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Abstract
Objective—Myasthenia gravis (MG) and its animal model, experimental autoimmune
myasthenia gravis (EAMG), are antibody-mediated autoimmune diseases, in which autoantibodies
bind to and cause loss of muscle nicotinic acetylcholine receptors (AChRs) at the neuromuscular
junction. To develop a specific immunotherapy of MG, we treated rats with ongoing EAMG by
intraperitoneal injection of bacterially-expressed human muscle AChR constructs.

Methods—Rats with ongoing EAMG received intraperitoneal treatment with the constructs
weekly for 5 weeks beginning after the acute phase. Autoantibody concentration, subclassification,
and specificity were analyzed to address underlying therapeutic mechanism.

Results—EAMG was specifically suppressed by diverting autoantibody production away from
pathologically relevant specificities directed at epitopes on the extracellular surface of muscle
AChRs toward pathologically irrelevant epitopes on the cytoplasmic domain. A mixture of subunit
cytoplasmic domains was more effective than a mixture containing both extracellular and
cytoplasmic domains or than only the extracellular domain of α1 subunits.

Interpretation—Therapy using only cytoplasmic domains, which lack pathologically relevant
epitopes, avoids the potential liability of boosting the pathological response. Use of a mixture of
bacterially-expressed human muscle AChR cytoplasmic domains for antigen-specific
immunosuppression of myasthenia gravis has the potential to be specific, robust, and safe.

Introduction
Myathenia gravis (MG) is mediated by autoantibodies to skeletal muscle nicotinic
acetylcholine receptors (AChRs).1–3 Experimental autoimmune MG (EAMG) can be
induced by immunization with AChRs from fish electric organs.2, 4

AChRs are formed by 5 homologous subunits organized around the central cation channel in
the order α1γα1δβ1 in fetal muscle.5 In the adult, γ is replaced byε. Each subunit has an N-
terminal extracellular domain of about 210 amino acids followed by four transmembrane
domains (M1–M4). Between M3 and M4 is a large cytoplasmic domain of 112 to 151 amino
acids. After M4 is a short extracellular tail. The main immunogenic region (MIR) at the
extracellular tip ofα1 subunits is targeted by more than half of MG autoantibodies.6–9
Immunization with native AChR produces antibodies predominantly to the extracellular
surface, while immunization with denatured AChR produces antibodies predominantly to
cytoplasmic domains.10
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Neuromuscular transmission in MG and EAMG is impaired primarily by loss of AChRs and
disruption of postsynaptic membrane morphology.1, 2 Acute and passively transferred
EAMG result from antibody bound to the muscle postsynaptic membrane triggering a
complement-dependent attack by macrophages.2 Chronic EAMG involves only
autoantibodies and complement in the attack on the postsynaptic membrane.2

MG is a chronic affliction.11, 12 Symptomatic therapy uses inhibitors of ACh esterase.
Thymectomy, plasmapheresis, intravenous immunoglobulin, and non-specific
immunosuppressive drugs are often used. There is no specific immunosuppressive therapy.

Immunization with denatured Torpedo AChR can prevent and suppress EAMG.13, 14 Both
systemic, oral, and nasal administration of antigens can induce tolerance.15–17 Mucosal
therapy with either native AChR, denatured subunit fragments, or short synthetic subunit
sequences inhibits the onset of EAMG.18–24 Suppression of ongoing EAMG is more
difficult.

Ongoing EAMG can be reduced by oral administration of bacterially-expressed human or
rat AChR α1 extracellular domains.25 This is thought to result from suppression of the
autoimmune response by regulatory T lymphocytes. Antigen therapy risks inducing
autoimmunity rather than suppressing it.17, 26

We discovered that intraperitoneal (i.p.) treatment with a mixture of bacterially-expressed
human α1, β1, γ, δ, and ε subunit extracellular and cytoplasmic domains potently suppresses
ongoing EAMG.27 Constructs containing only cytoplasmic domains were even more
effective. The therapeutic mechanism is shifting specificities of autoantibodies from
pathologically relevant epitopes on the extracellular surface to pathologically irrelevant
epitopes on the cytoplasmic surface, rather than suppression of the autoimmune response.
This new approach may provide a robust and safe strategy for antigen-specific
immunotherapy of MG.

