
lable at ScienceDirect

Journal of Autoimmunity 54 (2014) 51e59
Contents lists avai
Journal of Autoimmunity

journal homepage: www.elsevier .com/locate/ jaut imm
Review
Experimental Autoimmune Myasthenia Gravis (EAMG): From
immunochemical characterization to therapeutic approaches

Sara Fuchs a, *, Revital Aricha a, Debby Reuveni a, b, Miriam C. Souroujon a, b, 1

a Department of Immunology, The Weizmann Institute of Science, Rehovot 76100, Israel
b Department of Natural Sciences, The Open University of Israel, Raanana, Israel
a r t i c l e i n f o

Article history:
Received 1 June 2014
Accepted 4 June 2014
Available online 24 June 2014

Keyword:
Myasthenia gravis
* Corresponding author. Tel.: þ972 8 9342618; fax:
E-mail address: sara.fuchs@weizmann.ac.il (S. Fuc

1 Deceased. While working on this review our belo
iam C. Souroujon (Miry) passed away. It is a great l
excellent scientist, an outstanding and unique human
miss her a lot and cherish her memory.

http://dx.doi.org/10.1016/j.jaut.2014.06.003
0896-8411/© 2014 Elsevier Ltd. All rights reserved.
a b s t r a c t

Myasthenia Gravis (MG) is an organ-specific autoimmune disease. In high percentage of patients there
are autoantibodies to the nicotinic acetylcholine receptor (AChR) that attack AChR on muscle cells at the
neuromuscular junction, resulting in muscle weakness. Experimental Autoimmune Myasthenia Gravis
(EAMG) is an experimental model disease for MG. EAMG is induced in several animal species by im-
munization with acetylcholine receptor (AChR), usually isolated from the electric organ of electric fish,
which is a rich source for this antigen. Our lab has been involved for several decades in research of AChR
and of EAMG. The availability of an experimental autoimmune disease that mimics in many aspects the
human disease, provides an excellent model system for elucidating the immunological nature and origin
of MG, for studying various existing treatment modalities and for attempting the development of novel
treatment approaches. In this review in honor of Michael Sela and Ruth Arnon, we report first on our
early pioneering contributions to research on EAMG. These include the induction of EAMG in several
animal species, early attempts for antigen-specific treatment for EAMG, elicitation and characterization
of monoclonal antibodies and anti-idiotypic antibodies, measuring humoral and cellular AChR-specific
immune responses in MG patient and more. In the second part of the review we discuss more recent
studies from our lab towards developing and testing novel treatment approaches for myasthenia. These
include antigen-dependent treatments aimed at specifically abrogating the humoral and cellular anti-
AChR responses, as well as immunomodulatory approaches that could be used either alone, or in
conjunction with antigen-specific treatments, or alternatively, serve as steroid-sparing agents.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction: from synthetic antigens to Experimental
Autoimmune Myasthenia Gravis (EAMG). How did we get
there?

One of us (S. F) has beenMichael Sela's second Ph.D student. The
first onewas Ruth Arnon. The exciting climax of her thesis work has
been the preparation and identification of the first completely
synthetic antigen (T, G)-A–L [1]. Ruth (Ruthie, as she is known to all
of us) went overseas for her post doctoral training and I continued
her project from that point, to a detailed analysis towards the
elucidation of the chemical basis of antigenicity and immunoge-
nicity [2,3]. Working with Michael as a teacher, a mentor and a
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hs).
ved colleague Professor Mir-
oss to all of us. Miry was an
being and a great friend. We
colleague was a real challenge and with his superb and friendly
leadership, we made many contributions to the growing field of
molecular immunology. Following my post doc in protein chemis-
try at the prestigious laboratory of Christian Anfinsen at the NIH, I
returned back to Sela's Chemical Immunology department and
started to develop my own projects. Among other projects I have
touched, I started to work on proteins from the excitable mem-
brane, primarily on the acetylcholine receptor (AChR) that had just
been purified [4]. That was when I experienced ‘serendipity’ in my
own practice, which in a way determined my future career. We
immunized rabbits to elicit antibodies for immunochemical studies
of the newly purified AChR protein but frustratingly, our rabbits got
sick and died before we collected their antibodies. This happened
over and again until Professor Ian Mackay from Australia visited us
in Israel, being interested in our work on the autoimmunity of
collagen [5]. During our discussion, I also told him about our AChR-
immunized rabbits. It was he who told us about the inside infor-
mation he had, saying that our rabbits had aMyasthenia Gravis-like
autoimmune disease (Experimental Autoimmune Myasthenia
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Gravis, EAMG [6]). This had been the first time I heard the term
Myasthenia Gravis. That discussion with Prof. McKay had a very
significant impact on my scientific career and ever since, Experi-
mental Autoimmune Myasthenia Gravis (EAMG) and its major
autoantigen, the acetylcholine receptor (AChR), have been themain
research topic of my lab.

In the following we will report first on our early pioneering
studies on EAMG after its establishment, and will then focus on
more recent studies towards the development of new treatment
approaches for myasthenia, based on our research in EAMG.

2. The early days

Once EAMG has been discovered and reported [6], an exciting
and challenging immunological aspect has been added to research
of the acetylcholine receptor. EAMG has become an excellent
experimental model for an antibody-mediated human autoim-
mune disease, myasthenia gravis in particular. Both immunologists
and neurologists became interested and involved in this chal-
lenging new topic. The department of Chemical Immunology pro-
vided the optimal environment for carrying out immunological and
immunochemical studies on EAMG, along with structural in-
vestigations on the AChR itself [7].

During the early years EAMG has been induced in several animal
species. It was first induced in rabbits [6,8]. However, the rabbit
model is rather severe and additional models, which mimic better
the human disease and were more suitable for immunological
manipulations, were needed. EAMG has been induced in additional
species such as rats and guinea pigs [9,10], monkeys [11], mice [12]
and chicken [13,14]. Our early study inmouse EAMG revealed strain
differences in the susceptibility to the disease [12], thus enabling
later detailed studies in various inbred mouse strains and other
genetically manipulated animals [15,16].

The identification of AChR as the main autoantigen in myas-
thenia led quite early to the development of procedures to measure
cellular [17] and humoral [18,19] anti-AChR activities in myasthenia
gravis (MG) patients. Nowadays, testing for AChR-specific anti-
bodies by sensitive radio-immunoassays is probably the most
reliable diagnostic assay for MG.

The development of monoclonal antibodies to AChR [20e22]
and the identification of monoclonal antibodies directed to bio-
logically specific sites as e.g. the binding site [23], the main
immunogenic region (MIR) [24] and other sites and regions of the
AChR molecule, resulted in many studies and applications of
biochemical, immunological, physiological and structural nature.

The availability of an experimental autoimmune disease
induced by a well-defined antigen (AChR) provided a valuable tool
for attempting to regulate and treat the disease. Experiments were
made to study the immunosuppressive effects of the nonspecific
drugs, hydrocortisone and the anti-metabolite azathioprine on
EAMG [25,26]. These studies contributed to the elucidation of some
aspects of the mechanism of action of nonspecific immunosup-
pressive drugs in the therapy of autoimmune diseases in general
and MG in particular.

Our first approach toward antigen-specific treatment for EAMG
has been the application of a denatured AChR preparation (reduced
and carboxymethylated AChR (RCM-AChR)) for immunosuppres-
sion of EAMG [7,27]. In this study we have demonstrated that RCM-
AChR, which by itself does not induce EAMG can prevent its onset
and even immunosuppresses an ongoing disease (see below). This
study has also elucidated the role of spacial conformation in
immunogenicity, which forms the basis of many antigen-specific
immune-therapies.

