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a b s t r a c t
Autoantibodies directed against the skeletal muscle acetylcholine receptor (AChR) play a critical role in the
pathogenesis of the autoimmune disease, myasthenia gravis (MG). The pathogenic importance of anti-AChR
antibodies is substantiated clinically by the often dramatic clinical improvement that follows removal of
circulating antibodies utilizing extracorporeal plasma exchange (PE). Unfortunately, the effects of PE are
non-speciﬁc as immunoglobulins (IgG) and other plasma proteins are removed in addition to anti-AChR IgG.
In this study, we have successfully incorporated the AChR protein puriﬁed from Torpedo californicus into a
Nanodisc (ND) membrane scaffold protein/phospholipid structure. We go on to demonstrate the
effectiveness of this ND–AChR complex, administered intravenously, in the in vivo down-modulation of
anti-AChR antibodies and subsequent amelioration of clinical disease in the experimental murine model of
MG. These results provide proof-of-principle for the in vivo antigen-speciﬁc reduction of pathogenic antiAChR antibodies utilizing ND–AChR particles. Further development of this strategy may provide an effective,
antigen-speciﬁc, and readily accessible acute therapy for exacerbating MG or myasthenic crisis.
© 2010 Elsevier Inc. All rights reserved.

Introduction
Autoimmune myasthenia gravis (MG) is a T-cell dependent,
antibody-mediated disease in which autoantibodies directed against
the skeletal muscle nicotinic acetylcholine receptor (AChR) impair
neuromuscular transmission resulting in a loss in the number of
functional AChRs at the motor endplate (Hoedemaekers et al., 1997;
Vincent et al., 2001; Meriggioli and Sanders, 2009). The AChR is a
ligand-gated ion channel receptor transmembrane protein formed by
ﬁve subunits (α2, β, γ (ε), and δ), with the α-subunit constituting the
main immunogen involved in the majority of cases of MG (Lindstrom,
2000). The important role of the antibody-mediated attack on the
AChR, resulting in destruction of the muscle endplate region is well
established (Engel et al., 1977; Sahashi et al., 1978). An experimental
animal model of MG, experimental autoimmune myasthenia gravis
(EAMG), is induced in mice by immunization with AChR puriﬁed from
the electric organs of the electric ray, Torpedo californicus (Berman and
Patrick, 1980). In both MG and EAMG, anti-AChR antibodies bind to
the AChR at the neuromuscular junction, activate complement, and
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accelerate AChR destruction, culminating in neuromuscular transmission failure and fatigable muscle weakness. The majority of
pathogenic anti-AChR antibodies are directed against the main
immunogenic region of the α subunit (core amino acids 67–76 and
125–147) separate from the acetylcholine binding sites, and the
binding of anti-AChR autoantibodies is highly conformation-dependent (Luo et al., 2009).
An important intervention in treating MG, particularly when a
quick therapeutic response is desirable, is extracorporeal plasmapheresis or plasma exchange (PE). PE has been successfully used to treat
severe exacerbations of MG, and often produces rapid improvement
in myasthenic weakness associated with reductions in the titer of
anti-AChR-Abs and immunoglobulin (IgG) levels (Dau et al., 1977;
Chiu et al., 2000; Gajdos et al., 1997). However, this method removes
normal plasma components as well as IgG, and removes IgG nonspeciﬁcally rather than anti-AChR IgG selectively. In addition to the
removal of factors and immunoglobulins of potential pathogenic
signiﬁcance, nonspeciﬁc immunoglobulin depletion may have adverse affects on MG, possibly removing regulatory antibodies (Jambou
et al., 2003), leading to increased synthesis of new pathogenic antiAChR antibodies. Although very effective in inducing clinical improvement, the general usefulness of PE is also limited by its
restriction to major medical centers and the frequent need for
large-bore venous catheters. Infections and thrombotic complications
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related to venous access occur (Gajdos et al., 1997; Seybold, 1987). PE
can also reduce coagulation factors, particularly with repeated
treatments, leading to bleeding tendencies (Seybold, 1987).
