our experience and
several published studies, the therapeutic efficacy appears to
depend on the conformation of the administered antigens and
the route of administration (150-152). Given the advances in
the heterologous expression of the AChR domains in various
systems (15, 153), the elucidation of the precise mechanism and
the specific immune cells involved would allow the design of
increasingly targeted and specific therapeutic tools.

CONCLUSIONS

Serological tests for the detection of autoantibodies are central
in MG diagnosis. MG pathogenesis, its clinical presentation and
the response of patients to therapy vary depending on the pattern
of autoantibodies detected. In fact, the autoantibody specificity
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pattern is often more informative for symptom severity than the
autoantibody titer.

The very high specificity of AChR and MuSK antibodies for
MG, which are the predominant antigens, and their successful
use so far justify their use as early diagnostics in cases of clinically
suspected MG. Despite the requirement for radioactivity and,
consequently, specialized laboratories, RIPAs provide very
sensitive results with reliable antibody titer information, and are
thus proposed as the initial tests for routine MG diagnosis. Due to
increases in antibody concentration during disease progression
and/or epitope spreading, repeated tests should be performed
when a suspected MG patient is initially seronegative.

A percentage of MG patients remain seronegative, but since
autoimmune MG is most likely mediated by autoantibodies
in all patients, SN-MG patients probably have autoantibodies
against yet unidentified target proteins, low affinity or low
concentration antibodies against the known antigens, requiring
different diagnostic tests. More sensitive assays for known
antigens or the discovery and validation of novel autoantibodies
is thus necessary. To this end, considerable efforts have been
made toward improvement of the tests; CBA for MuSK, LRP4
and clustered AChRs, RIPA for titin and two-step RIPA for AChR
and MuSK have contributed significantly toward the reduction of
the percentage of SNMG patients and are thus increasingly used
in routine diagnosis for the detection of MG autoantibodies (33,
42, 154, 155). Furthermore, the discovery of antibodies against
several other antigens whose diagnostic relevance remains to
be fully assessed, should aid in the elimination of MG patients
without a classical serological marker for diagnosis. Interestingly,
several CBAs have recently been developed for intracellular MG
antigens. However, due to the inability of CBAs to provide
titer information and the lack of available commercial kits
they are proposed as second line tests in patients that remain
seronegative by the standard RIPAs. The use of cytometric CBAs
could be a useful alternative, should they prove to reliably and
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Current therapies for myasthenia gravis (MG) are limited, and many investigations have
recently focused on target-specific therapies. B cell-targeting monoclonal antibody
(mAb) therapies for MG are increasingly attractive due to their specificity and efficacy.
The targeted B cell biomarkers are mainly the cluster of differentiation (CD) proteins
that mediate maturation, differentiation, or survival of pathogenic B cells. Additional
B cell-directed therapies include non-specific peptide inhibitors that preferentially
target specific B cell subsets. The primary goals of such therapies are to intercept
autoantibodies and prevent the generation of an inflammatory response that contributes
to the pathogenesis of MG. Treatment of patients with MG using B cell-directed mAbs,
antibody fragments, or selective inhibitors have exhibited moderate to high efficacy in
early studies, and some of these therapies appear to be highly promising for further
drug development. Numerous other biologics targeting various B cell surface molecules
have been approved for the treatment of other conditions or are either in clinical trials
or preclinical development stages. These approaches remain to be tested in patients
with MG or animal models of the disease. This review article provides an overview of
B cell-targeted treatments for MG, including those already available and those still in
preclinical and clinical development. We also discuss the potential benefits as well as the
shortcomings of these approaches to development of new therapies for MG and future
directions in the field.

Keywords: myasthenia gravis, experimental autoimmune myasthenia gravis, B cell, AChR, MuSK, autoantibody

INTRODUCTION

Myasthenia gravis (MG) is a chronic autoimmune neuromuscular disorder. Patients with
MG who are seropositive for autoantibodies to the acetylcholine receptor (AChR), muscle-
specific tyrosine kinase (MuSK), or low-density lipoprotein receptor-related protein 4 (LRP4)
present with voluntary muscle weakness due to dysfunctional neuromuscular junctions and
impaired neuromuscular transmission (1, 2). Traditional therapies for MG including thymectomy,
intravenous immunoglobulin (IVIg), plasmapheresis, and corticosteroid therapy can induce
remission, but do not cure the disease. Furthermore, 10-20% of patients remain refractory
to immunosuppressive therapies (3). Hence, there is an immense need for new and effective
treatments for MG, particularly refractory disease.

B cell-directed monoclonal antibody (mAb) therapies show great promise, and many are
currently under development. These approaches primarily intend to eliminate or reduce the
numbers of intact plasma B cells, or precursors of plasma cells, by blocking specific cell-surface
biomarkers or cluster of differentiation (CD) antigens (4, 5). B cells have also been targeted
indirectly, through inhibition of crucial molecules expressed by T-helper cells or other immune
cells, or by inhibition of cytokines and chemokines that mediate affinity-maturation of B cells
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into plasma cells. Important membrane or signaling proteins
that are exclusively or abundantly expressed in B cells or
that contribute to their growth, survival, or overactivity in
the context of autoantibody production and MG pathogenicity
are typically regarded as B cell-specific therapeutic targets or
biomarkers. To date, novel interventions designed to target
such biomarkers have mostly comprised monoclonal antibody-
based treatment approaches. Antibody fragment-based therapies
have also been investigated, while peptide- or RNA-based
therapies are less common, and many new potential therapies are
rapidly emerging.

Both preclinical animal models and clinical studies in
patients have provided abundant information on B cell-targeting
therapies. A rodent model of MG (experimental autoimmune
MG, EAMG), induced by immunization with Torpedo AChR,
typically mimics clinical aspects of generalized MG (6, 7).
Although in their early stages, the results from many preclinical
studies are of considerable importance for future translational
research and clinical application of new therapies. This review
describes recent advances in targeted therapeutic approaches
for MG, with a specific focus on B cell-targeted treatments for
this disease.

B CELLS AS A TARGET FOR MG THERAPY

Both B cells and T cells are central players in the adaptive
immune system. The signaling mechanisms that regulate B
cell differentiation and activation processes are incompletely
understood. Therefore, current B cell-directed therapies focus
primarily on targeting intermediary (e.g., mature B cell subsets
or plasmablasts) or terminally differentiated (e.g., plasma cells or
memory B cells) B cell subsets with pathogenic implications.

B Cell Biology and Subsets

B cell development begins in the bone marrow, the primary
lymphoid organ, with the expression of B cell receptors (BCRs)
in progenitor (Pro)-B cells (8, 9). Pro-B cells generate Pre-B cells,
with complete light chain rearrangement and IgM expression.
These Pre-B cells then leave the bone marrow to enter the
peripheral circulation as transitional or mature B cell subsets.
With the help of CD4" T cells, mature B cells are activated
to undergo somatic hypermutation and clonal selection, which
generates follicular B cells in the secondary lymphoid organs,
preferentially the spleen. These cells form germinal centers
(GCs) and plasma cells that produce high-affinity class-switched
antibodies, and memory and surrounding marginal zone B
cells (Figure 1). Long-lived plasma cells stably maintain serum
antibody levels, whereas memory B cells are responsible for recall
responses upon antigen re-exposure (10). Most memory B cells
and some long-lived plasma cells migrate to the bone marrow
and replenish circulatory antibodies when needed. Although B
cells reside predominantly in secondary lymphoid tissues (spleen
and lymph nodes), during an infection or disease condition their
numbers increase in peripheral blood and non-lymphoid tissues
(11, 12). With the assistance of tissue-resident memory T cells,
tissue-resident B cells may induce rapid plasmablast responses.
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FIGURE 1 | Schematic showing B cell subset differentiation. Pro-B cells
progress through a series of developmental steps to generate mature B cells,
which further differentiate into plasma and memory B cells.

Rationale for MG Therapies Targeting B
Cells

MG is caused by autoantibody produced exclusively from
autoantigen-specific plasma B cells (13). In approximately 80%
of MG patients, the autoantigen is AChR, and the pathogenic
autoantibodies are mainly IgGl and IgG3 isotype anti-AChR
autoantibodies (IgG2b in the EAMG mouse model). Anti-
AChR antibodies cause generalized MG (affecting body muscles)
and ocular MG (afflicting extraocular or eye muscles), which
occur in ~85 and 50% of patients, respectively. Around 40%
of patients seronegative for anti-AChR antibody, present with
IgG4 isotype (IgGl in mouse) antibodies against MuSK. An
IgG2a autoantibody against the agrin receptor, LRP4, has also
been detected in patients with MG seronegative for both anti-
AChR and anti-MuSK antibodies (14). The mechanisms by which
autoantibodies cause muscle pathology in MG have been well-
described. Most anti-AChR autoantibodies recognize the main
immunogenic region present in the o subunit of AChR, which is a
four subunit protein. Binding of anti-AChR autoantibodies with
AChR in the membrane reduces the availability of the functional
receptor to ACh, either by blocking the receptor or leading to its
internalization. Subsequent activation of complement cascades
by the autoantibody leading to the formation of a “membrane
attack complex”, also lyses myocytes (15, 16). Both MuSK and
LRP autoantibodies can disperse postsynaptic AChR clusters
and thereby cause AChR deficiency and muscle fatigue (17).
Based on adequate evidence that autoantibodies cause MG
development and progression through depletion of molecules
critical for muscle function, as well as contributing to persistent
inflammation, the majority of recent B cell-targeted therapies
have focused on depleting B cells, thus reducing or removing
the source of autoantigen-specific autoantibodies in patients
with MG.

In addition to their main pathogenic role in autoantibody
generation, B cells also serve as antigen-presenting cells to
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directly bind antigen on the BCR and present intracellularly
processed antigenic peptides on their surface major
histocompatibility complex (MHC) class II molecules (18).
By upregulating costimulatory molecules, B cells then activate T
cells to regulate their proinflammatory effector functions through
secretion of a variety of cytokines, including tumor necrosis
factor (TNF)-a, lymphotoxin, and granulocyte macrophage-
colony-stimulating factor (19). In contrast, regulatory B cells
(B-regs) secrete the anti-inflammatory cytokine interleukin 10
(IL10) contributing to B cell tolerance. Given their pathogenic
roles associated with autoantibody and inflammatory mediator
production, B cells are considered a preferred target for
therapeutic intervention in MG.

CD Biomarkers for B Cell-Directed Therapy
Approaches

The CD antigens are immune cell biomarkers designated at
Human Leukocyte Differentiation Antigens Workshops, which
are held worldwide. B cells constitutively express a variety of CD
antigens on their surfaces, which define distinct B cell subsets,
in association with one or more specific biological functions
such as survival, adhesion, activation, or inhibition. Due to
their differential expression or activation in disease states, CD
molecules serve as valuable cell surface signatures for B cell-
targeted therapies in clinical trials.

To date, at least 58 CD molecules are established as expressed
by B cells; these belong to the Ig superfamily (Ig-SF), tumor
necrosis factor receptor superfamily (TNFR-SF), and cytokine
receptor family. The Ig-SF includes five sub-families of CD
antigens: Fc receptor-like (FCR-L), FCR, signaling lymphocytic
activation molecule (SLAM), triggering receptors expressed on
myeloid cells (TREM), and nectin. The following are among
B cell-restricted CD antigens exclusively expressed (bolded) on
B cells, and expressed either as a receptor or a ligand on B
cells: CD10, CD19, CD20, CD21, CD22, CD23, CD24, CD27,
CD37 to CD39, CD40, CD72 to CD78, CD79a, CD79b, CD80
to CD86, CD138, CD139, CD179a, CD179b, CD180, CD252,
CD254, CD267 to CD269, CD275, CD307e, CD315 to CD317,
CD307a to CD307d, and CD351 to CD363 (20, 21). Some
therapeutically relevant B cell subtypes associated with exclusive
expression of specific CD surface markers include plasma cells,
which express CD269 and CD138 (Syndecan-1); mature B cells,
expressing CD19, CD268, and CD79b; and memory B cells, with
CD27. Many other B cell-specific CD antigens have been targeted
(Figure 2), and those yet to be explored or targeted have potential
for development as new diagnostic markers for MG therapy in
the near future.

Major Mechanisms Associated With B
Cell-Targeted mAb Therapy

The mechanisms by which CD antigen-specific mAbs mediate
B cell depletion can be direct apoptosis of B cells, but
often antibody-dependent cell-mediated cytotoxicity (ADCC)
or antibody-dependent cellular phagocytosis (ADCP), while
complement-dependent cytotoxicity (CDC) or cellular toxicity
(CDCCQ) are also used (22) (Figures 3A-D). In ADCC, mAb

binding to the B cell epitope is immediately followed by
crosslinking of the fragment crystallizable (Fc) region of the
mAb with the Fc receptor (FcyR) of effector cells (usually
macrophages). The effector cells then polarize and release
cytotoxic granules by perforin- or granzyme-mediated apoptotic
pathways to destroy target B cells. During ADCP, once a mAb
is bound to the target B cell, Fc-FcyR crosslinking activates
effector cells, and the target cell is phagocytosed by the effector
cell for intracellular destruction. In CDC/CDCC, binding of
the Fc portion of B cell-bound mAb with Clq (a complement
component) initiates activation of the complement cascade. C3b
and C4b act as opsonins and subsequently form membrane-
attack complexes (MACs) on target cells, to perforate the cell for
lysis. Engineering the Fc arm of a mAb (e.g., glycoengineering
and site mutagenesis) may further increase its effector function
and serum stability (23).

CLINICAL APPROACHES TO B
CELL-TARGETED THERAPY FOR MG

The first therapeutic mAb for targeted therapy in patients was
a mouse anti-CD3 mAb, muromonab, used to prevent tissue
rejection (24). Subsequently, mAbs have been engineered to
incorporate both human and mouse sequences (humanized),
followed by production of fully human recombinant mAbs.
Chimeric (xi) antibodies consist of human amino acid sequences
in the constant region, while humanized (zu) mAbs contain
human sequences in the variable region. mAbs with partial
chimeric and humanized sequences (xizu) or fully human (u)
sequences have also been produced. The abbreviation “-ci (r)”
is used to describe mAbs that target a circulatory system
component, while li(m) denotes targeting of the immune system
(e.g., -limumab) (25) (Figure 4). Many mAbs have been produced
against different epitopes of the same CD molecule; however,
their therapeutic potential has only been tested in one or a few
specific diseases. Bi- or multi-specific mAbs that recognize two or
multiple epitopes of the same antigen have also been developed.
Single-chain variable fragment (scFv) molecules, consisting of
fusions of variable regions of heavy and light chains connected
by a short peptide linker, have also been used. Currently, the
only additional non-mADb biologicals applied for targeted therapy
are peptide inhibitors and recently generated antibody (Ab)-
mimetics, which are ligand-specific, small synthetic proteins.

Biologicals That Directly Target B Cells

in MG

mAbs

CD20-targeting mAbs

Rituximab or RTX (also known as Rituxan, Rixathon, or
Truxima [Genentech, San Francisco, CA, USA]) is a chimeric
murine-human IgGlk mAb that targets CD20, a 33-kDa protein
expressed on pro-B cells and all mature B cells, but not long-
lived plasma or plasmablast cells. CD20 has an important role in
the growth and differentiation of B cells into plasma cells, and
rituximab can efficiently deplete CD20-positive B cells in MG
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FIGURE 2 | B cell-targeting therapies using CD surface biomarkers. Schematic representation of representative CD antigens expressed on the human B cell surface
and targeted for B cell-specific therapy in autoimmune diseases. Those with asterisks (red) have been targeted for potential treatment of MG and are either approved
for treatment or under investigation. For direct targeting, biologics (e.g., mAb or mAb fragments) directly bind cell surface CD molecules or receptors. Indirect
treatments involve targeting soluble ligands of receptors.
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FIGURE 3 | Mechanisms for therapeutic depletion of B cells. Therapeutic antibodies mediate their cytotoxic effects by four possible mechanisms. Cross-linking of
mAD to B cell surface antigen (A) blocks ligand binding of essential receptors that mediate B cell survival (direct apoptosis), (B) triggers engagement of effector cells
through recognition of its Fc sequence, and subsequent phagocytosis by effector cells (ADCP), (C) lysis by granzymes secreted from effector cells (ADCC), or

(D) activates the complement cascade and lysis by C3 deposits and MAC formation on the cell surface.

patients; however, it is ineffective in reducing pathogenic AChR-  and reduction of autoAb is generally short term and insufficient,
AD levels (26). Long-lived plasma cells are the major producers of ~ resulting in only transient clinical improvement (27). Thus,
autoAb and lack CD20, hence rituximab targets only short-lived  rituximab-treated AChR-MG and MuSK-MG patients often have
plasma cells and CD207, IL10-producing B-regs, or B10 cells,  disease relapse or recurrence after an initial phase of disease
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remission (28). Nevertheless, some studies have reported the
efficacy of rituximab for treatment of MG, particularly MuSK-
MG (29, 30). RTX was approved by USA FDA for treating
refractory RA through intravenous infusion (31). It is also an oft-
label prescription for the treatment of refractory SLE, and has
shown 51% complete remission, and 34% partial remission in SLE
and Lupus nephritis (LN) patients (32).

CD40-targeting mAbs

Iscalimab or CFZ533 (Novartis Pharmaceuticals, Basel,
Switzerland) is a fully human, Fc-silenced, IgGl mAb that
blocks the CD40 signaling pathway, thus preventing activation,
but not causing depletion, of B cells and other CD40-positive
cells. CD40 is expressed on B cells, T cells, and antigen-
presenting cells, and its ligand, CD154, is primarily expressed on
activated T cells (33). The CD40-CD154 interaction is important
for isotype switching, GC formation, memory B cell generation,
and Ab production (34). CFZ533 was evaluated as an add-on
therapy for patients with generalized MG. A multi-center,
randomized, double-blind, placebo-controlled clinical trial that
measured quantitative MG muscle function scores has been
completed, and the results are pending on Clinical Trials.gov.

FcRn-targeting mAbs

Beyond CDs, fragment crystallizable neonatal receptor (FcRn),
an MHC class I-related receptor, was recently recognized as
an important target in MG. This receptor is present on the
cell surface and intracellular vesicles in many cells, including B
cells, but not T cells. FcRn targeting has gained momentum in
current therapies that aim to reduce pathogenic autoantibodies,
as the receptor can inhibit cellular IgG degradation pathways that
recycle IgG to maintain or elevate serum IgG levels (35). The
receptor is also known to be involved in antigen presentation of

peptides from the IgG immune complexes. Inhibition of FcRn
with mAb or a mAb-fragment has shown promising results
in reducing serum levels of pathogenic autoantibody in some
autoimmune diseases, including MG; several trials are ongoing
with the aim of establishing FcRn antagonists as a potent therapy
for MG.

Efgartigimod (ARGX-113; Argenx, Breda, the Netherlands)
is an FcRn antagonist investigational antibody fragment
undergoing phase 3 ADAPT clinical trial for MG treatment.
The therapeutic potential of ARGX-113 against immune
thrombocytopenia and skin blistering diseases is also being
evaluated. ARGX-113 is an Fc fragment of a CD70-specific
recombinant Ab on a human IgGl background (FR70-hIgG1)
carrying mutations at residues specific for high-affinity binding
to FcRn in B cells. The molecule blocks binding of circulating IgG
to FcRn, thereby preventing IgG recycling and accelerating the
removal of pathogenic IgG from the circulation and other cells. A
single intravenous dose of ARGX-113 inhibited FcRn and caused
a rapid and significant decrease in serum levels of 1gG1, IgG2,
and IgG3, but not IgD, IgE, IgM, or serum albumin, in patients
with MG, relative to placebo (36, 37). In another phase 2 MG
study involving 15 centers, three doses of ARGX-113 treatment
in 1 month met both primary and secondary endpoints of
tolerability, safety, and efficacy. This treatment rapidly decreased
total IgG, anti-AChR Ab, and improved disease in 15% of
patients (38).

Rozanolixizumab (UCB7665) is another lead candidate,
humanized FcRn mAb. In a phase 2 trial completed in 2018,
subcutaneous infusion of rozanolixizumab in patients with
generalized MG significantly reduced anti-AChR autoantibody
by at least 68% from baseline. Further development and
recruitment of patients with MG for the phase 3 trial was initiated
in 2019. Rozanolixizumab is also being evaluated for use in the
treatment of immune thrombocytopenia (39).

Nipocalimab ~ (M281), manufactured by Momenta
Pharmaceuticals (Cambridge, MA, USA), is a fully human,
recombinant anti-FcRn, glycosylated, IgG1 mAb. M281 received
U.S. FDA-approved Fast Track designation for the treatment of
warm autoimmune hemolytic anemia (phase 2/3) in the USA.
It is also being evaluated in a phase 2 clinical trial (VIVACITY)
which is a randomized, double-blinded, placebo-controlled,
multi-dose trial including 60 patients with generalized MG; and
the results are expected by mid-2020.

Ab-mimetics are ligand-specific small peptides of 3-20 kDa.
They are analogous to the Fab arms of antibodies that lack Fc
and are neither glycosylated nor immunogenic (40). ABY-039
(Alexion, New Haven, CT, USA) is a bivalent Ab-mimetic with
a prolonged half-life form that exhibits high-affinity binding
with FcRn. This therapeutic is currently under consideration for
clinical trials.

Biologicals That Indirectly Target B Cells in
MG

mAbs

B cell-activating factor (BAFF)-targeting mAb

Belimumab (Human Genome Sciences Inc., Rockville, MD,
USA; GlaxoSmithKline, Brentford, UK) is a human IgGl:

Frontiers in Immunology | www.frontiersin.org

51

February 2020 | Volume 11 | Article 240


https://clinicaltrials.gov/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Huda

B Cell Therapy for MG

recombinant mAb that neutralizes the biologically active soluble
form of BAFE, also known as B lymphocyte-stimulating factor,
or BLyS, zTNF4, TNFSF13B, THANK, and TALL-1. Both
membrane-bound and soluble forms of BAFF are produced
by non-B cells; for example, monocytic and dendritic cells.
BAFF binds with three different receptors: (1) Blys receptor
3 or BAFF receptor, which is predominantly expressed on
mature B cells; (2) B cell maturation antigen (BCMA), which
is exclusively found on plasma and memory plasma B cells;
and (3) transmembrane activator and calcium modulator and
cyclophilin ligand interactor (TACI), which is present on
marginal zone and class-switched memory B cells. Based on
preclinical experiments demonstrating that BAFF overexpression
under autoimmune conditions induces autoreactive B cells that
correlate with increased autoantibody levels, belimumab was
developed to inhibit binding of BAFF to its receptor. BAFF also
has a role in MG development and progression (41). Although
belimumab treatment in patients with SLE had moderate efficacy
in a multicenter phase 3 trials, treatment in an FDA-approved
randomized MG study did not produce significant effects in
patients with either AChR-MG or MuSK-MG (42).

Inhibitors

Proteasome-targeting inhibitors

Bortezomib (Velcade; Millennium Pharmaceuticals, Cambridge,
MA, USA) is an FDA-approved proteasome inhibitor for
treatment of cancer that has also exhibited clinical efficacy in MG
(43). Further, bortezomib has can induce clinical improvement in
SLE and has shown promising results in the treatment of MuSK-
MG (43, 44). In the EAMG rat model, bortezomib reduced
anti-AChR-antibody levels, prevented motor endplate damage,
and induced clinical improvement (45). The inhibitor has also
been shown to deplete plasma cells and specific autoantibody
production in primary thymic cell cultures from patients with
early-onset MG (46). Bortezomib allows cellular accumulation
of misfolded or unfolded damaged protein, or unprocessed
protein, that cannot be degraded or recycled or form a processed
protein via proteasome pathway. Excessive build-up of such non-
functional proteins leads to cell death (47). As plasma cells are
actively engaged in producing autoantibodies in MG, significant
accumulation of damaged and unprocessed proteins occurs, due
to their rapid transcription and translation activities. Bortezomib
can also hinder nuclear factor kappa-light-chain-enhancer of
activated B cells (NFkB) activation through inhibition of IkB
proteolysis, thereby suppressing transcription of NFkB-regulated
genes (e.g., IL6, BAFF-R, etc.) (48). This drug has been assessed
in a phase Ila trial on patients with therapy-refractory MG
with significant disease activity, and the study result is currently
awaited (49).

B Cell-Targeting MG Therapies That Act via

Blockade of Cytokines and Chemokines

Proinflammatory cytokines and chemokines (ILs) have major
roles in MG pathogenesis. Inflammatory cytokines prime
and activate dendritic cells, antigen-specific T-helper cells,
and B cells, and induce pathogenic differentiation and
development of plasma cells. Therefore, drugs designed to

inhibit cytokine/chemokine activity also represent valid potential
treatment strategies.

Tocilizumab (TCZ; RoActemra® or Actemra®; Roche, Basel,
Switzerland), also known as atlizumab, is a recombinant
humanized mAb against the IL6 receptor (IL6-R). Of various
cytokines that mediate Thl and Th2 responses, IL6 plays a
prominent damaging role in MG (50). Mice with an acquired
or inborn deficiency of IL6 are resistant to MG, and anti-IL6
antibody reduces autoantibody levels and suppresses disease in a
rat model of EAMG (50, 51). Although monocytes/macrophages
are the main producers of IL6, it is also generated by
numerous other cells, including muscle, epithelial, and B cells
themselves. IL6 binds to IL6-R, CD126, or soluble IL6-R,
and the ligand-receptor complex binds to CD136 (GP136),
which dimerizes and subsequently activates intracellular kinases.
Tocilizumab binds both cell-surface-bound and soluble IL6-R
and prevents the proinflammatory effects of IL6. A published
case report described two patients with MG refractory to
rituximab treatment who showed clinical improvement after
tocilizumab treatment, without any effect on autoantibody titer
(52). Tocilizumab treatment has also demonstrated clinical
effectiveness against RA, juvenile idiopathic arthritis, Castleman’s
disease, and Crohn’s disease.

TNF is also produced at low levels by B cells. Conflicting
results have been reported regarding the use of the TNE-
a-inhibiting molecule, Enbrel® (etanercept, Benepali, Erelzi;
Amgen, Thousand Oaks, CA, USA), and anti-TNF-a mAb
treatment in MG and preclinical models. While etanercept (a
fusion molecule containing the ligand-binding domain of human
TNF receptor 2 and IgG1 Fc) was beneficial for patients with low
plasma levels of IL6 and interferon (IFN)y (53, 54), this TNF-a
antagonist decoy receptor originally developed for treatment of
RA, reportedly exacerbated MG in a patient with RA (55) and
also reactivated tuberculosis in some patients (56, 57).

B Cell-Targeting Potential Biologicals in
Trial for Non-MG Autoimmune Diseases

This section describes some B cell-targeted potential therapeutics
that have not yet been clinically tested for use in patients with
MG. These drugs have shown promising results in early stage
clinical studies for non-MG autoimmune diseases and therefore
are potential pipeline drugs for future testing in MG.

Anti-CD19 mAb

Inebilizumab (MEDI-551) is a humanized high-affinity anti-
CD19, IgG1lk mAb. Although plasma cells lack CD19 expression,
this mAb induces effective ADCC to deplete almost all other
B cells, including precursor-plasma cells. In phase 3, double-
masked, randomized, placebo-controlled “N-Momentum” trial,
inebilizumab demonstrated increased efficacy for the treatment
of neuromyelitis optica spectrum disorder (NMOSD). In April
2019, the company Viela Bio received FDA Breakthrough
Therapy Designation (BTD) approval for inebilizumab. BTD
approval permits expedited development and fast regulatory
review of drugs for life-threatening conditions, and those that
achieve a minimum of one clinically significant endpoint.
Inebilizumab has also received Orphan Drug Designation by both
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the FDA and the European Medicines Agency for treatment of
NMO or NMOSD. This mAb has not yet been investigated for
MG treatment.

Anti-CD20 mAb

Ocrelizumab (Ocrevus; Genentech), another CD20-binding
humanized mAb, is FDA-approved for treatment of relapsing-
remitting multiple sclerosis (RRMS) and primary progressive
multiple sclerosis. Ublituximab (TG-1101; TG Therapeutics,
New York, NY, USA) is a glycoengineered, B cell-depleting
effective anti-CD20 mAb that has entered a phase 3 trial
for treatment of MS. Veltuzumab (Immunomedics, Morris
Plains, NJ, USA), a fully human anti-CD20 mAb, is currently
under development for treatment of non-Hodgkin lymphoma
and autoimmune diseases. TRU-015 (Trubion Pharmaceuticals
Inc., Seattle, WA, USA: Pfizer Inc., New York, NY, USA),
a fully human, anti-CD20 IgG fusion protein, is currently
being evaluated for RA therapy. Anti-CD20 mAbs, such as:
obinutuzumab (Gazyva; GlycArt Biotechnology AG, Schlieren,
Switzerland; Roche), ofatumumab (Arzerra®), and tositumomab
have been used in combination with chemo- or radiotherapy for
the treatment of cancer.

Anti-IL6 mAb

Antibodies such as sarilumab, sirukumab, and siltuximab were
developed to target IL6 for the treatment of RA or other diseases
(58); however, these drugs have not yet been considered for use
in the treatment of MG.

Anti-IFN mAb

Rontalizumab was developed by Genentech for treatment of
SLE. It is a humanized IgG1 anti-IFNa mAb that neutralizes all
IFNa subtypes and inhibits signaling through the type I IFN
receptor (IFNAR). Primary and secondary endpoints were not
met in the phase 2 trial. In a separate study, SLE patients with
low IFN signature metrics who were treated with rontalizumab
showed improvements in disease activity, reduced flares, and low
steroid requirements (59). Sifalimumab, also a human anti-IFNa
mAb, was developed by Medimmune (Gaithersburg, MD, USA).
Recently, its trial was terminated by the company and replaced
with a competing product, anifrolumab, for phase 3 trials. There
are contradicting reports of the beneficial and adverse effects of
IFN treatment in isolated case studies of patients with MG or
EAMG experiment (60-62). As yet, IFN-I has not been targeted
for MG clinical trial.

Anti-o4p1 Integrin mAb

Natalizumab (Biogen, Cambridge, MA, USA) is a recombinant
humanized mAb that targets ay4f;-integrin expressed by
B cells. Natalizumab prevents binding of B cells to the
endothelial adhesion molecule, VCAM, and consequently
inhibits transmigration of B cells from the blood into tissues.
Clinical trials revealed significant improvement and clinical
efficacy in patients with RRMS treated with natalizumab.

BAFF and TACI Inhibitors
Anthera Pharmaceuticals (Hayward, CA, USA) developed
another BAFF specific inhibitor, blisibimod, with high avidity

against both soluble and membrane residing BAFF. In phase 2
clinical trial, blisibimod generated a response in SLE patients
with disease severity (4). Further, in phase 3 trials of responder
patients, the secondary endpoint was not met, although
this treatment was associated with successful steroid-sparing
and reductions in SLE autoantibodies and B cells. Atacicept
(developed by ZymoGenetics, Seattle, WA, USA; handled by
Merck Serono, Darmstadt, Germany) is a recombinant fusion
protein that blocks the activation of TACI by APRIL and BAFF.

PRECLINICAL STUDIES OF POTENTIAL B
CELL INHIBITION USING THE EAMG
MODEL

Many promising results of the use of B cell-targeted therapies for
MG in mice models have been reported. These preclinical studies
demonstrate the potential to target B cells for future translation in
the clinic for MG therapy. The following section describes some
preclinical studies that targeted B cells alone or in combination
with other immune cells involved in MG pathogenesis.

Proteasome Inhibitors

ONX-0914, a selective inhibitor of the immunoproteasome, has
been reported to ameliorate EAMG severity by reducing the
frequency of T follicular helper cells, antigen-presenting cells,
and Thl17 cells, as well as decreasing the affinity of B cell-
generated autoantibodies (63).

Chemokine Antagonists

Although MG is a B cell-mediated disease, B cell/T cell
interaction plays a critical role in MG pathology. New
therapies may also consider targeting factors involved in these
specific interactions, particularly proteins belonging to the
CC and CXC family of chemokine ligands and receptors,
which are produced by peripheral blood mononuclear cells,
lymph node cells, macrophages, and thymic GCs. Based on
in silico analyses, potential therapeutic chemokine targets
include: CXCR2, CXCR3, CXCL1, CXCL3, CCL, CCL19, and
CCL20 (64-67).

MicroRNA Inhibitors

MicroRNAs (miRNAs) are important immune regulators of
numerous soluble inflammatory mediators and are potential
targets for future intervention in MG. Differential levels of
miRNAs in activated B cells (e.g., miR-146a) or serum have
also been reported in an EAMG mouse model (68), and
inhibition of these molecules reduced B cell activation and
AChR-specific antibody levels. miR-150-5p and miR-21-5p are
found at higher levels in patients seropositive for AChR, and
their levels decrease following immunosuppressive therapy and
thymectomy. Increased levels of the Let-7 family of miRNAs in
MuSK-positive MG are also of great interest (69).

Humanized scFv Against a DQB1 Allele
Associated With Susceptibility to MG

In a preclinical study, a humanized scFv was developed from
the mouse mAb, LG11, which targets MG-susceptible-specific

Frontiers in Immunology | www.frontiersin.org

February 2020 | Volume 11 | Article 240


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Huda

B Cell Therapy for MG

human leukocyte antigen (HLA) alleles. The scFv was shown to
block the proliferation of T cells cultured from peripheral blood
lymphocytes from patients with MG carrying DQB1*0601, which
is associated with susceptibility to MG (70).

Recombinant AChR Fragment

Induction of tolerance by adoptive transfer of autologous
regulatory T cells (T-regs) or mucosal delivery of AChR is
effective for treatment of EAMG (71); however, the usefulness
of these treatments has yet to be fully evaluated clinically.
Consonni et al. recently reported that repeated intranasal
administration of microgram quantities of a fusion protein that
carries the immunodominant peptide from AChR, mCTA1l-
T146, suppressed both induction of EAMG, as well as ongoing
disease in mice. Treated mice showed increased preservation of
muscle AChR and low levels of anti-AChR serum antibodies.
Tolerance was induced by increased T-reg cell activation
and upregulated expression of TgfB, 110, 1127, and Foxp3
mRNAs in the spleens and lymph nodes of mice (72).
Similar induction of tolerance in EAMG has been described
in response to nasal or oral delivery of recombinant AChR
fragment, presumably by skewing Thl to Th2/Th3 immune
responses (73).

BAFF Receptor-Specific mAb-siRNA

Conjugates

In a different approach to targeting specific B cells, a fusion mAb-
siRNA conjugate was constructed using a small <7-kDa protein
(protamine), that covalently binds with B cell-targeting mAbs
through hetero-bifunctional linkers and forms stable electrostatic
bonds with B cell-specific siRNAs. The mAb in the conjugate
binds to the B cell receptor and, upon internalization by receptor-
mediated endocytosis, releases siRNA from the complex into
the cell for degradation of B cell-specific pathogenic mRNAs.
Treatment of EAMG mice with these conjugates can markedly
reduce B cell frequencies (74). In an ongoing study, conjugates
consisting of innate immune-resistant, modified siRNAs are
being evaluated for therapeutic efficacy.

PERSPECTIVES: ADVANTAGES,
LIMITATIONS, AND FUTURE CHALLENGES
FOR B CELL-TARGETING THERAPIES FOR
MG

There is an immediate but unmet need for effective MG
therapy, particularly for patients with refractory disease. The high
specificity, less off-target effects, and long-lasting, robust effects
of B cell-specific mAb therapy make it attractive and especially
useful for inhibiting proteins that do not have binding pockets
available for an inhibitor. With the advent of humanized and fully
human mAbs, mAb therapy is currently used as a first-line or
standard treatment among targeted therapy approaches for many
autoimmune diseases. The introduction of novel engineered
mAbs is further evidence of the important progress occurring in
the field.

Although mAbs can produce long-term cell-specific effects,
stand-alone mAb therapy has some limitations, including
inadequate understanding of its in vivo mechanism of action,
adverse effects, and non-sensitivity to therapy (e.g., unaltered
autoantibody levels or clinical pathology) despite significant
depletion of target cells, which have been observed in many
patients with MG following various B cell-directed mAb
therapies. Currently, a major challenge for mAb therapy for
autoimmune disease is inefficient reduction of pathogenic
antibody, which is usually the primary goal of therapy. Tissue-
trafficking of pathogenic plasma cells or precursor plasma cells
to distant sites following targeted therapy is likely one cause of
resistance to complete elimination of those cells, autoantibody
reduction, and disease activity. Another highly probable cause
is therapy-induced expression of molecules such as type I IFNs,
which stimulate antigen presentation and affinity maturation
of antibody-producing cells (74). High-dose mAbs may impart
some therapeutic benefits to patients, but they also cause severe
side effects, and patients are at risk of contracting infections and
may generate innate-immune or interferonogenic effects (74).
Hence, determination of the optimal dose for each therapeutic
mAb is critical.

An approach using a combination of potent mAbs for targeted
therapy may be effective. Targeting more than one subset of
B cells, multiple targets, or specific B cells alongside B cell-
interacting T cells and B cell-activating soluble mediators in
the microenvironment, may result in synergistic reduction of
autoantibody levels and therapeutic benefits. Treatment with
mAb alone (or mAb-based therapy) is often inconvenient for
both preclinical and clinical assessment due to their prolonged
manufacturing times and high-cost relative to small molecule
peptide inhibitors or therapeutic nucleic acids. However, most
inhibitors have non-specific modes of action, risking induction
of peptide-specific humoral responses or loss of activity over
time. Nucleic acid therapy using modified RNA should be
considered to prevent interferonogenic innate immune responses
or immunogenicity of the therapeutic itself. Combining or
conjugating more than one therapeutic molecule may also greatly
enhance the therapeutic potential of B cell-specific therapy.

Changes in specific saccharide or sugar residues (fucosylation
and galactosylation) can significantly modulate mAb effector
function. Enzymatic removal of fucose and addition of galactose
moieties to IgGl mAbs can markedly increase their ADCC
activity (75). The mechanism involves preferential binding of Fc
to activating-FcyRIIIa (relative to inhibitory-FcyR) on effector
cells, as determined by in vitro natural killer cell-based assays.
Site-selective glycoengineering of both the Fc and Fab domains of
a chimeric anti-epidermal growth factor receptor (EGFR) mAb
has recently been shown to lead to increased ADCC activity
(76). Future strategies for targeted B cell therapies may further
exploit these technological advances by producing engineered
mAbs that can potentially enhance B cell killing function and
therapeutic efficacy.

Development of promising therapies largely depends on
success in preclinical studies. The EAMG mouse model is
valuable for therapeutic evaluation and redesign of promising
B cell-targeted MG therapies. The classical EAMG model,
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generated by Torpedo-AChR immunizations, is preferable
to systems using passive autoantibody transfer and thymic
engraftment models (77-80) due to its chronic nature and
mimicry of human MG. However, disadvantages of this model
are the delay and lack of homogeneity in the incidence and
clinical grades of immunized mice, despite comparable levels of
high-affinity anti-AChR antibody. Hence, in individual studies
researchers may choose to immunize an excess of animals to
bolster statistical power. Another drawback of the EAMG model
is the rapid progression of symptoms following disease onset,
leading to mortality in some mice and reducing the number
of experimental animals and durability of long-term assessment
of therapeutic agents. The traditional tedious and inefficient
method of immunogen purification from Torpedo tissue is also
inconvenient and can be improved by utilizing new technologies
and biomolecules such as UltraLink Biosupport (ThrmoFisher,
CA, USA), a high-performance resin for the neurotoxin coupling
reaction. Improving this animal model for more effective
exploitation in preclinical therapy development will be essential
for successful intervention in the clinic and effective MG therapy.
Regarding therapeutic evaluation in clinical settings, recruitment
of patients with similar disease profiles and their subsequent
retention, as well as the fluctuating nature of the disease, are often
challenging for proper evaluation of therapy. Other factors that
potentially affect the successful outcome of clinical trials include
study length, cost burden, and regulatory aspects.

It is important to be vigilant for occurrence of adverse effects
of immunotherapy for cancer in patients with MG or underlying
mild or latent MG (81-83). For example, treatment of patients
with MG with ipilimumab (anti-CTLA4 mAb) for melanoma and
lung cancer had fatal consequences (84). Further, combination
therapy using mAb or inhibitors against checkpoint proteins
(PD-1, PD-L1, and anti-CTLA-4) to treat cancers can induce or
exacerbate MG, or even cause patient death (85, 86). It is likely
that the robust immune activation and inflammatory response
triggered by checkpoint protein-specific mAbs, although critical
for cancer therapy, is detrimental to patients with MG, due
to rapid development of myasthenic crisis; however, patients
with MG and associated conditions other than cancer, such
as thyroiditis due to anti-thyroid antibodies, lupus with anti-
nuclear antibodies, and neuro-myelitis spectrum disorder with
anti-aquaporin-4 antibodies (5), do not show adverse reactions
following B cell-directed therapy.

CONCLUSIONS

Developing strategies to find or develop an effective therapy
for MG and many other debilitating and potentially life-

1. Koneczny I, Herbst R. Myasthenia gravis: pathogenic effects of
autoantibodies on neuromuscular architecture. Cells. (2019) 8:E671.

doi: 10.3390/cells8070671

threatening autoimmune diseases is an important research
priority. Many potent candidate B cell-targeted therapies
for MG are less effective or unsuccessful at the preclinical
and clinical phases of development. These failures are
primarily caused by weak immunosuppressive responses,
non-specific immunogenicity, or safety concerns. Furthermore,
targeted therapies currently licensed for use are effective
but have drawbacks. Therefore, identifying and developing
safe and effective means to improve the efficacy of these
crucial therapies are urgently required. More preclinical
studies of MG are needed to validate both new therapeutics
and those that have already been proven effective for
related neuromuscular autoimmune diseases. Additionally,
identification of new and validated target(s), repurposing other
targeted therapies, administration of combination therapies
directed at multiple targets, and targeting antigen-specific
B cells rather than a pan-B cell approach, may help to turn
these targeted-therapy approaches into effective methods for
ameliorating MG.

Overall, recent advances in targeted-therapy approaches have
contributed significantly to our knowledge that has subsequently
led to a multitude of new therapeutic modulations and emerging
therapy approaches. For example, the development of highly
potent, non-immunogenic, engineered mAbs and synthetic
alternatives to mAbs, such as Ab-mimetics (e.g., monobodies and
nanobodies), and even small RNA therapeutics, is encouraging
and offers hope. These approaches may soon lead to the
production of additional next-generation targeted therapeutics
and long-awaited effective interventions against MG.
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MicroRNAs (miRNAs) are small non-coding RNA molecules that regulate important
intracellular biological processes. In myasthenia gravis (MG), a disease-specific
pattern of elevated circulating miRNAs has been found, and proposed as potential
biomarkers. These elevated miRNAs include miR-150-5p, miR-21-5p, and miR-30e-5p
in acetylcholine receptor antibody seropositive (AChR+) MG and miR-151a-3p,
miR-423-5p, let-7a-5p, and let-7f-5p in muscle-specific tyrosine kinase antibody
seropositive (MuSK+) MG. In this study, we examined the regulation of each of
these miRNAs using chromatin immunoprecipitation sequencing (ChlP-seq) data from
the Encyclopedia of DNA Elements (ENCODE) to gain insight into the transcription
factor pathways that drive their expression in MG. Our aim was to look at the
transcription factors that regulate miRNAs and then validate some of those in vivo
with cell lines that have sufficient expression of these transcription factors This
analysis revealed several transcription factor families that regulate MG-specific miRNAs
including the Forkhead box or the FOXO proteins (FoxA1, FoxA2, FoxM1, FoxP2),
AP-1, interferon regulatory factors (IRF1, IRF3, IRF4), and signal transducer and
activator of transcription proteins (Stat1, Stat3, Statba). We also found binding sites
for nuclear factor of activated T-cells (NFATC1), nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB), early growth response factor (EGR1), and
the estrogen receptor 1 (ESR1). AChR+ MG miRNAs showed a stronger overall
regulation by the FOXO transcription factors, and of this group, miR-21-5p, let-7a,
and let 7f were found to possess ESR1 binding sites. Using a murine macrophage
cell line, we found activation of NF-kB -mediated inflammation by LPS induced
expression of miR-21-5p, MiR-30e-5p, MiR-423-5p, let-7a, and let-7f. Pre-treatment
of cells with the anti-inflammatory drugs prednisone or deflazacort attenuated
induction of inflammation-induced miRNAs. Interestingly, the activation of inflammation
induced packaging of the AChR+-specific miRNAs miR-21-5p and miR-30e-5p into
exosomes, suggesting a possible mechanism for the elevation of these miRNAs in MG
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patient serum. In conclusion, our study summarizes the regulatory transcription factors
that drive expression of AChR+ and MuSK+ MG-associated miRNAs. Our findings of
elevated miR-21-5p and miR-30e-5p expression in immune cells upon inflammatory
stimulation and the suppressive effect of corticosteroids strengthens the putative role
of these miRNAs in the MG autoimmune response.

Keywords: microRNA, myasthenia gravis, estradiol, miR-21-5p, NF-kB, FOXO

INTRODUCTION

MicroRNAs (miRNAs) are small non-coding RNA molecules
that regulate important intracellular biological processes. The
field of circulating miRNAs in autoimmune disorders, especially
as potential biomarkers have expanded in the recent years,
including myasthenia gravis (MG) (1). In MG there is a shortage
of biomarkers to predict the clinical course and this is particularly
troublesome due to the fluctuating nature of skeletal muscle
fatigue with periods of unpredictable worsening (2). MG is a
heterogeneous disease that still can be subdivided into two main
subgroups based on antibody target: patients with antibodies
against the acetylcholine receptors (AChR+ MG; ~85%) and
those with antibodies against the muscle-specific tyrosine kinase
(MuSK+ MG; ~7%) (3). These two antibody subtypes differ, for
example, in the involvement of the thymus which is considered to
play a major role in AChR+ MG, especially in terms of thymus
inflammation (hyperplasia) but also in regards to treatment
response (4).

Recent reports have defined different signatures of elevated
serum miRNAs in AChR+ and MuSK+ MG (1). In AChR+
MG, the miRNAs miR-150-5p, and miR-21-5p were upregulated
compared to healthy controls and these levels were also lower
in patients treated with immunosuppression as compared to
immunosuppression naive patients (5, 6). In addition to miR-
150-5p and miR-21-5p, levels of miR-30e-5p were found to be
upregulated in late onset AChR+ MG patients and expression
of these miRNAs correlated with disease course (7). Interestingly,
miR-30e-5p levels were found to be higher in patients with ocular
AChR+ MG who later develop generalized MG as compared
to those that remain ocular. Given this, expression of miR-30e-
5p has the potential to predict clinical disease course (8). On
the other hand, the miRNA profile in sera from MuSK+ MG
patients revealed elevated miR-151a-3p, let-7a-5p, let-7f-5p, and
miR-423-5p levels (9).

miRNAs modulate gene expression by targeting multiple
mRNAs encoding proteins involved in a variety of signaling
pathways and cellular processes (10). In a similar manner,
miRNAs could influence and alter the autoimmunity signaling
pathway involved in autoimmune disorders such as MG.
Several pathways including the Nuclear factor kappa-light
chain-enhancer of activated B cells (NF-kB) pathway are
inappropriately regulated in several inflammatory disorders
including chronic muscle inflammation (11). Toll-like receptor
signaling activates NF-kB-driven inflammation. Elevated levels
of Toll-like receptors (TLRs) 2, 3, 4, 5, 8, and 9 have been
detected in MG peripheral blood mononuclear cells (PBMCs)

(12). Moreover, TLR4, TLR7, and TLR9 have been implicated in
amplifying autoimmunity in the MG thymus (13, 14).

In MG, T regulatory cells (Tregs) from the thymus of
MG patients are profoundly defective in their suppressive
activity (15) and there is also an imbalance in peripheral blood
Tregs (16). Therefore, genes involved in these two pathways,
Treg differentiation and NF-kB signaling, are anticipated to
be associated with MG predisposition. Nevertheless, it is not
clear which transcription factors regulate the MG-associated
miRNA expression in AChR+ vs. MuSK+ MG. In this study,
we examined the regulatory transcription factors that drive
expression of extracellular miRNAs found in the serum of
patients with AChR+ and MuSK+ MG. Our overall objective
in this analysis was to outline transcription factors that regulate
these miRNAs and then validate a subset of these (i.e., NF-
kB and Estrogen Receptor, ESR1) in vivo with cell lines that
have sufficient expression of these transcription factors [RAW
macrophage cells for NF-kB (17) and T-cells for ESR (18)].

MATERIALS AND METHODS

Bioinformatics

We examined the surrounding regulatory region of each miRNA
gene to gain insight into the mechanisms of response to
treatment as previously reported (19). Briefly, we examined
the binding of transcription factors that are most relevant in
MG (20-22) using chromatin immunoprecipitation sequencing
(ChIP-seq) data. ChIP-seq data from the Encyclopedia of DNA
Elements (ENCODE) was queried for physical binding to DNA
loci encoding the human miRNA target of interest (23, 24).
Both the independent promoter/enhancer of the miRNA was
queried, and for miRNAs that were encoded within introns of a
gene, the promoter and enhancer of that gene was additionally
queried. The proximal promoter was considered the region
directly upstream of the miRNA or gene, within 2 kb (25) while
the enhancer was considered the region within 10kb of the
miRNA or gene (26). In addition, we examined the following
histone modifications which are enriched at regulatory elements
such as promoters or enhancers: histone H3K4 trimethylation
(found near promoters), H3K4 monomethylation (found near
regulatory elements), and H3K27 acetylation (found near active
regulatory elements). For each of these analyses, we used UC
Santa Cruz (UCSC) Genome Browser Release 4 (https://genome.
ucsc.edu/index.html) with alignment to the GRCh37/hgl9
genome build. Each ChIP-seq dataset was analyzed using the
ENCODE Regulation Super-Track listed under the Regulation
menu. Transcription factors were assayed using the Txn Factor
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ChIP Track. In regions bound by each transcription factor, DNA
motifs recognized by that transcription factor were identified
through the Factorbook repository within this track. Consensus
motif sequence logo pictograms for each transcription factor
were also visualized through Factorbook. Histone modifications
were examined using the Layered H3K4Mel, Layered H3K4Me3,
and Layered H3K27Ac Tracks. Raw data images for visualization
of gene loci and ChIP-seq data were obtained using the PDE/PS
function in the View menu of the genome browser. Binding of
transcription factors was queried in ChIP-seq datasets produced
using all 9 cell line tracks to identify all possible transcription
factor binding. These include: GM12878, a lymphoblast cell line;
H1-hESC, an embryonic stem cell line; HeLa-S3, a cervical cancer
cell line; HepG2, a liver cancer cell line; HSMM, a human skeletal
muscle myoblast cell line; HUVEC, a human umbilical vein
endothelial cell line; K562, a human immortalized myelogenous
leukemia cell line; NHEK, Human Epidermal Keratinocytes; and
NHLF; a human lung fibroblast cell line. Histone modifications
were also queried in ChIP-seq datasets using all nine available cell
line tracks.

Circulating miR-21-5p Analysis in Patients
and Healthy Controls

Detailed patient characteristics have been described previously
(5). In brief, stored serum samples were collected in tubes
without additives from 54 healthy blood donors (27 females,
mean age: 45 & 16 years; 27 male, mean age: 47 £ 15 years)
without any medications and from 73 MG patients (42 females;
mean age: 57 % 15 years), at Uppsala University Hospital.
The MG group consisted of 27 female MG patients without
any immunosuppression (mean age: 55 £ 13 years), 10 male
MG patient without any immunosuppression (mean age: 62
=+ 18 years), 15 female MG patients with immunosuppression
(mean age: 53 =+ 15 years), and 21 male MG patients
with immunosuppression (mean age: 62 £ 14 years). In the
MG patient cohort without immunosuppression, 76% were
AChR+ and 24% were AChR/MuSK antibody seronegative
(AChR/MuSK-) and among those with immunosuppression 70%
were AChR+ and 30% were AChR-/MuSK-. Mean MGC score
was 6.1 (range: 0-34) in the group without immunosuppression
and 4.6 (range: 0-18) in the group with immunosuppressive
treatment (5). The study was approved by the local Ethical
Review Board in Uppsala (Dnr 2010/446) and all patients signed
informed consent. RNA isolation, cDNA synthesis and qPCR
were performed as previously described (5, 6). In brief, total
RNA was isolated from 200 pl serum by using miRCURY™
RNA Isolation Kit—Biofluids (Exiqon#300112) and 2 pl of
isolated RNA sample was applied for cDNA synthesis in a
10 pl reaction mix by using Universal cDNA Synthesis Kit
II (Exiqon #20330). The RT-qPCR analysis was performed
with ExiLENT SYBR® Green master mix (Exiqon #203421)
and cDNA reactions were diluted 100X. The following quality
controls were included on Pick-&-Mix microRNA PCR panel
plates: the interpolate calibration (UniSp3), RNA extraction
control (UniSp2 and UniSp4), cDNA synthesis control (UniSp6),
and hemolysis test (miR- 23a-3p-miR-451a) (Exiqon). The ACT

value of hemolysis markers [ACT (hemolysis) = CT(miR-23a-
3p) - CT(miR-451a)], was used to detect hemolysis and samples
with a ACT >7 were excluded. Reference miRNAs were miR-93-
5p, miR-191-5p, miR-423-4p, and miR-103a and quantification of
relative miRNA expression was performed with the comparative
CT method.

ELISA

Serum samples from 20 female AChR+ MG patients (mean
age: 54 £ 12 years) without immunosuppressive medication that
were also analyzed for miR-21-5p levels, and 20 age matched
female healthy controls (mean age: 51 = 14 years) were analyzed.
Enzyme-linked immunosorbent assay (ELISA) was performed
for 17-P-estradiol using Human Estradiol kit (KAQO0621,
Invitrogen), following the manufacturer’s instructions. All
samples were assayed in duplicate at an absorbance of 450 nm,
and the detection range was 13-935 pg/ml. Inter-assay CV was
6.1%. Calculating and analysis of data was conducted by Spark®
Multimode Microplate Reader (Tecan Trading AG).

miR-21-5p Expression in T Cells Treated

With p-Estradiol and 4-Hydroxytamoxifen
Human T cell line KE-37 (DSMZ, ACC 46) was used for
B-estradiol (E2758, Sigma) and 4-hydroxytamoxifen (H7904,
Sigma) treatments, since human T cells express estrogen
receptor (18).

Cells were plated in 35mm dishes with RPMI1640 media
(R7509, Sigma) with 10% charcoal stripped FBS (TA3382101,
Thermo Fisher Scientific) at a density of 1,000,000 cells/dish.
Each condition was performed in triplicate.

For B-estradiol and 4-hydroxytamoxifen co-treated group,
cells were treated with 0.1 nM B-estradiol and 10~ pM 4-
hydroxytamoxifen for 24 h. For dose-response and time-course
group, cells were treated for 24, 48, and 72 h, respectively, with
B-estradiol at 0, 5, and 50 nM. The expression of miR-21-5p
was examined and analyzed by qRT-PCR, using reference genes
miR-103a and miR-191-4p for normalization. miRNA isolation
was performed using miRNeasy Mini Kit (217004, Qiagen)
and ¢cDNA was synthesized. PCR amplification system included
cDNA templates (1:50 dilution), ExXiLENT SYBR® Green Master
Mix (201420-01, Exiqon) and miRNA-specific primers (Qiagen).
PCR amplification was conducted in presence of Rox Reference
Dye by Applied Biosystems 7900HT Fast Real-Time PCR system
(Life Technologies). Log conversion of the miRNA expression
data was done in order to obtain data more similar to a normal
distribution for the statistical tests.

miRNA-Induction in Macrophage Cells

The murine macrophage cell line RAW 264.7, a standard model
system for assessment of LPS-induced inflammatory response
(17), was cultured in DMEM with 10% FBS. Cells were seeded in a
6-well plate at a density of 500,000 cells/well. Each condition was
performed in triplicate. Cells were pretreated with 10 wM of the
indicated drug or a DMSO vehicle-only control. Inflammatory
signaling was induced using LPS (Thermo Fisher Scientific) or
a PBS-only vehicle control at a dilution of 1:1,000 as previously
reported (27). After 48 h exosomes were collected from the media
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using ExoQuick (SBI), and RNA was subsequently extracted
using TRIzol. Cells were also lysed for RNA using TRIzol at
24 or 48h post-LPS induction. Expression of exosome-specific
miRNAs was quantified by TagMan Assay and results were
normalized to the Geometric Mean of miR-17 and miR-93 as
these miRNAs are reported to remain unchanged in exosomes
(28). Expression of cell-specific miRNAs was also quantified
by TagMan Assay and values were normalized to sno202. The
Tagman IDs for all miRNAs queried is as follows: snoRNA202,
001090; miR-93, 001090; miR-17, 002308; miR-151-3p, 001190;
miR-21-5p, 000397; let-7a, 000377; let-7f, 000382, miR-150—5p,
000473; miR-30e-5p, 002223; miR-423-5p, 002340.

Statistical Analysis

D Agostino & Pearson normality test revealed that qPCR data
were normally distributed (p>0.05) whereas ELISA data were not
(p < 0.05). Comparison of miR-21-5p serum data between male
and female controls and MG patients was done using one-way
ANOVA, followed by unpaired T-test comparing female controls
and MG patients as well as male controls and MG patients.
Comparison of 17-B-estradiol levels between female MG patients
and healthy controls was done by Wilcoxon matched-pairs signed
rank test. A p < 0.05 was considered significant. Spearman
Rank correlation was used to determine any correlation between
estradiol and miR-21-5p levels as well as between miR-21-5p
and age.

RESULTS

Transcription Factors Regulating AChR+
vs. MuSK+ MG-Associated miRNAs

The previously identified MG-associated miRNAs in serum
included miR-150-5p, miR-21-5p and miR-30e-5p (AChR+
MG) as well as miR-151, miR-423, let-7f, and let-7a (MuSK+
MG) (1). Our bioinformatics analysis of the ChIP-seq data
from ENCODE revealed several transcription factor binding
sites on the aforementioned miRNA genes (Figure 1). For this
analysis, we utilized data from all available cell lines deposited
into ENCODE, to get an overview of the regulation of each
miRNA. We used an arbitrary cutoff of 2kb for the proximal
promoter region and 10kb for the proximal enhancer region.
To increase confidence that the regions analyzed were bona fide
regulatory elements we also overlayed ChIP-seq data showing
verified histone modifications indicative of active promoters
(H3K4 trimethylation) and enhancers/regulatory regions (H3K4
monomethylation, H3K27 acetylation (Figure 1).

At least nine transcription factors were found to have
binding sites in the defined regulatory regions of 7 MG-
associated miRNAs. The identified transcription factors included
the Forkhead box proteins (FoxAl, FoxP2), the interferon
regulatory factors (IRF1, IRF4), signal transducer and activator
of transcription proteins (STAT1), AP-1 transcription factors
(FOS, Jun, JunB) and NF-kB (denoted as RELA in ENCODE)
(Figure 1). When we looked at the totality of transcription
factor binding sites on the 7 miRNA regulator regions queried,
we found that FOS, JunD, FoxAl, and RELA had the highest
occupancy on the MG-associated miRNAs (N = 30, 28, 27, and

23, respectively). Intriguingly, only miR-21-5p, let-7a, and let-
7f were found to possess estrogen receptor 1 (ESR1) binding
sites. We also found nuclear factor of activated T-cells (NFATC1)
and early growth response factor (EGR1) binding sites on the
majority of the miRNA genes queried (Figure 1).

