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Susceptibility to myasthenia gravis (MG) is positively linked to expression of HLA-DQ8 and DR3 mol-
ecules and negatively linked to expression of the DQ6 molecule. To elucidate the molecular basis of this
association, we have induced experimental autoimmune MG (EAMG) in mice transgenic for HLA-DQ8,
DQ6, and DR3, and in DQ8xDQ6 and DQ8xDR3 F; transgenic mice, by immunization with human
acetylcholine receptor (H-AChR) in CFA. Mice expressing transgenes for one or both of the HLA class
II molecules positively associated with MG (DQ8 and DR3) developed EAMG. T cells from DQ8 trans-
genic mice responded well to three cytoplasmic peptide sequences of H-AChR (¢:320-337, 0:304-322, and
0419-437), of which the response to 0.320-337 was the most intense. DR3 transgenic mice also respond-
ed to this sequence very strongly. H-AChR- and 0:320-337 peptide-specific lymphocyte responses were
restricted by HLA class II molecules. Disease resistance in DQ6 transgenic mice was associated with
reduced synthesis of anti-AChR IgG, IgGgp, and IgG;. Ab’s and reduced IL-2 and IFN-y secretion by
H-AChR- and peptide 0:320-337-specific lymphocytes. Finally, we show that DQ8 imparts susceptibil-

ity to EAMG and responsiveness to an epitope within the sequence 0320-337 as a dominant trait.
J. Clin. Invest. 109:1111-1120 (2002). DOI:10.1172/JCI1200214255.

Introduction

The human autoimmune disease myasthenia gravis
(MG) is characterized by T cell and Ab responses to
muscle nicotinic acetylcholine receptor (AChR). High-
affinity, anti-AChR Ab’s, upon binding at the neuro-
muscular junction, activate complement and accelerate
AChR destruction, while causing failure of neuromus-
cular transmission and the resulting myasthenic symp-
toms (1-3). However, AChR-specific CD4" T cells, which
can be detected in most MG patients (3), likely have an
important role in MG, because they modulate the syn-
thesis of anti-AChR Ab and may be the prime movers in
the pathogenesis of MG. Experimental autoimmune
MG (EAMG) is a model of MG, and it is induced in
experimental animals by immunization with purified
AChR from different sources. Immunization of
C57BL/6 mice with Torpedo californica AChR (T-AChR)
in CFA causes activation of specific T and B cells, and
synthesis of anti-AChR Ab (4). As in MG, the anti-AChR
Ab’s bind at the mouse neuromuscular junction, acti-
vate the complement cascade, and cause increased
AChR loss and EAMG (1, 3, 5, 6). MHC class II gene
products influence the T cell and Ab response to the
AChR, and susceptibility to EAMG (7, 8). In the B6.C-
H-2b™12 (bm12) strain, a gene conversion event between
I-EBP and I-ABP altered three amino acids in the C-ter-
minal half of the first domain of ABP (Iles;—>Phe;
Arg7;0—Gln; Thr;;—Lys) and resulted in relative resist-

ance to EAMG development (9). In C57BL/6 mice,
depletion of CD4" cells in vivo prevented EAMG and
also induced clinical remission, demonstrating the crit-
ical role of CD4* cells in EAMG pathogenesis (10).

HLA-DQf chain polymorphism and increased fre-
quency of HLA-DQ8 and HLA-DR3 alleles have been
associated with human MG susceptibility (11, 12). On
the other hand, the DQ6 allele has been suggested to be
negatively associated with MG (13). To study the role of
human HLA class II molecules in MG, Raju et al. exam-
ined the susceptibility to EAMG in B10 mice transgenic
for human HLA-DQ8 and DQ6 class II molecules (14).
The HLA transgenic mice do not have the endogenous
I-AB and I-Ea molecules and therefore only express
human HLA-DQS8, DQ6, or DR3 transgenic class II
molecules (14, 15). HLA transgenic mice developed
EAMG following immunization with T-AChR (14, 15).
Further, transgenic expression of HLA-DQG6 correlated
with reduced susceptibility to EAMG (14).

In the EAMG-susceptible C57BL/6 (I-AP) mice immu-
nized with T-AChR, the sequence region 146-169 of the
T-AChR o subunit forms an immunodominant epitope
for CD4* T cell sensitization (16-19). Several studies
have suggested that sensitization of CD4" cells to epi-
topes within that immunodominant sequence region
was important for EAMG development. The AChR-
immune lymphocytes of bm12 mice exhibited a reduced
proliferative response to epitopes within the 0t146-169
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sequence (16-19). Neonatal tolerance to T-01146-162
peptide, and nasal or systemic administration to adult
C57BL/6 mice of synthetic peptides within the sequence
T-0146-169, prevented EAMG development after
T-AChR immunization (19-22). When using systemic
high doses of a T-0.146-162 peptide, the resulting toler-
ance was mediated by the Fas/Fas ligand pathway, apop-
tosis, and clonal anergy of AChR-reactive CD4" cells
(23). Unlike T cells from wild-type C57BL/6 mice, those
from HLA-DQ8 and HLA-DR3 transgenic mice immu-
nized with T-AChR recognized, primarily, two promis-
cuous determinants within residues 141-160 and
170-190 of the human AChR (H-AChR) o subunict (15).