Nanodiscs (ND) are soluble, nanoscale phospholipid bilayers which
can self-assemble and incorporate membrane proteins for biophysical,
enzymatic or structural investigations (Borch and Hamann, 2009;
Nath et al., 2007). The ND consists of a non-covalent assembly of a
phospholipid bilayer surrounded by an annulus composed of two
copies of the amphipathic membrane scaffold protein (MSP) (Denisov
et al., 2004). A trans-membrane protein inserted in a Nanodisc is thus
surrounded by a lipid bilayer providing an environment that approximates its native state. The ND system provides a novel platform
that has been utilized mainly for the purpose of understanding
membrane protein function. Recently however Nanodisc incorporated
Hemagglutinin vaccine has been shown to illicit a protective immune
response in an animal model, demonstrating the potential of
Nanodiscs as a vaccine platform (Bhattacharya et al., 2010). Membrane
associated proteins, such as the AChR, are particularly suited for ND
incorporation, potentially allowing for other in vivo delivery applications in addition to vaccines. We investigated a novel application of
this technology, hypothesizing that AChR incorporated Nanodiscs
(ND–AChR) could function as effective “autoantibody traps” for
antigen-speciﬁc, adsorption of pathogenic anti-AChR antibodies in
MG. Accordingly, we have successfully incorporated the AChR protein
puriﬁed from T. californicus into the ND MSP/phospholipid structure,
and report the effects of intravenous administration of ND–AChRs on
disease severity and levels of anti-AChR antibodies in EAMG.
Materials and methods
Puriﬁcation of T. californicus AChR
AChR was puriﬁed from the electric organs of T. californicus by
afﬁnity chromatography using a conjugate of neurotoxin coupled to
agarose, as previously described (Wu et al., 2001; Sheng et al., 2006).
Purity of the isolated product was tested by SDS-PAGE. Intact AChR
complex was obtained in mg quantities by extraction with Triton X100 and subsequent chromatographic separation. The puriﬁed AChR
was used for incorporation into Nanodiscs as well as to induce EAMG.
Protein isolation and puriﬁcation and assembly of ND–AChR
Details of the production and puriﬁcation of the membrane
scaffold protein (MSP) component and the assembly of ND–AChR
are available on-line. Brieﬂy, assembly conditions for Nanodiscs were
performed as described previously (Bayburt et al., 2007). Puriﬁed
AChR (0.35 mg/ml) obtained from T. californicus membranes (Wu
et al., 2001) was incubated with sodium cholate solubilized
phospholipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and membrane scaffold proteins (MSP1E3D1, 32.6 kDa) in
the presence of 0.1% Triton X-100 while incubating at 4 °C. Torpedo
ND–AChR assemblies were formed by a self-assembly reaction
initiated by the removal of detergent using hydrophobic Bio-Beads
(Denisov et al., 2004; Bayburt and Sligar, 2003).
Puriﬁcation of ND–AChR
The ND–AChR assembly mixture was batch adsorbed with Ni-NTA
resin equilibrated with 20 mM Tris–HCl (pH 7.4), 100 mM NaCl. The
column was washed with 50 mM imidazole and ND and ND–AChR
particles were eluted with 0.4 M imidazole. Ni-column eluate was
dialyzed overnight at 4 °C against low-ionic strength 20 mM Tris–HCl
buffer (pH 7.4), 20 mM NaCl and the solution was passed over an
afﬁnity resin comprised of the acetylcholine analog 4,7,10-trioxa1,13-carboxyethyl-2-trimethylaminetridecanediaamine (TDAC)
(Tierney et al., 2004). The column was extensively washed with 10

column volumes of low-salt buffer to eliminate empty NDs, and ND–
AChR was eluted with a step gradient of 50–150 mM NaCl to enrich
the sample for ND–AChR. The 50 and 100 mM fractions containing
AChR were concentrated (Amicon Ultra 15, 10,000 MWCO), passed
through a 0.2 μm ﬁlter and separated by SEC.