Due to the different signature of circulating miRNAs in
AChR+ MG vs. MuSK+ MG, we next in silico determined
the set of transcription factors that more specifically regulate
the expression of these subtype specific miRNAs. AChR+ MG
miRNAs showed a stronger overall regulation by the FOXO
transcription factors, considering that miR-21-5p, miR-150-5p,
and miR-30e-5p together possessed 52 binding sites for FOXO
transcription factors (Figure2A). On the contrary, MuSK+
miRNAs possessed less binding sites for the FOXO family (nine
binding sites, Figure 2A) and instead had the most binding sites
for the FOS, Jun, JunD, and Stat3 proteins. Further, in-depth
analysis of each miRNA regulatory region revealed binding sites
for the FOXO transcription factors within the miR-21 and the
miR-30e loci (Figures 2B-D).

Higher miR-21-5p Levels in Female

Immunosuppression Naive MG Patients

We next focused on the relationship of estrogen and miR-
21-5p, as our bioinformatics analysis demonstrated heavy
regulation of this miRNA by ESRI1, showing six binding
sites within its promoter/enhancer region (Figures1, 3A,B).
Based on this, we tested the hypothesis that miR-21-5p levels
would be markedly different between male and female MG
patients. To do this, we re-analyzed miR-21-5p levels from
archival data of AChR+ MG patients and healthy controls, this
time grouping them by gender (5). There was no difference
between serum miR-21-5p levels of healthy female controls
(N = 27) and healthy male controls (N = 27; p = 0.33) or
between female (N = 27) or male (N = 10) MG patients
with immunosuppression (p = 0.90). However, female MG
patients without immunosuppression had significantly higher
values than male MG patients without immunosuppression (p
= 0.015; Figure4A). miR-21-5p levels were also higher in
female MG patients without immunosuppression compared to
healthy female controls (p = 0.0001; Figure 4B) as well as female
MG patients with immunosuppression (p = 0.019, Figure 4B).
One-way ANOVA did not reveal any difference in miR-21-5p
levels between the groups of AChR+ and AChR/MuSK- patients
(without and with immunosuppression, respectively; data not
shown; p = 0.21).

We next explored whether age could play a role for miR-
21-5p levels. However, correlation analysis did not reveal any
relationship between age and miR-21-5p levels in healthy female
controls (R = 0.25; p = 0.21) nor in male healthy controls
(R = —0.04; p = 0.85). Neither was there any correlation
between miR-21-5p levels and age in female MG patients
without immunosuppression (R = 0.17; p = 0.39). A significant
age correlation was seen however for miR-21-5p in male MG
patients without immunosuppression (R = 0.75; p = 0.017), i.e.,
increasing miR-21-5p levels with increasing age.
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FIGURE 1 | Overview transcription factors that regulate MG-associated miRNAs. (A) Using the UCSC Genome browser, each of the seven miRNAs identified from our
previous reports (1, 5) were queried for transcription factor regulation. (A) Shows an overview of all transcription factor binding sites within the proximal promoter
(~2kb) of the mIRNA, the proximal promoter of the gene surrounding the miRNA locus (if applicable), the enhancer region (within ~10kb) of the mRNA, and the
enhancer region of the gene surrounding the miRNA locus (if applicable). (B) Overview of the disease relevance and function for each major transcription factor group
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Based on the link between ESR1 and miR-21-5p, we assumed
that serum estradiol levels could be correlated to miR-21-5p
levels. Therefore, we next assessed estrogen levels in female
controls vs. female MG patients. While there was no significant
difference between 17-B-estradiol levels in female MG patients
compared to their age-and sex matched controls, there was a
trend toward increased serum estradiol in female MG patients (p
= 0.07; Figure 4C). Nevertheless, there was no clear correlation
between miR-21-5p and 17-B -estradiol levels when taking the
entire female cohort, i.e., immunosuppression naive MG patients
and healthy controls, into consideration (p = 0.75; Spearman R
—0.05; Figure 4D). In summary, the observed higher miR-
21-5p levels in female MG patients without immunosuppression
compared to male patients does not appear to be mediated by
estradiol levels alone.

Finally, in order to determine whether estradiol would induce
expression of miR-21-5p in a human T cell line, these cells

were treated with 17-B-estradiol at different concentrations and
duration. Treatment with 17-B-estradiol for 24, 48, and 72 h did
not result in a significant increase in miR-21-5p levels (data not
shown). Further, treatment with the estrogen receptor inhibitor
tamoxifen did not induce significant reduction of miR-21-5p
levels (Supplementary Figure 1).

NF-kB Pathway Up-Regulates Expression

of MG-Associated miRNAs

Based on the finding that AChR+ MG-associated miRNAs
have a large number of putative NF-kB binding sites within
the regulatory domains (Figure5A), the effect on the
expression of these miRNAs was assayed through induction
of inflammatory signaling in a murine macrophage cell
line. Upon inflammatory induction by LPS, which activates
NF-kB through TLRs, such as TLR4, levels of miR-21-
5p, miR-30e-5p, miR-151a-3p, miR-423-5p, let-7a-5p,
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FIGURE 2 | Promoter analysis of miRNAs indicates regulation by FOXO transcription factors. FOXO Transcription factor binding sites and histone (H3) modifications
that mark regulatory regions were examined using ChIP-seq data from ENCODE. DNA binding motifs for each transcription factor were identified through the
Factorbook repository. (A) Table of all FOXO binding site found in regulatory regions of miRNAs dysregulated in both AchR+ and MuSK+ MG, demonstrating a high
number of binding sites within miRNAs specific to the AchR+ subtype. (B,C) Schematic illustrating binding sites for FOXO transcription factors within the (B) miR-21
locus (seven of 26 binding sites shown) and (C) miR-30e locus (seven of 13 binding sites shown). Corresponding epigenetic modification maps are provided showing
the location of histone modifications associated with active promoters (H3K4me3) and poised/active enhancers (H3K4me1 and H3K27Ac) in the immediate vicinity of
both loci. (D) Sequence logo pictogram of base frequency at FOXA1 binding sites, with the consensus FOXA1 motif provided immediately below. Also provided are
two representative FOXA1 binding site sequences near miR-30e, listed in order from the 5" to 3" direction.

and let-7f-5p were significantly elevated (Figure5B). In
addition, packaging of miR-21-5p and miR-30e-5p into
exosomes was induced by inflammation (Figure5C). Cell-
specific expression of miRNAs was then assessed after

anti-inflammatory treatment. Macrophages pretreated with
the immunosuppressive treatment prednisolone and deflazacort
attenuated the induction of the same miRNAs, miR-21 and
miR-30e (Figures 5D,E).
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DISCUSSION

Research on circulating miRNAs in autoimmune disorders,
including MG, has developed drastically in recent years. In
this study, we examined the transcription factors that regulate
MG-associated miRNAs in order to understand what drives the
dysregulated serum miRNA profile observed in MG patients.
Moving forward, understanding these mechanisms will have
important implications toward immunosuppressive and anti-
inflammatory drug development in MG. Pathway-based analyses
that combine information across multiple genes into a limited
number of molecular networks have been found to be a powerful
approach that can also be used for miRNAs. The majority
of identified transcription factors for MG-associated miRNAs
are involved in autoimmunity-related pathways, especially the
FOXO proteins, AP-1 transcription factors, NF-kB, IRF, and
STAT family and NFAT. In line with this, the AChR+ MG-
associated miRNAs might undergo stronger overall regulation
by the FOXO transcription factors, considering the 52 binding
sites in miR-21-5p, miR-150-5p, and miR-30e-5p for FOXO
transcription factors. In AChR+ MG, T regulatory cells (Tregs)
have reduced suppressive activity and one of the potential causes
of this is decreased expression of FOXP3 in the MG thymus
and peripheral blood (15, 29). The Treg specific transcription
factor, Fork head/winged-helix transcription factor (FOXP3),
has been shown to regulate both the development and the
function of Tregs (30). FOXP3 expression is partly controlled
by the phosphorylation of signal transducer and activator of
transcription 5 (STAT5) induced by the IL-2 transduction
pathway and low FOXP3 levels in Tregs may result from
decreased STAT5 phosphorylation after IL2-signaling (31). The
subtype of MuSK+ MG and AChR+ MG differ in several ways,
mainly in that MuSK antibodies are of IgG4 subclass (32, 33),
whereas the AChR antibodies are of IgG1 subclass. Further in
MuSK+ MG, thymus pathology is normal compared to AChR+
MG (34), where thymus hyperplasia is considered to play a
major role. In line with this, the circulating miRNA profile differs
between these antibody subtypes of MG and thus it could be
anticipated that the transcription factor profile is also different,
as encountered here.

The proinflammatory NF-«B signaling pathway is related to
inflammatory diseases and stimulated by TNF-a and IL-1. NF-
kB had 23 binding sites across all MG-associated miRNAs, the
majority being located in the AChR+ MG-associated miRNA
genes. This is in support of a large study on almost 1,200
European MG patients with early onset AChR+ MG, where
several risk genes were found related to the NF-kB signaling
pathway (35). Here, the genetic associations to MG outside the
HLA complex indicate VAV1, a key signal transducer crucial
for T and B cell activation and BAFF, a cytokine important in
the proliferation and differentiation of B cells. Combined VAV1
and BAFF haplotypes conferred a greater risk in combination
and in addition to CD86, and these share the same signaling
pathway, NF-kB (35). It was therefore not entirely surprising to
find that NF-kB regulates transcription of the miRNAs found to
be upregulated in AChR+ MG. Together, these data implicate
that patients with early onset AChR+ MG may very well be

predisposed to dysregulated proinflammatory signaling. miR-21-
5p is also regulated by NF-kB, which would, in part, explain
why MG patients on immunosuppressive drug therapy, i.e.,
mainly prednisone, have reduced levels of miR-21 compared
to patients without immunosuppression (5). Nevertheless, other
immunomodulatory medications such as azathioprine with a
slower onset treatment effect and more long-acting properties,
potentially have different effects on miR-21-5p and miR-150-
5p as compared to the more rapid onset treatment effect of
prednisone (36).

After querying ChIP-seq data to understand how MG-
associated miRNAs are regulated, we functionally tested NF-
kB-specfic miRNA regulation in a murine macrophage cell
line and ESRI-specific miRNA regulation in a human T cell
line. Our results have important implications about how the
overexpression of MG-associated miRNAs may occur, but they
also have their limitations. For instance, administration of
LPS along with prednisone/deflazacort pre-treatment in murine
macrophage cells serves to confirm that NF-kB can indeed induce
expression of MG-associated miRNAs (miR-21-5p, miR-30e-
5p, miR-151a-3p, miR-423-5p, let-7a-5p, and let-7f-5p) within
cells and that blocking NF-kB can attenuate expression of a
subset of these miRNAs (miR-21-5p and miR-30e-5p). However,
in future studies it will be important to determine how these
miRNAs respond to inflammation in individual patients that may
have different levels and activation of NF-kB/NF-kB signaling.
We also detected miR-21-5p and miR-30e in the exosomes
of murine macrophages in response to LPS administration.
This observation suggests that in MG patient serum, miR-
21-5p and miR-30e may have originated from inflammatory
cells that shed miRNA-containing exosomes in response to
elevated inflammation. In future experiments it will be important
to perform these experiments in patient-derived cell lines to
determine (1) the totality of cell/tissues types that may be
responsible for releasing miRNAs into the serum via exosomes
and (2) other transcription factors might drive miRNA packaging
into exosomes.

We analyzed miR-21-5p expression in a human T-cell
line after treatment with estradiol, but did not, however,
see significant induction. It is possible that estradiol was
not sufficient to induce miR-21-5p expression because other
transcription factors that co-regulate this miRNA (such as NF-
kB) confounding the data. This is a likely scenario given that
in female MG patients, we only observed significant elevation
of serum miR-21-5p in when patients on immunopressive drugs
were removed from analysis; this suggests heavy regulation
of miR-21-5p by NF-kB. It is also possible that already high
baseline ESR1 activation in this cell line prevented any additional
activation of miR-21-5p upon estradiol administration.

To build our bioinformatics and cell line results, in future
studies it will be important to determine how each of the
identified transcription factors is expressed and how these
collectively coordinate miRNA transcription in MG. While the
cell culture experiments performed here were to determine if,
in our hands, specific miRNAs are regulated by NF-kB and
ESRI, these experiments do not yield the full picture of how
these MG-associated miRNAs become dysregulated in MG.
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While the data presented here allow us to postulate on which
transcription factors are responsible for driving the expression
of AChR+ and MuSK+ MG-associated miRNAs, what would
be quite interesting in future studies is to derive macrophage
and T-cells from AChR+ and MuSK+ patients and perform
similar treatments, as mentioned above. Further, we could
perform RNA-seq in comparison to healthy controls to look at
potential upregulation of specific transcription factors. In follow
up studies, such experiments will help us to determine which
transcription factors would be the best therapeutic targets for
AChR+ and MuSK+ MG.

There are distinct sex-associated differences in the expression
of tissue-specific antigens that are controlled by the autoimmune
regulator, a key factor for central tolerance in the autoimmune
response. A recent study showed that in females, estrogen
induces epigenetic changes in the autoimmune regulator (AIRE)
gene, causing reduced AIRE expression below a threshold that
increases female susceptibility to autoimmune diseases and in
particular MG (37). In addition, worsening in female MG patients
have been described in particular phases of the normal menstrual
cycle, commonly (up to 50%) with symptoms being at their worst
just before the next menstrual flow (38), when both progesterone
and estrogen levels are the lowest. Previous studies indicate that
1783-estradiol participate in the tolerization process by decreasing
the expression of a-AChR and HLA-DR proteins and increases
the expression of type I interferon and related molecules in
thymic epithelial cells (37). With all the aforementioned effects
of 17-p-estradiol on different aspects in MG in mind, the finding
that ESR1 could regulate miR-21-5p, let-7a, and let-7f through
binding sites is intriguing. This is in line with the higher levels
of miR-21-5p in female immunosuppressive naive MG patients
compared to their male counterparts. However, we did not find
a direct correlation between serum miR-21-5p and estradiol
levels in female healthy controls or female MG patients without
immunosuppression, indicating that other factors may influence
the measurable circulating levels. Further, since 17-B-estradiol
in women fluctuates during different phases of the menstrual
cycle (39) and we did not sample the women during only one
phase so this makes the interpretation of 17-B-estradiol levels
more difficult.

In conclusion, the findings of our study highlight the
connection between the MG-associated miRNAs and signaling
pathways that govern inflammatory events and risk factors
known to be important at least in AChR+ MG. This supports the
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Myasthenia gravis (MG) is an autoimmune disease caused by antibodies which
attack receptors at the neuromuscular junction. One of the main difficulties in
predicting the clinical course of MG is the heterogeneity of the disease, where
disease progression differs greatly depending on the subgroup that the patient is
classified into. MG subgroups are classified according to: age of onset [early-onset
MG (EOMG; onset < 50 years) versus late-onset MG (LOMG; onset > 50 years]; the
presence of a thymoma (thymoma-associated MG); antibody subtype [acetylcholine
receptor antibody seropositive (AChR+) and muscle-specific tyrosine kinase antibody
seropositive (MuSK+)]; as well as clinical subtypes (ocular versus generalized MG). The
diagnostic tests for MG, such as antibody titers, neurophysiological tests, and objective
clinical fatigue score, do not necessarily reflect disease progression. Hence, there is a
great need for reliable objective biomarkers in MG to follow the disease course as well
as the individualized response to therapy toward personalized medicine. In this regard,
circulating microRNAs (miRNAs) have emerged as promising potential biomarkers due
to their accessibility in body fluids and unique profiles in different diseases, including
autoimmune disorders. Several studies on circulating miRNAs in MG subtypes have
revealed specific miRNA profiles in patients’ sera. In generalized AChR+ EOMG, miR-
150-5p and miR-21-5p are the most elevated miRNAs, with lower levels observed upon
treatment with immunosuppression and thymectomy. In AChR+ generalized LOMG,
the miR-150-5p, miR-21-5p, and mMiR-30e-5p levels are elevated and decrease in
accordance with the clinical response after immunosuppression. In ocular MG, higher
levels of miR-30e-5p discriminate patients who will later generalize from those remaining
ocular. In contrast, in MuSK+ MG, the levels of the let-7 miRNA family members are
elevated. Studies of circulating miRNA profiles in Lrp4 or agrin antibody-seropositive MG
are still lacking. This review summarizes the present knowledge of circulating miRNAs in
different subgroups of MG.
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INTRODUCTION

Myasthenia gravis (MG) is a chronic autoimmune
neuromuscular disorder with a prevalence of approximately
40-180 per million (I, 2). Antibodies in MG are directed
against neuromuscular junction antigens; in the majority
of patients, to the nicotinic acetylcholine receptor (AChR)
in ~85% and to muscle-specific tyrosine kinase (MuSK)
in ~7% of patients. More recently discovered antibody
targets include the low-density lipoprotein receptor-related
protein 4 (Lrp4) (3, 4) in ~18% of AChR/MuSK antibody-
seronegative patients (5) and agrin predominantly in patients
with either MuSK, AChR, or Lrp4 antibodies (6, 7). MG
patients suffer from fluctuating skeletal muscle fatigue and
weakness. The etiology of the disease is unknown, although
the thymus is considered to play a central role in the
disease process as it is essential for T cell differentiation
and the establishment of central tolerance (8, 9). Valid
diagnostic measures for MG include antibody analysis,
electrophysiological measures of impaired neuromuscular
transmission, and objective clinical evaluation of skeletal muscle
fatigue, such as the quantitative MG (QMG) score or MG
composite (MGC) score.

One of the main difficulties in predicting the clinical course of
MG is the heterogeneity of the disease, where disease progression
differs greatly depending on the subgroup that the patient is
classified into. The major described MG subgroups include: age
of onset [early-onset MG (EOMG; onset < 50 years) versus
late-onset MG (LOMG; onset > 50 years]; the presence of
a thymoma (thymoma-associated MG, TAMG); and antibody
subtype [acetylcholine receptor antibody-seropositive (AChR+)
versus muscle-specific tyrosine kinase antibody seropositive
(MuSK+)] (1). In addition to the subgroups of antibody
subtype, age at onset, and thymus appearance, MG in all age
groups (both EOMG and LOMG) can be further subdivided
according to its clinical manifestations and the muscle groups
involved, mainly ocular MG (OMG) and generalized MG (GMG)
(10). Besides the highly variable pattern of the initial clinical
presentation of MG, skeletal muscle fatigue fluctuates over
days and even hours. Antibodies to AChR, MuSK, Lrp4, or
agrin also have a useful role as diagnostic biomarkers for
the confirmation of MG and classifying the disease subgroup.
However, their titer does not necessarily correlate with the
disease severity or response to treatment (11). There is therefore
a need for reliable biomarkers of disease progression as well
as pharmacodynamic biomarkers that better guide therapeutic
response in MG (12, 13).

According to the Food and Drug Administration (FDA)
and the National Institutes of Health (NIH) Biomarker
Working Group, a biomarker is defined as an easily
measured indicator of a normal or abnormal physiological
process or response to intervention (14). Ideally, a wvalid
biomarker in MG should easily differentiate MG patients
from healthy individuals and also be able to differentiate MG
subgroups, including EOMG versus LOMG, AChR+ versus
MuSK+ MG, thymoma-associated MG, as well as OMG
versus GMG.

INTRACELLULAR MICRORNAS

MicroRNAs (miRNAs) are short, endogenous non-coding RNA
molecules originally discovered in roundworm Caenorhabditis
elegans in 1993 (15, 16). With the advent of high-throughput
sequencing technologies, hundreds of miRNAs have been
identified in worms, flies, plants, and mammals, including
humans (17). Although the number of identified human miRNAs
continuously increases, only a small fraction of them has
been characterized in detail. A recent study estimated that
there are about 2,300 true human mature miRNAs, 1,115 of
which are currently annotated in the miRbase database' (V22)
(18). The biosynthesis of miRNA involves cellular proteins
Drosha and Dicer, which process a long primary miRNA
(pri-miRNA) into ~21-25 nucleotide double-stranded miRNA
duplexes (19). Thereafter, only one RNA strand, so-called
mature miRNA, is incorporated into a functional RNA-induced
silencing complex (RISC) by binding to the Argonaute (Ago)
proteins. Every miRNA duplex can generate two mature miRNAs:
5'-strand miRNA (known also as miRNA-5p) and 3'-strand
miRNA (known also as miRNA-3p). Which of these strands
is incorporated into RISC depends on the thermodynamic
properties of individual miRNA duplexes (20). Remarkably, as
little as 7-bp complementarities between miRNA and mRNA is
enough to block targeted mRNA translation into protein (21).
Considering the huge variety of mature miRNAs, it is obvious that
their interactions with mRNAs regulate the key cellular processes,
such as differentiation, proliferation, and apoptosis (22, 23).
Not surprisingly, alterations in miRNA expression and RISC
incorporation are dysregulated in many disorders, including
cancer and cardiovascular and autoimmune diseases (24-26).

EXTRACELLULAR CIRCULATING
MIRNAS

Characteristics of Circulating miRNAs

In addition to their intracellular accumulation, mature miRNAs
are also detectable outside of the cells, in the extracellular space.
These miRNAs, so-called circulating miRNAs, can be found in
human body fluids, including blood plasma and serum, urine,
saliva, semen, tears, breast milk, amniotic fluid, cerebrospinal
fluid, and peritoneal and pleural fluids (27-31). The composition
and the concentration of circulating miRNAs vary in different
body fluids, with some distinct miRNA species dominant in
specific biofluids (32).

Although miRNAs are detectable in different biofluids, the
majority of circulating miRNA studies have been conducted
in human serum and plasma samples due to easy access
and the well-established miRNA isolation/analysis methods in
this biological material. A particular feature of circulating
miRNAs is that they are very stable and endure harsh
treatments, such as low/high pH, high RNase concentrations,
extended storage, and multiple freeze-thaw cycles (27, 30, 33).

' www.mirbase.org
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miRNAs are secreted through various types of membrane-
enclosed extracellular vesicles (EVs), such as microvesicles and
exosomes. The membrane encapsulation protects miRNAs from
degradation and facilitates the uptake of extracellular miRNAs
by the recipient cells (31, 34). The uptake of miRNAs can vary
depending on the type of EV and the recipient cell origin (35). For
example, tumor-derived exosomes are incorporated into organ-
specific cells with the help of specific sets of exosomal integrins
(36). The EVs contain specific subsets of miRNAs, which differ
from the donor cell miRNA profile. An elegant study by Skog and
co-workers (34) revealed that exosomal miRNA profiles differ
between glioblastoma patients and healthy controls, implying
that miRNAs are selectively loaded into EVs. In contrast to the
well-established miRNA biogenesis, the molecular mechanisms
behind miRNA loading into EVs are still poorly understood.
Available studies suggest that RNA-binding proteins (e.g., Ago2
and hnRNPA2B) might provide specificity for miRNA loading
into EVs (37, 38). Also, the metabolic state of a cell and its origin
can influence miRNA loading into EV's (39).

Circulating miRNAs as Potential

Biomarkers
Their stability and ability to be transported in the extracellular
fluids have made circulating miRNAs promising therapeutic and
diagnostic tools. From the therapeutic point of view, circulating
miRNAs can be considered as paracrine and endocrine signaling
molecules with the ability to change gene expression on
nearby and distant target cells in the body, respectively
(40). Furthermore, the correlation between circulating miRNA
amount and the disease outcome has put these tiny molecules
in the spotlight as potential biomarkers for disease diagnosis and
monitoring (39). Circulating miRNAs fulfill the requirements for
a biomarker as they are specific, very stable, easily accessible in a
minimally invasive manner, and their detection is cost-effective.
Truly, multiple studies have shown that changes in circulating
miRNA amounts can be correlated to a variety of diseases,
including cancer, neurodegenerative disorders, and obesity (39).
Based on that, specific changes in circulating miRNA levels can be
assigned to particular diseases. For example, several studies have
established circulating miRNA profiles in biofluids from obese
patients. Increased levels of miR-140-5p, miR-142-3p, and miR-
222, accompanied by reduced accumulations of miR-532-5p,
miR-125b, miR-130b, miR-221, miR-15a, miR-423-5p, and miR-
520c-3p, are reported in obese patients’ plasma (41). In addition,
a liver-specific miRNA, miR-122, is found elevated in the sera
of obese patients (42). These two studies not only illustrate the
potential of specific circulating miRNAs as the biomarkers of
obesity but also show the complexity of the circulating miRNAs in
different biofluids. The use of circulating miRNAs as biomarkers
is not limited to disease diagnosis and monitoring. In particular,
the quantitative detection of circulating miRNAs can also be used
to monitor the health of the individuals during their physical
exercises and dietary regimes (43, 44).

The number of studies showing circulating miRNAs as
potential biomarkers are constantly rising. However, there are
still some concerns about their application as biomarkers. This

involves sample collection, miRNA isolation, miRNA detection,
and data analysis. The application of different sample collection
and miRNA isolation protocols can lead to the under- and
overrepresentation of different miRNA species. This can have
serious consequences considering that the evaluation of disease
status relies on a miRNA profile and not on one single
miRNA (45). Quantitative reverse transcription PCR (qRT-
PCR) is very often used as the standard method to evaluate
miRNA expression profiles. This method is robust, easy to
perform, and fast. However, normalization of the qRT-PCR
data between different circulating miRNA samples is challenging
due to the lack of a universal “housekeeping gene” in the
EVs. Different normalization methods have been used, which,
however, makes the interpretation of results puzzling and can
lead to contradicting results between different studies (46).
Hence, development of standardized methods and protocols,
both for circulating miRNA sample processing and analysis,
should reduce the present challenges and boost the practical
usage of circulating miRNAs as biomarkers (47).

EXTRACELLULAR CIRCULATING
MIRNAS AS POTENTIAL BIOMARKERS
IN MG SUBGROUPS

Acetylcholine Receptor

Antibody-Seropositive Early-Onset MG

The first study on circulating miRNAs assessed miRNAs in the
serum samples of AChR+ female generalized EOMG patients
without immunosuppressive treatment (48). Extracellular miR-
150-5p and miR-21-5p levels were elevated, whereas the miR-
27a-3p level was reduced in MG patient sera compared to
healthy controls (48). This study also indicated that miR-150-
5p specifically decreased upon thymectomy, in line with clinical
improvement. A follow-up study in a more heterogeneous
clinical cohort of both male and female AChR+ and AChR-
MG patients in 2015 also compared the miR-150-5p and miR-
21-5p levels with healthy controls and patients with other
autoimmune diseases, such as psoriasis and Addison’s disease
(Figure 1). The levels of these two miRNAs were significantly
reduced in the sera from MG patients on immunosuppressive
treatment (49). This study was followed by a longitudinal study
on extracellular miR-150-5p and miR-21-5p before and after
thymectomy, assaying sera from 80 patients participating in the
prospective international randomized trial of thymectomy in
MG (MGTX Trial) (50). Longitudinal analysis of miR-150-5p
and miR-21-5p indicated that the miR-150-5p levels decreased
significantly 2 years after thymectomy, whereas no significant
reduction was found in the prednisone group (51). The reason
for the miR-150-5p levels not decreasing in the prednisone
group could in part relate to the known sensitivity of miR-150
to exposure to corticosteroids, which causes levels to increase
(52). These encouraging results raise the possibility of using
extracellular miR-150-5p as a possible sensitive serum biomarker
especially for AChR+ MG, although different effects that certain
immunosuppression may have on the miR-150-5p levels should
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FIGURE 1 | Upregulated circulating miRNAs in the serum of myasthenia
gravis (MG) patients according to antibody subtype. In acetylcholine receptor
antibody-seropositive (AChR +) early-onset MG (EOMG) patients, the
immuno-miRs miR-150-5p and miR-21-5p are elevated; in late-onset MG
(LOMG) patients, miR-30e-5p is additionally elevated. miR-30e-5p is also a
potential predictor of progression from ocular to generalized MG. In
muscle-specific tyrosine kinase antibody-seropositive (MuSK +) MG patients
with IgG4 antibodies, another upregulated circulating miRNA profile,
miR-151a-3p, let-7a-5p, let-7f-5p, and miR-423-5p, is found. OMG ocular
MG, GMG generalized MG, IgG7 immunoglobulin G subclass 1, IgG4
immunoglobulin G subclass 4.

be considered (51). Intriguingly, the miR-150-5p and miR-21-
5p levels decreased after physical exercise intervention in MG
patients (53).

The aforementioned circulating miRNAs are not the only
reported alterations in AChR+ MG patients’ biofluids. Another
profiling of circulating miRNAs in different AChR+ MG patient
(EOMG, LOMG, and TAMG) sera revealed that at least seven
miRNAs were downregulated (miR-15b, miR-122, miR-140-3p,
miR-185, miR-192, miR-20b, and miR-885-5p) compared with
healthy controls (54). Nevertheless, differences in this profile of
miRNAs were not found between treated and untreated MG
patients (54).

Late-Onset MG

Late-Onset MG is a specific subtype of MG where patients most
often have thymus atrophy, in contrast to EOMG where thymus
hyperplasia is much more frequent (55), although the majority of
LOMG patients also are AChR+. LOMG is also special in that
it affects relatively more male patients. In order to establish a
signature of extracellular miRNA in LOMG, one separate study
addressed this MG group. Compared to healthy controls, five
miRNAs were found strongly elevated in LOMG patients with
no immunosuppressive treatment: miR-106b-3p, miR-30e-5p,
miR-223-5p, miR-140-5p, and miR-19b-3p (56). To assess the
prospective influence of these miRNAs in immunosuppressive-
naive generalized LOMG patients with immunosuppression,
these miRNAs were longitudinally analyzed in 73 LOMG patients
using sera collected for 2 years after the MG onset (56). Since
96% of these LOMG patients were AChR+, the previously found
elevated miRNAs miR-21-5p and miR-150-5p (57) were also
analyzed. This study found a steady decline in clinical MGC
score at and after 1-year follow-up, which correlated with reduced

levels of miR-150-5p, miR-21-5p, and miR-30e-5p (56; Figure 1),
related to immunosuppression initiation after onset. Intriguingly,
patients with generalized LOMG had higher levels of miR-150-
5p and miR-21-5p than those with ocular LOMG (56). None of
these miRNAs correlated with the AChR antibody levels, hence
supporting the previous studies (48, 49, 51). Interestingly, the
data from another cohort study on circulating miRNA in LOMG
did not overlap regarding the results from the study by Nogales-
Gadea (54). The discrepancies between these two studies (54, 56)
could be explained by the differences in the LOMG patient cohort
numbers as well as their immunosuppressive treatment status.

Ocular MG

Ocular MG is defined as clinical MG symptoms and signs
restricted to the extraocular muscles, manifesting as ptosis and/or
diplopia. Retrospective studies report that up to 80% of MG
patients with initially purely ocular symptoms develop secondary
generalized MG (GMG), most within 2 years from disease
onset (58, 59). Although there are no predictive factors for the
risk of conversion from OMG to GMG, AChR+ patients are
likely to be at higher risk of conversion than AChR antibody-
seronegative patients (60). Since the aforementioned miRNA
study in LOMG (56) revealed lower levels of some miRNAs in
patients with OMG compared to GMG, a recent study aimed
at determining whether circulating miRNAs could be used as
potential predictors of disease generalization in MG (61). For
this purpose, 83 OMG patients (82 immunosuppressive-naive)
were assayed within 3 months of OMG diagnosis and at a follow-
up visit. In this study, only 13 patients developed GMG. Two
miRNAs were found to be significantly higher in the groups of
patients who developed GMG compared to OMG: miR-30e-5p
and miR-150-5p. Of these two miRNAs, miR-30e-5p had 96%
sensitivity for differentiating OMG and GMG in all patients
and 100% in LOMG patients (61; Figure 1). Considering that
treatment with corticosteroids could modify the progression of
OMG to GMG (62), and that half of the OMG patients generalize
within 1 year (63), predictive biomarkers would be useful to
individually tailor the immunosuppressive treatment in OMG.
This could, for example, imply initiating immunosuppressive
treatment at an earlier stage if the miR-30e-5p levels are higher.
Hence, the study by Sabre and co-workers indicated miR-30e-
5p as a potential predictor of generalization in patients with
OMG symptoms (61). Another study in this field reported the
downregulation of miR-20b in generalized and AChR+ OMG
patients, and miR-20b expression in generalized MG was much
lower than that found in OMG (64). Furthermore, the miR-
20b levels increased after treatment with corticosteroids in this
particular study (64).

Muscle-Specific Tyrosine Kinase
Antibody-Seropositive MG

MuSK+ MG is considered a more homogenous disease subtype
that differs from AChR+ MG in pathogenesis, clinical picture,
neurophysiological manifestations, and response to treatment
(65). Therefore, it is not surprising that MuSK+ MG and
AChR+ MG are associated with different circulating miRNA
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profiles. The elevated miRNAs in sera from MuSK+ MG patients
instead include miR-151a-3p, let-7a-5p, let-7f-5p, and miR-423-
5p (66; Figure 1). Accumulation of the aforementioned miR-150-
5p or miR-21-5p, which are dysregulated in various AChR+ MG
subtypes, does not differ between MuSK+ MG patients and
healthy controls.

As the majority of blood samples are stored as serum, most
studies have analyzed circulating miRNAs in serum. Serum and
plasma contain miRNAs; however, their concentrations cannot
be automatically presumed to be interchangeable (67). Recently,
the miRNA profile was also analyzed in the plasma of patients
with MuSK+ MG (68). Out of 179 different miRNAs, only
two were distinctly different in MuSK+ MG patients; miR-
210-3p and miR-324-3p were downregulated in MuSK+ MG
plasma compared to healthy controls (68). None of these miRNAs
have previously been reported dysregulated in immune diseases;
however, miR-210-3p has been found dysregulated in several
cancers (69) and miR-324-3p has been mentioned as a potential
biomarker in the diagnosis of osteoporosis (70).

Link Between Elevated Circulating
miRNAs in MG and Disease

Pathophysiology

Both miR-150-5p and miR-21-5p are so-called immuno-
miRs and considered important T cell regulators (71). In
AChR+ EOMG, the effector organ is the thymus, which is
often characterized by hyperplasia as well as ectopic germinal
centers consisting of infiltrating B cells (9, 72). miR-150 regulates
proliferation, apoptosis, and differentiation of natural killer (NK),
T, and B cells (71, 73, 74) and is a marker of lymphocyte
activation (75). In addition to being elevated in the serum of
EOMG patients, higher miR-150 levels are also found in other
autoimmune conditions, including multiple sclerosis (MS) (76),
HIV-1 infection (77), and certain cancers (78).

A recent study indicated that miR-150 expression was much
higher in the thymus of AChR+ EOMG patients compared to
healthy controls, in particular in the mantle zone of germinal
centers containing B cells, although not directly related to
the degree of thymus hyperplasia (79). In peripheral blood
mononuclear cells (PBMCs), miR-150 was also downregulated
in the CD4" T cells of EOMG patients compared to healthy
controls. The results from this study suggest that increased serum
levels of miR-150-5p, which were also detected in this study,
result from the released miR-150 from activated peripheral CD4™"
T cells (79). Furthermore, miR-150 treatment of PBMCs affects
the main proto-oncogene MYB, and thus, miR-150 could play
a role in EOMG both at the thymic level and in the periphery
by modulating the expression of target genes and peripheral cell
survival (79). One hypothesis is that miR-150 could be regulated
by its release into the extracellular space (80). Similar to the
observations in MG, other studies demonstrate reduced miR-
150-5p in PBMCs from patients with Sjogren’s syndrome, while
levels are still increased in the serum and salivary glands (81, 82),
in analogy with miR-150-5p in PBMCs versus the thymus in MG.

Another immuno-miR, miR-21-5p is expressed at higher
levels in regulatory T cells (Tregs) (71) and associated with

other autoimmune diseases such as systemic lupus erythematosus
(SLE) and rheumatoid arthritis (24, 83). Similar to miR-150, miR-
21 also plays an important role for T cells (84, 85), with higher
miR-21 levels expressed in Tregs.

The third miRNA in AChR+ MG, miR-30e-5p, was somewhat
contradictorily downregulated in EOMG (48) and upregulated in
LOMG (56). miR-30e-5p has also been associated with SLE (86).
Intriguingly, the low-density lipoprotein receptor-related protein
6 (LRP6), one of the critical co-receptors for Wnts (a family of
genes that encode secretory glycoproteins), is a direct target of
miR-30e (87), and thus there is a potential role for miR-30e in
regulating muscle homeostasis.

The let-7 miRNA family members have been extensively
studied because of their broad functional role in various cellular
processes, including neuronal development and embryogenesis
(88, 89). Similar to MuSK+ MG patients, the accumulation of
circulating serum let-7a is observed in patients with secondary
progressive MS (76). Intriguingly, let-7 miRNAs stimulate the
Toll-like receptor 7 (TLR7) and thereby activate T cells (90).
In addition, engagement of TLR7 in CD4" T cells induces
T cell unresponsiveness (91). Interestingly, at least two of the
identified miRNAs, let-7a-5p and let-7f-5p, are also upregulated
in PBMCs isolated from TAMG patients (92), whereas let-7f-
5p is instead downregulated in the thymus of AChR+ EOMG
patients (93).

As of yet, studies on circulating miRNAs in Lrp4 and
agrin antibody-seropositive MG are lacking. In these MG
subtypes, the antibodies as such have been suggested as
biomarkers for disease (94). Further, considering the important
role of agrin/Lrp4/MuSK signaling in the maintenance of
the neuromuscular junction, deeper understanding of these
serological subtypes is needed (94).

INTRACELLULAR MIRNAS IN MG

Studies of intracellular miRNAs in MG patients have focused
mainly on PBMCs and the thymus. The first study of PBMCs
revealed that 44 miRNAs are dysregulated in MG patients’
PBMCs and that let-7c expression is specifically downregulated
(95). Further, miR-320a, a miRNA that modulates the expression
of inflammatory cytokines, was shown to be downregulated
in PBMCs from an undefined cohort of MG patients (96).
Another group reported the upregulation of miR-146a in the
PBMCs of AChR+ EOMG patients (97), suggesting that miR-
146a might have an effect on the activation of AChR-specific B
cells through the regulation of TLR4 and NF-kB. Furthermore,
miR-15a expression is reduced in the PBMCs of MG patients and
levels are much lower in patients with OMG compared to GMG
(98). Yet another miRNA, miR-181a, is downregulated in the
PBMCs of MG patients, with a negative correlation between the
miR-181a level and QMG score as well as AChR antibody levels
(99). Reduced miR-181c expression in the PBMCs of AChR+ MG
patients also seems to correlate with elevated serum levels of
the interleukins IL-7 and IL-17 (100). A recent study observed
that AChR+ MG patients non-responsive to immunosuppressive
treatment had lower levels of miR-323b-3p, miR-409-3p, and
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miR-485-3p and higher levels of miR-181d-5p and miR-340-
3p in PBMCs compared to those MG patients responding to
immunosuppression (101).

The first study that analyzed miRNAs in thymus cells
studied TAMG and found that miR-125a-5p, which has an
important role in cancer and immune processes, was significantly
upregulated (92). In female EOMG patients, thymic miRNA
expression analysis revealed that the most downregulated
miRNAs were miR-20b-3p, miR-892-3p, and miR-7-5p (93). The
most upregulated miRNAs were miR-486-5p and miR-125-5p,
whereas miR-7-5p was more downregulated in the thymuses
of MG patients who had high-degree thymic hyperplasia. In
the MGTX Study (50), thymuses from non-thymomatous MG
patients were used for miRNA and mRNA expression analysis
(102). When comparing germinal center (GC)-positive samples
to GC-negative ones, 38 miRNAs involved in immune response
showed differences in expression (102). Regulator of G-protein
signaling 13 (RGS13) is expressed in GC B cells and thymic
epithelial cells. Therefore, predicted regulators of RGS13, miR-
139-5p and miR-452-5p, were further analyzed and found to be
downregulated (102).

CONCLUDING REMARKS

Myasthenia gravis is a heterogeneous autoimmune disorder with
several subgroups, greatly in need of easily accessible biomarkers
that can aid in monitoring the disease course. The studies
discussed in this review focus mainly on some of these specific
subgroups of MG, including subgroups defined by antibodies
(AChR+ versus MuSK+ MG), clinical features (GMG versus
OMQG), and age of onset (EOMG versus LOMG). Since there
are obvious differences in the miRNA profiles between these
different MG entities, further development of subgroup-specific
circulating miRNA detection tests would allow for personalized
medical treatment for MG patients. In the case of EOMG versus
LOMG, they share certain upregulated miRNAs (miR-150-5p
and miR-21-5p), whereas the levels of miR-30e-5p are lower in
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miR-146a in Myasthenia Gravis
Thymus Bridges Innate Immunity
With Autoimmunity and Is Linked to
Therapeutic Effects of
Corticosteroids

Federica Bortone', Letizia Scandiffio’, Stefania Marcuzzo’, Silvia Bonanno,
Rita Frangiamore', Teresio Motta?, Carlo Antozzi', Renato Mantegazza’,
Paola Cavalcante '’ and Pia Bernasconi ™**

" Neurology IV—Neuroimmunology and Neuromuscular Diseases Unit, Fondazione I.R.C.C.S. Istituto Neurologico Carlo
Besta, Milan, ltaly, 2 Department of Pathological Anatomy, ASST—Bergamo Est Ospedale Bolognini Seriate, Bergamo, Italy

Toll-like receptor (TLR)-mediated innate immune responses are critically involved
in the pathogenesis of myasthenia gravis (MG), an autoimmune disorder affecting
neuromuscular junction mainly mediated by antiacetylcholine receptor antibodies.
Considerable evidence indicate that uncontrolled TLR activation and chronic
inflammation significantly contribute to hyperplastic changes and germinal center
(GC) formation in the MG thymus, ultimately leading to autoantibody production and
autoimmunity. miR-146a is a key modulator of innate immunity, whose dysregulation
has been associated with autoimmune diseases. It acts as inhibitor of TLR pathways,
mainly by targeting the nuclear factor kappa B (NF-«B) signaling transducers, interleukin
1 receptor associated kinase 1 (IRAK1) and tumor necrosis factor (TNF) receptor
associated factor 6 (TRAF6); miR-146a is also able to target c-REL, inducible T-cell
costimulator (ICOS), and Fas cell surface death receptor (FAS), known to regulate
B-cell function and GC response. Herein, we investigated the miR-146a contribution
to the intrathymic MG pathogenesis. By real-time PCR, we found that miR-146a
expression was significantly downregulated in hyperplastic MG compared to control
thymuses; contrariwise, IRAK1, TRAF6, c-REL, and ICOS messenger RNA (mRNA)
levels were upregulated and negatively correlated with miR-146a levels. Microdissection
experiments revealed that miR-146a deficiency in hyperplastic MG thymuses was
not due to GCs, but restricted to the GC-surrounding medulla, characterized by
IRAK1 overexpression. We also showed higher c-REL and ICOS mRNA levels, and
lower FAS mRNA levels, in GCs than in the remaining medulla, according to the
contribution of these molecules in GC formation. By double immunofluorescence, an
increased proportion of IRAK1-expressing dendritic cells and macrophages was found
in hyperplastic MG compared to control thymuses, along with GC immunoreactivity
for c-REL. Interestingly, in corticosteroid-treated MG patients intrathymic miR-146a
and mRNA target levels were comparable to those of controls, suggesting that
immunosuppressive therapy may restore the microRNA (miRNA) levels. Indeed, an
effect of prednisone on miR-146a expression was demonstrated in vitro on peripheral
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blood cells. Serum miR-146a levels were lower in MG patients compared to controls,
indicating dysregulation of the circulating miRNA. Our overall findings strongly suggest
that defective miR-146a expression could contribute to persistent TLR activation, lack
of inflammation resolution, and hyperplastic changes in MG thymuses, thus linking TLR-
mediated innate immunity to B-cell-mediated autoimmunity. Furthermore, they unraveled
a new mechanism of action of corticosteroids in inducing control of autoimmunity in MG

via miR-146a.

Keywords: myasthenia gravis, thymus, autoimmunity, innate immunity, miR-146a

INTRODUCTION

Myasthenia gravis (MG) is a prototypical B-cell-mediated
autoimmune disorder affecting neuromuscular junction,
mainly caused by autoantibodies against the postsynaptic
acetylcholine receptor (AChR), which lead to invalidating
weakness and fatigability of skeletal muscles (1). The bulk
of MG therapy consists of symptomatic treatment by
acetylcholinesterase inhibitors, non-specific immunosuppression
with corticosteroids, and thymectomy as a natural course disease-
modifying intervention in selected patients (1-3). However,
complete stable remission is only rarely achieved, and ~10%
of patients are treatment refractory (2), highlighting the need
to better understand the specific disease-associated pathogenic
events, to develop more effective therapeutic strategies.

The involvement of thymus in AChR-MG pathogenesis
is now widely accepted. This organ is the prime site of
autosensitization and autoimmunity to AChR (4, 5), and
thymectomy has beneficial effect in a high proportion of
patients (6, 7). Approximately 80% of all AChR-MG patients
presents thymic morphological and functional changes,
including hyperplasia and thymoma (5). Hyperplasia is the
most common alteration in early-onset MG; it is characterized
by the expansion of perivascular spaces fused with the thymic
medulla, which abnormally contains abundant B-lymphocyte
infiltrates organized in ectopic germinal centers (GCs) forming
follicles (8). In terms of immunoglobulin gene diversification,
mutation, and selection, GCs in MG thymus do not differ
from those observed in the lymphoid follicles of peripheral
lymphatic organs, but they are uniquely surrounded by plasma
cells and muscle-like myoid cells expressing AChR and other
muscle proteins, which can set up an antigen-driven reaction
(8). Chronic inflammation and persistent activation of Toll-like
receptor (TLR)-mediated innate immune pathways have been
critically implicated in the intrathymic MG pathogenesis,
supporting the existence of a dangerous cross-talk between
innate immunity and autoimmunity (9-13). Indeed, a hallmark
of hyperplastic MG thymus is the significant overexpression of
pro-inflammatory cytokines and chemokines [e.g. interleukin-6
(IL-6), type I interferons (IFNs), CXCL13, CCL21], along with
upregulation of TLRs, particularly TLR3, TLR4, TLR7, and TLR9
(8, 10-13). The contribution of TLRs in autoimmunity can be
explained by the ability of these receptors to stimulate maturation
of antigen-presenting cells and production of type I IFNs and
other inflammatory cytokines, which in turn cause priming

of adaptive immune cells, such as autoreactive T cells (8). In
addition, TLR7 and 9 stimuli may function as costimulatory
signals for proliferation, maturation, and survival of B cells, thus
compromising B-cell tolerance and promoting autoimmune
response perpetuation (11, 12). Recently, Robinet and colleagues
demonstrated that the combined use of TLR agonists induces
thymic hyperplastic changes and triggers MG symptoms in mice,
suggesting that tertiary lymphoid genesis, and consequently
autoreactivity, in MG thymus could result from dysregulated
TLR signaling (14). What exactly causes uncontrolled TLR
activation, and loss of the fine regulation of TLR pathways, in
hyperplastic MG thymus is not totally understood.

MicroRNAs (miRNAs) are ~22 nucleotide long small non-
coding RNA molecules recognized to play a critical role in fine-
tune regulation of gene expression (15). They modulate many
biological processes, including cell-cycle progression, apoptosis,
inflammation, and both innate and adaptive immune response
(15). Thus, their involvement in several pathophysiological
conditions, including cancer and autoimmunity (16-19), is not
surprising. One of the most important miRNAs known to
orchestrate immune and inflammatory signaling, and to play
a central role in innate immunity, is miR-146a-5p (hereinafter
called miR-146a) (20). Its dysregulated expression has been
reported in different inflammatory and autoimmune pathologies,
including systemic lupus erythematosus (SLE) (21), rheumatoid
arthritis (RA) (22, 23), multiple sclerosis (MS) (24), and sepsis
(25, 26). miR-146a gene is located within the MIR3142HG
host gene on chromosome 5 (5q33.3), and its promoter locus
presents binding sites for several transcription factors, including
nuclear factor kappa B (NF-«kB), IRF3/7, and c-myc (27, 28).
Interestingly, in a kind of feedback mechanism, miR-146a
targets two NF-kB signaling transducers, the tumor necrosis
factor (TNF) receptor associated factor 6 (TRAF6) and the
interleukin 1 receptor associated kinase 1 (IRAK1), which are
key components of the MyD88-dependent TLR pathways (28).
By targeting TRAF6 and IRAKI1, miR-146a acts as potent
inhibitor of TLR-mediated innate immune responses, preventing
an overstimulation of the inflammatory response and ensuring
immune tolerance (20, 28). In addition, miR-146a is able to
regulate B-cell function and GC response. Indeed, its deficiency
has been shown to promote the activation of c-REL, a NF-
kB subunit implicated in B-cell proliferation, differentiation,
and GC development (29, 30), which was reported to be a
direct target of the miRNA in B cells (31). Moreover, as
demonstrated in mice by Pratama et al. (32), miR-146a limits the
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TABLE 1 | Summary of the main features of acetylcholine receptor myasthenia gravis (AChR-MG) patients and controls included in the study.

Thymus

PBMCs and Serum

Normal (n = 10)

Hyperplastic MG (n = 27)

Healthy controls (n = 11) MG patients (n = 31)@

Sex (F:M) 4:6
Age at onset -
(years, mean + SD)

Age at thymectomy 26.0 + 16.1

(years, mean + SD)

Age at blood collection -
(years, mean + SD)

Number of corticosteroid-treated patients -

23:4 74 21:10
26.5+8.9 - 36.8 + 15.4°
29.2 + 8.1 - _

- 33.4+87 41.5+145
15 - 13

aSerum was available for 21 of the 31 MG patients at the same time of PBMC collection (age at onset 38.0 + 13.9; age at blood collection 43.3 + 15.3).

binformation on age at onset was not available in 6 of the 31 patients.

accumulation of follicular T helper (Tth) cells and GC B cells by
targeting the inducible T-cell costimulator (ICOS) and its ligand
(ICOSL), which are also critically involved in GC formation (33).
Furthermore, enhanced miR-146a expression was associated with
downregulation of Fas cell surface death receptor (FAS) in naive B
cells, unbalancing lymphocyte homeostasis and leading to hyper
lymphoproliferation, and GC formation (34).

The ability of miR-146a to control TLR signaling and
GC development makes it a good candidate to play a role
in the intrathymic MG pathogenesis, since altered miR-146a
expression could well-contribute to uncontrolled TLR activation
and dysregulated B-cell function, which characterize hyperplastic
MG thymuses.

Previous studies showed a significant upregulation of
miR-146a in peripheral blood mononuclear cells (PBMCs)
of MG patients compared to healthy controls (35), and
clinical amelioration was observed in experimental autoimmune
myasthenia gravis (EAMG) animals treated with antagomiR-
146a (36). However, the possible contribution of miR-146a to
autoimmunity development in MG thymus, and its perpetuation
in peripheral blood, has never been thoroughly investigated.

In the present study, we performed a comprehensive analysis
of miR-146a expression, along with that of its target genes, in
hyperplastic thymuses and peripheral blood of MG patients.
Our data revealed a possible role of miR-146a as key molecular
link between intrathymic innate immunity and B-cell-mediated
autoimmunity in MG.

METHODS

Patients and Biological Samples

The study included 27 follicular hyperplastic thymuses from
early-onset (<50 years) AChR-positive MG patients who
underwent thymectomy as a therapeutic treatment and 10
non-pathological thymuses from patients without autoimmune
diseases who underwent cardiovascular surgery (Table 1). Of
the MG patients, 15 were treated with corticosteroids, and 12
were untreated or treated only with cholinesterase inhibitors
at the time of thymectomy. MG thymuses were classified
as follicular hyperplastic at the Department of Pathological

Anatomy, Azienda Ospedaliera Bolognini (Seriate, Bergamo)
according to the presence of at least one GC for thymic
section: 5-15 GCs for section were present in thymuses
from corticosteroid-naive patients; 1-3 GCs for section were
observed in corticosteroid-treated patients. For each thymus,
some fragments were fixed in 10% formalin for histopathological
classification; other fragments were snap frozen in optimal
cutting temperature (OCT) and stored at —80°C pending
molecular and immunofluorescence analyses.

Since serum and PBMCs from MG patients and controls
included in the thymus analysis were not available, peripheral
blood was collected from an independent group of 31 not
thymectomized AChR-positive MG patients, of whom 13 were
under treatment with corticosteroids, and from 11 healthy
controls (Table1), to collect PBMCs and serum. PBMCs
were isolated by Lymphoprep (Axis-Shield, Dundee, Scotland)
according to the manufacturer’s instructions, frozen in fetal
bovine serum (FBS) plus 10% dimethyl sulfoxide (DMSO)
(Euroclone, Milan, Italy), and stored in liquid nitrogen until use.

None of the MG patients displayed any infectious diseases.
The study was approved by the Ethics Committee of the
Fondazione L.R.C.C.S. Istituto Neurologico Carlo Besta in Milan
(Approval No. 586/2014), and each patient and control provided
written informed consent for thymectomy and use of thymus
specimens or blood for research purposes.

Laser-Capture Microdissection

Seven of the 27 (Table 1) snap-frozen hyperplastic MG thymuses
were subjected to laser-capture microdissection (LCM) of
GCs using a Nikon Eclipse TE2000-S microscope (Nikon
GMBH, Germany), equipped with a laser microdissector
CellCut (MMI). For each thymus, six to ten 15-pm thick
serial sections were mounted on membrane slides for
LCM, stained by 50% hematoxylin and fixed in RNase-
free 75-100% ethanol. Sections before and after the
microdissected ones stained for CD20, a B-cell
marker, to identify GCs. From each MG thymic sample,
at least 15 GCs (from consecutive serial sections) were
microdissected and pooled in a single cap; sections devoid of
the microdissected GCs were collected in separate caps. Whole

were
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sections from 4 of the 10 control thymuses (Table1) were
also collected.

The isolated tissue fragments of each series were incubated in
lysis buffer (RNeasy Micro Kit, Qiagen, Valencia, CA) at 37 °C for
1 h and centrifuged at 800 x g for 5 min; lysates were then stored
at —80 °C until use.

In vitro Treatment of PBMCs With

Prednisone

PBMC:s isolated from four MG patients corticosteroid-naive at
time of bleeding and from three healthy controls were plated in a
48-well plate (0.5 x 10° cells/well) in RPMI 1640 supplemented
with 10% heat-inactivated FBS, 1% penicillin/streptomycin, 1%
glutamine, 1% non-essential amino acids, 1% sodium pyruvate,
0.1% B-mercaptoethanol, and 0.1% concanavalin A, and kept at
37 °C in a humidified 5% CO, atmosphere for 24 h. Cells were
treated with a non-toxic dose of 0.1 WM prednisone (Sigma-
Aldrich, Darmstadt, Germany) (37), for 3 days, collected in
TRIzol after 6, 24, 48, and 72h of treatment and stored at
—80 °C for RNA extraction. Concanavalin A was added to
the medium as lymphocyte mitogen, for allowing PBMCs to
proliferate and avoiding spontaneous cell death without stimuli
up to 72h of prednisone treatment. This was important to test
the impact of the drug without bias due to spontaneous cell
death. Concanavalin A, or other mitogens, are widely used in
in vitro studies performed on PBMCs, such as studies exploring
PBMC response to prednisone or other corticosteroid drugs (37-
39). Cell viability was evaluated by Countess II Automated Cell
Counter (Thermo Fisher Scientific, Waltham, MA).

RNA Isolation

Total RNA was extracted from frozen thymic fragments and
treated and untreated PBMCs using the TRIzol method (Thermo
Fisher Scientific), previously reported to efficiently recover
miRNAs and showing comparable results, in different tissue
samples, to those obtained using specific kits for miRNA
enrichment (e.g. MirVana kit) (40, 41). To note, the use of this
kind of kits is considered optimal for miRNA isolation when
unbiased high-throughput approaches are used downstream,
since they allow detection of different miRNAs with the same
efficiency, avoiding the risk to lose some molecules (41). Here,
we aimed at assessing the expression of one candidate miRNA,
miR-146a, along with its messenger RNA (mRNA) target genes,
and obtained evidence of efficient miR-146a amplification in
TRIzol-extracted RNA samples using the TagMan real-time PCR
protocol described below.

For LCM samples and sera, we used the RNeasy Micro Kit
and the miRNeasy Serum/Plasma Kit (Qiagen), respectively. All
extractions were performed according to manufacturer’s
instructions. Quality and concentration of RNA were
evaluated by a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific).

Reverse Transcription and Real-Time PCR

Total RNA samples were reverse transcribed using a TagMan
MicroRNA Reverse Transcription Kit with primers specific
for miR-146a and for human small nuclear RNA (snRNA)

U6, included as endogenous control. Complementary DNAs
(cDNAs) (corresponding to 15 ng total RNA) were amplified
in duplicates by quantitative real-time PCR, using predesigned
TagMan MicroRNA assays, on ViiA7 Real-Time PCR system
(Thermo Fisher Scientific). For gene expression analyses, cDNA
samples were prepared from total RNA using Superscript VILO
cDNA Synthesis Kit (Thermo Fisher Scientific) and subjected
to real-time PCR reactions in duplicates with predesigned
functionally tested TagMan gene expression assays specific for
IRAK1, TRAF6, c-REL, ICOS, FAS, and interferon regulatory
factor 8 (IRF8) (Thermo Fisher Scientific). Human 18S was
used as endogenous control for the normalization of gene
expression data (Thermo Fisher Scientific). U6 and 18S were
stably expressed across control and the MG samples (normally
distributed Ct values with SD < 0.5). Transcriptional levels of
miR-146a and target genes were expressed as relative values
normalized with U6 or 18S, respectively, using the formula
274C x 100.

Double Immunofluorescence

Double immunofluorescence stainings were performed on
6-pm thick serial sections of snap-frozen follicular hyperplastic
thymuses from five corticosteroid-naive and four corticosteroid-
treated MG patients and six control thymuses. Sections were
fixed in 4% paraformaldehyde (PFA) for 10 min and incubated
in cold methanol for 10 min and in 5% bovine serum albumin
(BSA) for 1h; then, they were immunostained overnight at
4°C with a combination of primary antibodies against IRAK1
(1:50, rabbit polyclonal, Thermo Fisher Scientific), c-REL (1:50,
rabbit polyclonal, Thermo Fisher Scientific), CD20 (1:300, clone
L26, Agilent Dako, Santa Clara, CA), CD11c (1:20, clone B-ly6,
BD Pharmigen, San Jose, CA), cytokeratin (CK) (1:100, clone
MNF116, Agilent Dako), and CD68 (1:100, clone KP1, Agilent
Dako). Sections were then incubated for 1h with a mixture of
Cy2-conjugated goat antimouse immunoglobulin G (IgG) and
Cy3-conjugated goat antirabbit IgG (Jackson ImmunoResearch
Laboratories, West Baltimore Pike, West Grove, PA); nuclei were
stained with 4’,6-diamidino-2-phenylindole (DAPI; Thermo
Fisher Scientific). As negative control, primary antibodies were
omitted or replaced with isotype-specific IgGs (Agilent Dako).
Fluorescence images were captured by the C1 laser scanning
confocal microscope system (Nikon) and analyzed using
Image J software (version 1.48). CD20/IRAK1, CD11c/IRAK1,
and CD68/IRAK1 double-positive cells were counted by two
experienced operators blinded to the diagnosis and treatment on
at least four randomly selected adjacent fields per section at x
60 magnification.