In this study, we induced EAMG by H-AChR immu-
nization and characterized the H-AChR T cell epitopes
involved in activation of T cells, and the cytokines
secreted by the anti-H-AChR T cells. Toward that goal,
we immunized HLA transgenic mice with H-AChR
derived from the human muscle-like TE671 cell line.
H-AChR-immunized HLA-DQ8, DR3, DQ8XDR3 F;,
and DQ8xDQ6 F; mice developed clinical EAMG,
whereas HLA-DQ6 mice were less susceptible. The cyto-
plasmic H-AChR peptide 0:320-337 (H-0t320-337) was
the dominant T cell epitope for DQS8, DR3, and
DQ8xDQ6 F; mice. The HLA class II-restricted lym-
phocyte response against H-AChR and peptide
H-0320-337 and susceptibility to EAMG were inherit-
ed as a dominant trait in DQ8XDQ6 F; mice.

Methods

Mice. We used transgenic mice deficient in the mouse
MHC class Il molecules, which bear only a human HLA-
DQ (AB°.DQ8 or AB°.DQ6) or DR (AB°.DR3) molecule.
The mice express functional HLA-DQ8 (HLA-
DQA1*0301/DQB1*0302), DQ6 (HLA-DQA1*0103/
DQB1*0601), or DR3 (HLA-DRA1*0101/DRB1*0301)
genes in the C57BL/10 background. All of the trans-
genic mice, except DQ8XDQ6 Fy mice, were obtained
after the tenth backcross generation to C57BL/10 mice.
The AB°.DR3 (DR3) mice were mated with AB*.DQ8
(DQ8) mice to obtain the DQ8XDR3 F; mice. The
fourth backcross generation of AB®.DQ8 and AB°.DQ6
(DQ6) mice were mated to derive DQ8XDQ6 F; mice.
In all of the transgenic mice, expression of HLA class II
and absence of endogenous MHC class II molecules
were verified by FACS and PCR (14, 15, 24, 25). The per-
centage of CD4* and CD8" cells in the peripheral blood
leukocytes of transgenic mice before immunization
was analyzed by flow cytometry as previously demon-
strated (25). CD4* cells in the different strains were:
DQ6, 15.68% + 3.55%; DQS, 14.02% + 2.20%; DR3,
15.73% * 3.03%; and DQ8XDR3 Fy, 16.08% * 4.41%;
while CD8* cells were as follows: DQ6, 10.14% + 1.12%;
DQS8, 11.42% + 2.76%; DR3, 11.34% + 4.89%; and
DQ8xDR3 Fy, 10.6% + 1.60%. No significant differ-
ences between these strains of mice were found. There-
fore, the immune system in HLA transgenic mice devel-
oped normally, with appropriate expression and
functionality of MHC class II molecules. All transgenic

lines were initially bred at the Mayo Clinic and then
bred and housed in the viral Ab-free barrier facility at
the University of Texas Medical Branch. All experi-
ments were performed according to the Animal Care
and Use Committee guidelines.

Purification of buman AChR, biological activity, and SDS-
PAGE. H-AChR was purified from the TE671 cell line
(American Type Culture Collection, Rockville, Mary-
land, USA), which expresses H-AChR, by an o-neuro-
toxin affinity column. The TE671 cell line was cultured
in 150-cm? cell culture flasks at 37°C in Dulbecco’s
modification of Eagle’s medium supplemented with 2
mM/1 L-glutamine, and 10% of FBS in the presence of
100 U/ml penicillin G and 100 pug/ml streptomycin.
Confluent cells were harvested every 3-4 days. Cells
were washed in homogenization buffer containing 5
mM,/1 Tris (pH 7.8), 10 mM/1 EDTA, 10 mM/l EGTA,
0.1 g/1 phenylmethylsulfonyl fluoride, and 0.2 g/l sodi-
um azide. The cells were removed from the flask, and
cells collected from 70-100 flasks were used for one
affinity purification procedure. After washing, the pel-
let was resuspended in a small amount of homogeniz-
ing buffer, and 0.1 vol of 10% Triton (1% Triton X-100)
was added to the TE671 cells and agitated for 4 hours
on a shaker at low speed at 4°C. The extract was cen-
trifuged for 30 minutes at 100,000 gat 4°C. AChR con-
taining supernatant was added to neurotoxin
3-agarose (Sigma Chemical Co., St. Louis, Missouri,
USA) in a glass flask and agitated gently in a shaker for
4 hours at 4°C. The next day, AChR extract/neurotox-
in 3-agarose mixture was poured into a 1.5 X 20-cm
Econo column (Bio-Rad Laboratories, Life Science
Group, Hercules, California, USA). The mixture was
poured down the sides of the column and the buffer
allowed to run out of the column. After beads were
packed, supernatants were allowed to run out of the
column until a small amount covered the top.
NaCl/Triton buffer was added to the top, and the col-
umn was washed with 100 ml of bufter. Following this
step, both the toxin affinity and hydroxylapatite
columns were washed with 300 ml 0.2% cholate buffer.
Buffer from the top of both columns was removed, and
1 M carbamylcholine buffer (26) (Sigma Chemical Co.)
was added. Then the hydroxylapatite column, but not
the neurotoxin 3 column, was washed with 100 ml of 1
M carbamylcholine buffer. Plastic tubing from both
the columns was connected to a pump. The peristaltic
pump was run at a rate of 50 ml/h, and the mixture was
allowed to circulate for 14-16 hours. The connection
between the toxin affinity and the hydroxylapatite
columns was removed, and H-AChR was eluted with
152 mM phosphate elution buffer (26) into a fraction
collector. The total yield from each purification varied
with an average of 5 mg pure H-AChR protein from 40
to 60 g TE671 cells. We evaluated the ability of the
H-AChR preparations to bind specifically to [!%I]o-
bungarotoxin ([!2°IJo--BTX). One microgram of affini-
ty-purified H-AChR had 92-219 nM of a-BTX-binding
sites. SDS-PAGE confirmed the purity of fetal H-AChR
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Figure 1