Materials and Methods
Induction of EAMG

Eight-week-old female Lewis rats (Charles River, Wilmington, MA) were used. All studies
were approved by the Institutional Animal Care and Use Committee (IACUC) of the
University of Pennsylvania. Rats were immunized once in the base of the tail by the
subcutaneous (s.c.) injection of purified Torpedo AChR emulsified in TiterMax adjuvant
(CytRx, Norcross, GA).28 Weakness was graded as described previously.29

Antigen preparation
Transmembrane domains were deleted from human AChR subunit constructs because these
contain few T-cell epitopes30 and interfered with bacterial expression.21 Sequences forming
each construct are shown in Table 1. Construction and purification are described in
Supplementary Methods.

Antibody assay
Antibodies to AChRs were measured by immunoprecipitation of 125I-α bungarotoxin(125I-
αBgt) labeled AChRs, and expressed as nmol of toxin binding sites/L serum (nM).

ELISA
Antibodies to the bacterially-expressed subunit constructs were assayed by ELISA.
Microtiter plates (Corning, Lowell, MA) were coated overnight at room temperature with
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100μl of constructs (20μg/ml in 0.1 M sodium carbonate buffer, pH 9.6). After blocking
with 3% BSA and washing, serially diluted EAMG rat sera were added for 2 h at 37°C.
Bound antibodies were detected using biotinylated goat anti-rat IgG and horseradish
peroxidase (HRP) labeled streptavidin (Kirkegaard & Perry Laboratory, Gaithersburg, MD).
HRP activity was measured with QuantaBlu Fluorogenic Peroxidase Substrate Kit (Pierce,
Rockford, IL). Titer was defined as the dilution that gave half-maximal binding.

IgG isotyping
Rat muscle AChRs labeled with 4 nM biotinylated αBgt (Invitrogen, Carlsbad, CA) were
incubated at 4°C overnight with EAMG sera at a dilution of 1/640. Subsequently, 100 μl/
well were added to Reacti-Bind Streptavidin High Binding Capacity Coated Plates (Pierce,
Rockford, IL) and incubated at room temperature for 4 h. After four washes, HRP
conjugated goat antisera to rat IgG isotypes (Bethyl Laboratories, Montgomery, TX) diluted
1/1000 in phosphate buffered saline (PBS), pH7.4, were added for 1 h at 37°C. Bound
antibodies were detected using the QuantaBlu Fluorogenic Peroxidase Substrate Kit (Pierce,
Rockford, IL).

Statistics
Student’s two tailed t-test was used to determine the significance of differences between
group means.

Results
Suppression of ongoing EAMG by i.p. administration of a mixture of human muscle AChR
subunit constructs

Rats immunized repeatedly with these bacterially-expressed human muscle AChR subunit
constructs in TiterMax adjuvant developed high titers of antibodies to rat muscle AChR, but
did not develop EAMG.21 Oral treatment of rats with the subunit mixture prevented
induction of EAMG, and modestly reduced the severity of ongoing EAMG.21 Nasal
treatment with the subunit mixture was very potent at preventing EAMG, but ineffective at
suppressing ongoing EAMG.

