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Abstract
Myasthenia gravis (MG) is an autoimmune disease mediated by antibodies to nicotinic acetylcholine
receptor (AChR) interfering with the neuromuscular transmission. Experimental autoimmune MG
serves as an excellent animal model to study possible therapeutic modalities for MG. This review
will focus on the different ways to turn off the autoimmune response to AChR, which results in
suppression of myasthenia. This paper will describe the use of fragments or peptides derived from
the AChR, antigen-presenting cells and anti-T cell receptor antibodies, and will discuss the
underlying mechanisms of action. Finally, the authors propose new promising therapeutic prospects,
including treatment based on the modulation of regulatory T cells, which have recently been found
to be functionally defective in MG patients.
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1. Introduction
Originally, the definition of vaccine was restricted to vaccinia preparations used for
immunisation against smallpox. Over time the term has evolved to include all preparations
used to generate protective immunity to microbial pathogens. More recently, the definition of
vaccine has been further expanded to include the administration of antigenic material in order
to tolerise or turn off antigen-specific immune responses to prevent or treat immune-mediated
diseases.

Autoimmune diseases affect nearly 5% of adults in North America and Europe. These chronic
relapsing disorders affect multiple organ systems and are characterised by substantial morbidity
and mortality, and by their high social and economic costs. Vaccines that could prevent or treat
these conditions would constitute an important addition to existing therapies. Moreover, the
current treatment of autoimmune diseases usually involves general immunosuppression that
may have severe side effects. The ‘holy grail’ of research in the field of autoimmune diseases
is, therefore, the development of immunotherapies, namely ‘vaccines’ that would suppress the
autoimmune response without affecting the entire immune system.
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Myasthenia gravis (MG) is a neuromuscular disease caused in most patients by an autoimmune
response against the nicotinic acetylcholine receptor (AChR) at the neuromuscular junction
[1,2]. The autoantigen is clearly defined (Figure 1) and the anti-AChR antibodies induce
antigenic modulation leading to accelerated degradation of the receptor at the neuromuscular
junctions or blockade of the binding sites of AChR [3,4]. They also contribute to complement-
dependent loss of the receptor at the neuromuscular junctions [5], leading to reduced AChR
expression and characteristic symptoms of MG. However, autoreactive T cells contribute to
the autoimmune response by recognising AChR epitopes in the context of major
histocompatibility (MHC) class II molecules [6-8] and by playing a critical role in the synthesis
of anti-AChR antibodies [9,10]. AChR-activated T cell lines inoculated into naive syngeneic
mice are capable of inducing autoimmune manifestations in mice [11], further strengthening
the important role of T cells in the anti-AChR autoimmune response.

The thymus plays a major role in human disease. Indeed, its involvement is strongly suggested
by the beneficial effect of thymectomy, which is a common treatment for many patients at
present [12]. However, thymectomy is not effective in all patients and its prognosis is best if
it is performed early in the course of the disease [13]. Functional and morphological
abnormalities of the thymus occur very frequently in patients as ∼ 50% present thymus
hyperplasia with development of lymphoid follicles and 10 – 15% have an epithelial tumour
of the thymus. Thymic hyperplasia is particularly common in young women and is often
associated with a high level of anti-AChR antibodies [14] and with the human leukocyte antigen
(HLA)-DR3 haplotype [15]. The anti-AChR antibody titre decreases after thymectomy in
association with clinical improvement [16], indicating that the thymus plays a key role in anti-
AChR antibody production. The main actors of the anti-AChR response are found in the
hyperplastic thymus. A bias of intrathymic selection in favour of Vβ5.1 cells was observed
[17]. Several activation features of B and T cells were demonstrated in the thymus from MG
patients [18-21]. In addition, the AChR is present in the thymus in both epithelial and myoid
cells [22,23], and its expression is regulated by pro-inflammatory cytokines [24,25]. The
coincidence of these components in a genetically susceptible individual could explain the onset
of the disease, although the triggering factor is still unknown (Figure 2).

Spontaneous myasthenia in animals was observed in dogs [26], an animal that is not easy to
manipulate. Therefore, most of the research in animals has been performed in rodents
immunised with AChR from Torpedo electric organ, a rich source of the receptor, in complete
Freund's adjuvant [27]. Immunised animals show clinical signs of weakness similar to those
described in humans except for the involvement of the thymus [28]. A variety of approaches
have been attempted in experimental autoimmune MG (EAMG) to turn off antigen-specific
immune responses and to affect the course of the disease (Figure 3). These include the use of
denatured or native AChR, peptides or recombinant fragments derived from the AChR
sequence, antibodies to the T cell receptor (TCR) or idiotypes, as well as manipulated dendritic
cells (DCs).