We have also considered quite early the idea of regulating EAMG
by anti-idiotypic antibodies. The first AChR-specific anti-idiotypic
antibodies were induced by us by immunization with syngeneic
spleen cells educated in-vitro with AChR [28]. These studies
demonstrated a broad cross-reactivity between idiotypes of anti-
AChR antibodies from different mouse strains, as well as with
anti-AChR antibodies from other species.

At later stages of our research we have elicited anti-idiotypic
antibodies against polyclonal and monoclonal anti-AChR anti-
bodies, characterized their in vitro and in vivo specificities and
examined their therapeutic activity on EAMG. These studies will be
described in the following chapter.

3. Therapies attempted

Among the many studies on EAMG that we have carried out
during the last two decades, we chose to concentrate in this review,
mainly on those studies in which some therapeutic approaches
have been proposed or employed. The common treatment for MG
and for many other autoimmune diseases involves the use of
symptomatic treatments and general immunosuppression.
Currently, the first-line symptomatic treatment for MG is the use of
anticholinesterase drugs, which inhibit the acetylcholine esterase
at the neuromuscular junction (NMJ) and increase the concentra-
tion of available acetylcholine (ACh), thus enhancing neuromus-
cular transmission. In terms of immunomodulatory treatments,
thymectomy is used in some cases for early onset and thymoma
MG, whereas immunosuppressive agents such as glucocorticoids
and Imuran are used in many cases of MG. Plasmapheresis and
intravenous immunoglobulin (IVIG) are equally effective and well
tolerated in the treatment of moderate and severe MG relapses
[29]. All these available MG treatments share their unspecific
mechanism of action and occasionally may present severe side ef-
fects. Some of the major adverse effects linked to immunosup-
pression are osteoporosis, hypertension, gastrointestinal
discomfort and psychiatric changes.

As mentioned, the availability of an experimental autoimmune
disease model for myasthenia gravis (EAMG) in which the auto-
antigen, AChR, is identified and characterized, provides an excellent
experimental system for testing and developing new treatment
modalities for MG. During the last decades many of our studies
aimed at developing novel therapeutic modalities for MG that
would specifically or preferentially eliminate the autoimmune
response without affecting the function of the entire immune
system, with hopefully minimal side effects. Such treatments could
be applied either alone or in conjunction with lower doses of
immunosuppressive drugs. Herein, we summarize some of our ef-
forts to develop new treatment modalities for EAMG.

3.1. Antigen-specific treatments

Our first attempt to treat EAMG by an antigen-specific immu-
notherapywas performed in 1978 using intra-dermal injections of a
denatured Torpedo AChR preparation [27]. This chemically modi-
fied AChR derivative (reduced and carboxymethylated AChR (RCM-
AChR)) did not induce any myasthenic symptoms when injected
into rabbits. Nevertheless, it prevented the induction of EAMG and
immunosuppressed an ongoing disease. The structural similarity
to, or cross-reactivity of the applied therapeutic agent with the
pathogenic auto-antigen, forms the basis for many of the antigen-
specific therapies for autoimmune diseases.

Exposure of mucosal surfaces to an antigen is known to lead to
systemic tolerance to the same antigen [30]. We have shown that
mucosal (nasal or oral) administration of native Torpedo AChR
before immunizationwith AChR, modulated EAMG and suppressed
humoral and cellular responses to AChR [31,32]. Feeding with
Torpedo AChR during the acute phase of EAMG resulted in
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inhibition of the clinical manifestation of EAMG, associated with a
paradoxical enhancement of the AChR-antibody responses, in line
with previous findings [33]. The priming effect on autoantibody
levels induced by feeding with the xenogeneic and highly immu-
nogenic Torpedo AChR and its limited availability hampered this
application for therapeutic purposes in humans, suggesting that an
easily available syngeneic molecule with less immunogenic po-
tential may be required for safe and effective immunotherapy of
myasthenia in humans.

The cloning of themammalian AChR in the early 1980s led to the
mapping of regions within the AChR molecule, which play a key
role in the cellular and humoral autoimmune response in myas-
thenia. It was found that the a-subunit of the AChR molecule is the
main target of the autoimmune response and that a large portion of
the antibodies to AChR is directed to a specific sequence within this
domain (residues 67e76), which has been accordingly termedmain
immunogenic region (MIR) [22]. These findings enabled the use of
fragments and peptides from selected regions of AChR, rather than
the whole AChR molecule, for specific suppression of EAMG.

We have employed a recombinant fragment from the extracel-
lular portion of the human AChR a-subunit (residues 1e210),
known to be the target for the majority of the anti-AChR antibodies
in MG, to induce mucosal tolerance in rat EAMG. We first showed
that such recombinant fragments could protect AChR in TE671 cells,
from accelerated degradation induced by anti-MIR monoclonal or
rat anti-AChR polyclonal antibodies and could also modulate the
passive transfer of EAMG induced by monoclonal antibodies in
Lewis rats [34]. We have then demonstrated that nasal or oral
administration of these AChR-derived recombinant fragments
prevents EAMG in rats when administered before the induction of
disease, and immunosuppresses an ongoing disease when treat-
ment is initiated at the acute or chronic EAMG [31,35]. Suppression
of EAMG was accompanied by a marked decrease in AChR-specific
T-cell proliferative responses and IL-2 production, as well as a
decreased anti-self AChR antibody titer. The underlyingmechanism
for the mucosal tolerance induced by the AChR fragments is active
suppression and not clonal anergy [31,32,35] (Table 1). Suppression
of EAMGwas mediated by a shift from a Th1 to a Th2/Th3 response
and down-regulation of co-stimulatory factors. We have further
demonstrated that the spatial conformation of the mucosally
administered tolerogen is important in determining its efficacy in
suppressing EAMG [32].

The next question we addressed was the importance of the
chemical nature of the fed antigen for the induction of systemic
tolerance. It should be noted that mucosal administration of an
antigen can also induce systemic immunity by activation of Ag-
specific Th2 cells, resulting in stimulation of Ag-specific B cells
and synthesis of pathogenic anti-self Abs [36,37]. This may be
especially dangerous when treatment is initiated in ongoing auto-
immunity; in which activated autoreactive B and T cells already
Table 1
Effect of antigen-specific mucosal tolerance and blockade of cytokines and co-
stimulatory factors.

Treatment EAMG
suppression

T-cell
response

Antibody
titer

Cytokines CTLA-4

Th1 Th2 Th3

Xenogeneic
antigen-specific
mucosal tolerance

þþþ Y YY Y [ Y Y

Syngeneic
antigen-specific
mucosal tolerance

þþþ Y e Y [ e Y

Anti-CD40L þþ e Y Y e e [

Anti-IL-18 þþ Y ± Y e [ [
exist. Indeed, we have demonstrated that oral administration of an
AChR fragment with a conformation similar to that of the native
protein, during ongoing EAMG, induces active immunity and ex-
acerbates EAMG pathogenesis, while feeding with a less native
fragment induces tolerance [32]. This suggests that the spatial
conformation of an orally administered tolerogen should be given
careful attentionwhen considering oral treatment for the induction
of systemic tolerance.

Since application of a xenogeneic recombinant fragment may
have limitations when considered as a possible approach for the
treatment of human myasthenia, we have tested the suppressive
potential of feeding rats by a syngeneic fragment corresponding to
the extracellular region of the rat AChR a-subunit (Ra1-205). This
fragment was as effective as the formerly described human xeno-
geneic fragment in suppressing ongoing EAMG and the underlying
mechanism of immunomodulation by Ra1-205 was similar but not
identical to that of the xenogeneic human fragment. It induced a
shift from Th1 to Th2 regulation but there was no elevation of the
Th3-type cytokine TGF-b which was increased in Ha1-205-treated
rats [38] (Table 1).