Administration of the subunit mixture i.p. suppressed ongoing EAMG more effectively than
oral administration. Therapy was initiated on day 14, after the acute phase of EAMG. The
acute phase provided a useful control showing that treated and untreated rats were equally
affected prior to therapy. Treatment with 5 mg/dose of the subunit mixture substantially
suppressed clinical symptoms (Fig 1). Seven weeks after induction of EAMG, the mean
clinical score of rats treated with the subunit mixture was reduced to 0.64 compared to 2.5
for untreated EAMG rats (Fig 1A). In contrast, no substantial suppression of EAMG was
observed after similar treatment with either an irrelevant protein, ovalbumin (OVA), or an
α4 neuronal AChR subunit construct (Fig 2A). This indicates that suppression of EAMG
was antigen-specific. The extracellular domain 1–209 of human muscle AChR α1 subunits
(α1-ECD) was not effective (Fig 2A). Doses of 5 mg were more effective than 1 or 2 mg
(Fig 3).

Treatment with the AChR subunit mixture diverted autoantibody specificities towards
pathologically irrelevant epitopes in the cytoplasmic domain

Rats treated with 5 mg doses of the subunit mixture had significantly decreased antibody
titer to rat muscle AChR (116 nM as compared with 222 nM in EAMG rats in Fig 4A).
Treatment with α1-ECD did not decrease the titer to rat AChR, consistent with its lack of
effect on weakness. Treatment with 1 or 2 mg doses of the subunit mixture also did not
reduce the titer to rat AChRs, although these treatments significantly reduced weakness (Fig
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4A). Rats treated with 5 mg doses of OVA, which received no protection against EAMG,
had the same level of autoantibody titer (118 nM) as those treated with 5 mg doses of the
subunit mixture. Thus, measure of antibody titer to rat muscle AChR, including both
antibodies to extracellular and cytoplasmic domains, did not precisely predict the clinical
state of the rats. There must have been changes in specificities of autoantibodies from
pathogenic to nonpathogenic epitopes, or in isotype from complement fixing to non-fixing.

Treatment with the subunit constructs produced large amounts of antibodies to those
constructs (Fig 4B). Treatment of EAMG with i.p. α1-ECD greatly increased titer to α1-
ECD (14 fold), and increased titer to the subunit constructs which included α1 extracellular
domains (3.4 fold). Treatment with the subunit mixture greatly (7.9 fold) increased the
response to the subunit constructs, with little effect on the response to α1-ECD. Antibodies
from rats treated with α1-ECD reacted equally well with α1-ECD and the subunit constructs,
since the α1 subunits among these subunit constructs also contained the α1 extracellular
domain. However, antibodies from rats treated with the subunit mixture bound poorly to α1-
ECD. This indicates that antibodies from rats treated with the denatured subunit mixture
were mainly directed against cytoplasmic domains, as expected.10

Immunogenicity of the i.p. subunit mixture was tested by treating rats which received a
control OVA immunization. Without initial immunization with Torpedo AChR, treatment
with the subunit mixture produced markedly lower antibody titers to both rat muscle AChR
(< 18%, Fig 4A) and the subunit constructs (< 4%, Fig 4B) than successfully treated EAMG.
This indicates that the large antibody response provoked by treatment of rats with EAMG
with the subunit mixture depended on boosting their response to the cytoplasmic domains
already primed by immunization with Torpedo AChR.

The markedly decreased autoantibody titer to native rat AChR in rats treated with the
subunit mixture (Fig 4A), combined with the greatly boosted antibody response to the
subunit constructs in these rats (Fig 4B), indicates that the autoimmune response was
predominantly redirected to denatured subunits rather than native AChR. This can be
explained by the loss of highly immunogenic pathologically significant epitopes which are
conformation-dependent (like the MIR7) in these subunit constructs and the exposure of
pathologically irrelevant epitopes, which are inaccessible in native AChRs.

Sera from successfully treated rats were much less effective at passive transfer
Sera from rats treated with the subunit mixture had little ability to passively transfer EAMG
when compared to those of untreated EAMG rats (Fig 5). Sera from successfully treated
rats, for equal amounts of antibodies to rat muscle AChRs, contained fewer pathologically
significant autoantibodies.

Treatment with cytoplasmic domain constructs was more effective
If diversion of the autoimmune response towards cytoplasmic domains were the primary
mechanism by which this therapeutic approach suppresses EAMG, the use of only
cytoplasmic domains should be at least as effective as the use of whole subunit constructs.