ND–AChR quantiﬁcation
AChR content and ND content (as determined by concentration of
MSP) were measured by ELISA. Brieﬂy, 96 well ELISA plates were
coated with varying amounts of AChR and MSP in 0.1 M carbonate
buffer (pH 9.6) by overnight incubation at 4 °C. Plates were blocked
(25 °C for 2 h) with PBS containing Tween 20 (0.05% v/v) and BSA (3%
w/v). After a thorough washing with PBS-Tween 20 (0.05% v/v) the
plates were further incubated with anti-AChR antibodies (1:5000,
from EAMG mouse sera) or anti-His tag antibodies (1:5000, BD
6xHistag Ab). After further washing, samples were incubated (25 °C
for 1 h) separately with HRP anti-mouse IgG (1:5000) (for AChR), and
HRP anti-mouse IgG2b (1:5000) (for MSP). Samples were then
incubated with TMB substrate solution in the dark for 15 min. The
reaction was stopped by adding 2 M H2SO4 and the colorimetric
change was measured as the optical density at 450 nm (OD450) using a
microplate reader (Bio-Rad, Model 550). Concentration dependent
standard curves were constructed for known quantities of AChR and
MSP from the respective OD450 values, and AChR and MSP concentrations of the unknown ND–AChR mixtures were then calculated
from the corresponding OD450 values by extrapolation. The concentration of AChR in the pooled sample used for treatment was
determined to be 7.5 μg/100 μL; for MSP 15 μg/100 μL. The volume
administered was 200 μL, based on an estimate of a safe volume for
injection in the mouse.
Induction and clinical scoring of EAMG
Animal experiments were carried out under a protocol approved
by the Animal Care and Use Committee of the University of Illinois at
Chicago. Eight-week old female C57BL6/J mice were immunized with
40 μg of Torpedo AChR emulsiﬁed in CFA, 200ul subcutaneously, and
received two “boosts” with 20 μg of AChR in IFA in 200 μl volume
injected in the ﬂanks and tail base every 30 days. Mice were observed
and scored every other day. For clinical examination, mice were
evaluated for myasthenic weakness and assigned clinical scores as
previously described (Sheng et al., 2006; Sheng et al., 2008). Brieﬂy,
mice were observed on a ﬂat platform for a total of 2 min. They were
then exercised by gently dragging them suspended by the base of the
tail across a cage top grid repeatedly (20–30 times) as they attempted
to grip the grid. They were then placed on a ﬂat platform for 2 min and
again observed for signs of EAMG. Clinical muscle weakness was
graded as follows: grade 0, mouse with normal posture, muscle
strength, and mobility at baseline and after exercise; grade 1, normal
at rest but with muscle weakness characteristically shown by a
hunchback posture, restricted mobility, and difﬁculty in raising the
head after exercise; grade 2, grade 1 symptoms without exercise
during observation period; grade 3, dehydrated and moribund with
grade 2 weakness; and grade 4, dead. The evaluator was blinded to
treatment status for all clinical evaluations.
Administration of ND–AChR
After initial priming and two booster immunizations, the mice
were divided into four groups of 10 mice per group, consisting of equal
numbers of mice with various disease severities in each group. Mice
received (1) ND–AChR, (2) “bare AChR” (7.5 μg), (3) empty ND
(15 μg), or (4) PBS in a total volume of 200 μL via tail vein injection on 5
consecutive days, followed by 2 days of “rest”, and then ﬁve additional
days of treatment. The day of treatment initiation was designated “day
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0” and the mice were evaluated for myasthenic weakness and assigned
clinical scores as described above.
ELISA for anti-mouse AChR antibody isotypes and serum C3 levels
Mice were bled prior to initiation of treatment and 8 days following
completion of therapy. Afﬁnity-puriﬁed mouse AChR (0.5 μg/ml) was
used to coat 96-well microtiter plates (Corning Costar 96 wells plate,
eBioscience, San Diego, CA) with 0.1 M carbonate bicarbonate buffer
(pH 9.6) overnight at 4 °C. Serum samples diluted 1:2000 to 1:10000 in
blocking buffer were added and incubated at 37 °C for 90 min. After
four washes, horseradish peroxidase-conjugated (HRPO) goat antimouse IgG and IgG2b were diluted in 1:2000 (Caltag Laboratories,
Burlingame, MA) in blocking buffer were added and incubated at 37 °C
for 90 min. Subsequently, TMB substrate solution (eBioscience) was
added, and color was allowed to develop at room temperature in the
dark for 15 min. The reaction was stopped by adding 2 M H2SO4 and
absorbance values were measured at a wavelength of 450 nm using a
microplate reader (Bio-Rad, model 550) and the results were
expressed as OD values.