Some microbial peptides mimicking T-cell epitopes of the AChR
a-subunit were also shown to have suppressive effects on EAMG
[39]. Pretreatment of rats by a peptide derived from H. influenzae,
selected from protein databases on the basis of its partial homology
(50%) to an identified T-cell epitope of the human AChR a-subunit
(residues 170e182), attenuated the induction and progression of
EAMG. This may suggest that a non-pathogenic microbial mimicry
peptide could serve as an immuno-modulator of the autoimmune
attack on host antigens and could thereby affect the progression of
antibody-mediated autoimmune diseases such as MG.

3.2. Anti-idiotypes

Antibodies and autoreactive T cells are found at low levels in
normal individuals and are thought to be kept at bay by T regula-
tory (Treg) cells and a network of idiotypic and anti-idiotype-
bearing antigen receptors on lymphocytes as well as idiotypic
anti-idiotypic antibodies. Disruption of this network by genetic,
environmental and other unknown factors is thought to result in
autoimmune diseases. An obvious, ideal and specific therapy for
such disorders would be to harness this regulatory network to re-
establish immunologic homeostasis [40]. In practice, however,
this is not an easy task as most autoimmune diseases involve
polyclonal responses to self-antigen as well as epitope spreading
[41,42]. We have shown that “vaccination” of mice with a certain
idiotype prior to induction of EAMG by Torpedo AChR led to sup-
pression of this particular idiotype and to a reduced overall anti-
AChR titer in the treated mice [43]. However, since active immu-
nizationwould not be considered for the treatment of MG patients,
we have analyzed the effect of passively transferred rabbit anti-
idiotypes [44].

We demonstrated that anti-idiotypes raised against polyclonal
anti-AChR antibodies isolated from a rabbit with EAMG were suc-
cessful in preventing the initial development of EAMG and possibly
in modifying existing disease [20]. We have further employed
monoclonal anti-AChR antibodies and their respective anti-
idiotypes for evaluation of their role in the maintenance and
regulation of EAMG [43e45]. Anti-idiotypes were raised in mice
against several well-characterized anti-AChR monoclonal anti-
bodies (mAbs). In binding experiments, the anti-idiotypic anti-
bodies inhibited the binding of AChR only to the immunizing
idiotype. However, a less restricted specificity was found in in vivo
experiments. Challengingmice producing anti-idiotypes with AChR
has demonstrated that pre-immunization with either polyclonal or
monoclonal anti-AChR antibodies resulted in a reduction of the
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overall anti-Torpedo AChR and anti-muscle AChR titers, which was
greater than would be expected from the representation of each of
the respective idiotypes in the polyclonal anti-AChR serum. This
may imply that in addition to the immunizing idiotype, other anti-
AChR idiotypes are also suppressed.

To test the therapeutic effect of passively transferred anti-
idiotypes, an EAMG-like disease has been first induced in chicken
hatchings by transfer of mAb 5.5, which is directed to the AChR
binding site [23]. Administration of rabbit anti-idiotypic antibodies
against mAb 5.5 could reverse the neuromuscular block induced in
the chicken hatchings by this mAb. Thus, specific anti-idiotypes
raised against mAb 5.5 were demonstrated to prevent the induc-
tion of EAMG by a subsequent injection of mAb 5.5. Also, admin-
istration of anti-idiotypes against mAb 5.5 to chickens in which
EAMG has been induced by mAb 5.5 led to a recovery from myas-
thenic symptoms. These results suggest that passive transfer of the
appropriate anti-idiotypes may be potential in the regulation of
myasthenia.
3.3. IVIG and its active sub-fractions

IVIG administration has been beneficially used in a variety of
autoimmune diseases including MG [46e48], although its mode of
action is still not clear. In order to delineate its mechanism of action
and attempt to identify the active component in IVIG, we have first
shown that IVIG has a suppressive effect on the clinical symptoms
of ongoing EAMG that is associated with decreased AChR-specific
cellular and humoral immune reactivity. Immunological analyses
suggested that IVIGmodulates EAMG by suppressing Th1 and B-cell
proliferation but probably not by generation of Treg [49,50].

We have employed the EAMGmodel and have isolated a specific
active fraction from pooled normal human immunoglobulins and
have analyzed its immunosuppressive activity. We showed that
chromatography of pooled human IVIG on immobilized immuno-
globulins, isolated from either EAMG rats (Fig. 1) or from MG pa-
tients, results in a complete depletion of the suppressive activity of
the IVIG preparation [51,52]. The suppressive activity could be
partially recovered upon reconstitution of the activity-depleted
IVIG with the eluted minute IVIG fractions that had been
Fig. 1. A. Schematic presentation of IVIG fractionation on rat IgG columns. (A similar proce
Fractionation and reconstitution of the suppressive activity of IVIG on EAMG following chro
each group) following treatment with IVIG. Representative of five similar independent exp
Figure taken from Fuchs et al., J Neuroimmunol [52].
adsorbed onto the EAMG- or MG-specific columns (Fig. 1). These
studies demonstrated that a disease-specific anti-immunoglobulin
fraction present in IVIG preparations is essential for the suppressive
effect of IVIG.
3.4. Immunomodulation by co-stimulatory molecules, cytokines
and chemokines

Although antigen-specific treatment would be ideal for target-
ing the autoimmune response without affecting the entire immune
system, in an already established disease, the antigen-specific
approach might need to be supported by direct modulation of
key immunological factors.

Cumulative studies on T- and/or B cell-mediated autoimmunity
suggest that cytokine network and co-stimulatory signaling are
important in disease pathogenesis. We showed that successful
suppression of EAMG is accompanied by a shift in the cytokine
profile and by down-regulation of co-stimulatory factors and that
regulation of these molecules can be considered as a strategy for
modulation of the autoimmune response in myasthenia. Therefore,
we have tested the potential of this approach by treating myas-
thenic rats with antibodies either to pro-inflammatory cytokines
[53], co-stimulatory factors [54] or chemokines [55]. We found that
such treatments resulted in suppression of disease but acted via
different mechanisms that could complement each other.
3.4.1. CD40L
CD40L is expressed on activated CD4þ T cells, whereas CD40, the

receptor for CD40L, is expressed on various APCs such as B cells,
dendritic cells, andmacrophages [56]. CD40L is involved in contact-
dependent T cell help and is a predominant B cell co-stimulatory
molecule expressed on activated T cells [57]. The role of CD40-
CD40L in EAMG was studied in CD40L knockout mice (CD40L�/�)
[58], in which mice were completely resistant to EAMG induction
and had diminished Th1 and Th2 responses as well as severely
impaired T cell-dependent AChR-reactive B cell response. We have
shown that treatment of rats with anti-CD40L antibodies starting at
either the acute or chronic stage of EAMG leads to suppression of
clinical symptoms of EAMG. The underlying mechanism of this
dure has been used for fractionation of IVIG on human MG immunoglobulin [52]). B.
matography on rat IgG columns. Mean clinical score of AChR-immunized rats (n ¼ 8 for
eriments. Bars at the bottom represent each a five-day treatment.



S. Fuchs et al. / Journal of Autoimmunity 54 (2014) 51e59 55
suppression seems to be mediated by down-regulation of B7-2 and
up-regulation of CTLA-4 levels. Anti-CD40L antibodies affected the
humoral response, decreased Th1 but had no effect on Th2 and on
T-cell proliferation [54] (Table 1).