Statistical Analysis

The non-parametric distributed data, tested via Shapiro-Wilk
test, were analyzed by Kruskal-Wallis test with Dunn’s post-hoc
test for multiple comparisons or by Mann-Whitney test for
comparison of two groups, as indicated in figure legends.
Differences were considered statistically significant when the
p values were <0.05. Nonparametric Spearman correlation test
was applied to evaluate the correlation between miR-146a and
its target expression levels in thymic tissues. Receiver operating
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characteristic (ROC) curves were used to assess the sensitivity
and specificity of miR-146a in serum as biomarker for MG.
GraphPad Prism v5.0 (La Jolla, CA) was used for data elaboration
and statistical analyses.

RESULTS

miR-146a Deficiency in Follicular
Hyperplastic MG Thymus

The expression of miR-146a was assessed in follicular
hyperplastic ~thymuses from early-onset AChR-positive
MG patients and normal thymuses from patients without
autoimmune diseases. Patients were stratified in corticosteroid-
naive and corticosteroid-treated patients according to the
therapeutic treatment before thymectomy. The first group
was characterized by a higher number of GCs per thymic
section compared to the second one (5-15 vs. 1-3 GCs), in
line with the corticosteroids’ ability to reduce thymic GCs in
MG patients (42). Interestingly, a significant lower expression
of miR-146a was observed in hyperplastic thymuses from
corticosteroid-naive MG patients compared to normal thymuses
(Figure 1A). This decrease was not found in thymuses from
corticosteroid-treated patients, suggesting that corticosteroids
may affect miR-146a expression (Figure 1A). No significant
difference in the intrathymic miRNA levels was found between
male and female patients and controls (data not shown). We then
analyzed the transcriptional levels of IRAK1, TRAF6, c-REL, and
ICOS, well-known miR-146a targets critically involved in innate
immune response activation and GC formation (20, 28, 30-32),
which are key events in the intrathymic MG pathogenesis (4, 5).
IRAK1, c-REL, and ICOS mRNA levels showed an opposite
trend compared to that of miR-146a: they were increased
in thymuses of corticosteroid-naive patients compared to
both immunosuppressed MG patients’ and normal thymuses
(Figure 1B). These results supported an effect of corticosteroid
therapy on the miR-146a/mRNA target axis. Regarding the
expression of TRAF6, although difference among the sample
groups did not reach statistical significance, corticosteroid-
naive hyperplastic MG thymuses showed increased mRNA
levels of this gene, as observed for the other miR-146a
targets (Figure 1B).

A negative correlation was found between miR-146a levels
and the mRNA levels of IRAK1, c-REL, and ICOS in MG and
control tissues (Figure 1C), in accordance with the existence of
a functional relationship between the miRNA and its three target
genes (20, 28, 30-32).

miR-146a Expression in Germinal Centers

of Hyperplastic MG Thymuses

Based on the hypothesis that miR-146a/mRNA target changes
observed in MG thymuses could be related to GC presence and
to structural changes in GC organization during corticosteroid
treatment, we next compared miR-146a, along with IRAK-1,
c-REL, and ICOS expression, in microdissected GCs, and the
corresponding GC-surrounding tissue (WS-GCs), from follicular
hyperplastic MG thymuses (Figure2A) and whole sections
from normal thymuses. To control GC microdissection quality,

the IRF8 transcript was analyzed in all the samples as GC
marker (43, 44). As expected, IRF8 mRNA levels were higher
in microdissected GCs, both from corticosteroid-naive and
corticosteroid-treated patients, compared to WS-GC sections of
follicular hyperplastic thymuses and whole thymic sections from
controls (Figure 2B). In pathological thymuses from untreated
MG patients, miR-146a was expressed at lower levels in WS-
GC tissues, but it was expressed in GCs, indicating that the
miR-146a deficiency observed in hyperplastic MG thymuses was
not directly related to GC presence. Indeed, miR-146a levels
did not correlate with the GC number in the hyperplastic
thymic sections (data not shown). In corticosteroid-treated
patients, the miRNA levels were higher in both GC and WS-
GC tissue, compared to the levels observed in corticosteroid-
naive patients, in line with the hypothesis that corticosteroids
influence miR-146a expression (Figure 2B). IRAK1 showed the
opposite expression trend of miR-146a: its transcriptional levels
were higher in WS-GCs, and lower in GCs, in untreated
patients’ thymuses compared to normal thymuses; moreover,
they were reduced in the WS-GCs of immunosuppressed patients
(Figure 2C). This suggested that defective miR-146a expression
in the hyperplastic thymic medulla, out of GCs, might lead
to IRAK1 overexpression; in addition, miR-146a induction by
the immunosuppressive treatment seems to normalize/reduce
IRAKI expression. As regard c-REL and ICOS, the increased
expression levels previously found in hyperplastic MG thymuses
(Figure 1B) were due to GC presence. Indeed, microdissected
GCs from untreated and treated patients showed the highest
c-REL and ICOS levels (Figure 2C). In corticosteroid-treated
patients, lower expression of c-REL was observed in WS-GCs
compared to the same tissues from untreated patients and normal
thymuses, in line with the increased expression of miR-146a
in WS-GCs.

Based on the literature data showing a contribution of
miR-146a to GC formation via FAS (34), we also analyzed
FAS expression in the microdissected samples. In untreated
MG patients, FAS mRNA levels were lower in GCs than
in the corresponding WS-GCs (Figure 2C), sustaining the
hypothesis of a miR-146a contribution to GC formation via Fas
downregulation in B cells. In corticosteroid-treated patients, WS-
GCs presented higher levels of FAS mRNA compared to the
thymic samples of untreated patients and controls, indicative
of an impact of the corticosteroid treatment in inducing
programmed cell death in thymic cell populations (Figure 2C).

In line with previous data showing that FAS is a direct target of
miR-146a in B cells (34), we found a negative correlation between
miR-146a and FAS mRNA levels in GCs and WS-GCs from MG
thymuses (Figure 2D).

Increased Expression of IRAK1 in Myeloid
Dendritic Cells and Macrophages of

Hyperplastic MG Thymuses

As described above, in follicular hyperplastic MG thymuses,
IRAKI expression was increased in medullary area out of GCs,
indicating that other thymic cell populations than GC cells
overexpressed this molecule in the pathological tissues. Since
IRAK1 is a critical component of TLR signaling pathways,
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FIGURE 1 | Decreased expression of miR-146a in follicular hyperplastic myasthenia gravis (MG) thymuses and increased transcriptional levels of its target genes,
IRAKT1, TRAF6, c-REL, and ICOS. (A) Real-time PCR analysis of miR-146a levels in normal thymuses (n = 10) and follicular hyperplastic thymuses from MG patients
classified based on treatment before thymectomy in untreated or treated only with cholinesterase inhibitors (n = 12, MG) and treated with corticosteroids (n = 15,
MG-Cortico). (B) Real-time PCR analysis to assess the expression of miR-146a gene targets IRAK1, TRAF6, c-REL, and ICOS in the same normal and MG thymuses.
In (A,B) boxplots, miR-146a and target expression levels were expressed as relative values (2~ x 100) normalized toward the endogenous small nuclear RNA
(snRNA) U6 (miR-1464a) or 18S (target genes); dark horizontal lines represent means, with the box representing the 25 and 75th percentiles and the whiskers the 5 and
95th percentiles. p values were assessed by the Kruskal-Wallis test followed by the Dunn’s post hoc test, *o < 0.05; **p < 0.01; **p < 0.001. (C) Negative
correlation estimated by Spearman’s correlation analysis between miR-146a levels and messenger RNA (mMRNA) levels of IRAK1, ¢-REL, and ICOS in the thymus of 10
controls (e), 12 corticosteroid-naive (o), and 15 corticosteroid-treated (A) MG patients.
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from hyperplastic MG thymuses.

FIGURE 2 | first panel corresponds to an adjacent section of the same thymus stained for the B-cell marker CD20. Expression of miR-146a and IRF8 (B) and
miR-146a targets IRAK1, ¢-REL, ICOS, and FAS (C) in normal thymus sections (n = 4), whole thymic sections devoid of GCs (WS-GCs), and the corresponding
microdissected GCs, from corticosteroid-naive (1 = 4, MG) and corticosteroid-treated (n = 3, MG-Cortico) MG patients. In the graphs, miR-146a, IRF8, and miRNA
target gene levels were expressed as relative values (2-2C x 100) normalized toward the endogenous small nuclear RNA (snRNA) U6 (miR-146a) or 18S (IRF8 and
target genes). (D) Negative correlation estimated by Spearman’s correlation analysis between miR-146a levels and mRNA levels of FAS in GCs () and WS-GCs (A)

we investigated its expression in thymic cells, known to
overexpress TLRs (i.e. TLR4, TLR7, and TLR9Y) (10, 11),
including CK-positive thymic epithelial cells (TECs), CD11c-
positive myeloid dendritic cells (mDCs), and CD68-positive
macrophages. CD20-positive B cells were included in the
analysis since diffuse B-cell lymphoid infiltrates consistently
characterize medulla of hyperplastic MG thymuses (9, 11). By
double immunofluorescence, we observed IRAK1 expression in
a proportion of infiltrating B cells of hyperplastic MG thymuses
from untreated patients, but scarcely in GCs and B-cell infiltrates
of pathological tissues from corticosteroid-treated patients and
B cells of normal thymuses (Figure3A). Indeed, although
differences did not reach statistical significance, the percentage
of diffuse CD20-positive B cells expressing IRAK1 was higher in
thymuses from untreated MG patients compared to control and
corticosteroid-treated MG patients’ thymuses (Figure 3B). MG
and control thymuses did not show marked difference in IRAK1
expression in TECs (Figure 3A). On the contrary, the protein
expression in mDCs and macrophages was increased in thymuses
from untreated MG patients compared to controls and tissues
from immunosuppressed patients, in terms of both intensity of
the immunostaining and number of positive cells (Figures 3A,B).

By considering IRAKI-positive cells, irrespective of
the phenotype, the immunofluorescence analysis showed
an increased percentage of these cells in the thymus of
corticosteroid-naive MG patients compared to control thymuses
(Figure 3B). According to molecular data, this percentage was
reduced in thymuses from patients treated with corticosteroids
before thymectomy, supporting a corticosteroid effect in IRAK1
normalization within the MG thymus, which could occur
via miR-146a.

Marked c-REL Expression in Germinal
Center and Infiltrating B Cells of MG
Thymuses

By immunofluorescence, we found a strong immunoreactivity for
c-REL of follicular hyperplastic thymuses from corticosteroid-
naive MG patients compared to normal thymuses. This
immunoreactivity was marked in GCs, highlighting the role of
c-REL in GC formation (Figure4). In addition, enhanced c-
REL expression was observed in infiltrating B cells of the thymic
medulla in untreated MG patients, indicating that increased
levels of c-REL in hyperplastic MG thymuses were mainly due to
GC and infiltrating B cells. In contrast, reduced c-REL expression
was observed in thymuses of patients treated with corticosteroids
before thymectomy (Figure 4), suggesting a possible impact of
immunosuppressive drugs on GCs and infiltrating B cells via the
miR-146a/c-REL axis.

Dysregulated Expression of miR-146a in

Serum and PBMCs of MG Patients

To check for possible miR-146a dysregulation also in peripheral
blood of MG patients, we analyzed the miRNA expression in
serum and PBMCs of a cohort of MG patients and healthy
controls (Table 1) by real-time PCR. We found a significant
downregulation of miR-146a in the serum of corticosteroid-
naive MG patients compared to healthy controls (Figure 5A),
as observed in the thymus, whereas in corticosteroid-treated
patients, serum miR-146a levels were comparable to those
of controls. In line with previous literature data (35), we
found that miR-146a expression was significantly increased in
PBMCs of corticosteroid-naive patients compared to controls,
suggesting a possible defective miR-146a release in serum
by PBMCs. miR-146a increase in PBMCs was not observed
in immunosuppressed patients (Figure 5A), again indicating
differences between untreated patients and patients under
immunosuppressive therapy. Thus, to understand the effect of
corticosteroids on miR-146a expression, we performed in vitro
treatment of PBMCs from corticosteroid-naive MG patients and
healthy controls with prednisone for 6, 24, 48, and 72h. We did
not observe differences in miR-146a levels at 0, 6, 24, 48, and
72 h between MG and control PBMCs. In both MG and control
cells, we observed that the drug was able to increase miR-146a
levels with a peak at 24h of treatment (Figure 5B). These data
were in line with the increased expression levels of miR-146a
observed in thymuses from corticosteroid-treated compared to
untreated patients. Lower expression of miR-146a in PBMCs of
corticosteroid-treated compared to corticosteroid-naive patients
could be explained by considering that corticosteroids may
induce miR-146a expression, but this induction might be
accompanied by an increased release of the miRNA in serum.
Indeed, serum levels of miR-146a were higher in patients under
immunosuppressive therapy compared to untreated patients
(Figure 5B).

Potential value of serum miR-146a as biomarker for MG
was evaluated by ROC curve analysis. Of interest, in our
cohort of AChR-positive patients and controls, we obtained
sensitivity and specificity performance results that suggested
a possible role of miR-146a as disease biomarker for AChR-
MG (Figure 5C): area under curve (AUC) was 0.782 (95% CI,
0.5999-0.9648) (p = 0.02).

DISCUSSION

MiRNA dysregulation is critically involved in the development
of several autoimmune diseases (18, 19, 45). A number of
studies showed alterations of miRNAs in PBMCs and serum of
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comparisons followed by the Dunn’s post-hoc test, *p < 0.05; “*p < 0.01.

FIGURE 3 | corticosteroid-naive (MG) and corticosteroid-treated (MG-Cortico) MG patients (middle and lower panels) for the expression of IRAK1 (red) in combination
with: CD20 (green), marker for B cells; cytokeratin (CK, green), marker of epithelial cells; CD11c¢ (green), marker for mDCs; and CD68 (green), marker for
macrophages. The arrows in the middle panels indicate double-positive cells. Blue staining shows 4’,6-diamidino-2-phenylindole (DAPI)-positive nuclei. The inset in
MG IRAK-1/CD20 panel shows cells stained only for IRAK1 present in the main panel (dashed box). The insets in MG IRAK1/CD11c panel show enlargement of
mDCs cells expressing IRAKT, present in the main panel. HC, Hassall's corpuscle. Magnification bars: 50 wm in the main panels and in MG and MG-Cortico
IRAK1/CD20 insets; 20 pm in the MG IRAK1/CD11c insets. (B) Mean percentage (+SEM) of IRAK1-positive cells estimated on total DAPI-positive cells, total
CD20-positive B cells, total CD11c-positive mDCs, and total CD68-positive macrophages in six control thymuses, five corticosteroid-naive (MG), and four
corticosteroid-treated (MG-Cortico) MG patients (four adjacent fields for sample group). p values were assessed by the Kruskal-Wallis test for multiple

myasthenic patients, suggesting a key role of these molecules
also in the immune pathophysiology of MG (46-50). The
contribution of miRNAs to the intrathymic MG pathogenesis has
been poorly explored. A recent miRNome profiling performed
in hyperplastic MG thymuses highlighted the role of specific
miRNAs (e.g. miR-7 and miR-125a) in thymic changes, as well
as inflammatory pathways and immune dysregulation, associated
with MG (51). miR-146a is one of the first miRNAs identified to
be involved in the modulation of innate and adaptive immune
system, whose role in autoimmunity has been reported in
different studies (20-24). Physiologically, it is induced by TLR
ligands in an NF-kB-dependent manner and acts as inhibitor of
innate immune responses by targeting IRAK1 and TRAF6, two
key effectors of TLR signaling (20). Its ability to control TLR
pathways allows inflammation resolution, avoiding persisting
inflammatory reactions that could be dangerous and favor
chronic inflammatory and autoimmune conditions (20, 28). At
the same time, miR-146a has been reported to participate to GC
development, by targeting c-REL, ICOS, and FAS (30-32, 34).
Chronic inflammation, abnormal TLR activation, and GC
formation characterize hyperplastic thymus of patients affected
by MG (5, 8), but the contribution of miR-146a to the intrathymic
MG pathogenesis has not been deeply investigated. In the
present study, we analyzed the expression of miR-146a, and its
above-mentioned targets, in follicular hyperplastic MG thymuses
and normal thymuses from patients without autoimmune
diseases. Interestingly, we provided evidence of dysregulated
miR-146a/mRNA target pattern in MG thymuses. Indeed, we
showed that miR-146a expression was defective in hyperplastic
thymus of patients untreated, or treated only with cholinesterase
inhibitors before thymectomy, compared to controls. This
deficiency was associated with a significant increased expression
of IRAKI, c-REL, and ICOS, whose expression levels negatively
correlated with those of miR-146a, supporting a functional
miR-146a/mRNA target relationship. Considering the critical
role of IRAK1 in TLR signaling (20, 28), and of c-REL and
ICOS in GC formation (29, 33), these results strongly suggested
that miR-146a downregulation could significantly contribute to
persistent innate immune activation, sustained inflammation,
and follicular hyperplastic changes in the thymus of MG patients.
In line with this hypothesis, gene knockout studies, aimed at
investigating the miR-146a function, showed that deficiency
of this miRNA may lead to an excessive IL-6 and TNF-a
production, hyperresponsiveness to bacterial lipopolysaccharide
(LPS), chronic inflammation, and spontaneous autoimmunity
(52, 53). Not surprisingly, miR-146a-deficient expression has

been described in other autoimmune conditions, than MG. In
particular, miR-146a levels were found to be lower in PBMCs
and serum of patients with SLE compared to controls (21,
54). Underexpression of miR-146a in these patients was shown
to contribute to activation of type I IFN pathways, and its
overexpression reduced the induction of these pathways in
PBMCs (55), also suggesting that the miR-146a decrement
that we observed in MG thymuses could favor type I IFN
overproduction, which is an intrathymic hallmark of MG patients
(56). Interestingly, in a study by Rosato et al. (57), low miR-146a
expression, correlating with elevated levels of IRAK1 and type
I IFNs, was associated with Epstein-Barr virus (EBV) infection
in cells expressing the EBV-encoded EBNA2, thus suggesting a
possible relationship between the observed miR-146a reduction
and the EBV presence that we previously found in hyperplastic
MG thymuses (9). Moreover, decreased expression of miR-
146a has been reported to contribute to abnormal regulatory T
cell (Treg) phenotype in RA patients with active disease, and
correlated with joint inflammation (58). Likewise, defective Tregs
in hyperplastic MG thymuses (59) could be related to miR-146a
decrease, a hypothesis to be deeply explored. Indeed, miR-146a is
one of the miRNAs prevalently expressed in Tregs and is critical
for their suppressor function by targeting the signal transducer
and activator transcription 1 (STAT1), so that its deletion may
result in tolerance breakdown (60).

Of note, the analysis of miR-146a/mRNA target expression
in hyperplastic thymuses from MG patients treated with
corticosteroids  before thymectomy revealed that the
immunosuppressive therapy was able to normalize the
intrathymic miRNA levels, along with the transcriptional
levels of IRAKI, c-REL, and ICOS. Indeed, miR-146a expression
was increased in immunosuppressed compared to untreated
patients. This finding was in line with previous observations
demonstrating that miR-146a is a glucocorticoid-inducible
miRNA, along with mir-26b, mir-125a-5p, mir-150-5p, and
mir-184 (61). Accordingly, normalization of IRAKI1, c-REL,
and ICOS mRNA levels in corticosteroid-treated patients was
likely due to miR-146a restoration, as an effect of the therapy.
However, corticosteroids are potent modulators of immune
system with a strong impact on immune system cells and ability
to modify miRNA pattern at different levels; thus, their effects
on miR-146a expression could be both direct or indirect. Since
immunosuppressive treatment is known to affect the number
of GCs in the MG thymus (42), we also hypothesized that
differences in thymic miR-146a/mRNA target pattern between
corticosteroid-naive and corticosteroid-treated patients could be

Frontiers in Immunology | www.frontiersin.org

March 2020 | Volume 11 | Article 142


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Bortone et al.

miR-146a Dysregulation in Myasthenia Gravis

Normal

MG

MG-
Cortico

FIGURE 4 | Immunoreactivity for c-REL of germinal center (GC) and infiltrating
B cells of hyperplastic myasthenia gravis (MG) thymuses. Double
immunofluorescence stainings of normal thymus (upper panels) and
hyperplastic MG thymic sections from untreated (MG) and
corticosteroid-treated (MG-Cortico) patients (middle and lower panels) for
c-REL (red), alone (right panels) or in combination with CD20 (green) (left
panels), marker of B cells. Blue staining shows DAPI-positive nuclei.
Magnification bars: 50 wm in all panels.

related to GC changes upon treatment. However, by performing
LCM experiments, we demonstrated that miR-146a deficiency
in hyperplastic MG thymuses was not related to GCs. Indeed,
in untreated patients, miR-146a was downregulated in the
GC-surrounding medulla, where IRAK1 was upregulated, but
it was expressed in GCs. Moreover, its levels did not correlate
with the GC number in the MG thymuses. In treated patients,
miR-146a expression was higher in both GCs and WS-GCs
compared to untreated patients, again supporting an effect of
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FIGURE 5 | Peripheral expression of miR-146a in myasthenia gravis (MG).

(A) Real-time PCR analysis of miR-146a expression in peripheral blood
mononuclear cells (PBMCs) (left graph) and serum (right graph) from MG
patients (n = 31, 13 of whom were corticosteroid-treated, MG-Cortico) and
healthy controls (n = 11). miR-146a levels were expressed as relative values
(2-2Ct % 100) normalized toward the endogenous small nuclear RNA (snRNA)
UB. p values were assessed by Kruskal-Wallis test followed by the Dunn’s
post hoc test. *p < 0.05; **p < 0.01. (B) In vitro assay of miR-146a expression
in PBMCs from four MG patients and three healthy controls, treated with
prednisone at 6, 24, 48, and 72 h. miR-146a levels were analyzed by real-time
PCR and expressed as relative values (2~2Ct x 100) normalized toward U6
snRNA. In the graph, the mean relative expression levels + SEM of miR-146a
estimated in cells from the four MG patients and from the three controls at
basal condition and after 6, 24, 48, and 72 h of treatment with prednisone are
shown. p values were assessed by Kruskal-Wallis test followed by the Dunn’s
post hoc test. “p < 0.05 (24 h of treatment vs. basal condition). (C) Receiver
operating characteristic (ROC) curves used to assess the sensitivity and
specificity of miR-146a in serum as biomarker for MG.

corticosteroids in inducing the miRNA expression. Our data
also highlighted the role of c-REL and ICOS in GC formation
and maintenance in MG thymuses. Indeed, c-REL and ICOS
were expressed at higher levels in GCs of both untreated and
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corticosteroid-treated patients than in control thymuses. Of
interest, in MG GCs and WS-GCs, a negative relationship was
found between miR-146a expression and mRNA levels of FAS,
another recognized direct target of miR-146a (34), indicating
a key contribution of the miRNA to GC formation via FAS
downregulation. The role of FAS in GCs is strongly supported by
studies performed in B-cell-specific FAS-deficient mice, found to
develop fatal lymphoproliferation due to B-cell activation, and
by the observation that ablation of FAS specifically in GC B cells
reproduced lymphoproliferation (62). Downregulation of FAS
in GCs by miR-146a was also reported to cause autoimmune
lymphoproliferative syndrome in mice (34), which is indicative
of a critical role of miR-146a in B-cell homeostasis and GC
response through FAS. Consistent with these observations, Cho
et al. demonstrated that not only elevated levels of miR-146a in
B cells are important in controlling humoral autoimmunity by
targeting CD40 signaling pathways but also that specific deletion
of miR-146a in T cells increases Tth cell number enhancing
GC reactions (31), thus sustaining that miR-146a expression is
required for maintenance of GC reactions.

In line with LCM data, by double immunofluorescence,
we found that IRAKI was not expressed in GCs, but mainly
in MG mDCs and macrophages, thymic cell populations
characterized, in MG patients, by overexpression of TLRs,
particularly TLR4, as reported in our previous studies (10, 11).
Literature data showed that miR-146a efliciently targets TRAF6
and IRAKI in DCs and modulates the production of pro-
inflammatory cytokines by these cells (63). Thus, miR-146a
deficiency observed in the medulla of hyperplastic MG thymuses
could well-contribute to IRAK1 upregulation and TLR-mediated
inflammatory activation in mDCs and macrophages. B cells
of GCs, along with B-cell lymphoid infiltrates, were markedly
labeled for c-REL, strengthening the role of this molecular factor
in GC development and B-cell dysregulation in MG thymuses.
Heise et al. (29) reported that GC B-cell-specific deletion of c-REL
led to the collapse of established GCs and was associated with
the failure to activate a metabolic program that promotes cell
growth, unequivocally demonstrating the role of ¢-REL in GCs.
Along with c-REL, ICOS, a recognized target of miR-146a that we
found to be overexpressed in MG thymuses, actively participate
in GC formation (32). Its blockage has been found to prevent Tth
and GC B-cell accumulation (32), suggesting that miR-146a break
may significantly promote or enhance GC response also via ICOS
in MG thymus.

Unfortunately, prethymectomy serum and PBMCs from
patients included in the thymus analysis were not available.
However, to verify whether miR-146a dysregulation also
characterized MG peripheral blood, we investigated the
miRNA expression in serum and PBMCs of a group of not
thymectomized MG patients and controls. In untreated patients,
miR-146a was downregulated in serum, as observed in SLE
patients (54), but it was upregulated in PBMCs compared to
controls, as previously reported in the literature for MG patients
(35). Increased miR-146a levels, positively correlating with levels
of proinflammatory cytokines, were reported in PBMCs, and
particularly CD4-positive T cells, from patients with RA (22, 64).
In an independent study, higher miR-146a levels were found

in IL-17-producing T cells from RA patients with high disease
activity, suggesting a role of miR-146a in the differentiation
of Th17 cells (65). Similarly, by considering the key function
of miR-146a in controlling Treg activity (60), the dysregulated
miR-146a expression that we found in the MG peripheral
blood could well-affect the T-cell inflammatory phenotype,
contributing to the Th17/Treg unbalance characteristic of MG
patients (66). miR-146a overexpression in PBMCs was also
demonstrated in MS patients, and again, it was associated
with increased Th1/Th1l7 cytokine overexpression (e.g. IL-17,
IFN-y, TNF-a) (67). Variation in serum and cellular miR-146a
levels in an opposite manner led us to hypothesize a possible
defective release of the miRNA from PBMCs to serum in MG
patients. However, the exact mechanisms underlying miR-146a
dysregulation in MG blood, as well as the miRNA impact on
circulating immune system cells, needs to be further explored.

In corticosteroid-treated patients, PBMC levels of miR-146a
were comparable to those of controls, again revealing an effect
of immunosuppressive treatment on miR-146a expression. By in
vitro experiments, we observed that treatment of PBMCs with
prednisone was able to increase the expression of miR-146a in
both MG and control cells, according to the already reported
role of corticosteroids to induce the expression of this miRNA
(61). Hence, this increase may explain normalization of miR-
146a levels in hyperplastic MG thymuses of patients treated with
corticosteroids before thymectomy. Since serum, but not PBMC,
levels of miR-146a were higher in treated compared to untreated
MG patients, we hypothesized that immunosuppressive drugs
might induce miR-146a expression in PBMCs accompanied by
high release in the serum. In addition, corticosteroids could affect
viability of specific cell populations expressing the miRNA in
PBMC:s or thymus of treated patients; thus, their exact impact on
miR-146a expression needs to be deeply studied.

Finally, ROC curve analyses provided sensitivity and
specificity results indicative of a possible role of miR-146a in
serum as biomarker for MG, whose usefulness for monitoring the
disease progression or prognosis deserves future investigation.
However, since the miRNA was widely implicated in other
inflammatory and autoimmune pathologies (21-26), it could
represent not a biomarker specific for MG, but a more general
marker of an inflammatory autoimmune condition, with
potential utility in more than one autoimmune disease.

Our overall findings thus revealed that miR-146a expression
is defective in follicular hyperplastic MG thymuses and that loss
of fine regulation of innate and adaptive immune response by
the miRNA may significantly contribute to the intrathymic MG
pathogenesis. The ability of miR-146a to control TLR signaling
pathways, and consequently inflammation, along with GC
formation, makes the miR-146a/mRNA target axis a promising
candidate target of innovative treatments for counteracting B-
cell-mediated autoimmunity in MG.
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Myasthenia gravis (MG) with antibodies to the muscle-specific receptor tyrosine
kinase (MuSK) is a distinct sub-group of MG, affecting 5-8% of all MG patients.
MuSK, a receptor tyrosine kinase, is expressed at the neuromuscular junctions
(NMJs) from the earliest stages of synaptogenesis and plays a crucial role in the
development and maintenance of the NMJ. MuSK-MG patients are more severely
affected and more refractory to treatments currently used for MG. Most patients
require long-term immunosuppression, stressing the need for improved treatments.
Ideally, preferred treatments should specifically delete the antigen-specific autoimmune
response, without affecting the entire immune system. Mucosal tolerance, induced by
oral or nasal administration of an auto-antigen through the mucosal system, resulting in
an antigen-specific immunological systemic hyporesponsiveness, might be considered
as a treatment of choice for MuSK-MG. In the present study we have characterized
several immunological parameters of murine MuSK-EAMG and have employed induction
of oral tolerance in mouse MuSK-EAMG, by feeding with a recombinant MuSK protein
one week before disease induction. Such a treatment has been shown to attenuate
MuSK-EAMG. Both induction and progression of disease were ameliorated following oral
treatment with the recombinant MuSK fragment, as indicated by lower clinical scores and
lower anti-MuSK antibody titers.

Keywords: myasthenia gravis, muscle-specific receptor tyrosine kinase (MuSK), neuromuscular junction (NMJ),
oral tolerance, T regulatory cells

INTRODUCTION

Myasthenia gravis (MG) is an autoimmune disease characterized by skeletal muscle weakness
as a result of an immunological attack at the neuromuscular junction (NM]). In 5-8% of MG
patients the autoantibodies present in the sera are against the muscle-specific receptor tyrosine
kinase (MuSK) classifying these patients as a distinct MG sub-group called MuSK-MG (1). MuSK
is a tyrosine kinase receptor expressed from early stages of synaptogenesis at the NMJ and
has been shown to play a critical role in NMJ development and maintenance (2). Low-density
lipoprotein receptor-related protein 4 (LRP4) and MuSK act together as a receptor for Agrin, a
motor-neuron-derived matrix proteoglycan. Agrin binding results in dimerization of MuSK and
LRP4 followed by activation of MuSK (3). However, it is still unknown how these molecules regulate
NMJ formation (4).
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The use of currently immunosuppressive therapies for MuSK-
MG patients is challenging as patients are prone to develop severe
facial weakness and bulbar symptoms, including dysphagia,
dysarthria and respiratory crisis with some atrophy of facial
muscles making the treatment less effective (5, 6). Thymus
alterations are common in Acetylcholine receptor (AChR)-MG
patients whereas in MuSK-MG patients, thymus histology is
mostly normal-for-age, with scattered lymphoid infiltrates (7).
Among the treatments available, the use of acetyl-cholinesterase
inhibitors is unsatisfactory and thymectomy does not improve
the course of disease (1). Rituximab, a B cell depleting agent,
was recently shown to benefit patients in uncontrolled studies;
yet, data from controlled prospective studies on the use of
rituximab in MuSK-MG patients are not available, thus, leaving
immunosuppression as the mainstay of treatment (8). The severe
form of MuSK-MG requires emergent and aggressive treatment
to manage respiratory distress. A marked improvement in disease
symptoms is achieved by corticosteroids but disease flares are
frequent during dosage tapering, as a result the patients depend
on treatment thus, it is crucial to develop improved and better
treatment modalities.

To date, general immunosupression is the mainstay treatment
for autoimmune diseases. The main challenge for immunologists
is to develop novel treatments that will manipulate specifically
or correct the abnormal immune response leaving the overall
immune response intact.

Specific systemic tolerance to an antigen can be achieved
by exposing mucosal surfaces to a particular antigen (9), and
it is now accepted that it plays a crucial role in preventing
disorders such autoimmunity and food allergies. While the
process is not fully understood, recent years have seen a number
of important advances due to expansion of knowledge in cellular
immunology. One of the most important developments in the
field has been the realization that the microbiota has dramatic
effects on immune function throughout the body. It encouraged
scientists to modulate many experimental autoimmune diseases
by induction of mucosal tolerance to a specific autoantigen (10).

We have shown in our previous studies that mucosal (oral
or nasal) administration of torpedo AChR prior to disease
induction resulted in EAMG suppression and was accompanied
by inhibition of the humoral response as well as cellular responses
to AChR (11, 12). Moreover, EAMG clinical manifestation was
suppressed when the antigen was administered during the acute
phase of the disease (13).

Shigemoto et al. have developed a MuSK-EAMG model (14) in
which FVB/N complement-deficient mice are immunized with a
recombinant MuSK protein and a month after 100% of these mice
synchronously develop MuSK-EAMG. The use of this model
is particularly useful for the development and testing of novel
therapeutic strategies as disease progression is predictable and the
model resembles well the human disease.

Abbreviations: MG, Myasthenia gravis; MuSK, Muscle specific tyrosine
kinase; NM]J, Neural muscular junction; AChR, Acetylcholine receptor; EAMG,
experimental autoimmune myasthenia gravis; CFA, complete Freund’s adjuvant;
IFA, Incomplete Freund’s adjuvant; TGFB, transforming growth factor beta; Foxp3,
Forkhead box P3; IL-18, Interleukin 18; IL-15, Interleukin 15; OVA, Ovalbumin
protein and Tregs, T regulatory cells.

In this study we have induced the MUSK-EAMG
experimental model disease in mice and characterized some of
its immunological properties in order to apply it as a model for
therapeutic experiments. Specifically, we report on our successful
efforts to induce mucosal tolerance to the MuSK antigen by
oral application of the recombinant extracellular domain of the
MuSK protein.

MATERIALS AND METHODS

Animals

Female FVB/N mice aged 6-8 weeks were obtained from the
Animal Breeding Center of The Weizmann Institute of Science,
Rehovot, Israel and were maintained at the Institute’s animal
facilities. All the experiments in this study were performed
according to the institutional guidelines for animal care.

Production of Recombinant Rat MuSK

pCEP-PU vector containing the His-tagged extracellular domain
of recombinant rat MuSK [aa 21-491; (15)] was kindly provided
by A.R. Punga (Upsala, Sweden). The plasmid was transfected,
using Lipofectamine 2000 from Invitrogen (Carlsbad, CA)
into HEK 293 EBNA cells. Large-scale production of the
recombinant protein was performed at the Proteomics Unit
of the Weizmann Institute. The recombinant MuSK protein
was produced by the mammalian cells and was secreted to
the medium under serum free conditions. Cell supernatant was
subjected to a Ni-NTA super-flow column (Qiagen, Hilden,
Germany) for protein purification. The purity of the protein
obtained following Ni affinity chromatography and gel filtration
was ~95%. Concentration was determined at OD 280 nm.

Induction and Clinical Evaluation of
MuSK-EAMG

On day 0, adult female mice were anesthetized (Ketamine:
111 mg/kg and Xylazine: 22 mg/kg) and immunized
subcutaneously, each with a total volume of 200 pl of
recombinant MuSK (20 or 40 pg/mouse), emulsified in
complete Freunds adjuvant (CFA) from Sigma-Aldrich (St.
Louis, MO), as follows: 20 pl in each hind foot pads, 40 .l at
the base of the tail and 20 .l in each of 6 well-separated sites on
the back. On day 14 post-injection, all mice were boosted by 6
well-separated sites on the back with 20-40 ug MuSK emulsified
with incomplete Freunds adjuvant (IFA) from Sigma-Aldrich
(St. Louis, MO). Control mice were immunized by CFA and
IFA only.

Mice were observed, weighed and scored blindly on alternate
days, for the clinical severity of disease as follows: 0 - Healthy
mouse; 1 - Body weight loss; 2 - Body weight loss, weakness,
prominent cervicothoracic hump; 3 - Body weight loss, weakness,
prominent cervicothoracic hump, tremor and ungroomed fur;
4 - Dead.

The method of blinding employed in our experiments was as
follows: FVB/N mice were randomly divided into experimental
groups: MuSK and CFA. One operator was assigned to the
experimental treatments (MuSK immunization) while a second
person who assessed the mice (weight, scoring) remained blinded
to the experimental groups until the end of the experiment.
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All experimental groups consisted of 10 mice each, unless
otherwise specified and all experiments were repeated 2-3 times.

Anti-MuSK Antibodies

Sera of treated mice were collected by retro-orbital bleeding
6 weeks following disease induction. The levels of anti-MuSK
antibodies were determined by standard ELISA as follows:
Microtiter plates were coated with recombinant MuSK protein
(10mg/100ml in Tris-Cl, pH 8.0), and reacted with 100 pl
of the tested mouse serum, at a dilution of 1:1000 for total
IgG. Rabbit anti-Mouse alkaline phosphatase antibody (1:10000
Jackson, immunoresearch laboratories; West Grove, PA) was
added followed by alkaline phosphatase-conjugated streptavidin.
Antibody levels were evaluated by measuring the optical density
at 405 nm.

Immunofluorescence Flow Cytometry

Flow cytometry analysis was performed on splenocytes of
MuSK-immunized mouse and of control mouse. Spleen cells
were suspended in FACS wash buffer (PBS, 5% BSA) and
incubated for 60min at 4°C in the dark with antibodies
to the tested cell surface molecules. Cells were washed and
analyzed on a FACScan flow cytometer. The following antibodies
were used for flow cytometry: FITC-conjugated anti-mouse
CD4 (L3T4) and APC-conjugated anti-mouse CD25 (PC61.5).
For intracellular staining, cells were fixed and permeabilized
using the fixation/permeabilization kit from e-Bioscience (San
Diego, CA) followed by staining with PE-conjugated anti-FoxP3
antibody (e-Bioscience).

RNA Isolation and Quantitative Real-Time
PCR

Total RNA was extracted from mice splenocytes and muscles
at the end of the experiment (8 weeks following immunization
with MuSK). Extraction was performed using the high pure
RNA Isolation Kit (Roche, Mannheim, Germany) according
to the manufacturer’s instructions. The concentration of total
RNA was measured by NanoDrop ND-1000 Spectrophotometer
(Thermo Scientific, Wilmington, DE). Complementary DNA was
prepared and quantitative real-time reverse transcription (PCR)
was performed using the LightCycler system (Roche) according
to the manufacturer’s instructions. Primer sequences (forward
and reverse, respectively) are given in Table 1.

MuSK-Specific Oral Tolerance Induction
Musk-specific oral tolerance was attempted by feeding of FVB/N
mice with recombinant MuSK, essentially as described by us for
the induction of oral tolerance of AChR-EAMG by a recombinant
AChR fragment (11). FVB/N mice were fed, by means of a
feeding tube, each with either recombinant MuSK (120 1.g/100
pl/mouse) or with a control irrelevant protein (Ovalbumin,
Sigma), both diluted in PBS. Treatment was initiated one week
before disease induction and continued 3 times a week, until the
end of the experiment.

Disease evaluation was performed as mentioned above:
FVB/N mice were randomly divided into experimental groups:
MuSK and OVA oral administration. One operator was assigned
to the experimental treatments (feeding by gavage and MuSK

TABLE 1 | Primer sequences.

Gene Forward primer Reverse primer

MuSK 5-GGCCGTGTAAGACCAG-3"  5-GGAACGTAACCGGGAT-3'

TGFp 5-CAAGGGCTACCAT 5-CCGGGTTGTGTTGGTTGT
GCCAACT-3' AGA-3'

Foxp3 5-TGCTCCATACCTTGAACA 5'-CACTATATAGTCACCCCA
C-3 AC-8

Cathepsin-l  &-GTTCTGGTGGTTGGCT-3' 5-GTAGTGTCCGTAAGTCCT-3

IL-18 5'-TCCCAGACCAGACTGATA  5-CTGGCACACGTTTCTGA-3
A-3

IL-15 5-CTGGCACACGTTTCTGA-3  5-CAGCAGGTGGAGGTACCT

TAA-3

B-actin 5-TACTGCCCTGGCTCCTAG  5'-TGGACAGTGAGGCCAGGA

CA-3 TAG-3'.

B-actin was used as the house-keeping gene.

immunization) while a second person who assessed the mice
(weight, scoring) remained blinded to the experimental groups
until the end of the experiment.

Statistics

The results are presented as mean £+ SEM. Two-way ANOVA
test was used to compare disease assessment vs. control and
treatment vs. control groups all along the experiment. Differences
in mean values were compared between treatment and control
groups by the Student’s ¢-test. p values < 0.05 were considered
as significant.

RESULTS

Induction of MUSK-EAMG

MuSK-EAMG, an experimental model of MuSK-MG, has been
established in our lab in FVB/N female mice, according to
Mori et al. (14), which observed that these mice are highly
susceptible to MuSK-EAMG induction. 8 weeks old female
FVB/N mice were immunized with recombinant MuSK protein
(20 or 40 pg/mouse, as indicated) in CFA on day 0 and boosted
14 days later, with a similar dose of antigen, in incomplete
Freund’s adjuvant (IFA). All immunized mice manifested disease
symptoms including severe muscle weakness and tremors within
2 weeks from the second injection. At the end of the experiment
(35 days after disease induction) the CFA control group had
a clinical score of 0, the MuSK 20 g had a clinical score
of 3 £ 0.6 (SD), and the MuSK 40 pg had a clinical score
of 2.5 &£ 1 (SD) (Figure 1A). These symptoms were observed
synchronously in all animals, along with the appearance of
a prominent cervicothoracic hump, indicating weak cervical
extensor muscles and ungroomed fur. In addition, it should
be noted that the MuSK-injected mice exhibited weight loss,
corresponding to the progression of disease (Figure 1B). In
contrast, control mice injected with PBS in CFA did not exhibit
weight loss or any symptoms of disease (Figures 1A,B). Similar
disease severity and antibody levels were observed following
immunization with either 20 or 40 pg/mouse (Figure 1A) and
for further experiments we have used 20 pg of MuSK for
disease induction.
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FIGURE 1 | Clinical characterization and antibodly titers in MuSK-EAMG, induced in FVB/N mice. FVB/N female mice were immunized twice with 20-40 pg (as
indicated) of recombinant MuSK in CFA, or with CFA alone, as a control (n = 6). Mice were followed up for clinical score (A) and weight loss changes (B). Anti-MuSK
antibody titer was tested 4 weeks following immunization, by ELISA (C), and correlation with disease severity was tested (D). P < 0.001 in (A,B). Analyzed by the
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Anti-MuSK Antibody Titers Correlate With

Disease Severity

Anti-MuSK IgG antibodies were analyzed by ELISA and
were detected in all MuSK-immunized mice, whereas control
CFA-immunized mice had no detectable antibodies to MuSK
(Figure 1C). Interestingly, in contrast to AChR-EAMG, in which
disease severity has no correlation to the levels of anti-AChR
autoantibody titers, in MuSK EAMG - there seems to be a good
correlation between anti-MuSK antibody and disease severity
(Figure 1D). Such a correlation has been also observed and
reported in MuSK-MG patients (5).

MuSK- Immunized Mice Show Specific

Muscle Damage

In order to test whether the induction of MuSK-EAMG results
in muscle damage, the mRNA expression of several genes was
examined in samples derived from masseter muscles from sick
(MuSK-immunized) and control mice.

The initiation of protein degradation involved among others
the lysosomal endopeptidase enzyme Cathepsin 1. We have
observed that the level of cathepsin 1 mRNA expression is
significantly increased in MuSK-immunized mice, as depicted
in Figure 24, indicating muscle damage in sick mice. Likewise,
there is also a significant increase in the expression of
MuSK in MuSK-immunized mice, probably as a compensatory
mechanism. In addition, IL-15, which is highly expressed in
skeletal muscle and is believed to be a myokine, improve muscle

glucose homeostasis and oxidative metabolism, was decreased in
MuSK immunized mice (Figures 2B,C, respectively).

Treg Cell Frequency Is Decreased in

MuSK-EAMG Mice

We have analyzed the T cell subpopulations of MuSK-
immunized mice, and of control, adjuvant-immunized mice.
FACS analyses were performed on spleen cells, 4 weeks after
disease induction. To test whether there are changes in the
frequency of CD41TCD25% Foxp3™ Treg cells in MuSK-EAMG
mice, their splenocytes were stained for CD4, CD25 and Foxp3,
by specific antibodies. As shown in Figure 3, the percentage
of CD4+CD25+Foxp3™ cells among CD4TCD25" cells, in the
spleens of MuSK-EAMG mice (Figures 3B,C) is lower when
compared to the percentage of such cells from healthy adjuvant-
immunized controls (Figures 3A,C) These findings suggest that
alterations in the Treg cell population may be involved in
the immunopathology of MuSK-MG. Furthermore, we have
observed a significant decrease in FoxP3 mRNA expression
(Figure 3D) in MuSK immunized mice, as compared to control
CFA-immunized mice. The decreased expression of FoxP3 in
MuSK- immunized mice is in agreement with the flow cytometry
results (Figures 3A-C), supporting a reduced frequency of Treg
cells, as a result of the induced disease. In addition, we have also
observed elevated levels of IL-18 mRNA (Figure 3E) whereas the
expression levels of TGFf were not changed in MuSK immunized
mice when compared to CFA immunized mice.
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FIGURE 2 | MuSK immunized mice exhibit specific muscle damage. FVB/N mice were sacrificed 5 weeks after disease induction and RNA was isolated from
masseter muscles. The expression levels of cathepsin-I (A), IL-15 (B) and MuSK (C) were analyzed by quantitative real time RT-PCR and compared to the levels
obtained in CFA-immunized control mice. B-actin was used as an internal control for normalization. All data are presented as mean + SEM. Unpaired Student ¢ test
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FIGURE 3 | Decreased Treg cell frequencies in spleens of MuSK-EAMG mice immunized mice. Spleens from control and MuSK immunized mice were harvested at
the end of the experiments and analyzed by Flow cytometry and rt-PCR analyses. Representative Flow cytometry analysis of control immunized mouse (A) and MuSK
immunized mouse (B). Graphical summary of the frequency of CD4+CD25+FoxP3+ cells (C). Expression levels of FoxP3, IL-18 and TGF-B (D-F, respectively) were
evaluated by RT-PCR. B-actin was used as an inner control for normalization. All data are presented as mean + SEM. Unpaired Student ¢ test has been employed.

Suppression of MuSK-EAMG Following
Induction of Oral Tolerance to MuSK

Protein

Toward developing an antigen-specific treatment for MuSK-
MG, we have attempted to develop an oral tolerance approach
by feeding with recombinant MuSK-protein, by a similar
protocol employed by us previously (11, 12) oral tolerance
induction in AChR-EAMG. For these experiments we have
first prepared large amounts of recombinant rat-MuSK

protein, as described above in the Materials and Methods
section. Preliminary experiments indicated that a dose of
120 pg recombinant MuSK/dose/mouse was optimal (Data
not shown).

The oral tolerance experiment was initiated one week before
disease induction and continued for 3 times a week, until
the end of the experiment. Clinical scores and weights were
evaluated, blinded, 3 times a week in 3 different experiments; each
experimental group consisted of 10 mice.
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FIGURE 4 | Oral treatment suppresses MuSK-MG. Mice were fed with
recombinant MuSK protein or OVA protein as a control, 3 times a week,
starting one week before MuSK immunization and until the end of the
experiment. Mean clinical score (A) and weight changes (B) in mice fed with
120pg MuSK or OVA/mouse/dose. Total MuSK specific IgG, tested by ELISA
(C). n > 8 mice for each group, in 3 different experiments. P < 0.001 in (A,B).
Analyzed by the two-way ANOVA test. Representative out of three
experiments.

Administration of recombinant rat MuSK protein resulted
in a significant therapeutic effect in MuSK- treated mice,
accompanied also by monitoring the levels of weight
changes, as depicted in Figures 4A,B, respectively. Thus,
the severity of disease was significantly lower in the group
of mice fed with recombinant MuSK than in the control
group of mice (Figure4A), whereas, the weight loss was
less pronounced with disease progression, in the MuSK-fed
group (Figure 4B).

Concomitantly with the effect of oral tolerance induction
on MuSK-EAMG progression, a suppressive effect on MuSK-
specific IgG antibody has also been observed. Thus, the titers of
total MuSK-specific IgG in the sera of mice that were fed with
MusSK, were lower than the titers in mice in the control OVA-fed
mice (Figure 4C).

The Effect of Oral Tolerance Induction on
Cytokine Profile

In light of our previous results showing the alterations in the
Treg sub-population in MuSK-immunized mice, we decided to
evaluate the effect of oral tolerance treatment on Treg associated
genes by RT-PCR from spleens of MuSK and OVA fed mice. As
shown in Figure 5, mice that were orally treated by recombinant
MuSK had significantly increased expression levels of Foxp3
and TGF-B, which are essential for Treg induction, activation
and maintenance when compared to OVA-fed mice. A marked
decrease in IL-18 expression was observed in MuSK-fed mice,
as compared to OVA-fed mice. These results imply that oral
treatment may have a protective effect on MuSK immunized
mice perhaps by induction of tolerance rather than by anergy
induction of T-cells.

DISCUSSION

The present study was aimed to characterize immunological
parameters of MuSK EAMG and to assess selective therapeutic
strategy for MuSK myasthenia gravis.

We utilized a recombinant MuSK protein for immunization
and showed that 100% of mice developed MuSK myasthenia
gravis, which was synchronously developed within a month
after immunization. MuSK immunized mice manifested human
disease symptoms, including severe muscle weakness. This
could relate to cathepsin-l up-regulation in the muscles of
MuSK immunized mice, an endopeptidase that participates in
pathological responses leading to muscle loss. Cathepsin-l was
also shown to be up-regulated in the muscles of rats immunized
with torpedo AChR (16). Additionally, MuSK immunized mice
had specific anti-MuSK antibodies, which correlated with disease
severity. This was in agreement with other reports that showed
that serum anti-MuSK antibodies from patients correlated with
clinical symptoms and response to immunotherapy. In a clinical
study, the clinical score and disease classification correlated
with anti-MuSK antibody distribution in 83 samples from 40
patients, and treatment with immunosuppressive agents resulted
in a significant decrease in the MuSK IgG levels in individual
patients (17).

The pro-inflammatory cytokine IL-18 was shown to be
involved in the production of IFN-y as well as the production of
IL-12 that shifts the immune response toward a Th-1 phenotype.
It was shown that IL-18 plays a role in the pathogenesis of many
diseases. IL-18 knockout mice were resistant to EAMG induction
(18). In our model, MuSK immunized mice manifested elevated
expression levels of IL-18, indicating an inflammatory response
upon MuSK immunization that may result in a dominant
Th1 response.
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FIGURE 5 | MuSK-fed mice display increased levels of Tregs associated genes. Spleens were harvested at the end of the experiment and the RNA was isolated.
Expression levels of Foxp3, IL-18, and TGF-B (A-C, respectively) were evaluated by RT-PCR. B-actin was used as an inner control for normalization. All data are
presented as mean + SEM (n > 5). Unpaired Student t test has been employed.

Homeostasis and self-tolerance is achieved mainly by
immune regulatory T (Treg) cells. Dysfunction and/or
altered Treg cell numbers can result in the development
of autoimmune diseases (19). Animal models revealed
that development of autoimmunity was due to defects in
the CD4+CD25+FoxP3+4 Treg cell population (20). Treg
cells impairment is evident in several autoimmune diseases
such as type 1 diabetes, multiple sclerosis, systemic lupus
erythematosus (SLE), rheumatoid arthritis, inflammatory bowel
disease (IBD), autoimmune hepatitis and psoriasis (21, 22).
Although there is no consensus on decreased percentage
of Treg cells in MG patients, including MuSK-MG, many
studies report that these cells have reduced suppressive activity.
(23, 24) but there is no evidence to their role in MuSK
myasthenia gravis. Our results demonstrated dysregulation
of CD4TCD25"Foxp3™ Treg cells in MuSK-EAMG mice;
the percentage of CD4+CD25+Foxp3™ out of CD4™ cells
in the spleen of MuSK-EAMG mice is reduced compared to
healthy adjuvant-immunized controls, as was also for Foxp3
mRNA expression.

Induction of oral tolerance involves many mechanisms that
modulate the immune response against auto antigens. Oral
tolerance has an impact on the numbers and function of Treg
cells, on the secretion of pro and anti-inflammatory cytokines
and on Th-1/Th-2 effector cells (25). This observation led to
attempts to regulate many autoimmune diseases by induction
of mucosal tolerance to auto antigens (10, 26-28). We have
previously shown that EAMG was prevented in rats by oral or
nasal administration of AChR-derived recombinant fragments
when treatment started prior immunization, moreover, ongoing
disease was suppressed when mucosal tolerance treatment started
at the acute or chronic phase of the disease (11, 29). Mucosal
tolerance induction resulted in a marked decrease in AChR
specific T cell proliferative response and IL-2 production in
addition to reduced levels of AChR auto-antibodies titers.
The immune response shifted toward Th-2/Th-3 in addition
to down-regulation of co-stimulatory factors. The underlying
mechanism for the mucosal tolerance induced by the AChR
fragments was shown to be active suppression and not
clonal anergy.

Here we demonstrate for the first time an attempt to modulate
MuSK myasthenia gravis by feeding mice with low doses of
recombinant MuSK. The immune response acts differently to
the dose of the antigen administered. High doses of antigens
leads to anergy or apoptosis of antigen specific immune cells
while administration of low doses of antigen leads to induction
of antigen specific Tregs (30-32).

Administration of recombinant MuSK protein resulted in a
significant therapeutic effect in treated mice, accompanied by a
corresponding effect in weight loss. Additionally, the titer of total
MusSK specific IgG in the serum at the end of the experiment was
lower in MuSK fed mice, indicating amelioration of the disease.
Moreover, expression level of Foxp3 and TGFp were elevated
in MuSK fed-mice suggesting that oral administration of MuSK
modulated Tregs.

Taken together, our results demonstrated oral tolerance
efficacy in MuSK-EAMG model. This therapeutic potential
should be further explored and considered as a novel approach
for MuSK-MG treatment and hopefully be effective and safe for
the benefit of MuSK-MG patients.
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A unique feature of thymomas is their unrivaled frequency of associated myasthenia
gravis (MG). Previous studies reported that MG+ thymomas contain a larger number
of mature “pre-emigrant” CD4+ T cells than MG- thymomas and that most thymomas
do not contain AIRE expressing cells irrespective of MG status. These findings suggest
that CD4+ T cells that mature inside the abnormal microenvironment of thymomas
and egress to the blood are critical to the development of thymoma-associated MG
(TAMG) irrespective of thymoma histotype. However, underlying mechanisms have
remained enigmatic. To get hints to mechanisms underlying TAMG, we pursue three
hypotheses: (i) Functional pathways with metabolic and immunological relevance might
be differentially expressed in TAMG(+) compared to TAMG(-) thymomas; (i) differentially
enriched pathways might be more evident in immature lymphocyte-poor (i.e., tumor
cell/stroma-rich) thymoma subgroups; and (i) mechanisms leading to TAMG might be
different among thymoma histological subtypes. To test these hypotheses, we compared
the expression of functional pathways with potential immunological relevance (N =
380) in relation to MG status separately in type AB and B2 thymomas and immature
lymphocyte-rich and lymphocyte-poor subgroups of these thymoma types using the
TCGA data set. We found that <10% of the investigated pathways were differentially
upregulated or downregulated in MG+ compared to MG- thymomas with significant
differences between AB and B2 thymomas. The differences were particularly evident,
when epithelial cell/stroma-rich subsets of type AB and B2 thymomas were analyzed.
Unexpectedly, some MG-associated pathways that were significantly upregulated in
AB thymomas were significantly downregulated in B2 thymomas, as exemplified
by the oxidative phosphorylation pathway. Conversely, the MG-associated pathway
related to macrophage polarization was downregulated in MG+ AB thymoma and
upregulated in MG+ B2 thymoma. We conclude that functional pathways are significantly
associated with TAMG, and that some mechanisms leading to TAMG might be different
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among thymoma histological subtypes. Functions related to metabolisms, vascular and
macrophage biology are promising new candidate mechanisms potentially involved in the
pathogenesis of TAMG. More generally, the results imply that future studies addressing
pathomechanisms of TAMG should take the histotype and abundance of tumor cells and
non-neoplastic stromal components of thymomas into account.

Keywords: thymoma, myasthenia gravis, autoimmunity, the cancer genome atlas (TCGA), functional pathways,

metabolism, macrophage polarization

INTRODUCTION

Thymomas are tumors that appear to be derived from or show
differentiation toward thymic epithelial cells, with a resemblance
to the normal thymic histological architecture, such as discrete
lobulation, perivascular spaces, and admixed immature T cells.
Thymomas are classified into several subtypes according to the
morphology of the tumor cells and the proportion of associated
immature T cells (ie., type A, AB, Bl, B2, B3, and other rare
subtypes) (1).

One of the unique features of thymomas is their frequent
association with autoimmune diseases, especially myasthenia
gravis (MG). As comprehensively described in other articles
in this issue, MG is characterized by autoantibodies against
components of the neuromuscular junction and divided into
several subgroups based on clinical features and the causative
antibody. The subgroup that is associated with thymoma and
almost consistently with anti-acetylcholine receptor (AChR)
antibodies, is termed thymoma-associated MG (TAMG) (2).

Taking into account that most thymoma subtypes contain
immature T cells and are likely involved in the “education” of
such T cells like the normal thymus, it has been hypothesized
that the “non-tolerogenic” microenvironment in thymomas
plays a key role in the pathogenesis of TAMG. Indeed, MG+
thymomas of all major histotypes (except for type A thymomas)
contain significantly more mature “pre-emigrant” CD4+ T cells
than MG- thymomas (3). Besides, the polymorphism of the
non-MHC gene, CTLA4 that affects T cell receptor signaling
appears to correlate with TAMG (4). On the other hand and
again across all major histotypes, almost all thymomas show a
reduced intratumoral generation of regulatory T cells (Tregs) (5),
attenuated MHC class II expression (6), and deficient expression
of the autoimmune regulator, AIRE irrespective of MG status
(7). Together, these findings suggest that CD4+ effector T
cells that mature inside the abnormal microenvironment of
thymomas and egress from them to the blood are critical to
the development TAMG in thymopoietically active thymomas.
Also, a recent comprehensive analysis of thymic epithelial tumors
conducted as TCGA (The Cancer Genome Atlas) project has
reported meaningful findings associated with TAMG, such as
the higher prevalence of aneuploidy and overexpression of genes
with sequence similarity with CHRNAI, TTN, and RYRI/RYR2
(8), all of which code for skeletal muscle antigens that are
key autoantibody targets in TAMG, i.e., the a-subunit of the
ACAhR, titin and ryanodine receptors, respectively (2). In spite of
this progress, the underlying mechanisms leading to the above
mentioned common features of MG-associated thymomas have

remained largely enigmatic. Moreover, despite the molecular
and morphological diversity among thymoma histotypes (8),
the hypothesis has not been thoroughly addressed that the
underlying mechanisms leading to TAMG might have histotype-
specific facets. To test this, we re-analyzed the aforementioned
TCGA data sets of thymomas (8) after stratification for thymoma
histotype. Since the TCGA study did not reveal TAMG-
associated “immune signatures” across the whole thymoma
cohort (8), we here focused on histotype-specific enrichments of
immunologically relevant pathways in association to TAMG.