This review highlights the status of recent efforts to develop tolerogenic vaccines for MG and
identifies promising areas for future research.

2. Vaccination using AChR-derived sequences
EAMG serves as an excellent animal model to study possible therapeutic modalities to treat
myasthenia in humans. The rat model, due to its chronic nature, is considered the most similar
to the human form of the disease, although it also has its limitations because in rat myasthenia
there is no involvement of the thymus [28]. Different derivatives of the autoantigen – AChR
– have been tested as possible therapeutic agents in EAMG (Table 1). These have mainly been
assayed for their ability to prevent the subsequent induction of EAMG. However, in recent
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years there have been several reports by the authors and others on the ability of AChR
derivatives to suppress an already ongoing disease in animals. There are also many reports on
the ability of AChR derivatives to affect the immune response to AChR either in vitro or in
vivo. However, this review focuses mostly on procedures affecting the course of disease in
experimental animal models of MG.

2.1 Native and denatured AChR
The authors' first successful attempt to modulate EAMG through an antigen-specific
immunotherapy of EAMG was performed in 1978 using intradermal injection of a chemically
modified Torpedo AChR [29]. This denatured AChR derivative (RCM-AChR) was shown not
only to prevent the induction of EAMG in rabbits, but also to immunosuppress an ongoing
disease.

The entire Torpedo AChR has also been used in its native form to modulate EAMG, but, as it
is immunogenic when injected into animals, it has been administered via mucosal surfaces –
a route of administration that is known to induce systemic regulation to the mucosally
introduced antigen and bystander immunosuppression [30,31]. Most of these studies focused
on attempts to prevent EAMG rather than treat an ongoing disease. It has been shown that
mucosal (oral or nasal) administration of Torpedo AChR before immunisation with AChR
prevented the clinical manifestation of the disease and suppressed cellular and humoral
responses to the AChR [32-34]. However, when feeding with Torpedo AChR was performed
during the acute phase of EAMG it led to the elicitation of antibodies to Torpedo AChR and
to an increase in autoantibody titres to self-muscle AChR, although an inhibition of clinical
manifestations could still be observed [35,36]. The priming effect on autoantibody levels
induced by feeding with the xenogeneic and highly immunogenic Torpedo AChR and its
limited availability hamper its application for therapeutic purposes, suggesting that a
syngeneic, less immunogenic and more easily available tolerogen is required for
immunotherapy of myasthenia in humans.

2.2 Recombinant allogeneic or syngeneic fragments
The cloning of the mammalian AChR in the early 1980s and the advances in genetic
engineering have led to the mapping of regions within the AChR molecule that play a key role
in the humoral and cellular autoimmune response in myasthenia. It was found that the
extracellular domain of the receptor α-subunit is the main target of the autoimmune response.
Moreover, a large portion of the antibodies to AChR is directed to a specific sequence within
this domain (residues 67 – 76), which has accordingly been termed the main immunogenic
region (MIR) [37] (Figure 1). These findings have paved the way for the use of fragments and
peptides from selected regions of the AChR rather than the whole molecule for suppression of
EAMG.

The authors' group have employed a recombinant fragment corresponding to the extracellular
human AChR α-subunit (Hα1-205) to induce mucosal tolerance in rat EAMG. These fragments
were shown to protect rats against EAMG when given prior to disease induction and, more
importantly, to suppress an ongoing disease when administered either orally or nasally at the
acute and even during the chronic phase of EAMG [38,39]. Disease suppression was monitored
by clinical score and inhibition of weight loss, and was accompanied by decreased anti-AChR
titres and reduced lymphocyte proliferation in response to the AChR fragment. Hα1-205 meets
all the above-mentioned requirements for a tolerogen: it is of mammalian origin, available in
large amounts, safe for use, as it does not induce any humoral anti-AChR response or signs of
EAMG even when administered orally for a long time (3 months), and is conveniently
administered by feeding. The mechanism of action of mucosal tolerance induction by these
AChR recombinant fragments seems to be active suppression involving a shift from a T helper
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(Th)1 to a Th2/Th3 regulation of the anti-AChR response. This was demonstrated by a shift
in the cytokine and anti-AChR IgG isotype profiles, by decreased levels of expression of
costimulatory factors and by the ability of splenocytes from treated rats to protect recipients
against EAMG. The authors have recently shown that a syngeneic fragment corresponding to
the extracellular domain of the rat AChR α-subunit (Rα1-205) is as effective in rats as the
allogeneic human fragment [40]. Nasal administration was also effective in suppressing
ongoing EAMG by Hα1-205 and requires much smaller doses of tolerogen [41,42].