For complement C3 determination, ninety-six-well microtiter
plates were covered with goat Abs to mouse C3 (ICN Biomedicals/
Cappel, Aurora, OH) in 0.1 M sodium carbonate buffer (pH 8.2)
overnight at 4 °C. The plates were then blocked with 2% BSA in PBS at
room temperature for 30 min. Diluted serum samples (30 μl) were
added and incubated at 37 °C for 90 min. After four washes, HRPconjugated goat anti-mouse C3 complement (ICN Biomedicals/
Cappel), diluted 1/500 in dilution buffer, was added and incubated
at 37 °C for 90 min.
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payload in the lipid membrane plug without the need for surfactants.
The principle of the self-assembly process has been well studied
(Denisov et al., 2004; Bayburt and Sligar, 2003), and pioneering studies
for proteins containing various transmembrane segments, membrane
associations, and multimeric complexes have been reported (Bayburt
and Sligar, 2003; Bayburt et al., 2006; Bayburt et al., 2007; Boldog et al.,
2006; Leitz et al., 2006). We used this system to incorporate puriﬁed
AChR, consisting of ﬁve subunits (α2, β, γ (ε), and δ), from the electric
organ of T. californicus.
ND–AChR complexes were formed by a self-assembly reaction
using a ratio of 200 ND:1 AChR, and initiated by the removal of
detergent using hydrophobic beads as described [29] (Fig. 1). Because
ND–AChR particles are prepared in the presence of an excess of MSP
and phospholipid, the self-assembly process yields a mixture of ND–
AChR and empty ND.
Conﬁrmation of successful assembly and puriﬁcation of ND–AChR
Size-exclusion chromatography (SEC) was used to assess the
efﬁciency of the self-assembly reaction by comparison to the Stokes
radius of protein standards and empty ND controls. First, this analysis

Negative stain electron microscopy
Copper grids (TAAB, 400 mesh) on a formvar ﬁlm were coated
with a thin layer of carbon and glow discharged for 1–2 min prior to
use. Protein samples (2–5 μl) were added to the carbon-coated grids
and stained with 1% uranyl acetate. Samples were viewed using a
Phillips CM100 electron microscope operating at 100 kV. Specimens
were viewed at 46,000× nominal magniﬁcation and digital images
were recorded using an AMT-V600 CCD.
Histological studies
At the end of the study (18 days after completion of treatment),
mice were euthanized and the vital organs (liver, kidney, spleen and
lungs) were collected and ﬁxed with a 10% formalin neutral buffer
solution, embedded in parafﬁn, and cut into 5-μm-thick sections.
Sections were stained with hematoxylin and eosin (H&E) staining for
general histology according to published literature (Tarnopolsky et al.,
2003).
Statistics
Mean, SD, and statistical signiﬁcance were calculated using SPSS
software applications. Student's t-test was utilized for determining
the signiﬁcance of autoantibody changes in ND–AChR-treated animals
compared to controls (PBS). A value of p ≤ 0.05 was considered
signiﬁcant.
Results
Incorporation of AChR into NDs
Self-assembled Nanodiscs incorporate membrane proteins into a
lipid bilayer contained within stable discoidal structures of controlled
size (Denisov et al., 2004; Bayburt and Sligar, 2003). Once assembled,
the structures remain soluble and retain their membrane protein

Fig. 1. Schematic ﬁgure illustrating protocol utilized for incorporation of T. californicus
AChR into the Nanodisc structure. Puriﬁed AChR obtained form T. californicus
membranes was incubated with sodium cholate solubilized phospholipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and membrane scaffold proteins
(MSP1E3D1, 32.6 kDa). ND–AChR assemblies were formed by a self-assembly reaction
initiated by the removal of detergent using hydrophobic beads. A dual afﬁnity
chromatography process was used to purify ND/nAChR particles. First, the assembly
mixture was batch adsorbed with Ni-NTA resin (Ni column) and the His-tag present in
the MSPs was allowed to bind to the resin. The Ni-column eluate, containing a mixture
of excess empty NDs and ND–AChR, was dialyzed against low-ionic strength Tris buffer,
passed over an afﬁnity resin comprised of the acetylcholine analog 4,7,10-trioxa-1,13carboxyethyl-2-trimethylaminetridecanediaamine (TDAC), and ND/AChR was eluted.