MATERIALS AND METHODS

Access to the TCGA Thymoma Data Set

We analyzed the TCGA data set, “Thymoma, PanCancer Atlas,”
through the CBioPortal database (http://www.cbioportal.org/),
following the final diagnoses submitted by Radovich et al. (8).

Selection and Stratification of Thymomas

in the TCGA Thymoma Data Set

To simplify the analysis of this highly heterogeneous thymoma
cohort (8), we focused our stratification on the two most
prevalent thymoma subtypes, type AB (N = 47) and B2 (N = 25)
thymomas. This choice was also motivated by the fact that among
the thymoma subtypes that are often accompanied by MG [i.e.,
AB, B1, B2, and B3 thymomas (1)], the differences between AB
and B2 thymomas in terms of epithelial morphology, genotype,
and gene expression signatures are highly significant, while the
abundance of intratumorous, non-neoplastic immature T cells on
average is comparable (8).

Still, the content of non-neoplastic, immature T cells can be
quite variable among type AB thymomas as well as B2 thymomas
and this variability may potentially obscure differences between
the neoplastic epithelial cells of MG+ and MG- thymomas.
Therefore, we divided each of the cohorts of type AB and B2
thymomas further into an immature T lymphocytes-high and
immature T lymphocyte-low subgroup based on the mRNA
expression levels of TdT (terminal deoxynucleotidyl transferase),
ie, a bona fide marker gene of immature T lymphocytes in
the thymus. To this end, we first calculated the mean of the
normalized counts (~9,743) from all thymoma samples and then
chose 10,000 as the cutoft for low (<10k) and high (>10k)
subgroups. Among type AB thymomas, this strategy resulted in
a TdT-high subgroup that contained 4 MG+ and 21 MG- cases,
and a TdT-low subgroup that contained 4 MG+ and 18 MG-
cases. In type B2 thymomas, the TdT-high subgroup contained
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8 MG+ and 4 MG- cases, and the TdT-low subgroup contained
6 MG+ and 7 MG- cases (Figure S1).

Differential Expression Analysis

An ANOVA was performed to identify differential expressed
genes using a commercial software package SAS JMP11
Genomics, version 7, from SAS (SAS Institute, Cary, NC, USA).
A false positive rate of a = 0.05 with FDR correction was taken
as the level of significance. For the comparison of the gene
expression levels of NEFL, NEFM, CHRNA1, RYR3, SLCO1A2,
and PRAME between MG+ and MG- groups (Figure S2), we
used the Wilcoxon test with JMP14 (SAS, Cary, North Carolina,
USA). Differences at P < 0.05 were considered to be significant.

Analysis of Functional Pathways

Based on the differentially expressed genes between the various
MG+ and MG- subgroups of the cohorts of type AB and B2
thymomas, significantly upregulated or downregulated pathways
in each MG+ subgroup were extracted, using the KEGG
database (https://www.genome.jp/kegg/kegg_ja.html). Because
of the particular immunological perspective of our analysis,
the differentially expressed genes were also mapped on the
extensive collection of inflammation-related pathways that was
described by Shen and coworkers (9) after the publication of
the TCGA thymoma paper (8). Then, Gene Set Enrichment
Analysis (GSEA) was used to determine whether defined lists
(or sets) of genes exhibit a statistically significant bias in their
distribution within a ranked gene list using the R software-
packages EnrichmentBrowser (10). The genes were ranked due
to their t-value based on the comparison between MG+ vs.
MG- subgroup. The study was performed under the approval of
the Medical Ethics Committee II, Medical Faculty Mannheim,
Heidelberg University.

RESULTS

Differentially Upregulated Functional
Pathways in MG+ Compared to MG-

Thymomas

According to the stratification of the thymoma cohorts described
in Materials and Methods, the following MG+ and MG-
thymoma subgroups were compared in terms of gene expression
followed by the extraction of functional pathways: (1) all type
AB thymomas, (2) all type B2 thymomas, (3) TdT-low type AB
thymomas, (4) TdT-high type AB thymomas, (5) TdT-low type
B2 thymomas, and (6) TdT-high type B2 thymomas. In both
type AB and B2 thymomas, the number of genes that were
differentially expressed between MG+ and MG- cases was higher
in each of the TdT-low and TdT-high subgroups (subgroups 3-
6) than in the non-stratified, i.e., total cohorts of AB and B2
thymomas (subgroups 1 and 2). The differences between MG+
and MG- cases were particularly obvious in both TdT-low subsets
(Figure 1). The pathways that were significantly upregulated
or downregulated (in the same manner) in both TdT-low and
TdT-high subgroups are shown in Table 1. Then, we evaluated
whether these pathways were also shared between the AB and B2
thymoma cohorts as shown next.

Type AB and B2 Thymomas Upregulate
Different Functional KEGG Pathways in

Relation to their MG Status

When focusing on functional pathways derived from the KEGG
database (N = 310), 19 functional pathways (6%) showed an MG
association in AB thymomas: ten pathways, such as those related
to Oxidative phosphorylation, Parkinson disease, and Alzheimer
disease, were significantly upregulated, while nine pathways, such
as those related to Adherens junction, AGE-RAGE signaling, and
TGEF-beta signaling, were significantly downregulated in MG+
compared to MG- type AB thymomas. In type B2 thymoma,
only eight functional pathways showed an MG association:
the pathway related to Olfactory transduction was significantly
upregulated in MG+ cases, while seven pathways, such as
Protein processing, Metabolism, and DNA replication, were
downregulated in MG+ B2 thymomas (Table 1). The respective
upregulated and downregulated pathways were not overlapping
between type AB and B2 thymomas.

Type AB and B2 Thymomas Are
Differentially Enriched in Inflammation
Related Pathways

Taking into account that inflammatory features of the thymoma
microenvironment could be involve in the pathogenesis of
TAMG, we next focused on pathways (N = 70) that are related to
inflammation, including features of tumor-infiltrating immune
cells and cytokines (9). We identified three pathways, TNEF-
alpha signaling, MacTh1 cluster, and Chemokine signaling that
were significantly downregulated in MG+ type AB thymoma.
No pathways were significantly upregulated in MG+ type AB
thymoma. In contrast, five pathways, such as those related to T
cell cluster, MacTh1 cluster, and LCK median, were significantly
upregulated in MG+ type B2 thymoma (Table 2).

Opposite Enrichment Status of Identical
Functional Pathways in MG+ Type AB and
B2 Thymomas

Surprisingly, some of the functional pathways that were
significantly upregulated in MG+ type AB thymoma were
significantly downregulated in MG+ type B2 thymoma: Among
the pathways derived from the KEGG dataset, this pattern
concerned the pathways of oxidative phosphorylation, Parkinson
disease, and Huntington disease (Figure 2 and Table 1). Vice
versa, the Olfactory transduction pathway that was significantly
upregulated in MG+ type B2 thymomas, was downregulated in
MG+ type AB thymomas, although the difference was significant
only in the TdT-low subset (and with a minor trend in the
TdT-high subset) (Figure 2 and Table S1). Among the “immune
pathways,” the “MacTH1 cluster” also followed this pattern
(Figure 2, Table 2).

DISCUSSION

When addressing the question, why some thymomas are
accompanied by MG, while others are not, most previous
studies have not considered possible pathogenetic differences
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FIGURE 1 | Differentially expressed genes between MG+ and MG- thymomas in type AB and B2 thymomas. For each gene the -log10 (p-value) for the difference of
gene expression levels between MG+ and MG- groups (vertical axis) is plotted against its log2(fold change) relative expression level of the MG+ group compared to
the MG- group (horizontal axis). The dashed red line represents the statistical significance threshold (P < 0.05 after adjustment with False Discovery Rate). In both type
AB and B2 thymomas, the number of genes that were differentially expressed between MG+ and MG- cases was higher in each of the TdT (terminal deoxynucleotidyl
transferase, a bona fide marker gene of immature T lymphocytes)-low and TdT-high subgroups than in the non-stratified, i.e., total cohorts of AB and B2 thymomas.

The differences between MG+ and MG- cases were particularly obvious in both TdT-low subsets.

between the various thymoma histological subtypes (3, 11)—
with rare exceptions (12, 13). Here, we have addressed this
question separately in type AB and B2 thymomas using the
comprehensive and highly reliable TCGA data sets (8). We found
that upregulated or downregulated pathways associated with MG
were not only barely overlapping between the two subtypes,
but for some pathways showed an oppositely enrichment status,
i.e., MG-associated pathways that were upregulated in one
histotype where downregulated in the other, and vice versa.
These observations were more evident in the subgroups of
type AB and B2 thymomas, which were poor in non-neoplastic
immature, TdT+ T cells. Together, these findings suggest that

the mechanisms underlying TAMG might be different in the
various thymoma histotypes and mainly operative in neoplastic
epithelial cells and/or non-neoplastic mature stromal cells,
but not the quantitatively often overwhelming population of
immature T cells.

The current study that is based on RNA expression profiles,
does not allow to clarify, how the various differentially expressed
genes and functional pathways identified here might contribute
to TAMG in the two major thymoma histotypes, type AB and
B2 thymomas. To truly understand and eventually prove the
relevance of the identified pathways for the pathomechanisms
leading to TAMG, detailed in situ analyses, the investigation
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TABLE 1 | Upregulated or downregulated KEGG pathways in myasthenia gravis (MG).

Name Main_Category Sub_Category NES P-value
Upregulated pathways in MG(+) cases in type AB thymoma

hsa00190_Oxidative_phosphorylation 1. Metabolism 1.2. Energy metabolism 2,57 0,0048
hsa05012_Parkinson_disease 6. Human Diseases 6.4. Neurodegenerative diseases 2,45 0,0048
hsa05010_Alzheimer_disease 6. Human Diseases 6.4. Neurodegenerative diseases 1,985 0,0048
hsa05016_Huntington_disease 6. Human Diseases 6.4. Neurodegenerative diseases 1,985 0,0048
hsa04932_Non-alcoholic_fatty_liver_disease_(NAFLD) 6. Human Diseases 6.7. Endocrine and metabolic diseases 1,875 0,0048
hsa04714_Thermogenesis 5. Organismal Systems 5.10. Environmental adaptation 2,02 0,0050
hsa03050_Proteasome 2. Genetic Information Processing 2.3. Folding, sorting and degradation 2,03 0,0124
hsa04723_Retrograde_endocannabinoid_signaling 5. Organismal Systems 5.6. Nervous system 1,61 0,0221

hsa03010_Ribosome 2. Genetic Information Processing 2.2, Translation 2,47 0,0247
hsa04260_Cardiac_muscle_contraction 5. Organismal Systems 5.3. Circulatory system 1,7 0,0267
Downregulated pathways in MG(+) cases in type AB thymoma

hsa04520_Adherens_junction 4. Cellular Processes 4.3. Cellular community - eukaryotes —1,905 0,0048
hsa04933_AGE- 6. Human Diseases 6.7. Endocrine and metabolic diseases —1,84  0,0061

RAGE_signaling_pathway_in_diabetic_complications

hsa04350_TGF-beta_signaling_pathway 3. Environmental Information Processing  3.2. Signal transduction —1,745  0,0065
hsa05205_Proteoglycans_in_cancer 6. Human Diseases 6.1. Cancers: Overview —1,65 0,0149
hsa05140_Leishmaniasis 6. Human Diseases 6.10. Infectious diseases: Parasitic —-1,695 0,0178
hsa05206_MicroRNAs_in_cancer 6. Human Diseases 6.1. Cancers: Overview —1,68 0,0226
hsa05145_Toxoplasmosis 6. Human Diseases 6.10. Infectious diseases: Parasitic —1,66 0,0248
hsa04062_Chemokine_signaling_pathway 5. Organismal Systems 5.1. Immune system —1,485  0,0251

hsa05200_Pathways_in_cancer 6. Human Diseases 6.1. Cancers: Overview —1,445 0,0254
Upregulated pathways in MG(+) cases in type B2 thymoma

hsa04740_Olfactory_transduction 5. Organismal Systems 5.7. Sensory system 1,92 0,0130
Downregulated pathways in MG(+) cases in type B2 thymoma

hsa04141_Protein_processing_in_endoplasmic_reticulum 2. Genetic Information Processing 2.8. Folding, sorting and degradation —1,88 0,0119
hsa01100_Metabolic_pathways 1. Metabolism 1.0 Global and overview maps —1,36 0,0126
hsa03030_DNA_replication 2. Genetic Information Processing 2.4. Replication and repair —2,07 0,0137
hsa00190_Oxidative_phosphorylation 1. Metabolism 1.2. Energy metabolism —1,725 0,0148
hsa05012_Parkinson_disease 6. Human Diseases 6.4. Neurodegenerative diseases —1,66 0,0204
hsa05016_Huntington_disease 6. Human Diseases 6.4. Neurodegenerative diseases —1,56 0,0218
hsa00240_Pyrimidine_metabolism 1. Metabolism 1.4. Nucleotide metabolism —1,645 0,0246

NES, normalized enrichment score; P-value, adjusted P-value; Both NES and P-value are mean score (or value) between that of TdT-low and -high groups.

of isolated cell types sorted from fresh thymoma resection
specimens and functional studies using in vitro or in vivo
model systems would be necessary. Nevertheless, in face of the
fact that TAMG is a neuromuscular disease, it is interesting
that some of the identified TAMG-associated KEGG pathways
are related to neurodegenerative diseases (Parkinson disease,
Alzheimer disease, and Huntington disease). In line with
this finding, it has been known for long that expression
of neurofilaments in thymomas is associated with TAMG
(8, 14), and we show here that this association is strongest
in type AB thymomas (Figure S2). Furthermore, expression
of the brain-type ryanodine receptor, RYR3, in thymomas
has been shown to be associated with TAMG (8), but in
this case we now find that the association is strongest in

type B2 thymomas (Figure S2). Of note, pathways that play
a role in the above mentioned neurodegenerative diseases,
have been found enriched in a variety of immunobiological
settings, including chronic infections, graft-vs.-host disease,
cancer biology, cell death, and inflammation (15-17). Likewise,
the “Adherens junction” pathway that was the most significantly
downregulated TAMG-associated pathway in type AB thymomas
(Table 1) has been linked to thymic hypoplasia and lymphopenia
(18) and to various autoimmune diseases in conjunction
with the leakiness of several blood-tissue and inter-epithelial
barriers (19, 20). Considering the quite specific pathology
of tumor vessels in the different thymoma subtypes (21), in
depth analysis of the tumor vasculature in relation TAMG
appears warranted.
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MG related KEGG pathways:
Upregulated in AB- but downregulated in B2 thymoma

FIGURE 3 | phosphorylation,” “Parkinson disease,” and “Huntington disease”
are significantly upregulated in MG+ type AB thymoma, but downregulated in
MG+ B2 thymoma. On the other hand, the pathway related to “Olfactory
transduction” is significantly downregulated in MG+ type AB thymoma, but
upregulated in MG+ B2 thymoma. Among the “immune pathways” provided
by Shen et al. (9), the “MacTh1 cluster” is significantly downregulated in type
AB thymoma, but upregulated in type B2 thymoma.

TABLE 2 | Upregulated or downregulated “immune” pathways in myasthenia
gravis (MG).
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FIGURE 3 | Opposite upregulation/downregulation of MG-associated

pathways in type AB and B2 thymomas based on Gene Set Enrichment

Analysis (GSEA). Among the KEGG pathway, pathways related to “Oxidative
(Continued)

Name NES P-value

Suppressed pathways in MG(+) cases in type AB thymoma

HALLMARK_TNFA_SIGNALING_VIA_NFKB —2.09 0.0015
MacTh1_cluster —2.12 0.0020
KEGG_CHEMOKINE_SIGNALING_PATHWAY —1.535 0.0070
Activated pathways in MG(+) cases in type B2 thymoma

T_Cell_cluster_lglesia 2.315 0.0031
MacTh1_cluster 2.24 0.0031
LCK_Median 2.07  0.0031
UNC_MCD3_CD8 2.015 0.0050
CD8_cluster 2.145 0.0054

NES, normalized enrichment score; P-value, adjustd P-value.
Both NES and P-value are mean score (or value) between that of TdT-low and -
high groups.

Other pathways that have not been linked previously to
TAMG to the best of our knowledge are related to metabolism:
Oxdative phosphorylation, Protein processing, Metabolic
pathways, DNA replication, and Pyrimidine metabolism.
Although the mechanisms that link these pathways to TAMG
remain enigmatic, it is noteworthy that “Metabolic pathways”
and the above mentioned “Alzheimer pathway” are significantly
enriched KEGG pathways in Lupus nephritis (22), i.e., in an
autoimmmue disease that is often associated with thymomas,
though not as commonly as TAMG (23). Similarly, it is unclear
how the upregulated “Olfactory transduction” pathway might
be linked to the pathogenesis of TAMG in B2 thymomas, but it
is interesting that this pathway has been found to be associated
with rheumatoid arthritis (24), i.e., another autoimmune disease
that occurs in thymoma patients (23).

Completely unexpected was the new finding that among
the few identified MG associated pathways (<10% of more
than 350 investigated pathways) there was a small subset of
4 pathways that were shared by AB and B2 thymomas, but
with diametrically opposed enrichment status in the two tumor
types. The detection of these shared but “counter-enriched”
pathways and the lack of shared MG-associated “concordantly
enriched” pathways among the two thymoma subtypes, lend
support to the rational of our “stratification strategy,” to increase
the sensitivity of our search for MG-associated pathways by
focusing on histologically homogeneous thymoma subtypes.
Apart from the above pathways related to neurodegeneration
(Parkinson and Huntington disease) and metabolism (Oxidative
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phosphorylation) (bold/italics in Table 1), one of the eight
identified MG-associated inflammatory pathways (9) showed
the “counter-enrichment” pattern as well: The MacTh1 cluster-
associated gene set was significantly upregulated in TAMG-
associated B2 thymomas and downregulated in AB thymomas
(bold/italics in Table 2). Imbalanced macrophage polarization
is well-known to play an important role in T cell- and
autoantibody-mediated autoimmune and allergic diseases (25—
28), and can affect T cell apoptosis (29), i.e., a key feature of
normal thymic tolerance induction and abnormal thymopoiesis
inside TAMG-associated thymomas (30). Furthermore, analyses
of MHC class II expression levels and the step-wise maturation
of thymocytes inside different thymoma subtypes already gave
strong hints that the mechanisms shaping the autoimmune
CD4+ T cell repertoire are different in AB and B2 thymomas
(31). Accordingly, it is not a priori unreasonable to hypothesize
that identical pathways but with opposite enrichment status
(e.g., differentially polarized macrophages) could contribute to
the same, TAMG-prone phenotype in histologically different
thymomas, namely generation of autoreactive CD4+ T cells
in very different thymoma microenvironments. Therefore, we
deem the MacThl1 cluster-associated gene set a highly promising
and potentially informative candidate pathway that warrants in
depth comparative analysis in AB and B2 thymomas to elucidate
pathogenetic mechanisms leading to TAMG.

In summary, we have identified functional pathways with
a significant association with TAMG and, thus, a potential
role in its pathogenesis. The identified pathways appear to be
mainly operative in cells other than the numerous, thymoma-
associated immature T cells, are virtually non-overlapping
between type AB and B2 thymomas, and the few shared pathways
show diametrically opposite enrichments. These findings parallel
the diverse morphology, genetics and global gene expression
profiles of AB and B2 thymomas (8, 32). Most previously
identified, TAMG-associated genes coded for highly TAMG-
specific proteins, such as the acetylcholine receptor itself, or
proteins sharing epitopes with TAMG-associated autoantibody
targets, such as titin and the ryanodine receptors (8). By contrast,
the TAMG-associated pathways detected here appear mostly
non-specific, since they are apparently relevant in a variety
of other autoimmune diseases (see above). Nevertheless, these
pathways appear as promising candidates for future analysis to
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The use of rituximab (RTX), an anti-CD20 monoclonal antibody (Ab), in refractory
myasthenia gravis (MG) is associated with a better response in patients with Abs
to the muscle-specific tyrosine kinase (MuSK) than in other MG subgroups. Anti-
MuSK Abs are mostly IgG4 with proven pathogenicity and positive correlation with
clinical severity. The rapid and sustained response to RTX may be related to MuSK
Ab production by short-lived Ab-secreting cells derived from specific CD20" B cells.
Here, we investigated the long-term effects of RTX in nine refractory MuSK-MG patients
with a follow-up ranging from 17 months to 13 years. In patients’ sera, we titrated
MuSK-specific IgG (MuSK-IgG) and MuSK-IgG4, along with total IgG and IgG4 levels.
Optimal response to RTX was defined as the achievement and maintenance of the
status of minimal manifestations (MM)-or-better together with a > 50% steroid reduction,
withdrawal of immunosuppressants, and no need for plasma-exchange or intravenous
immunoglobulin. After a course of RTX, eight patients improved, with optimal response
in six, while only one patient did not respond. At baseline, MuSK-IgG and MuSK-
lgG4 serum titers were positive in all patients, ranging from 2.15 to 49.5 nmol/L and
from 0.33 to 46.2 nmol/L, respectively. MuSK Abs mostly consisted of IgG4 (range
63.80-98.86%). RTX administration was followed by a marked reduction of MuSK
Abs at 2-7 months and at 12-30 months (p < 0.02 for MuSK-IgG and p < 0.01 for
MuSK-IgG4). In patients with a longer follow-up, MuSK Ab titers remained suppressed,
paralleling clinical response. In the patient who achieved long-term complete remission,
MuSK-IgG4 was no longer detectable within 2 years, while MuSK-IgG remained positive
at very low titers up to 10 years after RTX. In the patient who did not respond, MuSK-
IgG and MuSK-IgG4 remained unchanged. In this patient series, total IgG and IgG4
transiently decreased (p < 0.05) at 2-7 months after RTX. The different trends of
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reduction between MuSK-IgG4 and total IgG4 after RTX support the view that short-
lived Ab-secreting cells are the main producers of MuSK Abs. The ratio between
short-lived Ab-secreting cells and long-lived plasma cells may influence the response
to RTX, and B-cell severe depletion may reduce self-maintaining autoimmune reactivity.

Keywords: rituximab, antibodies, MuSK, myasthenia gravis,

plasmablasts, plasma cells

INTRODUCTION

Rituximab (RTX) is a chimeric mouse/human monoclonal
antibody (Ab) directed against the B-lymphocyte membrane
protein CD20. RTX acts through complement-mediated
cytotoxicity, Ab-dependent cell-mediated cytotoxicity, and
induction of apoptosis, leading to a profound depletion of
circulating naive and memory B cells (1). Since plasma cells
do not express CD20, RTX administration does not directly
affect immunoglobulin (Ig) levels (2). Originally licensed for
the treatment of non-Hodgkin B-cell lymphoma, RTX has been
used in a broad range of autoimmune diseases. Its therapeutic
effect is conceivably related to both the Ab-dependent and
Ab-independent (antigen presentation and cytokine production)
roles of B lymphocytes in the immune system (3). RTX has
proved particularly effective in the treatment of IgG4-related
disease, a multi-organ fibro-inflammatory condition (4), as well
as in IgG4-mediated autoimmune conditions (5).

IgG4 develops after prolonged antigen exposure and
constitutes the least represented IgG subclass. 1gG4 Abs may
exert a protective role in allergy and are generally considered
non-pathogenic, owing to their inability to activate complement
and to cross-link identical antigens after Fab-arm exchange (6).
More recently, the capacity of IgG4 Abs to directly interfere with
the antigen function has been recognized and associated with
their causative role in disease (7).

Myasthenia gravis (MG) is a rare disease of the neuromuscular
junction caused by Abs against postsynaptic membrane proteins,
such as the acetylcholine receptor (AChR), the muscle-specific
tyrosine kinase (MuSK), or the low-density receptor-related
protein 4 (LRP4). MG with Abs to MuSK (MuSK-MG) was
one of the first diseases in which IgG4 pathogenicity was
demonstrated (8) and currently represents a prototype of 1gG4-
mediated autoimmunity.

MuSK Abs are present in 5-7% of MG patients in association
with a phenotype dominated by bulbar and neck weakness,
are predominantly of the IgG4 subclass (9), and correlate
with disease severity (10). When changes in clinical status and
MuSK-specific IgG (MuSK-IgG) subclasses were investigated,
only 1gG4 levels were related to disease severity (11), and the
IgG4 fraction, purified from patients’ serum, proved pathogenic
in vitro (12, 13) and in passive transfer studies (8). MuSK
Abs mostly bind the extracellular Igl-like domain, which is
crucial for MuSK-LRP4 interaction and AChR clustering (12).
According to recent investigations, monovalent MuSK-IgG4,
derived from Fab-arm exchange, are present in vivo, in patient
serum (13). These bispecific Abs are chief players in the inhibition

lgG4, short-lived antibody-secreting cells,

of agrin-induced MuSK activation, while monospecific MuSK
Abs would rather have a protective effect by enhancing MuSK
phosphorylation (14).

RTX-induced B-cell depletion was reported to be effective in
patients with refractory MG, although with some variability in the
degree of clinical response and reduction of pathogenic Abs (15-
19). Data from clinical reports (15, 16, 19) and meta-analyses (20,
21) consistently showed a more pronounced and long-standing
response in patients with MuSK Abs. In these cases, improvement
in clinical status was paralleled by a prolonged reduction of
MuSK-1gG4 (15).

The present study investigated the effect of RTX in patients
with refractory MuSK-MG, together with MuSK-IgG and MuSK-
IgG4 and total IgG and IgG4 serum concentrations. We found
a correlation between variations in clinical status and changes
in MuSK AbD titers. Treatment with RTX induced a marked
reduction of MuSK-IgG4 while the serum levels of total IgG4 did
not change significantly.

PATIENTS AND METHODS

Patients

We retrospectively evaluated nine MuSK-MG patients treated
with RTX at Policlinico Gemelli, Universita Cattolica. All
patients were diagnosed with refractory MG by meeting
one of the following criteria: (1) presence of disabling
weakness or MG relapses despite adequate treatment (prednisone
plus immunosuppressants); (2) inability to reduce steroid
dosage because of disease worsening on prednisone tapering,
requiring repeated courses of plasma-exchange or intravenous
immunoglobulin (IVIg) (at least three per year) and serious side
effects from treatment (22).

In these subjects, maximum disease severity ranged from
classes ITIb to V according to the Myasthenia Gravis Foundation
of America (MGFA) classification (23); two patients had focal
muscle atrophy; all were intolerant of pyridostigmine. All
patients had received prednisone as initial treatment at a
daily dose >1 mg/kg of body weight, followed by chronic
administration every other day, when possible. Because of
symptom relapse on prednisone tapering, immunosuppressive
agents and emergency treatment (24), mostly with plasma-
exchange, were required in all cases. Seven patients had
tried two or more immunosuppressants (azathioprine, AZA;
mycophenolate mofetil, MMF; and cyclosporine A, CyA); two
patients had received AZA for at least 1 year with no response,
when we decided to administer RTX on account of disabling
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weakness, short-term benefit from plasma-exchange, and serious
side effects from steroids (diabetes and osteoporosis in both
cases). One of these patients (#5 in Table 1) had received a course
of RTX 6 years previously in another hospital, with reported
benefit; from 1994 to 2000, before MuSK-MG onset, she had
suffered from relapsing thrombotic thrombocytopenic purpura
treated with high-dose steroids, IVIg, and splenectomy.

RTX was administered according to the non-Hodgkin
lymphoma regimen adopted in our institution. A RTX course
consisted of an infusion of 375 mg/m? once a week for
four consecutive weeks, plus a single dose of 375 mg/m?
after 3 months. Infusion was preceded by intravenous
methylprednisolone and oral antihistamine medication to
minimize acute reactions.

Before treatment, patients were screened for active infections
including viral hepatitis (B and C) and tuberculosis (25) and for
significant arrhythmias and ischemic heart disease (26).

We classified response to RTX considering changes in both
clinical status and treatment. Optimal response was defined
by the achievement and maintenance of the status of minimal
manifestations (MM) or better (23), together with a > 50%
reduction of steroid dose, withdrawal of immunosuppressants,
no need for plasma-exchange, or IVIg. Patients had a partial
response when, although improved, they failed to achieve the
status of MM-or-better or when prednisone reduction was<50%
of pretreatment dosage, with or without immunosuppressant
withdrawal, no need for plasma-exchange, or IVIg. No response
corresponded to nochange in clinical status together with
minimal or no variations in the required treatment.

Clinical changes were assessed as post-intervention status
(PIS) (23).

Laboratory Assays

Fifty-two serum samples from the nine patients included in the
study (four to seven samples per patient) were collected before
and after RTX treatment. Samples were stored at —20°C until the
analysis was performed.

MuSK-IgG titration was performed using human
recombinant 1%°I-labeled MuSK (RSR Limited, Cardiff,
United Kingdom; cutoff > 0.05 nmol/L), according to the
manufacturer’s instruction, with minor modifications. In brief,
50 pl of a 10X serum dilution (in assay buffer) was incubated
overnightwith 50 julof 'I-MuSK. The antigen/Ab complexes
were precipitated by the addition of 50 1 of goat anti-human IgG
and separated by centrifugation. Serum samples with saturating
titers were further analyzed at different dilutions with normal
human serum (NHS, from 10X to100X) (10).

MuSK-IgG4 Abs were determined as described by Tsiamalos
and coworkers with minor modifications (27). Briefly,
20 ul of 2°I-MuSK solution [from the aforementioned
radioimmunoassay (RIA)] was incubated with 0.2 pl of patients’
serum for 8-12 h at 4°C (brought to a final volume of 20 nl
with assay buffer). Serum samples were previously diluted with
NHS to maintain the antigen/Ab binding in the linear zone of
the slope. After adding5 pl of sheep anti-human IgG4 (Binding
Site, Birmingham, United Kingdom), samples were incubated
overnight at 4°C. Then, 15 pl of anti-sheep IgG anti-serum

(Binding Site, Birmingham, United Kingdom) was added for 4 h
at room temperature to precipitate MuSK-IgG4Abs complexed
to 12°1-MuSK. After final washes, the radioactivity was measured
in a gammacounter. Results were expressed as '2°I-MuSK
nanomoles per liter. All samples from the same patient were
titrated in the same batch to limit inter-assay variability.

Total IgG and IgG4 serum levels were measured by
turbidimetry (human IgG and IgG subclass liquid reagent kits,
The Binding Site) on the Optilite instrument according to the
manufacturer’s recommendations. Normal range is 8-18 g/L for
total IgG and 0.04-0.86 g/L for the IgG4 subclass. Serological
analysis was performed blind of clinical data.

B lymphocytes in peripheral blood were evaluated as
routine assessment in patients treated with RTX, by standard
flowcytometry in our institution’s central laboratories. CD197"
cell normal values ranged from 100 to 400 cells/mm? (7-16% of
lymphocyte count).

Statistical Analysis

For the statistical analysis, we converted actual serological titers
into percentage values considering the baseline levels as 100%.
We employed one-way ANOVA among three groups (baseline
vs 2-7 months vs 12-30 months); Student’st test was performed
between two groups. A p-value < 0.05 was considered significant
(Supplementary Table).

Ethical Consideration

The ethic committee of our institution approved the study. All
patients gave written informed consent to off-label treatment
with RTX and to the use of their clinical and serological
data in this study.

RESULTS

Clinical Response

The study population included nine patients (eight females)
with refractory MuSK-MG, treated with RTX between July
2006 and October 2018. The patients’ demographics, baseline
and post-treatment clinical data, and follow-up duration are
shown in Table 1.

Age at infusion ranged 38-73 years (mean 50.4 + 12.8). The
interval between disease onset and RTX administration varied
between 3 and 21 years (mean 11 £ 6.04). At the time of
treatment, MG severity ranged from IIb to IIIb according tothe
MGFA classification (23), and all patients were taking prednisone
plus one immunosuppressant; five of nine patients were on
maintenance treatment with plasma-exchange.

Optimal response to RTX was recorded in six of nine patients
(66.6%). Prednisone was tapered off in two patients (#2 and #7)
and was reduced by 75% to 87.5% of the pretreatment dosage
(actual doses of 5-10 mg every other day) in the others. After
a single course of RTX, patient #7 achieved electromyography
(EMG)-confirmed complete stable remission (CSR), persisting at
the last follow-up, 13 years after RTX administration and 5 years
from immunosuppression withdrawal. In the other patients,
optimal response to RTX (PIS ranging from CSR to MM) lasted
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TABLE 1 | Rituximab in refractory MuSK-MG patients.

Pt # Age at Age at Max MGFA Therapy at RTX (daily dosage) Post- Response Response RTX Follow-up

gender onset RTX MGFA at RTX RTX duration cycles after RTX
(years) best PIS (months) (months)

#1.F 61 64 V llib P (25 mg), AZA (150 mg), PE MM optimal 30, ongoing 1 30

#2.F 46 62 \ Ilb P (25 mg), MMF (1.5 g) PE CSR optimal 42 2* 46

#3. F 30 44 \ lllb P (20 mg), MMF (2 g), P MM optimal 28 1 31

#4. M 38 47 b lllb P (30 mg), MMF (2 g), P U no - 2% 53

#5. F 23 38 \ b P (87.5 mg), MMF (2 g) | partial 24 1 48

#6. F 29 40 V llb P (40 mg), CyA (175 mg) PR optimal 71, ongoing 1 71

#7.F 42 48 Vb lllb P (30 mg), MMF (2 g), PE CSR optimal 144, ongoing 1 144

#8.F 17 38 b lllb P (30 mg), MMF (2 g) MM optimal 20, ongoing 1 20

#9F 69 73 V llib P (20 mg), AZA (150 mg) | partial 23, ongoing 1 23

MGFA: Myasthenia Gravis Foundation America clinical status; P: prednisone; AZA: azathioprine; PE: plasma-exchange; MMF: mycophenolate mofetil; CyA: cyclosporine
A.PIS: post-intervention status, CSR: complete stable remission; PR: pharmacological remission; MM: minimal manifestations; I: improved; U: unchanged. *Pt #2 received

a second RTX cycle on Sep 2019. **Pt #4 received a second RTX cycle on Oct 2018 with improvement. Follow-up after RTX = at last visit.

28-42 months in patients #2 and #3, and is still ongoing 20 to
71 months after RTX, in patients #1, #6, and #8 (see Table 1).
A second course of RTX has just been completed in patient #2
and has been planned for patient #3.

Two patients showed a partial response since they
did not achieve MM status, although prednisone and
immunosuppressive therapy were reduced by 50%. In patient #9
who had developed a myopathic face, weakness of facial muscles
remained unchanged, while dysarthria and neck weakness
markedly improved. Patient #4, suffering from tongue wasting
and severe bulbar weakness, did not improve after a first cycle of
RTX, while he responded to a second course with improvement
of dysarthria and partial reversal of tongue atrophy. RTX was well
tolerated with no infusion reactions or long-term side effects.

MuSK Abs and MuSK-IgG Profile After

Treatment

The results of serological assays, together with PIS and changes
in B-cell count, are reported in Table 2. Changes from baseline
to 60 months after RTX are shown in Figure 1 (panels: A for
MuSK IgG, B for MuSK IgG4, C for total IgG, D for total
IgG4). At baseline, MuSK-IgG and MuSK-IgG4 serum titers were
positive in all patients, ranging from 2.15 to 49.5 nmol/L and from
0.33 to 46.2 nmol/L, respectively. MuSK Abs mostly consisted
of IgG4 (range 63.80-98.86%) in all patients but one (#5, not
included in the range), in whom the MuSK-IgG4/MuSK-IgG
ratio was 15.34%.

MuSK-IgG and MuSK-IgG4 titers did not change after a
course of RTX in the only patient (#4) who did not respond
(Figure 2A), while, in the other patients, they decreased to a
different extent, paralleling clinical improvement (Figure 2B). In
patient #7, who achieved CSR, MuSK-IgG and MuSK-IgG4 were
greatly reduced and became negative after RTX. However, while
MuSK-IgG was still detectable at very low levels up to 10 years
from treatment, MuSK-IgG4 was undetectable 2 years after RT'X
and remained negative in subsequent assays (Figure 2C).

For statistical analysis, we compared MuSK-IgG and MuSK-
IgG4 baseline levels with those at 2-7 months and at 12-
30 months after RTX in eight patients (samples from patient #5

were not available). We found a significant reduction at both time
points (p < 0.02 for MuSK-IgG and p < 0.01 for MuSK-IgG4, by
ANOVA), while the MuSK-IgG4/MuSK-IgG ratio was reduced
significantly only at 2-7 months after RTX (p < 0.05, by Student’s
t test).

In patients who experienced prolonged benefit from RTX,
MuSK Ab titers remained suppressed, regardless of B-cell count
normalization (see Table 2).

At baseline, in two of nine patients,total IgG serum levels were
lower than those in normal controls. The relative proportions
of the IgG subclasses were within the normal range in eight of
nine patients (data not shown). Patient #7 had a higher 1gG4/IgG
ratio (7.3%) that persisted (after a temporary decrease in the first
2 years after RTX) in the long-term follow-up, when MuSK-1gG4
was no longer detectable.

Total IgG and IgG4 did not significantly change at 2-7 and
12-30 months after RTX when compared to the baseline levels
(p = 0.15 for total IgG; p = 0.17 for IgG4, by ANOVA). However,
we found a significant reduction when comparing baseline levels
with those at 2-7 months (p < 0.05 for total IgG and IgG4,
by Student’s ¢ test); afterward, total IgG and IgG4 returned to
pretreatment levels. The total IgG4/IgG ratio was unchanged at
both time points.

DISCUSSION

In line with previous reports (15, 18-21, 28, 29), our data
confirm that, in patients with MuSK-MG, RTX is safe and
induces long-term benefit associated with a strong steroid- and
immunosuppressant-sparing effect. As MuSK-MG is often a life-
threatening disease with a high proportion of patients refractory
to conventional therapy (30, 31), RTX has been proposed as
an early therapeutic option in patients unresponsive to first-line
immunosuppression (32).

The rapid and sustained response to RTX suggests that
MuSK Abs are mostly produced by short-lived Ab-secreting
cells (33, 34), a cell pool that needs to be constantly refilled
from the B-cell compartment (35). In contrast, bone marrow
long-lived plasma cells, which are crucial for maintaining
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TABLE 2 | Serological and clinical profiles in MuSK-MG patients after treatment with rituximab.

Pt Months from anti-MuSK IgG anti-MuSK IgG4 1gG 1gG4 MGFA CD19+ n°. x mm?
RTX (nmol/L) (nmol/L) (g/L) (g/L) class/PIS (% lymphocytes)
1 0 11.85 1.7 14.39 0.25 lllb 292 (10.6%)
4 5.4 4.25 6.95 0.20 Improved 13 (0.9%)
6 6.6 4.71 7.31 0.20 Improved 36 (1.6%)
10 2.7 1.84 6.39 0.20 MM 32 (0.1%)
24 7.3 6.1 6.86 0.19 MM 21 (1.5%)
2 0 32.4 25.3 8.56 0.23 Ile] 200 (9.4%)
2 24.5 20.8 7.20 0.22 Improved n.d.
6 17.7 101 9.74 0.25 MM 9 (0.4%)
12 13 6.1 10.71 0.21 PR 18 (0.8%)
30 10.6 8 9.76 0.28 CSR 352 (15.8%)
41 121 11.4 12.39 0.28 CSR 341 (18.1%
46 17.9 16 11.56 0.31 b n.d.
3 0 7.57 717 22.04 0.19 lllb 118 (11%)
5 3.44 2.44 13.32 0.1 improved 16 (0.5%)
7 214 2.03 9.09 0.07 MM 9 (0.3%)
26 2.3 0.6 8.68 0.05 MM 47 (2.5%)
31 2.4 0.3 8.43 0.04 {le] 181 (6.4%)
4 0 10.57 9.79 8.6 0.21 lllb 138 (15%)
2 14.9 1.2 7.55 0.23 Unchanged 15 (1%)
4 10 7.7 9.93 0.27 Unchanged n.d.
24 19.8 16.6 7.51 0.20 Unchanged n.d
34 17 13 5.55 0.1 Unchanged n.d
53 2.6 2.6 5.73 0.13 Improved*™* n.d
5 0 2.15 0.33 6.33 0.20 lllb 1983 (4%)
1 1.15 0.22 6.65 0.09 Unchanged 9(0.2%)
14 0.34 0.07 5.33 0.15 Improved 11 (0.4%)
18 n.d. 0.07 5.77 0.10 Improved 11 (0.3%)
6 0 18.07 11.563 7.30 0.36 Ib 100 (9.1%)
4 5.2 3.8 711 0.29 PR 2 (0.1%)
15 8.49 5.84 6.54 0.33 PR 0
24 9.4 5.65 6.83 0.37 PR 29 (2.6%)
36 3.38 1.84 7.42 0.47 PR n.d.
48 2.6 2.57 8.56 0.57 MM 100 (9.6%)
60 2.7 1.6 9.61 0.68 MM 142 (10.5%)
71 2.7 2.4 10.36 0.81 MM n.d.
7 0 12.24 121 14.59 1.07 lllb n.d.
4 7.34 4.87 12.22 0.26 Improved n.d.
24 0.21 0.01 12.23 0.49 MM n.d.
80 0.18 0.01 11.78 1.07 CSR n.d.
120 0.21 0.01 11.96 1.15 CSR n.d.
132 0 0 12.23 1.19 CSR n.d.
8 0 13 11.4 11.46 0.58 lllb 298 (12.3%)
1 10.3 8.5 11.58 0.56 Unchanged 0
3 7 5.5 11.06 0.56 MM 0
6 5.7 2.4 9.53 0.56 MM 7 (0.67%)
10 3.8 1.6 11.64 0.60 MM N/D
15 1.1 1.1 12.70 0.72 MM N/D
20 0.94 0.9 13.59 0.82 MM N/D
9 0 49.5 46.2 10.99 0.34 llb 107 (11.8%)
4 37.3 34.3 9.47 0.22 Improved 0
16 8.1 7 10.81 0.29 Improved N/D
23 1.8 11.8 13.96 0.40 Improved 157 (17%)

Pt: patient; MGFA: Myasthenia Gravis Foundation America clinical status; PIS: post interventional status, MM: minimal manifestations, PR: pharmacological remission,
CSR: complete stable remission. Normal range for IgG: 8-18 g/L. Normal range for IgG4 subclass: 0.04-0.86 g/L. *Pt #2 received a second RTX cycle on Sep, 2019. *Pt
#4 received a second RTX cycle on Oct, 2018 with improvement.
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FIGURE 1 | Changes from baseline to 60 months after RTX in patients serum samples are shown in panels: (A) for MuSK-IgG; (B) for MuSK-IgG4; (C) for total IgG;
and (D) for total IgG4. We converted actual serological titers into percentage values considering the baseline levels as 100%.
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serum IgG concentration, are known to be scarcely affected by
RTX (3). Recent studies, in MuSK-MG patients, showed that
auto-Ab-expressing CD27" B cells are present in the peripheral
blood during disease relapses after RTX and that circulating
CD20~CD27"8h CD38* plasmablasts contribute to MuSK Ab
production (36). In this model, supported by consistent findings
in other IgG4-mediated diseases (37, 38), the therapeutic effect
of RTX would be mostly related to depletion of plasmablast
precursors (36, 39).

A comparison of our results with other studies is limited
by differences in MG severity and therapy at baseline, follow-
up duration, and treatment protocol. Our decision to repeat
RTX was entirely clinical, based on reappearance of disabling
symptoms. The majority of our patients received a single
course of RTX that granted most of them a status of MM-or-
better, including one case of long-standing CSR with MuSK Ab
negativization. Clinical response lasted 24-42 months in patients
who relapsed after RTX. It is still ongoing in the other patients
after a clinical observation of up to 71 months. These findings
confirm earlier reports of a long-standing effect of RT'X in MuSK-
MG (15, 18, 19, 29, 40). On the other hand, three (33.3%)
of our patients had a less satisfactory outcome than usually
reported in this MG subtype. It is worth mentioning that two

of these subjects had developed focal muscle atrophy. As, in this
series, a second RTX course brought about a clear benefit in
a previously unresponsive patient, timely re-treatment may be
required in these cases.

Our results confirm the correlation between MuSK Abs and
clinical status (11, 15), as in all RTX-responsive patients, MuSK-
IgG and MuSK-IgG4 serum titers were significantly reduced and,
in most of these cases, remained suppressed regardless of B-cell
count normalization(patients #2-3-6-9 in Table 2).

In our population, IgG4 was the main MuSK Ab isotype in
all our patients but one, in whom IgG4 accounted for 15.3% of
MuSK Ab titer. This finding might be related to the patient’s
medical history (splenectomy for thrombotic thrombocytopenic
purpura and previous treatment with RTX). In patient #2,
an increase in serum MuSK Abs, and above all, in MuSK-
IgG4 heralded clinical deterioration. Conversely, in patient #7,
who achieved long-standing CSR, MuSK-IgG4 was no longer
detectable several years before MuSK-IgG negativization. Overall,
these data agree with the view that MuSK-IgG4 is pathogenic and
is mostly produced by short-lived Ab-secreting cells.

There is no established protocol for RTX administration in
MG, although the non-Hodgkin lymphoma regimen has been
the most common induction treatment (21). Recently, in a
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FIGURE 2 | MuSK-IgG4 and total IgG4 subclass levels after RTX treatment along with variations in clinical severity are shown in panels: (A) for #4, (B) for #6, and (C)
for #7. Serological titers were converted into percentage values considering the baseline levels as 100%. MG severity was referred to as MGFA/PIS as reported in

Table 2. *Pt #4 received a second RTX with improvement (Im).
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multicenter study investigating the response to different RTX
dosages, the protocol of 375 mg/m?/week for 4 weeks plus an
infusion monthly for the next 2 months, which is similar to
that adopted in our study, was associated with the lowest relapse
rate in MuSK-MG (41). RTX cycles were repeated based on
clinical relapses in some studies (15, 16, 29) or per protocol
in others (17, 19, 28, 42), with an overall positive correlation
between number of treatment courses and clinical outcome (18).
Considering MuSK-MG pathogenesis, reemerging CD27% B cells
and plasmablasts in peripheral blood can serve as a valuable
reference for timing re-treatment. As an increase in MuSK-IgG
(and MuSK-IgG4) can herald a clinical relapse, changes in Ab
titers may be used to monitor clinical response.

It is well known that RTX is highly effective in IgG4-
associated diseases and can deplete short-lived Ab-secreting
cells without affecting long-lived plasma cells [for a review,
see (43)]. The effect of RTX on the longitudinal levels of
total serum IgG4, in MuSK-MG, has not been investigated.
In our population, RTX administration did not affect total
IgG4 to a greater extent than other IgG subclasses, as total
IgG and IgG4 serum levels both decreased in the first

months after treatment and then returned to normal.From our
data, total IgG and IgG4 appear to be mostly produced by
long-lived plasma cells, even though short-lived Ab-secreting
cells, may contribute. On the other hand, the long-lasting
decline of MuSK-Abs, particularly of I1gG4 isotype, supports
the view that short-lived Ab-secreting cells are the main
producers of MuSK Abs.

Overall, our data show that the therapeutic effects of RTX
can persist for several years after treatment, suggesting that,
by depleting autoreactive B-cell clones, RTX may significantly
disrupt the immunopathogenic circuit responsible for disease
maintenance. It is well known that B-cell activity depends on T-
B lymphocyte cross talk and cooperation. Future studies should
investigate how RTX affects such an interaction, particularly
regarding specific T- and B-cell repertoires.
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Thymic Immunoregulatory Defects

Frédérique Truffault't, Dani Nazzal, Julien Verdier't, Angeline Gradolatto't, Elie Fadel?,
Régine Roussin?, Bruno Eymard?3, Rozen Le Panse’ and Sonia Berrih-Aknin’
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Institute of Myology, Paris, France

The thymus is involved in autoimmune Myasthenia gravis (MG) associated with anti-
acetylcholine (AChR) antibodies. In MG, thymic regulatory T cells (Treg) are not efficiently
suppressive, and conventional T cells (Tconv) are resistant to suppression. To better
understand the specific role of the thymus in MG, we compared the phenotype and
function of peripheral and thymic Treg and Tconv from controls and MG patients.
Suppression assays with thymic or peripheral CD4 + T cells showed that the functional
impairment in MG was more pronounced in the thymus than in the periphery. Phenotypic
analysis of Treg showed a significant reduction of resting and effector Treg in the
thymus but not in the periphery of MG patients. CD31, a marker lost with excessive
immunoreactivity, was significantly reduced in thymic but not blood resting Treg. These
results suggest that an altered thymic environment may explain Treg differences between
MG patients and controls. Since thymic epithelial cells (TECs) play a major role in the
generation of Treg, we co-cultured healthy thymic CD4 + T cells with control or MG
TECs and tested their suppressive function. Co-culture with MG TECs consistently
hampers regulatory activity, as compared with control TECs, suggesting that MG
TECs contribute to the immune regulation defects of MG CD4 + T cells. MG TECs
produced significantly higher thymic stromal lymphopoietin (TSLP) than control TECs,
and a neutralizing anti-TSLP antibody partially restored the suppressive capacity of Treg
derived from co-cultures with MG TECs, suggesting that TSLP contributed to the defect
of thymic Treg in MG patients. Finally, a co-culture of MG CD4 + T cells with control TECs
restored numbers and function of MG Treg, demonstrating that a favorable environment
could correct the immune regulation defects of T cells in MG. Altogether, our data
suggest that the severe defect of thymic Treg is at least partially due to MG TECs
that overproduce TSLP. The Treg defects could be corrected by replacing dysfunctional
TECs by healthy TECs. These findings highlight the role of the tissue environment on the
immune regulation.
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INTRODUCTION

Myasthenia gravis (MG) is a chronic autoimmune disorder
caused, in most patients, by anti-acetylcholine receptors (AChR)
antibodies, which mainly destroy AChR at the neuromuscular
junction, leading to muscle weakness and fatigability (1).
Accumulating arguments strongly support that the thymus plays
a role in the pathology of MG (2). Indeed, thymectomy has
favorable clinical effects, especially in young patients (3). In
addition, functional and morphological abnormalities of the
thymus occur very frequently in MG patients: about 50% of them
present thymus hyperplasia with the development of lymphoid
follicles, and 10 to 15% have an epithelial tumor of the thymus
(4). Thymic hyperplasia is particularly common in young women
with a high level of anti-AChR antibodies (5), that decreases
after thymectomy in association with clinical improvement
(6). Thus the thymus seems to play a key role in anti-AChR
antibody production.

Several signs of activation and inflammation can be found in
the hyperplastic thymus of MG patients. B cells spontaneously
produce anti-AChR antibodies (7), and CD4 + T cells
express higher levels of Fas/CD95 (8) and proliferate more
in response to recombinant interleukin (IL)-2 than CD4 + T
cells from control individuals (9). In addition, suppression
by CD4 + CD25 + thymic regulatory T cells (Treg) is
severely reduced in MG patients compared with controls (10),
and CD4 + CD25- thymic conventional cells (Tconv) exhibit
resistance to the suppressive activity (11). Taken together, these
findings suggest that the thymus is chronically activated in MG.

Using microarray experiments, we showed that type I- and
type II-interferon (IFN)-regulated genes are highly expressed in
MG thymus in comparison with control thymus (12). Although
the origin of the thymic inflammation is still unclear, we
showed that molecules mimicking a viral infection increase
the expression of the autoantigen (AChR) as well as that of
chemokines (13) through the production of IFN-§ that appears
to play a central role in MG thymic changes (14).

Despite evidence of a dysregulated immune response in the
thymus of MG patients, the role of thymic epithelial cells (TECs)
has been only scarcely considered. It was shown that TECs from
MG patients overproduce IL-1, IL-6, and RANTES in comparison
with TECs from healthy subjects (9, 15). Recently, we showed that
the overproduction of IL-17 in MG thymuses is sustained by a
higher secretion of IL-23 by MG TECs (16).

In control thymuses, medullary TECs (mTECs) promote
the generation of thymic Treg and favor their function,
an effect mainly due to IL-2 overproduction by thymic
CD4 + conventional T cells (Tconv) (17). Treg were first
defined by their high expression of CD25 (18, 19), then by
the expression of FoxP3, a master control gene for Treg
development and function (20). In humans, however, FoxP3 is
not exclusively expressed in Treg as it can be transiently induced
in TCR-stimulated naive CD4 + T cells without conferring any
suppressive activity (21). The absence of CD127 is also a hallmark
of Treg, yet some CD25hiCD127low CD4 + T cells also contain
non-Treg (22, 23). In addition, the combination of FoxP3 and
CD45RA can separate three phenotypically and functionally

distinct subpopulations: CD45RA + FoxP3lo resting Treg (rTreg)
and CD45RA-FoxP3hi effector Treg (eTreg) that are both
suppressive in vitro, while cytokine-secreting CD45RA-FoxP3lo
cells (Fraction III, FIII) are non-suppressive (24). Finally, the
co-expression of chemokine receptors in Treg identifies specific
functional subsets. Treg expressing chemokine receptors travel
to the sites of inflammation to deliver a suppressive activity.
As an example, CD4 + FoxP3 + CXCR5 + cells defined as
follicular regulatory T cells control follicular effector T cells
(CXCRS5 + FoxP3neg) in lymphoid follicles (25).

In order to better understand the specific role of the
thymus in MG, we compared peripheral and thymic Tconv
and Treg from controls and MG patients by combinations of
markers, and we addressed whether TECs from control and
MG patients had distinct immune imprinting properties. We
showed that the phenotypic and functional defects in MG
were more pronounced in the thymus than in the periphery
and that TECs from MG patients induced immune regulation
defects in control CD4 + T cells, thus demonstrating that
mTECs in MG patients contribute to the immunoregulatory
defects in MG.

MATERIALS AND METHODS

Thymuses and Blood Samples
Thymuses were obtained from MG patients (12-41 year-old)
undergoing thymectomy at the “Hopital Marie Lannelongue” or
“Centre Hospitalier Universitaire de Strasbourg.” The clinical
details of the 44 patients included in the study are described in
Table 1. Normal thymuses were obtained from infants (4 days to
11 years) and adults (13-35 years) undergoing cardiac surgery at
the “Hopital Marie Lannelongue.”

Thymocytes were isolated from thymuses by mechanical
dissociation of fresh thymic tissue, as previously described (26).

TABLE 1 | Clinical characteristics of MG patients included in the study.

Age (median) 29 years
Sex 39 (89%) Female
5(11%) Male
Antibody status 40 (91) Anti-AChR positive
4 (9%) Seronegative
1(2%) Anti-MuSK positive
Therapy at time of analysis 43 (98%) Acetylcholinesterase inhibitors
2 (5%) Plus corticosteroids
1(2%) Plus immunosuppression
MG clinical subtype 31 (70%) Generalized MG
12 (27%) Ocular MG
1(2%) Not defined
Thymectomy 41 (93%) Yes
3 (7%) No
Thymic histology 31 (70%) Hyperplasia
1(2%) Thymoma
7 (18%) No abnormality detected
2 (5%) Not known
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The cells were filtered through cell strainer device to remove
thymic tissues and washed once with HBSS.

Blood was obtained from MG patients (19-45 years old)
just before thymectomy or during follow-up consultation,
and from sex-matched control donors (20-64 years old) from
the “Etablissement Frangais du Sang” (EFS). Peripheral blood
mononuclear cells (PBMCs) were isolated by Ficoll density
gradient centrifugation (Eurobio, Les Ulis, France).

These investigations were approved by the local Ethics
Committee (“Comité Consultatif de Protection des Personnes”),
Ile de France VII (Kremlin Bicétre, France). The relevant
authorization numbers are ID RCB 2006-A00164-47 and 2010-
A00250-39.

Isolation of CD4+ T Cells

CD4 + T cells were obtained from fresh thymic tissue or
from fresh PBMCs, as previously described (10). Total CD4 +,
CD4 + CD25 +, or CD4 + CD25- cells were purified
using magnetic separation according to the manufacturer’s
instructions (Dynabeads CD4 + CD25 + Treg Separation Kit, Life
Technologies, Saint Aubin, France and CD4 + CD25 + regulatory
T cell Isolation Kit, Miltenyi, Paris, France). For the isolation
of CD4 + thymic cells, we added an anti-CD8 antibody
(AbSerotec, Diisseldorf, Germany) to eliminate double-positive
cells expressing both CD4 and CD8.

Flow Cytometry

Staining was performed on fresh total and frozen
CD4 + thymocytes, as well as on frozen PBMCs. The antibodies
used in this study are described in Table 2. Two different
combinations of antibodies were used and are described
in Table 3. Data were acquired on a BD FACS CALIBUR
then analyzed using Cellquest software (United States) for
the combination of 4 colors, and on BD FACS Verse [with
FACSuite software then analyzed using FlowJo Software
(United States)] for the combination of 6 colors. Gating
strategies to identify subpopulation of Treg are shown in
Supplementary Figure 1.

Cell Culture
Cell culture products (Hank’s balanced salt solution (HBSS),
RPMI 1640 Glutamax I medium, Penicillin, Streptomycin,
Trypsin) were obtained from Invitrogen (Cergy-Pontoise,
France) while sera were obtained from Eurobio (Les Ulis, France)
and Ultroser-G from PALL-Biosepra (Cergy-Pontoise, France).
Primary TEC cultures were obtained from mechanically
minced fresh human thymus tissue and seeded onto cell culture
flasks, as previously detailed (27). These culture conditions result
mainly in medullary TECs (mTECS) that remain functional (27).
Indeed, mTECs in primo-cultures keep their ability to express
key molecules involved in immune tolerance processes such as
autoimmune regulator, tissue-specific antigens, chemokines, and
cytokines (27). After 8 to 12 days of primary culture, the confluent
monolayers were trypsinized and used in co-culture experiments,
or frozen for further use.

TABLE 2 | List of antibodies used in cytometry experiments.