2.3 Peptides or altered peptides
Another antigen-specific approach for the suppression of EAMG by derivatives of AChR is
based on the use of synthetic peptides. When considering the preparation of a future antigen-
specific drug for therapy of human MG patients, peptides would have a clear advantage over
recombinant fragments as they are not prepared in bacterial or mammalian cells and, therefore,
their preparation is easier and more reproducible. The selection of peptides for
immunomodulation is mostly based on the identification of highly immunogenic or
functionally important regions within the AChR molecule and is mainly based on
immunodominant T cell epitopes. Indeed, the authors have shown in the past that
preimmunisation with peptides corresponding to selected extracellular and intra-cellular region
within Torpedo and human AChR α and δ subunits protected rabbits against subsequent
induction of EAMG [43,44]. This protection was correlated with delayed breakage of tolerance
to all four receptor subunits. Atassi et al. showed that injection of mice with a peptide
corresponding to residues 125 – 148 of Torpedo AChR α-subunit conjugated to mPEG had a
protective effect against subsequent induction of EAMG when assessed by
electrophysiological criteria [45].

The identification of immunodominant B and T cell epitopes on the AChR molecule has raised
questions concerning their potential use as substitutes for the native antigen in tolerisation
studies. EAMG has been prevented in B6 mice by the subcutaneous administration of a peptide
corresponding to the Torpedo AChR T cell epitope in mice, residues 146 – 162 of the α-subunit
[46-48], and by nasal delivery of a pool of Torpedo AChR α-subunit peptides containing this
epitope [49]. Baggi et al. reported that oral administration of the T cell epitope α146-162 of
the Torpedo AChR α-subunit suppressed T cell responses to AChR and ameliorated EAMG
in C57Bl/6 (B6) mice [50]. Protection from EAMG was associated with reduced serum
antibodies to self-mouse AChR and reduced AChR loss in muscle. The effect of Tα146-162
feeding was mediated by reduced production of interferon (IFN)-γ, interleukin (IL)-2 and IL-10
by AChR-reactive cells, suggesting T cell anergy. Transforming growth factor (TGF)-β-
secreting Th3 cells did not seem to be involved in tolerance induction. Interestingly, high-dose
systemic administration of the α146-162 peptide seems to represent another mechanism of
action involving Fas-/Fas ligand-mediated apoptosis of CD4 cells [51].

The autoimmune response in myasthenia is polyclonal and peptides can only present one or
two dominant epitopes, whereas fragments that encompass several B and/or T cell epitopes
have a better chance of affecting the course of the polyclonal autoimmune response of the
disease. The authors tried to overcome this problem by using long (50 – 60 amino acids),
partially overlapping peptides. A mixture of four such peptides covering the entire extracellular
portion of the mammalian AChR α-subunit was given to rats either nasally or orally prior to
induction of EAMG. Nasal administration of the peptide mixture after disease induction (at
the acute phase) had no significant effect on the course of EAMG [52]. Oral administration of
0.5 mg peptide mixture had no significant protective effect and 1.5 mg peptide mixture even
led to exacerbation of clinical symptoms in treated rats. These observations seem to indicate
that peptides cannot replace recombinant fragments in the suppression of ongoing EAMG via
mucosal tolerance. As the authors have previously demonstrated the importance of tolerogen
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conformation for mucosal tolerance induction [53], the failure of peptides to suppress ongoing
EAMG could stem from their inability to meet conformation requirements, even when they
are relatively long.

Microbial peptides mimicking T cell epitopes were also shown to have suppressive effects on
EAMG [54]. Pretreatment of rats by a peptide, derived from Haemophilus influenzae, selected
from protein databases due to its partial homology (50%) to an identified T cell epitope of the
human AChR α-subunit (residues 170 – 182) attenuated the induction and progression of
EAMG. This may suggest that a non-pathogenic microbial mimicry peptide can serve as an
immuno-modulator of the autoimmune attack on host antigens and can thereby affect the
progression of antibody-mediated autoimmune diseases such as MG.