Treatment with a mixture of the cytoplasmic domain constructs (Table 1) was more potent
in suppressing ongoing EAMG than treatment with the subunit mixture by measures of
clinical state, weight loss, death rate, and EAMG incidence (Fig 6 and Table 2). Seven
weeks after disease induction, all twelve untreated EAMG rats got sick, and six died of
EAMG (mean clinical score 2.92). In the group treated with the subunit mixture, five out of
twelve were healthy and none died (mean clinical score 1.05). In the group treated with the
cytoplasmic domain mixture, eight out of eleven did not show any symptoms of EAMG, and
none died (mean clinical score 0.50). Untreated EAMG rats lost 25% of body weight, as
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compared to an 11% loss in those treated with subunit mixture or an 8% loss in those treated
with the cytoplasmic domain mixture. Treatment with 5 mg doses of the cytoplasmic
domain mixture was the most beneficial, but a dose of only 0.5 mg of cytoplasmic domains
prevented all death from EAMG (0/6 deaths in treated rats, versus 4/6 deaths in untreated
rats).

Treatment with the cytoplasmic domain mixture was accompanied by a shift of AChR-
specific antibody isotypes

There was a 55% decrease in antibodies to native rat muscle AChR in rats treated with the
cytoplasmic domain mixture (29 nM as compared with 65 nM in untreated EAMG rats at
day 49). Rats treated with the subunit mixture had slightly decreased antibody titer to rat
muscle AChR (54 nM) (Fig 7A).

Therapy moderately shifted the AChR-specific IgG isotype profile in sera (Fig 7B). Limited
changes in proportions of IgG1 and IgG2 isotypes (14% in the rats treated with the subunit
mixture and 9% in those treated with the cytoplasmic mixture) were not sufficient to account
for the extent of suppression of EAMG in the treated rats (see Supplementary Text for
further details).

Treatment with the cytoplasmic domain mixture shifted autoantibody specificities toward
cytoplasmic domains

Treatment with the subunit mixture greatly increased titers to the whole subunit mixture (25
fold) and somewhat less (10 fold) to the cytoplasmic domain mixture (Fig 7C). The increase
in autoantibodies to subunit constructs, in excess of the response to cytoplasmic domains,
must be largely directed at buried pathologically irrelevant epitopes because the titer to
native AChRs decreased. The extent of increase in response to α1 extracellular domains was
less (6 fold). Thus, the response was greatly increased to the cytoplasmic domains, but the
subunit constructs had the liability of also increasing the response to extracellular domains,
which could form pathologically relevant epitopes.

Treatment with the cytoplasmic domain mixture increased titer only to the subunit and
cytoplasmic domain mixture, and reduced the titer to the α1-ECD by 57% with respect to
untreated EAMG (from titer 2480 to 1070) (Fig 7C). Thus, in rats treated only with
cytoplasmic domains, the autoantibody response was diverted from the extracellular domain
in untreated EAMG rats to the cytoplasmic domain.

Competitive inhibition of binding of rat sera to native muscle AChR by the cytoplasmic
constructs gave an estimate of the minimum amounts of autoantibodies directed to
cytoplasmic domains. Successful therapy significantly increased the fraction of
autoantibodies specific for cytoplasmic domains (Fig 7D).