Specificity Label Type Clone Producer
CD4 FITC Mouse IgG1, k MT 310 DAKO
CD4 PE Mouse IgG1, k MT 310 DAKO
CD4 APC Mouse IgG1, k MT 310 DAKO
CD4 PerCp-Cy5.5 Mouse IgG1, k RPA-T4 BECTON
DICKINSON
CD8 APC Mouse IgG1, k DK25 DAKO
CcD8 PE-Cy7 Mouse IgG1, k RPA-T8 BECTON
DICKINSON
CD25 PE-Cy7 Mouse IgG1, k  2A3 BECTON
DICKINSON
CD25 PE Mouse IgG1, k. ACT-1 DAKO
CD31 PerCp-eFluor 710 Mouse IgG1, k. WM-59 eBioscience
CD45RA FITC Mouse IgG2b  H1100 BECTON
DICKINSON
CD95 PE Mouse IgG1, k DX2 BECTON
DICKINSON
CD95 APC Mouse IgG1, k DX2 BECTON
DICKINSON
CcDh127 Brilliant Violet 421 Mouse IgG1, k HIL-7R-M21 BECTON
DICKINSON
CXCR3 FITC Mouse IgG1 49801 R&D Systems
CCR4 PE Mouse IgG2b 205410 R&D Systems
CCR4 FITC Mouse IgG2b 205410 R&D Systems
CXCR5 Biotin Mouse IgG2b 51505 R&D Systems
CXCR5 Alexa Fluor 488 Rat IgG2b RF8B2 R&D Systems
CCR7 FITC Mouse IgG2a 150503 R&D Systems
CCr7 APC Mouse IgG2a 150503 R&D Systems
Foxp3 eFluor 660 Mouse IgG1, k  236A/E7 eBiosciences
Cocultures

Freshly purified CD4 + thymocytes (5 x 10° cells/well) were
cultured alone, or cocultured with mTECs, in 24-well plates in
RPMI 1640 Glutamax I medium supplemented with 10% fetal
calf serum as previously described (17). For staining experiments,
CD4 + cells were cocultured with 2 x 10° mTECs during 24 h.
For immunosuppression assay, the CD4 + were cocultured with
1 x 10° mTECs for 3 days.

Suppressive Assay

The suppressive activity of CD4 + T cells cultured alone or with
mTECs was evaluated by tritiated thymidine incorporation,
as previously described (10). The suppressive capacity of
Treg was normalized as the percent of proliferative response
of phytohaemagglutinin-activated Tconv alone. In some
experiments, blocking anti-TSLP (R&D Systems, Lille, France)
antibody was used at 0.1 p g/ml.

Enzyme-Linked Immunosorbent Assay

Thymic stromal lymphopoietin (TSLP) concentrations were
measured in duplicate from supernatants of cultures of TECs,
using commercially available enzyme-linked immunosorbent
assays (Peprotech, France) according to the manufacturer’s
instructions. Measurements were performed on 100 vl of cell
culture supernatant previously frozen and analyzed on a MRX
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TABLE 3 | Combination of antibodies used in flow cytometry experiments.

A. Combinations of 4 antibodies

Antibody 1 Antibody 2 Antibody 3 Antibody 4
CD4 FITC CD95 PE CD25 PE-Cy7 CD8 APC
CD4 FITC CCR4 PE CD25 PE-Cy7 CD8 APC
CD4 FITC CD25 PE CXCRS biotin + Streptavidin PE-CY7 CD8 APC
CXCRS3 FITC CD4 PE CD25 PE-Cy7 CD8 APC
CCRY7 FITC CD4 PE CD25 PE-Cy7 CD8 APC
B. Combinations of 5 or 6 antibodies
Antibody 1 Antibody 2 Antibody 3 Antibody 4 Antibody 5 Antibody 6
CD4 APC CD8 PE-Cy7 CD25 PE CD127 BV 421 CD45RA FITC CD31 PerCp-eF 710
CD4 PerCp-Cy5.5 CD8 PE-Cy7 CD25 PE CD127 BV 421 CD45RA FITC FOXP3 eF660
CD4 PerCp-Cy5.5 CD8 PE-Cy7 CD25 PE CD127 BV 421 CXCRS3 FITC
CD4 PerCp-Cy5.5 CD8 PE-Cy7 CD25 PE CD127 BV 421 CXCR5 Alexa Fluor 488
CD4 PerCp-Cy5.5 CD8 PE-Cy7 CD25 PE CD127 BV 421 CCR4 FITC CCR7 APC
CD4 PerCp-Cy5.5 CD8 PE-Cy7 CD25 PE CD127 BV 421 CD95 APC
Revelation microplate reader from Dynex (Thermolab System,

: P ynex ( Yy A THYMUS B PBMCs
Chantilly, VA, United States). 0.0004 0.0328

3 . 8 -

T § 100 [ § 100
Statistical Analyses & T § & oy
Differences between groups were evaluated using parametric or 2 - 2 o -
non-parametric ¢-tests for paired or unpaired data (Graph Pad 5 so0 o § s © 4
Software, San Diego, CA, United States), with the significance g o° 2
level set to p < 0.05. Each figure legend mentions the statistical s | S | - oe ¢
test used. Other statistical tests have been used and are indicated T CTRL MG CTRL MG

in the text (One-way anova to compare 3 groups and Spearman
non-parametric correlation).

RESULTS

Functional Characterization of Thymic
and Peripheral Regulatory Cells

The suppression function of Treg is profoundly impaired in the
MG thymus (10). In order to investigate whether peripheral Treg
behave similarly, we compared the suppressive function of Treg
isolated from the thymus or from peripheral blood cells from MG
and control donors.

In both compartments, the suppressive function was impaired
in MG patients. In the thymus, the average proliferation was
23.0% for controls and 81.1% for MG patients (Figure 1A,
p < 0.001). In PBMCs, the average proliferation was 29.4% for
controls and 60.8% for MG patients (Figure 1B, p < 0.04). While
in the thymus, there was no overlap between MG and control
values, it was not the case for PBMC results (Figures 1A,B).

The more impaired suppressive activity of thymic Treg
compared to peripheral Treg suggests that Treg from these two
compartments might present phenotypic differences.

Phenotypic Characterization of Thymic
and Peripheral Regulatory Cells

To analyze the phenotype of Treg, we used several combinations
of markers. We first analyzed the level of CD25 expression.

FIGURE 1 | The suppression function is more impaired in the thymus than in
the periphery in MG patients. Percentages of proliferation of Tconv in
co-culture with Treg (ratio 1:1) from control individuals (CTRL) or patients with
myasthenia gravis (MG) using cells derived from the thymus (A) or from
PBMCs (B). Data represent the mean =+ standard error of the mean. Statistical
test: Two-tailed t-test.

We then investigated the combination of CD25 with CD127
since CD25 + CD127neg cells are defined as regulatory cells
(22). Finally, to further define most precisely the subtypes of
Treg, we used the CD45RA marker together with CD25 and
FoxP3 to differentiate resting (CD45RApos CD25lo FoxP3lo)
(rTReg), effector Treg (CD45RAneg CD25hi FoxP3hi) (eTReg)
and CD45RAneg CD25lo FoxP3lo (CD25lo non-Treg, defined
as FIII) cells as previously described (24). The gating strategy is
shown in Supplementary Figure 1.

In MG patients, the percentages of Treg were reduced in the
thymus but not in the periphery regardless of the gating strategy
to define Treg (Figure 2A). Fractioning Treg subsets based on
CD45RA expression revealed that percentages of both resting
and effector Treg were reduced in the thymus of MG patients
but not in the periphery (Figure 2A). As a consequence of Treg
reduction, the percentage of CD25neg cells was increased in the
thymus (Figure 2A, left panel). In PBMCs, the percentage of
CD25neg was decreased together with an increase in CD25lo cells
(Figure 2A, right panel). These results show a very dissimilar
phenotype of Treg in the thymus and PBMCs.
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FIGURE 2 | Phenotypic characterization of thymic and peripheral regulatory cells. (A) Percentages of indicated cell populations among total CD4 + T cells in healthy
individuals (blue) or in myasthenic patients (orange) in the thymus (left panel) or in PBMCs (right panel). Mean fluorescent intensities of CD25 (B), FoxP3 (C), CD127
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To characterize more precisely the phenotypic changes of
the subsets defined with CD45RA (rTReg, eTreg FIII) in the
thymus and PBMCs, we determined mean fluorescent intensities
of markers associated with Treg function. In the thymus of
MG patients, CD25 expression was significantly reduced in
eTreg but not in the other subsets while in PBMCs a decrease
in CD25 expression was observed in FIII (Figure 2B) but
not in the other subsets. The level of CD127 was higher
in FIII (p < 0.02) and in rTreg without reaching statistical
significance (p = 0.066) in the MG thymus but not in
PBMC:s (Figure 2C).

CD127 expression is expected to be low in the two Treg subsets
(rTreg and eTreg) and high in FIII. This was the case in the
periphery (p < 0.001, one-way ANOVA for controls and MG)
where an inverse correlation between CD25 and CDI127 was
observed (r> = —0.77 for MG patients and r> = 0.87 for controls,
p < 0.0001, Spearman correlation test), but not in the thymus.
CD127 expression was much lower in the thymus as compared
with PBMCs (4 to 5 fold, p < 0.0001 for both MG and control
groups, t-test) and the level in the thymus was similar in the
different subpopulations (One-way ANOVA test).

As expected, the level of FoxP3 was higher in eTreg compared
to the other subsets in both thymus and PBMCs (Figure 2D), but
there was no change at all in MG patients compared to controls,
both in the thymus and in PBMCs (Figure 2D).

We also investigated the expression of CD31 (PECAM-1), a
marker of recent thymic emigrants that is lost with excessive
immunoreactivity (28). The expression of CD31 in thymic
CD4 + cells from MG patients was significantly reduced in rTreg
while it was unchanged in eTreg, and a trend for a decrease in
FIII was observed (Figure 2E, left panel). In PBMCs, the level
of CD31 was unchanged in MG in the three different subsets
although a decrease in CD31 expression was observed in the
whole CD4 population (Figure 2E, right panel). A decrease in
CD31 is consistent with an increased proliferation and activation
of these cells (29). CD31 expression was reported to be higher in
circulating FoxP3 + rTreg than in eTreg (30) (albeit in the absence
of statistical testing), we observed this profile more clearly in the
thymus than in the blood.

The results are summarized in the Figure 2F showing that
the alterations of CD4 cells are dissimilar in the thymus and
PBMCs. In the thymus, alterations were observed in all cell
subsets, while in PBMCs, Treg subsets (rTreg and eTreg) did not
appear to be affected.

Expression of CD95 and Chemokine

Receptors in Treg Subsets

In healthy subjects, the percentage of CD95 + cells increased with
the level of CD25 on CD4 + T cells but more moderately in
the thymus (p = 0.054, Spearman correlation test) than in the
periphery (p < 0.0001, Spearman correlation test) (Figure 3A).
Confirming what we previously showed (10), the percentage
of CD95 + cells was significantly higher in thymocytes from
MG patients compared with controls in all subpopulations
(CD25neg, CD25lo, and CD25hi) (Figure 3A, left panel). In
PBMCs, higher percentages of CD95 + cells were also observed

in CD25neg and CD25low populations, but not in the CD25hi
cells (Figure 3A, right panel).

Trafficking receptors expressed on Treg undergo changes
according to their stages of activation and differentiation (31).
CXCR3 and CXCRS5 levels are increased in CD4 + T cells in
the thymus and PBMCs of MG patients (32, 33). The thymic
overexpression of CXCR3 and CXCR5 on CD4 + T cells in MG
patients was independent of CD25 expression (Figures 3B,D, left
panel). In PBMCs, the overexpression of CXCR3 and CXCR5 on
CD4 + T cells was observed in CD25neg and CD25lo cells but not
in CD25hi cells (Figures 3B,D, right panel).

In the thymus, the levels of CCR4 were high (> 60% in
all CD4 + T cell subsets) (Figure 3C, left panel) while CCR7
was hardly detectable (Figure 3E, left panel). In PBMCs, the
level of CD25 expression on CD4 + T cells was correlated
with the level of CCR4 (p < 0.0001, Spearman correlation test)
and inversely correlated with the level of CCR7 (p < 0.001,
Spearman correlation test). Nevertheless, levels of CCR7 and
CCR4 on CD4 + T cells were unaltered in MG both
in the thymus (Figures 3C,E, left panel), and in PBMCs
(Figures 3C,E, right panel).

Altogether, immune dysregulations were more pronounced in
the thymus than periphery although some modifications were
also found in the periphery such as CD95 and chemokine
receptors (Figure 3F). Changes in the CD25hi subset was
only observed in the thymus. These results suggest that the
altered thymic environment in MG may directly contribute
to the phenotypic differences we observed between MG
patients and controls.

Association Between Immune Defects

and Clinical Features

To address whether clinical aspects of the disease affected
the observed differences, we confronted the results shown in
Figures 2, 3 with available clinical data. Although some analyses
were not conclusive due to a low number of samples, several
interesting observations were made.

Thymus Pathology

We observed that the expression of several markers was positively
correlated with the germinal center grade in the thymus: CD95 in
CD25hi (p < 0.05) and CXCR3 in CD25lo (p < 0.005), suggesting
that the changes in thymic cell subsets involve CD25 positive
cells (including activated and regulatory cells) (Supplementary
Figures 2A,B). Besides, we observed some changes in PBMCs:
the percentage of CD25 + CD127- cells increase with the thymic
germinal center grade (Supplementary Figure 2C) suggesting
that thymic events could impact Treg changes in the periphery.

Duration of the Disease

We did not observe any correlation between the duration of
the disease and any biological parameter in the thymus, but
the number of samples in each subgroup was small. In PBMCs,
we found that patients with a long disease duration tended to
have higher expression of CD25 and a higher percentage of
CD25loCD45RAneg (FIII) (Supplementary Figures 2D,E).
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Antibodies

Because the number of seronegative patients was low, it was not
possible to determine whether the absence of auto-antibodies was
related to the measured parameters. However, we did not observe
any convincing correlation between measured parameters and
levels of anti-AChR antibodies.

Clinical Grade

We observed interesting correlations between the clinical grade
and Tconv/Treg balance in PBMCs. Percentages of CD25 + Treg
and of CD25lo were higher in severely affected patients compared
with mild patients, while it was the opposite for CD25neg
Tconv cells (Supplementary Figures 3A-C). The percentage of
CD25 + CDI127- cells was also higher in patients with more
severe disease (Figure 3D). Finally, the level of CCR4 in CD25lo

cells was correlated with the clinical grade (Supplementary
Figure 3E); the severely affected patients have a lower level of
CCR4, which is a marker associated with immune regulation.

TECs Contribute to the Functional
Defect of Treg: Role of TSLP

We previously showed that the thymic epithelium plays a major
role in the generation of Treg (17). We wondered whether
regulatory function defects in MG could be explained by
alterations of MG TECs.

To answer this question, we co-cultured healthy thymic
CD4 + T cells with control or MG TECs for 3 days. Then Teff
and Treg were purified, and we tested the suppressive function in
a proliferation assay. We observed a consistent loss of regulatory
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activity in all experiments (n = 7) (Figure 4A). Indeed, co-culture
with control TECs resulted in a mean percentage of proliferation
that was 39% while co-culture with MG TECs resulted in a mean
percentage of proliferation that was approximately 60%. The
mean of differences between the 2 culture conditions was 21.3%.
These results support the idea that MG TECs contribute to the
immune regulation defects of MG T cells.

We then hypothesized that soluble factors produced by TECs
and having an effect on Treg could mediate the pathogenic
mechanism due to MG TECs. We investigated IL-6 and TSLP that
are known factors influencing regulatory function (34, 35).

Supernatants produced by TECs from MG patients produced
significantly higher levels of TSLP than that from controls
(Figure 4B). In our co-culture experiments, a neutralizing anti-
TSLP antibody partially restored the suppressive capacity of
Treg derived from co-cultures with MG TECs (Figure 4C).
This suggested that TSLP was one of the factors contributing
to the defect of thymic Treg in MG patient. By contrast, anti-
IL-6 antibody had no effect on the suppressive capacity of
Treg (not shown).

To analyze whether the level of TSLP is also increased in
the whole thymus, we performed real-time PCR in thymic
samples, and observed a significant increase in TSLP in MG
thymus compared with age-matched controls, although this
global analysis does not allow to determine which cell type over
produce TSLP (Supplementary Figure 4).

Altogether, these results show that TECs played a
significant role in the defect of Treg in MG patients, and
this effect was at least partially mediated by TSLP that was
overproduced by MG TECs.

Immune Regulation in MG CD4+ Cells

Could Be Restored

The experiments described above indicated that thymic CD4 + T
cells from MG patients present numerous defects affecting Treg.
Since TECs appear to play a key role in these defects, we asked
if it was possible to normalize the number and function of
MG Treg by a coculture with control TECs. The coculture of

thymic CD4 + T cells from MG patients in presence of control
TECs induced an increase in the CD25high cell number in the 4
experiments (Figure 5A). To evaluate the suppressive function,
CD4 + thymic MG cells were incubated with control TECs for
3 days and Treg and Tconv were purified for a suppression
assay. The suppression defect was reduced in all experiments (3
different MG patients tested) (Figure 5B). Finally, normal TECs
decreased the expression of CXCR3 in CD25lo and CD25hi cells
(Figures 5C,D), but had no effect on CXCR5 (not shown).

Collectively, these results show that the immune regulation
defects of T cells could be corrected when MG T cells were
pre-incubated with control TECs.

DISCUSSION

This work presents a detailed comparative phenotyping analysis
of thymic and blood Treg in MG and pinpoints a potential role of
TECs in the thymic immunoregulatory defects. The main results
of the study are: (1) a significant difference in the phenotype of
thymic CD4 cells compared to peripheral cells in MG patients.
Patients’ thymic cells present alterations more striking than
peripheral cells; (2) a significant impact of TECs is shown; (3)
a potential participation of TSLP in the pathogenic processes is
proposed and has never been described.

Thymic and Peripheral Treg in

Myasthenia Gravis

Published data are quite inconsistent for Treg numbers in MG.
Several studies reported that percentages of Treg were unchanged
in MG (10, 36, 37), while others reported some changes (38,
39). Previous studies investigated either cells extracted from the
thymic tissue or blood, and the majority found that Treg from
MG patients have impaired immunosuppressive functions in
both tissues (10, 36, 40). This study is the first study to compare
the function and phenotype of Treg from the inflammatory
organ, the thymus, and from peripheral blood in control
individuals and MG patients. We observed lower percentages
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of thymic, but not circulating, Treg in MG patients, regardless
of whether we defined them as CD25hi or CD25+ CD127-.
Treg fractioning based on CD45RA expression revealed that
both rTreg and eTreg were reduced in the thymus, but not in
the blood, of MG patients. These results suggest that thymic
specific factors could have impacted the phenotype of thymic
Treg in MG. Surprisingly, FoxP3 expression was unaltered in
MG, neither in the thymus nor in the periphery, consistent
with the publication by Kohler et al. (39), but not with that of
Thirrupathi et al. (36). To explain these apparent contradictions,
we propose several explanations: (1) even if some reports indicate
changes in the numbers of Treg, it is a mild one that could
be easily missed in other cohorts due to patients heterogeneity.
Disease duration or corticosteroid treatment could also impact
the number of Treg. In multiple sclerosis, while both circulating
rTreg and eTreg have an impaired suppressive function in
patients with a disease duration lower than 10 years, eTreg
appeared to have a restored function in patients with a longer
disease duration (41). It will be interesting to determine if the
differences we observed are affected by the disease duration.
(2) it is also possible that these differences are dependent
on experimental conditions. For example, using fresh total
cells, or purified frozen cells could lead to different results
as the cell subsets analyzed are not strictly the same ones;
in addition, the methods used (PCR versus flow cytometry)
and the nature of the antibody clone could also induce
differences in the results.

Altogether, our results indicate that percentages of thymic
Treg are decreased in MG, confirm the immunosuppressive
impairment of Treg in MG patients and show that thymic Treg
are phenotypically different from the peripheral Treg. These
results are in line with previous data showing that changes in the
percentage of cells expressing high level of CD95 is much more
pronounced in the thymus than in the periphery (8).

What Could Be the Role of the Thymic
Epithelium in Myasthenia Gravis?

We previously showed that the inflammatory environment
in the MG thymus could play an important role in the
pathogenesis of MG by generating T cells that are out of
control (11), but the thymic component responsible for this
impairment was not identified in this work. Previous publications
including ours, demonstrated that the thymic epithelium in
MG presents some functional alterations. TECs from MG
patients produce excessive amounts of cytokines (IL-6 and IL-
1B8), chemokines (CXCL13 and RANTES), as well as kinases
(p38 and ERK1/2 MAPKs) (15, 42— 44). We recently showed
that MG TECs overproduce IL-23 and TGF-B3 (16). Together
with the increase in IL-6, and IL-1B, MG-TECs provide a pro-
inflammatory context that contributes to the differentiation and
activation of pathogenic Th17 cells (16). In addition, IFN-
B that is overexpressed in MG thymuses (13) increases the
expression of the autoantigen (a-AChR) and the production
of CXCL13 and BAFF by mTECs (14). The current study
provides a straightforward evidence that the thymic epithelium
plays a role in the functional alterations of Treg in MG. We

were able to show that control thymic CD4 + T cells co-
cultured with MG TECs lost a part of their ability to suppress
Tconv proliferation.

Interestingly, the epithelium has also been implicated in other
autoimmune pathologies, such as Sjogren’s syndrome (SS) and
primary biliary cholangitis (PBC). In SS patients, the functional
impairment of salivary glands comes as a result of an immune
attack on epithelial cells of the affected organs, which has
been named autoimmune epithelitis (45). Similar to MG, the
epithelial cells overproduce cytokines and chemokines. Thus,
we hypothesize that a defect in the epithelium mediates the
pathogenesis in MG. How could this be possible? The epithelium
is frequently an entry point for microorganisms and is constituted
of one or several layers of epithelial tissue in many organs. The
thymus is not an exception since a monolayer of epithelial cells
surrounds each thymic lobule. In some autoimmune pathologies,
the epithelial tissue undergoes increased apoptosis, which could
lead to a presentation of many epithelial antigens. Although, this
has not been shown in ex vivo experiments, indirect arguments
favor such a possibility since IFN-B induces the TECs death in
vitro and the uptake of TECs proteins by dendritic cells (14). The
presence of viruses in the epithelium could lead to the production
of IFN-I that will favor the recruitment of inflammatory cells
and activate them to induce an immune response. Besides, the
epithelial cells could play the role of antigen-presenting cells as
they express HLA class II antigens and are capable of expressing
co-stimulatory molecules.

In the current study, we showed that excessive TSLP
production by MG TECs reduced the suppressive function
of Treg.

The relationship between TSLP, Treg, and human thymus
was described for the first time in 2005 by Watanabe et al. who
showed that Hassall’s corpuscles induce the proliferation and
differentiation of Tconv into Treg via the production of TSLP
that activate thymic dendritic cells (46). Other findings show that
TSLP plays an important role in the expansion and survival of
CD4 + T cells (47). In addition, in the asthmatic allergy model,
it was shown that TSLP directly and selectively impairs IL-10
production of Treg and inhibits their suppressive activity (48).
Together these findings show that TSLP has a complex role
and could either promote the differentiation of Treg or impair
its production. The likely explanation is the existence of two
variants for TSLP in human tissues. The main isoform (short
form) is expressed in steady-state and plays a homeostatic role,
while the long form is upregulated in inflammatory conditions
(49). In our study, it is likely that the increased expression of
TSLP by mTEC is the inflammatory long-form. Although we
did not analyze IL-10 production, we showed that inhibition by
the anti-TSLP antibody could restore the defective suppressive
function of patients’ CD4 + T cells. Interestingly, viral stimuli
could enhance TSLP expression by pulmonary epithelium (50);
thus, the increased production of TSLP by MG TECs could be
due to a viral stimulus in the thymus, a hypothesis previously
discussed (4). In favor of this hypothesis, we showed that control
TECs stimulated with Poly(I:C) or with IFN-I, increase their
production of TSLP (data not shown). Interestingly, in human
esophageal epithelial cells or in lung fibroblasts, the long isoform
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but not the short one is regulated by poly(I:C) or TNF-a,
respectively (51, 52).

Significance of CD31 Decrease in MG

CD4+ T Cell Subsets

The CD31 molecule, also called PECAM-1, is expressed on
the surface of many cells, including cells of the immune
system. In CD4 + T cells, CD31 is often regarded as a
marker for naive cells, although some memory cells also
express CD31. The expression of CD31 is lost after in vitro
stimulation and expansion cycles (42). It, therefore, appears
that CD31 is a differentiation antigen of CD4 + T cells, which
is lost during maturation and proliferation. CD31 helps to
control T-cell activation, and in its absence, T cells have a
higher propensity to become activated, resulting in increased
susceptibility to becoming apoptotic (43). Also, expression
of PECAM-1 is important for dampening levels of multiple
pro-inflammatory cytokines on the cellular and whole animal
level (45).

Expression of CD31 is found on blood T cells that had
recently emigrated from the thymus (53). This cell subset has
an enhanced proliferative capacity, and it has been proposed that
these cells enhance susceptibility to autoimmune disease (44).
Our study revealed that in the thymus, rTreg have a decrease in
CD31, suggesting that this particular population was probably
activated and stimulated without acquiring the CD45RO marker
memory marker. Interestingly in the periphery, CD31 is not
altered in Treg, which underlines the difference with thymic
Treg. However, CD31 expression is decreased in the overall
CD4 population, indicating that CD31 is decreased in Tconv.
The significance of this finding is probably increased activation
and stimulation of these cells. These results show that although
the Treg are not altered in the blood of MG patients, other
pathogenic mechanisms might take place in the periphery. In
a general context, the number of CD31 + cells was found to be
diminished in several pathologies. Reduced CD31 + T cells is
a hallmark of atherosclerotic plaque thrombosis (54). Multiple
sclerosis is associated with lower percentages of circulating rTreg
expressing CD31 (13).

In conclusion, this work highlights the role of the thymus in
MG, as it shows for the first time that alterations in CD4 cells
are more pronounced in the thymus than in the blood. We here
explain the causes for thymic CD4 alterations; we demonstrate
that TECs play a major role in Treg thymic defects and that TSLP
overproduced by MG TECs is one of the soluble mediators that
contributes to the thymic immune defects. Finally, replacing MG
TECs by normal TECs allowed restoring the immunosuppressive
abilities of MG Treg. These findings demonstrate that in a
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Muscle-Specific Kinase Myasthenia
Gravis
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Department of Neurology, University of California, Davis, Davis, CA, United States

Thirty to fifty percent of patients with acetylcholine receptor (AChR) antibody (Ab)-
negative myasthenia gravis (MG) have Abs to muscle specific kinase (MuSK) and
are referred to as having MuSK-MG. MuSK is a 100 kD single-pass post-synaptic
transmembrane receptor tyrosine kinase crucial to the development and maintenance
of the neuromuscular junction. The Abs in MuSK-MG are predominantly of the IgG4
immunoglobulin subclass. MuSK-MG differs from AChR-MG, in exhibiting more focal
muscle involvement, including neck, shoulder, facial and bulbar-innervated muscles, as
well as wasting of the involved muscles. MuSK-MG is highly associated with the HLA
DR14-DQ5 haplotype and occurs predominantly in females with onset in the fourth
decade of life. Some of the standard treatments of AChR-MG have been found to have
limited effectiveness in MuSK-MG, including thymectomy and cholinesterase inhibitors.
Therefore, current treatment involves immunosuppression, primarily by corticosteroids.
In addition, patients respond especially well to B cell depletion agents, e.g., rituximab,
with long-term remissions. Future treatments will likely derive from the ongoing
analysis of the pathogenic mechanisms underlying this disease, including histologic
and physiologic studies of the neuromuscular junction in patients as well as information
derived from the development and study of animal models of the disease.

Keywords: myasthenia gravis, muscle specific kinase, neuromuscular junction, pathogenesis, treatment, animal
models, review

INTRODUCTION

Myasthenia gravis (MG) is an autoimmune disease of the neuromuscular junction synapse (NMJ)
characterized by weakness that worsens with continued muscle work and improves with resting
of the involved muscle(s). Non-immune genetic diseases of this synapse, referred to as congenital
myasthenic syndromes, produce similar symptoms (1, 2). For MG, the distribution of weakness
is distinctive, involving primarily the extraocular muscles. In ocular MG, involvement is limited
to these muscles. In more severe cases (generalized MG), the pontine- and bulbar-innervated
muscles and the respiratory muscles are commonly also affected. Least frequently involved are the
extremity muscles.

Most MG patients have circulating antibodies (Abs) to the NM] postsynaptic neurotransmitter
receptor, nicotinic acetylcholine receptor (AChR), AChR-MG (3, 4). The pathogenic role of these
Abs has been demonstrated by induction of MG in experimental animals by both passive transfer of
MG serum Abs (5) or anti-AChR monoclonal Abs (mAbs) (6-8) and by active immunization with
purified AChR (9). For both AChR-MG and its experimental models, the Abs induce a destructive
inflammatory attack on the AChR-containing postsynaptic membrane (10-13). In generalized MG,
AChR Abs are present in 90 percent of patients. The remaining cases were initially designated as
seronegative MG.
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The earliest studies of these AChR Ab-negative MG cases
failed to identify clinical or electrophysiologic features that
distinguished it from AChR-MG. In 2001, Hoch and coworkers
identified Abs to a different postsynaptic membrane protein,
muscle-specific kinase (MuSK), present in the sera of 30-
50 percent of seronegative MG patients (14). Once this
group of MuSK-Ab-positive MG patients (MuSK-MG) was
identified, clinical characteristics of MuSK-MG were discerned
that distinguish it from AChR-MG, suggesting that MuSK-
MG is a distinct autoimmune disease. Most striking is muscle
wasting in many of the affected muscles. Although MuSK-MG
is also an Ab-mediated disease, inflammatory damage to the
NM]J does not occur. In fact, the majority of the Abs are of the
IgG4 immunoglobulin subclass, which is characterized partly by
inability to activate complement or bind to Fc receptors. The
proposed mode of action of these auto-Abs is blockade of the
normal function of MuSK.

Many of the standard treatments of AChR-MG are of
limited effectiveness in MuSK-MG, including thymectomy and
cholinesterase inhibitors. Therefore, current treatment involves
immunosuppression, primarily by corticosteroids or B cell
depletion agents.

Since the initial identification of MuSK-MG, a number of
experimental animal models of this disease have been developed.
As is the case in AChR-MG, careful analyses of both the human
disease and the animal models have led to the determination
of the pathogenic mechanisms underlying this disease. Such
information has the potential for the development of improved
treatments of MuSK-MG and similar diseases.

MuSK AND THE NEUROMUSCULAR
JUNCTION

Muscle specific kinase was identified as a postsynaptic integral
membrane protein playing a pivotal role in the development
of the NM]J (15-19). This synapse begins to form when the
axon growth cone of a developing motor neuron encounters a
developing myotube and begins to secrete agrin, a glycoprotein
with alaminin-binding domain that anchors it to the extracellular
matrix (20-25). Prior to the arrival of the axon, AChRs, which
initially are spread diffusely along the myotube, begin to cluster
in the central region of the myotube (26, 27). When the axon
growth cone eventually encounters this region and secretes agrin
(Figure 1) (9, 10), the agrin induces more extensive dense
clustering of the AChRs in the postsynaptic endplate membrane,
which is the first step in the elaboration of this structure into its
adult architecture (Figure 2), including a pretzel-like topographic
profile (Figure 3A) and marked folding and specialization of that
membrane at the ultrastructural level (Figure 3B) (20-25, 28-34).

Both the initial spontaneous AChR clustering and the agrin-
induced effects require the presence of MuSK (23, 35, 36). The
paradoxical observation that agrin and MuSK do not bind in vitro
led to a search for a third (intermediary) protein required for
their interaction, which was eventually found and identified as
the postsynaptic transmembrane protein low density lipoprotein
receptor-related protein 4 (Irp4) (37-39).

The agrin-lrp4-MuSK interaction leads first to MuSK
dimerization and then self-phosphorylation. The latter effect
initiates a series of intracellular protein phosphorylations
mediated through a downstream signal transduction pathway
beginning with Dok7 and ending with rapsyn and the B
subunit of AChR (40-43). Activation of this pathway results in
dense AChR clustering, the first step in the elaboration of the
postsynaptic components of the synapse (Figure 2) (44, 45). The
AChR clustering also includes MuSK and lrp4 and the other
components of the MuSK-associated signaling pathway (21, 46).

Activation of the agrin/lrp4/MuSK pathway leads, as well,
to increased expression/synthesis of the components of the
pathway and other endplate-specific proteins (by subsynaptic
muscle nuclei) (22, 47-49). The induced AChR clustering,
and the eventual elaboration of the entire adult postsynaptic
endplate structure, involves polymerization of actin leading
to the production of an intracellular scaffolding, comprised
of a number of proteins, upon which the mature structure
of the muscle endplate is formed. This process results in
tight packing of the phosphorylated AChRs on the peaks
of the synaptic folds opposite the specialized nerve terminal
(Figure 3B) (44, 45, 50). This actin/cytoskeletal remodeling is
contributed to by a number of other proteins in the MuSK
signaling pathway, most prominently cortactin, which when
phosphorylated directly enhances further actin polymerization
(44, 51). Extracellularly, ColQ, the collagen-like portion of the
NM]J enzyme acetylcholinesterase, binds to the extracellular
portion of concentrated (clustered) MuSK (52, 53) and also to the
extracellular matrix protein perlecan, leading to anchoring of the
enzyme to the extracellular matrix at the clustering sites (53).

The agrin/lrp4-induced activation (phosphorylation) of
MuSK is also associated with development of the presynaptic
portion of the NMJ. MuSK activation initiates a separate (less well
understood) retrograde pathway, resulting first in a stop signal
terminating the travels of the motor axon (Figure 1) (54, 55). The
increased concentration (clustering) of Irp4 at the developing
NM]J induced by activation of the MuSK transduction pathway
is required for the further development of the axon growth
cone into the adult specialized presynaptic nerve terminal. The
concentrated lrp4 binds the nerve terminal, but the presynaptic
“receptor” for lrp4 and the subsequent developmental steps have
not yet been identified (56) (21).

The further maturation of the NMJ and, in particular, the
mechanisms involved in the maintenance of the mature NM]J,
are even less well understood (33, 55, 57, 58). Maintenance of the
NM]J does appear to require MuSK functionality, as demonstrated
by the dissolution of the synapse in adult animals (in the absence
of inflammation) both in (1) experimental MuSK-MG induced by
either passive or active immunization with MuSK (59-63) and (2)
in adult animals in which MuSK has been inactivated or knocked
down (64, 65).

MuSK MOLECULAR STRUCTURE

Muscle specific kinase is a 100 kD single-pass transmembrane
receptor tyrosine kinase with an N-terminal extracellular domain
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FIGURE 1 | Developing NMJ: The motor axon growth cone releases agrin into the intercellular matrix when it reaches a developing myotube. Agrin binds Irp4 and
the complex binds MuSK resulting in activation of MuSK, which self-phosphorylates and then initiates a series of phosphorylations beginning with Dok7 and ending
with rapsyn and 8 subunit of AChR. This process induces dense AChR clustering, the first step in the development of both the postsynaptic and presynaptic

portions of the mature NMJ. From Richman (66) with permission.
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FIGURE 2 | Mature NMJ: Motor axon action potentials reach the motor nerve terminal leading to release of vesicles of acetylcholine (ACh), which diffuses across the
synaptic clef to bind to the tightly packed acetylcholine receptors (AChR) located on the peaks of the folds of the endplate membrane. After AChR activation, ACh is
then hydrolyzed by acetylcholinesterase (AChE) in the muscle basal lamina. VGSC, voltage-gated sodium channels; VGKC, voltage-gated potassium channels;
VGCC, voltage-gated calcium channels. From Richman (66) with permission.
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FIGURE 3 | (A) Photomicrograph (x80) of longitudinal frozen section of
diaphragm muscle stained immunohistochemically with alpha-bungarotoxin to
label AChR (red) and anti-synapsin plus anti-neurofilament Abs to label
presynaptic nerve terminals and axons (green), demonstrating pretzel
appearance of endplate membrane. (B) Electron micrograph (x5000) of
transverse section of diaphragm muscle neuromuscular junction
demonstrating highly folded endplate membrane. [Modified from (63) with
permission].

followed by a short transmembrane domain and then a
C-terminal cytoplasmic domain (Figure 4) (15, 16, 18, 19). The
extracellular domain of MuSK, which is required for interaction
with agrin and Irp4, comprises three immunoglobulin (Ig)-
like domains (37, 39, 67) followed by a cysteine-rich frizzled-
like region (labeled C6-box in Figure 4) (15, 16, 18, 45). The
cytoplasmic domain contains the kinase activity and signaling
components of the molecule that lead to the development of the
postsynaptic apparatus (see above) (45).

The first two extracellular Ig-like domains, which are rigidly
joined in a linear array (67), appear to play a dual role in
activation of MuSK signaling. First, Ig-1 is crucial for binding

) ) Tyrosine kinase
I signal peptide . FLR l Y domain

Ig-homology Transmembrane Alternative splicing
domain 1-3 region site

FIGURE 4 | MuSK Structure (Modified from 15). FLR, Frizzled-like region.

to the MuSK ligand, i.e., agrin-associated Irp4 (68). Second, it is
the substrate for the dimerization of two MuSK molecules (67).
Dimerization is required for MuSK (trans) autophosphorylation,
the first step in the activation of the MuSK-associated signaling
pathway (69, 70). Autophosphorylation, along with binding of
Dok?7, an intracellular MuSK target, results in full activation
of the MuSK kinase activity (71, 72). It is the combination of
ligand (agrin/lrp4) binding and the full establishment of its kinase
activity that results in the sequence of protein phosphorylations
by MuSK that comprise the MuSK-associated signaling pathway
that leads first to AChR clustering and subsequently to formation
of the mature NMJ. The role of the frizzled-like region, which
functions as a receptor for the wnt family of intracellular signaling
proteins, is not yet well understood (73-76).

Early studies employing both rat and human MuSK have
determined that it is only the extracellular domain of the
molecule that is the target of the MuSK Abs in MuSK-MG (see
below) (14, 77).

ANTI-MuSK MYASTHENIA

Disease Characteristics

The MuSK Ab-positive subgroup of “seronegative patients,” anti-
MuSK MG, does have clinical similarities to AChR-MG but
tends to differ significantly in exhibiting more focal involvement
than AChR-MG, frequently with severe involvement of neck,
shoulder, facial and bulbar-innervated muscles, although there
is considerable variability from patient to patient (78-82). When
the extremities are involved, proximal muscles are more affected
than distal ones (83). Unlike AChR-MG, many patients have
wasting of these muscles (78, 79, 81, 84-86), and data suggest
that this represents a direct myopathy and is not the result
of denervation, a point that remains somewhat controversial
(86-91).

The demographic characteristics of MuSK-MG differ from
AChR MG. In the latter disease, the age/incidence curve is
bimodal with a peak in the early 20’s, which is majority female,
and with a second peak in the 60’ and 70’s, which is majority
male (92-94). In contrast, MuSK-MG tends to occur in the 30’s
with very strong female predominance (95). Also, MuSK-MG is
highly associated with the HLA DR14-DQ5 haplotype (96).

The restricted HLA (MHC) class II association in MuSK-MG
suggests a role for T helper cells in this Ab-mediated disease.
A recent study observed antigen (MuSK)-specific T cell responses
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in cultures of circulating mononuclear cells (MNC) from MuSK-
MG patients. These anti-MuSK responses utilized a somewhat
limited number of T cell receptor variable region genes (97-99),
consistent with a genetically influenced disease-specific T cell
response. Also, in contrast to AChR-MG, only rare MuSK MG
patients have been found to have thymic lymphoid hyperplasia
(97-101).

Remarkably, data concerning NM] histology and
microphysiology in MuSK-MG are very limited. In the
three histologic studies available (102-104), only relatively mild
abnormalities of NMJ morphology/function were observed. The
changes were all postsynaptic, including partially denervated
postsynaptic membrane and moderate degeneration of
postsynaptic folds (102). One of two microelectrode studies
found only postsynaptic abnormalities, marked decrease in
miniature endplate potential (MEPP) amplitudes (103). However,
the other study found both postsynaptic abnormalities, mild
decrease in MEPP amplitudes, and presynaptic abnormalities,
reduced levels of presynaptic acetylcholine release (102).

Anti-MuSK Antibodies in MuSK-MG
Anti-MuSK Abs are detected in 1-10% of patients with MG,
40% of the AChR Ab-negative patients (14, 77, 78, 80, 81, 105).
Most of the anti-MuSK Abs belong to the IgG4 immunoglobulin
subclass (77, 106), which is unable to either activate complement
or induce antigenic modulation (107). However, passive transfer
of the IgG4 component of MuSK-MG serum is especially effective
in inducing the experimental disease (108).

Abs of the IgG4 subclass behave as if they are functionally
monovalent (109). Because of single amino acid differences in the
IgG4 heavy chain constant region, the inter-heavy chain disulfide
bonds that join the two halves of the immunoglobulin molecule
are markedly weakened, leading to frequent separation of the
two heavy chains. The resultant “half molecules,” consisting of a
single light chain covalently bound to a single heavy chain, can
readily bind to a half molecule from another IgG4 Ab to reform a
complete Ab molecule, so called “Fab arm exchange” (109, 110).
The new Ab molecule is now bispecific, that is each Ab arm binds
a different antigen. Such Abs, including IgG4 MuSK Abs, cannot
crosslink single antigens and, therefore cannot induce antigenic
modulation (which requires antigen crosslinking), a mechanism
important in AChR-MG. Also as noted above, these IgG4 Abs
are minimally interactive with the innate immune system, in that
they are deficient in complement activation and in binding to cell
surface Fc receptors (107). Anti-MuSK Abs of the IgG1 subclass,
a subclass capable of engaging these components of the innate
immune system, are also present in most MuSK-MG patients, but
at much lower levels than the IgG4 Abs (111, 112). The role the
IgG1 Abs play in MuSK-MG is not known.

Hence, the pathogenic mode of action of the auto-Abs in
MuSK-MG differs from that of the AChR Abs in AChR-MG.
Rather than inducing destructive damage to the NMJ or antigenic
modulation, the anti-MuSK Abs mask the binding sites on
MusSK that interact with its binding proteins (ligands), including
Irp4/agrin and ColQ, thereby blocking MuSK function (106, 111).
Blockade of MuSK ligand binding leads to a reduced postsynaptic

density of AChRs and impairs their alignment in the postsynaptic
membrane (60).

Most anti-MuSK Abs bind to the Ig-like domains of the
extracellular portion of MuSK (Figure 4) (14, 77, 106, 113, 114).
In one study of 53 MuSK-MG patients, all had Abs to Ig-like
domain 1 and about 50 percent also had Abs to Ig-like domain 2.
For female patients, it was rare to have Ab reactivity to domains
other than Ig-like domain 1 (113). However, Abs to the frizzled-
like domain have been observed in MuSK MG (115).

ANIMAL MODELS OF ANTI-MuSK MG

As noted above, few human studies have addressed directly
the pathogenesis of MuSK-MG (102-104). None have observed
complement-mediated injury or cellular infiltration of the NMJ.
In fact, initially there was controversy concerning the role of anti-
MuSK Abs in MuSK-MG pathogenesis (103, 116, 117), in spite of
the ability of these Abs to act as MuSK antagonists in vitro. On
the other hand, experimental studies, involving the induction of
experimental models of MuSK-MG, have provided the strongest
evidence concerning the pathogenic mechanisms underlying this
disease. The data from MuSK-MG animal models induced by
both passive and active immunization with MuSK demonstrate
the role of the anti-MuSK Abs in the induction of both the
weakness and the morphological and physiological NMJ changes
observed in MuSK-MG (59, 60, 117-123).

Passive Immunization Studies

A number of studies have assessed the effect of daily
intraperitoneal injections into immunosuppressed mice of very
large amounts of IgG (usually 35-50 mg per day) purified from
(human) MuSK-MG serum. In one study, injections for 5 days
produced reduced neuromuscular transmission but without
clinical weakness (118). A second study made use of IgG purified
from a severely affected patient injected for 14 days (total of
0.68 g), which resulted in weakness and weight loss. Histologic
analysis of these animals found patchy reduction in NMJ AChR
staining, reduced registration between nerve terminals and motor
endplates (59) and reduced phosphorylation of the downstream
components of the MuSK signaling pathway (60). The Abs also
produce internalization of MuSK with more rapid degradation
leading to reduced endplate MuSK concentrations (60, 117). The
marked effectiveness of passive transfer of the IgG4 component of
MuSK-MG serum is consistent with the role of these mechanisms
in inducing the experimental disease (108). These observations,
along with the absence of observed complement-mediated injury,
support the hypothesis that the MuSK Abs induce the disease by
blocking MuSK signaling in vivo with the resultant postsynaptic
changes described above, as well as damage to the nerve
terminals (see below).

Active Immunization Studies

In rabbits (117) and, to a lesser extent in mice (118-123),
repeatedly immunized with MuSK protein (of human or rat
origin) over extended periods of time, induces mild weakness
along with mild electrophysiologic evidence of disordered
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neuromuscular transmission and varying degrees of reduction
in motor endplate size. For mice there has been considerable
variability among strains in the susceptibility to the active
induction of experimental MuSK-MG (118-123). For C57BL6,
the distribution of weakness and wasting follows the gradient
of normal MuSK expression in individual muscles (120), which
somewhat mimics the distribution of muscle involvement in
MuSK-MG (see above).

In contrast to the variability in response and the requirement
for repeated immunizations in mice, the experimental disease in
inbred Lewis rats is highly stereotyped. A single immunization
of mouse MuSK ectodomain in adjuvants results in reproducible
severe weakness (death within 4 weeks), along with muscle
wasting and electrodiagnostic abnormalities typical of MuSK-
MG. Histologically, there are extensive postsynaptic and
presynaptic changes. The NMJ morphologic findings include
fragmented NMJs with varying degrees of postsynaptic muscle
end plate destruction, along with abnormal nerve terminals.
The presynaptic changes are characterized by reduced terminal
size, ongoing terminal degeneration and lack of registration
between endplate and nerve terminals. In addition, there is local
axon sprouting, and extrajunctional dispersion of cholinesterase
activity (61-63).

PATHOGENESIS OF MuSK-MG

Data from analysis of both MuSK-MG and its animal
models described above have contributed to the information
concerning the pathogenesis of the human disease. With the
identification of MuSK Abs in “seronegative MG” patients,
the initial hypothesis was that the MuSK Abs indeed induce
the disease. As noted above, at the time, the hypothesis
was not universally accepted (103, 116, 117). The alternative
hypothesis advanced was that these Abs are an epiphenomenon
occurring in parallel with the disease or even occurring as
a result of the disease (103, 116). The dual observations
(see above) of (1) the ability of IgG isolated from patient
serum, when injected into immunosuppressed mice, to induce
a disease similar to human MuSK-MG, and (2) immunization
of normal animals with purified MuSK protein, leading to
the production of MuSK Abs, also results in a disease that is
highly similar to human MuSK-MG, together strongly support
the hypothesis that the MuSK Abs are the etiologic agents
in this disease.

Multiple observations of neuromuscular junction histology
from the various animal models, along with the few
histologic observations available from MuSK-MG patients,
all demonstrating the absence of inflammatory damage, suggests
that the innate immune system, especially the complement
cascade, does not play a role in this disease. This characteristic
distinguishes MuSK-MG from AChR-MG. It should be noted,
however, that the data from the mouse passive transfer models
employing human anti-MuSK IgG are somewhat confounded
by both the necessary pretreatment with immunosuppressive
agents, the extremely high doses of human Ig required to
induce disease and the necessity in this model for interaction

between the injected human IgG and the recipient mouse’s innate
immune system. This heterologous interaction, theoretically,
may not be strong enough to induce a vigorous inflammatory
reaction. On the other hand, for the active immunization model,
immunosuppressive agents are not employed and the Ab and
the innate immune system components, e.g., complement
proteins and inflammatory cells expressing Fc receptors, are
autologous (syngeneic) and hence capable of inducing a strong
inflammatory response. At least in humans, the absence of
observed inflammation in the NMJ, may be the result of the high
proportion of IgG4 anti-MuSK Abs in MuSK MG (see above).

Despite the lack of inflammatory damage to the
neuromuscular junction in MuSK-MG and its animal models
and the theoretical inability of the human anti-MuSK IgG4 to
induce antigenic modulation (i.e., increased MuSK turnover),
the concentration of AChR in the postsynaptic membrane is
reduced, and, to a lesser extent, so is the MuSK concentration
(60, 117). The current hypothesis is that the MuSK Abs act as
antagonists to the MuSK function as a receptor kinase, with its
natural ligand being the agrin/lrp4 complex. In vitro, MuSK
Abs from MuSK-MG patients and from actively immunized
animals block agrin-induced AChR clustering and downstream
phosphorylation in muscle cells in tissue culture (14, 59, 106,
111, 124, 125). The latter observations and the development
of the above abnormalities in the NMJs in adult animals (with
fully developed neuromuscular junctions) in which experimental
MuSK-MG is either actively or passively induced, suggests that
MuSK plays a crucial role not only in the development of the
NMJ, but also plays a role in the maintenance of this synapse
in adult animals. Subsequent studies of adult animals in which
MuSK has been inactivated or knocked down demonstrated
similar NMJ changes (64, 65).

As noted above, presynaptic involvement is another
characteristic of MuSK-MG that distinguishes it from AChR-
MG. In the latter disease presynaptic dysfunction is absent except
in the setting of severe NMJ inflammation (12). Otherwise,
presynaptic activity, in fact, is increased (126). Similar to the
human disease, the experimental models of MuSK-MG noted
above exhibit non-inflammatory structural and functional
abnormalities of both presynaptic and postsynaptic portions of
the NMJ. The abnormal presynaptic function is most readily
observed in the severe form of experimental MuSK-MG that
occurs in the active-immunization rat model (63). In that
disease model, both the cross-sectional area of individual nerve
terminals is reduced as is the total nerve terminal cross-sectional
area across the entire NMJ. In addition, the actively induced
rat model and the passive transfer mouse model have both
demonstrated abnormal registration between the nerve terminals
and the muscle endplates. Whether the observed reduction in
NM]J cholinesterase activity in MuSK-MG plays a role in the
muscle weakness is yet to be determined.

TREATMENT OF MuSK-MG

Early on, the treatment of seronegative
followed the protocols developed for

MG simply
seropositive MG,
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i.e, AChR-MG, including use of cholinesterase inhibitors,
thymectomy, corticosteroids, plasma exchange and intravenous
immunoglobulin and cytotoxic immunosuppressants. However,
with the clear identification of the MuSK-MG subset of
“seronegative” patients, data began to accumulate that a number
of these treatments were ineffective, or even detrimental, in
these patients. Thymectomy appears not to play a role in the
treatment of this disease (78, 80, 96, 105, 127, 128). Some studies
suggest other differences in response to treatment, including
observations that MuSK-MG patients may respond poorly to
intravenous immunoglobulin (78, 80, 96, 105, 129, 130). There
is also a striking absence of improvement with cholinesterase
inhibitors (101, 130-133). In fact, a number of MuSK-MG
patients worsen in response these agents (101, 131). The latter
observation may derive from diminished acetylcholinesterase
concentrations at the NM]J, perhaps as a result of MuSK Ab-
mediated blockade of ColQ binding to MuSK or Ab-mediated
reduction in MuSK concentration (52, 53).

Current Treatments

Corticosteroids

Patients with MuSK-MG respond especially well to high dose
corticosteroids (129, 134-136). This appears to be most often
true for patients with rapidly progressive or aggressive disease.
The effectiveness of steroid treatment, along with the absence
of a role for thymectomy and the limited or absent role for
cholinesterase inhibitors, make corticosteroids the foundation
of the current treatment of this disease. However, about 15
percent of patients treated with high dose corticosteroids do
not adequately respond, so called refractory disease. This figure
is somewhat higher than the comparable data in AChR-MG
(137, 138). Similar to the case in AChR-MG, the significant
side effects of these agents often limit their effectiveness.
In both diseases, the treatment protocols aim at inducing a
remission with high doses, followed by slow tapering of the
dose to the lowest effective dose (139). An additional issue
in MuSK-MG is the muscle wasting that occurs uniquely in
this form of autoimmune MG. In many patients, in spite
of the early effectiveness of corticosteroids in inducing a
clinical remission, the muscle wasting appears to continue to
progress (135).

Standard Cytotoxic Immunosuppressants

Cytotoxic agents effective in preventing and treating solid organ
transplant rejection have been used as single immunosuppressive
agents in the treatment of AChR-MG, including azathioprine,
mycophenolate mofetil and cyclosporine, with some efficacy in
inducing remission. Their major role in that disease, however, has
been as steroid-sparing treatments, that is, effective in facilitating
corticosteroid dose tapering (140). Anecdotal data for MuSK-
MG suggest that these agents are even less effective in inducing
remission than in AChR-MG but, similarly, may be useful as
steroid-sparing medications (135, 140, 141).

Immune-Directed Biologic Treatments
The B cell depleting agent rituximab, a chimeric anti-CD20
monoclonal Ab, has been especially effective in MuSK-MG.

Because of its toxicity profile, including a 1:10,000 risk of the
induction of progressive multifocal leukoencephalopathy, the
drug has been used primarily in treatment of (steroid)-refractory
patients. A significant number of reported studies, all limited
by relatively small numbers of subjects, have shown efficacy
in this disease (142-146). In a number of cases, treatment led
to eventual elimination of the need for other immune-directed
treatments, e.g., steroids, and without the necessity for repeated
rituximab infusions (143-145). A recent set of clinical guidelines
has supported earlier use of this agent when an initial standard
treatment does not induce rapid remission (140). One successful
protocol is to use two courses of rituximab at a dose of 375 mg
per meter squared body surface area weekly for four doses, each
course separated by 6 months. A 4-infusion course can then
be repeated as needed (143). It appears that adding an infusion
1 month later and another 2 months later improves efficacy even
further (147).

Short-Term Immune-Directed Treatment

Plasma exchange has been a rapidly effective treatment for active
AChR-MG. Intravenous immunoglobulin infusions have been
equally effective and somewhat safer (148). Initial studies of
plasma exchange in acute MuSK-MG demonstrated its efficacy
in this disease (129, 134, 149). Unlike in AChR-MG, the efficacy
of intravenous immunoglobulin in MuSK-MG appears to be less
than that of plasma exchange (130, 134, 136, 150), but the data
supporting the latter statement are much less robust (151, 152).

Future Treatments: Antigen-Specific
Agents

As noted above, the various immune-directed treatments
currently in use have been reasonably effective in MuSK-MG.
However, these treatments are all limited by their broad effect
on the immune system: on both the pathogenic (autoimmune)
components and the normally functioning components. As
in all other autoimmune diseases, the treatment paradigm
is to adjust drug dosages and timing to maximize the
effect on the autoimmune portion of the immune response
while reducing the “off-target” effect on the remainder of
the immune system.

A theoretical means of focusing the treatment on the
autoimmune portion is to employ an antigen-specific therapy,
that is, one only targeting the attack on the auto-antigen.
For an Ab-mediated disease such as MG, this would involve
targeting the auto-Abs. One possibly means to accomplish this
therapeutic effect involves physical removal of the auto-Abs, for
example, by immunoadsorption plasmapheresis. For AChR-MG,
such antigen-specific Ab removal employing an affinity column
containing AChR antigen as the affinity agent has been examined.
To date, this approach has been no more effective than gross
removal of all Abs by plasma exchange (153, 154).

An alternative antigen-specific approach is to target the B cells
that are secreting the auto-Abs. This approach is currently under
study in both AChR-MG and in MuSK-MG, through the use of
either genetically engineered Abs or genetically engineered T cells
that target the pathogenic autoimmune B cells (155, 156).
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Myasthenia gravis (MG) is an autoimmune disease mediated by autoantibodies
predominantly against the acetylcholine receptor (AChR). Specific T cell subsets are
required for long-term antibody responses, and cytokines secreted mainly from CD4+ T
cells regulate B cell antibody production. The aim of this study was to assess the
differences in the cytokine expressions of CD4* T cells in MG patients with AChR
antibodies (AChR-MG) and the effect of immunosuppressive (IS) therapy on cytokine
activity and to test these findings also in MG patients without detectable antibodies
(SN-MG). Clinically diagnosed AChR-MG and SN-MG patients were included. The
AChR-MG patients were grouped as IS-positive and -negative and compared with
age- and sex-matched healthy controls. Peripheral blood mononuclear cells were
used for ex vivo intracellular cytokine production, and subsets of CD4+ T cells
and circulating follicular helper T (cTfh) cells were detected phenotypically by the
expression of the chemokine and the costimulatory receptors. Thymocytes obtained
from patients who had thymectomy were also analyzed. IL-21, IL-4, IL-10, and
IL-17A productions in CD4™ T cells were increased in AChR-MG compared to those
in healthy controls. IS treatment enhanced IL-10 and reduced IFN-y production in
AChR-MG patients compared to those in IS-negative patients. Increased IL-21 and
IL-4 productions were also demonstrated in SN-MG patients. Among CD4* T cells,
Th17 cells were increased in both disease subgroups. Treatment induced higher
proportions of Th2 cells in AChR-MG patients. Both CXCR5% and CXCR5~ CD4™*
T cells expressed higher programmed cell death protein 1 (PD-1) and inducible
costimulatory (ICOS) in AChR-MG and SN-MG groups, mostly irrespective of the
treatment. Based on chemokine receptors on CXCR5TPD-171 in CD4™ T (cTfh) cells,
in AChR-MG patients without treatment, the proportions of Tth17 cells were higher
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Cytokine and TFH Activity in MG

than those in the treated group, whereas the Tfh1 cells were decreased compared
with those in the controls. The relevance of CXCR5 and PD-1 in the pathogenesis
of AChR-MG was also suggested by the increased presence of these molecules on
mature CD4 single-positive thymocytes from the thymic samples. The study provides
further evidence for the importance of IL-21, IL-17A, IL-4, and IL-10 in AChR-MG.
Disease-related CD4™T cells are identified mainly as PD-1% or ICOS™ with or without
CXCRb5, resembling cTth cells in the circulation or probably in the thymus. AChR-MG and
SN-MG seem to have some similar characteristics. IS treatment has distinctive effects

on cytokine expression.

Keywords: T follicular helper cells, PD-1, ICOS, IL-21, IL-4, IL-17, CXCR5, myasthenia gravis

INTRODUCTION

Myasthenia gravis (MG) is an autoimmune disease
characterized by fatigable muscle weakness caused by pathologic
autoantibodies. The majority of MG patients (80-85%)
have autoantibodies against acetylcholine receptor (AChR).
Autoantibodies against muscle-specific kinase (MuSK) are
present in a smaller subgroup of patients (1, 2). A small
proportion of MG patients [10-15%, classified as seronegative
MG (SN-MG)] do not have detectable autoantibodies against
these antigens. A clinical comparison between AChR-MG,
MuSK-MG, and SN-MG has revealed that the SN-MG patients
were closer to the AChR-MG patients rather than to the
MuSK-MG patients (3). Several findings in SN-MG support the
possible role of autoantibodies related to AChR which can be
detected by more sensitive assays in patients considered to be
seronegative (4-6).