SDS-PAGE separation of affinity-purified H-AChR protein. Stan-
dard protein markers and 20 pl of sample buffer containing 10 ug
H-AChR protein were loaded on a 7 X 8-cm gel. PAGE was run in
Mini-Protean Il Electrophoresis Cell (Bio-Rad Laboratories) at 50
milli-Ampere for 2 hours and stained with Coomassie blue.

preparations with appropriate molecular weight of o
(in duplicate), B, v, and 3 subunits (Figure 1) (27).
Peptides. The peptides used in this study were synthe-
sized by parallel synthesis (28). Most of them were 14-20
residues long and overlapped by three to five residues.
They spanned most of the H-AChR o subunit sequence.
Their position in the AChR o subunit and their
sequences are reported in Table 1. The synthesis and
characterization of these peptides have been reported
(29-33). They were successfully used to identify the epi-
tope repertoire of CD4* cells from MG patients (29-33).
Induction of EAMG and clinical evaluation of the disease.
DQ8, DR3, DQG6 (eight mice each), and ten
DQ8xDR3 F; mice were immunized with H-AChR (20
Ug per mouse) in CFA on days 0, 30, and 60. The mice
were evaluated for clinical EAMG, and their muscle
weakness was graded as follows. Grade 0: normal
strength without any muscle weakness;
grade 1: definite weakness of the fore- Table 1

lymph node cells (LNCs) at 4 x 10° cells in 200 pl were
exposed in triplicate to each of the H-AChR-o (H-01)
subunit peptides (40 pg/ml) and H-AChR (0.5 pg/ml).
Inguinal, paraortic, and axillary LNCs of individual
mice derived on day 90 of the long-term experiment
were cultured in triplicate with H-0320-337 peptide (40
ug/ml) or H-AChR (0.5 pug/ml). The culture medium
contained RPMI-1640, supplemented with 10% FCS,
penicillin G (100 U/ml) streptomycin (100 pug/ml),
L-glutamine (2 mM), 2-mercaptoethanol (3 x 10-5 M),
and HEPES buffer (25 mM). The cells were cultured for
S days at 37°C in humidified 5% CO,-enriched air, and
pulse-labeled with [3H|TdR (1 uCi per well) for 18-20
hours before harvesting. The 3H incorporation was
determined in a Beckman beta scintillation counter
(Beckman Coulter Inc., Fullerton, California, USA).
The results are expressed as Acpm (cpm with antigen
minus cpm with media).

Anti-DQ and -DR Ab inbibition studies. DR3 and DQ8
mice (four of each) were immunized with H-AChR (20
lg per mice) in CFA. A week later, the mice were euth-
anized, and the pooled draining popliteal and
inguinal LNCs in triplicate wells were cultured for 5
days with H-AChR (0.5 ug/ml), with or without mADb’s
specific for HLA-DQ (Leinco Technologies Inc., St.
Louis, Missouri, USA; clone 1a3) or HLA-DR mole-
cules (PharMingen, San Diego, California, USA,; clone
G46-6, dialyzed to remove sodium azide). The extent
of cell proliferation was determined from the incor-
poration of 3H-thymidine.

Serum anti-AChR Ab assay. To detect cross-reactive
auto-Ab to mouse muscle AChR (M-AChR), crude
mouse muscle extract containing M-AChR was incu-
bated in Triton buffer with ['**IJa-BTX (5 x 107 M,;
Amersham Life Sciences Inc., Arlington Heights, I1li-
nois, USA) for 1 hour. One microliter of serum of each
mouse was added. Normal mouse serum (bled from

limbs with a characteristic hunched, Human AChR @ chain overlapping synthetic peptides®

chin-down posture and flaccid tail,
after exercise involving 20-30 consecu-
tive paw grips on the top steel grids of
the animal cage; grade 2: grade 1 weak-

1-14 SEHETRLVAKLFKD 12-27 FKDYSSVVRPVEDHRQ
19-34 VRPVEDHRQWVEVTVG

48-67 QIVTTNVRLKQQWVDYNLKW
76-93 KKIHIPSEKIWRPDLVLY 89-105 DLVLYNNADGDFAIVKF

ness at rest; grade 3: severe weakness  101_120 AVIKFTKVLLQYTGHITWTP 118-130 WTPPAIFKSYCEI

with paralysis involving all the limbs  135-154 VTHFPFDEQNCSMKLGTWTYDGS

(quadriplegia) accompanied by dehy-  166-185 DLSNFMESGEWVIKESRGWK 181-195 SRGWKHSVTYSCCPD

dration and moribundity. Serum from  181-200 SRGWKHSVTYSCCPDTPYLD
individual mice was collected before 203-218 YHFVMQRLPLYFIVNV

32-51 TVGLQLIQLINVDEVNQIVT

63-80 YNLKWNPDDYGGVKKIHI

151-168 YDGSVVAINPESDQPDLS

191-207 SCCPDTPYLDITYHFVM
214-233 FIVNVIIPCLLFSFLTGLVF

first immunization and on days 15,45, 230-249 GLVFYLPTDSGEKMTLSISV 261-280 VELIPSTSSAVPLIGKYMLF
75, and 90 after first immunization. 280-297 FTMVFVIASIITVIVIN 293-308 VIVINTHHRSPSTHVM
304-322 STHVMPNWVRKVFIDTIPN 320-337 IPNIMFFSTMKRPSREKQ

Lympbhocyte proliferative response in vitro
to the H-AChR and mapping of H-AChR epi-
topes recognized by T cells in DQS8, DQG6,