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indicated no gross formation of aggregated material in the column void
(15–16 min). Second the primary protein peak, which eluted at ~26 min
was identical to that of empty ND control and represents particles of
~12.5 nm in size, the expected size of MSP1E3D1 based ND. This is
consistent with the 200-fold excess of ND used in the self-assembly
mixture. Following TDAC afﬁnity puriﬁcation, which eliminates empty
ND but retains ND–AChR particles, the primary peak remains consistent
with MSP1E3D1 derived particles, though it reﬂects a shorter SEC
retention time due to the increased hydrodynamic that incorporated
AChR contributes to the ND particle (Fig. 2A). Western blot analysis of
SEC fractions indicated that the bulk of AChR had eluted between 19 and
26 min (data not shown), based on the calibrated standards, this elution
proﬁle is consistent with the predicted 16 nm length of an AChR pore.
Finally, fractionation of AChR alone resulted in aggregation of AChR and
elution in the column void volume.
A dual afﬁnity chromatography process was used to purify ND–AChR
particles as described in Materials and methods. First, the assembly
mixture was batch adsorbed with Ni-NTA resin and the 6xHis-tag
present on the MSP was allowed to bind to the resin. The column was
subsequently washed to remove any unincorporated AChR and ND–
AChR particles were eluted. The eluted solution, containing a mixture of
excess empty NDs and ND–AChR, was dialyzed against low-ionic
strength Tris buffer (20 mM NaCl) and the solution was passed over

TDAC afﬁnity resin which contains an acetylcholine analog that binds
only to intact and properly folded AChR (Tierney et al., 2004). Empty
NDs were then removed by extensive washing in low-ionic strength
buffer. The ligand binding site of AChR is located between each α subunit
and the face of its respective γ or δ subunit neighbor (Wang et al., 1996).
ND–AChRs bind tightly to TDAC-sepharose under low ionic strength
conditions and this binding strongly suggests that the receptor complex
is intact. In contrast, snake venom toxins which are frequently used to
purify AChR (Wu et al., 2001), bind only to the α-subunit regardless of
whether the complex is intact. Accordingly, ND–AChR binds at 20 mM
NaCl and elutes between 50 and 100 mM NaCl, so ND–AChR particles
were eluted by increasing ionic strength (50–100 mM NaCl) (Fig. 2B).
The puriﬁed mixture was then concentrated (Fig 2C) and
separated into fractions by SEC. After correcting for the dilution ratios
used in the respective ELISA assays, the pooled fractions were found to
contain 75 μg /mL AChR and 150 μg /mL MSP. The ND–AChR mixture
was then concentrated, exchanged with TBS and stored for the in vivo
adsorption of anti-AChR antibodies.
Structural assessment of ND–AChR
We further assessed the ND–AChR mixture from a structural/
morphologic perspective by subjecting the puriﬁed sample to negative

Fig. 2. Puriﬁcation of ND–AChR. (A) Size-exclusion chromatography (SEC) assessing the efﬁciency of the self-assembly reaction (post-assembly) with comparison to TDAC puriﬁed
ND–AChR particles. The primary protein peak eluted at ~26 min which was identical to that of empty ND control and represents particles of ~ 12.5 nm in size, the expected size of
MSP1E3D1 based ND (Boldog et al., 2007). (B) The eluted sample following puriﬁcation (containing a mixture of assembled ND–AChR and empty NDs) was further puriﬁed by TDAC
afﬁnity chromatography and analyzed by SDS-PAGE. The sample was loaded (FT = ﬂow through) and column was processed with a step gradient of NaCl (20 mM, 50 mM, 100 mM).
