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ABSTRACT Myasthenia gravis (MG) and experimental
autoimmune myasthenia gravis (EAMG) are antibody-
mediated autoimmune diseases in which the nicotinic acetyl-
choline receptor (AcChoR) is the major autoantigen. The
immune response in these diseases is heterogeneous and is
directed to a wide variety of T and B cell epitopes of AcChoR.
Candidate molecules for specific immunotherapy of MG
should, therefore, have a broad specificity. We used recom-
binant fragments of the human AcChoR, encompassing the
extracellular domain of the a-subunit, or shorter fragments
derived from it, in experiments to modulate EAMG. We have
demonstrated that intranasal administration of these recom-
binant fragments, which represent a major portion of epitopes
involved in MG, prevents the induction of EAMG in rats and
immunosuppresses an ongoing disease, as assessed by clinical
symptoms, weight loss, and muscle AcChoR content. These
effects on EAMG were accompanied by a marked reduction in
the proliferative T-cell response and IL-2 production in re-
sponse to AcChoR, in reduced anti-self AcChoR antibody
titers and in an isotype switch of AcChoR-specific antibodies,
from IgG2 to IgG1. We conclude that nasal tolerance induced
by appropriate recombinant fragments of human AcChoR is
effective in suppressing EAMG and might possibly be con-
sidered as a therapeutic modality for MG.

Myasthenia Gravis (MG) is a T cell-dependent, antibody-
mediated autoimmune disease of the neuromuscular junction
in which the nicotinic acetylcholine receptor (AcChoR) is the
major autoantigen. Experimental autoimmune MG (EAMG),
inducible in various animal species by immunization with
AcChoR or by passive transfer of anti-AcChoR antibodies, is
a reliable model of the human disease, suitable for the
investigation of therapeutic strategies (1, 2).

MG is currently treated mainly by acetylcholinesterase
inhibitors and by generalized immunosuppression. These treat-
ments have been effective for both MG and EAMG but are
often associated with severe side effects. Ideally, the treatment
should be specific and should suppress selectively the immu-
nological reactivity that leads to the neuromuscular disorder
without impairing the entire immune system (3). An earlier
successful attempt for antigen-specific immunotherapy of
EAMG was by the use of a nonpathogenic denatured prepa-
ration of AcChoR (4), which could both prevent the induction
of EAMG in rabbits and immunosuppress ongoing disease.

The immune response to AcChoR is highly heterogeneous,
and a wide variety of T and B cell epitopes have been defined
in MG and EAMG (5, 6). Thus, the search for new molecules
suitable for treatment of MG should deal with this heteroge-
neity. Candidate molecules for antigen-specific immunother-
apy of MG should share specificities with the native antigen

without being pathogenic and should be available in sufficient
amounts. Another consideration is their route of administra-
tion, which should be easy and safe.

The extracellular portion of the AcChoR a-subunit is the
target for the majority of the anti-AcChoR antibodies in MG
sera (7). Recombinant proteins corresponding to this region
encompass many T and B cell epitopes and can be prepared in
large amounts. They therefore represent a potential substitute
for the entire antigen, for immunotherapy studies. We have
recently shown that recombinant fragments of the extracellular
domain of the human AcChoR a-subunit are able to protect
AcChoR, in the human cell line TE671 that expresses muscle
nicotinic AcChoR, from accelerated degradation induced by
monoclonal or polyclonal AcChoR-specific antibodies. More-
over, such recombinant fragments were able to attenuate
EAMG passively transferred by pathogenic monoclonal anti-
AcChoR antibodies (8, 9).

The observation that mucosal delivery of antigens can
induce a state of peripheral immunological tolerance opens
new opportunities to investigate antigen-specific immuno-
modulation of autoimmune diseases. The nasal route for
administration of a tolerogen might be especially attractive
because it is effective in very low doses and avoids gastric
proteolytic degradation of the antigen. There have been some
recent studies on oral and nasal administration of Torpedo
AcChoR for immunomodulation of EAMG (10–12). How-
ever, Torpedo AcChoR would not be suitable for the treat-
ment of human MG because it is from an allogeneic origin, is
highly myasthenogenic, and is available in limited amounts.

In this study, we demonstrate that nasal administration of
recombinant fragments of the extracellular domain of the
human AcChoR a-subunit prevents the onset of EAMG and
immunosuppresses an ongoing disease. These results suggest
that such recombinant AcChoR fragments can be potentially
suitable for antigen-specific immunomodulation of human
myasthenia.