329-347 MKRPSREKQDKKIFTEDID 343-356 TEDIDISDISGKPG
352-368 SGKPGPMGFHSPLIK
387-400 KSDQESNNAAAEWK

DR3, and DQ8XDQG6 F; mice. DQ8, DQS6, 419437 1GGTLAVFAGRLI ELNQQG

DR3, and DQ8xDQ6 F; transgenic mice

376-393 IEGIKYIAETMKSDQESN
403-421 AMVMDHILLGVFMLVCIIG

were immunized in the footpads with  “The single-letter notations of the amino acids are: A, alanine; C, cysteine; D, aspartic acid; E,

20 ug H-AChR in CFA. After 7 days,

pooled draining (popliteal and inguinal) W, tryptophan; Y, tyrosine.
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Figu

(aand b) Kinetics of the accumulated clinical EAMG incidence (a) and mean clinical score (b) in DQ6, DQ8, DR3, and DQ8XDR3 F; trans-
genic mice. DQ6 mice’s mean clinical scores (severity) were significantly lower than those of DQ8 and DR3 (from day 42 to the end of the
experiment) and DQ8xDR3 Fy mice (from day 20 to the end of the experiment) after a second H-AChR immunization. P < 0.05, Student’s
t test. In Fisher’s exact probability test, the difference in the clinical incidence between DQ8 and DQ6, and DR3 and DQ6 was significant at
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mice before first immunization) served as control.
After overnight incubation at 4°C, goat anti-mouse
IgG (Jackson ImmunoResearch Laboratories Inc., West
Grove, Pennsylvania, USA) was added to 1 ml of [?T]ot-
BTX-labeled AChR. After 4 hours, the tubes were cen-
trifuged, and the pellets were washed with 1 ml of Tri-
ton buffer, centrifuged again, and counted in a gamma
counter. The AChR precipitated, minus the control
value, gave the serum Ab amounts in nanomoles (nM)
of 0-BTX-binding sites bound per liter of serum.
ELISA of anti-M-AChR Ig isotype. Affinity-purified
M-AChR (0.5 pg/ml) was coated onto a 96-well
microtiter plate in 0.1 M carbonate bicarbonate buffer
(pH 9.6) overnight at 4°C. The plates were blocked
with 2% BSA in PBS at room temperature for 30 min-
utes. Diluted serum samples of 100 ul (IgG, IgG;,
IgGap, and IgGy. 1:2500; IgM 1:100) were added and
incubated at 37°C for 90 minutes. After four washes,
horseradish peroxidase-conjugated anti-mouse IgM,
IgG, IgGy, and IgGgy, (Caltag Laboratories, Burlingame,
California, USA) and anti-mouse IgG,. (PharMingen),
diluted 1:1000 in PBS 0.05% Tween-20, were added and
incubated at 37°C for 90 minutes. Subsequently, 0.3
mg/ml of diammonium 2,2’-azino-bis-(3-ethylben-
zothiazoline-6-sulfonate) substrate (ABTS) solution
was added to the IgM, IgG, IgG, and IgG;;, plates and
100 pl of avidin-labeled peroxidase (Sigma Chemical
Co.) at 2.5 ug/ml was added to the IgG,. plate and
incubated for 30 minutes. Subsequently, the peroxi-
dase indicator substrate ABTS, in 0.1 M citric buffer,
pH 4.35, was added in the presence of H,O;, and the
mixture was allowed to develop color at room temper-

ature in the dark. Plates were read at a wavelength of
405 nm. Serially diluted anti-AChR sera were used as a
positive control, and normal mouse serum (collected
from mice before H-AChR immunization) was used for
background determination. The results are expressed
as AOD (OD from sera after AChR immunization
minus OD from sera before AChR immunization).

Radioimmunoassay of M-AChR content. 0.1-ml aliquots of
[1%5T]o-BTX-labeled (5 x 102 M), Triton X-100-solubi-
lized mouse muscle extract, both with and without ben-
zoquinonium (10-3 M), were mixed with 10 ul of anti-
AChR serum. The resulting complex was precipitated by
goat anti-mouse serum and then sedimented by cen-
trifugation, washed in 1 ml of Triton buffer, and sedi-
mented again. Radioactivity of the pellet was counted
in a Packard gamma counter (Packard Instrument Co.,
Meriden, Connecticut, USA), and cpm with benzo-
quinonium was subtracted from cpm of experimental
samples without benzoquinonium. The concentration
of AChR was expressed as pM of [12°]|o-BTX-binding
sites per gram of mouse carcass.

ELISA of cytokines secreted by cultured LNCs. At the end of
the long-term experiment, draining LNCs (inguinal,
paraaortic, and axillary) from individual mice were cul-
tured in 48-well, flat-bottomed plates in the presence of
H-AChR (0.5 ug /ml) or H-0320-337 peptide (40 pg/ml);
and at 48, 72, or 96 hours, the supernatant was collected
for IL-2, IL-10, and IFN-y measurement. Wells in ELISA
plates (Immunol 2; Dynatech Laboratories, Chantilly,
Virginia, USA) were coated with 2 pg/ml (50 pl per well)
of one of the anti-cytokine (IL-2, IFN-y, and IL-10;
PharMingen) mAb’s in 0.1 M carbonate buffer, pH 8.2
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Figure 3

Muscle AChR content in AChR-immunized transgenic mice. Indi-
vidual mouse carcasses were extracted to measure muscle AChR
(0-BTX-binding sites) by radioimmunoassay and expressed as pM
o-BTX-binding sites per gram of mouse carcass. DQ6 mice had
increased amounts of functional muscle AChR compared with
DQ8, DR3, and DQ8XDR3 F; mice. *P < 0.01, Student’s t test.
There was no difference in the muscle AChR content between
normal DQ8 (1.16 + 0.10 pM/g), DQ6 (0.94 + 0.07 pM/g), and
DR3 (1.25 + 0.08 pM/g) mice.