Increasing NaCl concentration enriches sample for ND–AChR as demonstrated on SDS-PAGE gel (lower panel). (C) Western blot (using mouse anti-AChR sera) of ND–AChR selfassembly mixture (Mix) following puriﬁcation and SDS-PAGE separation. Mixture was loaded (FT), washed with 50 mM imidazole buffer (W1, W2) and eluted with 0.4 M imidazole
(El). Four bands corresponding to the four AChR subunits are apparent.
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stain electron microscopy. Visualized individual particles showed an
apparent ﬁve-fold symmetry, consistent with the known ﬁve subunit
molecular structure of the AChR (Fig. 3).
Intravenous administration of ND–AChR complex ameliorates clinical
EAMG
We then tested the efﬁcacy of intravenously administered ND–
AChR in the treatment of EAMG. Disease severity scores were
monitored on an every other day basis, and are plotted for the 4
experimental groups in Fig. 4. In the PBS and ND treatment groups,
there was no change in the average clinical disease score over the
length of the study. As shown in Fig. 4, the average disease severity in
the ND–AChR-treated animals gradually lessened, while in the “bare
AChR” treatment group, a gradual worsening of disease severity was
noted, coinciding with changes seen in autoantibody levels (see
below).
Intravenous administration of ND–AChR reduces circulating levels of
anti-AChR antibodies
We measured the serum concentration of anti-mouse AChR
antibodies and circulating levels of C3 by ELISA prior to and after
treatment (Fig. 5). Although all 4 experimental groups had comparable clinical disease severity, the group of animals treated with “bare
AChR” protein had lower baseline autoantibody titers, on average.
Total anti-AChR IgG levels showed no signiﬁcant post-treatment
change in mice treated with empty ND and PBS; as expected, mice
given “bare AChR” protein actually had increased circulating autoantibody levels (Fig. 5A). In mice receiving ND–AChR, the anti-AChR
antibody levels decreased after treatment, and this observed decrease
included a reduction in the complement-ﬁxing (and likely pathogenically relevant) IgG2b isotype (Fig. 5B). Furthermore, circulating
levels of the complement component C3 was signiﬁcantly reduced in
the ND–AChR treatment group (Fig. 5C). Examination of the time
course of anti-AChR reduction in the ND–AChR treatment group
indicates that the major reduction in autoantibody levels occurred on
or before day 3 (following completion of therapy), and this reduction
persisted until day 17 (Fig. 6).

Fig. 4. Effects of ND–AChR on clinical disease severity. Mice received a priming
immunization with AChR and two booster immunizations administered 30 days apart.
This resulted in clinical myasthenic weakness with an average clinical score of
approximately 1.5. Clinical disease severity in the four experimental groups (AChR
(n = 10): “bare” AChR; PBS (n = 7): phosphate buffered saline; ND (n = 7): unincorporated nanodisc; ND–AChR (n = 10): nanodisc incorporated AChR) is plotted for
30 days after initiation of treatment. Mice received treatment on days 1–5 and days 8–
12. Results shown are representative of two separate experiments.

Intravenous administration of ND–AChR causes no obvious organ
toxicity
There was no mortality during the course of the performed studies
in any of the experimental groups. At the end of the treatment, weight
gain in the treated as well as control groups was similar. Gross
changes were not observed in any of the tissues/organs obtained from
mice in the four treatment groups. Histopathological sampling of the
lungs, liver, spleen, and kidneys revealed no discernable differences
amongst the four groups. Representative sections from an ND–AChRtreated animal compared to the PBS control are shown in supplemental Figure 1.

Fig. 3. Negative stain electron microscopy of ND–AChR. (A) Inset depicts individual particles at 4× magniﬁcation which show apparent ﬁve-fold symmetry consistent with the
known structure of the AChR. (B. Diagram of the AChR receptor (Unwin, 2005; reproduced with permission from RCSB PDB: http://dx.doi.org/10.2210/rcsb_pdb/mom_2005_11) for
comparison, showing extracellular (above rectangle), transmembrane (rectangle) and intracellular (below rectangle) domains. Bottom ﬁgure shows view down the pore axis.
