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Abstract

Oligoclonal and cloned T lines from peripheral blood or thy-
muses of patients with myasthenia gravis (MG) were selected
for reactivity against nicotinic acetylcholine receptors (AChR)
from Torpedo californica, or against a recombinant fusion
peptide, X4, representing the extracellular portion of the
mouse AChR a-chain. All cell lines expressed the CD4 mem-
brane phenotype, and their antigen reactivity was blocked by
antibodies against monomorphic HLA DR/DP determinants.

Using a panel of fusion proteins of different, overlapping
mouse AChR a-chain sequences, a major T cell epitope was
localized between amino acid positions 85 and 142. This deter-
minant was distinct from the humoral main immunogenic re-
gion, which has been identified on the sequence 61-76.

The response pattern of uncloned T lines from three pa-
tients with different HLA haplotypes suggests, however, that
in any one MG patient T lymphocytes may recognize more
than one autoantigenic epitope on the AChR a-chain, and that
the T lymphocyte response profiles vary among individual pa-
tients.

Introduction

Susceptibility to many, if not all, human autoimmune diseases
is controlled by immune response (Ir)' genes associated with
MHC (1). Ir genes regulate an (auto-)immune reaction pri-
marily by modulating presentation and recognition ofthe rele-
vant antigenic epitopes. On the cellular level this step involves
interactions between antigen-presenting cells (APC) on one
side and the antigen-reactive T lymphocyte on the other. APC
incorporate the antigen and split it into fragments. The pro-
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cessed antigen fragments are exposed on the APC membrane
in the molecular context ofMHC determinants. Detailed un-
derstanding of Ir gene control in (auto-)immune diseases de-
pends on detailed knowledge of the molecular structures in-
volved in antigen presentation and recognition: the processed
antigen fragment and the relevant MHC product on the one
hand, and the T cell receptor complex on the other.

Among all human diseases myasthenia gravis (MG) seems
the best suited to the direct study of Ir gene expression on both
the cellular and molecular level. In MG the autoantigen has
been demonstrated to be the nicotinic acetylcholine receptor
(AChR) of the neuromuscular endplate (2). This protein can
be isolated to purity and its genes have been cloned and se-
quenced (3). Second, susceptibility to MG is associated with
MHC class II genes (4, 5) whose products qualify as potential
restriction elements in T cell recognition of the autoantigen.
Third, MG is the first human autoimmune disease where au-
toantigen-specific T lymphocytes have been cloned and ex-
panded to permanent, monospecific cell lines (6).

We have combined recombinant gene technology with the
T cell cloning approach in an attempt to define the relevant
immunogenic epitope(s) in MG. We show that in one patient
with haplotype HLA DR3, 11 autoimmune, AChR-related T
lines and clones (selected for reactivity against fusion proteins
representing amino acid sequence 6-216 of the mouse AChR
a-chain) recognize at least one dominant epitope on AChR
sequence 85-142. This sequence is distinct from the main
immunogenic region (MIR) for humoral autoantibodies in
MG (7). We furthermore demonstrate that additional lines
isolated from two patients with different HLA haplotypes have
different epitope profiles.

Methods

Patients. All patients were seen in the Department of Neurology, Uni-
versity of Wuirzburg (Wuirzburg, FRG). Their data are summarized in
Table I. The patients were younger than 27 yr and the duration oftheir
disease was shorter than 16 mo. All thymuses showed marked lym-
phofollicular hyperplasia. In all cases HLA typing revealed the combi-
nation B8, DR3, and DQ2.

Antigens and mitogens. AChR from the electric organ of Torpedo
californica (Pacific Bio-Marine Laboratories, Inc., Venice, CA.) was
purified according to Lindstrom and Patrick (8) with modifications
according to Ruchel et al. (9). The specific activity of the AChR was

6-8 nM a-bungarotoxin binding sites/mg protein as determined by a

filter disc assay (10). Before use in tissue culture, Tween 80 had to be
removed by dialysis for 7 d against 5 mM phosphate buffer, pH 7.4.
The optimal concentration in tissue culture medium was 1-2 yg/ml.
Tetanus toxoid (TT) (lot No. 831832, 2,860 fl/ml; Behringwerke,
Marburg, FRG) and was used at a final concentration of0.1-1 .4 fl/ml.
PHA was obtained from Sigma Chemie GmbH (Deisenhofen, FRG)
and used at 5 Ag/ml.
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Table I. Characteristics ofthe Myasthenic T Line Donors