overnight at 4°C. The plates were blocked with 200 pl of
10% FCS in PBS for 2 hours. Supernatant sample (100
ul) and various dilutions of cytokine standards
(PharMingen) were added, titered to the linear portion
of the absorbance/concentration curve in duplicate, and
incubated overnight at 4°C. After the plates were washed
six times with PBS and Tween-20 (0.05%), 100 pl biotiny-
lated anti-cytokine mAb (with different epitopic deter-
minants than the Ab used to coat ELISA plates) at 1
Ug/ml in PBS containing 10% FCS were added for 45
minutes at room temperature. After vigorous washing,
100 ul of avidin-labeled peroxidase (Sigma Chemical
Co.) at 2.5 pg/ml was added and incubated for 30 min-
utes. Subsequently, the peroxidase indicator substrate
ABTS in 0.1 M citric buffer, pH 4.35, was added in the
presence of H,O,, and the OD was measured at 405 nm
using the ELISA reader from Molecular Devices Corp.
(Sunnyvale, California, USA). The negative (background)
controls were culture medium. The concentration of
specific cytokine samples was measured based on
cytokine standards (IFN-y and IL-10, PharMingen; IL-2,
R&D Systems Inc., Minneapolis, Minnesota, USA).

Results

H-AChR immunization induced clinical EAMG in DQS,
DR3, DQ8XDR3 Fy, and DQ8XDQ6 F; mice. DQ6 mice
were relatively resistant to clinical EAMG when immu-
nized with T-AChR (14). In our study, before the sec-
ond AChR immunization, two of eight DR3 mice (25%)
and one of eight DQ8 mice (12.5%) developed grade 1
EAMG. After the second immunization, five of eight
DQ8 (62.5%) and four of eight DR3 mice (50%) devel-
oped grade 1 or 2 EAMG. The accumulated total clini-
cal incidence at the end of the experiment was six of
eight (75%) for DQ8 and DR3 mice. The time course of
the accumulated incidence of clinical EAMG and the
time of onset of the clinical disease are illustrated in
Figure 2a and the time course of the clinical score
(mean grade) is illustrated in Figure 2b. Only two of

eight DQ6 mice (25%) developed low-grade, clinical
EAMG after the third immunization. Therefore, DQ6
mice are relatively resistant to EAMG and develop less
severe disease when immunized with either H-AChR
(this study) or T-AChR (14).

Since both DQ8 and DR3 alleles are positively asso-
ciated with MG, we examined the susceptibility to
EAMG of DQ8XDR3 F; mice, which express both the
DQ8 and the DQ3 molecules. Eight of ten DQ8XDR3
F; mice (80%) developed clinical EAMG, and one died
at 44 days after the second immunization because of
severe disease (Figure 2, a and b). Expression of I-EaXf3P
(I-E) molecule (equivalent to human DR molecule) in
B10 mice suppressed EAMG development (34). How-
ever, in HLA transgenic mice, expression of the DR3
molecule in the presence of EAMG susceptible DQ8
molecule did not suppress clinical EAMG.

Next we examined whether simultaneous inheritance
of the EAMG-susceptible DQ8 allele and the EAMG-
resistant DQ6 allele leads to dominant susceptibility to
EAMG. DQ8XDQ6 F; mice developed clinical EAMG
with an incidence and severity similar to those of DQ8
mice (Figure 2, c and d), suggesting the dominance of
the DQ8 gene in determining EAMG susceptibility.
Consistent with the clinical findings, the AChR con-
tent of mouse muscle, determined as a-BTX-binding
sites, was significantly lower in H-AChR-immunized
DQ8, DR3, and DQ8xDR3 F; mice than in the resist-
ant DQ6 mice (Figure 3).

Reduced serum anti-AChR Ab level in DQ6 mice, compared
with DQ8, DR3, and DO8XDR3 F; mice. Serum collected
on days 15, 45, and 75, after the beginning of the
H-AChR immunization, were evaluated for anti-M-
AChR Ab concentration by an a-BTX radioimmunoas-
say. The anti-AChR Ab response of all the transgenic
strains was low on day 15 after priming with H-AChR,
and no differences were observed between transgenic
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Figure 4