In addition to peptides that correspond to selected sequences of the autoantigen, there are also
reports on the use of altered peptides bearing one or more mutations compared with the original
immunodominant T cell AChR-specific epitopes in MG and/or EAMG. Two such peptides,
representing sequences of the human AChR α-subunit, p195-212 and p259-271, were found
to be immunodominant T cell epitopes in MG patients and in two strains of mice. An altered
peptide ligand, composed of the tandemly arranged two analogues of these peptides each
bearing single amino acid substitutions at important TCR contact residues, were shown to
suppress ongoing EAMG in mice. The active suppression was mediated by CD4+CD25+

immunoregula-tory cells and was associated with the downregulation of Th1-type cytokines
and the upregulation of the secretion of IL-10 and the immunosuppressive cytokine TGF-β
[55].

2.4 Mechanisms of action
The approach of using self-antigen or autoantigen derivatives to suppress autoimmune diseases
is not based on direct neutralisation of antibodies or cells reacting with the autoantigen; rather,
it is rather based on the assumption that the administered antigen or its derivatives induce
tolerance towards the self-autoantigen via direct or bystander suppression, anergy or apoptosis
(Table 1). This has indeed been demonstrated for EAMG by shifts in the Th cell subpopulations
regulating the AChR-specific response, as monitored by the levels of Th1-, Th2- and Th3-type
cytokines and by the isotype profile of the anti-AChR humoral response. Such a shift depends
on the nature of the tolerogen (i.e., its conformation, degree of denaturation, size) or the route
of administration (i.e., mucosal exposure rather than injection). Indeed, the authors have shown
that oral administration of a fragment corresponding to the extracellular domain of the human
AChR α-subunit acts via active suppression mediated by a shift from Th1 to Th2/Th3 regulation
of the anti-AChR response [38,39]. Interestingly, a syngeneic rat fragment, Rα1-205,
administered orally to rats induced mucosal tolerance by a somewhat different mechanism
involving a shift from Th1 to Th2 regulation, as evidenced by downregulated mRNA
expression levels of IFN-γ and tumour necrosis factor-α, upregulated IL-10, changes in anti-
AChR IgG isotypes and diminished Th1 signalling via CD28/CTLA-4:B7. However, unlike
the xenogeneic fragment, the syngeneic Rα1-205 did not induce elevation in TGF-β and
elicitation of autoregulatory cells [40].

Although IL-10 upregulation could be associated with clinical improvement in the
experimental models, there is evidence that upregulation of IL-10 could be detrimental in MG.
Indeed, IL-10 failed to abrogate EAMG at low doses (0.1 or 1 μg/day), and at the dose of 3
μg/day caused earlier onset and aggravated clinical signs of EAMG when compared with
EAMG rats injected with PBS only [56]. In another study, IL-10 knockout mice had a lower
incidence and severity of EAMG, with less muscle AChR loss [57]. Conversely, IL-10
transgenic mice developed EAMG and had higher levels of anti-AChR serum, compared with
wild-type mice, after low-dose AChR immunisation [58]. These studies suggest that EAMG
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development is not strictly dependent on Th1 cell activity and implicates a critical precaution
in planning immunotherapy for MG.

The disease-modulating effect of T cell epitopes such as Tα146-162 was seen with relatively
high doses, and its mechanism of action appears to be the induction of anergy or deletion rather
than active suppression, as no active cellular regulation or immune deviation was found in
orally treated animals [50]. Thus, the suppression of EAMG by a T cell epitope given orally
seems to be different from the mechanism underlying the suppression of EAMG by fragment
Hα1-205, which involves active suppression and elicitation of regulatory cells (Table 1).

3. Vaccination using cells or molecules involved in the immune response
3.1 Anti-idiotypic antibodies

Autoreactive T cells and antibodies are found at low levels in normal individuals and are
thought to be kept at bay by regulatory T cells and a network of idiotypic and anti-idiotype-
bearing antigen receptors on lymphocytes, as well as idiotypic and anti-idiotypic antibodies.
Disruption of this network by genetic, environmental and 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 immunological homeostasis. In practice,
however, this is not an easy task, as most autoimmune diseases involve polyclonal responses
to self-antigen as well as epitope spreading [59,60].