HLA haplotypes
Anti-AChR

Patient Sex Age Duration antibodies Thymic pathology A locus B locus Bw4/Bw6 C locus DR locus DQ

yr mo

T.S. F 20 15 + Lymphofollicular Al, 2 B8 Bw62 Bw6 Cw3 DR3 DR4 1,2'
hyperplasia

H.K. F 24 4 + Lymphofollicular Al, 2 B8 Bw49 Bw4 Bw6 Cw7 Cw8 DR3 DR4 2,3
hyperplasia

A.K. M 26 6 + Lymphofollicular Al B8 Bw6 Cw7 DR3 DRwl 1 2,3
hyperplasia

Fusion proteins of the murine AChR a-chain. Fusion proteins of
specific restriction fragments of a cDNA clone encoding the mouse
a-chain (11) that were subcloned into the fl-galactosidase gene frag-
ment of Escherichia coli plasmid vector pUC8 were prepared as de-
scribed (7) (Fig. 1). The longest construct X4 contained residues 6-216
which are thought to represent almost all ofthe extramembranous part
of the a-chain. Lyophilized samples were redissolved in 8 M urea, 10
mM Tris-HCl, pH 8.0, and dialyzed sequentially against 10 mM Tris-
HC1, pH 8, containing 2 M urea, then PBS, pH 7.4. The protein
concentration was determined according to Bradford (12). Aliquots
were stored at -20'C.

Generation of T cell lines and clones. PBMC were isolated from
EDTA-treated blood using lymphoprep gradients (Nyegaard Co., Oslo,
Norway) and resuspended in RPMI 1640 supplemented with 2 mM
glutamine (Gibco Laboratories, Grand Island, NY), 100 U/ml penicil-
lin, 100 jig/ml streptomycin (Biochrom KG, Berlin, FRG), and 2%
pooled human serum (complete medium [CM]).

2 X I05 cells were cultured in triplicate in flat bottom 96-well plates
(Nunc, Roskilde, Denmark) in the presence or absence of antigens or
mitogens (3 jg/ml X4, 2 Ag/ml AChR, 1 fl/ml TT, and 5 jig/ml PHA)
for 5 d in 5% C02, 95% air. The cultures were labeled for 16 h with 0.2
ACi [3H]thymidine ([3H]TdR, specific activity 5.0 Ci/mmol; Amer-
sham Buchler GmbH, Braunschweig, FRG) before harvesting on glass
fiber filters. Antigen-induced [3H]TdR incorporation was quantified
by liquid scintillation counting in a ,8-counter.

To generate long-term T cell lines, antigen-specific T cells activated
as described above were separated by density gradient centrifugation
and expanded in CM containing 5-10 U/ml IL-2 (Lymphocult THP
Biotest, Frankfurt, FRG). Antigen-specific T cell lines were propagated
as described for T cell lines in the rat (13, 14) by repeated cycles of
stimulation with the relevant antigen and irradiated, autologous
PBMC as APC.

Cloning by limiting dilution. X4-specific T cells were cloned after
the second in vitro restimulation by limiting dilution in U-shaped
96-well plates together with 3 X 104 autologous, irradiated PBMC as
feeder cells (APC). Cultures were fed weekly with antigen, APC, and
IL-2. Colonies were grown up from cultures starting with one cell/well.
It should be stressed that at suboptimal cloning efficiencies the limiting
dilution technique never guarantees definite monoclonality ofan indi-
vidual colony. The term "clone" is thus used operationally. After 6 wk
the colonies were large enough to test their specificity using the micro-
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Figure 1. Panel of fu-
sion proteins.

proliferation assay. Positive cultures were expanded as described
above.