MATERIALS AND METHODS

Antigens. Torpedo AcChoR used for immunizations and in
vitro studies was purified from Torpedo electroplax as de-
scribed (13). Recombinant fragments of the human AcChoR
a-subunit were prepared and characterized as reported (8). All
recombinant fragments were synthesized by PCR on cDNA
prepared from total RNA of TE671 cells, which express human
muscle type AcChoR (14). The fragments produced were
Ha1-210, corresponding to the entire extracellular domain of
the human AcChoR a-subunit, Ha1-121, and Ha122-210.
Ha1-121 and Ha1-210 included the p3A exon-encoded region
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(15) in their preparation, and all three fragments were ex-
pressed as fusion proteins with glutathione S-transferase
(GST) (8).

Induction of EAMG and Clinical Evaluation. Female Lewis
rats, 6–7 weeks of age, were injected once in the hind foot pads
with 40 mg of Torpedo AcChoR emulsified in complete
Freund’s adjuvant containing 1 mgyrat Mycobacterium tuber-
culosis (Difco). EAMG was evaluated as follows: grade 0, no
weakness or fatigability; grade 1, weak grip and fatigability;
grade 2, weakness, hunched posture at rest, decreased body
weight, tremolousness; grade 3, severe weakness, marked
decrease in body weight, moribund; grade 4: dead. Animals
were weighed and evaluated weekly up to 7–9 weeks after
immunization with Torpedo AcChoR. AcChoR content was
measured in muscle extracts from treated and control rats as
reported (16).

Induction of Nasal Tolerance. Tolerization with AcChoR
fragments was performed either before, during, or after im-
munization with Torpedo AcChoR. Rats were treated intra-
nasally with the recombinant AcChoR fragments for 12 con-
secutive days, starting 15 days before, 6 days before, 3 days
after, or 7 days after immunization with Torpedo AcChoR (40
mg per rat, in complete Freund’s adjuvant) (Fig. 1). The
amount of recombinant protein per dose was 5 mg (dissolved
in 60 ml Tris buffer, 30 ml per nostril) for all of the treatment
protocols adopted. Control animals were treated with GST or
with ovalbumin (5 mg per dose), as indicated.

Lymphocyte Proliferation Assay. Lymphocyte proliferation
assay on cultures of mononuclear cells from draining lymph
nodes at the sites of AcChoR immunization was established
essentially as described by Melamed and Friedman (17).
Proliferation was assessed by measuring [3H] thymidine incor-
poration during the last 24 hr of a 4-day culture period. Results
are expressed as Dcpm (obtained by subtraction of background
of unstimulated cultures from that of stimulated lymph node
cells).

IL-2 Assay. The presence of IL-2 in supernatants from
lymph node cells cultures after a 24-hr incubation with the
indicated antigens was evaluated by their ability to support the
proliferation of the IL-2-dependent CTLD cell line, essentially

as described by Aharoni et al. (18). Results are expressed as
Dcpm.

Antibody and Isotype Assays. Antibodies against Torpedo
AcChoR and recombinant Ha1-210 were assayed by ELISA,
essentially as described (8). Bound antibodies were detected by
alkaline phosphatase-conjugated goat anti-rat IgG followed by
measuring the enzymatic activity of alkaline phosphatase. For
assaying the various isotypes (IgG1, IgG2a, IgG2b, and IgG2c),
the tested antibodies, which had been absorbed to Ha1-210-
coated wells, first were reacted with biotinylated mouse mono-
clonal antibodies to rat IgG1, IgG2a, IgG2b, and IgG2c
(Caltag, Burlingame, CA), for 1 hr at room temperature and,
after washing, were reacted with alkaline phosphatase-
conjugated Extravidin (Sigma). Results are expressed as OD at
405 nm.

Antibodies to rat AcChoR were measured by reacting the
tested antibody with crude rat denervated muscle extract in
which the AcChoR had been specifically labeled with I125-a-
bungarotoxin, as described (16). Results are expressed as
nanomoles of antibodyyliter of serum.