3.4.2. IL-18
IL-18 is a pleiotropic pro-inflammatory cytokine that plays a key

role in IFN-g production and IL-12-driven Th1 phenotype devel-
opment. IL-18 was reported to be involved in the pathogenesis of
several diseases. In EAMG, IL-18 knockout mice were shown to be
resistant to induction of disease [59]. We addressed the question
whether antibodies to IL-18, given at different stages of EAMG, have
an effect on disease progression, and attempted to study the un-
derlyingmechanism of this treatment. We have shown that anti-IL-
18 treatment suppresses EAMG progression when treatment was
initiated before the induction of EAMG or at either the acute or
chronic stage of EAMG [53]. The suppression of EAMG by anti-IL-18
treatment seems to be mediated by increased levels of the immu-
nosuppressive TGF-b as well as decreased AChR-reactive Th1 type
cellular responses. The levels of Th2-type cytokines (IL-4 and IL-10)
did not change by anti-IL-18 Ab treatment. The suppression was
accompanied by down-regulation of CD40L and up-regulation of
CTLA-4, a key negative immunomodulator (Table 1).

3.4.3. IP-10/CXCR3
The importance of chemokines and chemokine receptors in the

pathogenesis of autoimmunity has been initially suggested in a
number of animal models and was later supported by genetic evi-
dence and clinical studies in humans. Chemokines constitute a
superfamily of chemoattractant cytokines that mediate leukocyte
recruitment into tissues in homeostasis and inflammation [60].
IFN-g inducible protein 10 (IP-10) is a primary response gene that
Fig. 2. A schematic diagram illustrating sample collection and preparation for DNA microa
healthy control rats or from EAMG rats when they reached a clinical score of 2. Two RNA
individual rats. The preparation of cRNA, hybridization, washing, and labeling were perform
scanner, the fluorescence intensity of each probe was quantified using MicroArray Suite 4.0
EAMG and healthy rats were selected as leads for further evaluation by RT-PCR and for mo
belongs to the CXC chemokine superfamily. It is a highly inducible
chemoattractant for activated T cells, but has pleiotropic activities
such as stimulation of monocytes and natural killer cells, bone
marrow progenitor maturation, modulation of adhesion molecule
expression and inhibition of angiogenesis [61]. We have found
usingmicroarray analyses (Fig. 2) that IP-10 is overexpressed in LNC
of EAMG rats. Quantitative real time RT-PCR confirmed these
findings and revealed up-regulated mRNA levels also of Mig and
their common receptor, CXCR3 as well as of TNF-a and IL-1b that act
synergistically with IFN-g to induce IP-10 [55]. The relevance of IP-
10/CXCR3 signaling in myasthenia was validated by similar obser-
vations in MG patients. A significant increase in IP-10 and CXCR3
mRNA levels in both thymus and muscle were observed in myas-
thenic patients compared to age-matched controls. CXCR3
expression in PBMC of MG patients was markedly increased in
CD4þ but not in CD8þ Tcells or CD19þ B cells. In order to assess the
potential of IP-10/CXCR3 signaling to serve as a drug target in MG,
we tested the effect of interference with IP-10/CXCR3 signaling in
rat EAMG [62]. Two different approaches were used: (1) blocking
IP-10 by IP-10-specific antibodies and (2) inhibiting the CXCR3
chemokine receptor by a CXCR3 antagonist. Treatment by either of
these reagents led to suppression of ongoing EAMG. Treatment by
IP-10-specific antibodies led to decreased mRNA expression of IP-
10 and CXCL9 and increased expression levels of CXCR3 and the
IP-10 inducer, IFN-g, but had no significant effect on AChR-specific
responses. Treatment by the CXCR3 antagonist led to a reduction in
humoral and cellular AChR-specific responses but had no signifi-
cant effects on the expression levels of CXCR3 and its ligands [55].

3.4.4. IL-6
IL-6 is a pleiotropic inflammatory cytokine produced by T

cells, monocytes, macrophages and synovial fibroblasts and
rray analysis. Total RNA from popliteal LNC and muscle samples were collected from
samples were used for each group, and each sample consisted of a pool from three
ed according to the manufacturer's instruction. After scanning with the HP GeneArray
(Affymetrix). Genes showing a fold difference of greater than 2 between samples from
nitoring of their protein products by FACS and immunohistochemistry.
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mediates various functions through its specific receptor (IL-6R). It
acts as a regulator of B and T cell functions. The pro-
inflammatory cytokine IL-6 is a potent factor in switching im-
mune responses in vivo from the induction of Treg to pathogenic
Th17 cells, two lymphocyte subsets with opposing activities in
autoimmune diseases. We studied the Treg and Th17 cell com-
partments in EAMG and healthy control rats in order to assess
whether the equilibrium between Treg and Th17 cells is per-
turbed in the disease [63]. We found that Th17 cell-related genes
are up-regulated and Treg-related genes are down-regulated in
EAMG. The shift in favor of Th17 cells in EAMG could be reversed
by antibodies to IL-6. Administration of anti-IL-6 antibodies to
myasthenic rats suppressed EAMG when treatment started at the
acute or at the chronic phase of disease (Fig. 3). Suppression of
EAMG by anti-IL-6 antibodies was accompanied by a decrease in
the overall rat anti-AChR antibody titer and by a reduced number
of B cells as compared with control treatment. Administration of
anti-IL-6 antibodies led to down-regulation of several Th17-
related genes including IL-17, IL-17R, IL-23R and IL-21 but did
not affect the number of Treg cells in the lymph nodes. These
data identify IL-6 as an important target for modulation of
autoimmune responses [63].
3.5. Phosphodiesterase inhibitors: therapeutic and steroid-sparing
agents

The identification of new genes that are associated with the
induction and/or progression of EAMG may provide new drug
targets for the treatment of myasthenia. The application of high-
density oligonucleotide microarray technology to the research of
autoimmune diseases enabled us to address questions ranging
from fundamental disease mechanisms to improved treatment
modalities (Fig. 2). Using the DNA microarray and RT-PCR analyses
comparing myasthenic and healthy rats, we found higher levels of
certain phosphodiesterases (PDE) types in LNC and muscles of
EAMG rats [64].
Fig. 3. Suppression of EAMG by anti-IL-6 treatment. Mean clinical scores (upper panel) and
treated by anti-IL-6 or normal goat IgG starting at the acute (A) or at the chronic phase (B
experiments. P < 0.0001 in A and P < 0.001 in B. Analyzed by the two-way ANOVA test.
Figure taken from Aricha et al., J Autoimmun [63].
PDEs are enzymes degrading the second messenger cAMP,
which mediates and regulates essential intracellular processes
There are 11 different PDE subtypes, but immune cells predomi-
nantly express PDE4, PDE3, and, to a lesser extent, PDE7 [65]. Since
an increase in cAMP has been shown to inhibit inflammatory and
immunological processes, PDEs have been proposed as targets for
therapeutic intervention in pathologies such as allergies and
autoimmune diseases [66]. Quantitative real-time PCR analysis
indicated that EAMG is characterized by an increase in PDE sub-
types 1, 3, 4, and 7 in LNC, and of PDE subtypes 2e4, and 7 in
muscles [64]. A similar up-regulation of PDE was also observed in
human MG [67]. The changes in PDE expression in EAMG and MG
provided the rationale for our attempts to suppress and immuno-
modulate EAMG by pentoxifylline (PTX), a general PDE inhibitor
[64]. This suppression was associated with down-regulation of
humoral and cellular AChR-specific responses as well as down-
regulation of PDE4, TNF-a, IL-18, IL-12, and IL-10 in LNC and of
PDEs 1, 4, 7, and TNF-a in muscles. The expression of Foxp3, a
transcription factor essential for CD4þCD25þ Treg function, was
increased in splenocytes although the number of these cells
remained unchanged. PTX also reduced the expression of the
endopeptidase cathepsin-1, a marker of muscle damage, in EAMG
muscles [64]. Since PTX is already being used in patients with other
disorders with no serious side effects, these results justify well-
designed clinical trials to test the efficacy of treating MG patients
by PTX.