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Fig. 6. Time course of antibody decrease for IgG (A) and IGg2b (B) showing onset of
decrease in ND–AChR-treated animals on or before day 3 and persisting until day 17
after completion of treatment course (n = 5 per experimental group).

Fig. 5. Anti-AChR antibody levels, IgG (A) and IgG2b (B) and serum C3 levels (C) before
and after treatment in the four experimental groups. Signiﬁcant reductions in antiAChR antibody levels and serum C3 occurred only in mice treated with ND–AChR.
Results are from one representative experiment, of two performed (n = 7 per
experimental group for ND and PBS; n = 10 per group for ND–AChR and AChR; total
number of mice used = 46).

Discussion
Autoantibodies against the AChR play a critical role in the
pathogenesis of MG mainly by causing a complement-mediated loss
of functional receptors on the postsynaptic membrane (Vincent,
2006; Meriggioli and Sanders, 2009). As noted, the removal of antiAChR antibodies utilizing PE results in clinical improvement in human
MG, but has limitations. Recently, immunoadsorption (IA) columns
have been developed using recombinant AChR fragments for
selective, antigen-speciﬁc, ex vivo removal of anti-AChR antibodies
(Psaridi-Linardki et al., 2005; Guo et al., 2005; Grob et al., 1995).
While this strategy may represent a feasible therapeutic option to
remove only the pathogenic autoantibodies from MG patient's sera,
the other limitations of extracorporeal plasma exchange (e.g.,
requirement for large bore venous access) are not addressed. Furthermore, the adsorption capacity of these columns and the
incubation time needed for efﬁcient adsorption of antibodies are
also potential therapeutic limitations.
We have therefore investigated a novel technique for the in vivo,
antigen-speciﬁc down-modulation of anti-AChR antibodies via intravenous administration of ND–AChR, and demonstrate herein the
effectiveness and safety of this strategy in the murine model of MG.
Since the majority of antibodies in MG patients are highly conforma-

tion-dependent (Luo et al., 2009), efﬁcient adsorption of anti-AChR
antibodies would require AChR with a conformation close to that of its
native state, and ND incorporation of AChR provides an ideal method
to achieve this.
We therefore ﬁrst demonstrated the successful incorporation of
AChR into the ND complex, and present evidence suggesting that a
single AChR is not only incorporated in each ND, but also has an
incorporated structure consistent with its native conformation, as
demonstrated by negative stain electron microscopy showing particles with an apparent ﬁve subunit structure (Fig. 4).
Having conﬁrmed successful incorporation of ND–AChR, we
proceed to demonstrate the effectiveness of intravenous administration of ND–AChR in the in vivo reduction of anti-AChR antibodies and
amelioration of signs of myasthenic weakness in EAMG. We limited
our studies to the assessment of antibody concentrations, clinical
disease scores, and assessment of toxicity in an effort to demonstrate
efﬁcacy and safety of this approach and to provide proof-of-principle
for future studies. Importantly, the treatment was timed to coincide
with expected rising antibody levels (eight days after the third
immunization with AChR). Both serum anti-AChR antibody levels and
clinical disease scores were reduced after treatment only in the group
of mice treated with ND–AChR; while the control groups showed no
signiﬁcant change or actually worsened. The associated reduction in
circulating C3 levels in mice receiving ND–AChR may be explained by
the removal of circulating immune complexes or may indicate a
concomitant inhibition in complement system reactivity. A similar
effect has been reported in MG patients receiving extracorporeal
immunoadsorption (Ptak and Lochman, 2005).
Interestingly, anti-AChR antibody levels increased (and disease
severity worsened) in animals receiving “bare” AChR protein. This
raises the obvious concern that administration of autoantigen intravenously may actually exacerbate, worsen, or even induce
autoimmunity. It is important to note that in induced autoimmune
animal models, induction of the anti-self response absolutely requires
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immunization with self antigen in an immunogenic form (e.g., in
complete Freund's adjuvant (CFA)) (Billiau and Matthys, 2001).