Therapy with the cytoplasmic domains reduced pathologically significant autoantibodies
The amount of pathologically significant autoantibodies capable of causing antigenic
modulation was analyzed on TE671 cells (Fig 8). Treatment with the subunit mixture caused
54% loss of pathologically significant autoantibodies, while treatment with the same doses
of the cytoplasmic domain mixture resulted in a 71% loss. These large losses of pathogenic
autoantibody specificities can be explained by diversion of the autoimmune response toward
pathologically irrelevant cytoplasmic epitopes.
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Discussion
Treatment of autoimmune diseases usually involves non-specific immunosuppressants,
which may suppress desirable responses and cause serious side effects.11, 12, 31 An ideal
specific immunosuppressive therapy would suppress only responses to pathologically
significant epitopes. Autoantigen therapy risks exacerbation rather than improvement of the
disease.17, 26, 32 Therapies which depend on a particular epitope might be successful in a
model disease using an inbred animal and lost on translation to the disease in an outbred
human population, or the animal model might not adequately model the human disease.33

Here we demonstrated that i.p. injection of bacterially-expressed human AChR cytoplasmic
domain constructs is effective therapy for ongoing EAMG by diverting the autoimmune
response from pathologically significant epitopes on the extracellular domains of muscle
AChRs to pathologically irrelevant epitopes in their cytoplasmic domains. Treatment with
constructs from α1, β1, γ, δ, and ε subunits is robust because many epitopes are involved.
Treatment with only cytoplasmic domains is incrementally more potent than constructs
containing extracellular sequences by many measures: clinical state, weight loss, death rate,
EAMG incidence, reduction in titer to muscle AChR, and reduction in antigenic modulation.
This is because there is no possibility of competing stimulation of responses to
pathologically significant extracellular epitopes like the MIR, only diversion to
pathologically irrelevant epitopes. Treatment with only cytoplasmic domains is safer
because no potentially pathologically significant sequences are used, thereby avoiding the
potential for damaging epitope spreading.

Explanation of the mechanisms by which i.p. treatment with denatured AChR subunits
reduces the pathological autoantibody response involves four concepts: 1) The therapeutic
immunogen must be contiguous with the disease-inducing immunogen (or perhaps have
been in the initial depot with it), because irrelevant (OVA) or distantly related (α4)
immunogens were not therapeutically effective. 2) There must be an endogenous limit on
the total autoantibody response which causes a net decrease in response to pathological
epitopes when the response to irrelevant epitopes is boosted with more antigen. 3) Large
antibody responses to therapeutic immunogen given i.p. were observed only in rats already
primed through immunization with native AChR in adjuvant. 4) T helper lymphocytes
stimulated near the depot of AChR and adjuvant which induced EAMG might be
responsible for: a) the boosted response to therapeutic antigen in rats with EAMG compared
to adjuvant controls, b) part of the limitation on the total autoantibody response, and c) the
requirement for muscle AChR antigen for therapy. In our experiments Torpedo AChR was
used to induce EAMG in rats (through crossreaction of a tiny fraction of the total antibody
response to Torpedo AChR), and therapy involved human AChR sequences (similar but not
identical to rat AChR sequences). Human MG, induced by and directed against human
AChR, might be treated with human AChR sequences more potently than is EAMG.

The mechanism of suppression of EAMG by i.p. injection of bacterially-expressed AChR
constructs is quite different from those proposed for oral or nasal treatment, which involved
changes in T regulatory lymphocytes to account for decreases in amount or affinity of
autoantibodies to native muscle AChRs.23, 25, 32, 34, 35

Therapy with the cytoplasmic domain mixture was accompanied by a 55% decrease in total
autoantibody titer to native rat muscle AChR and an additional 71% loss of pathologically
relevant autoantibodies, resulting in a net 87% loss of pathogenicity. Concomitantly, titer to
the cytoplasmic constructs used for therapy increased 12 fold. Thus, the net decrease in
pathogenic autoantibody specificities reflected diversion of antibody specificity from
conformation-dependent epitopes on the extracellular surface to epitopes on the cytoplasmic
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domain and other epitopes which are not accessible in vivo, rather than a net suppression of
muscle AChR-related antibody response.