In a subsequent study, we evaluated the therapeutic potential of
a combination of suboptimal doses of methylprednisolone (Sol-
umedrol) and PTX in rat EAMG. This combined treatment resulted
in a pronounced suppressive effect on EAMG and was by far more
effective than each of these drugs administered separately at sub-
optimal doses [68]. The suppressive effect on EAMG was accom-
panied by decreased humoral and cellular responses to AChR as
well as down-regulated mRNA expression levels of Th1 cytokines
and IL-10 in LNC and of PDE-4 and cathepsin-1 in the muscle. These
studies demonstrate the effectiveness of PTX not only as a potential
sums of cumulative weekly clinical score values for individual rats (lower panel) of rats
) of EAMG. N ¼ 8 for each group. Data represent one out of two or three independent



Fig. 4. A. Schematic illustration of ex-vivo generation of CD4þCD25þ Treg cells. B. Suppression of EAMG by ex-vivo generated Treg cells from healthy donors. Rats were administered
i.p. with ex vivo generated CD4þCD25þ cells (evCD4þCD25þ; 4 � 106/rat), or with PBS, starting 4 days after EAMG induction and every two weeks thereafter. Mean clinical scores of
the different groups (n ¼ 8 for each group). Representative of three independent experiments.
Figure taken from Aricha et al., J Immunol [80].
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drug for MG but also as a steroid-sparing agent in the management
of myasthenia [64,68].
3.6. Regulatory T cells

A subpopulation of suppressive CD4þ T cells, termed regulatory
T cells (Treg), has been recognized to play a central and prominent
role in the generation and maintenance of peripheral tolerance.
Most endogenous CD4þ Treg constitutively expresses the CD25
molecule (IL-2 receptor alpha-chain).

Abnormalities in Treg, either in number or in function, have
been reported in a series of human autoimmune diseases and in
their corresponding experimental models. There is accumulating
evidence that abnormalities within the Treg compartment are
involved also in the pathogenesis of MG. Several groups have
evaluated peripheral blood lymphocytes (PBL) and thymuses from
patients to determine Treg number and function. Most of these
studies have reported on normal to decreased number of
CD4þCD25high cells in PBL of MG patients compared to healthy
controls [69e71]. A functional impairment of thymic Treg cells was
found in the thymus of MG patients and may thus be involved in
the onset of the autoimmune process [72]. Moreover, following
successful immunosuppression or thymectomy, MG patients have
elevated number of CD4þCD25high cells compared to healthy con-
trols [69,71].

In the mouse and rat EAMG, it was demonstrated by us and by
others that Treg cells are involve in the suppressive action of
various effective therapies [64,73e78]. Moreover, we found that the
frequency of CD4þCD25þFoxp3þ Treg cells within the spleen and
PBL was decreased in EAMG rats and that Treg cells from myas-
thenic rats were less effective than Treg cells from controls in
suppressing the proliferation of CD4þT effector cells in response to
ConA and of B cells in response to LPS [79]. These observations
suggest that modulation of the CD4þCD25þ cell compartment
could play a key role in the treatment of myasthenia.

As the number of naturally occurring Treg cells is low we
developed an approach for large-scale ex vivo generation of func-
tional Treg cells (Fig. 4A) [80]. Treg cells were generated ex vivo
from CD4þ splenocytes by stimulation with anti-CD3 and anti-
CD28 antibodies in the presence of TGF-b and IL-2. The obtained
cells expressed high levels of CD25, CTLA-4, and Foxp3, and were
capable of suppressing in vitro proliferation of T cells from myas-
thenic rats in response to AChR. Administration of such ex-vivo
generated Treg cells to myasthenic rats inhibited the progression of
EAMG (Fig. 4B) and led to down-regulation of humoral AChR-
specific responses and to decreased IL-18 and IL-10 expression.
The number of CD4þCD25þ cells in the spleen of treated rats
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remained unchanged, but the subpopulation of CD4þCD25þ cells
expressing Foxp3 was significantly elevated [80]. These findings
imply that Treg cells play a critical role in the control of myasthenia
and could thus be considered as potential agents for the treatment
of MG patients.

As ex-vivo generated Treg cells from sick animals do not have
the same in vivo suppressive capacities as those from healthy
donors, we have extended our research one step further toward
autologous cellular treatment of patients. The objective of a
recent ongoing study in our lab is to develop a protocol for
generating Treg cells from sick objects that would be able to
suppress effectively the disease in vivo. In this project, bone
marrow (BM) cells were cultured in the presence of GM-CSF and
gave rise to a population of CD11cþ (BMDCs), which expanded
upon co-culture with CD4þ T cell to a highly expressing (70e90%)
Foxp3þ Treg cells. In vitro assay showed a dose-dependent
manner in the suppression of T effector cells proliferation and
was similar in extent, whether Treg cells were obtained from
either healthy or sick donors. In addition, both Treg cells
inhibited similarly the secretion of IFN-g from activated spleno-
cytes. Preliminary experiments show that i.v. administration of
ex-vivo generated Treg cells to EAMG rats, modulate the disease
following a single treatment. Similar disease inhibition was
achieved when Treg cells were taken from either healthy or sick
donors. The disease suppression is accompanied by reduced
levels of total AChR-specific antibodies in the serum and elevated
numbers of Treg cells in the spleen. We hope that this experi-
mental modality can be considered as a personalized treatment
approach for human myasthenia.
4. Concluding remarks

In this review in a volume in honor of Michael Sela and Ruth
Arnon we report on studies from our lab on EAMG. This paper is
part of a special issue devoted to Michael Sela and Ruth Arnon and
is part of a yearly effort by the Journal of Autoimmunity to recog-
nize truly distinguished figures in immunology, scientists that have
contributed to basic research with its implications to patient care;
previous honorees have included Ian Mackay, Noel Rose, Pierre
Youinou and Abul Abbas [81e83].

The subject of the acetylcholine receptor (AChR) and its asso-
ciated autoimmune disease, myasthenia gravis (MG), has been a
fascinating one. We feel lucky to have been introduced to it at its
early stages. In this review we have chosen to concentrate mainly
on a particular part of our research in which several treatment
approaches for EAMG have been proposed or employed. We feel
that this is in line with the interest of Michael Sela and Ruth Arnon,
who more than anybody else, have excelled in translating their
research work into practice. I have been privileged to be associated
with both Michael and Ruthie throughout my career. Michael has
been and remained my mentor who introduced me to the exciting
world of scientific research and taught me how to apply our edu-
cation in chemistry for our research in immunochemistry and
immunology. Both Michael and Ruthie have been my close col-
leagues and friends during all my years at the Weizmann Institute
and serve as role models.
Acknowledgments

Supported by grants from: The Association Francaise Contre les
Myopathies (AFM), TheMuscular Dystrophy Association of America
(MDA), The European Commission (FIGHT-MG contract #FP7
HEALTH-2009-242-31), The Chief Scientist Office, Israel Ministry of
Health, and The Open University of Israel.
References

[1] Sela M, Arnon R. A specific synthetic polypeptide antigen. Biochim Biophys
Acta 1960;40:382e4.

[2] Sela M. Antigenicity: some molecular aspects. Science 1969;166:1365e74.
[3] Sela M, Fuchs S, Arnon R. Studies on the chemical basis of the antigenicity of

proteins. 5. Synthesis, characterization and immunogenicity of some multi-
chain and linear polypeptides containing tyrosine. Biochem J 1962;85:
223e35.

[4] Klett RP, Fulpius BW, Cooper D, Smith M, Reich E, Possani LD. The acetyl-
choline receptor. I. Purification and characterization of a macromolecule iso-
lated from Electrophorus electricus. J Biol Chem 1973;248:6841e53.

[5] Maoz A, Fuchs S, Sela M. On immunological cross-reactions between the
synthetic ordered polypeptide (L-Pro-Gly-L-Pro)n and several collagens.
Biochemistry 1973;12:4246e52.