RESULTS

Prevention of EAMG by Nasal Pretreatment with Recom-
binant Fragments. Three recombinant fragments were used in
this study: the entire extracellular domain of the human
AcChoR a-subunit (Ha1-210) and two shorter fragments
derived from it, Ha1-121 and Ha122-210, containing the main
immunogenic region (19) and the ligand binding regions,
respectively. All three fragments were expressed as fusion
proteins with GST (8). For nasal pretreatment (see Fig. 1, first
protocol), the fragments were administered daily for 12 con-
secutive days, each with 5 mg of fragmentyrat. Control rats
were administered with GST. Two days after the last intranasal
application, rats were immunized with Torpedo AcChoR, for
induction of EAMG, and were followed for 8 weeks. As shown

FIG. 1. Protocols for nasal administration. The black ellipses below
the time scale each represent a daily intranasal administration on the
specified days. The arrows on day 0 represent immunization with
Torpedo AcChoR to induce EAMG. FIG. 2. Mean EAMG scores at 2, 4, 6, and 8 weeks after immu-

nization with Torpedo AcChoR in rats pretreated nasally with differ-
ent recombinant fragments of the AcChoR a-subunit. p, P , 0.001; pp,
P , 0.005 according to Student’s t test, when compared with the
control group.

Table 1. Prevention of EAMG by intranasal treatment with AChoR fragments

Treatment

Clinical score, no.ytotal*

Healthy rats, % D weight 3–7 weeks, g

AChoR content†

0 1 2 3 4 fmolymg protein %

Control vehicle, GST 0y10 2y10 2y10 4y10 2y10 0 212.8 6 9.2 17.5 6 4.1 44
Ha122-210 3y9 3y9 1y9 1y9 1y9 33 19.2 6 8.6 14.9 6 1.7 38
Ha1-121 5y9 1y9 2y9 0y9 1y9 56 113.6 6 2.5 29.6 6 4.5 75
Ha1-210 6y9 1y9 1y9 0y9 1y9 67 115.0 6 6.3 35.0 6 3.4 89

*Evaluated 8 weeks after the induction of EAMG.
†Muscle AChoR content in normal age matched rats was 39.5 6 2.5 fmolymg protein and was referred to as the 100% value for this experiment.
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in Table 1 and Fig. 2, significant protection against EAMG was
observed in rats pretreated with either of the AcChoR frag-
ments. At all times tested, the mean clinical score of EAMG
in the groups pretreated with each of the AcChoR fragments
was lower than that in the control myasthenic group pretreated
with GST (Fig. 2). Eight weeks after induction of EAMG, all
10 rats in the control GST-pretreated group had clinical
symptoms of EAMG (two died) whereas 67, 56, and 33% of
rats in the groups pretreated with Ha1-210, Ha1-121, and
Ha122-210, respectively, were completely protected and did
not exhibit any symptoms of EAMG (Table 1).

In addition to the clinical evaluation of EAMG, the body
weight of the rats and their muscle AcChoR content were
followed. Rats with EAMG were usually losing weight, prob-
ably because of difficulty reaching food and chewing and
swallowing it, because of muscle weakness. Indeed, rats in the
control group lost 12.8 6 9.2 g per rat, between 3 and 7 weeks
after induction of EAMG, whereas rats in the groups pre-
treated intranasally with Ha1-210, Ha1-121, or Ha122-210
gained 15.0 6 6.3, 13.6 6 2.5, and 9.2 6 8.6 g per rat,
respectively, during this period (Table 1).

The analysis of AcChoR content in the various groups
verified the protective effect of Ha1-210 and Ha1-121. Rats
with EAMG, in the control GST-treated group, lost '56% of
their muscle AcChoR content, as reported (20). On the other

hand, there was only a small loss in AcChoR content in rats
pretreated with Ha1-210 or Ha1-121 (11 and 25%, respec-
tively). It should be noted that rats pretreated with Ha122-210
exhibited a level of AcChoR loss similar to that of the rats in
the control GST-pretreated group, although the clinical score
and body weight assessments indicated a protective effect for
this fragment as well.

Because the main immunogenic region-containing frag-
ments Ha1-210 and Ha1-121 seemed to have a stronger
protective effect than Ha122-210, the following experiments
were performed with either Ha1-210 and Ha1-121 or with
Ha1-210 only. To get some insight concerning the mode of
action of intranasal pretreatment with AcChoR fragments, the
effects on AcChoR-specific cellular and humoral immune
responses were investigated. There was a marked reduction in
the proliferative T-cell response (Fig. 3A) and IL-2 production
(Fig. 3B) in response to AcChoR in rats pretreated with either
Ha1-210 or Ha1-121. There was also a decrease of up to 40%
in the antibody levels against either Ha1-210 or rat muscle

FIG. 3. Effect of nasal pretreatment with recombinant fragments
Ha1-210 and Ha1-121 on in vitro T cell proliferation (A) and on IL-2
production (B) in response to Torpedo AcChoR (0.25 mgyml). Assays
were performed on cells from lymph nodes of individual rats removed
8 weeks after immunization with Torpedo AcChoR, from fragment-
treated and control (GST-treated) animals. In vitro T cell responses to
Con A were similar in treated and control groups. p, P , 0.001 when
compared with the control group.