Immunization with self-antigen alone is not sufﬁcient. Notably,
intravenous administration of soluble, self-antigen in a non-immunogenic form (without CFA) prior to immunization with an
immunogenic form of the same antigen can actually induce peripheral
tolerance and prevent induction of autoimmune disease (Gregorian et
al., 1993). Administration of “bare” AChR in our studies may have
activated and broadened the immune response since both extracellular and intracellular portions of the AChR were exposed. Additionally, a membrane protein such as AChR, when not incorporated into a
membrane, will likely acquire a non-native conformation, and will
likely be present in an aggregated, and much more immunogenic
form. These features most likely rendered the protein “foreign” to the
immune system. In contrast, embedding the AChR in ND may have
prevented exposure of “hidden” epitopes, while the extracellular
portions of the AChR were in a conformation close to the native state,
thereby reducing immunogenicity, and possibly promoting tolerance.
This speculation is consistent with the notion that most autoimmune
responses are initiated by “altered self proteins” (Notkins et al., 1984).
Thus, our studies indicate that administration of bare “AChR”
appears to exacerbate disease, “empty” ND has no effect, and ND–AChR
ameliorates disease and lowers anti-AChR antibody levels. In mice,
induction of experimental autoimmune thyroiditis and mouse
thyroglobulin (MTg)-speciﬁc antibody production have been shown
to be suppressed by intravenous administration of de-aggregated MTg
in a nonimmunogenic manner, and CD4+ T suppressor cells were
required for this suppression (Tang and Braley-Mullen, 1997). This
observation raises the question of a possible alternative mechanism for
the therapeutic effects of ND–AChR in our studies, via mobilization of
tolerogenic suppressor cells, which may be explored in future studies.
However, the induction of tolerance is unlikely to explain the changes
in anti-AChR levels which occurred relatively rapidly (3 days).
For treatment of human MG, there are signiﬁcant and obvious
limitations associated with the use of a puriﬁed, non-human protein
(Torpedo AChR), as was utilized in our investigations. The use of puriﬁed
human receptor is probably not practical since native human AChR is
available only in small amounts. Alternatively, large recombinant AChR
fragments have been produced in several laboratories, and speciﬁcally,
the N-terminal extracellular domain of the α-subunit (amino acids 1–
210) has recently been expressed in Pichia pastoris with a native-like
conformation, as shown by the high-afﬁnity binding of conformationdependent anti-AChR antibodies (Psaridi-Linardki et al., 2002). The use
of this or a similar ND-incorporated recombinant AChR protein could
potentially be tested for its ability to adsorb MG patients' anti-AChR
antibodies in ex vivo experiments initially.
In addition, the reduction in anti-AChR antibody levels and clinical
severity appear to be modest in our studies, and a relatively large
amount of ND–AChR was utilized. Nevertheless, the reduction in antiAChR antibody levels was statistically signiﬁcant and was associated
with an observable clinical effect. As this is a proof-of-principle study,
dose-ranging experiments were not performed, but it is possible that
lower doses/concentrations may be as effective.
We observed no evidence for signiﬁcant systemic or organ toxicity
in our studies. The precise mechanism of clearance of nanoparticles is
not completely understood, and there are very few studies in terms of
in vivo biodistribution. Organs that take up nanostructures include the
spleen, lymph node, and bone marrow, all of which contain large
concentrations of macrophages (Fischer and Chan, 2007). It is
therefore hypothesized that ND complexes are taken up by phagocytic
cells of the reticuloendothelial system, but once sequestered, their
ultimate fate is not known. Therefore, the use of ND–AChR for the
selective, in vivo down-modulation of anti-AChR antibodies in
patients will require careful in vivo toxicity studies in animal models
to conﬁrm that repeated intravenous administration of ND–AChR is
safe, as well as effective.
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In summary, we have demonstrated proof-of-principle for the in
vivo, antigen-speciﬁc down-modulation of anti-AChR antibodies
utilizing ND–AChR administered intravenously in the murine model
of MG. Reduction of circulating anti-AChR antibody levels was
accompanied by amelioration of myasthenic weakness, without
signiﬁcant systemic or organ toxicity. These results suggest that
further development of this strategy for in vivo modulation of
circulating autoantibodies may provide a safe and accessible alternative to PE or other related extracorporeal techniques.
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