[6] Patrick J, Lindstrom J. Autoimmune response to acetylcholine receptor. Sci-
ence 1973;180:871e2.

[7] Fuchs S. Immunology of the nicotinic acetylcholine receptor. Curr Top
Microbiol Immunol 1979;85:1e29.

[8] Aharonov A, Tarrab-Hazdai R, Silman I, Fuchs S. Immunochemical studies on
acetylcholine receptor from torpedo californica. Immunochemistry 1977;14:
129e37.

[9] Lennon VA, Lindstrom JM, Seybold ME. Experimental autoimmune myas-
thenia: a model of myasthenia gravis in rats and guinea pigs. J Exp Med
1975;141:1365e75.

[10] Tarrab-Hazdi R, Aharonov A, Abramsky O, Yaar I, Fuchs S. Passive transfer of
experimental autoimmune myasthenia by lymph node cells in inbred guinea
pigs. J Exp Med 1975;142:785e9.

[11] Tarrab-Hazdai R, Aharonov A, Silman I, Fuchs S, Abramsky O. Experimental
autoimmune myasthenia induced in monkeys by purified acetylcholine re-
ceptor. Nature 1975;256:128e30.

[12] Fuchs S, Nevo D, Tarrab-Hazdai R, Yaar I. Strain differences in the autoimmune
response of mice to acetylcholine receptors. Nature 1976;263:329e30.

[13] Burres SA, Crayton JW, Gomez CM, Richman DP. Myasthenia induced by
monoclonal anti-acetylcholine receptor antibodies: clinical and electrophys-
iological aspects. Ann Neurol 1981;9:563e8.

[14] Souroujon MC, Pachner AR, Fuchs S. The treatment of passively transferred
experimental myasthenia with anti-idiotypic antibodies. Neurology 1986;36:
622e5.

[15] Aricha R, Feferman T, Scott HS, Souroujon MC, Berrih-Aknin S, Fuchs S. The
susceptibility of Aire(-/-) mice to experimental myasthenia gravis involves
alterations in regulatory T cells. J Autoimmun 2011;36:16e24.

[16] Wu B, Goluszko E, Huda R, Tuzun E, Christadoss P. Experimental autoimmune
myasthenia gravis in the mouse. Curr Protoc Immunol 2011. Chapter 15: Unit
15 23 Suppl. 100, 15.8.1e15.8.26.

[17] Abramsky O, Aharonov A, Webb C, Fuchs S. Cellular immune response to
acetylcholine receptor-rich fraction, in patients with myasthenia gravis. Clin
Exp Immunol 1975;19:11e6.

[18] Aharonov A, Abramsky O, Tarrab-Hazdai R, Fuchs S. Humoral antibodies to
acetylcholine receptor in patientswithmyasthenia gravis. Lancet 1975;2:340e2.

[19] Brenner T, Abramsky O, Lisak RP, Zweiman B, Tarrab-Hazdai R, Fuchs S.
Radioimmunoassay of antibodies to acetylcholine receptor in serum of
myasthenia gravis patients. Isr J Med Sci 1978;14:986e9.

[20] Fuchs S, Bartfeld D, Mochly-Rosen D, Souroujon M, Feingold C. Acetylcholine
receptor: molecular dissection and monoclonal antibodies in the study of
experimental myasthenia. Ann N Y Acad Sci 1981;377:110e24.

[21] Moshly-Rosen D, Fuchs S, Eshhar Z. Monoclonal antibodies against defined
determinants of acetylcholine receptor. FEBS Lett 1979;106:389e92.

[22] Tzartos SJ, Lindstrom JM. Monoclonal antibodies used to probe acetylcholine
receptor structure: localization of the main immunogenic region and detec-
tion of similarities between subunits. Proc Natl Acad Sci U S A 1980;77:755e9.

[23] Mochly-Rosen D, Fuchs S. Monoclonal anti-acetylcholine-receptor antibodies
directed against the cholinergic binding site. Biochemistry 1981;20:5920e4.

[24] Barkas T, Gabriel JM, Mauron A, Hughes GJ, Roth B, Alliod C, et al. Monoclonal
antibodies to the main immunogenic region of the nicotinic acetylcholine
receptor bind to residues 61-76 of the alpha subunit. J Biol Chem 1988;263:
5916e20.

[25] Abramsky O, Aharonov A, Teitelbaum D, Fuchs S. Myasthenia gravis and
acetylcholine receptor. Effect of steroids in clinical course and cellular im-
mune response to acetylcholine receptor. Arch Neurol 1975;32:684e7.

[26] Abramsky O, Tarrab-Hazdai R, Aharonov A, Fuchs S. Immunosuppression of
experimental autoimmune myasthenia gravis by hydrocortisone and azathi-
oprine. J Immunol 1976;117:225e8.

[27] Bartfeld D, Fuchs S. Specific immunosuppression of experimental autoim-
mune myasthenia gravis by denatured acetylcholine receptor. Proc Natl Acad
Sci U S A 1978;75:4006e10.

[28] Schwartz M, Novick D, Givol D, Fuchs S. Induction of anti-idiotypic antibodies
by immunisation with syngeneic spleen cells educated with acetylcholine
receptor. Nature 1978;273:543e5.

[29] Mantegazza R, Bonanno S, Camera G, Antozzi C. Current and emerging ther-
apies for the treatment of myasthenia gravis. Neuropsychiatr Dis Treat
2011;7:151e60.

[30] Weiner HL. Oral tolerance: immune mechanisms and treatment of autoim-
mune diseases. Immunol Today 1997;18:335e43.

http://refhub.elsevier.com/S0896-8411(14)00100-0/sref1
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref1
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref1
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref2
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref2
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref3
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref3
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref3
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref3
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref3
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref4
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref4
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref4
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref4
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref5
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref5
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref5
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref5
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref6
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref6
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref6
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref7
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref7
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref7
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref8
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref8
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref8
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref8
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref9
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref9
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref9
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref9
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref10
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref10
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref10
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref10
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref11
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref11
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref11
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref11
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref12
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref12
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref12
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref13
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref13
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref13
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref13
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref14
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref14
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref14
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref14
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref15
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref15
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref15
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref15
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref16
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref16
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref16
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref16
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref17
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref17
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref17
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref17
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref18
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref18
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref18
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref19
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref19
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref19
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref19
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref20
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref20
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref20
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref20
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref21
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref21
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref21
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref22
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref22
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref22
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref22
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref23
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref23
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref23
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref24
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref24
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref24
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref24
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref24
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref25
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref25
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref25
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref25
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref26
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref26
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref26
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref26
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref27
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref27
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref27
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref27
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref28
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref28
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref28
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref28
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref29
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref29
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref29
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref29
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref30
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref30
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref30


S. Fuchs et al. / Journal of Autoimmunity 54 (2014) 51e59 59
[31] Im SH, Barchan D, Fuchs S, Souroujon MC. Suppression of ongoing experi-
mental myasthenia by oral treatment with an acetylcholine receptor recom-
binant fragment. J Clin Invest 1999;104:1723e30.

[32] Im SH, Barchan D, Fuchs S, Souroujon MC. Mechanism of nasal tolerance
induced by a recombinant fragment of acetylcholine receptor for treatment of
experimental myasthenia gravis. J Neuroimmunol 2000;111:161e8.