FIG. 4. Antibody levels to Ha1-210 (A) and rat AcChoR (B) in
pooled sera from rats pretreated with Ha1-210 or with control vehicle
(GST) at 4 and 8 weeks after immunization with AcChoR. This
experiment was repeated three times, and the figure represents one
typical experiment.
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AcChoR in the Ha1-210-pretreated group 4 or 8 weeks after
immunization with Torpedo AcChoR (Fig. 4).

To elucidate the mechanism of the protective effect on
EAMG after the intranasal pretreatment, an adoptive transfer
experiment was performed. Rats were treated intranasally
with Ha1-210 for 12 consecutive days, each with 5 mg of
fragmentyrat. Spleen cells from the intranasally treated rats
were injected i.p. into naive rats (100 3 106 spleen cells per
rat). After the adoptive transfer, the rats were injected with
Torpedo AcChoR for induction of EAMG. Only 5 of the 12
recipient rats (41%) exhibited symptoms of EAMG 8 weeks
after AcChoR injection. All rats in the control groups that
received normal spleen cells or spleen cells from rats treated
intranasally with BSA were sick or dead at this time (7y7 and
6y6, respectively). These results suggest the involvement of
active suppression in the protective effect of nasal tolerance
induced by the recombinant fragments.

Therapeutic Effect on EAMG by Nasal Treatment with
Ha1-210. Because the ultimate goal is to treat an ongoing
disease rather than preventing its onset, we studied the
immunomodulatory effect of intranasal treatment with Ha1-
210 when given closer to EAMG induction or after it. We
began a regimen of nasal treatment with Ha1-210, similar to
the one used for the prevention experiments but starting 5
days before and 3 or 7 days after the induction of EAMG by
Torpedo AcChoR (Fig. 1). It should be noted that, on day 7
after AcChoR immunization, most rats display clinical symp-
toms associated with the first, acute phase of EAMG (21). A
suppressive effect on EAMG was observed in all three
treatment protocols (Table 2), though the therapeutic effect
was lower when nasal treatments were initiated on days 3 or
7 after immunization with AcChoR. Among the rats in the
latter two groups, 40 and 30%, respectively, of the rats
remained healthy for at least 8 weeks after AcChoR admin-
istration. The other rats in these groups had a milder
manifestation of EAMG when compared with the rats in the
control ovalbumin-treated group. The effect on clinical
manifestation was corroborated by the AcChoR content
(Table 2) and change in body weight (data not shown). In
further recent experiments, we observed that suppression of
EAMG has been maintained for at least 3 months after nasal
treatment at the acute phase.

The suppressive effect of the nasal treatments with Ha1-210,
starting on days 25, 13, or 17 from AcChoR administration,
was accompanied by a reduction in anti-self AcChoR antibody
titer (40–80% in the various groups when assayed 4 or 8 weeks
after immunization with AcChoR) (Fig. 5A) and by a marked
decrease in lymphoproliferative responses to AcChoR (Fig.
5B).

To find out whether the therapeutic effect is accompanied
by a switch in IgG isotypes, sera of rats treated with Ha1-210,
starting 7 days after disease induction, were analyzed for their
anti-AcChoR IgG isotypes (Fig. 6). The homology between the
human AcChoR-derived fragment Ha1-210 and its rat ho-
molog is 96%. We have monitored antibodies directed to
Ha1-210 that can represent the antibody response toward self
rat muscle AcChoR. As depicted in Fig. 6, total IgG levels were
lower in the Ha1-210-treated group throughout the 8 weeks of

follow-up. Of interest, IgG1 levels in the Ha1-210-treated
group increased with time whereas IgG2b and IgG2c remained
low in these rats but increased in the control, ovalbumin-
treated group. This switch in isotype profile after nasal treat-
ment may reflect a down-regulation of Th1 cells and up-
regulation of Th2 cells (22).