Immunization with native Torpedo AChR produced 70–80% of anti-AChR antibodies
directed at extracellular epitopes. Antibodies to extracellular epitopes are only 10–20% of
total when substituting denatured AChR for native AChR.10 This suggests that
conformation-dependent extracellular sequences (e.g. the MIR7) are much more
immunogenic than cytoplasmic sequences in native AChR. After denaturation of highly
antigenic pathologically significant extracellular epitopes, cytoplasmic sequences are the
most immunogenic by default. Immunization with either purified subunits from electric
organ AChR or recombinant AChR extracellular fragments can induce EAMG, if
sufficiently high doses are given.36, 37 Thus, the virtue of the use of AChR subunit
cytoplasmic domains is obvious. Successful therapy with the cytoplasmic domain mixture
indicates that the extracellular sequences were not required for effective therapy.

Specific immunosuppression of EAMG with bacterially-expressed human AChR
cytoplasmic domains is a very promising approach. It specifically diverts the existing
autoimmune response away from pathologically relevant epitopes, thus potently, robustly,
and safely suppresses the pathogenic autoimmune response in EAMG. Autoantibodies to the
cytoplasmic region of human AChR were detected in MG sera.38 This implies the existence
of activated T and B cells specific for cytoplasmic epitopes in MG patients. This basic
approach should be applicable to specific immunosuppression of MG. This approach to
specific immunosuppressive therapy through diversion of the autoantibody response to
pathologically irrelevant cytoplasmic domains should be applicable to other antibody-
mediated autoimmune diseases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. EAMG was substantially suppressed in rats treated i.p. with 5 mg doses of a mixture of
human α1, β1, γ, δ, and ε subunits at weekly intervals starting on day 14 following disease
induction
All rats, except adjuvant control (closed circles) which received only adjuvant, were
immunized with 35 μg of Torpedo californica AChR in TiterMax adjuvant at day 0.
Treatments (i.p., 5 mg/dose) were initiated after the acute phase, 14 days after EAMG
induction, and thereafter once a week for 5 weeks until the end of the experiments. The
EAMG control rats received no treatment (closed squares). Data represent the mean ± SE of
two independent experiments (n = 12 for each point, from 6 rat groups in each of two
experiments). (A) The mean clinical scores of the rats treated with the subunit mixture