Microproliferation assay. 2 X 104 cells from a T cell line (responder
cells) were cultivated in duplicates or triplicates with or without 2 x 105
irradiated autologous PBMC in flat bottom 96-well plates in the pres-
ence of antigen or mitogen (see above). After 72 h the cultures were
labeled with 0.2 gCi [3H]TdR and harvested 16 h later.
MHC class II restriction. Microproliferation assays were set up in

the presence of ascites fluid (dilution, 1:5,000-10,000) containing
MAb: TU-35 (IgG2a isotype and directed against human class II [DR/
DP] determinants [ 15]) or H-2KK (IgG2a isotype and directed at mu-
rine MHC class I antigens as negative control [ 16]).

Cytofluographic analysis. Samples of 4 X 105 cells were incubated
with a panel of MAb according to the procedures given by the sup-
pliers. T3, T4, T6, and T8 were from Coulter Electronics (Krefeld,
FRG); HLA-DR was from Becton-Dickinson (Heidelberg, FRG); and
FITC-conjugated anti-human Ig was from Dako (Hamburg, FRG).
Indirect immunofluorescence was done with FHTC-conjugated F(ab)2
fragment of goat anti-mouse IgG (dil. 1:40; Dianova GmbH, Ham-
burg, FRG) which also served as a negative control.

Evaluation was performed on an Ortho H 50 cytofluorograph as-
sisted by a computer system Ortho 2140 (Ortho Diagnostics GmbH,
Neckargmund, FRG). 40,000 cells were analyzed using log-scale cali-
bration. Results are presented as histograms.

Results

CD4+ lymphocyte lines specific for sequence 6-216 of the
mouse AChR a-chain. T cell lines were established from pri-
mary cultures of PBMC and thymus from three young non-
treated myasthenic patients (Table I). TT and X4-specific T
cell lines could be maintained in vitro for more than 6 mo.
Antigen-induced proliferation was seen only in the presence of
the relevant, selecting antigen and APC. TT-specific T cells
derived from PBMC and the thymus of patient A.K. reacted
well against the relevant antigen, TT, but did not respond to
X4, which ruled out unspecific mitogenic activity associated
with the fusion protein preparation (Table II). Furthermore,
the fusion proteins contained up to 59 residues of an out of
frame transcript of the ,B-galactosidase gene fragment at the
COOH terminus. However, X4-specific T line cells prolifer-
ated to the same high extent to X4 as they responded to X4-
omega, a fusion protein that does not contain these non-AChR
residues (Fig. 2). Finally, preparations from bacteria producing
fusion proteins or an unrelated protein did not stimulate X4-
specific cells. No cross-reactivity was seen between X4 protein
and native or denatured AChR from Torpedo californicus if
responder cells were selected primarily with X4. In contrast,
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Table II. AChR andX4 Fail to Activate TT-specific
T Lymphocyte Lines

Antigens

T line APC No AG TT AChR X4 PHA

Li + 200±37 10,085±896 591±234 105±14 3,820±1,198
L2 + 620±242 11,478±1,004 284±174 179±36 5,454±1,377
- + 146±65 944±391

T line LI was isolated from PBL and T line L2 from the thymus of patient
A.K. They were tested for antigen reactivity in vitro in the presence ofTT (2
fl/ml), AChR (2 ,g/ml), X4 (3 pg/ml), and PHA (5 jsg/ml).

one AChR-specific T cell line from another MG patient did
cross-react with X4, suggesting that this T cell line recognized a
different epitope of the a-subunit ofAChR (see below).

Cytofluorographic analysis documented that all T cell lines
generated in our system were of the CD4 subset. X4-specific T
cell lines and clones were shown to be > 93% T3',T4', and
completely lacked T6 and T8 (Fig. 3).

These CD4 T lymphocytes appear to recognize antigen in
the context ofMHC class II products, as X4-induced prolifera-
tion was effectively inhibited in the presence ofa MAb (TU 35)
directed at human HLA class II (DR/DP) determinants leav-
ing MHC-nonrestricted lectin-induced activation unaffected
(Fig. 4). No suppressive effect was seen in the presence of a
control MAb directed at murine MHC class I molecules.

Localization of a main T cell epitope. In an attempt to
further localize epitopes recognized by the X4-specific T lym-
phocytes from patient A.K., we screened an oligoclonal X4-
specific T cell line and several clones against a panel of differ-
ent AChR a-chain fusion proteins with variable sequence
overlaps.