Thymus, the organ for development of self-tolerance, reveals
different abnormalities in MG subtypes. In early-onset patients,
the thymus is typically enlarged and contains many follicular
germinal centers with T and B cells similar to those seen in the
lymph nodes (7). Thymic hyperplasia with follicular structures
frequently accompanies AChR-MG and is also detected in
some SN-MG patients (8). However, distinct gene signatures in
thymic samples from AChR-MG and SN-MG have also been
demonstrated, underlining the different mechanisms of these
disease subtypes (9).

T follicular helper (Tth) cells, as a specialized subset of CD4*
T lymphocytes, are necessary for the generation of germinal
centers (GC) in secondary lymphoid organs (10, 11). These
cells are major producers of IL-21 which promotes B cell
differentiation, antibody production, and Ig isotype switching,
resulting in long-lasting antibody responses (12, 13). Tfh cells
express transcription factor Bcl-6 and are characterized by
their surface expression of C-X-C chemokine receptor type 5
(CXCR5), inducible costimulatory (ICOS), and programmed cell
death protein 1 (PD-1) (14). Some studies have identified Tth cells
as total CXCR5TCD4™ T cells, while others have used subsets
of CD4"T T cells such as CXCR5TICOST, CXCR5tPD-17,
CXCR5'TICOSTPD-1", or CXCR51IL-21" (15). A circulating
Tfh (cTth) population has been described, which also expresses
CXCR5, PD-1, and ICOS and can help B cell differentiation into
plasma cells via IL-21 secretion (16).

An increase in the frequencies of cTfth populations is
associated with several autoimmune diseases including
rheumatoid arthritis (RA) (17), systemic lupus erythematosus
(SLE) (18), and systemic sclerosis (SSc) (19). Recently, a
pathologically expanded population of CXCR5~PD-1"CD4* T
cells called T peripheral helper (Tph) cells has been identified
in the synovium of patients with RA, which could also promote
plasma cell differentiation (20). CXCR5"PD-1TCD4"T cell
numbers and frequencies in blood positively correlated with
plasma cells in patients with SSc (19). Both CXCR57PD-
1TCD4" and CXCR5"PD-17CD4™" T cells have been shown
to produce high IL-21 (21). These findings implicate that the
presence of the PD-1 molecule seems to be more effective than
the presence of the CXCR5 molecule in antibody production.

Increased frequencies of ICOSM or PD-1MCXCR5CD4" T
cells with correlating serum AChR antibodies were reported in
MG (22). A significant enrichment of activated (ICOS™) cTth
(CD4TCXCR51PD-1T) cells has been assigned to Tth subsets,
namely, Tfh1 and Tth17 cells, and these subsets were identified as
the major source for IL-21 in generalized MG patients (22, 23). A
demonstration of Tth and B cells co-localized within the ectopic
GC in MG thymus has also suggested the putative existence
of intrathymic Tfh/B cell interaction playing a key role in this
disease (24).

The pathogenesis of MG is generally characterized by
various cytokines (25). Cytokine measurements in the sera
revealed conflicting results: higher levels of IL-21 and IL-
6 (23) or no significant increase in IL-21, IL-4, and IL-
6 levels in AChR-MG patients (26) has been reported.
Similarly, increased IL-17 in the sera of MG patients (27,
28) and similar levels among healthy controls (HC) in the
sera or the culture supernatants of AChR-MG patients were
demonstrated (26, 29).

A study measuring cytokine production from AChR-specific
single-cell clones of MG patients demonstrated the co-expression
of IFN-y, IL-17, and GM-CSE but not IL-10 (30). The
heterogeneity of the disease and the effect of IS treatment
may have caused these discrepancies between the studies which
need clarification.

The anti-inflammatory properties of IS treatment result from
the downregulation of pro-inflammatory or upregulation of anti-
inflammatory genes. Several studies have demonstrated that
glucocorticoids enhance the concentration of IL-10 in cultures
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of peripheral blood mononuclear cells (PBMCs) from HC in
vitro (31, 32). In addition, the IL-10 levels were increased in the
sera of MG patients who received IS treatment, and the IFN-y
levels of these patients were also lower than those of the controls
(26). On the other hand, some studies have shown the effects of
glucocorticoids on the Tth population. Glucocorticoids decreased
the CXCR5TPD-17CD4™ Tth cell population in SLE (33). In
another study, the Tth cells and the plasmablasts were decreased
after steroid therapy in patients with IgG4-related disease (34).
IL-21, IL-4, IL-17A, IL-10, and IFN-y were previously shown
to be involved in the pathogenesis of MG (23, 26, 35). Based also
on previous data, we aimed to further characterize the CD4™
T cells producing these relevant cytokines in AChR-MG and
SN-MG. Among the CD4" T cells, the role of cTth cells or
their functional molecules, PD-1 and ICOS, was investigated
for differential contribution to disease development as well as
to treatment responses in this study. The cytokines and their
producer cells were compared ex vivo in the IS treatment groups.
Moreover, changes in the thymic tissue cells of AChR-MG
patients parallel with the peripheral T cells were also investigated.

MATERIALS AND METHODS

MG Patient Blood Samples
Blood samples from 95 MG patients and 64 HC were included in
this study (Table 1). The diagnosis of MG was based on clinical
presentation, electrophysiologic examination, and presence of
AChR antibodies. Of the 73 AChR antibody-positive patients, 34
had early onset (<50 years, AChR-EO,) and 39 had late onset
(=50 years, AChR-LO). In the AChR-MG group, 31 patients
were on IS drugs (steroid alone or steroid plus azathioprine, ISP
group) at the time of blood sampling, whereas 42 patients were
not receiving IS treatment (ISN). In this group, 24 patients were
previously thymectomized and the pathological classifications
are shown in Table 1. Additional 22 patients without AChR
and MuSK antibodies were included in the SN-MG group,
eight (36%) of whom were thymectomized and were receiving
treatment at the time of blood sampling. Thymoma-associated
MG cases were not included in this study. In the AChR-MG
group, seven patients (women/men: 2/5, AChR-EO/AChR-LO:
2/5), who were initially not on IS treatment, were followed for 6
months after starting the treatment and tested again while under
treatment. The age and gender distributions of the patients and
HC were balanced to be not different from each other. AChR
and MuSK antibodies were measured by radioimmunoassay
(DLD Diagnostika GmBH, Germany) and ELISA (Euroimmune,
Germany) with commercial Kits.

This study was approved by the Ethical Review Board of the
Istanbul Medical Faculty. Peripheral blood was obtained from the
donors after acquiring informed consent.

Thymic Tissue Cells

Thymic tissue samples were obtained separately from the
blood samples during therapeutic thymectomy in MG patients
(Table 2). From only five patients, peripheral blood was taken
simultaneously at the time of thymectomy. According to
the thymic pathology, 33 (89.2%) of the AChR-MG patients

TABLE 1 | Characteristics of the patients included in the study for peripheral
blood cell evaluations.

Characteristics AChR-MG SN-MG HC
patients patients (n = 64)
(n=173) (n=22)

Median age (years) 53 (14-79) 48 (18-73) 47 (27-76)

Women (%) 40 (55) 15 (68) 34 (53)

Disease onset (EO/LO) 34/39 15/7 -

Immunosuppressive treatment (%) 31 (43) 8 (36) -

Thymectomy (%) 24 (33) 8 (36) -

Hyperplasia 18 2

Involution 6 6

AChR-MG, myasthenia gravis patients with AChR antibodies; SN-MG, myasthenia gravis
patients without detectable antibodies; EO, early onset; LO, late onset.

TABLE 2 | Features of the donors included in the study for thymic samples.

M (%) W (%) Total Medianage ISP (%) ISN (%)
AChR-MG 1@ 36(97) 87 26(9-51)  16(43.2) 21 (56.8)
Hyperplasia 33

Involution 4

Con 7(36) 13(64) 20 8 (0-51)

The myasthenia gravis patients were divided into immunosuppressive treatment positive
(ISP) and negative (ISN) groups.

M, men; W, women; AChR-MG, myasthenia gravis patients with AChR antibodies; Con,
thymic tissues from patients without myasthenia gravis.

had thymic hyperplasia and only four patients (10.8%) had
involution. The isolated tissue cells from non-myasthenic
patients with different ages (0-51) and who were undergoing
corrective cardiovascular surgery were evaluated as controls
(Con). The samples were taken from the parenchymal parts
of the specimens under the guidance of a pathologist and
were processed within a few hours. Cell suspensions from the
thymic samples were obtained by mechanical manipulation,
filtration through a cell strainer (100 wm, Life Sciences), and
separation using the density gradient method to obtain the
mononuclear cells. The final thymocyte suspensions were washed
twice in staining buffer (phosphate-buffered solution containing
1% bovine serum albumin, SB). The analysis of molecules
on freshly isolated cells was performed using three-color
immunofluorescence by flow cytometry as described below.

Phenotypic Analyses of Peripheral Blood

and Thymic Samples

PBMCs were separated by a gradient centrifugation procedure
on a lymphocyte separation medium (Secoll Separation Media,
Mannheim, Germany). After separation, freshly isolated
cells were stained with the following fluorophore-conjugated
antibodies: CD4 APC-Cy7 (clone: RFT-4g), ICOS PE-Cy7 (clone:
ISA-3, eBioscience, ThermoFisher), CXCR5 FITC (CD185, clone:
REA303), CXCR3 APC (CD183, clone: REA232), PD-1 PE-Vio
770 (clone: PD-1.3.1.3, Miltenyi Biotec), CD45RA PE-Cy5
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(clone: HI100, BioLegend), and CCR6 PE (CD196, clone: 11A9,
BD Bioscience).

The freshly isolated thymocytes and the PBMCs obtained
at the time of thymectomy were stained with the following
fluorochrome-conjugated antibodies: CD4 FITC (clone: RPA-
T4, Beckman Coulter), CD8 APC (clone: RPA-T8), CXCR3
eFluor660 (CD183, clone: CEW33D, eBioscience), CCR6 PE
(CD196, clone: 11A9), PD-1 PE (CD279, clone: MIH4, BD
Bioscience), ICOS PE (clone: C398.4A, BioLegend), and CXCR5
PE (CD185, clone: 51505, R&D Systems). The samples were
analyzed on an Attune Flow Cytometry (Thermofisher, USA).
Fluorescence minus one control, which contains all flurochromes
in a panel except for the target markers measured, was used to
identify and to gate the cells.

Intracellular Staining

Freshly isolated PBMCs were seeded in 48-well plates at a
final concentration of 2 x 10° cells/ml in complete RPMI1640
medium supplemented with 2mM L-glutamine, 100 IU/100
mg/ml penicillin/streptomycin (Sigma), and 10% fetal bovine
serum (Gibco) and were stimulated by the cell stimulation
cocktail (500X) containing phorbol 12-myristate 13-acetate
and ionomycin (eBioscience, ThermoFisher) for 4h at 37°C.
After washing with SB, the cells were surface-stained with
anti-CD4 antibody (clone: RPA-T4, BioLegend) for 20 min
on ice. Then, the cells were permeabilized and fixed with a
fixation/permeabilization solution (BD Bioscience) according to
the manufacturer’s instructions. The cells were stained with IL-21
PE (clone: 3A3-N2), IL-4 Alexa Fluor 488 (clone: 8D4-8), IL-17A
PE (clone: eBio64), IFN-y Alexa Fluor 488 (clone: 4S.B3), or IL-
10 Alexa Fluor 488 (clone: JES3-9D7, eBiosciences Thermofisher)
for 30 min on ice. The results were acquired by flow cytometry as
discussed above.

Statistical Analysis

In the statistical analysis measurements, Shapiro-Wilk test
for normality was applied. As the distributions of variables
were not normal in the sample populations, non-parametric
tests (Kruskal-Wallis and Mann-Whitney U) were used with
SPSS version 21. In the comparison of thymic samples,
covariance analysis (ANCOVA) was applied for controlling the
age differences between patients and controls. The data were
presented as median values with interquartile ranges in the
figures. A p < 0.05 was considered as statistically significant.

RESULTS

Elevated IL-21, IL-4, IL-17A, and IL-10

Production in MG Patients

To understand the differential role of cytokines in AChR-MG
and SN-MG development, IL-21, IL-4, IL-17A, IEN-y, and IL-
10 productions of CD4™ T cells were analyzed in the PBMCs
ex vivo. The intracellular staining of CD4™ T cells is presented
in Figure 1A. IL-21, IL-4, IL-17A, and IL-10 productions were
increased in AChR-MG patients (n = 54, p < 0.001, p < 0.001,
p = 0.001, and p = 0.014, respectively), whereas IFN-y was
lower compared to that in HC (n = 38, p = 0.023) (Figure 1B).

IL-21 and IL-4 were also increased in SN-MG patients (n =
11) (p = 0.032 and p = 0.010). IL-17A and IL-10 were also
slightly higher than the controls but without significance. There
were no significant differences in the cytokine profile between
AChR-MG and SN-MG patients. Cytokine productions were also
not different between AChR-EO and AChR-LO MG subgroups,
patients with or without thymectomy, or according to the thymic
pathologies (data not shown). However, both in AChR-MG and
SN-MG groups, but not in HC, women produced higher IFN-y
than men (12.3 vs. 5.5%, p = 0.008 and 19.3 vs. 3.0%, p = 0.034;
data not shown).

Effects of IS Treatment on Cytokines
Cytokine production is influenced by IS treatment according to
several studies (31, 32). This effect was evaluated only in AChR-
MG patients separated as ISP (n = 25) or ISN (n = 29). IS
treatment had an increasing effect on IL-10 production in ISP
patients compared to that in HC as well as to the ISN patient
group (both p = 0.001). IFN-y production in ISN patients was
lower than in HC (p = 0.037) (Figure 2A). The IFN-y levels of
ISP patients were similar to the ISN group and also relatively
lower than those in the HC group. No significant effect of IS
treatment on increased IL-21, IL-4, and IL-17A productions was
observed (data not shown).

With another approach, seven AChR-MG patients who were
initially not on IS treatment have been followed up to 6 months
after starting the treatment. Measurements of the cytokines were
performed in the same patients before and after the treatment. IL-
10 increased in the CD4™" T cells of all patients on IS treatment
(p = 0.028), supporting the above finding of treatment. On the
contrary, IFN-y decreased with the effect of IS treatment (p =
0.018) (Figure 2B). No other effect of IS treatment on cytokines
was shown (data not shown). In these seven patients, five had
improved clinically with reduced symptoms. As only two out of
11 patients in the SN-MG group were on IS treatment, this effect
was not evaluated in this group.

CD4* T Cells and T Helper Subsets in MG

Patients

The findings of increased cytokines in AChR-MG and SN-MG
lead us to identify the CD4™ T cells further and to characterize
the cytokine producers in the blood. Among the lymphocytes,
the CD4™" T cells were significantly decreased in both AChR-
MG (n = 47, p < 0.001) and SN-MG (n = 16, p = 0.004)
groups compared to HC group (n = 37). These decreases
were also observed in the CD4" T cells with the memory
phenotype (CD45RA™) in AChR-MG (n = 30, p < 0.001)
and SN-MG (n = 11, p = 0.003) groups compared with HC
group (n = 25) (Figure 3A). We further characterized these
CD4* T cells in patients for their differentiation states into Th
subgroups related to cytokine production. The Th subsets were
identified by their differential expression of CXCR3 and CCR6
on CD4™ T cells; the proportions of Th1: CXCR3TCCR6™, Th2:
CXCR37CCR67, and Th17: CXCR3~CCR6" were measured
among the CD4™ T cells (Supplementary Figure 1). When the
distribution of the Th cell subsets was compared with HC, the
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T cells of a patient and a healthy control (HC) by flow cytometry after 4 h of stimulation with phorbol 12-myristate 13-acetate and ionomycin in cell culture. (B) The
AChR-MG (n = 54) patients had higher IL-21, IL-4, IL-17A, and IL-10 (p < 0.001, p < 0.001, p = 0.001, and p = 0.014) and lower IFN-y (o = 0.023) in CD4* T cells
compared to HC (n = 38). In the SN-MG group (n = 11), IL-21 (p = 0.032), and IL-4 (p = 0.010) were increased compared with those of HC. The results are
compared with non-parametric tests (Kruskal-Wallis and Mann-Whitney U). * depicts a significant difference.
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Th17 cell population was increased both in AChR-MG and SN-
MG patients (p < 0.001 and p = 0.001) (Figure 3B). Disease-
onset age (EO vs. LO) as well as gender did not have any effect
on the CD4" T cell subset distribution. In 32% of the AChR-
MG group who had been thymectomized, cell distribution was
also not different from that of the non-thymectomized patients
(data not shown).

Effect of IS Treatment on Th Cells

As the cytokine production was affected by the IS treatment,
similar effects were investigated in the Th cell subtypes. IS
treatment did not change the observed increase of Th17 subset
in AChR-MG patients. Both ISP (n = 26) and ISN (n = 21)
groups had higher Th17 cells compared to HC (n = 37, p = 0.001
and p = 0.002, respectively). However, IS treatment induced a
relative increase of Th2 cells (p = 0.021) which were significantly

lower in the untreated group than in HC (p = 0.013). Similar to
AChR-MG, both ISP (n = 7) and ISN (n = 9) groups had higher
Th17 cell populations (p = 0.001 and p = 0.036) in SN-MG
(Figure 3B).

PD-1 Expression Was Higher on CD4+ T

Cells in MG

In AChR-MG, higher productions of IL-21, IL-4, and also IL-
17A were detected in total CD4" T cells. Among the CD4T T
cells, the Tfh cells are considered as the major cell type for IL-
21 and IL-4 productions (12, 13). The involvement of the cTth
cells in AChR-MG has also been reported (22, 23). To evaluate the
functional state of the CD4™" T cells and their relatedness with the
CTth cells, firstly PD-1 expression was examined on CD4™" T cells
with or without CXCR5 molecules (Figure 4A). We analyzed the
blood cells of 35 AChR-MG and 12 SN-MG patients and 25 HC
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by flow cytometry. PD-1 expressing CD4™" T cells was higher in
AChR-MG as well as in SN-MG patients compared to HC (both p
< 0.001). Both PD-1*CXCR5* (cTfh cells) and PD-1*"CXCR5~
populations in CD4" T cells were increased in AChR-MG
patients (p = 0.004 and p = 0.001, respectively) compared
with HC. Only the PD-1t*CXCR5~ population in CD4" T
cells was significantly higher in SN-MG patients (p = 0.006,
Figure 4B).

ICOS Expression of CD4* T Cell Was

Increased in MG

ICOS and PD-1 are two molecules closely related to the function
of Tth cells. Previous studies have reported that ICOS and
PD-1 are highly expressed on CD4TCXCR5" T cells in the
PBMCs of AChR-MG patients (22, 23, 36). As PD-1 was
increased on total CD4™" T cells, covering CD4TCXCR5" and
CD41TCXCR5™ T cells, we analyzed ICOS expression also in
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p = 0.005). The PD-1*CXCR5~ cell population remained significantly higher than that of HC in the IS-positive (ISP) group of AChR-MG (p = 0.024). (B) Independent of
(Continued)
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FIGURE 5 | CXCR5, the ICOS* cells were higher in all subgroups. [These significant p values are not shown on the graph: ISN (p < 0.001) and ISP (p = 0.007)
groups of AChR-MG and ISN (p < 0.001) and ISP (p = 0.012) groups of SN-MG for ICOSTCXCR5~ and ISN (p < 0.001) and ISP (p < 0.001) groups of AChR-MG
and ISN (o < 0.001) and ISP (p = 0.003) groups of SN-MG for ICOSTCXCR57)]. The ICOS* on CXCR5™ cells in AChR-MG (p = 0.037) were higher, whereas on
CXCR5™ cells in SN-MG (p = 0.029) these were reduced with treatment. (C) An increase of Tfh2 (o = 0.005) was induced by treatment compared to that in untreated
patients. Higher Tfh17 cells (p = 0.036) in untreated patients and lower Tfh1 cells in treated patients were detected (p = 0.042) compared to those in HC. The results
are compared with non-parametric tests (Mann-Whitney U test). * depicts a significant difference.

these subpopulations separately in AChR-MG, SN-MG, and HC
groups (Supplementary Figure 2). ICOS was increased on CD4"
T cells in both disease subgroups (both p < 0.001) while being
lower in SN-MG than in AChR-MG (p = 0.05, Figure 4C). The
ICOSTCXCR5" and ICOSTCXCR5™ subpopulations were both
higher in AChR-MG (both p < 0.001) and SN-MG patients (both
p < 0.001, Figure 4C). No differences were observed between
disease onset and other subgroups, with ICOS being higher in
all patients (data not shown).

cTfth Cells

Defining the PD-1TCXCR5" cells among CD4% T cells as
cTth cells (19, 33), we detected both PD-1 and CXCR5
molecules on CD4t T cells. The gating strategy of PD-
17CXCR5~ and PD-1TCXCR5T (cTfh) cells in CD4" T
cells and further cTth subsets, such as Tfthl, Tfh2, and
Tth17, is shown in Figure 4A. To see a possible dominance
of a cTth subset in the increased population, we analyzed
cTth (PD-1TCXCR5%) cells by dividing these into subsets as
cTth1 (CXCR3TCCR67), cTth2 (CXCR3~CCR6™), and cTfh17
(CXCR3™CCR6™M). The proportions of Tth subsets did not differ
in patients with AChR-MG and with SN-MG compared to HC
(Supplementary Figure 3). The same comparisons performed
in a smaller sample group on CD4*CD45RA™ memory T cell
populations provided the same results (data not shown). No
differences were observed between disease onset, thymectomy, or
gender subgroups either.

Effect of IS Treatment on PD-171, ICOS™
CD4* T Cells, or Tfh Cells

A possible role of IS treatment also on the disease-relevant CD4™
T cell populations has been evaluated by comparisons of PD-
1, ICOS, and CXCR5 among CD4% T cells. Although PD-1
positivity on CD41 T cells was not affected significantly from
IS treatment, PD-1TCXCR5™ cells (cTth cells) were higher in the
untreated than in the treated patients (p = 0.012) and the HC
(p = 0.001) in AChR-MG. A similar observation is also made
in SN-MG: the untreated patients revealed an increase in PD-
1TCXCR5%cells (cTth cells) compared with the treated (p =
0.008) and HC (p = 0.007) groups.

The PD-1TCXCR5™ cell population was higher in the ISN
subgroups of both AChR-MG and SN-MG patients compared to
HC (p = 0.001 and p = 0.005, respectively; Figure 5A). The PD-
ITCXCR5™ cell population remained significantly higher than
HC in the ISP group of AChR-MG (p = 0.024), while the higher
levels in six SN-MG patients on treatment were not different
(Figure 5A).

Independent of CXCR5, the ICOS™ cells were higher in
the two disease groups with or without treatment compared

with HC [ISN (p < 0.001) and ISP (p = 0.007) groups of
AChR-MG, ISN (p < 0.001) and ISP (p = 0.012) groups of
SN-MG for ICOSTCXCR5™, ISN (p < 0.001) and ISP (p <
0.001) groups of AChR-MG, and ISN (p < 0.001) and ISP (p
= 0.003) groups of SN-MG for ICOSTCXCR5")]. In AChR-
MG ICOST on CXCR5™ cells (p = 0.037), while in SN-
MG ICOS+ on CXCR5™ cells (p = 0.029) were reduced with
treatment (Figure 5B).

The proportions of Tthl, Tth2, and Tth17 cells have also
changed with IS treatment in AChR-MG. An increase of Tfh2 (p
= 0.005) was induced by treatment compared to the untreated
patients (Figure 5C). Higher Tth17 cells (p = 0.036) in untreated
patients and lower Tth1 cells in treated patients were detected (p
= 0.042) compared to HC. These findings supported the effect of
IS treatment shown on IL-10 and IFN-y productions by CD4*
T cells in AChR-MG, whereas no differences were detected in
SN-MG group (data not shown).

CXCRS5 and PD-1 Were Higher on

Thymocytes in Thymus

Similar to the typical GC Tth cells, cTth with CD4TCXCR5"
phenotype are also considered as helpers of B cells in producing
antibody via IL-21. In patients with thymic hyperplasia, the
thymic tissue contains GC with similar organization to secondary
or tertiary lymphoid tissues in MG (7). Moreover, similar changes
of cytokines have been demonstrated in the thymus of patients
(35). Along with the cTth cells, we evaluated CXCR5, PD-1,
or ICOS expression on thymocytes obtained from the thymic
tissues to search for cells in the thymus resembling Tth cells.
However, as the maturational states of all thymocytes would not
be the same, we firstly analyzed thymocytes for CD4 and CD8
expression patterns to characterize the cells. Thymocytes from
37 AChR-MG (33 hyperplasia and four involution cases) and 20
control thymi (Con) revealed changes in the maturational stages
of the thymocytes in MG as reported before (37, 38) (Figure 6).
Although the ages of the control tissue group varied considerably
and revealed a significant difference from the ages of the patient
group (p = 0.023), comparisons by controlling the effect of
age also demonstrated significant differences between Con and
AChR-MG tissue cells. In AChR-MG cases, higher proportions
of CD4 single-positive (CD41TCD8™, SP, p = 0.015) and double-
negative (DN, p = 0.007) thymocytes were observed compared
to Con group. CD4 and CD8 double-positive (DP) thymocytes
were decreased proportionally in AChR-MG group (p = 0.012).
Comparisons revealed that the proportions of CD4TCD8~ SP (p
=0.05) and DN (p = 0.001) thymocytes were even higher and DP
thymocytes (p < 0.001) were lower in patients on IS treatment at
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FIGURE 6 | Proportional distribution of the maturational stages of thymocytes in different groups. CD4+CD8~, CD4+ CD8™ (double-positive, DP), CD4~CD8~
(double-negative, DN), and CD4~CD8* thymocytes in 37 myasthenia gravis patients with AChR antibodies (AChR-MG) [16 immunosuppressive (IS)-treated patients,
ISP, and 22 not IS-treated patients, ISN] and 20 control (Con) patients. Higher proportions of CD4 single-positive (CD4+CD8~) and DN thymocytes were observed in
AChR-MG cases compared to those in the Con group (p = 0.015 and p = 0.007). The CD4 and CD8 DP thymocytes were decreased in the AChR-MG group
(p = 0.002) in comparison to those in the control group. The proportions of CD4TCD8~ (p = 0.05) and DN (p = 0.001) thymocytes were higher and DP thymocytes
(o < 0.001) were decreased when the patients were on IS treatment compared with patients without treatment at the time of thymectomy. Parametric tests are used
for comparisons of subpopulations by using age as covariate.

the time of thymectomy compared with samples from IS-naive
patients (Figure 6).

An increase of CXCR5™ thymocytes in the thymi of AChR-
MG patients was observed compared to Con tissues (p =
0.002) (Figure 7). The thymic samples from patients with or
without IS treatment at the time of thymectomy (10 ISP and
14 ISN patients) revealed an increase in the treated patients
compared to the untreated ones (p = 0.033) and Con group
(p = 0.007), although the ISN patients also had higher CXCR5
on thymocytes (p = 0.023). The thymocyte subpopulation that
expresses higher CXCR5 has been identified as the more mature
CD4"CD8~SP thymocytes in AChR-MG compared to Con (p
= 0.004, Figure 7). In IS treatment-receiving patients, CXCR5"
cells in CD4TCD8~ SP population were higher than ISN group
(p = 0.016) and Con (p = 0.007). However, these cells were also
higher in ISN group compared with Con (p = 0.042).

When thymocytes were stained for PD-1 and ICOS
expression, an increase of PD-1 was detected on the thymocytes
and the CD4TCD8™ SP cells of AChR-MG patients (seven ISP
and 11 ISN patients) compared to Con (p = 0.039 and p = 0.028,

respectively) (Figure 7). The expression of ICOS did not show
any significant differences in the groups.

In a small number of samples (n = 5), we also compared
CD41TCXCR5™ cells between the thymus and the blood of MG
patients. In this group, all patients had hyperplastic thymus and
three of these patients were on IS treatment at the time of
thymectomy when the PBMCs and thymic cells were obtained.
The CD4TCXCR5™ population was higher in blood compared
with thymus (11.8 vs. 0.5%). The distribution of chemokine
receptors on CD4TCXCR5"' populations revealed lower Tfh2
(44 vs. 81%) and higher Tfh17 (36 vs. 10%) cell proportions
in the blood compared to thymus in this small sample group
(Supplementary Figure 4).

DISCUSSION

Being a prototypic autoimmune disease mediated by auto-
antibodies, MG and its subtypes have been the subject of
investigations on the interaction of T and B cells. In a
previous study, we had shown increased IL-17A, IFN-y,
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FIGURE 7 | CXCR5, PD-1, and ICOS expression on thymocytes. (A) CXCRS5 increase on thymocytes of myasthenia gravis patients with AChR antibodies (AChR-MG)
(n = 24) compared with control thymi (Con) (n = 14) (o = 0.002). Increase of CXCR5 on CD4* CD8~ single-positive thymocyte population of AChR-MG patients
compared with Con (p = 0.004). The proportions in IS-treated patients (ISP) were higher than in untreated patients (ISN) group (p = 0.016) and Con (p = 0.007), with
the ISN group being higher than Con (o = 0.042) as well. (B) The PD-1 on thymocytes (o = 0.039) and on CD4* CD8~ cells (o = 0.028) of AChR-MG patients

(n = 18) were higher than those of Con (n = 5). (C) ICOS expression on thymocytes and on CD4* CD8~ thymic cells. Non-parametric tests (Mann-Whitney U test)
were used for comparisons between groups. * depicts a significant difference.
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and IL-21 production in mainly MuSK-MG patients, whereas
the AChR-MG patients, in comparison, did not reveal any
differential cytokine production in response to non-specific T
cell stimulation (26). In the present study, we demonstrate
increased IL-4, in addition to IL-21 and IL-17A productions
of CD4T T cells from IS treated as well as untreated AChR-
MG patients. Although IL-4, IL-21, and IL-17A have pointed
at the impact of cTth cells, the cytokine-producing and in vivo-
activated cells were identified not necessarily as cTfh cells but
had surface markers such as PD-1 or ICOS with or without
CXCRS5. Findings in the thymic samples from AChR-MG patients
revealed an IS treatment-related increase of CXCR5 as well. The
results obtained from a smaller sample group of SN-MG patients
provided support for their common immunological features
with AChR-MG. The complex cytokine network of regulation
for auto-antibody production has been elucidated further in
this study.

Cytokines in MG

The dysregulation of cytokines from Thl, Thl7, and Tth
populations is associated with the pathogenesis of many
autoimmune diseases (39). Imbalances of related cytokines are
reported in MG with differences between studies. Higher levels
of IL-21 and IL-6 (23) were not confirmed in the sera of
AChR-MG patients in other studies (26, 29). Increased IL-17
(27, 28, 40) was not observed in other studies in the sera or
the culture supernatants of AChR-MG patients. Variations in
these measurements were reduced by cellular evaluation of the
cytokines. The production of both IFN-y and IL-17 and the
absence of IL-10 expression in response to AChR of the CCR6™
memory T cells in MG indicated a pro-inflammatory pathogenic
phenotype with a recent approach (30). Thymic studies also
supported the importance of IL-17, IFN-y, IL-21, and TNF-a and
related effects in MG (35, 41). The importance of IL-21 in MG
has been shown to be associated with activated Tfh1 and Tth17
cells being their major product (23). High frequencies of cTth-
Th17 cells with increased IL-21 mRNA expression confirmed
this finding (36). The present study evaluated both Th- and Tfh-
related cytokines. Th17-related activity and the relevance of IL-17
and IL-21 have also been demonstrated in MuSK-MG patients
(26, 42). The findings of this study confirm the importance of
IL-17 as a Th17-related cytokine and IL-21 as a Tfh cytokine ex
vivo without stimulation in a relatively big sample. In addition
to IL-17A and IL-21, a robust increase of IL-4 production in the
CD4™ T cells also provides evidence that the cytokine activity
from AChR-MG patients exhibits a “Th17/Tth” signature.

Tfh or Other CD4* T Cell Types

Tolerance breakdown during B cell development (43) and
aberrant selection in GC can increase the production of
autoantibodies (44). Tth cells are major immune regulators in
B cell activation, differentiation into plasma cells, and antibody
production in the lymphoid tissues (14). Isotype switching to IgG
subclasses as in many autoimmune responses including MG is
also subject to regulation by Tth cells. With the observation of
cTth cells in the blood, several reports are published on the role
of these cells in autoimmune diseases such as RA (17), SSc (19),
and MG (23, 45). In MG, an increase of PD-1"MCXCR5+CD4*

or ICOSMCXCR5TCD4*1 T cell populations and a correlation
with AChR antibodies were shown (22). Considering the ICOS
expression of CXCR5TCD4% cells as activation of cTfh, their
higher IL-21 have also been demonstrated in AChR-MG (23).
With a similar approach to the present study, when the cTfh
cells are subtyped by receptors, the increased group has been
determined as the cTfth-Th17 cells in the blood (36). The present
results also confirmed the increase of cTth cells defined as PD-
1TCXCR5TCD4™ T cells. ICOSTCXCR5TCD4" T cells were
also increased in the present study group of two different disease
subtypes. However, the observation of the parallel increase of
the CXCR5-CD4™ T cells as ICOSTCD4*" and PD-11CD4*
populations in both AChR-MG and SN-MG patients raised the
possibility that another subtype of T cells can be involved in
MG for this cytokine imbalance. The Tph cell group shown in
the synovium of RA patients provided evidence for a new cell
group with helper function to antibody production induced at the
peripheral tissue (20). The peripheral or even thymic presence of
PD-1- or ICOS-expressing cells may indicate similarly effective
cell types in MG.

On the other hand, when the functional effects of cTth cells
in the blood of patients with SSc were compared, the positive
correlation with plasma cell differentiation and the increase of
IgG levels in co-cultures with B cells were mainly observed
with PD-17CXCR57, but less with PD-17CXCR5~CD4™ T cells.
Both PD-1TCXCR5" and PD-17 CXCR5~ CD4'T cells have
been shown to produce high IL-21 (19). Although Tfh cells
defined as CD4TCXCR5" T cells appear to be responsible for
antibody production in lymphoid tissues, the data suggest that
PD-1 expression on CD4™ T cells may be more important in
the interaction of these cells with B cells. Both increases of ICOS
and PD-1 expression on CD4" may contribute to the peripheral
regulation of autoantibody production in AChR-MG. Further
functional comparisons of these cell populations are needed to
elucidate their effect in disease development.

The SN-MG patients revealed similarities to the AChR-
MG patients. Although CD4"CXCR5"PD-1" (cTfh) cells
were increased only in AChR-MG, both PD-17CD4" and
ICOSTCD4™ T cell populations were higher in AChR-MG as
well as in SN-MG. The Th17 population was increased in both
disease subgroups compared to the HC. These findings suggest
that AChR-MG and SN-MG patient groups, which are clinically
similar to each other, may have a similar profile of cytokine
regulations with some differences.

IS Treatment Effect

In this study, changes induced by IS treatment in cytokine
production and subsets of CD4% T cells were detected by
measurements of separate groups as well as in sequential
measurements in a group of AChR-MG patients. To rule out
the variability of cytokine data in MG studies which may be
IS treatment-related, relatively big groups and ex vivo cellular
samples were studied.

IS treatment induced an increase of IL-10 and a decrease of
IFN-y production by CD4" T cells. In addition, Th2 and Tfh2 cell
populations were increased in ISP patients, implicating an effect
of IL-10 on the differentiation of Th2 and Tfh2 populations in
AChR-MG. On the other hand, c¢Tth and cTth1 populations were
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decreased in ISP AChR-MG patients, which may be related to the
lower IEN-y levels of ISP patients. A decrease of Tth population
with IS treatment has been documented in SLE (33) and also in
IgG4-related disease (34). In a recent report, CD4TPD-11 and
CD41ICOS™ T cells were decreased after IS treatment in MG as
well (45). Soluble forms of PD-1 and ICOSL were also increased
in untreated patients and affected by IS treatment. However, we
did not observe decreases of PD-1 or ICOS expression on CD4™
T cells with IS treatment.

On the other hand, the treatment effects in SN-MG were not
properly evaluated as the number of patients was not as high as
those of the other groups and the distribution in the treatment
groups was not balanced, which has been the main limitation of
the present study.

Thymic Changes Related to Peripheral
Findings

In the thymic tissue of AChR-MG patients with hyperplasia,
ectopic GC-like persistent structures are detected and evidences
are presented that B cells are chemo-attracted and activated
at these structures, resulting in antibody production (46). Co-
localization of Tfh and B cell within the ectopic GC in MG
thymus has also been reported (24). Evaluating the possible
contribution of thymic pathology in autoantibody and cytokine
production, we screened thymocytes for the relevant molecules.
Preliminary observations provided support for the changes
toward differentiation of Tfh cells in the thymic tissues of
AChR-MG patients, mainly in more mature CD4 single-positive
thymocytes and also related to IS treatment. However, functional
evidence is lacking to prove this development. As previously
reported, glucocorticoids induce atrophy in the thymus by
acting on DP thymocytes which preferentially express the
glucocorticoid receptors in the thymus (47). Locally produced,
thymic endothelial cell-derived glucocorticoids in the thymus
have also been shown to participate in antigen-specific thymocyte
development (48, 49). In that sense, exogenous glucocorticoids
may have an effect on antigen-specific T cell development
and preferentially on the thymocyte development of a Ttfh-like
phenotype. As an alternative explanation, the active Tth cells in
the thymus may be insufficiently suppressed by glucocorticoids,
leading to a persistent disease activity in MG, and may explain
the favorable response to thymectomy.

CONCLUSION

In conclusion, MG pathogenesis is associated with increased IL-
21, IL-4, and IL-17A levels and higher frequencies of ICOS and
PD-1 expressing CD4" T cells. AChR-MG and SN-MG patients
have similar cytokine productions and subsets of CD41 T cell
populations. Th2 or Tfh2 cells and IL-10 are mainly increased
with the effect of IS treatment, which may have a compensating
role. However, the production of IL-21, IL-17, and IL-4 are not
affected by IS treatment. Blockade of T cell activation pathways

of specific cell populations with distinctive surface markers which
are not targeted by IS treatment will be a challenge for potential
therapeutic approaches in MG.
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Supplementary Figure 1 | Gating strategy to identify Th1 (CXCR3*CCR6™), Th2

(CXCR3~CCR6~) and Th17 (CXCR3~CCR6™) populations in CD4* T cells by flow
cytometry is shown.

Supplementary Figure 2 | Gating strategy to identify ICOS*CXCR5* (cTfh) and
ICOS*TCXCR5~ populations in CD4* T cells by flow cytometry is shown.

Supplementary Figure 3 | Tfh1(CXCR3*CCR6~) Tfh2 (CXCR3~CCR6~) and
Tfh17 (CXCR3~CCR6™) cell subsets among CD4TCXCR5™ T cells in AChR-MG
and SN-MG groups compared with HC.

Supplementary Figure 4 | Thymic () and circulating (c) Tfh1(CXCR3+CCR67),
Tfh2 (CXCR3~CCR6~) and Tfh17 (CXCR3~CCR6™) cell subsets among
CD4+CXCR&™ T cells detected in samples of five AChR-MG patients.
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Myasthenia gravis (MG) is a prototypical autoantibody mediated disease. The
autoantibodies in MG target structures within the neuromuscular junction (NMJ), thus
affecting neuromuscular transmission. The major disease subtypes of autoimmune
MG are defined by their antigenic target. The most common target of pathogenic
autoantibodies in MG is the nicotinic acetylcholine receptor (AChR), followed by
muscle-specific kinase (MuSK) and lipoprotein receptor-related protein 4 (LRP4). MG
patients present with similar symptoms independent of the underlying subtype of
disease, while the immunopathology is remarkably distinct. Here we highlight these
distinct immune mechanisms that describe both the B cell- and autoantibody-mediated
pathogenesis by comparing AChR and MuSK MG subtypes. In our discussion
of the AChR subtype, we focus on the role of long-lived plasma cells in the
production of pathogenic autoantibodies, the IgG1 subclass mediated pathology,
and contributions of complement. The similarities underlying the immunopathology
of AChR MG and neuromyelitis optica (NMO) are highlighted. In contrast, MuSK
MG is caused by autoantibody production by short-lived plasmablasts. MuSK MG
autoantibodies are mainly of the IgG4 subclass which can undergo Fab-arm exchange
(FAE), a process unique to this subclass. In FAE IgG4, molecules can dissociate
into two halves and recombine with other half IgG4 molecules resulting in bispecific
antibodies. Similarities between MuSK MG and other IgG4-mediated autoimmune
diseases, including pemphigus vulgaris (PV) and chronic inflammatory demyelinating
polyneuropathy (CIDP), are highlighted. Finally, the immunological distinctions are
emphasized through presentation of biological therapeutics that provide clinical benefit
depending on the MG disease subtype.

Keywords: myasthenia gravis, B cells, B lymphocytes, autoimmunity, immunopathology, autoantibodies,
AChR, MuSK

INTRODUCTION

Myasthenia gravis (MG) is an autoimmune disorder affecting neuromuscular transmission.
MG patients suffer from muscle weakness and increased muscle fatigability due to diminished
neuromuscular signaling (1, 2). The impairment in autoimmune MG is caused by autoantibodies
that target components of the neuromuscular junction (NMJ) (1). The different subtypes of MG
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are defined by the antigen specificity of the autoantibody
(2, 3). The most common subtype of autoantibody-mediated
MG (approximately 85% of patients) is characterized by
autoantibodies against the nicotinic acetylcholine receptor
(AChR) (2). In the remaining 15% of patients, autoantibodies
targeting muscle-specific kinase (MuSK) (4) or lipoprotein
receptor-related protein 4 (LRP4) (5, 6) can be found. Another
small fraction of patients does not have detectable circulating
autoantibodies to known targets. Accordingly, these patients are
diagnosed as having seronegative MG (SNMG).

Numerous in vitro approaches have substantiated that
autoantibodies against AChR and MuSK in MG are pathogenic
(3, 7-11). Their pathogenic capacity has been further
demonstrated through passive transfer of patient-derived
serum or immunoglobulin (12), maternal-fetal autoantibody
transmission (13, 14), and neonatal transfer (15, 16), all of which
reproduce MG symptoms. The direct role of autoantibodies
in the pathology of MG places it in a rare category of
autoimmune diseases caused by autoantibodies with well-
established pathogenic affects. Accordingly, MG serves as an
archetype for B cell-mediated autoimmune disorders.

Although MG patients with different subtypes share similar
disease presentations, the underlying immunopathology of
several subtypes are remarkably distinct, contradicting the
uniformity in the disease phenotype. MG subtypes share
features broadly associated with MG, which can be elicited
by clinical examination (17, 18). However, without the
results of autoantibody testing in-hand, it is not possible to
uniformly assess the subtype through clinical examination alone.
Thus, autoantibody testing is necessary for establishing
the MG subtype. AChR and MuSK MG, in particular,
highlight the distinct immunopathology of the subtypes.
The immunopathology of AChR MG is characterized by IgG
subclasses (IgGl, IgG2, and IgG3) with effector functions
that can mediate tissue damage at the NM]J. AChR-specific
autoantibodies are thought to originate from long-lived plasma
cells. Conversely, MuSK MG is largely caused by autoantibodies
with an IgG subclass (IgG4) that mediates pathology through
the direct disruption of AChR signaling by interfering with
NM] protein-protein interactions. Short-lived plasmablasts are
thought to be the source of these autoantibodies (19). These stark
differences in immunopathology have been elucidated through
laboratory-based studies and reinforced through both successful
and failed outcomes in the testing of biological therapeutics.
A deeper understanding of the mechanisms underlying the
differences in immunopathology is highly important for both
the patient and clinician - the accurate determination of
autoantibody-related subtype has important consequences for
care. Treatments that are anticipated to work well in one subtype
may not have a biological basis for use in the other subtype(s).

In this review, we focus on the most common subtypes of
MG. Rare congenital, presynaptic autoimmune, and thymoma-
associated subtypes of MG do exist, but they are not discussed
here and are reviewed elsewhere (20-22). The LRP4 and SNMG
subtypes are presented, but given the limited information
about the underlying immunobiology, they are not emphasized
throughout. Rather, the immunobiology underlying the AChR

and MuSK subtypes of MG are highlighted. Particular attention
is given to AChR and MuSK autoantibody characteristics, B
cell subsets, mechanisms of immunopathology, and the effects
of treatment with biological agents. Insight is drawn from
laboratory-based research using human specimens, clinical trial
outcomes, and parallels to other autoimmune diseases.

IMMUNOPATHOLOGY OF AChR
MYASTHENIA GRAVIS

Characterization of B Cells in AChR

Myasthenia Gravis

AChR MG can be divided into subtypes that are defined, in part,
by age of onset and gender (23, 24). Patients who develop the
disease before the age of 40-50 are often women. This subset
is termed early-onset (EOMG), while those developing disease
after the age of 40-50 fall into the late-onset LOMG category and
are more often men. Patients in the EOMG category generally
have conspicuous morphological changes of their thymus. This is
primarily characterized by follicular hyperplasia and the presence
of B cells and antibody secreting cells that organize into structures
that share the characteristics of germinal centers (25-28). These
structures are observed in approximately 70% of EOMG patients
(29). There is a considerable amount of data that points to a
major role in both the initiation and sustained production of
AChR autoantibodies by B cells in the hyperplastic thymus. It
was found that AChR-specific IgG (30) is present in the thymus
along with activated B cells (31). A fraction of these activated
B cells produces AChR-specific autoantibodies (32-34). The
in vitro production of AChR autoantibodies by thymus-resident
B cells can be spontaneous or driven by mitogens. Cells that
spontaneously produce autoantibodies are most likely resident
plasmablasts or plasma cells - both of which are known to
occupy thymus tissue (32, 33, 35, 36). Thymic B cells requiring
in vitro stimulation to produce autoantibodies are likely memory
B cell populations, which require additional signals in order to
differentiate to an antibody-secreting cell (ASC) phenotype (37,
38). Further confirmation that the thymus contributes to AChR
autoantibody production was achieved through transplantation
of thymus tissue from AChR MG patients into immunodeficient
mice. AChR-specific autoantibodies were observed to deposit
at the NMJ in these mice, demonstrating that AChR MG
thymic tissue is sufficient for the production of AChR-specific
antibodies and can cause muscle weakness in this rodent model
(39). Sequencing of thymic B cell receptor repertoires identified
clonal expansions of B cells in the thymus, although it has not
been established if these expanded clones are specific for AChR
(40, 41). The isolation of AChR-specific mAbs has provided
additional details regarding the nature of the B cell repertoire
producing them. Given that autoantibody-producing B cells
are enriched in the thymus of many AChR MG patients (32,
36), several studies have used thymus tissue to isolate AChR-
specific B cells. Sequencing of the antibody-variable regions
afforded the characterization of these autoreactive B cells. It was
demonstrated that B cells expressing AChR autoantibodies are
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clonally heterogeneous, class switched, and have accumulated
somatic hypermutations (41-43), all of which are properties
of antigen-driven maturation. At this time, a limited set of
human AChR-specific B cells have been isolated. Studies using
newer single cell technologies are certain to provide larger sets,
so that the B cell receptor repertoire characteristics of these
autoantibody-producing cells can be better understood.

In both LOMG and EOMG patients, autoantibody-producing
B cells can occupy other tissue compartments in addition to
the thymus. Using in vitro cell culture approaches, it has been
demonstrated that B cells expressing AChR autoantibodies exist
within the circulation, lymph nodes, and in the bone marrow (44—
48). Other studies have identified autoantibody-producing B cells
in the circulation through production of recombinant human
monoclonal AChR autoantibodies (mAb) from these cells (49).

Properties of AChR-Specific
Autoantibodies

The first recombinant AChR-specific autoantibodies were cloned
from phage display libraries isolated from thymocyte-associated
immunoglobulin sequences (31, 43, 50). Several additional
AChR-specific human-derived mAbs have been produced using a
number of different approaches, including single-cell technology
(49). These recombinant human-derived mAbs emulate the
properties of AChR autoantibodies found in the serum: They
compete for binding to regions of the AChR recognized by
serum-derived autoantibodies (50), and they possess pathogenic
properties demonstrated through passive transfer of MG (49).
These mAbs, coupled with investigations using human serum-
derived AChR autoantibodies, have provided a clear illustration
of the three AChR autoantibody pathogenic mechanisms. The
first pathogenic mechanism is the inhibition of acetylcholine
binding to the AChR. These autoantibodies can block this
interaction by either binding to the same site on the AChR,
or in proximity to the binding site, which results in inhibition
of acetylcholine-dependent signaling at the NMJ (51-53). The
second mechanism is termed antigen modulation, which results
in internalization of the AChR following autoantibody-mediated
crosslinking. Antibodies are structured as dimeric molecules
that have two identical heavy and light chain pairs with two
antigen binding sites and a constant region that determines
the effector function. Monovalent antigen-binding fragments
(Fabs), which are derived from whole antibodies, have one
single antigen binding site. These Fabs have been shown to
lack the ability to crosslink the AChR, while whole antibodies
can crosslink the AChR through bivalent binding with two
binding sites. Subsequent to the receptor crosslinking, there is
internalization of the AChR, which diminishes the number of
receptors at the NMJ (54, 55). Finally, the third pathogenic
mechanism involves the immunoglobulin effector functions of
the AChR autoantibodies. The effector functions of IgGl and
IgG3 are key properties of their pathogenic capacity. Among
their principle effector functions is the ability to initiate the
complement cascade. AChR autoantibodies are predominantly of
the IgG1 or IgG3 subclass and effectively activate complement,
leading to the formation of the membrane attack complex

and consequent tissue damage at the NM]J (56-59). Early
studies demonstrated that complement-mediated damage to
the postsynaptic NM]J results in reduction of the postsynaptic
junctional folds, elimination of AChR from the membrane, and
an increase in synaptic distance (59, 60). It is unmistakable that
complement plays a key role in AChR MG pathology, given the
successful treatment of patients (61) with complement inhibitors
(discussed below).

Similarities Between Neuromyelitis
Optica and AChR Myasthenia Gravis

Parallels between AChR MG and autoimmune neuromyelitis
optica (NMO) suggest that additional studies on the role of
complement in AChR MG are warranted. Like AChR MG,
NMO is mediated by pathogenic autoantibodies, primarily of the
IgG1 and IgG3 subclasses, that include complement activation
among the mechanisms of autoimmune pathology (62). Studies
of complement in NMO have led to a detailed understanding
of pathogenic mechanisms, which may take place in AChR MG
as well. In NMO, aquaporin-4 (AQP4)-IgGs targeting a distinct
epitope in an extracellular loop, regardless of affinity, enhanced
complement dependent cytotoxicity (CDC). Furthermore,
particular AQP4 isoforms can form supramolecular orthogonal
arrays that arrange in a manner that benefits autoantibody
multimeric complexes supporting Fc-Fc interactions that are
critical for CDC (63). Whether or not a similar phenomenon
may occur in the context of AChR-specific MG has yet to be
explored. However, at the NM]J, the AChR is tightly clustered by
the intracellular scaffolding protein, rapsyn; thus, such organized
formations of self-antigen may support Fc-Fc interactions
facilitating efficient CDC, by AChR autoantibodies recognizing
particular epitopes. Thus, parallels to pathogenic mechanisms
that occur in NMO warrant investigation.

IMMUNOPATHOLOGY OF MuSK
MYASTHENIA GRAVIS

Characterizations of B Cells in MuSK

Myasthenia Gravis

Among the notable differences in the pathophysiology of
MuSK and AChR MG is the role of the thymus in causing
disease. As discussed previously, the thymus is a source for
B cells specific for AChR in patients with AChR MG. While
conspicuous in its pathogenic role in many AChR MG patients,
abnormal thymus histopathology is not observed in patients
with MuSK MG (64, 65). There are very few studies in which
MuSK autoantibody-producing B cells have been identified
and isolated. To date, these B cells have been found only
in the circulation (66) and have a memory B cell or short-
lived circulating plasmablast phenotype (19, 67). The variable
region sequences of these autoantibodies revealed that they
exhibit hallmarks of affinity maturation, including a high
frequency of somatic hypermutation. They are oligoclonal,
but the number of mAbs is currently too limited to draw
firm conclusions about whether or not they share unique
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repertoire properties with each other, such as restricted variable
region gene usage.

Properties of MuSK Myasthenia Gravis

Autoantibodies

MuSK autoantibodies differ from their ~AChR-specific
counterparts in terms of their subclass. MuSK autoantibodies are
predominantly of the IgG4 subclass (68). Antibodies of the IgG4
subclass have an ambivalent role in immunity. In the context of
allergy, especially studied in beekeepers, IgG4 antibodies dampen
inflammatory reactions by competing with disease-mediating IgE
antibodies for the same antigen, namely phospholipase A2 (69-
71). In addition, beekeepers who were tolerant to bee venom had
increased venom-specific IgG4 levels, while the venom-specific
IgE levels were almost undetectable (69). This change toward
protective IgG4 production seems to be modulated by sensitized
regulatory T and B cells that secrete IL-10, leading to increased
IgG4 and decreased IgE levels (72-74). The protective function
of IgG observed in allergies has also been described in the
autoimmune disease systemic lupus erythematosus (SLE) (75);
the amount of complement deposition was negatively correlated
with the amount of IgG4 antibodies in an in vitro deposition
assay. The mechanism underlying this observation might be
that IgG4 antibodies block and prevent autoantibodies of other
subclasses and their effector functions - a similar approach using
an antibody lacking effector functions called aquaporumab is
currently under development in the treatment of NMO (76).
In contrast to this regulatory and anti-inflammatory aspect of
IgG4 immunology, several autoimmune disorders including
MuSK MG, pemphigus vulgaris (PV), and chronic inflammatory
demyelinating polyneuropathy (CIDP), include pathogenic IgG4
autoantibodies (77-79). IgG4 antibody effector function is clearly
distinct from that of IgG1 antibodies. IgG4 subclass antibodies
cannot activate the complement cascade via the classical pathway
due to their poor affinity for C1q and Fc receptors (80-82). Thus,
similar to the observed protective functions of IgG4 antibodies,
MuSK autoantibodies exert their pathogenicity through blocking
the interaction between MuSK and LRP4 that is required for the
clustering of the AChR (83, 84).

An intriguing feature of human IgG4 antibodies is their
exclusive ability to participate in “Fab-arm exchange” (Figure 1)
(85). Fab-arm exchange (FAE) is a process whereby antibodies
can dissociate to produce two identical half molecules each
formed of a heavy chain and a light chain (Figure 1). These
half molecules can then recombine, producing antibodies with
two distinct variable regions which cannot crosslink identical
antigens and are therefore functionally monovalent. FAE has
been shown to play an important role in the immunopathology of
MuSK MG (84). The mechanism of FAE is not fully understood,
but key amino acid residues and conditions required for the
exchange process have been elucidated. The Fc region plays a
key role in the process of FAE. Two major interactions between
the Fc regions are crucial for holding the two parts of the
IgG molecule together: interchain disulfide bonds in the core
hinge region and non-covalent interactions in the third constant
heavy domain (CH3) of the respective chains (85, 86). Specific

amino acids at these sites in the IgG4 molecule facilitate the
dissociation of the two halves of the antibody and enable FAE.
Although the sequences of the different IgG subclasses share
similarities, some small changes have a large effect on the stability
of the IgG molecule. The core hinge region in IgG1 contains
the motif 226cys-pro-pro-cys-pro230 which confers stability. By
contrast, IgG4 contains a serine at position 228 which enhances
hinge flexibility and promotes dissociation of the molecule (87).
Site-directed mutagenesis studies have shown that replacing the
endogenous serine with a proline at position 228 in IgG4 reduces
the formation of half molecules (88, 89) and prevents FAE
from occurring in vivo and in vitro (89-91). Moreover, non-
covalent interactions in the third constant (CH3) domain play
a vital role in holding the two chains together (87). The lysine
at position 409 in the CH3 region of IgG1 contributes to the
stability of the molecule. Mutating this lysine to an arginine
residue has been shown to destabilize the interchain links and
lead to its dissociation into half molecules (92-95). Mutating
lysine to arginine may not appear to be a particularly significant
substitution but it should be noted that there are there are other
examples of this mutation having rather profound effects in vivo
(96, 97). Producing an arginine-to-lysine mutation in IgG4 CH3
was shown to cause a 10- to 100-fold change in the dissociation
constant, which was enough to make the difference between
enabling and inhibiting FAE (86, 98). FAE can occur under
certain physiological conditions. Under non-reducing conditions
IgG4 acts as a regular bivalent antibody (99). IgG4 can participate
in half molecule exchange only under reducing conditions, which
can be induced in vitro with low concentrations of the reducing
agent glutathione (GSH) (85, 100). It is thought that the reduction
of interchain disulfide bonds in the hinge region is a pre-requisite
step for FAE (87, 101). Moreover, the reaction occurs more
efficiently at physiological temperatures rather than at room
temperature (85). Other factors contributing to FAE alongside
amino-acid sequence, temperature, and reducing environment
have been considered (e.g., time course for exchange, IgG ratio,
and concentration of antibody), however, these factors have not
been explored in depth (86, 102, 103). It was also found that
plasma components have only a minor effect on the extent and
duration of FAE in vitro (103).

Comparison Between MuSK Myasthenia
Gravis, Pemphigus Vulgaris, and Chronic
Inflammatory Demyelinating
Polyneuropathy

MuSK MG shares several features with other autoimmune
diseases like PV and CIDP. PV is an autoimmune disorder
characterized by autoantibodies that target integral parts within
the skin structure that are important for cell adhesion (104-
108), most often desmoglein 1 and desmoglein 3 (109, 110).
Consequently, PV manifests with skin blisters, often involving
the oral mucosal membrane (111). CIDP patients present
similarly to MG with muscle weakness. CIDP is a heterogeneous
autoimmune disease affecting peripheral nerves. Autoantibodies
in CIDP interrupt the conduction along the nerves (112), in
contrast to MG where the immunopathology is located at the
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FIGURE 1 | Schematic of IgG4 Fab-arm exchange in MuSK MG. Human IgG4
antibodies can participate in a process termed Fab-arm exchange. In the
MuSK autoantibody subtype of MG, MuSK-specific IgG4 autoantibodies can
undergo Fab-arm exchange with other circulating IgG4 antibodies. The
antibodies that were formerly divalent — with two identical antigen binding
sites — become monovalent and bispecific after a heavy and light chain pair is
switched with a heavy and light chain pair of another antibody. The process is
thought to be critical for the development of pathogenic autoantibodies in
MuSK MG.

NM]J. CIDP autoantibodies have been found to target contactin
1, neurofascin, and other self-antigens, which are associated
with the node of Ranvier (79, 113). The autoantibodies in
PV and CIDP are predominantly of the IgG4 subclass; thus
sharing a key feature with MuSK MG (77-79). However, the
only disease in which FAE has, to date, been shown to play a
role in is MuSK MG (84). Yet, evidence is available showing
that FAE may be a common occurrence in human biology.
The biological therapeutic natalizumab was engineered using
the IgG4 subclass; it has a wildtype core hinge region that
does not contain the stabilizing serine to proline mutation at
position 228 (114). It has been shown that natalizumab exchanges
Fab-arms with endogenous human IgG4 in natalizumab-treated
individuals (114). However, the role of FAE in healthy individuals
is currently not known.