The authors have shown that ‘vaccination’ of mice with a certain idiotype prior to induction
of EAMG by Torpedo AChR led to suppression of this particular idiotype in the treated mice,
and their overall anti-AChR titres were reduced as compared with control mice [61]. However,
as active immunisation would not be considered for the treatment of MG patients, the effect
of passively transferred rabbit anti-idiotypes on EAMG was further analysed in an animal
model. Passive transfer of mAb 5.5, which is directed to the AChR binding site, induces EAMG
in chicken hatchings. Rabbit anti-idiotypic antibodies to mAb 5.5, which is directed to the
AChR binding site, were shown to prevent EAMG passively transferred by mAb 5.5 in
chickens and to reverse this disease [62].

Another model has been obtained by inducing anti-idiotypic antibodies by immunisation with
a peptide (termed RhCA 67-16) encoded by RNA complementary to the Torpedo AChR MIR.
This procedure prevented the development of EAMG in Lewis rats challenged with Torpedo
AChR [63]. A monoclonal antibody (termed TCM 240) against the RhCA 67-16 peptide was
found to recognise three different idiotypic antibodies (mAb 6, mAb 35 and mAb 198), which
were previously reported to recognise the MIR and to cause EAMG [64]. The TCM 240
antibody was found to inhibit EAMG induced passively by mAb 35 or induced actively by
immunisation with native Torpedo AChR [65]. Such findings suggest that the induction or use
of anti-idiotypic antibodies could have therapeutic effects in MG, although Verschuuren et
al. found that neonatal administration of polyclonal and monoclonal anti-idiotypic antibodies
to AChR-specific antibodies did not significantly affect the course of EAMG [66].

3.2 Manipulated dendritic cells
DCs are usually regarded as antigen-presenting cells involved in T cell activation, but DCs
also directly and indirectly affect B cell activation, antibody synthesis and isotype switching.
Link and co-workers have used in vitro manipulated DCs to investigate their potential to induce
tolerance and/or to influence the course of EAMG in rats.

DCs pulsed in vitro with AChR can mediate peripheral tolerance against rat EAMG, but do
not affect ongoing EAMG [67]. This tolerance was associated with reduced expression of B
cell-activating factor (BAFF), reduced numbers of B cells among splenic mononuclear cells
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(MNC) and a decrease in anti-AChR IgG antibody-secreting cells compared with rats injected
with medium or unpulsed DCs. Similar results were observed with DCs exposed to TGF-β1
[68].

Most importantly, DCs from EAMG rats, exposed in vitro to IL-10 and then injected
intraperitoneally, inhibited ongoing rat EAMG [69]. Rats that received such IL-10-modified
DCs had lower clinical scores, reduced body weight loss, lower numbers of anti-AChR IgG
antibody-secreting cells and lower affinity of anti-AChR antibodies, accompanied by lower
expression of CD80 and CD86, and decreased lymphocyte proliferation among lymph node
MNC as compared with control EAMG rats. Lower levels of IL-10 and IFN-γ were also found
in the supernatants of AChR-stimulated lymph node MNC cultures from the treated rats. These
results demonstrate that IL-10-modified DCs induced hyporesponsiveness by downregulating
costimulatory molecules and reduced the production of anti-AChR antibodies possibly by
inhibiting IL-10 production. These encouraging results with autologous DCs in suppressing
ongoing EAMG should be tested in clinical trials for human MG.

3.3 Anti-TCR antibodies
Most early-onset MG (EOMG) patients are females, displaying the HLA-DR3 haplotype and
presenting hyperplastic thymuses [14]. The authors demonstrated a selection bias of CD4+ T
cells expressing the Vβ5.1 T cell receptor gene in the thymus of HLA-DR3 patients with MG
[17]. Severe combined immunodeficiency (SCID) mice engrafted with MG thymic
lymphocytes present several signs of MG pathogenicity (e.g., AChR loss and complement
deposits at the muscle end plates of the chimeric mice) [70]. The treatment of these mice with
anti-Vβ5.1 antibody prevented these signs of pathogenicity. Thymic cells depleted of Vβ5.1-
positive cells in vitro before cell transfer were non-pathogenic, indicating that Vβ5.1-positive
cells are involved in the production of pathogenic autoantibodies. AChR loss in SCID mice
was prevented by targeting Vβ5.1 expressed on thymic cells from HLA-DR3 patients only,
demonstrating specificity for HLA-DR3–peptide complexes. The action of the anti-Vβ5.1
antibody involved both the in vivo depletion of Vβ5.1-expressing cells and an increase in the
IFN-γ:IL-4 ratio, pointing to an immune deviation-based mechanism. These results suggest
that T cells expressing Vβ5.1 are involved in controlling pathogenic autoantibodies in MG
patients presenting the HLA-DR3 haplotype.