Luo et al. Page 11

Ann Neurol. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(closed triangles) were significantly lower when compared to those of the EAMG control
rats (closed squares) at all time points after day 30 (p < 0.01). (B) The effect of the treatment
on clinical symptoms was corroborated by changes in the rats’ body weight. Relative weight
loss was calculated as follows: % relative weight loss = 100 − (body weight on day X/
average body weight of adjuvant control on day X) × 100. The insert indicates the statistical
significance of the difference between groups on day 49 by the t-test.
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Figure 2. EAMG was not suppressed in rats treated i.p. with the same 5 mg doses of OVA, α4
AChR subunits, or α1-ECD on the same weekly dosage schedule starting on day 14
All rats were immunized as described in Fig 1. Adjuvant control rats (open squares) received
only adjuvant. Each group consisted of six rats. The EAMG control rats (closed squares)
were the weakest. Control therapies of EAMG, also at 5 mg/dose i.p., including treatments
with OVA (closed circle), human AChR α4 subunits (closed triangles), and α1-ECD (closed
diamonds), were not statistically different from the EAMG control in clinical score (A) or
weight loss (B). All groups showed similar acute phases with a peak around day 10.
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Figure 3. Treatment with the subunit mixture provided a significant dose-dependent therapeutic
benefit with the 5 mg/dose being the most beneficial
All rats were immunized as described in Fig 1. Adjuvant control rats (closed circles)
received only adjuvant. Intraperitoneal treatments of EAMG consisted of 5 doses of 1 mg
(closed reverse triangles), 2 mg (closed diamonds) or 5 mg subunit mixture (closed
triangles) at weekly intervals starting on day 14. The insert indicates the statistical
significance of the differences between the EAMG control group (closed squares) and
groups treated with increasing doses of the subunit mixture on day 48 by the t-test.
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Figure 4. Treatments greatly increased titers of antibodies to the constructs used for therapy but
reduced or had little effect on titer to rat muscle AChRs
These are the rats used in Fig 2 and 3. Sera of individual rats from 6 rat groups were
collected 7 weeks after the induction of EAMG. (A) Antibody titer to rat muscle AChR was
evaluated by immunoprecipitation of AChRs labeled with 4 nM 125I-αBgt. Treatment with 5
mg doses of the subunit mixture reduced autoantibody titer by half, while treating with 1 or
2 mg doses had no significant effect on the titers. Control therapy with 5 mg doses of OVA,
which resulted in no clinical benefit, also decreased antibody titer to rat muscle AChR by
half. The other control therapy, with 5 mg doses of <1-ECD, had no effect on autoantibody
titer. Thus, antibody titer to rat muscle AChR, including antibodies to extracellular and
cytoplasmic domains, was not correlated with the clinical state of the rats. Rats immunized
with OVA, but not Torpedo AChR, then treated i.p. with 5 mg doses of the AChR subunit
mixture, developed very low titers to rat muscle AChRs (less than 10% of that of the EAMG
control rats). (B) Antibody titers to the subunit mixture (open bar) and to the <1-ECD
(closed bar) were evaluated by ELISA assays. Untreated EAMG, as expected, resulted in
some titer to both antigens. Treatment of EAMG with i.p. OVA had little effect on these
titers. Therapies with either the subunit mixture or the <1-ECD greatly increased antibody
responses to the constructs used for therapy. Rats immunized with ovalbumin, but not
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Torpedo AChR, then treated i.p. with subunits, developed low titers to the subunit mix, but
no detectable response to <1 extracellular domain. This indicates that those antibodies from
rats treated with the subunit mixture were primarily directed against cytoplasmic domains.
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Figure 5. Sera from successfully treated rats were much less effective at passive transfer of
EAMG
Three rats per group were injected i.p. with pooled serum containing 70 pmol of
autoantibodies to rat muscle AChR at time 0, and then were examined every 12–24 h for
weight loss, muscular weakness and fatigability. This amounted to 0.79 ml of serum from
rats treated with 5 mg doses of the subunit mixture (closed triangles) and 0.53 ml from
untreated rats with EAMG (closed squares). 0.91 ml of serum from adjuvant control group
was used as negative control (closed circles). Serum from rats treated with the subunit
mixture had little ability to passively transfer EAMG when compared to that of untreated
rats with EAMG (p < 0.04). The effect of injection of serum on clinical symptoms (A) was
corroborated by changes in body weight of the rats (B).
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Figure 6. Treatment with only cytoplasmic domains was even more effective in suppressing
ongoing EAMG than using both extracellular and cytoplasmic domains
All rats, except adjuvant control (closed circles), were immunized with 70 μg of Torpedo
AChR in TiterMax adjuvant at day 0. This is twice the dose used in Fig 1–5. Treatments of
EAMG consisted of 5 i.p. doses of 5 mg of the subunit mixture (closed triangles) or a
mixture of the cytoplasmic domain constructs in the weight ratio 1:1 (closed diamonds) at