[33] Drachman DB, Okumura S, Adams RN, McIntosh KR. Oral tolerance in myas-
thenia gravis. Ann N Y Acad Sci 1996;778:258e72.

[34] Barchan D, Asher O, Tzartos SJ, Fuchs S, Souroujon MC. Modulation of the anti-
acetylcholine receptor response and experimental autoimmune myasthenia
gravis by recombinant fragments of the acetylcholine receptor. Eur J Immunol
1998;28:616e24.

[35] Barchan D, Souroujon MC, Im SH, Antozzi C, Fuchs S. Antigen-specific mod-
ulation of experimental myasthenia gravis: nasal tolerization with recombi-
nant fragments of the human acetylcholine receptor alpha-subunit. Proc Natl
Acad Sci U S A 1999;96:8086e91.

[36] Abbas AK, Murphy KM, Sher A. Functional diversity of helper T lymphocytes.
Nature 1996;383:787e93.

[37] O'Garra A. Cytokines induce the development of functionally heterogeneous T
helper cell subsets. Immunity 1998;8:275e83.

[38] Maiti PK, Feferman T, Im SH, Souroujon MC, Fuchs S. Immunosuppression of
rat myasthenia gravis by oral administration of a syngeneic acetylcholine
receptor fragment. J Neuroimmunol 2004;152:112e20.

[39] Im SH, Barchan D, Feferman T, Raveh L, Souroujon MC, Fuchs S. Protective
molecular mimicry in experimental myasthenia gravis. J Neuroimmunol
2002;126:99e106.

[40] Souroujon MC, Brenner T, Fuchs S. Development of novel therapies for MG:
studies in animal models. Autoimmunity 2010;43:446e60.

[41] Feferman T, Im SH, Fuchs S, Souroujon MC. Breakage of tolerance to hidden
cytoplasmic epitopes of the acetylcholine receptor in experimental autoim-
mune myasthenia gravis. J Neuroimmunol 2003;140:153e8.

[42] Vanderlugt CL, Miller SD. Epitope spreading in immune-mediated diseases:
implications for immunotherapy. Nat Rev Immunol 2002;2:85e95.

[43] Souroujon MC, Barchan D, Fuchs S. Analysis and modulation of the immune
response of mice to acetylcholine receptor by anti-idiotypes. Immunol Lett
1985;9:331e6.

[44] Souroujon MC, Fuchs S. Idiotypes and anti-idiotypes in experimental auto-
immune myasthenia gravis. Ann N Y Acad Sci 1986;475:81e93.

[45] Souroujon MC, Fuchs S. Antiidiotypic antibodies in the regulation of experi-
mental autoimmune myasthenia gravis. Ann N Y Acad Sci 1987;505:676e82.

[46] Dalakas MC. The use of intravenous immunoglobulin in the treatment of
autoimmune neuromuscular diseases: evidence-based indications and safety
profile. Pharmacol Ther 2004;102:177e93.

[47] Kazatchkine MD, Kaveri SV. Immunomodulation of autoimmune and inflam-
matory diseases with intravenous immune globulin. N Engl J Med 2001;345:
747e55.

[48] Lemieux R, Bazin R, Neron S. Therapeutic intravenous immunoglobulins. Mol
Immunol 2005;42:839e48.

[49] Fuchs S, Feferman T, Zhu KY, Meidler R, Margalit R, Wang N, et al. Suppression
of experimental autoimmune myasthenia gravis by intravenous immuno-
globulin and isolation of a disease-specific IgG fraction. Ann N Y Acad Sci
2007;1110:550e8.

[50] Zhu KY, Feferman T, Maiti PK, Souroujon MC, Fuchs S. Intravenous immuno-
globulin suppresses experimental myasthenia gravis: immunological mech-
anisms. J Neuroimmunol 2006;176:187e97.

[51] Fuchs S, Feferman T, Meidler R, Brenner T, Laub O, Souroujon MC. The disease-
specific arm of the therapeutic effect of intravenous immunoglobulin in
autoimmune diseases: experimental autoimmune myasthenia gravis as a
model. Isr Med Assoc J 2008;10:58e60.

[52] Fuchs S, Feferman T, Meidler R, Margalit R, Sicsic C, Wang N, et al. A disease-
specific fraction isolated from IVIG is essential for the immunosuppressive
effect of IVIG in experimental autoimmune myasthenia gravis.
J Neuroimmunol 2008;194:89e96.

[53] Im SH, Barchan D, Maiti PK, Raveh L, Souroujon MC, Fuchs S. Suppression of
experimental myasthenia gravis, a B cell-mediated autoimmune disease, by
blockade of IL-18. FASEB J 2001;15:2140e8.

[54] Im SH, Barchan D, Maiti PK, Fuchs S, Souroujon MC. Blockade of CD40 ligand
suppresses chronic experimental myasthenia gravis by down-regulation of
Th1 differentiation and up-regulation of CTLA-4. J Immunol 2001;166:
6893e8.

[55] Feferman T, Maiti PK, Berrih-Aknin S, Bismuth J, Bidault J, Fuchs S, et al.
Interferon-induced protein 10 (IP-10) and its receptor, CXCR3 are overex-
pressed in myasthenia gravis: new targets for immunotherapy. J Immunol
2005;174:5324e31.

[56] Lennon VA, Lambert EH, Leiby KR, Okarma TB, Talib S. Recombinant human
acetylcholine receptor alpha-subunit induces chronic experimental autoim-
mune myasthenia gravis. J Immunol 1991;146:2245e8.
[57] Grewal IS, Flavell RA. The role of CD40 ligand in costimulation and T-cell
activation. Immunol Rev 1996;153:85e106.

[58] Shi FD, He B, Li H, Matusevicius D, Link H, Ljunggren HG. Differential re-
quirements for CD28 and CD40 ligand in the induction of experimental
autoimmune myasthenia gravis. Eur J Immunol 1998;28:3587e93.

[59] Shi FD, Takeda K, Akira S, Sarvetnick N, Ljunggren HG. IL-18 directs autor-
eactive T cells and promotes autodestruction in the central nervous system
via induction of IFN-gamma by NK cells. J Immunol 2000;165:3099e104.

[60] Luster AD. Chemokinesechemotactic cytokines that mediate inflammation.
N Engl J Med 1998;338:436e45.

[61] Neville LF, Mathiak G, Bagasra O. The immunobiology of interferon-gamma
inducible protein 10 kD (IP-10): a novel, pleiotropic member of the C-X-C
chemokine superfamily. Cytokine Growth Factor Rev 1997;8:207e19.

[62] Feferman T, Aricha R, Mizrachi K, Geron E, Alon R, Souroujon MC, et al.
Suppression of experimental autoimmune myasthenia gravis by inhibiting the
signaling between IFN-gamma inducible protein 10 (IP-10) and its receptor
CXCR3. J Neuroimmunol 2009;209:87e95.

[63] Aricha R, Mizrachi K, Fuchs S, Souroujon MC. Blocking of IL-6 suppresses
experimental autoimmune myasthenia gravis. J Autoimmun 2011;36:135e41.

[64] Aricha R, Feferman T, Souroujon MC, Fuchs S. Overexpression of phosphodi-
esterases in experimental autoimmune myasthenia gravis: suppression of
disease by a phosphodiesterase inhibitor. FASEB J 2006;20:374e6.

[65] Ekholm D, Hemmer B, Gao G, Vergelli M, Martin R, Manganiello V. Differential
expression of cyclic nucleotide phosphodiesterase 3 and 4 activities in human
T cell clones specific for myelin basic protein. J Immunol 1997;159:1520e9.

[66] Doherty AM. Phosphodiesterase 4 inhibitors as novel anti-inflammatory
agents. Curr Opin Chem Biol 1999;3:466e73.