In the next step, the authors searched for anti-TCR antibodies in the sera of MG patients [71].
Indeed, serum anti-TCR antibodies are involved in immune regulation directed against
pathogenic T cells in homeostatic and pathological conditions [72]. It was found that EOMG
patients had elevated IgG anti-Vβ5.1 antibodies. This increase was restricted largely to patients
with HLA-DR3 and with less severe disease, and predicted clinical improvement in follow-up
studies. Patient's sera containing anti-TCR antibodies bound specifically the native TCR on
intact Vβ5.1-expressing cells and specifically inhibited the proliferation and IFN-γ production
of purified Vβ5.1-expressing cells to alloantigens. The proliferation of a Vβ5.1-expressing T
cell clone to an AChR peptide was also inhibited by patient's sera containing anti-Vβ5.1
antibodies, indicating a regulatory function for these antibodies. This evidence of
spontaneously active anti-Vβ5.1 antibodies in EOMG patients suggests dynamic protective
immune regulation directed against the excess of pathogenic Vβ5.1-expressing T cells.

Based on these data, one could consider the development of a peptide vaccination in HLA-
DR3 MG patients, using Vβ5.1-derived peptides, which would boost the humoral response
against autoaggressive cells. This approach is more practical and has longer term effects than
those of mAbs to Vβ5.1 that would have to be humanised. Moreover, TCR peptide vaccines
would be advantageously used in combination with thymectomy. Indeed, thymectomy should
first eliminate the source of pathogenic autoreactive T cells, and the combined vaccination
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using Vβ5.1-derived peptides should rapidly eliminate the pathogenic T cells in the periphery
resulting in accelerated regression of disease signs.

In the rat model of myasthenia, Blalock and co-workers [73] obtained reversal of EAMG by
using a mAb (CTCR8) against AChR-specific T cells, which specifically recognised Vβ15-
containing TCR on T cells specific for residues 100 – 116 of the AChR α-subunit. This antibody
was found to label the cell surface of AChR100-116-specific T cell lines and clones,
immunoprecipitate the TCR from such cells and block their proliferative responses to
AChRα100-116. Interestingly, when AChR100-116-primed primary T cells were stimulated
with peptide and treated with CTCR8, there was inhibition of IFN-γ and stimulation of IL-10
production. The change in the Th1/Th2 cytokine profile was accompanied by a reduction in
AChR-specific IgG2a and IgM, with no effect on IgG1. Based on these results, CTCR8 was
tested for prophylactic and therapeutic effects in EAMG induced by immunisation with purified
native Torpedo AChR and was found to inhibit and reverse the disease. These findings suggest
that mAbs to selected TCR sequences could in the future be used for the treatment of MG and
other autoimmune diseases.

4. Vaccination using regulatory components
In the last few years, there has been a rebirth of suppressor cells as key players in immune
regulation. These T regulatory (Treg) cells have been shown to possess an enormous potential
for suppressing pathological immune responses in autoimmune diseases, transplantation and
graft-versus-host disease [74-76]. This minor CD4+ T cell subset maintains the homeostatic
equilibrium of immunity and tolerance, and expresses CD25, glucocorticoid-induced tumor
necrosis factor receptor, cytotoxic T lymphocyte antigen (CTLA)-4 and CD62L [77,78]. A
specific transcription factor, FoxP3 (Forkhead box P3), has been shown to control Treg cell
development and the expression of their suppressive phenotype [79].

4.1 Natural regulatory CD4+CD25+ T cells
The proliferation of CD4+CD25- T cells in the presence of an antigen, mitogen or anti-TCR
antibodies is suppressed when these cells are cocultured with Treg CD4+CD25+ cells [78].
Recent data indicate a functional defect of these cells in several autoimmune diseases, such as
multiple sclerosis [80], polyglandular autoimmune disease [81] and Type I diabetes [82].
Several studies analysed the frequencies of Treg CD4+CD25+ cells in human MG patients. No
defects in the number of these cells were observed [83-85]. To identify possible functional
defects in the Treg cells in MG, the authors analysed the ability of CD4+CD25+ cells from
thymuses of MG patients to inhibit the proliferation of CD4+CD25− cells. A severe functional
defect in their regulatory activity was found together with a decreased expression of Foxp3,
which is essential for Treg cell function [85]. The phenotypic analysis of CD4+CD25+