weekly intervals starting on day 14. Data represent the mean ± SE of two independent
experiments (n = 12 for each point, from 6 rat groups in each of two experiments). (A) The
mean clinical scores of both the rats treated with the subunit mixture (closed triangles) and
those treated with the cytoplasmic domain mixture were significantly lower when compared
to those of the untreated rats (closed squares) at all time points after day 29 (p < 0.01 and p<
0.005, respectively). (B) The effect of the treatment on clinical symptoms was corroborated
by changes in body weight. The rats treated with the cytoplasmic domain mixture had less
weakness and weight loss than those treated with the subunit mixture. The insert indicates
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the statistical significance of the differences between untreated EAMG group (closed
square) and groups treated with either the subunit mixture or the cytoplasmic domain
mixture on day 49 by the t-test. Detailed features of the rats in these experiments are
presented in Table 2.
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Figure 7. Successful suppression of EAMG greatly increased antibody titers to the constructs
used for therapy, and increased the fraction of autoantibodies to rat muscle AChR cytoplasmic
domains, while modestly reducing titer to rat muscle AChR, and slightly changing autoantibody
isotypes
These are rats used in Fig 6. Sera of individual rats from 6 rat groups were collected 7 weeks
after the induction of EAMG. (A) These sera were assayed for their immunoprecipitation
titer to 125I-αBgt labeled rat muscle AChRs. Treatment with the subunit mixture decreased
the titer to rat muscle AChR slightly (18%). Treatment with the cytoplasmic domain mixture
substantially reduced the response (56%). (B) Anti-AChR IgG isotypes were determined by
ELISA assays. These data represent the proportion of each IgG isotype in rat serum. Both
therapies increased the proportion of IgG1 and decreased IgG2b. (C) These sera were also
assayed by ELISA for reaction with subunit constructs containing both extracellular and
cytoplasmic sequences, containing only the α1 extracellular domain, or only cytoplasmic
domain sequences. Treatments with either the subunit mixture or the cytoplasmic domain
mixture provoked large amounts of antibodies to the constructs used for therapy. Antibodies
from the treated rats were primarily directed against the cytoplasmic domains. In particular,
unlike treating with the subunit mixture, treatment with the cytoplasmic domain mixture not
only avoided provoking antibody response to the α1 extracellular domain, but actually
reduced antibodies to the α1 extracellular domains as compared with both the untreated
EAMG rats and, especially, rats treated with the subunit mixture. (D) The fraction of AChR-
specific autoantibodies which were directed against cytoplasmic domains was also assayed
by inhibition of rat serum binding to 125I αBgt labeled rat muscle AChR by 50 nM of the
cytoplasmic domain constructs. The proportion of autoantibodies to the cytoplasmic domain
is calculated as follows: % Abs to cytoplasmic domain = (1 - titer in the presence of the
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cytoplasmic constructs/titer in the presence of OVA) × 100. Both treatments significantly
increased the fraction of autoantibodies specific for cytoplasmic domains.
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Figure 8. Sera from successfully treated rats had reduced ability to cause antigenic modulation
of AChR in TE671 cells
IgG antibodies were purified by Protein G Sepharose affinity chromatography from pooled
serum from rats used in Fig 6. (A) Serially diluted IgG antibodies purified from the
untreated EAMG rat serum pool were incubated for 4 hours with TE671 cells in 12-well
tissue culture plates (Corning, Lowell, MA) in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.
Then antigenic modulation, measured as loss of αBgt binding sites, was determined after 3
hours incubation with 4 nM 125I-<Bgt.39 Background radioactivity was determined using a
100-fold excess of unlabeled <Bgt. IgG purified from normal rat serum was used as negative
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control to determine the total amount of surface AChRs. All measurements were in
triplicate. The percent loss of surface AChR by antigenic modulation was calculated as
follows: % loss of surface AChR = (1-Δcpm in the presence of antibodies/Δcpm in the
presence of normal IgGs) ×100. Antigenic modulation was dose-dependent within tested
antibody concentration range. (B) Based on the dose-dependence curve, the relative
pathogenicity of the autoantibodies from the treated groups was calculated by the equation:
% relative pathogenicity of the autoantibodies = (Anti-AChREAMG/Anti-AChRtreated) × 100.
Anti-AChRtreated corresponds to the autoantibody titer of IgG from the treated groups used
in antigenic modulation. Anti-AChREAMG corresponds to the autoantibody titer of IgG from
the EAMG control rat serum, which cause an equivalent extent of antigenic modulation in
TE671 cells. Treatment with 5 mg doses of the subunit mixture caused a 54% loss of
pathologically significant autoantibodies, while treating with the same doses of the
cytoplasmic domain mixture caused a 71% loss of pathologically significant autoantibodies.
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