Reduced anti-AChR IgG response in DQ6 mice compared with DQS8,
DR3, and DQ8xDR3 F; mice. Serum individually derived from DQ6,
DQ8, DR3, and DQ8xDR3 F; mice (eight mice of each group) on
days 15, 45, and 75 after the first H-AChR immunization was meas-
ured for anti-mouse muscle AChR IgG level by a-BTX radioim-
munoassay. The mean value of cpm of prebleeding serum from all
transgenic mice was similar (DQ8, 396 + 55; DR3, 414 + 47; DQS6,
390 + 30; DQ8XDR3 Fy, 400 + 47). The error bars are SE. *P < 0.01
and **P < 0.05, Student’s ¢t test.
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mice (Figure 4). However, at 45 days (15 days after the  The sequence 0320-337 of the H-AChR forms a dominant
first H-AChR boost) and at 75 days (15 days after sec- T cell epitope for DQ8, DR3, and DQ8XDQ6 F; mice. We
ond boost), DQ8, DR3, and DQ8XDR3 F; mice had sig- next mapped the T cell epitopes on the H-AChR o
nificantly higher concentrations of serum anti-M- subunit by challenging LNCs from H-AChR-immu-
AChR Ab than did DQ6 mice (Figure 4). Therefore, the nized DQ8, DR3, DQ6, and DQ8xDQ6 F; mice, with
resistance of DQ6 mice to development of clinical overlapping synthetic peptides spanning most of the
EAMG could be due to the reduced production of sequence of the H-AChR « subunit. Peptide 0320-
cross-reactive Ab to mouse muscle AChR. 337 was most strongly recognized by T cells of
Reduced serum concentrations of anti-AChR IgG, IgG;, H-AChR-immunized DQ8, DR3, and DQ8xDQ6 F;
IgGap, and 1gGae in DQG6 mice compared with DQ8, DR3, and  mice (Figure 6). Peptide ®304-322 was a subdomi-
DQ8XDR3 F; mice. Next we examined whether the con- nant epitope in DQ8 mice. H-AChR-immunized T
centration in the serum of anti-AChR IgG isotypes cor-  cells of DR3 mice responded well (>40,000 cpm) to
related with development of EAMG in the EAMG-sus- numerous peptides of the H-AChR o subunit (0t320-
ceptible DQ8, DR3, and DQ8XDR3 F; mice,and inthe 337, ®376-393, 0304-322, 0:261-280, 0.89-105, and
relatively resistant DQ6 mice. Fifteen days after prim- 076-93). H-AChR-immune DQ6 mouse T cells
ing with H-AChR, we did not observe significant dif- responded moderately (~20,000 cpm) to peptide
ferences in the primary anti-AChR IgM Ab between ®304-322 and did not respond to any other H-AChR
DQ6 mice, and DQ8, DR3, and DQ8xDR3 F; mice o subunit peptides. H-AChR-immune T cells from
(Figure 5). However, the concentration of serum anti- DQ8XDQ6 F; mice responded to almost all of the
AChR IgM Ab level was very low in all of the transgenic ~ peptides recognized by H-AChR-immune T cells
mice at that time. On day 75 (after two booster doses of  from DQ8 mice.
H-AChR), DQ8, DR3, and DQ8XDR3 F; mice had sig-  Reduced AChR-specific lymphocyte proliferation and pro-
nificantly higher serum anti-AChR IgM responses than  duction of IFN-y and IL-2 in DQ6 mice as compared with
did DQ6 mice (Figure 5). As observed for the o-BTX  DQ8, DR3, and DQ8xDQ6 F; mice. Ninety days after the
radioimmunoassay of anti-AChR Ab, also in the ELISA,  first H-AChR immunization, LNCs from all the trans-
the serum anti-AChR IgG Ab response was reduced in  genic mice were cultured in vitro with H-AChR or pep-
the DQG6 mice as compared with the DQ8, DR3, and  tide H-0.320-337, and examined for lymphocyte prolif-
DQ8xDR3 F; mice (Figure 5). On days 45 and 75 (after  eration and cytokine secretion. H-AChR- and
one and two boosts with H-AChR, respectively), DQ6 H-0t320-337-specific proliferation was significantly
mice had significantly reduced serum concentrations lower for LNCs from DQ6 mice than for those from
of anti-AChR IgGy, IgGgp, and IgG,. isotypes. There- DQ8, DR3, and DQ8xDQ6 F; mice (Figure 7a). We
fore, the relative resistance of EAMG in DQ6 mice was measured IL-2, IL-10, and IFN-y in supernatants col-
associated with reduced secondary response involving  lected after 48, 72, and 96 hours of culture, respective-
anti-AChR IgGy, IgGap, and IgG,. Ab isotypes. ly. H-AChR- and H-0.320-337-specific IFN-y and IL-2
1116 The Journal of Clinical Investigation | April2002 | Volume 109 | Number8



production was significantly higher in cultures of
LNCs from DR3, DQ8, and DQ8XDQ6 F; mice than in
those of LNCs from DQ6 mice (Figure 7, b and c).
There were no significant differences in IL-10 respons-
es between different transgenic mice (Figure 7d).

H-AChR- and H-0320-337 peptide—specific lymphocyte
responses in DQ8 and DR3 mice are HLA class II-restricted.
DQ8 and DR3 mice were immunized with H-AChR (20
ug per mouse) in CFA. Seven days later, their pooled
draining LNCs were stimulated in vitro with H-AChR
or H-0320-337, in the presence or absence of
anti-HLA-DQ or anti-HLA-DR Ab. Anti-HLA-DQ Ab
inhibited the H-AChR- and H-0t320-337-induced pro-
liferative response of LNCs from DQ8, but not DR3,
mice, while anti-HLA-DR Ab inhibited the H-AChR-
and H-0320-337-induced proliferative response of
LNCs from DR3, but not DQ8, mice (Figure 8).

Discussion

Although numerous studies have examined the associ-
ation of HLA class II gene polymorphism with suscep-
tibility to MG or other autoimmune diseases, the
molecular mechanisms by which HLA class II genes
influence the development of autoimmune diseases are
still obscure. This is because the HLA system is very
complex, and the presence of gene clusters and of link-
age disequilibrium further complicates this issue. HLA
transgenic mice were generated in an attempt to reduce

this complexity in a biologically relevant setting. The
HLA transgenic mice we used do not express endoge-
nous class II molecules: thus, the only MHC class II
gene products involved in antigen presentation in these
mice are the human DQ8, DR3, or DQ6 molecules.
These HLA class II transgenic mice expressed normal
levels of CD4* and CD8" cells (25), confirming that the
transgenic HLA class I molecules can interact with the
mouse CD4 molecule and T cell receptors.