thymocytes revealed an increased number of cells with strong Fas expression in MG patients,
thought to be effector cells [21]. However, when CD4+CD25+ cells were purified according
to the level of Fas, both Fashi and Faslo thymocytes from MG patients remained unable to
suppress the proliferation of responding cells, whereas both subsets were functional in healthy
controls. These results indicate that the impaired Treg cell function is not due to contamination
by activated effector T cells, and demonstrate a severe functional impairment of thymic Treg
cells in MG disease. Thus, a vaccine to stimulate the function of Treg cells should be further
investigated as a potential therapeutic modality in MG.

Although such a therapy has not been yet tested in MG, therapeutic vaccination using
CD4+CD25+ regulatory T cells has been proposed for autoimmune diseases [86]. Induction of
Treg activity by anti-CD3 mAb therapy was demonstrated in non-obese diabetic mice and
patients with Type I diabetes [87]. Therefore, therapy based on expansion of Treg could be
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promising for MG, but there is still a need to understand the causes of Treg dysfunction in MG
in order to determine the more appropriate way for Treg manipulation.

4.2 Activation molecules
As described in Table 1, the mechanisms mediating vaccination in MG models involve a Th1
to Th2 shift or an increase of Treg responses. Similar outcomes could be obtained by interfering
with costimulatory molecules. One report shows that interference with the B7 costimulatory
signal using CTLA4Ig (a soluble CD28 receptor analogue) resulted in a profound decrease in
IL-2 production and significantly decreased lymphoproliferative responses and antibody
responses by primed lymph node cells from rats with EAMG when stimulated with AChR in
vitro, indicating that specific antigen stimulation in the presence of CTLA4Ig can induce certain
features typical of anergy [88]. The authors demonstrated the capacity of CD40L blockade to
modulate EAMG. Indeed, anti-CD40L antibodies given to rats at the chronic stage of EAMG
suppressed the clinical progression of the autoimmune process and led to a decrease in the
AChR-specific humoral response and in delayed-type hypersensitivity. The cytokine profile
of treated rats suggests that the underlying mechanism involves downregulation of AChR-
specific Th1-regulated responses accompanied by a significant upregulation of CTLA-4
expression [89].

Therefore, similar mechanisms could be obtained by immunomodulation of the immune system
with a specific antigen or irrespective of an antigen, namely by modulating cytokine networks
[90] or costimulation signalling [88,89,91]. These data raise the possibility that the mechanism
underlying these observations is not necessarily a specific blocking of the MHC–TCR
interaction, but could also result from the decrease in the activation state of the autoimmune
cells by a bystander immunosuppression [92] or by the development of a T cell response
directed to activation molecules. Such a concept has recently been proposed by Cohen in a
review [93]. In this review, Cohen argues that T cell vaccination activates Treg cells of two
different kinds:

• anti-idiotypic Treg cells, recognising specific effector clones by their unique TCR
CDR3 peptides

• anti-ergotypic Treg cells, recognising the state of activation of target effector T cells,
irrespective of their TCR specificity

It is clear that the role of Treg cells in T cell vaccination is to reduce the activation state of
activated cells, and as these activated cells in patients are at least partially specific for the
autoantigens, Treg cells would first affect these cells. Therefore, one can speculate that Treg
cells that are specific of activation-associated molecules play a major role in the regulation of
the immune and autoimmune responses. In the case of human MG, many signs of cell activation
and inflammation have been demonstrated (Table 2). Indeed, the difference between the
thymus in MG patients and in healthy controls is not due to the antigen, but appears to be
mostly due to the differences in the activation state of the thymic cells. However, the triggering
molecules inducing the high level of activation are not known (Figure 2). Even the presence
of autoreactive T cells specific for the AChR has been demonstrated in both cases. These
observations indicate that an efficient vaccine should target the activation molecules.

5. Expert opinion and conclusion
This discussion highlights the efforts made in the field of MG towards the development of
therapeutic vaccines. Many possible ways to modulate the anti-AChR autoimmune response
and to suppress ongoing disease have been tested in experimental animal models of MG. Some
of these approaches yielded promising results, which should be further carefully tested in
clinical trials. For example, the approach using DCs manipulated in vitro with cytokines
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demonstrates the efficiency of autologous DCs to treat ongoing EAMG. Clinical trials using
this type of approach should be considered, taking into account the current use of DCs in other
human pathologies such as cancers [94-96].