FAE plays a key role in the pathogenicity of MuSK
autoantibodies. Several passive transfer models have shown that
the IgG4 autoantibodies in MuSK MG are pathogenic in vivo
(115, 116) and that serum-derived IgG4 autoantibodies are also
pathogenic after Fab-arm exchange using an established in vitro
assay (117). Using monoclonal patient isolated autoantibodies,
we and others recently found that divalent MuSK autoantibodies
could slightly induce agrin-independent AChR clustering by
crosslinking MuSK at the NM]J leading to autophosphorylation
of MuSK (66, 67). A stronger pathogenic effect of isolated MuSK
autoantibodies was observed by testing these as monovalent Fabs
(thus emulating FAE products); the monovalent Fabs could not
crosslink MuSK on the cell surface and exerted their pathology
through blocking the MuSK and LRP4 interaction, leading to a
robust reduction in AChR clusters (66, 115-118).

The effect of valency on pathogenic autoantibodies in CIDP
is not known at this time. The pathogenic effect of monovalent
Fabs has been demonstrated for PV (119-122), but pathogenic
autoantibodies in PV can be divalent as well, indicating that
pathogenicity is not dependent on FAE as it is in MuSK
MG. That FAE appears to be necessary for efficient pathology
in MuSK MG, but not PV, may be explained by the very
different functional contributions each of the antigen targets

make to the cells in which they are expressed. MuSK is a
transmembrane kinase, responsible for delivering a signal to
induce AChR clustering. Desmogleins are adhesion-molecule
superfamily members that mitigate cell-to-cell interactions.
Therefore, when MuSK is crosslinked by a divalent autoantibody,
which induces phosphorylation, the resulting affect is agonistic
(signal delivered), and that is coupled with the blocking of the
interaction between LPR4 and MuSK. When the autoantibody
is monovalent (after FAE), the only effect is blocking LPR4
interaction and consequential pathology due to failed signaling
for AChR clustering. On the other hand, in PV, autoantibody
binding to the desmogleins interrupts their binding to partners;
thus, monovalent or divalent autoantibody binding equally effect
interference. Overall, not enough mechanistic detail is available
regarding the role of FAE in CIDP, PV, and most intriguingly,
normal immune responses in healthy individuals.

Finally, similarities in the immunopathology of CIDP, PV, and
MuSK MG are also observed in responses to treatment. Patients
with all three diseases respond very well to the treatment with the
B cell depleting drug rituximab (123-125), the benefit of which
can last for years (126). This effect seems to be common among
autoimmune diseases that are mediated by 1gG4 and is further
discussed below.

LRP4 AND SERONEGATIVE
MYASTHENIA GRAVIS

Compared to what we know about AChR MG, there is a
scarcity of information concerning the immunopathology of
LRP4 MG and SNMG. However, that which is understood of
the immune mechanisms contributing to LRP4 MG indicate
that similarities to AChR MG can be found. Autoantibodies
against LRP4 have been found in patients who were previously
identified as seronegative (6, 127, 128). These autoantibodies
were shown to disrupt the Agrin-LRP4 signaling and to be mainly
of the complement activating IgG1 subclass (6). In contrast to
findings, which show that that AChR and MuSK autoantibodies
are specific for MG (129), LRP4 antibodies appear to cross
disease boundaries. For example, LRP4 autoantibodies have been
detected in some patients with amyotrophic lateral sclerosis
(ALS) who presented with myasthenic symptoms (130, 131).
The role of the thymus in LRP4 MG was recently investigated
in a small pilot study (132). This study showed that there
was a heterogeneity in thymus morphology among the four
tested patients. Two out of these four patients seemed to
benefit from thymectomy after a one-year follow up, while
one of those two patients needed no additional treatment
after thymectomy. Overall, there have been few investigations
of the immunopathology that contributes to LPR4 MG, and
thus caution should be taken such as not to generalize
these early findings.

Some patients originally categorized as seronegative were later
found to have detectable AChR, MuSK, or LRP4 autoantibodies
due to either improved test sensitivity or increased titers above
the lower limit reference on repeat measurement (133). Other
SNMG patients remain defined by the absence of detectable
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autoantibodies. This could be the consequence of sensitivity
limitations within our current detection assays or due to the
fact that other unidentified autoantigens are present within these
patients. Indeed, when highly sensitive cell-based assays (CBAs)
were introduced for the detection of AChR autoantibodies, a
number of SNMG cases tested positive for circulating AChR
autoantibodies. Similarly, both MuSK MG and LRP4 MG were
identified through investigating novel targets in SNMG patients.
Several new autoantibody targets within the NM], including
agrin, collagen Q, cortactin, and the voltage-gated potassium
channel, Kv1.4, have been proposed (134-138); however, these
autoantibodies have not, as yet, been shown to have pathogenic
capacity. Autoantibodies against the intracellular proteins, titin,
and the ryanodine receptor were found to be potential candidate
biomarkers for disease monitoring in MG (139-141). These
autoantibodies together with other striational autoantibodies
have been observed in patients with MG (142), however,
their direct contribution to pathogenicity is unlikely, given the
intracellular location of their targets.

Some SNMG patients respond to immunosuppression, IVIG,
and plasmaphereses, which indicates that an autoantibody-
mediated mechanism may contribute to the pathology (143,
144). The effect of thymectomy in SNMG is not clear. Some
studies found positive therapeutic effects similar to seropositive
MG (145-147), while other studies failed to show a beneficial
effect (144, 148). Optimal treatment paradigms and outcomes
for SNMG patients are uncertain. Further compounding
the problem, SNMG patients are often not included in
clinical trials in which autoantibody-positive patients participate.
Consequently, these patients are not managed with standardized
treatment approaches due to a lack of understanding of the
disease mechanisms. It is reasonable to suspect that SNMG
is, in many cases, a misnomer. Rather SNMG is likely a
heterogeneous disease consisting of patients who have pathogenic
autoantibodies directed against indeterminate NMJ targets, or
known autoantibodies (AChR, MuSK, or LRP4) that are below
the level of detection with current commercial diagnostic tests.

THERAPEUTIC INTERVENTION
FURTHER HIGHLIGHTS THE DIVERGENT
IMMUNOPATHOLOGY OF AChR AND
MuSK MYASTHENIA GRAVIS

The current standard of care for the treatment of MG largely
targets MG symptoms rather than specific immune components
underlying the disease subtypes. Inmunosuppressive agents (i.e.,
corticosteroids) are used most often for this purpose (149).
Cholinesterase inhibitors, such as pyridostigmine, prevent the
degradation of acetylcholine and thus increase its availability
at the NMJ, thus improving neuromuscular transmission (150-
153). Some patients do not respond well to these therapies due
to side effects or incomplete clinical benefit. Approaches that
more directly target the immune system have recently shown
promising effects. While such immune-modifying biologics in
MG have proven to be therapeutically beneficial, they have

also provided a unique opportunity to further understand MG
immunopathology. Laboratory-based study of patient-derived
material before and after such therapeutic interventions have
been leveraged to provide immunomechanistic detail that would
otherwise not be possible in laboratory-based translational
investigations. These include B cell depletion, inhibition of
complement, targeting the BAFF/APRIL system, resection of the
thymus, and interruption of IgG recycling.

Thymectomy

Thymectomy is a well-established treatment option in AChR MG.
Even before experimental studies demonstrated the possibility
that thymus resident B cells could produce AChR-specific
autoantibodies, removal of the thymus had already been widely
accepted as a treatment option for AChR MG (154, 155).
Recently, thymectomy was formally confirmed to be beneficial in
AChR MG patients compared to treatment with corticosteroids
alone (156, 157). The thymus of around 70% of AChR MG
patients is hyperplastic and populated by B and T cells, while
the thymus of healthy subjects is involuted by adulthood (158,
159). Thymectomy was shown to generally lead to a reduction in
overall AChR autoantibody titer, although AChR autoantibody
titers almost never become undetectable (160, 161). In a subset of
patients, only modest decreases of the AChR titer can be found
(162). Whether patients with modest changes in AChR titer are
less likely to go into remission is not known yet (160). About
half (40-50%) of AChR patients experience long-term remission
without relapse following thymectomy when followed for up to
20 years post-procedure (163, 164). While clinical improvement
is observed in half the patients following thymectomy, complete
remission is not achieved in many patients.

It is not clear why there is a heterogeneous response
to thymectomy. Several retrospective studies explored factors
associated with non-remission after thymectomy (162-164).
Non-ocular MG (164), thymoma (162-164), specific surgical
techniques (162, 163), duration of disease prior to resection (162),
and age (163) have all been associated with a failure to respond to
thymectomy. A series of studies have noted the failure of specific
thymectomy approaches to remove the entire thymus, resulting
in residual thymus tissue and symptoms (165, 166).

The thymus may be the site in which AChR B cells are initially
activated and then mature. It is reasonable to speculate that
autoantibody-producing B cell clones residing in the thymus
can also populate compartments in the periphery. Consequently,
surgical resection removes autoantibody-producing B cells but
those which have emigrated from the thymus may continue
to contribute to disease. The distribution of pathogenic AChR
autoantibody-producing cells in anatomic compartments aside
from the thymus, such as in the lymph nodes and bone marrow
of patients with AChR MG (44, 45), must be considered. While
thymectomy will remove a large fraction of thymus-resident
autoreactive B cells and the cells that support their development,
this treatment is performed only once the disease is established.
This may be too late to halt disease progression, as those
thymic B cells that have emigrated contribute to ongoing disease.
Accordingly, combination therapies aimed at targeting residual
thymus-related B cells may prove to be a valuable part of a
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potential therapeutic strategy. The use of B cell depleting agents
such as rituximab - currently used for the treatment of MG -
may fit this approach well. While no controlled studies have
specifically investigated the effect of B cell depletion following
thymectomy, there is some evidence (167) showing that patients
who underwent thymectomy respond to rituximab similarly to
those who did not have the surgery. Firm conclusions cannot
be drawn from restricted numbers of patients, but these data
may again point toward the key role of rituximab-resistant
plasma cells in AChR autoantibody production. Accordingly,
consideration may also be given to anti-CD19 based treatments
that would additionally target plasma cells thought to be spared
by rituximab (168).

While it is clear that thymectomy depletes a population of
B cells that secrete AChR-specific autoantibodies, it is unclear
if therapeutic benefit arises from the removal of pathogenic B
cells alone. That thymectomy includes the removal of pathogenic
T cells, including Tregs that are defective in suppressing T
cell proliferation and conventional T cells that resist Treg-
mediated suppression (169), supports the idea that non-B cell
related disease mechanisms may be interrupted by the procedure.
Abnormal thymus histopathology is not observed in patients with
MuSK MG (64, 65). Given the positive effect of thymectomy
on AChR MG, including cases without measurable thymic
abnormalities (170), thymectomy has been applied as a treatment
option for MuSK MG. However, thymectomy has not been
demonstrated to improve clinical outcomes for MuSK MG
patients (170, 171). Consequently, thymectomy is a possible
therapy for AChR MG only - regardless of the presence or
absence of thymic abnormalities.

B Cell Targeting Therapies

Anti-CD20 and Anti-CD19 Antibodies

CD20 is a surface molecule that is expressed on B cells at almost
every step of B cell differentiation. Only pro B, pre B I, and
plasma cells do not express CD20 (172). The anti-CD20 mAb
rituximab (RTX) is currently a treatment option for MuSK MG
and has been trialed for the treatment of AChR MG. A case
report on the successful treatment of AChR MG in a patient
treated for non-Hodgkin’s lymphoma offered the first evidence
in support of the use of B cell depletion therapy in MG (173).
Several groups have subsequently investigated the efficacy of
RTX in the treatment of AChR and MuSK MG (125, 174,
175). These studies have demonstrated 100% complete stable
remission for the use of RTX in MuSK MG (125, 174), while
56% of AChR patients experienced a relapse within an average
of 36 months after treatment - a finding that was replicated
in another similar independent study (125, 167). Although
MuSK MG patients respond very well to treatment with RTX,
relapses do occur, and the relapse rate is dependent on the
applied RTX treatment protocol (176). Consistent reductions
in AChR autoantibody titers and clinical improvement were
demonstrated in a cohort study involving six patients (174).
These results were similar to those from an independent study
demonstrating symptomatic improvement for AChR patients
undergoing therapy; however, no corresponding fall in AChR
autoantibody titer was observed (125).

In general, there is a poor correlation between the titer
of AChR-specific autoantibodies and overall clinical progress
(125). The titer of MuSK autoantibodies associates with the
clinical improvement observed after B cell depletion therapy,
the same is not true in AChR MG. These contrasting results
are well highlighted by a study (125) that demonstrated clear
clinical improvement in both AChR and MuSK MG, but only
MuSK autoantibody titers diminished, while intra-patient AChR
autoantibody titers increased, decreased, or stayed the same.
The poor correlation with clinical severity has been known
since the earliest initial studies that established the use of assays
measuring AChR autoantibody titers (160). This likely reflects
the polyclonal nature of anti-AChR antibodies, their different
specificities, subclasses, local concentrations and complement,
modulating, and blocking activity. It is important to point
out that the assays used to diagnose MG by measuring AChR
binding, provide no information whatsoever on their pathogenic
capacity. It is possible that a fraction of autoantibodies that
bind in the laboratory assays have little pathogenic capacity
in vivo. Furthermore, circulating AChR autoantibodies, by
definition, are not present at the site where the disease
pathology occurs (the NM]J). Combinations of these factors
may contribute to a disassociation between circulating titer and
disease severity. However, several studies have shown that intra-
patient longitudinal AChR autoantibody titers may correlate
with disease severity progress (160, 177). Establishing the use
of relative — as opposed to absolute - AChR autoantibody as a
trial endpoint may prove to be a useful biomarker in the future.
Given that the RIA or CBA used to diagnose patients and provide
AChR titer values are wholly unable to discriminate between
the detection of these autoantibodies and their pathogenic
properties, applying an assay suite that can quantitate the
extent of AChR autoantibody-mediated complement activation,
blocking, or modulating within an individual patient may
associate with disease severity better than simple AChR binding
titer measurements.

Recently, a phase-2 trial called BeatMG, designed to test the
efficacy of RTX treatment in AChR patients with mild to severe
disease, ended (ClinicalTrials.gov Identifier: NCT02110706),
while a phase-3 trial called RINOMAX is currently in
progress with patients that have moderate to severe disease
(ClinicalTrials.gov Identifier: NCT02950155). The BeatMG study
showed slightly favorable effects of treatment with rituximab
especially in patients with more severe courses of disease,
although there was no statistical difference between the rituximab
and placebo groups (178). The data from the clinical trials
aimed at investigating the efficacy of RTX in MuSK and AChR
MG offer unique insight into the distinct immunopathology of
these two MG subtypes (125, 167, 174). In general, RTX does
not efficiently deplete tissue-localized B cells in lymph nodes,
tonsils, and bone marrow (179-182). Moreover, RTX has been
particularly efficacious in diseases mediated by pathogenic 1gG4
antibodies such as PV, and CIDP in addition to MuSK MG (124,
183). Long-lived plasma cells populations residing in the thymus
produce some of the circulating AChR-specific autoantibodies;
plasma cells express low levels of CD20 (32, 34). In contrast,
circulating plasmablasts, such as those that secrete MuSK-specific
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autoantibodies, typically express higher levels of CD20 than
their tissue resident plasma cell counterparts (19, 184), although
some refractory B cell clones were found to emerge during
relapse in MuSK MG after treatment with RTX (185). Thus,
differences in the efficacy of RTX in AChR and MuSK MG may
reflect differences in the tissue localization of disease-causing B
cell subsets and/or the susceptibility of different autoantibody-
producing B cell subsets (plasmablasts in MuSK MG and plasma
cells in AChR MG, each expressing different levels of CD20) to
anti-CD20 depletion.

Although it is well-understood that MuSK MG patients
responds remarkably well to B cell depletion therapy, there
are patients who respond less well to this treatment and a
small fraction who do not improve (186). This highlights the
heterogeneity that is invariably observed among MG patients.
While it is not understood why non-responders have emerged,
one can speculate that some MuSK patients may produce
autoantibodies from a subset of B cells that do not express
CD20, such as plasma cells as in AChR MG, or they utilize
plasmablasts with low surface CD20 expression levels. Other
possible mechanisms include diminished complement activity,
the mechanism by which anti-CD20 mediates cell death.

Alternative strategies of B cell depletion therapy have recently
emerged, including mAbs targeting CD19. CD19 is a gene surface
marker that is expressed over a wider range of B cell subsets
than CD20. CD19 is expressed before the expression of CD20
in pro-B cells and declines after the expression of CD20 in
plasma cells. A larger proportion of plasma cells expresses CD19
in comparison to CD20 (187). Thus, anti-CD19 agents could
potentially enhance the depletion of disease-causing plasma cell

TABLE 1 | Autoimmune characteristics differentiating AChR and MuSK MG
subsets and consequent response to immunomodulating therapies.

AChR MG subtype MuSK MG subtype

Immunomechanisms

Thymus Hyperplasia (in a Normal
subset)

Autoantibody IgG IgG1 and IgG3 9G4

subclass

Role for complement Major Not significant

B cell subtype CD20"®9 Plasma cells Plasmablasts
responsible for
autoantibody

production
Treatment response

Clinical benefit not
observed

Thymectomy Clinical benefit

Clinical benefit not
expected

Complement inhibitors Clinical benefit

Clinical benefit
observed

Anti-CD20 (rituximalb) Some clinical benefit

FcRn inhibition Clinical benefit

expected

Clinical benefit

expected
Anti-CD19 Clinical benefit

expected

Clinical benefit
expected
Clinical benefit not
expected

Clinical benefit
expected

Proteasome inhibitors

populations. MEDI-155 or inebilizumab is an IgG monoclonal
antibody that was initially demonstrated to be more effective
than anti-CD20 depletion in EAE, a mouse model for multiple
sclerosis (188, 189). This study showed that the improved efficacy
of anti-CD19 depletion could be explained by the depletion of
plasma cells in the bone marrow. Consequently, two phase 1
trials were initiated for its use in relapsing-remitting multiple
sclerosis (190) and systemic sclerosis (191) with promising
results. Moreover, a phase-2/3 clinical trial was initiated for its
use in the treatment of NMO called NM-omentum (192). The
NM-omentum trial showed a clear efficacy of the treatment
with anti-CD19 over placebo (168). The treatment with anti-
CD19 therapy is a possible option for both MuSK and AChR
MG. In comparison to anti-CD20 based therapy, targeting CD19
could have an increased effect on the AChR autoantibody-
producing B cell subsets.

Proteasome Inhibitors

Given that plasma cells are suspected of playing an important
role in the production of disease-causing autoantibodies in AChR
MG, direct plasma cell depletion with proteasome inhibitors has
been proposed for the treatment of this MG disease subtype.
Bortezomib is such a proteasome inhibitor, and it was shown that
it could directly deplete plasma cells (193-195). The proteasome
is connected to cell homeostasis and promotes protein clearance
of cell apoptosis associated and misfolded proteins (196).
Bortezomib was demonstrated to be efficacious for the treatment
of hematologic autoimmune diseases such as autoimmune
hemolytic anemia (AIHA), immune thrombocytopenia (ITP),
and thrombotic thrombocytopenic purpura (TTP) in a phase-2
trial (197). Bortezomib (198) and other proteasome inhibitors
(199) were first shown to be beneficial in EAMG, a mouse
model for MG. Moreover, in vitro studies of AChR MG patients
showed that bortezomib can eliminate thymus-derived plasma
cell populations, reducing pathogenic IgG as well as total 1gG
levels (194). Consequently, a phase-2 trial called TAVAB that
investigated the use of bortezomib in generalized AChR MG,
rheumatoid arthritis (RA), and SLE was initiated in 2014,
although results are still not yet available (ClinicalTrials.gov
Identifier: NCT02102594) (200). The plasmablasts that are
thought to produce autoantibodies in MuSK MG are not targeted
by proteasome inhibitors. Accordingly, proteasome inhibitors
may be a possible treatment option for AChR MG only.

Targeting the BAFF/APRIL System

The survival of B-cells is regulated in part by the BAFF/APRIL
system. This system consists of the two ligands B-cell activating
factor (BAFF/BLyS/TALL-1) and a proliferation-inducing ligand
(APRIL), and the three receptors, B-cell activating factor receptor
(BAFF-R), B-cell maturation Ag (BCMA), and transmembrane
activator and CAML interactor (TACI) (201). BAFF and APRIL
are B cell stimulatory molecules that promote B cell proliferation,
autoimmunity, somatic hypermutation and mediate B cell
survival (202). The BAFF/APRIL system is a highly balanced
system controlling B cell survival and proliferation. High levels
of BAFF lead to an imbalance towards B cell proliferation. The
occurrence of high levels of ligands and soluble receptors of the
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FIGURE 2 | Speculative mechanisms of AChR MG immunopathology. The proposed mechanistic path to autoantibody production in AChR MG begins with naive B
cells (Steps A and B), which likely encounter self-antigen(s) and receive T cell help in the thymus (C). They can then differentiate into autoantibody specific memory B
cells (D), which can be activated into antibody-secreting short-lived plasmablasts (E) or antibody-secreting long-lived plasma cells (F), which reside in the bone
marrow (F1) and may also be present in the thymus (F2) of some patients with AChR MG. It is thought that long-lived plasma cells in the bone marrow and thymus
make major contributions to AChR autoantibody production. Autoantibodies migrate to the NMJ where they bind to the AChR hindering the neuromuscular
transmission by directly interrupting acetylcholine signaling at the AChR. Most of the antibodies are of the IgG1 subclass which can induce the complement
cascade. Several therapeutic strategies target different parts of this process in AChR MG. Thymectomy is thought to directly remove autoantibody-producing B cell
and other pathogenic cell subsets. B cell depletion, mediated by anti-CD20 antibodies is thought to remove autoreactive B cells, which includes memory cells and a
subset of plasmablasts. Anti-CD19 antibodies can additionally target further subsets of plasmablasts and subsets of plasma cells. Proteasome inhibitors target
plasma cells and may target the disease-causing long-lived plasma cells more efficiently. FcRn inhibitors increase the elimination of circulating IgGs, which is
expected to also reduce the levels of pathogenic autoantibodies. Inhibiting complement activity, with complement inhibitors, results in the disruption of the

pathogenic effector functions mediated by AChR autoantibodies.

BAFF/APRIL system is associated with B cell pathologies (203
206) and high levels of BAFF are linked to autoimmunity (203,
207, 208). The anti-BAFF antibody belimumab was shown to
be efficacious in the treatment of SLE in a phase-3 randomized
controlled trial and it was approved by the FDA for the treatment
of SLE (209). Elevated serum BAFF levels have been observed
in both AChR MG and MuSK MG patients, and BAFF levels
were shown to correlate with autoantibody titer (210-212).
The results from a recent randomized controlled trial on the
use of belimumab in AChR MG, however, failed to meet the
primary endpoint of a change in quantitative myasthenia gravis
(QMG) score (213). High serum BAFF levels have been shown to
correlate with poor responses to rituximab in RA and Sjogren’s
disease, raising the possibility that combination therapy with B

cell depleting agents may hold promise (81, 214, 215). Several
other approaches targeting the BAFF/APRIL system have been
investigated, including atacicept (a soluble decoy receptor for
BAFF and APRIL) which showed beneficial effects in SLE and RA
(216-218). However, adverse effects in its use for the treatment
of multiple sclerosis indicate that it may have a more complex
role within the immune system (219). Additionally, y-secretase
inhibitors were recently described as an add-on therapy for
multiple myeloma, as the inhibition of the shedding of BCMA
was shown to work synergistically with CAR-T cell therapy (220).
BAFF-R, BCMA, and TACI are expressed differently during all
steps of B cell development (172). Consequently, targeting the
BAFF/APRIL system is a potential therapeutic avenue for both
MuSK and AChR MG.
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Complement Inhibitors

AChR MG autoantibodies are mainly of the complement-
inducing IgG1 subclass. Accordingly, the complement system has
been shown to be an effective target for the treatment of AChR
MG. Two different therapies are available and have been tested in
refractory AChR positive generalized MG. The first, eculizumab,
is a humanized mAb that binds to C5 and thus inhibits
the terminal complement pathway (221). Eculizumab showed
positive effects in paroxysmal nocturnal hemoglobinuria (PNH)
(222, 223) and was shown to be beneficial in atypical hemolytic
uremic syndrome (aHUS) (224-226). Additionally, eculizumab
was successfully tested in a clinical trial for the treatment
of NMO with a primary endpoint of total relapse frequency
(PREVENT Study; ClinicalTrials.gov Identifier: NCT01997229)
(227, 228). After a promising pilot phase-2 trial of eculizumab
in AChR positive generalized MG (229, 230), a phase-3 clinical
trial of eculizumab was initiated (REGAIN; ClinicalTrials.gov
Identifier: NCT01997229) (231, 232). Although the study did
not achieve its primary endpoint of a statistical difference in
the Myasthenia Gravis-specific Activities of Daily Living scale
(MG-ADL) score for patients, additional sensitivity analyses

of different MG-related scores including the MG-ADL showed
improvements in the eculizumab group in comparison to
the placebo group. Therefore, eculizumab was approved for
the treatment of generalized AChR MG. Pointing again to
heterogeneity within MG patient subtypes, it was interesting
to observe that in the phase-3 clinical trial, 40% of AChR
autoantibody-positive patients did not meet the trial endpoint.
Furthermore, it is now appreciated that some patients have a
conspicuous and rapid response to eculizumab, while others do
not respond or have a more protracted improvement. These
results may reflect heterogeneity among patients in terms of the
relative fractions of AChR autoantibody-mediated complement
activation, blocking or modulating functions (discussed above).
Zilucoplan - a small molecule (synthetic macrocyclic
peptide) - binds to C5 and inhibits the terminal complement
pathway (233). A phase-2 trial showed significant improvement
in generalized MG patients, leading to the approval of a
phase-3 clinical trial which is currently in progress (RAISE;
ClinicalTrials.gov Identifier: NCT04115293). In contrast to
AChR MG, MuSK MG autoantibodies are mainly of the IgG4
subclass, which does not activate complement (discussed above).
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Thus, treatment with complement inhibitors, at this time, is likely
to be mostly beneficial for AChR MG patients. Treatment of
patients with SNMG or LRP4 MG with complement inhibitors
could provide highly valuable information regarding mechanisms
of immunopathology. In SNMG, beneficial outcomes would
point toward autoantibody-mediated pathology, thus providing
key insight toward understanding this disease subset. In
LRP4 MG such outcomes would further support the role of
complement activating autoantibodies in disease pathology.

FcRn Inhibitors

Human IgG is present at high concentration in serum
(approximately 7-17 mg/mL). The half-life of circulating human
IgG is between 3 and 4 weeks. This high-circulating level and
long half-life are not exclusively dependent on synthesis, but
rather due to continuous salvage and recycling. The IgG recycling
pathway is mediated by the neonatal Fc receptor (FcRn) (234).
FcRn inhibitors, which block the interaction of FcRn with IgGs,
effect degradation and fast clearance of IgGs and are leveraged
as such as therapeutics for IgG-mediated diseases (235). An early
stage trial of one FcRn inhibitor called efgartigimod in patients
with AChR MG showed a reduction in the titer of pathogenic
autoantibodies that was associated with an improvement in
disease severity (ClinicalTrials.gov NCT02965573, EudraCT
2016-002938-73) (236). These findings suggest that FcRn
inhibitors may be a valuable treatment approach for MG.
Although FcRn inhibitors have not yet been formally tested in
MuSK MG, they reduce the circulating levels of all IgG subclasses
(including IgG4) (237). Consequently, this treatment modality
has the potential to be effective in treating MuSK MG as well as
AChR MG. Again, this treatment paradigm could be leveraged
to provide highly valuable information regarding autoantibody-
mediated mechanisms of immunopathology of LRP4 MG and
especially SNMG as discussed above.

CONCLUSION

Translational laboratory-based research and clinical trials have
both provided considerable evidence supporting the idea that the
immunopathology of AChR and MuSK MG is distinct (summary
in Table 1). In general terms, AChR MG is characterized
by a key role for the thymus in its immunopathology
and by autoantibodies of the complement activating IgGl
subclass, which are produced by plasma cells residing in
the bone marrow, thymus, and other tissues (Figure 2). By
comparison, MuSK MG autoantibodies are mainly of the IgG4
subclass, which undergo Fab-arm exchange as a prerequisite for
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Complement activation as a driver of pathology in myasthenia gravis (MG) has
been appreciated for decades. The terminal complement component [membrane
attack complex (MAC)] is found at the neuromuscular junctions of patients with
MG. Animals with experimental autoimmune MG are dependent predominantly on
an active complement system to develop weakness. Mice deficient in intrinsic
complement regulatory proteins demonstrate a significant increase in the destruction
of the neuromuscular junction. As subtypes of MG have been better defined, it
has been appreciated that acetylcholine receptor antibody-positive disease is driven
by complement activation. Preclinical assessments have confirmed that complement
inhibition would be a viable therapeutic approach. Eculizumab, an antibody directed
toward the C5 component of complement, was demonstrated to be effective in a Phase
3 trial with subsequent approval by the Federal Drug Administration of the United States
and other worldwide regulatory agencies for its use in acetylcholine receptor antibody-
positive MG. Second- and third-generation complement inhibitors are in development
and approaching pivotal efficacy evaluations. This review will summarize the history and
present the state of knowledge of this new therapeutic modality.

Keywords: complement, C5, myasthenia (myasthenia gravis—MG), eculizumab, zilucoplan

INTRODUCTION

Myasthenia gravis (MG) is an autoimmune disease in which the postsynaptic membrane is depleted
of acetylcholine receptor (AChR) causing a compromise of neuromuscular transmission (1).
Antibodies directed against the AChR are the primary driver of pathology in most patients. In
those patients without detectable circulating AChR antibodies, the muscle-specific kinase (MuSK)
and low-density lipoprotein receptor-related protein 4 (LRP4) have been identified as pathological
targets, and other neuromuscular junction proteins are under investigation (2, 3).

Myasthenic autoantibodies are polyclonal with variations in subclasses, epitope targets, binding
avidity, and pathogenic mechanisms (4). The characteristics of the population of autoantibodies
among individual patients vary and change over the course of the disease. The mechanisms of
pathology are best understood for MuSK and AChR antibodies. The predominant subclass of MuSK
autoantibodies is immunoglobulin G (IgG)4, which lacks the ability to activate the complement
cascade and is considered to be functionally monovalent. MuSK is a receptor tyrosine kinase crucial
for formation and maintenance of neuromuscular junction, and MuSK autoantibodies interfere
with clustering of the AChR. Studies starting in the 1970s demonstrated the three pathogenic
mechanisms for AChR antibodies: blockade of AChR channel function, cross-linking of AChR by
the divalent AChR antibody (antigenic modulation), and complement activation (5-8). Antibody
binding to a variety of determinants of the multimeric AChR may result in a functional block of
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AChR channel function or prevent acetylcholine binding.
Interestingly, most of the antibodies do not directly block the
transmitter binding site on AChR. In antigenic modulation of
AChR, binding of antibody and subsequent cross-linking lead to
an increase in the natural degradation cycle of the receptors. The
third, and likely most critical mechanism, is for AChR antibodies
to activate complement with ultimate formation of the terminal
complement component (TCC) causing damage to the muscle
membrane (Figure 1) (3, 9). The role of complement activation
in patients without AChR antibodies is poorly defined (10).

This review will provide a broad overview of the complement
system, the preclinical data that support the role of complement
in driving MG pathology, and application of complement
inhibitors in the treatment of MG.

THE COMPLEMENT CASCADE

Complement is part of the innate immune system and a key
mediator of antibody function through the ultimate formation
of the TCC, which serves to rupture bacterial and cellular
membranes as well as signaling phagocytic cells to remove
pathogens (11, 12). Over 30 proteins compose the complement
cascade (Figure 1), which is activated by either antibody (classical
pathway), spontaneously formed C3b (alternative), and binding
of lectins found on bacterial cell surfaces (alternative). In
human AChR Ab-positive MG, the classical pathway is initiated
(activation step) when IgG1 or IgG3 (less so IgG2) autoantibodies
attached to the AChR bind C1q. C1q binds the Fc domain of the
antibody, leading to the autoactivation of Clr and the subsequent
activation of Cls. Cls then cleaves C4 to C4a and the larger
C4b. The Cls and Clr combine with C4b to form C14b. The
amplification phase occurs when C14B enzymatically converts C2
to C2a and C2b. The C14B combines C2a to form C14b2a, which
is also known as C3 convertase. Spontaneous hydrolysis of C3
may also occur, and the formation C3b combining with Factor B
produces C3 convertase of the alternative pathway (Figure 1). C3
convertase enzymatically cleaves C3 into C3a and C3b. C3b with
the C3 convertase forms C14b2a3b, which is the C5 convertase.
The C5 convertase then cleaves C5 to C5a and C5b. The C5b
combines with C6, C7, C8, and C9 to form C5b6789, which is the
effector mechanism of the complement system. TCC formation
produces focal lysis of the neuromuscular junction with loss of
AChR and postsynaptic folds (Figure 2) (10).

The complement cascade may be spontaneously activated
with potential devastating cell injury, which explains that need

Abbreviations: Ab, Antibody; AChR, Acetylcholine receptor; aHUS, Atypical
hemolytic uremic syndrome; C, Complement; DAE Decay accelerating factor;
EAMG, Experimental autoimmune myasthenia gravis; gMG, Generalized
myasthenia gravis; IVIg, Intravenous immunoglobulin; IST, Immunosuppressive
therapy; LRP-4, Lipoprotein receptor-related protein 4; MAC, Membrane
Attack Complex; MuSK, Muscle-specific kinase; MG, Myasthenia gravis;
MGC, Myasthenia Gravis Composite; MG-ADL, Myasthenia Gravis Activities
of Daily Livingg MGFA, Myasthenia Gravis Foundation of America; MG-
QoL 15, Myasthenia Gravis Quality of Life 15 MM, Minimal manifestation;
MSE, Minimal symptom expression; FcRn, Neonatal Fc receptor; OLE, Open-
label extension; PTMG, Passive transfer myasthenia gravis; PNH, Paroxysmal
nocturnal hemoglobinuria; QMG, Quantitative Myasthenia Gravis; sCR1, Soluble
complement receptor 1; TCC, Terminal complement component.

for inhibitory regulators that are found on nearly all cell surfaces
(13). The decay accelerating protein [decay accelerating factor
(DAF), CD55] and CD59 are the primary cell surface inhibitors
in humans and can be found localized to the neuromuscular
junction (14, 15). DAF is a membrane-bound protein that
dissociates C3 and C5 convertases, while CD59 interferes
with TCC formation. Interestingly, complement regulators are
expressed at lower levels in extraocular muscle and could account
for the differential involvement of these muscles by MG (16, 17).

EVIDENCE OF COMPLEMENT AS AN
EFFECTOR MECHANISM IN MYASTHENIA
GRAVIS AND ITS ANIMAL MODELS

Several lines of evidence support activation of the complement
system is critical to the pathology of human MG and animal
models of MG. An important early observation was the
identification of C3 and C9 localized to fragments of degenerated
junction folds where identified in MG patient neuromuscular
junctions (Figure 2) (8, 18-20). Depletion of serum complement
components, C3 and C4, is observed in patients, terminal
components of complement are present in MG patient sera, and
sera induce complement-mediated lysis of cultured myotubes
(21-23). The effectiveness of C5 inhibition in human trials, which
will be discussed later in this review, offers further compelling
evidence that complement is a critical mediator of MG.

The relative contribution of non-complement-mediated
mechanisms to human MG is poorly defined. Administration
into mice of even large quantities of human autoantibodies (equal
to 50% of the total mouse circulating mouse IgG) produces
only mild weakness (7, 24). Because human complement
is not co-administered, weakness would likely only develop
from antigenic modulation or impairment of AChR function.
Miniature endplate potentials are not altered by infusion of
human MG serum, when rats are rendered intolerant to human
immunoglobulin (IG) (25). Studies using rodents are influenced
by the ability of human AChR antibody to bind rodent AChR,
leading to the potential to underestimate the effect of AChR
blockade or antigenic modulation.

Two basic animal models are used to study MG.
Passive transfer MG (PTMG) consists of administration of
autoantibodies (9, 26). For AChR-antibody PTMG, monoclonal
antibodies, syngeneic polyclonal serum, and highly concentrated
human MG sera with a source of active complement have been
used. Within 24-72h of receiving antibody, rodents develop
mild to severe weakness depending on species and antibody
properties as well as having complement components deposited
at the neuromuscular junction. A significant deficiency
of PTMG is that it only interrogates the final antibody
effector mechanism and not the loss of tolerance that leads
to antibody production. Experimental autoimmune MG
(EAMG) involves immunization with purified AChR or peptide
fragments of the AChR. Over weeks to months depending
on species, an antibody response develops directed toward
the administered AChR and then toward the native protein.
Complement components with antibody are then found at
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FIGURE 1 | Schematic of complement cascade (see text for details).

the neuromuscular junction, and animals develop weakness Studies of complement depletion were the first approaches to
with neuromuscular transmission deficits consistent with a  assess complement mechanisms in the pathology of EAMG. Early
myasthenic phenotype. experiments demonstrated that cobra venom injected, either
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FIGURE 2 | Electron micrographs of mouse neuromuscular junction. (A)
shows a junction from an experimental autoimmune myasthenia gravis (EAMG)
animal. Note the electron-dense material in the synaptic cleft and the loss of
regular postsynaptic folds that are seen in a normal junction in (B). The* marks
the nerve terminal. Previously unpublished images by one of the authors (HK).

during the acute phase of the active EAMG in rats or prior to
AChR antibody administration in PTMG, leads to a reduction
of disease severity (7, 27). C6-deficient rats do not demonstrate
weakness or form TCC on the postsynaptic membrane in
response to AChR antibody administration, while exogenous C6
restores TCC assembly and weakness (28). Engineered knockout
of C3 and C4 in mice leads to a reduction of weakness from
EAMG and preserved AChR density at the neuromuscular
junctions (29). Interestingly, the animals show some reduction
of complement fixing antibody subclasses, which suggests that
the complement system influences cellular autoimmunity (30).
In contrast, C5 knockout mice develop comparable levels of
circulating AChR-specific antibodies, but C5 knockout mice
have no weakness or junctional injury (31). Taken together, the
data suggest that activation of complement is the overwhelming
driver of EAMG pathology since weakness is not evident when
complement activity is ablated. This is likely not to be the case
in humans. In contrast to the preservation of function with

removal of complement components, the engineered ablation
of cell surface complement regulatory proteins leads to severe
pathology when PTMG is induced (32-34).

PRECLINICAL VALIDATION FOR
COMPLEMENT INHIBITOR THERAPY IN
MYASTHENIA GRAVIS

Exogenous provision of complement inhibitors as a potential
therapy has a long history in MG. In 1989, a monoclonal
antibody to C6 was administered to PTMG rats and reduced
weakness, preserved body weight, and preserved normal
electrophysiological properties (35). A soluble complement
receptor 1 (sCR1) to Lewis rats at the time of PTMG induction
found a reduction of weakness and retained AChR density (36).
Anti-C5 antibody treatment was found to limit PTMG severity
(37), which justified application of C5-focused treatments in
humans (see below). Another C5 inhibitor is coversin (rEV576),
which is a recombinant protein derived from ticks and effective in
moderating disease severity of PTMG and EAMG (38). Coversin
has moved to human clinical trials for paroxysmal nocturnal
hemoglobinuria (PNH) but is not being developed for MG.
Targeting complement inhibition to the site of pathology, the
neuromuscular junction, reduces PTMG severity and has the
advantage of limiting systemic complement inhibition (39, 40).

In addition to antibody-based targeting of complement
components, siRNA therapies have been used to suppress C
component expression. Reduction of the C2 component of
complement reduced serum complement activity in mice with a
resultant reduction of weakness, retention of AChR, and reduced
TCC deposition in EAMG mice (41). Targeting of C5 expression
by the liver leads to similar findings in rat EAMG (42). Thus, far,
these approaches have not moved into human assessment.

HUMAN STUDIES OF COMPLEMENT
INHIBITION

Patients with generalized MG (gMG) have a large disease burden
with an increased risk of disease exacerbation, hospitalization,
intensive care stay, and intolerable side effects to the medications
used in their treatment (43-45). In addition, 10-15% of patients
with AChR antibody-positive (AChR+) gMG are refractory to
the most common immunotherapeutic paradigms (46, 47). As
such, there is a need for target-specific therapies with improved
adverse event profiles. Progress has been made over the last
12 years with the development of new novel therapeutics that
attempt to address these issues: the inhibition of complement
targets and the neonatal Fc receptor (FcRn).

CLINICAL TRIALS

To date, there have been three completed clinical trials of
complement inhibition in gMG: two phase 2 trials and one phase
3 trial. All have targeted C5 with the goal of blocking terminal
complement activation, preventing the pro-inflammatory effects
of C5a and C5b and the subsequent formation of the terminal
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complement component or membrane attack complex (C5b-9)
(28). Each of these trials focused on AChR+ generalized MG as
the predominant antibody subclass, IgG3, is a potent activator
of complement.

Phase 2 Trials

The initial phase 2 trial (NCT00727194), sponsored by Alexion
Pharmaceuticals, was a prospective, double-blind, placebo-
controlled crossover design of 14 AChR+, gMG treatment-
refractory patients [Myasthenia Gravis Foundation of America
(MGFA), Classes II-IVa)] initially treated for 16 weeks
(Period 1) followed by a 5-week washout period and then
crossed over (Period 2) to the other investigational product
for an additional 16 weeks (48). Patients were required to
have persistent weakness despite treatment with at least two
immunosuppressive drugs for at least 1 year and could not have
received intravenous immunoglobulin (IVIg), plasma exchange,
rituximab, or thymectomy within 2, 3, 6, or 12 months of
screening, respectively. This study used the full sized, humanized
monoclonal antibody eculizumab that specifically binds to and
inhibits cleavage of C5 into C5a and C5b (49). Standard of care
was maintained through the duration of the study. Study subjects
received either eculizumab 600 mg or a matching placebo infused
IV for 4 consecutive weeks, followed by the administration of
900 mg IV of eculizumab or matching placebo every 2 weeks. Six
of seven patients (86%), treated for 16 weeks, met the primary
efficacy endpoint of a 3-point reduction in the Quantitative
MG (QMG) score vs. 50% of placebo-treated patients. Four of
seven (57%) of patients treated with eculizumab had an 8-point
improvement in total QMG score compared to only one of
seven (14%) who received placebo. Of note, eculizumab-treated
patients did not return to their baseline QMG scores despite
a 5-week washout prior to beginning Period 2 (Figure 3). This
suggests a carryover effect, although the mechanism of such is
not known.

The second phase 2 trial (ClinicalTrials.gov Identifier:
NCT03315130), sponsored by Ra Pharmaceuticals was a
prospective, double-blind, placebo-controlled study of 44
AChR+ gMG patients over 12 weeks followed by an open-label
extension (OLE) trial that continues at this time (50). This study
used zilucoplan, a small (3.5-kDa), 15-amino acid macrocyclic
peptide, that binds to C5 with high affinity and specificity and
also binds to the domain of C5 that corresponds to C5b and
thereby also blocks binding of C5b to complement component
C6 (51). Patients were randomized 1:1:1 to zilucoplan 0.1 mg/kg,
zilucoplan 0.3 mg/kg, or matching placebo self-administered
subcutaneously daily for 12 weeks, and eligible participants could
enter the OLE. Entry criteria were like the Alexion phase 2 trial
in age, disease severity, and baseline QMG scores, but there was
no requirement to be treatment refractory. Standard of care was
maintained throughout the study. Rapid, robust, and a sustained
response was seen in the zilucoplan-treated group. The primary
efficacy measure was the change in QMG score from baseline
to week 12; a 6-point change in the 0.3-mg/kg zilucoplan group
compared with —3.2 points in the placebo-treated group (p =
0.05). Onset of improvement was as early as 1 week (Figure 4).
The 0.1-mg/kg zilucoplan dose demonstrated a slower onset of

action and a less pronounced effect when compared to the higher
zilucoplan dose although still a clinically meaningful response
when compared to placebo. Similar findings were seen when
comparing the change in MG Activities of Daily Living (MG-
ADL) score from baseline to week 12 in both arms compared
to placebo.

Phase 3 Trials

REGAIN (NCT01997229), a phase 3 trial with an OLE
(NCT02301624) also used the monoclonal antibody eculizumab
(52, 53). This prospective, double-blind, placebo-controlled
study enrolled 125 treatment-refractory AChR+ gMG patients of
moderate to severe severity (MGFA Classes II-1V) at 72 centers
in Asia, Europe, Latin America, and North America. Treatment
refractory was defined as having persistent weakness despite
treatment with at least two immunosuppressive therapies (ISTs)
or one IST with the requirement of chronic plasma exchange
or IVIg. Subjects were randomized 1:1 to either eculizumab or
a matched control for 26 weeks. Eculizumab was administered
IV; an induction dose of 900 mg weekly for four doses (day 1,
weeks 1-3) and a maintenance dose of 1,200 mg every other
week beginning on week 4. Subjects who completed the 26-week
REGAIN study were eligible to participate in the OLE, and 117
patients elected to do so (53).

The primary efficacy endpoint was the change in the MG-
ADL score from baseline to week 26 for eculizumab treated
subjects compared to placebo measured by worst-rank analysis of
covariance (ANCOVA) analysis. Multiple prespecified secondary
endpoints included the change in QMG total score from baseline,
responder analysis of the MG-ADL and QMG scores for those
with at least a 3-point and 5-point improvement, respectively,
and changes in the MG Composite (MGC) and MG Quality of
Life 15 (MG-QoL15) scores from baseline.

The primary endpoint, the mean ranked difference in the
change in MG-ADL score between baseline and placebo at
week 26 was not significant despite significant change in 18 of
21 secondary measures (Table 1). Rapid, robust, and durable
improvement was seen in the MG-ADL of eculizumab-treated
patients compared to placebo (Figure5). Improvement was
noted during the week following their first infusion, was maximal
around 12 weeks, and remained durable for the duration of
the 130-week observation. A similar profile was seen with the
QMG score (Figure 5), MGC, and MG-QoL15, although the
latter has a slightly slower time course (data not shown). During
the trial, 56% of patients achieved the clinical state of minimal
manifestations. Additionally, exacerbation rates were reduced by
75% (p = 0.0001) from the year prior to study entry. Patients
who received placebo during the REGAIN trial had a similar
response when transitioned to eculizumab in the OLE. The
speed and degree of improvement mimicked those seen in the
REGAIN trial.

Currently, multinational phase 3 trials are underway with
zilucoplan (NCT04115293) administered daily subcutaneously
and ravulizumab (NCT03920293), a monoclonal antibody
developed by Alexion Pharmaceuticals, administered IV every 8
weeks. The primary efficacy endpoint will be the change from
baseline in the MG-ADL score at 12 and 26 weeks, respectively.
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mixed model p < 0.0001). Modified from Howard et al. (48).
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Post hoc Analyses
Numerous post hoc analyses have been performed on the
REGAIN dataset. Eculizumab demonstrated rapid and significant
improvement in ocular, bulbar, respiratory, and limb domains at
week 26 compared to baseline and through 130 weeks of the OLE
phase of the study. The improvements were observed at week 26
for both ocular and gross motor, by week 20 bulbar domains, and
by week 12 for the respiratory domain and remain stable through
130 weeks (54).

The ability to reduce IST use during the OLE phase of
the study was noted. At baseline, 115 of 117 (98.3%) study
subjects were using at least one immunosuppressive drug (55).

This was reduced to 103/117 (88%) at the time of their last
assessment. Additionally, significant reductions in the total daily
dose of corticosteroids, azathioprine, and mycophenolate mofetil
were demonstrated.

The REGAIN study demonstrated that eculizumab-treated
patients had significantly more improvement in the extended
Neuro-QOL Fatigue scale, a patient-reported assessment of
fatigue, when compared to the placebo arm. Eculizumab-treated
patients had a 16.3-point change from baseline compared to a
7.7-point change in the placebo group at week 26 (56). This
improvement was sustained through week 52 (data cut) of the
open-label study. Strong correlations were observed between the
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TABLE 1 | REGAIN totality and consistency of analyses.

Primary/secondary endpoints Sensitivity analyses

Outcome Worst-Rank Responder Repeated measures at week Change from baseline at Wost-rank ANCOVA
measure ANCOVA analysis 26 (IST as covariate week 26 or LOCF ANCOVA sensitivity
MG-ADL 0.0698* 0.0229 0.0058 (0.0077) 0.0390 0.0800"

QMG 0.0129 0.0018 0.0006 (0.0007) 0.0032 0.0169

MGC 0.1026* N/A 0.0134 (0.0168) 0.0406 0.1084*
MG-QOL15 0.0281 N/A 0.0010 (0.0009) 0.0152 0.0328

REGAIN Studly results of 22 prespecified measures demonstrating the totality of the data supporting the positive effects of complement inhibition in the treatment of myasthenia gravis

(MG). Analyses marked with an* reflect the bias imposed by the worst-rank analysis of covariance (ANCOVA) methodology. Adapted from Howard et al. (52).

= Eculizumab
e Placebo

>

Double-blind
I Double-blind induction
Open-label eculizumab

m Eculizumab/eculizumab
® Placebo/eculizumab

mean MG-ADL total score (95% ClI)

£
Q
£
@
8
Z
<
[0}
w
o
£
(o]
&=
S
= -8 — T T T T T T—T T T T T T T T T
g BL 4 8 12 16 20 mE&‘lsmwzo 26 40 52 78 104 130
o Patients, n Weeks
Eculizumab/eculizumab 53 53 52 49 49 49 47 25 3
B Placebo/eculizumab 60 57 57 55 54 54 49 25 15
0
£ =
20 -2
=
3w
8 2 4
(]
&5 5
$2 : 1
s _g| !
T3B .
1
(D 1
§ g =10 i
S i
c % —12 T T T T T T T T T T T T T T T T
gm BL 4 8 12 16 20 m[ﬂsmwmze 40 52 78 104 130
6] E Patients, n Weeks
Eculizumab/eculizumab 52 52 52 48 48 48 46 23 13
Placebo/eculizumab 60 57 57 55 53 53 48 24 15

FIGURE 5 | REGAIN and open-label extension (OLE). (A) The change in MG-ADL score from REGAIN baseline to OLE week 130. (B) The change in QMG score from
REGAIN baseline to OLE week 130. BL, baseline; Cl, confidence interval; MG-ADL, Myasthenia Gravis Activities of Daily Living; QMG, Quantitative Myasthenia Gravis
Score. Vertical dash line represents the transition from REGAIN to the OLE. Adapted from Muppidi et al. (53).

Neuro-QOL Fatigue scale and the MG-ADL, MG-QoL15, and
QMG scores.

Subgroup analysis of the REGAIN population previously
dependent upon IVIg demonstrated rapid and robust
improvement in their MG outcome measures with fewer
disease exacerbations when treated with eculizumab in both the
blinded and open-label portions of the study (57). Treatment
with eculizumab was associated with a 65% reduction (p =
0.0057) in MG exacerbation rates during the REGAIN trial
compared to the placebo arm (58). Further, there was a 66%

reduction in hospitalization rates (p = 0.0316) as well as the need
for rescue therapy (p = 0.0072).

The MGFA post intervention status of minimal manifestations
(MMs), the presence of minimal nonfunctional weakness or no
weakness on clinical examination, is the stated goal of several
treatment guidelines (59-61). The REGAIN study demonstrated
that at week 26, 25% of eculizumab-treated patients achieved a
state of MM vs. 13.3% of those treated with placebo. A total
of 57.1% of patients achieved this status through 130 weeks
of OLE.
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Current definitions of minimal symptoms rely on the physical
examination and not that of the patients impression of their
disease. The concept of Minimal Symptom Expression (MSE)
has been developed as a more meaningful way to assess patient
response without the need for clinical examination. MSE is
defined as an MG-ADL score of 0 or 1. Vissing et al. (62)
have reported more patients receiving eculizumab than placebo
met the criteria of MSE (21.4 vs. 1.7%, p = 0.0069) at week
26 of treatment during the REGAIN trial. This was maintained
through 130 weeks of the OLE, and a similar number of patients
in the placebo/eculizumab and the eculizumab/eculizumab
groups achieved “minimal symptom expression” (MG-ADL: 22.9
and 27.8%, respectively, p = 0.7861) at week 130 of treatment.
These findings suggest that MSE may be a potential endpoint for
future clinical trials or in the clinic.

By week 12 in the REGAIN study, 67.3% of eculizumab-
treated patients had at least a 3-point change in the MG-ADL
score, and 56.1% had at least a 5-point change in the QMG score.
At the end of OLE, 84.7% of eculizumab-treated patients reached
the MG-ADL criteria, and 71.4% of patients reached the QMG
criteria. Then, 15.3% and 28.6% of patients did not achieve MG-
ADL or QMG response, respectively. These data would suggest
that there is a subpopulation of patients whose response is much
slower (63).

SAFETY

The inhibition of C5 increases the risk of Neisseria infection.
For this reason, patients treated with anti-C5 inhibitors must
be vaccinated against Neisseria meningitides with both the
quadrivalent and B-serotype vaccines according to the guidelines
published by the CDC Advisory Committee on Immunization
Practices. Information can be obtained from the Centers
for Disease Control at https://www.cdc.gov/meningococcal/
about/soliris- patients.html. Patients must be educated on the
presenting symptoms of meningococcal meningitis, and all
should carry an informational safety card to present at each
health encounter.

Patients who are unable to be vaccinated at least 14 days
prior to their initial dose of a C5 inhibitor must be treated
with antibiotics. Treatment with C5 inhibitors should not be
delayed during this period. Care must be taken to avoid the
fluoroquinolone and macrolide classes as these have the potential
to acutely worsen myasthenic weakness. The role of long-
term prophylactic antibiotic therapy for MG patients treated
with a complement inhibitor remains controversial. Pediatric
myasthenic populations are not approved currently for the use
of C5 inhibitors. Should this approval be forthcoming, additional
vaccinations against Streptococcus pneumoniae and Haemophilus
influenzae type b are reccommended.

In all three trials, the safety profile for the three C5
inhibitors was like those seen in PNH and atypical hemolytic
uremic syndrome (aHUS), most commonly headache and
nasopharyngitis. No meningococcal infections occurred during
the trials, and one occurred following the completion of the
REGAIN OLE trial that was successfully treated.

Neutralizing antibodies to the C5 monoclonal antibody or
the macrocyclic peptide have not been found to a degree that
inhibited the therapeutic effects of the drug.

HOW COMPLEMENT INHIBITORS
INTEGRATE WITH STANDARD OF CARE
THERAPIES

Currently, complement inhibition has been restricted by
regulatory agencies in Europe and Japan for use in patients who
have refractory AChR+ gMG. While the FDA did not place such
a restriction for its use in the USA, the insurance industry has
followed the parameters of the phase 3 REGAIN trial, limiting,
for the most part, its use in a similar patient population. One
hopes current trials of ravulizumab and zilucoplan will change
this and allow their use in broader populations of patients and
earlier in the disease course.

The accumulated data on adverse events related to
complement inhibition in PNH, aHUS, and MG exceed
50,000 patient years. The adverse event profile is quite favorable
when compared to adverse event profiles of current therapies,
e.g., corticosteroids, purine inhibitors, cyclophilins, and other
broad-spectrum immunosuppressants.

There is a single missense C5 heterozygous mutation,
c.2654G— A, that predicts the polymorphism p.Arg885His
in 3.5% of the Japanese population and in a Han Chinese
population. This mutation prevents binding and blockade of
eculizumab at the C5 domain as shown in a Japanese study of this
drug in PNH (64). The REGAIN trial did not enroll patients with
this mutation. Zilucoplan, a macrocyclic peptide, has a different
binding site on C5 and C5b and would be effective in patients
with this mutation.

A clearer understanding of the pathophysiological processes
that occur at the neuromuscular junction in response to
complement inhibition is needed. For instance, is there repair
of the postjunctional folds with long-term use of these drugs?
If such were to occur, one would have a firm argument
to initiate treatment much earlier than its current use and
perhaps even as primary therapy. Further study is warranted,
given the rapid onset of effect, to determine the role of
complement inhibition as a rescue therapy during periods
of acute deterioration or in myasthenic crisis. Its role in
seronegative MG and those with antibody to LRP4 is yet to
be determined. While IgG1 and IgG3 antibody subclasses are
reported in MuSK MG, high levels of MuSK-specific IgG1 or
IgG3 have not been identified in these patients (65, 66). These
data suggest complement inhibition would not be effective in
IgG4-predominant mediated MG, such as MuSK MG, as this
immunoglobulin subclass activates complement weakly. It is
to be determined what the role of combinational therapy will
play in the management of MG. As detailed above, there is
no question that complement inhibition targets the primary
effector mechanism for the destruction of the postjunctional folds
of the neuromuscular junction. However, circulating antibody
remains available to target epitopes of the AChR complex,
and non-complement mechanisms driving AChR loss are not
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influenced. It is attractive to think of combinational treatment
with an FcRn inhibitor as a means of accomplishing the task.
Information regarding dosing, dosing intervals of each drug, and
the predominance of one drug vs. the other will only come with
further study.

The rapid, robust, and sustained improvement seen with C5
inhibition as evidenced by the clinical trials and subsequent
analyses makes this treatment very favorable in patients
with generalized AChR antibody-positive gMG. It has been
transformational in the lives of many patients who have
previously failed multiple therapies and has made significant
strides in alleviating the burden of disease of chronic MG.
Current trials will address its role in earlier management of
the disease.
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Role of miRNAs in Normal and
Myasthenia Gravis Thymus

Meélanie A. Cron'", Emilie Guillochon ', Linda Kusner?* and Rozen Le Panse ™

" Sorbonne University, INSERM, Association Institute of Myology, Center of Research in Myology, Paris, France, ? Department
of Pharmacology and Physiology, The George Washington University, Washington, DC, United States

The thymus, a primary lymphoid organ, provides a complex environment essential
for the generation of the T-cell repertoire. Thymic alterations occur during life either
in the context of thymic involution upon aging or the pathophysiological context of
Myasthenia Gravis (MG). These changes involve complicated regulatory networks, in
which microRNAs (miRNAs) are key players. Here, we analyzed the role of miRNAs
in thymocyte maturation and differentiation sustained by thymic epithelial cells. We
compared data from the literature regarding the role of mouse thymic miRNAs and
original data obtained from a human thymic miRnome study. We identified a set of highly
expressed miRNAs defined as ThymiRs and investigated miRNA expression in infants as
compared to adults to determine those associated with human thymic involution. Thymic
changes are also frequently observed in MG, an autoimmune disease which results
in the production of anti-acetylcholine receptor (AChR) antibodies that lead to muscle
weaknesses. Alterations such as thymoma in late-onset MG patients and hyperplasia
with ectopic germinal centers (GCs) in early-onset (EOMG) patients are found. Thymic
miRNA expression has been studied in AChR-MG patients both in thymoma-associated
MG (TAMG) and EOMG, and their function through their mRNA targets investigated. Most
of the dysregulated thymic miRNAs in EOMG are associated with GC development, such
as miR-7, miR-24, miR-139, miR-143, miR-145, miR-146, miR-150, miR-452, miR-548
or thymic inflammation, such as miR-125b, miR-146, or miR-29. Understanding these
pathways may provide therapeutic targets or biomarkers of disease manifestations.