Previous studies used panels of overlapping synthet-
ic peptides spanning the sequence of the different
H-AChR subunits, to examine the CD4* T cell response
of PBMCs from MG patients, or H-AChR-specific
CD4* T cell lines derived from MG patients, to identi-
fy H-AChR T cell epitopes (29-33, 35-43). Those stud-
ies identified a number of sequence regions recognized
by CD4" cells of MG patients, including a few immun-
odominant epitopes, which were recognized by the
majority of MG patients on each human AChR sub-
unit; several of those epitopes were within the H-AChR
o subunit. Harcourt et al. reported that peptide
257-269 from H-AChR stimulated cells from six
patients and no controls (42). However, MHC class II
restriction of this peptide-induced lymphocyte
response was not studied. Other studies (44, 45)
demonstrated that the AChR sequence regions immun-
odominant for sensitization of CD4" cells in MG
patients could associate with a variety of purified DR
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Figure 6
T cell epitope mapping on the H-AChR o subunit in DQ6, DQ8, DR3, and DQ8xDQ6 F; transgenic mice immunized with H-AChR. The
transgenic mice were immunized in the footpad with H-AChR (20 ig) in CFA. Seven days later, draining LNCs (popliteal and inguinal) were
exposed to each of the overlapping synthetic H-AChR o subunit peptides (40 pg/ml) and H-AChR (0.5 pg/ml), and 3H incorporation was
determined. The error bars are SE.
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Reduced H-AChR- and ®320-337 peptide-specific lymphocyte pro-
liferative response and IFN-y and IL-2 secretion in DQ6 mice com-
pared with DQ8, DR3, and DQ8XDR3 Fy mice. At termination of the
long-term experiment (day 90), LNCs from DQ6, DQ8, DR3, and
DQ8xDR3 F; mice were cultured in vitro with H-AChR (0.5 pg/ml),
peptide 320-337 (40 ug /ml), and PBS, and supernatants collected
after 48, 72, and 96 hours were used for IL-2, IL-10, and IFN-y meas-
urement, respectively. Because of the reduced number of cells, the
LNCs from two mice in one group were pooled. For the lymphocyte
proliferation, total samples were six DQ6 mice and eight each of DQS8,
DR3, and DQ8XDR3 F; mice; for the supernatant cytokine test, total
samples were three DQ6, seven DQ8, five DR3, and five DQ8XDR3
F1 mice. (a) Lymphocyte proliferation is measured in Acpm (cpm with
antigen minus cpm with medium). Mean cpm with medium was:
DQ6, 6363; DQS, 6218; DR3, 6795; DQ8XDR3 F4, 7567. Acpm for
T-AChR was: DQ6, 2152; DQS, 7213; DR3, 9703; DQ8xDR3 F;,
1046.4. (b and c) Suppressed production of AChR-specific IFN-y (b)
and IL-2 (c) in DQ6 mice compared with DQ8, DR3, and DQ8XDR3
Fq mice. *P < 0.05, Student’s t test. The error bars are SE. Mean val-
ues (pg/ml) with medium for IFN-y were: DQ6, 21.67; DQ8, 22.19;
DR3, 36.07; DQ8XDR3 F4, 26.59; and for IL-2 were: DQ6, 27; DQS,
54.18; DR3, 47.42; DQ8XDR3 Fy, 574. (d) IL-10 secretion in super-
natant of each strain of transgenic mice. Mean values (pg/ml) with
medium were: DQ6, 27; DQS, 21.4; DR3, 28; DQ8xDR3 Fy, 21.79.

molecules. Those studies demonstrated that the
sequence 0320-337 was recognized by several MG
patients (31, 44, 45), and that this sequence could bind
effectively to three of the four DR molecules tested
(DR2, DR4, and DR7) (44). T cell lines were generated
against the full-length recombinant H-AChR o subunit
(41); peptides 75-115 and 138-167 were restricted by
DR4, and peptide 309-344 was restricted by DR3 or
DRS52a (41). However, those studies did not examine
the association of any particular dominant H-AChR T
cell epitopes with a particular HLA-DQ molecule.

In our current study, we used HLA-DQ8 and DR3
transgenic mice to identify the dominant H-AChR-o
subunit T cell epitopes recognized by T cells during the

primary and secondary immune response to H-AChR.
To reproduce as closely as possible what may occur in
the pathogenesis of human MG, we immunized DQ8
and DR3 transgenic mice with intact H-AChR. There-
fore, DQ8- and DR3-expressing antigen-presenting
cells processed the H-AChR and presented selected pep-
tides to the T cells. DQ8, DR3, DQ8XDR3 F;, and
DQ8xDQ6 F; mice generated anti-AChR Ab and devel-
oped clinical EAMG after multiple immunizations with
H-AChR. Thus, we have demonstrated here, for the first
time to our knowledge that EAMG can be induced in
HLA transgenic mice by immunizing with H-AChR.
T-AChR-immune T cells of C57BL/6 (I-AP) mice pre-
dominantly respond to epitopes within the sequence
region 146-169 of the T-AChR o subunit (20). T cells
from HLA-DQ8 and DR3 transgenic mice immunized
with T-AChR recognized primarily epitopes within
141-160 and 170-180 of the H-AChR o subunit. How-
ever, H-AChR-immune T cells of DQ8 and DR3 trans-
genic mice responded predominantly to a dominant
epitope within residues H-0320-337. These data clear-
ly suggest that T cells of DQ8 mice immunized with
T-AChR and H-AChR recognize different epitopes in
the H-AChR o subunits. DQ8 mouse T cells responded
to most of the peptides recognized by T cells of
H-AChR-immune DR3 mice. For H-AChR-sensitized
DQ8 mice, peptide H-0320-337 was the dominant epi-
tope. In DR3 mice the anti-H-AChR-immune T cells
responded to a number of peptide sequences of the
H-AChR o subunit. The DR3 allele has been associated
with several autoimmune diseases. The ability of DR3
transgenic mouse T cells to respond to several H-AChR
peptides implies that the DR3 molecule can bind
numerous epitopes and activate a variety of T cells.
The sequence H-0.320-337, which is part of the cyto-
plasmic domain of the H-AChR, might form a promis-
cuous epitope (44), recognized by T cells of MG
patients with different HLA-DQ or DR alleles, beside
the DQ8 and DR3 alleles. The finding that this peptide
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Figure 8