[67] Mizrachi K, Aricha R, Feferman T, Kela-Madar N, Mandel I, Paperna T, et al.
Involvement of phosphodiesterases in autoimmune diseases. J Neuroimmunol
2010;220:43e51.

[68] Menon RT, Feferman T, Aricha R, Souroujon MC, Fuchs S. Suppression of
experimental autoimmune myasthenia gravis by combination therapy: pen-
toxifylline as a steroid-sparing agent. J Neuroimmunol 2008;201-202:128e35.

[69] Fattorossi A, Battaglia A, Buzzonetti A, Ciaraffa F, Scambia G, Evoli A. Circu-
lating and thymic CD4 CD25 T regulatory cells in myasthenia gravis: effect of
immunosuppressive treatment. Immunology 2005;116:134e41.

[70] Luther C, Poeschel S, Varga M, Melms A, Tolosa E. Decreased frequency of
intrathymic regulatory T cells in patients with myasthenia-associated thy-
moma. J Neuroimmunol 2005;164:124e8.

[71] Sun Y, Qiao J, Lu CZ, Zhao CB, Zhu XM, Xiao BG. Increase of circulating
CD4þCD25þ T cells in myasthenia gravis patients with stability and thy-
mectomy. Clin Immunol 2004;112:284e9.

[72] Balandina A, Lecart S, Dartevelle P, Saoudi A, Berrih-Aknin S. Functional defect
of regulatory CD4þCD25þ T cells in the thymus of patients with autoimmune
myasthenia gravis. Blood 2005;105:735e41.

[73] Ben-David H, Aruna BV, Seger R, Sela M, Mozes E. A 50-kDa ERK-like protein is
up-regulated by a dual altered peptide ligand that suppresses myasthenia
gravis-associated responses. Proc Natl Acad Sci U S A 2006;103:18232e7.

[74] Liu R, La Cava A, Bai XF, Jee Y, Price M, Campagnolo DI, et al. Cooperation of
invariant NKT cells and CD4þCD25þ T regulatory cells in the prevention of
autoimmune myasthenia. J Immunol 2005;175:7898e904.

[75] Sheng JR, Li L, Ganesh BB, Vasu C, Prabhakar BS, Meriggioli MN. Suppression of
experimental autoimmune myasthenia gravis by granulocyte-macrophage
colony-stimulating factor is associated with an expansion of FoxP3þ regula-
tory T cells. J Immunol 2006;177:5296e306.

[76] Shi FD, Li H, Wang H, Bai X, van der Meide PH, Link H, et al. Mechanisms of
nasal tolerance induction in experimental autoimmune myasthenia gravis:
identification of regulatory cells. J Immunol 1999;162:5757e63.

[77] Wang W, Milani M, Ostlie N, Okita D, Agarwal RK, Caspi R, et al. C57BL/6 mice
genetically deficient in IL-12/IL-23 and IFN-gamma are susceptible to exper-
imental autoimmune myasthenia gravis, suggesting a pathogenic role of non-
Th1 cells. J Immunol 2007;178:7072e80.

[78] Zhang GX, Xiao BG, Yu LY, van der Meide PH, Link H. Interleukin 10 aggravates
experimental autoimmune myasthenia gravis through inducing Th2 and B cell
responses to AChR. J Neuroimmunol 2001;113:10e8.

[79] Gertel-Lapter S, Mizrachi K, Berrih-Aknin S, Fuchs S, Souroujon MC. Impair-
ment of regulatory T cells in myasthenia gravis: studies in an experimental
model. Autoimmun Rev 2013;12:894e903.

[80] Aricha R, Feferman T, Fuchs S, Souroujon MC. Ex vivo generated regulatory T
cells modulate experimental autoimmune myasthenia gravis. J Immunol
2008;180:2132e9.

[81] Jamin C, Renaudineau Y, Pers JO. Pierre Youinou: when intuition and deter-
mination meet autoimmunity. J Autoimmun 2012;39:117e20.

[82] Invernizzi P. Liver auto-immunology: the paradox of autoimmunity in a tol-
erogenic organ. J Autoimmun 2013;46:1e6.

[83] Gershwin ME, Shoenfeld Y. Abul Abbas: an epitome of scholarship.
J Autoimmun 2013;45:1e6.

http://refhub.elsevier.com/S0896-8411(14)00100-0/sref31
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref31
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref31
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref31
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref32
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref32
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref32
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref32
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref33
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref33
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref33
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref34
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref34
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref34
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref34
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref34
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref35
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref35
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref35
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref35
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref35
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref36
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref36
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref36
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref37
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref37
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref37
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref38
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref38
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref38
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref38
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref39
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref39
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref39
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref39
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref40
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref40
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref40
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref41
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref41
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref41
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref41
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref42
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref42
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref42
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref43
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref43
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref43
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref43
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref44
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref44
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref44
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref45
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref45
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref45
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref46
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref46
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref46
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref46
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref47
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref47
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref47
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref47
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref48
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref48
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref48
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref49
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref49
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref49
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref49
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref49
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref50
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref50
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref50
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref50
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref51
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref51
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref51
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref51
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref51
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref52
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref52
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref52
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref52
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref52
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref53
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref53
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref53
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref53
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref54
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref54
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref54
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref54
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref54
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref55
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref55
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref55
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref55
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref55
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref56
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref56
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref56
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref56
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref57
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref57
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref57
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref58
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref58
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref58
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref58
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref59
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref59
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref59
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref59
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref60
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref60
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref60
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref60
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref61
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref61
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref61
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref61
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref62
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref62
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref62
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref62
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref62
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref63
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref63
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref63
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref64
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref64
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref64
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref64
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref65
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref65
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref65
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref65
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref66
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref66
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref66
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref67
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref67
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref67
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref67
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref68
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref68
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref68
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref68
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref69
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref69
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref69
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref69
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref70
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref70
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref70
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref70
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref71
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref71
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref71
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref71
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref71
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref71
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref72
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref72
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref72
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref72
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref72
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref72
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref73
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref73
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref73
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref73
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref74
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref74
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref74
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref74
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref74
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref74
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref75
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref75
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref75
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref75
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref75
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref75
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref76
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref76
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref76
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref76
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref77
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref77
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref77
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref77
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref77
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref78
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref78
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref78
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref78
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref79
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref79
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref79
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref79
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref80
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref80
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref80
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref80
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref81
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref81
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref81
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref82
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref82
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref82
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref83
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref83
http://refhub.elsevier.com/S0896-8411(14)00100-0/sref83

	Experimental Autoimmune Myasthenia Gravis (EAMG): From immunochemical characterization to therapeutic approaches
	1 Introduction: from synthetic antigens to Experimental Autoimmune Myasthenia Gravis (EAMG). How did we get there?
	2 The early days
	3 Therapies attempted
	3.1 Antigen-specific treatments
	3.2 Anti-idiotypes
	3.3 IVIG and its active sub-fractions
	3.4 Immunomodulation by co-stimulatory molecules, cytokines and chemokines
	3.4.1 CD40L
	3.4.2 IL-18
	3.4.3 IP-10/CXCR3
	3.4.4 IL-6

	3.5 Phosphodiesterase inhibitors: therapeutic and steroid-sparing agents
	3.6 Regulatory T cells

	4 Concluding remarks
	Acknowledgments
	References