The uncloned X4-specific T cell lines reacted strongly
against peptides X4 (6-216) and X8 (37-216). A shorter frag-
ment, Xl (6-142), was still stimulatory, whereas fusion pro-
tein Xl 1 (6-85 plus 179-216) had a definitely lower activation
potential (Fig. 5). T lines with undistinguishable response pro-
file were isolated from the same patient's thymus (not shown).
These data may suggest that the major epitope(s) stimulating
the T line are localized between positions 86 and 142. The
results did not, however, rule out the presence of minor epi-
topes on the NH2- or COOH-terminal part of X4. To further
define potential epitopes, X4-specific T lines which had been
cloned by limiting dilution early during line generation were
screened for reactivity against the fusion peptides.
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Figure 3. Cytofluorographic analysis of X4-specific T line cells. Log-
arithmic display of histograms. (patient A.K.; % positive cells: con-

trol, 2.5; T3, 93.7; T4, 93.7; T8, 1.6; T6, 1.2)

21 colonies/clones reached a size that allowed specificity
testing in microcultures. 14 of these 21 T cell clones were

found to be highly reactive to the full-length peptide, X4. They
were further analyzed in dose-response experiments with Xl,
X4, and X7. A constant pattern was found demonstrating high
activation potential for X4 and Xl and no stimulation in the'
presence ofX7 (158-216). T cell clones specific for an epitope
on X7 were not obtained. A representative T cell clone (clone
No.7) was analyzed with the complete panel offusion proteins
(Fig. 6). X4, X8, and Xi induced a dose-dependent prolifera-
tion, whereas no response was seen in the presence ofX 11 or

X7. In conclusion, at least in the case of clone No. 7, T cell
epitopes could be mapped in the region 86-142. This region
seems to contain major epitopes dominating the overall re-

sponse of the original T cell line from patient A.K.
Response profiles of AChR-specific T lines from patients

with different HLA-baplotypes. All the previous analyses were
carried out using T cells from one patient, A.K. To evaluate
the potential association of response profiles with the HLA
haplotype, we established T cell lines from two other patients
(T.S. and H.K.) and assayed their reactivity against our stan-
dard panel of fusion proteins. Both patients were young fe-
males with recent disease onset, and they both had haplotype

[3qTdR cpm x 103 Figure 2. Antigen-in-
,' ' ' ~~~~duced proliferation of 2

X 104 T line cells se-

X4 lected from PBMC of
X4 JA patient A.K. with X4 in
AChR native the presence of optimal
AChR denatured concentrations of X4,
Tetanus toxoid X4-omega, native, and

denatured AChR from
Torpedo, and TT and 2

X IO' irradiated autologous PBMC as APC. Denaturation of AChR
was done by dialysis against 1 M acetic acid as described in Refer-
ence 30. [3H]TdR incorporation, mean of triplicates±SD.

monoclonal
antibody

none X4

PHA
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MHC classlI XP
(TU 35) PHA

0
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Figure 4. MHC class II
restriction. Activation
of 2 X IO' X4-specific
T cells (patient A.K.)
was effectively blocked
in the presence of a

30 MAb directed at mono-
morphic MHC class II
determinants (HLA-
DR/DP, TU 35). No ef-
fect was seen in the
presence of an irrele-
vant MAb directed at
murine MHC class I de-
terminants.
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Figure 5. Response profile of
an uncloned T cell line from

15 PBMC of patient A.K. selected
with X4: 2 X 104 T line cells

CnI @ ;werestimulated with Xl (se-
E 10- a// /quence 6-142), X4 (6-216),
Ufi A' a/ X8 (37-216), and Xl1 (6-85,

179-216) in the presence of 2
-~ A/ >X 105 irradiated autologous

PBMC. [3H]TdR incorpora-

o,-L tion, mean of triplicates±SD.
010.3 1 3 No antigen, 165 cpm. o, Xl;

0.03 Wgm Protein o, X4; A, X8; v, XI1.

DR3,4 (Table I). As demonstrated in Fig. 7, a X4-specific T
line isolated from the thymus of patient T.S. (haplotype
DR3,4), showed high reactivity against peptides Xl, 4, and 8,
and lower reactivity to X7 and Xl 1. It was thus similar to the
uncloned T line from patient A.K. Another thymus-derived T
line from our third patient H.K. (also haplotype DR3,4), se-
lected for reactivity to Torpedo AChR, showed a distinct re-
sponse pattern. This T cell line responded strongly against
fusion peptides X4 and X8, and to a lesser degree it recognized
peptides Xl and Xl 1. However, like clone 7 from patient
A.K., it ignored peptide X7 (Fig. 8).