Effect of anti-DR or -DQ Ab on in vitro AChR- and ®320-337 pep-
tide-specific lymphocyte proliferation response. Pooled LNCs from
four H-AChR-immunized DQ8 mice and four H-AChR-immunized
DR3 mice were cultured in vitro with H-AChR (0.5 pg/ml) or
H-01320-337 peptide (40 pug/ml), and anti-HLA-DQ or anti-HLA-
DR mAb (2.5 ug/ml). *P < 0.05, Student’s t test.
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is frequently recognized by CD4" cells of MG patients,
irrespective of their class IT haplotype (30, 31), supports
this possibility. Identification of one dominant epitope
H-01320-337 for two HLA alleles (DQ8 and DR3) close-
ly linked to MG susceptibility goes beyond the primary
mapping of H-AChR T cell epitope in MG patients.
Epitopes within this sequence could sensitize CD4" T
cells during the initial priming with H-AChR or with a
cross-reactive antigen (i.e., microbial antigen). It is also
possible that when the mouse neuromuscular junction
AChR is destroyed by Ab binding and complement-
mediated lysis, AChR fragments could be processed,
and dominant epitope(s) (including 00320-337) could
be presented to T cells and maintain the autoimmune
T cell response to the AChR.

The relative resistance to clinical EAMG of DQ6
mice after immunization with H-AChR and the nega-
tive association of the DQ6 allele with human MG
could imply that the DQ6 molecule is less efficient in
binding and/or presentation of dominant pathogen-
ic T cell epitopes of the H-AChR. It is also possible
that individuals bearing the DQ6 allele have reduced
T cells potentially reactive to AChR T epitopes. MHC
class IT molecules influence the peptide-binding char-
acteristics during immune response. HLA-DQ8 and
DR3 bind few or more autoantigenic peptides that
contribute to MG development, and the DQ6 mole-
cule either does not bind these autoantigenic pep-
tides, or else binds them in an altered binding motif
such that different residues could be presented to the
T cell receptor.

There was no difference in the anti-AChR IgM Ab
response in H-AChR-immunized DQ8, DR3, and F;
mice (all susceptible to EAMG), and the EAMG-resist-
ant DQ6 mice. However, all the serum anti-AChR IgG
isotypes we tested (IgG1, IgGap, and IgG,.) were lower
in DQ6 mice than in DQ8, DR3, and F; mice. This
suggests that the B cells of DQ6 mice have antigen
receptors specific for mouse AChR in normal num-
bers, but less capable of mounting a secondary Ab
response to the mouse AChR. The overall T cell
response to the H-AChR o subunit epitopes leads to a
strong production of cytokines (i.e., IL-2 and IFN-Y),
which may activate H-AChR-specific B cells in DQ8
and DR3 mice. The defect in switching from anti-
AChR IgM to IgG could be due to the reduced T cell
responses, and the reduced IFN-yand IL-2 production
that we observed in DQ6 mice after immunization
with H-AChR. Also, the resistance of HLA-DQ6 mice
to EAMG induced by immunization with T-AChR was
associated with a reduced AChR-specific production
of IFN-y, IL-2, and IL-10 (46).

Itis of interest that H-AChR-immune T cells of both
DQ8 and DR3 mice, which are susceptible to EAMG,
responded dominantly to the H-0320-337 peptide.
Also, the H-01320-337 peptide response was dominant
in DQ8xDQ6 F; mice. The I-AP gene was codominant
for clinical EAMG susceptibility when mice were
immunized with T-AChR (47). Thus, one MG-suscep-

tible HLA-DQ allele in a heterozygote could be suffi-
cient for full expression of MG.

We report several new findings in this paper: (a)
H-AChR derived from TE671 muscle-like cell line has
been purified by neurotoxin affinity chromatography.
(b) EAMG was successfully induced in HLA class II
transgenic mice by immunizing with H-AChR. (c) The
DQ8 gene conferred susceptibility to clinical EAMG
and T cell responsiveness to the dominant peptides
H-0320-337, according to a pattern of dominant inher-
itance. (d) The resistance to EAMG of DQ6 mice was
associated with a reduced secondary anti-AChR IgG
response, but not with the anti-AChR IgM response. (e)
The EAMG resistance of DQ6 mice was associated with
a reduced H-AChR-specific production of IFN-y and
IL-2. (f) We have characterized the dominant human
class II-restricted H-AChR o subunit T cell epitope
H-0320-337 for DQ8 and DR3 transgenic mice.

EAMG can be prevented or suppressed in T-AChR-
primed I-A® mice by injection of high doses of
T-00146-162 peptide in incomplete Freund’s adjuvant
or by nasal or subcutaneous treatment with solutions
of the peptide T-0t150-169 (20-23). The H-AChR pep-
tide ®320-337, identified here as immunodominant in
DR3 and DQ8 transgenic mice, might be used for sim-
ilar therapeutic tolerance approaches in MG patients.
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