Keywords: autoimmunity, thymic involution, germinal center, early-onset myasthenia gravis, thymoma,
thymocytes, thymic epithelial cells

OVERVIEW OF miRNAs

MicroRNAs (miRNAs) correspond to non-coding short single-stranded RNAs (~22 nucleotides)
that serve as post-transcriptional regulators. They are mainly transcribed and process through
the canonical pathway as pri-miRNAs, cleaved into pre-miRNAs by DROSHA and DGCRS$
(DiGeorge syndrome Critical Region gene 8) in the nucleus and exported to the cytoplasm by
the protein exportin 5. Next, pre-miRNAs are cleaved by DICER and its partner TRBP1 into
mature miRNAs. Mature miRNAs coupled with the RNA-induced silencing complex (RISC, a
heterogeneous molecular complex) target mRNAs, leading to their degradation or the inhibition
of their translation, according to the perfect or imperfect miRNA-mRNA matching, respectively
(1). They are involved in physiological and pathophysiological processes, including autoimmune
diseases (2).
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Autoimmune diseases result from the dysfunction of the
immune process. The breakdown of immunological tolerance
leads to the presence of autoreactive immune cells which cause
the destruction of self (3). miRNAs play crucial roles in the
immune process through the development of the immune
system, proliferation of key immunological cells, differentiation
of cells into their lineage, and apoptosis at immunological
checkpoints (4). Disturbance along the process by altered
expression of miRNAs and their downstream function can
initiate or maintain autoimmune conditions. Involvement of
miRNAs, specifically key miRNAs (e.g. miR-21, miR-146, miR-
155, miR-146, 125a-5p) is already well-documented in major
autoimmune diseases such as lupus erythematosus, multiple
sclerosis, diabetes or rheumatoid arthritis. Here, we highlight the
significance of miRNAs in the development of the thymus and
the ability for dysfunction to result in an autoimmune disease,
myasthenia gravis.

PHYSIOLOGICAL ROLE OF THE THYMUS

The thymus provides a complex environment essential for the
generation of the T-cell repertoire. It is composed of various cell
types, essentially thymocytes and thymic epithelial cells (TECs),
but also fibroblasts, myoid cells, dendritic cells, macrophages, and
B cells. Differentiation of thymocytes occurs through interactions
with stromal cells while they are progressing in the different
thymus compartments (5).

In their first differentiation steps, immature thymocyte
precursors become progressively double positive (DP) for CD4
and CD8 co-receptors and acquire a complete T-cell receptor
(TCR). Further successful differentiation of thymocytes depends
on the quality and the specificity of the interaction of their T-
cell receptor (TCR) with self-major histocompatibility complex
(MHC) molecules. The large majority of thymocytes die either
because the TCR-MHC interaction is too weak (death by
neglect) or, in contrast, because the TCR-MHC interaction is too
strong (negative selection, self-tolerance). In parallel, positively
selected CD4TCD8" thymocytes end up single positive (SP)
for either CD4 or CD8 (lineage commitment) (5). Only a
few thymocytes pass successfully selection and are exported to
the periphery where they will differentiate into different T-cell
subsets. However, within the thymic environment, some T cells
can differentiate into natural regulatory T (Treg) cells (5).

TECs represent the main cell type amongst thymic stromal
cells and include cortical and medullary TECs (cTECs and
mTECs). mTECs play a central role in negative selection of
thymocytes through their capacity to express a wide range
of tissue-specific antigens (TSAs) and mediate depletion of
autoreactive T cells. The ectopic expression of TSAs by mTECs
is controlled by epigenetic factors and by transcription factors,

Abbreviations: AChR, Acetylcholine receptor; AIRE, Autoimmune regulator
(AIRE); DN, Double negative; DP, Double positive; EOMG, Early-onset MG; GC,
Germinal center; IFN, Interferon; MG, Myasthenia gravis; miRNA, microRNA;
NKT, Natural killer T cell; SP, Simple positive; TAMG, Thymoma-associated MG;
TCR, T-cell receptor; TEC, Thymic epithelial cell; cTEC, Cortical thymic epithelial
cell; mTEC, Medullary thymic epithelial cell; TLR, Toll-Like Receptor; Treg cell,
regulatory T cell; TSA, Tissue-specific antigen.

the most well-known being the autoimmune regulator (AIRE)
(6). The thymus is fully active during the neonatal period and
undergoes an involution process early during life (after 1-year-
old). Thymic involution is characterized by the alteration of
thymic architecture and the loss of thymic function. In particular,
involution is associated with a decrease in TECs, more prominent
for mTECs as compared to c¢TECs, and replacement by fat
tissue. Despite the decrease in cellular density, the adult thymus
still contains thymocytes and maintains the proportion of the
principal thymocyte subsets indicating that the thymus remains
active during adult life (7).

IMPLICATIONS OF miRNAs IN THE MOUSE
AND HUMAN THYMUS

The role of enzymes involved in the biogenesis of miRNAs and
specific miRNAs in T-cell lineage in the periphery has been
largely documented (8, 9). Here, we will specifically review the
role of miRNAs in the thymus, in particular in thymic epithelial
cells (TECs) with their potential impact on thymic architecture,
and on thymocyte differentiation.

Certain miRNAs are defined as immuno-miRs as they regulate
many functions related to the immune system, or myomiRs,
which are more particularly expressed in skeletal muscle. The
most well-known immuno-miR are miR-146, miR-155 and
the cluster miR-17~92 (10). From original results detailed in
Figure 1 and Table 1, we analyzed the human thymus of infants
for the most expressed miRNAs that could be defined as ThymiRs
(Figure 1). The highly expressed human ThymiRs contained
the most well-known immuno-miR, such as miR-146, miR-150,
miR-155, miR-181 subtypes, some miRNAs from the miR-17~92
cluster and the paralogous clusters miR-106b-25 and miR-106a-
363. They also included six let-7 subtypes (Table 1).

miRNAs and Thymic Epithelial Cells

Different studies have proved that molecules involved in the
biogenesis of miRNAs play a central role in TEC differentiation.

Using FoxNI (Forkhead box protein N1)-Cre knock-in mice to
conditionally inactivate Dgcr8 in TECs, Khan et al. demonstrated
that Dgcr8 is critical for maintaining a proper thymic architecture
and that canonical miRNAs are required to support TEC
cellularity and differentiation. In particular, they observed a
progressive loss of AIRET mTECs that could affect central
tolerance and favor the development of autoimmune diseases
(12). Embryonic loss of Dicer in TECs results in premature
thymic involution, progressive disorganization of the thymic
epithelium and the formation of epithelial voids. The normal
differentiation and function of TECs are altered, impacting
thymocyte development and inducing phenotypic changes in
peripheral T cells. Loss of Dicer expression in TECs clearly affects
T-cell development from the second week of life with an increase
in DP and a decrease in CD8% and CD41 SP T cells (13). A
higher number of double-negative (DN) cells is also observed,
in part due to an increased number of immature B cells in the
thymus of these Dicer deficient mice. They could develop in situ,
possibly due to changes in the microenvironment as the thymic
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FIGURE 1 | Human ThymiRs. Repartition of ThymiRs according to the mean
of intensities. Thymic biopsies were collected from female infants undergoing
cardiovascular surgery at the Marie Lannelongue Surgical Center (Le
Plessis-Robinson, France) (n = 6, 3-12 months old). Studies on thymuses
were approved by a local ethics committee (CPP, authorization number ID
RCB 2010-A00250-39). Total RNA extraction and miRNA analyses were done
as described in Cron et al. (11). Raw data were imported using R package
pd.mirna.3.0 (v 3.12.0). Raw intensity values were background corrected and
normalized with RMA (Robust Multi-array Average) function from oligo R
package (1.48.0).

medulla progressively displayed more Lyve-1 lymphatic vessels,
PNAd high endothelial venules, and CRI follicular dendritic
cells that are normally observed in secondary lymphoid tissues
(13, 14). Besides, several publications showed a decrease in
both Aire-dependent and -independent TSAs in Dicer-deficient
mTECs (15); altered expression of TSAs in mice that lack
Dicer expression in TECs could be correlated with multiorgan
infiltrations (13).

Papadopoulou et al. demonstrated that certain features of the
premature thymic involution phenotype of Dicer mutants are
recapitulated in mouse mutants lacking miR-29a; however, these
animals do not display the same architectural disruption of the
thymus, implying that other miRNAs regulate TEC maintenance
(14). Besides, the absence of miR-29a selectively affects the Aire-
dependent TSA gene expression (15). However, an increase
in thymic miR-29 subtypes is observed together with thymic
involution in aging mice (16).

The changes observed in Dicer or Dgcr8 deficient mice are
usually attributed to the loss of miRNAs. However, we have to
keep in mind that DICER can process other types of RNAs and
regulate different cellular functions beyond its endonuclease
activity (17). As for DGCRS, it is involved in maintaining
heterochromatin organization and attenuating senescence,
independently of its microRNA-processing activity (18).

TABLE 1 | Human ThymiRs.

Name Intensity mean SEM
hsa-miR-16 42,177 995
hsa-miR-181a 39,264 987
hsa-miR-26a 36,825 751
hsa-miR-17 32,468 245
hsa-miR-106a 30,695 134
hsa-miR-20a 29,018 241
hsa-miR-3960 28,997 3,351
hsa-miR-3665 26,827 2,385
hsa-miR-92a 26,734 560
hsa-miR-181b 26,425 657
hsa-miR-103a 23,522 459
hsa-miR-4787-5p 23,473 2,736
hsa-miR-342-3p 23,080 458
hsa-let-7a 22,697 1,680
hsa-let-7b 22,524 1,506
hsa-miR-93 21,822 810
hsa-miR-191 21,059 726
hsa-let-7¢ 20,657 573
hsa-miR-205 20,509 806
hsa-miR-107 20,000 367
hsa-miR-125b 19,037 722
hsa-miR-106b 17,449 652
hsa-let-7d 16,420 412
hsa-miR-4497 16,199 903
hsa-miR-20b 15,256 473
hsa-miR-150 15,058 415
hsa-miR-19b 14,736 1,621
hsa-miR-155 14,724 401
hsa-miR-4466 14,691 1,656
hsa-miR-1915 13,850 1,881
hsa-miR-4488 13,612 1,872
hsa-miR-638 13,379 1,563
hsa-miR-24 13,138 957
hsa-miR-15b 12,644 1,160
hsa-miR-23a 12,637 170
hsa-let-7i 12,007 1,014
hsa-miR-3656 11,829 2,541
hsa-miR-320b 11,481 1,282
hsa-miR-320a 11,370 1,221
hsa-miR-2861 10,996 1,367
hsa-miR-100 10,871 313
hsa-miR-200c 10,783 630
hsa-miR-15a 10,574 1,133
hsa-miR-4516 10,522 1,110
hsa-miR-320c 10,430 1,061

List of the most highly expressed ThymiRs with a mean intensity over 10,000. The origin
of data is detailed in Figure 1. Raw data were imported using R package pd.mirna.3.0
(v 3.12.0). Raw intensity values were background corrected and normalized with RMA
(Robust Multi-array Average) function from oligo R package (1.48.0). Intensity means and
standard error of the mean (SEM) were calculated from the normalized intensity values
obtained using Limma R package (v 3.40.6).
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Ucar et al. analyzed the expression of miRNAs in isolated
cTECs and mTECs in human and mouse thymuses. They
demonstrated that certain miRNAs are differentially expressed in
c¢TECs and mTECs, and even differentially expressed upon mTEC
maturation. Using different approaches for selected miRNAs
they observed that in mice some miRNAs are down-regulated
in CD80T AIRETmTECs as compared to CD80" AIRE™mTECs.
This suggests that TEC differentiation could be associated with a
decreased expression of certain miRNAs allowing, for example,
a higher expression of AIRE. Inversely, AIRE regulates the
expression of specific miRNAs. They showed in AIRE-deficient
mice that some miRNAs can be either up or down-regulated in
CD80*tmTECs as compared to wild type mice (15). This was
confirmed by Macedo et al. that demonstrated that silencing
Aire in mouse mTECs leads to the up- and down-regulation
of specific miRNAs (19). The identified dysregulated miRNAs
from these studies were different. However, we can hypothesize
that in ATRETTECs, miRNAs that are decreased could lead to
the specific expression of TSAs that are implicated in central
tolerance mechanisms.

miRNAs and Thymocyte Development

Dicer deletion from the double-positive stage of T-cell
development compromises the survival of aff lineage cells
and results in a decreased thymic cellularity in DP and SP T
cells. Surprisingly, Dicer seems to be dispensable for CD4™ and
CD8*' T cell lineage commitment (20, 21). Dicer or Drosha
deletion at a later stage in CD4™ T cell does not alter the
number and composition of thymocytes, though it results in
a reduction in thymic CD4TCD25"Foxp3™ natural Treg cells.
Dicer depletion in CD4* thymocytes also results in the reduction
of invariant natural killer T (iNKT) cells (22). Besides, mice
with T-cell specific Dicer or Drosha deficiency develop immune
pathologies, in particular, inflammatory bowel disease (23) and
organ inflammation (24). Deletion of Dicer or Drosha results
in the loss of mature miRNAs generated via the canonical
biogenesis pathways in which not all miRNAs are deleted
since other biogenesis pathways are involved (1). Nevertheless,
these results demonstrate that miRNAs can modulate T-cell
development. Different studies have shown that individual
miRNAs are dynamically regulated during T-cell development
and maturation as detailed below (25-27).

Implication of miRNAs in Thymic Involution
Thymic involution is a natural process occurring with age
and an adaptive process in response to stress situations.
Thymic involution is characterized by morphological and
functional changes and includes TEC-driven programmed
thymic involution and thymocyte apoptosis. As miRNAs regulate
numerous physiological and pathophysiological processes, they
are probably key orchestrators of thymic involution.

Thymic Involution With Aging

The expression of miRNAs is clearly modified in the aging mouse
thymus (16). Guo et al. investigated thymic miRNA expression in
3 and 12 months old female and male mice as thymic involution
is often described as being also sex-hormone dependent. Thymic

atrophy is clearly observed in the first year of life, and even
more in males as compared to females. Specific miRNAs exhibit
age- or sex-differentially expression. Among them, miR-2137 is
increased in the aging thymus and particularly in mTECs (28).
Some miRNAs seem dysregulated more specifically in female
mice and to determine if the female-biased miRNAs were linked
to estrogen, the expression of specific miRNAs was measured in
the thymus either in ovariectomized or castrated mice treated
with estradiol. Results show that miR-27b and miR-378a are
estrogen-responsive miRNAs in mouse thymus (28).

miRNAs expression has also been investigated in isolated
TECs from aging-mice and 17 miRNAs were showed to be down-
regulated upon aging. In particular, miRNAs known to possess
immune function, such as miR-146, miR-150, miR 155, miR-181
subtypes and some miRNAs from the miR-17~92 cluster. The
decreases observed in TECs are correlated with the age-related
thymic weight loss suggesting that miRNA decreased expression
in TECs precedes thymic involution (29).

In human thymus, we analyzed dysregulated thymic miRNAs
in female adults (15-33 years old) compared to female infants (3-
12 months old). Of the miRNAs assessed, 56 were up-regulated
and 87 were down-regulated in the adult thymuses upon aging,
respectively (Tables 2A,B). From these lists of dysregulated
miRNAs in the course of thymic involution, among the up-
regulated ones, those that seemed particularly interesting were
those that reached in adults a fluorescence intensity mean above
1,000 (arbitrarily chosen). These results must be taken into
account with caution due to the small sample size and the lack
of validation. However, several of them, such as let-7b, miR-
139, miR-193a, miR-214, miR-27b are also up-regulated in the
thymus of male mice upon aging (28). miR-182 and miR-200b
are also found up-regulated in isolated TECs from aging mice
(30). miR-195a-5p is highly up-regulated in the TECs isolated
from the aging mice inhibiting the proliferation of mTECs by
directly targeting Smad7 (31). As for miR-451, its expression
is up-regulated in the thymus of systemic lupus erythematosus
mouse (32).

For the down-regulated miRNAs (Table 2B), we observed
that miR-181 subtypes are significantly down-regulated with
aging (see the miR-181 paragraph and Figure2A below
for more details). Besides, among miRNAs that had a
fluorescence intensity mean above 1,000 in infants and that
significantly decreased with aging, the majority of them belong
to the miR-17~92 cluster or the paralogous miR-106a~363
cluster (33).

Thymic Involution Linked to Stress

Thymic involution is also observed upon pathogen infections.
This could be mediated via the increased expression of interferon
(IFEN)-I subtypes that will target thymic different cells. Loss
of the miRNAs through the deletion of Dicer or the miR-
29a cluster in TECs results in elevated sensitivity of TECs to
Poly(I:C), a molecule mimicking dsRNA from viral infection,
and premature thymic involution. In mice, miR-29a regulates the
expression of IFNARI (one of the subunits of the IFN-I receptor)
and consequently controls the ability of TECs to respond to
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TABLE 2 | Dysregulated miRNAs during human thymic involution. TABLE 2 | Continued
miRNA ID Intensity mean FC p-value miRNA ID Intensity mean FC p-value
Infants Adults Infants Adults
(A) Up-regulated miRNAs in adults vs. infants (FC > 1.5, p < 0.05) hsa-miR-4738-3p 1.66 2.33E-03
hsa-miR-4667-5p .. 1.64 2.81E-03
hsa-miR-383 20.32 9.88E-06 hsarmiR-290-1* 161 1 17E02
hsa-miR-486-5p 4.38 6.59E-03 hsa-miR-23b* 1.60 4.04E-02
hsa-miR-451 3.07 1.93E-02 hsa-miR-34a 1,415 2,225 1.57 9.55E-04
hsa-miR-486-3p 3.01 4.25E-03 hsa-miR-1 157 1.32E-08
hsa-miR-3609 2.98 1.68E-03 hsa-miR-339-3p — 1.56 4.02E-02
hsa-miR-34c-3p 2.72 1.97E-03 hsa-miR-27b 1,818 2,825 1.65 1.94E-02
hsa-miR-214 263 5 99E-02 hsa-miR-143 154 2.24E-02
hsa-miR-375 08 1 BAE-03 hsa-miR-3127-5p F 153 2.77E-02
hsa-miR-206 550 1 85502 hsa-miR-4505 1,311 1.51 4.28E-02
hsa-miR-494 2.37 1.42E-02 (B) Down-regulated miRNAs in adults vs. infants (FC < —1.5, p < 0.05)
hsa-miR-139-3p 2.32 7.48E-03
hea-miR-149 5o 7 31E-04 hsa-miR-301a —5.62 9.13E-03
hsa-mif-134 500 9.41E-03 hsa-miR-449b —5.61 1.03E-03
hsa-miR-650 506 1 99E-02 hsa-miR-142-3p —5.30 8.44E-04
hsa-miR-224* 2.01 3.13E-03 hsa-miR-449a —4.90 1.65E-03
hsa-miR-139-5p 2.20 1.14E-03 hsa-miR-142-5p o 4.50E-03
hsa-miR-30c-2* 247 6.75E-03 hsa-miR-297 o 4.02E-02
hsa-miR-182 2,116 4,534 214 5.98E-03 hsa-miR-4793-3p o 4.74E-02
hsa-miR-143* 2.09 1.45E-02 hsa-miR-851a o 707804
hsa-miR-3605-5p 2.07 2.79E-03 hsa-miR-590-5p o 4.838-02
hsa-miR-664" 2.06 1.62E-03 hsa-miR-15a" o 814804
hsa-miR-195 1.98 4.33E-05 hsa-miR-424 o 5.79E-03
hsa-miR-4788 1.94 3.03E-04 hsa-miR-502-5p o 6.54E-03
hsa-miR-572 1.93 5.30E-03 hsa-miR-3907 o 7-61E-03
hsa-miR-10b 1.93 5.24E-03 hsa-miR-598 o 7:05E-03
hsa-miR-3607-5p 1.92 6.24E-04 hsa-miR-550a" S 6.50E-04
hsa-miR-584 1.90 2 0BE-02 hsa-miR-542-5p —2.55 6.75E-03
hsa-miR-34c-5p 187 3.53E-03 hsa-miR-19a —2.51 3.46E-03
hsa-miR-145 186 1.68E-03 hsa-miR-19b-1* —2.49 1.38E-02
hsa-miR-125a-3p 184 2.21E-02 hsa-miR-449¢ —2.48 4.13E-03
hsa-miR-4496 183 2.13E-02 hsa-miR-641 —2.48 5.63E-04
hsa-miR-193a-5p 180 1.15E-02 hsa-miR-4440 —2.37 3.05E-02
hea-let-7e 1 80 1.50E-02 hsa-miR-301b —2.29 4.94E-03
hsa-let-7b 1.75 6.66E-05 hsa-miR-18b —2.28 6.44E-06
hsa-miR-200b* 1.75 2.44E-03 hsa-miR-15a 4,666 —-2.27 1.66E-03
hsa-miR-30a" 178 1.30E-02 hsa-miR-140-5p —2.26 7.22E-03
hsa-miR-492 178 4.09E-02 hsa-miR-3201 —2.21 1.42E-02
hsa-miR-4324 172 4.38E-02 hsa-miR-141 _290 419E-03
hsa-miR-4657 171 4.90E-02 hsa-miR-181a* 2,719 1,239 —2.19 4.93E-05
hsa-miR-455-3p 1.70 3.35E-02 hsa-let-7g" o B 14E02
hsa-miR-4778-5p 1.70 9.78E-03 s A6 1" o 851E.03
hsa-miR-1202 1.69 3.37E-02
hsa-miR-4800-5p 1.67 1.95E-02 hsa-miR-3064-3p o 102508
hemiR.379 o6 1 01E-00 hsa-miR-589 —2.14 1.68E-02
hsa-miR-4530 o6 1 96E-02 hsa-miR-503 —2.13 1.04E-02
(Continued) (Continued)
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TABLE 2 | Continued

TABLE 2 | Continued

miRNA ID Intensity mean FC p-value miRNA ID Intensity mean FC p-value
Infants Adults Infants Adults
hsa-miR-122 67 31 3.20E-03 hsa-miR-20b* 229 150 9.11E-03
hsa-miR-4286 147 70 1.52E-02 hsa-miR-636 20 13 2.70E-02
hsa-miR-5096 27 13 3.94E-02 hsa-miR-3145-5p 29 19 1.97E-02
hsa-miR-362-3p 22 11 3.72E-02 hsa-miR-1304 12 8 1.19E-02
hsa-miR-431 17 8 8.44E-03 hsa-miR-769-5p 285 188 2.86E-03
hsa-miR-4786-5p 37 18 4.76E-02 hsa-miR-1226 10 7 2.61E-02
hsa-miR-330-5p 17 8 6.59E-03 Thymic biopsies were collected from female donors undergoing cardiovascular surgery at
hsa-miR-3620 29 15 5.08E-03 the Marie Lannelongue Surgical Center (Le Plessis-Robinson, France): infants (n = 6, 3-12
) " g months old) and adults (n = 6, 15-33 years old). Studies on thymuses were approved by a
hsa-miR-185 25 L 205802 local ethics committee (CPR, authorization number ID RCB 2010-A00250-39). Total RNA
hsa-miR-4787-3p 19 10 1.41E-02 extraction was done as described in Cron et al. (11). miRNA expression was measured
hsa-miR-196b* 264 137 2 52E-03 using the Affymetrix GeneChip miRNA 3.0 Array (Santa Clara, USA) by the Genopolis
h iR-484 216 114 1 71E-04 consortium (Milano, Italy).

Sa-min- /1B Raw data were imported using R package pd.mirna.3.0 (v 3.12.0). Raw intensity values
hsa-miR-1306 24 13 1.37E-02 were background corrected and normalized with RMA (Robust Multi-array Average)
hsa-miR-637 45 24 4.67E-02 function from oligo R package (1.48.0). Differential expression analysis was performed

. using Limma R package (v 3.40.6). Limma fits a linear model to expression data for
hsa-miR-551b 22 " 4.24E-02 each miRNA and Empirical Bayes method was used to generate differential expression
hsa-miR-612 18 10 8.73E-03 statistics. The tables list mature miRNAs up- (A) or down-(B) regulated in adults as
hsa-let-7d* 35 18 1.06E-02 compareq to infants Wiz‘hva fold 'change (FC) s<'at at1.5 anda,(? <= 0.05. In bold miRNAs Qf

) particular interest regarding their mean intensity value. (A), miRNAs at least above 1,000 in
hsa-let-7i* 67 36 2.79E-03 adults. (B), miRNAs at least above 1,000 in infants. The mean intensity values are coded
hsa-miR-1915* 39 21 4.31E-02 as follow: 40,000-10,000 (red), 10,000-5,000 (pink), 5,000-1,000 (orange), 1,000-100
hsa-miR-3157-5p 37 20 4.62E-03 (green), below 100 (gray).
hsa-miR-128 e 3418 7.24E-03
hsa-miR-181d 2,103 1,178 4.14E-03
hsa-miR-130b* 12 7 2 13E-02 pathogen infections and IFN-I signalization (14). Linhares-
hsa-miR-19b -- 1 26E-02 Lacerda et al. observed the up-regulation of miRNAs in mouse
hsa-miR-210 1,280 731 1.80E-02 TECs upon Trypaosoma cruzi infection but not that of miR-29
hsa-miR-129-5p 13 8 3.28E-02 subtypes (34). . o . .
hsa-miR-760 o 14 4.16E-02 ) Gliucoc.ortchO;dsT canualso 1nd1.1ce Uthym1ch involution, mainly
hsa-miR-4493 6 4 1.87E-02 Y trlggerlng ‘ cell apoptosis. ?on thymocytes ejxposure

, to glucocorticoids, a decrease expression of Drosha, Dicer, and
hsa-miR-1229 18 8 1.76E-03 . .

h R.363 2120 2399 307E.0p Dgcr8 is observed and subsequently a decreased expression of

sa-miR- : : O7E- ? . .

e miRA763.5 o 20 01550 miRNAs such as the miRNAs of the miR-17~92 cluster (35, 36).

Sa-Mmim- - . - . . . .

P Smith et al. demonstrated that Dicer depletion induces T-cell

hsa-miR-18a [ese T 3714 9.64E-03 . . . .

apoptosis while the overexpression of the miR-17~92 cluster
hsa-miR-30e 2,171 1,282 1.91E-02 .

reduces it (35).
hsa-miR-4323 31 18 5.58E-03
hsa-miR-4746-3p 15 9 1.97E-02
hsa-miR-1060 [ 4.93E-03 Focus on miRNAs Clearly Involved in the
hsa-miR-3928 33 20 1.48E-02 Thym|c Functions
hsa-miR-675" 15 9 9.47E-03 Let-7 miRNAs
hsa-miR-4284 262 163 1.46E-02 The let-7 miRNAs were among the first to be identified in
hsa-miR-3610 19 12 1.728-02 mammals and they represent the most abundant miRNAs in
hsa-miR-4457 8 5 2.84E-02 the genome. The let-7 miRNAs consists of 12-14 members
hsa-miR-361-3p 78 49 4.66E-02 encoded on different chromosomes. They contain the identical
hsa-miR-18a" 375 236 1.60E-03 seed region interacting with mRNAs. Mature functional let-7
hsa-miR-130b [ 7668 | 4,770 391E-02 miRNA expression is inhibited by the RNA binding protein
hsa-miR-4478 42 27 4.53E-02 LIN28 expressed in hematopoietic stem cells (37). An increase
hsa-miR-3180 438 280 3.58E-02 of several let-7 family members is observed together with
hsa-miR-17* 1,384 890 1.75E-08 thymic involution in the thymus of aging mice (16). An
hsa-miR-130a - 3,709 2.13E-02 increased expression was also observed for numerous let-7

members in female human thymus of adults as compared to

(Continued)

infants (Figure 2A).

Frontiers in Immunology | www.frontiersin.org

June 2020 | Volume 11 | Article 1074


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Cron et al.

miRNAs in Normal/Pathological Thymus

A 40000 let-7b, p=0.0001 B 40000 .\. C 23000 miR-125b, p=0.058

3 35000 g miR-181a, ns g

> S 300004 =

S 30000 let-7c, p<0.0001 g \ S 490004

2 250001 let-7a, ns 2 20000 miR-181b, p=0.004 2 5000

‘® ‘® - ‘B miR-125a-5p, ns

§ 20000 let-7d, p=0.024 & | 3

< '/. -/, p=U. £ 30001 \ <

w 15000+ % miR-181c¢, ns « 3000+

2 10000] S~ letTins o 2000- \ S oo miR-125a-3p, p=0.022

g ’ . g iR- - 8 /

2 so0o] =2 700 = 000, miR-181d, p=0004 2

let-7f, ns
o+ -—— s E—
Infants Adults Infants Adults Infants Adults

FIGURE 2 | Dysregulated miRNAs during human thymic involution. Thymic biopsies were collected and processed for miRNA analyses as detailed in Figure 1. Mean
of normalized intensity values were calculated for each miRNA for infants (n = 6, 3-12 months old females) and adults (n = 6, 15-33 years old females) data. (A) let-7,
(B) miR-181, and (C) miR-125 families. Differential expression analysis was performed using Limma R package (v 3.40.6). Limma fits a linear model to expression data
for each miRNA and Empirical Bayes method was used to generate differential expression statistics: p-values and fold-change values.

Pobezinsky et al. investigated the role of let-7 miRNAs in
mouse thymic T-cell differentiation. They demonstrated that let-
7 miRNAs control the expression of the transcription factor
Plzf (promyelocytic leukemia zinc finger) that regulates NKT-
cell differentiation (38). Recently Xiao et al. demonstrated
the role played by let-7 miRNAs in the limitation of the
number of B cells within the thymus. They used a mouse
model, designated as FoxnllacZ, in which the expression of
the critical TEC-specific transcription factor Foxnl is normal at
fetal stages, but down-regulated beginning at postnatal day 7,
causing progressive reduction of total thymocytes and premature
thymic involution. Early in life in Foxnl deficient mice, TECs
control the up-regulation of let-7b and let-7¢ in hematopoietic
stem cells, suppressing Arid3a expression in intrathymic B cell
progenitors to limit their proliferation during the neonatal to
adult transition (39).

In human, let-7a expression is highly up-regulated in mature
peripheral CD4" and CD8" T lymphocytes compared to DP
thymocytes. Microarray analyses showed the up-regulation of
let7-¢, let7-g and let-7f in CD41 and CD8" SP thymocytes
compared to DP thymocytes and a differential expression for
let-7e between CD8" and CD4* SP thymocytes (26).

miR-181a

miR-181a is a member of miR-181 family that includes 6
miRNAs: miR-181a-1, miR-181a-2, miR-181b-1, miR-181b-2,
miR-181¢, and miR-181d (miR-181a-1 and miR-181a-2, as well
as miR-181b-1 and miR-181b-2 being identical). In mice, miR-
181a is highly expressed in DP thymocytes and controls the
development of early thymocytes by targeting TCR and CD69
(40, 41). Besides, miR-181a deletion impairs the development
of NKT cells (42). Li et al. suggest that miR-181a acts as an
intrinsic antigen sensitivity “rheostat” during T-cell development
(40). Thymic miR-181a plays a central role in central tolerance
and is important for the elimination of autoreactive T cells (41).
In the miR-181 family, miR-181d is one of the most stress-
responsive miRNA identified in the thymus upon LPS injections.

However, the different miR-181 subtypes could have overlapping
or compensatory functions, at least in response to stress (36). In
human, Ghisi et al. showed that miR-181d and miR-181c were
strongly down-regulated in CD4" as compared to CD8' SP
thymocytes (26).

The expression of miR-181a and miR-181b is down-regulated
in old mice compared to young ones (16) and all the miR-
181 subtypes are also decreased in female human thymus of
adults as compared to infants (Figure 2B). If miR181a deficiency
disrupts thymocytes development, Stefanski et al. demonstrated
that miR-181al and miR-181b1 are not required for maintenance
of thymus integrity and that miR-181al and miR-181bl are
dispensable for TEC differentiation. They control thymocyte
development and mature T-cell export and homeostasis within
the periphery (43). However, Guo et al. showed that miR-181a
is decreased in mTECs from aging mice in link with thymic
involution. By transfecting mTECs (MTEC1) with a miR-181a
mimic, they observed that it induces mTEC proliferation while
its antagomiR reversed this effect. miR-181a was shown to
target transforming growth factor § receptor (Tgfbrl). Tgfbrl
expression increases with age in mice, which is consistent with
the decreased level of miR-181a in addition to the ability of
TGEF-p to decrease the proliferation of mTECs (44). Recently,
Cotrim-Sousa et al. suggest that miR181b and miR-30b modulate
the expression of adhesion molecules involved in mTEC and
thymocyte interactions (45).

miR-150

First described in 2007 by Zhou et al. in hematopoietic
stem cells (46), miR-150 is described as an immuno-miR
regulating immune functions, such as proliferation, apoptosis
and differentiation of NK, T and B cells. The role of miR-150 has
especially being studied in peripheral blood cells.

In the thymus of mice, two different studies showed that miR-
150 expression decreases in mTECs from aging mice in link
with thymic involution (28, 29). miR-150 differentially controls
the development of NK and iNKT cell lineages by targeting
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c-Myb (47). In transgenic mice overexpressing miR-150, the
development of thymocytes is partially blocked, especially the
differentiation of DN3 to DN4, which ultimately leads to a
decrease in the number of CD4" and CD8" SP thymocytes
(48). An increased expression of miR-150 is observed during the
maturation of iNKT cells in the mouse thymus and miR-150
deletion results in an interruption of iNKT cell final maturation
in both thymus and periphery (49).

From transcriptomic analyses on purified human or mouse
thymocytes and TECs, it was observed that miR-150 is highly
expressed in thymocytes compared to mTECs or ¢TECs (15).
In the human thymus, Ghisi et al. showed that miR-150 is
upregulated as the maturation of T cell progresses. They showed
that miR-150 targets NOTCH3, known to be important for T-cell
differentiation, and that forced expression of miR-150 reduces
NOTCHS3 levels in T-cell lines affecting their proliferation and
survival (26).

miR-146

miR-146 family consists of two miRNAs with nearly identical
sequences, miR-146a and miR-146b. They are potent immune-
miRs and their role in peripheral blood cells has been largely
investigated (50).

In the mouse thymus, miR-146a expression fluctuates in
thymocytes at different developmental stages, increasing in
CD4™ and CD8™ SP thymocytes compared DP thymocytes (51).
The overexpression of miR-146a in transgenic mice impairs
the process of positive selection during T-cell development and
inhibits the further differentiation of selected SP (especially
CD8™ SP) thymocytes. The authors further identified 9 positive
selection-associated genes, which are downregulated in miR-146a
transgenic mice, such as genes encoding major histocompatibility
complex class I/II molecules, IL-7 receptor o chain, and Gimap4
(52). However, in transgenic mice with a specific CD4"-driven
T cell overexpression, T-cell development occurs normally in
the mir-146a transgenic mice and a decrease of CD4™" T-cells
is observed together with a reduction in surface expression
of CD62L, which is normally upregulated upon thymic egress.
Besides, miR-146a and miR-146b target Traf6 and attenuate TCR
signaling in the thymus (53).

FoxP3 is an indispensable transcription factor for the
generation and the regulatory function of regulatory T cells. miR-
146a does not seem critical to the formation of Treg cells in the
thymus. Indeed, the role of miR-146a has been investigated in
FoxP3™" Treg cells in the thymus and peripheral lymphoid organs
of miR-146a-deficient mice. These mice contain significantly
increased numbers of FoxP3™ Treg cells in the periphery, but not
in the thymus (54).

In the human thymus, it was shown that miR-146a
and miR-146b are the most up-regulated miRNAs as
DP thymocytes differentiate in SP CD4" or CDS8*
thymocytes (26).

miR-155

miR-155 is a highly studied immuno-miR and plays an
important role in T-cell homeostasis as fully reviewed by
Mashima (55).

In the mouse thymus, the absence of miR-155 in
hematopoietic cells tends to decrease the global representation
of thymocytes but it is likely due to a defect occurring at an early
stage of thymocyte development, as the proportions of DN, DP,
and CD4*" and CD8™ SP cells are not affected. However, mouse
thymic expression of miR-155 seems to fluctuate in thymocytes
at different developmental stages in the thymus (26, 51). In the
absence of miR-155, a reduction of the number of Treg cells
is observed both in the thymus and in the periphery in mice.
miR-155 appears to be required for Treg cells development
and its absence compromises their proliferation, survival and
function in the periphery (56). It was demonstrated that an
increased expression of miR-155 in both human and mouse
CD4™ T helper cells leads to a reduced susceptibility of Treg cells
in mediating T-cell suppression, whereas a decreased expression
of miR-155- results in a more pronounced suppression by
natural Treg cells (57). The control of miR-155 is also required
for the proper development of iNKT cells in the mouse thymus
with inhibition of miR-155 expression along with iNKT cell
differentiation (58).

The role of miR-155 in TECs has not been investigated but its
expression decreases with age-induced thymic involution in mice
and this might be related to a decreased expression in TECs (29).

miR-125
miR-125a and miR-125b sequences are highly conserved
throughout diverse species. They have been found differentially
regulated in several human disorders (50). They could be
involved in inflammatory diseases. miR-125a regulates TNFAIP3
that is a negative regulator of the NF-kB signaling pathway
(59). miR-125b targets TRAF6 and regulates IL-1f induced
inflammatory genes (60).

miR-215a and miR-125b are up-regulated in the thymus
of aging mice (16, 61) and also in the aging human
thymus (Figure 2C). miR-125a by targeting FoxN1, decreases
its expression associated with thymic involution (61). From
transcriptomic analyses on purified human or mouse thymocytes
and TECs, it was observed that miR-125a and miR-125b are
highly expressed in TECs compared to thymocytes (15). Besides,
in human thymocytes, miR-125b expression is higher in CD4™ as
compared to CD8" SP thymocytes (26).

PATHOLOGICAL PROPERTIES OF THE
THYMUS FROM MYASTHENIA GRAVIS
PATIENTS

Myasthenia Gravis (MG) is an autoimmune disease due to
antibodies against several components of the neuromuscular
junction. Patients suffer from more or less invalidating muscle
weaknesses leading to a generalized fatigability. The majority
of patients (85%) displays antibodies against the acetylcholine
receptor (AChR). Thymus abnormalities occur in two subtypes of
AChR™ MG patients, thymoma-associated (TAMG) and AChR*
early-onset form (EOMG) (62).

The incidence of TAMG among the MG population is
approximately 10-20% (62, 63). Thymomas are rare thymic
epithelial cell neoplasms that develop usually in patients after 50
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years old, both in women and men. The histological classification
by the World Health Organization is based on the nature
of the cortical or medullary epithelial cells involved in the
tumor: type A for medullary thymoma, type Bl or B2 for
respectively predominantly or entirely cortical thymoma, type
AB for mixed thymoma (involving both cortical and medullary
epithelial cells) and type B3 for cytonuclear atypia thymoma.
Several paraneoplastic syndromes are associated with thymoma
but the most common is MG with an incidence around 30%
but variable from one study to another. Histologically, MG is
associated more frequently with type B1, B2, or B3 tumors than
with type A or AB tumors. The differences between thymomas
and normal thymuses are detailed by Marx and collaborators.
Of particular interest neoplastic TECs express less HLA-class
IT molecules, do not express AIRE in 95% of thymomas and
contain reduced numbers of Treg cells (63). These alterations
likely promote autoimmune disease occurrence. In addition, the
activation of innate immune pathways and an IFN-I signature is
observed in thymomas in TAMG (64).

In contrast, EOMG concerns usually female patients before
45-50 years old. Thymus in EOMG is the site of profound
structural alterations. One of the main feature characterizing
the thymus in AChR™ MG is a lymphoproliferative hyperplasia
characterized by increased number of B cells and ectopic
germinal centers (GCs). The incidence of lymphoproliferative
hyperplasia is approximately 70% of patients with AChR*
MG, and thymectomy has proven to be efficacious (65).
The hyperplastic MG thymus displays all the characteristics
of tertiary lymphoid organs. Neoangiogenic processes with
high endothelial venule and lymphatic vessel development
are clearly observed. Several studies have demonstrated the
overexpression or differential expression of chemokines,
specifically key molecules involved in peripheral cell recruitment
and GC development, such as CXCL13 and CCL21 (66).
How the thymus turns into a tertiary lymphoid organ is
not well-known but local inflammation seems mandatory.
Numerous cytokines are overexpressed in the EOMG
thymus. In particular, IFN-f orchestrates thymic changes
associated with MG (67, 68) and favors the differentiation of
pathogenic Th17 T cells (69). As well, different inflammatory
signaling pathways are activated, such as Toll-Like Receptor
(TLR) and NF-KB pathways that potentially orchestrate
thymic changes.

The hallmarks of disease involve dysfunction of cellular
pathways including changes in miRNA expression. In MG
differentially expressed miRNAs have been noted in the
circulating PBMCs (70-73). The concept of miRNA expression
as initiation of disease or the maintenance of specific lymphocyte
populations has led to the identification of potential biomarkers.
The role of miRNAs in MG thymuses has also been studied as
detailed below.

miRNA PROFILE IN THYMOMA OF TAMG

Studies to assess the alterations of miRNAs in thymoma are
limited. A study performed by Li, et al. on four thymoma
samples compared to four control thymus samples demonstrated

the differential expression of 137 miRNAs. Further analysis was
performed on miR-125a-5p whose expression is increased in
TAMG. They identify FoxP3 as one of the targets of miR-125a-
5p (74) and FoxP3 expression is known to be altered in thymoma
patients (75).

In their study, Li et al. also identified a decreased expression
of miR-376a and miR-376¢ in TAMG patients. These miRNA
could be of interest as their expression is decreased in AIRE-
silenced TECs (19) and AIRE expression is known to be strongly
down-regulated in TAMG (76).

In a separate study, the expression of miR-19b-5p, which
targets thymic stromal lymphopoietin (TSLP), was elevated in
MG-related thymomas. The negative correlation with TSLP
mRNA contributes to T-cell imbalance and promotes MG-
related thymoma development (77). Whereas, the levels of
miR-20b were significantly decreased compared to those
in adjacent non-tumor tissues, resulting in an increased
proliferation of T cells through a NFAT5/CAMTA1 dependent
pathway (78).

In an independent analysis of miR-150 expression, we
observed a significant decreased of this miRNA expression in the
thymus of TAMG patients (data not shown). Regarding its high
expression in the thymus (Table 1), its role in thymoma should
be further investigated.

Interestingly, a miRnome study was led on thymic epithelial
tumors, including thymomas but it is not mentioned whether
patients had a concomitant autoimmune MG. It could be
interesting to know retrospectively which patients with a given
miRNA profile later developed MG (79).

miRNA PROFILE IN THE THYMUS OF
EOMG PATIENTS

Specific Dysregulated miRNAs in EOMG
Three miRnome studies have addressed the changes in miRNA
expression in the thymus of EOMG patients (11, 80, 81). The
multiple differences in the study designs include the thymus
samples from EOMG, the designation of controls, the miRNA
arrays, and the method of analysis.

The study by Cron et al. used thymus from untreated
female EOMG patients compared to healthy age-matched female
controls. The thymus samples from untreated EOMG patients
displayed both low hyperplasia with 2 or fewer GCs per section
and high hyperplasia with an increased number of GCs. The
study was performed using the Affymetrix GeneChip miRNA
3.0 Array. 61 miRNAs are found dysregulated (24 up- and 37
down-regulated). The implication of miRNA clusters localized
at the extremity of the X chromosome is also demonstrated.
Among the dysregulated miRNAs, they focused their attention
on the most down-regulated miRNAs: miR-7-5p. Its down-
regulation in MG thymuses is confirmed, in particular in
TECs, and an inverse correlation is observed between the
expression of miR-7 and CCL21; a target mRNA for miR-
7 (11). CCL21 is involved in the abnormal recruitment of
B cells in the MG thymus and known to participate in GC
formation (82).
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As with TAMG studies, miR-125a-5p was elevated in the
EOMG thymus samples compared to controls. miR-125a-
5p by targeting FoxP3 could explain why the suppressive
activity of regulatory T cells is severely impaired in EOMG
patients and associated with a decreased expression of
FoxP3 in CD4" T cells (83). miR-125a is also known
to modulate inflammatory signaling pathways, such as
TNFAIP3 (Tumor Necrosis Factor Alpha-Induced Protein
3) a key molecule in the negative regulation of NF-«kB
(Nuclear Factor kB) and TLR signaling pathways (59, 84),
and WDR1 (WD repeat-containing protein 1) implicated
in auto-inflammatory processes associated with IL-18
expression (11).

miR-29a is among the miRNAs down-regulated in AIRE™
mTECs identified by Ucar et al. (15), and Cron et al. observed
that all miRNAs of the miR-29 family were down-regulated
in the thymus of EOMG patients (unpublished data). miR-29a
is of particular interest regarding its role in IFN-I signaling
sensitization (14) and the central role of IFN-f in the EOMG
thymus (67).

The study by Li et al. compared thymic miRNA expression in
EOMG patients and controls using the Agilent Human miRNA
array (V.18.0). This study was performed using four control and
four MG thymuses. They extracted 33 dysregulated miRNAs with
numerous down-regulated miRNAs from the miR-548 family.
Next, they showed that miR-548k targets the 3’ UTR region of
CXCL13 decreasing its expression in Jurkat cells (81). Knowing
that CXCL13 is up-regulated in MG TECs and participate to B-
cell recruitment and GC development (85), this miRNA could
thus play a role in MG pathogenesis.

The study by Sengupta et al. used thymus from EOMG
patients and separated the samples based on the presentation of
GCs (80). For miRNA assessment 13 out of the 16 MG patients
were treated with prednisolone (65). The experimental group
contained samples with GCs, whereas, the control samples were
thymus samples from EOMG patients that did not contain
GCs in the thymus block. The Affymetrix GeneChip miRNA
4.0 Array identified 44 mature miRNAs that are altered in
GC rich thymus samples from EOMG compared to EOMG
patients with no GC expression. The dysregulated expression
of 38 miRNAS is confirmed by RT-PCR (8 up- and 30 down-
regulated). These miRNAs and targeted mRNAs are involved
in regulatory pathways common to inflammation and immune
response, cell cycle regulation and anti-apoptotic pathways.
The Regulator of G protein Signaling 13 (RGS13), involved
in GC regulation, is identified in EOMG thymuses with GCs
and was paired with downregulation of miR-452-5p and miR-
139-5p. The increased expression of miR-150-5p is found in
EOMG samples with GCs which mirrored the miR-150-5p
expression in sera of MG patients. miR-150 is also more
expressed in the thymus of MG patients compared to healthy
controls, and in particular in patients displaying a high degree
of thymic hyperplasia (86). In situ hybridization analyses showed
that miR-150 is strongly expressed by B cells of the mantle
zone around GCs. The increased expression of miR-150 in
hyperplastic MG thymuses seems thus linked to the abnormal
presence of B cells and in particular to the development of

GCs. By removal of the thymus, the sera levels of miR-150-
5p are reduced (70) but no correlations between the degree
of thymic hyperplasia and serum levels in MG patients are
observed (86, 87). miR-150 overexpression in MG thymuses is
also inversely correlated with the expression of MYB, the most
well-known miR-150 mRNA target that displays four binding
sites. MYB is a regulator factor essential for hematopoiesis
and is highly expressed in the thymus (88). MYB is also
characterized as an early regulator of T-cell associated diseases
with an altered expression in autoimmune diseases (89). In the
MG thymus, miR-150 could be secreted by B cells and alter
MYB expression locally and consequently affect T cells, resulting
in the significant alterations of the T-cell repertoire seen in
MG (90).

miR-145, miR-24, and miR-143 are reduced in GC rich thymus
samples as compared to samples with no GCs, and these miRNAs
are also reduced in PBMCs of EAMG rats (91). Another group
has also observed a decreased expression of miR-143 in the
thymus of a MG mouse model in which mice were engrafted in
hyperplastic thymic biopsies from EOMG patients and showed a
link with CXCL13 expression in thymocytes (92).

Recently, miR-146, one of the most well-known immuno-
miR, has been shown to be down-regulated in the thymus
of EOMG patient as compared to age-matched donors. The
decrease was localized in the thymic stroma and not linked to
the presence of GCs. This deficiency was inversely correlated
with increased expression of miR-146 targets such as IRAKI,
c-REL and ICOS. Interestingly, the expression of miR-146 and
these target genes were normalized in EOMG patients under
corticosteroid treatment. Altogether, these results suggest that
miR-146 could modulate TLR signaling via IRAK1 and cREL
and GC formation via ICOS (93). In addition, miR-146 is of
great interest in MG as it is known to control the activation
of IFN-I signaling pathways (94). The decrease of miR-146
could be linked with the overexpression of IFN-f in MG
thymuses (67). In addition a decrease expression of this miRNA
could have a strong impact on T-cell differentiation in MG
and could be associated with the defective function of Treg
cells (83, 95) and/or the increase of pathogenic Th17 cells
(69, 96).

Pathway Analysis of miRNA Expression in
EOMG

To progress in the understanding in the implication of miRNAs
in EOMG thymuses beyond individual miRNAs, we provide
functional relevance of the miRNAs differentially expressed in
two miRnome studies (11, 80). Original results from these two
publications have been used and miRNA lists were analyzed
through miRNet (https://www.mirnet.ca/miRNet/home.xhtml)
and targeted genes used to defined pathways. KEGG Pathway
enrichment analyses were performed on dysregulated miRNAs
identified in Cron et al. (Table3A) and Sengupta et al
(Table 3B). Despite the difference in these two studies, one
comparing thymuses from control donors vs. untreated EOMG
patients (11) and the other one comparing thymuses rich
in GCs vs. those with no GCs (80), interesting information
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TABLE 3 | KEGG Pathway enrichment analyses were performed on dysregulated TABLE 3 | Continued

miRNAs identified in Cron et al. (A) and Sengupta et al. (B) using miRNet (https://

www.mirnet.ca/miRNet/home.xhtml). Pathway Hits P-value
Pathway Hits P-value Tuberculosis 28 7.46E-04

Aldosterone-regulated sodium 10 8.17E-04
A reabsorption
Pathways in cancer 90 6.49E-29 Carbohydrate digestion and absorption 7 1.11E-03
Prostate cancer 35 2.74E-15 Alcoholism 26 1.86E-03
Focal adhesion 53 1.75E-14 Cell cycle 21 2.92E-03
Pancreatic cancer 30 2.21E-14 Dopaminergic synapse 21 2.22E-03
Glioma, 28 2.38E-13 Measles 18 3.27E-03
Chronic myeloid leukemia 29 8.4E-13 Arrhythmogenic right ventricular 5 5.68E-03
Colorectal cancer 23 5.21E-12 cardiomyopathy (ARVC)
Small cell lung cancer 29 1.04E-11 ECM-receptor interaction 15 7.47E-03
Regulation of actin cytoskeleton 44 8.61E-11 Osteoclast differentiation 19 7.74E-03
Neurotrophin signaling pathway 35 1E-10 GnRH signaling pathway 16 8.65E-03
Melanoma 25 2.36E-10 Herpes simplex infection 17 8.84E-03
Acute myeloid leukemia 22 1.26E-09 Dilated cardiomyopathy 14 9.31E-03
Bacterial invasion of epithelial cells 21 6.06E-09 Adipocytokine signaling pathway 12 1.10E-02
Non-small cell lung cancer 20 8.82E-09 Toll-like receptor signaling pathway 16 1.13E-02
Chemokine signaling pathway 41 1.12E-08 Salmonella infection 13 1.18E-02
Adherens junction 23 1.49E-08 Influenza A 16 2.90E-02
Renal cell carcinoma 21 2.05E-08 Basal cell carcinoma 9 3.19E-02
Toxoplasmosis 26 5.40E-08 Cardiac muscle contraction 4 3.59E-02
ErbB signaling pathway 25 5.50E-08 Dorso-ventral axis formation 4 3.59E-02
Endometrial cancer 17 1.16E-07 NOD-like receptor signaling pathway 9 4.00E-02
Jak-STAT signaling pathway 26 1.96E-07 Cytokine-cytokine receptor interaction 30 4.15E-02
HTLV-I infection 39 4.22E-07 Viral myocarditis 6 4.15E-02
T cell receptor signaling pathway 25 6.37E-07 B
Insulin signaling pathway 30 1.22E-06 Pathways in cancer 87 3.17E-26
Chagas disease (American 23 1.55E-06 Chronic myeloid leukemia 33 4.40E-16
trypanosomiasis) HTLV-l infection 55 9.17E-16
p53 signaling pathway 19 4.85E-06 Prostate cancer 34 1.64E-14
Cholinergic synapse 23 5.12E-06 Colorectal cancer 25 6.48E-14
B cell receptor signaling pathway 20 5.17E-06 Pancreatic cancer 29 1.88E-13
Bladder cancer 12 5.17E-06 Focal adhesion 51 2.62E-13
mTOR signaling pathway 15 5.58E-06 Melanoma 27 6.84E-12
Epstein-Barr virus infection 22 8.07E-06 Glioma 26 1.40E-11
Hepatitis C 23 1.14E-05 Non-small cell lung cancer 22 2.12E-10
Leukocyte transendothelial migration 24 1.27E-05 Endometrial cancer 20 3.46E-10
MAPK signaling pathway 43 1.39E-05 Bladder cancer 16 8.40E-10
Apoptosis 20 2.34E-05 Small cell lung cancer 26 2.43E-09
Progesterone-mediated oocyte maturation 19 5.02E-05 Cell cycle 33 2.95E-09
Type Il diabetes mellitus 14 6.24E-05 Thyroid cancer 14 6.34E-08
Fc epsilon Rl signaling pathway 18 7.05E-05 Osteoclast differentiation 30 7.38E-08
Fc gamma R-mediated phagocytosis 21 7.34E-05 ErbB signaling pathway o5 7.70E-08
Melanogenesis 21 1.38E-04 Renal cell carcinoma 20 1.53E-07
Thyroid cancer 10 1.50E-04 Toll-like receptor signaling pathway 26 1.62E-07
VEGF signaling pathway 17 2.95E-04 Regulation of actin cytoskeleton 38 1.62E-07
TGF-beta signaling pathway 18 3.21E-04 Toxoplasmosis 25 2.78E-07
Hypertrophic cardiomyopathy (HCM) 9 3.30E-04 Acute myeloid leukemia 19 2.92E-07
Axon guidance 22 4.47E-04 Adherens junction 21 4.24E-07
Tight junction 22 4.47E-04 Chagas disease (American 24 4.36E-07
Wnt signaling pathway 25 4.97E-04 trypanosomiasis)

(Continued) (Continued)
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TABLE 3 | Continued

Pathway Hits P-value
p53 signaling pathway 20 1.10E-06
mTOR signaling pathway 16 1.10E-06
Bacterial invasion of epithelial cells 18 1.10E-06
MAPK signaling pathway 46 1.25E-06
Leukocyte transendothelial migration 26 1.25E-06
VEGF signaling pathway 21 1.57E-06
Epstein-Barr virus infection 22 9.71E-06
Neurotrophin signaling pathway 26 1.63E-05
B cell receptor signaling pathway 19 2.30E-05
Axon guidance 25 2.31E-05
TGF-beta signaling pathway 20 3.37E-05
Fc epsilon RI signaling pathway 18 8.65E-05
Apoptosis 19 1.01E-04
T cell receptor signaling pathway 21 1.05E-04
Chemokine signaling pathway 31 3.46E-04
Influenza A 21 3.99E-04
Hepatitis C 20 4.38E-04
Wnt signaling pathway 25 6.63E-04
Measles 19 1.66E-03
Insulin signaling pathway 23 1.95E-03
Salmonella infection 15 1.95E-03
Jak-STAT signaling pathway 18 3.02E-03
Type Il diabetes mellitus 11 4.79E-03
Progesterone-mediated oocyte maturation 15 5.83E-03
Epithelial cell signaling in Helicobacter 9 8.37E-03
pylori infection

Carbohydrate digestion and absorption 6 8.44E-03
Natural killer cell mediated cytotoxicity 21 1.08E-02
GnRH signaling pathway 16 1.08E-02
Amyotrophic lateral sclerosis (ALS) 9 1.14E-02
Fc gamma R-mediated phagocytosis 16 1.44E-02
Aldosterone-regulated sodium 8 1.65E-02
reabsorption

ECM-receptor interaction 14 2.21E-02
Cholinergic synapse 15 2.73E-02
Long-term potentiation 12 3.04E-02
Amoebiasis 9 3.26E-02
Tight junction 17 3.95E-02
Dorso-ventral axis formation 4 3.96E-02
Legionellosis 8 3.96E-02
Hypertrophic cardiomyopathy (HCM) 6 3.96E-02
Arrhythmogenic right ventricular 4 3.96E-02
cardiomyopathy (ARVC)

One carbon pool by folate 5 4.62E-02
Viral myocarditis 6 4.62E-02

Pathways of interest are highlighted: cancer pathways (gray), pathogen infection
pathways (blue), Toll-Like Receptor signaling pathway (green) and chemokine signaling
pathway (yellow).

results from these analyses. Numerous cancer pathways are
represented but also pathways related to pathogen infection
and TLRs. Pathogens are environmental factor that potentially
drive/perpetuate autoimmunity (97) and the thymus is a
common target organ for infectious diseases (98). Poliovirus-

infected macrophages and the presence of Epstein-Barr virus
(EBV)-infected B cells in MG thymus were described in MG
thymus (99, 100). Besides, changes regarding TLR expression
in MG thymus have been demonstrated (67, 101-103). The
chemokine signaling pathway was also found dysregulated in
both studies. This is not surprising regarding the role of
chemokines in B-cell recruitment and GC development (82,
85, 104). Altogether, these studies provide novel clues to the
potential pathways that occur in the hyperplastic thymus and the
development of GCs.

CONCLUSION

Thymic changes occur during life either in the context of
thymic involution upon aging /stress or in MG. Here, we
review the literature and used original data to describe
specific miRNAs that could play a key role in these thymic
changes. Among miRNAs that are dysregulated in EOMG
or TAMG patients, miR-19b, miR-20b, miR-24, and miR-
150 are listed as ThymiRs, and only miR-19b and miR-
20b are actively involved in thymic involution. The literature
often describes these miRNAs as playing a role in T-
cell differentiation. The lack of correlation between miRNAs
regulated upon thymic involution, and dysregulated in EOMG
or TAMG thymuses suggests the immune response in the
autoimmune condition is not directed at the dysregulation
of the developmental pathway of the thymus. Most of the
down-regulated thymic miRNAs in EOMG are associated with
GC development, such as miR-7, miR-24, miR-139, miR-143,
miR-145, miR-146, miR-150, miR-452, miR-548, or thymic
inflammation, such as miR-125b, miR-146, or miR-29. Further
investigations on these miRNAs could now help deciphering
if they could represent therapeutic tools to normalized thymic
inflammation and associated lymphofollicular hyperplasia in
EOMG patients.
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