DISCUSSION

Antigen-specific inhibition of an autoimmune response is one
of the principal goals of research in autoimmunity. Mucosal
administration of antigens, either by the oral or nasal route,
induces a protective immune response and results in a state of

Table 2. Intranasal therapy of EAMG by AChR fragments

Treatment

Clinical score, no.ytotal*

Healthy rats, %

AChoR content†

0 1 2 3 4 fmolymg protein %

Control vehicle (ovalbumin; day 13 to 114) 0y10 2y10 4y10 3y10 1y10 0 11.2 6 1.3 32
Day 25 to 16 5y6 1y6 83 21.7 6 5.8 63
Day 13 to 114 2y5 2y5 1y5 40 27.3 6 10.2 79
Day 17 to 118 3y10 3y10 3y10 1y10 30 27.4 6 8.5 79

*Evaluated 8 weeks after the induction of EAMG.
†Muscle AChoR content in normal age matched rats was 34.2 6 8.5 fmolsymg protein and was referred to as the 100% value for this experiment.

FIG. 5. Effect of nasal treatment with Ha1-210, according to
different protocols, on anti-rat AcChoR antibodies 4 and 8 weeks after
immunization with AcChoR (A) and on T-cell proliferative responses
to Torpedo AcChoR (B), 8 weeks after immunization. p, P , 0.001;
pp, P , 0.005 when compared with the control group. The figure
represents results of one typical experiment of three experiments
performed.
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peripheral immunological tolerance. Indeed, mucosal toler-
ance has been successfully applied in several models of cell-
mediated autoimmune diseases (23, 24). EAMG offers a
unique opportunity to study the induction of tolerance by
mucosal exposure in an antibody-mediated model in which the
target autoantigen and its major antigenic epitopes have been
well characterized. A caveat to this approach, however, is the
possible priming effect exerted by the antigen used for toler-
ization, especially in the case of a highly immunogenic antigen
as AcChoR.

There have been some recent reports on modulation of
EAMG induction in rats by oral or nasal administration of
the entire AcChoR molecule purified from the Torpedo
electric organ (10–12). However, in some of these experi-
ments, antibodies to Torpedo and rat self-AcChoR were
markedly increased, and antigen-specific T cell responses
were not suppressed (25). The potential expansion of acti-
vated autoreactive T cells by the antigen used for tolerization
of an ongoing disease must not be underestimated. Indeed,
enhancement of the autoimmune response after tolerization
has been reported recently in a marmoset model of exper-
imental allergic encephalomyelitis (26) and in a murine
model of diabetes (27). These observations suggest that
treatment of an ongoing autoimmune disease may require a
syngeneic modified antigen with reduced immunogenic po-
tential like the recombinant fragments used in this study. In
addition, such fragments corresponding to the human Ac-
ChoR can be available in large amounts needed for the long
term treatment of MG patients.

The nonpathogenicity of the tolerizing antigen is a key factor
for its potential application as a therapeutic agent. There have
been some reports on the induction of EAMG symptoms in
rats after active immunization with either the recombinant
extracellular domain or with the entire recombinant a-subunit
(28, 29). We observed mild signs of EAMG in only one of six
rats immunized in complete Freund’s adjuvant with high doses
(500 mgyrat) of Ha1-210. No signs of EAMG were observed
in rats immunized with lower doses of Ha1-210. On the other
hand, we did not observe any signs of EAMG in rats followed
up to a minimum of 3 months after repeated nasal adminis-

trations of Ha1-210 alone. Moreover, antibodies to either
Ha1-210 or to Torpedo AcChoR were not detected in sera
from these animals.

The detailed mechanism of the suppressive effect by the
intranasal treatment with AcChoR fragments is still not
worked out. Clinical findings correlated nicely with the in vitro
studies. T-cell responses were markedly suppressed in nasally
treated animals. The suppression of IL-2 production suggests
down-regulation of Th1 cells in this model. Further experi-
ments to evaluate other Th1 and Th2 cytokines are underway.
The increase in IgG1 in treated rats (Fig. 6) suggests an isotype
switch from a Th1 to a Th2 T-cell response. Adoptive transfer
experiments with splenocytes from nasally treated rats suggest
that there is a component of active suppression in the tolerizing
effect of the recombinant fragments. A more detailed analysis
is required to identify the exact cell type(s) involved in this
suppression. In conclusion, we have demonstrated that nasal
tolerance induced by nonpathogenic recombinant fragments
of human AcChoR is efficient and safe in suppressing EAMG
and might be considered for application in the treatment of
human MG.
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