It should be kept in mind that not every strategy that is effective in suppressing an ongoing
disease in experimental animal models would necessarily be successful in human patients. For
example, mucosal tolerance by autoantigen-derived fragments or peptides, which was
successful in experimental autoimmune encephalomyelitis, turned out not to be effective in
human MS patients [97,98]. In spite of this failure in MS, it is worthwhile to test the potential
of mucosal tolerance with AChR fragments in MG.

Autoimmune diseases are characterised by the chronic nature of the autoimmune response. In
the case of MG, we believe that the immune response to AChR is due to chronic activation
that may be due to the functional defect in the Treg cell subset observed in MG patients [85].
If, indeed, MG patients are not able to downregulate the activation status of their T cells, a
therapy that is targeted at activation molecules could be effective.

The question is: what would be the ideal treatment for MG? Is it necessarily solely an
autoantigen-specific approach? We believe that the ideal approach should combine antigen-
specific immunotherapy together with direct, antigen-nonspecific modulation. Indeed, our data
in EAMG suggest that mucosal tolerance by an antigen-specific approach would be most
efficient when used in combination with direct modulators of the immune response, such as
agents that affect the cytokine network or the expression of costimulatory or activation
molecules.
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Figure 1.
Structure of the fetal AChR, the main autoantigen in myasthenia gravis.A. AChR is a
transmembrane glycoprotein of ∼300 kDa. Its stoichiometry is α2βγδ, and in the adult the γ-
subunit is replaced by the ε-subunit [99]. B. Topology of the α-AChR subunit. This subunit
contains residues involved in the ACh and the α-bungarotoxin binding sites, as well as the MIR
recognised by most autoantibodies. In humans, there are 2 isoforms of the α-subunit produced
by differential splicing of the exon P3A located between amino acids 58 and 59 [100]. Four
regions of each subunit span the membrane. The M2 region is believed to be an α helix and
lines the internal pore of the receptor. The M1, M3 and M4 regions contain hydrophobic
sequences, but it is not known whether they traverse the membrane as α helices. The α-subunit
includes two disulfide loops, at positions 128142 and 192193.
ACh: Acetylcholine; AChR: ACh receptor; MIR: Main immunogenic region.
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Figure 2.
Pathogenesis of MG. The coincidence of several events could explain the onset of the anti-
AChR autoimmune response that leads to MG disease: 1) the escape of autoreactive cells is
evidenced by the bias of intrathymic selection [17]; 2) the activation status of the B and T cells
were clearly shown [20,21], although the triggering event is not known. It could be an external
agent (bacterial or viral antigens), an imbalance in production of hormones (such as in
pregnancy or delivery) or a dysregulated production of neuropeptides (such as during emotional
stress). This factor could be different for each patient; 3) The autoantigen (AChR) is present
in the thymus in both normal controls and MG patients, but the inflammatory cytokines can
upregulate its expression [24,25]. As indicated above, many arguments suggest that these
events could occur in the thymus of the patients, but extrathymic events could also lead to an
anti-AChR response, as shown in animal models of MG that do not present any thymic
abnormalities.
AChR: Acetylcholine receptor; HLA: Human leukocyte antigen; MG: Myasthenia gravis.
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Figure 3.
Vaccination for myasthenia gravis. The different possible ways of blocking the cell
interactions to prevent anti-AChR antibody production are shown. Many attempts to inhibit
the anti-AChR autoimmune response have been successful in EAMG models and some of them
have been shown to be mediated through an increase of Treg activity. The direct induction or
transfer of Treg cells has not yet been tested and is indicated in the figure as a possible new
approach.
AChR: Acetylcholine receptor; APC: Antigen-presenting cell; EAMG: Experimental
autoimmune myasthenia gravis; Treg: T regulatory.
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Table 2
Factors involved in the anti-AChR autoimmune response in the MG thymus, the effector site of human MG
disease.

Normal thymus MG thymus (hyperplasia) References

Expression of AChR + + [22]
Inflammatory activity − + [25]
Expression of class II Ag + ++ [25]
Activated B cells − + [20]
AChR-specific T cells +/− + [7]
Activated T cells − + [18,21]
Regulatory cells + defective [85]

AChR: Acetylcholine receptor; MG: Myasthenia gravis.
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