Discussion

Three main points arise from our experiments. First and most
general, recombinant gene technology can be profitably used
to study molecular mechanisms in human autoimmune dis-
eases. Second, the results demonstrate that individual MG pa-
tients, differing in part of their HLA-D region, show distinct
target epitope profiles of oligoclonal AChR-specific T lym-
phocyte lines. Third, the data show that T cell epitopes on the
AChR a-chain are distinct from the main immunogenic re-
gion (MIR) of humoral myasthenogenic autoantibodies.

In this study we used monospecific but oligoclonal T lym-
phocyte lines in parallel with cloned sublines. Both oligoclonal
lines and clones are necessary to characterize autoantigen re-
sponse patterns in autoimmune diseases. T lines are suitable to
provide information about the composition of the autoim-
mune T cell repertoire of a given patient. However, cloned
subpopulations are required for establishing fine response pat-
terns and for definite mapping of individual T cell epitopes on
the autoantigen. In our study T lines were selected from PBL,
as well as from the thymuses, of patients with as yet untreated
disease. As reported before, thymic T cell populations gave

15-

L: ~~~~~~~Figure6. Response profile of
5 ~~~~~~~~clone7 derived from the X4-
/n/ ~~~~~~reactive T line of patient A.K.
* A_ ~~~~~~~Fordetails, see legend to Fig.
0.103 1 3 5c,Xl;oX4;eX7;AX8;

0.03 .glml Protein I, Xl1.

5./I Figure 7. Response profile of a
X4-specific T line from the
thymus of patient T.S. For de-
tails see legend to Fig. 5. x,

01 03 1 3 AChR; o, X4; A, X8; o, XI; v,
,ug/mt Protein Xl 1; ., X7.

higher yields of permanent AChR-specific T lines than PBL
obtained from the same patients at the same time (17). We
have discussed the possibility that this is due to a relative ac-
cumulation of AChR-specific autoimmune T lymphocytes
within the thymus, which could support an intrathymic patho-
genesis of MG (18).

T lymphocyte epitopes on (auto-)antigens can be identified
using several principal strategies ( 19). Phylogenetically variant,
homologous proteins can be compared in an attempt to corre-
late antigenic cross-stimulation with sequence identity. Syn-
thetic or proteolytic peptides of a known protein autoantigen
can be systematically screened for stimulatory capacity. Fi-
nally, and most recently, recombinant gene products of differ-
ent lengths and with overlapping sequences have become
available to study immune responses against a number of for-
eign antigens (20-22). Cloning ofthe mammalian AChR is the
basis for applying the latter strategy to MG (3, 1 1). This ap-
proach is superior to the others because of the greater lengths
of the peptides. This allows for a high screening efficiency and
the preservation of antigenic hierarchies which in the case of
small peptides may be disrupted and altered. However, like
synthetic peptides, recombinant peptides lack posttransla-
tional protein modifications, which may well be important in
determining protein antigenicity. Another potential drawback,
bacterial products contaminating recombinant protein prepa-
rations, can be excluded quite readily by appropriate controls
and has not been a problem in our studies. We agree with
others (23) that an ideal strategy to map T cell epitopes would
be a two-step approach using fusion proteins first, and appro-
priate smaller peptides in a second step.

Previous studies in man (24) and rodents with experimen-
tal autoimmune MG (25) have established that the a-chain of

[3H TdR
cpm x103

30'

20-

20 G-- - - - - -- - --Figure 8. Response profile of an
10g AChR (Torpedo californicus)-spe-

cific T line from the thymus of
patient H.K. For details see legend

01 03 1 3 to Fig. 5. x, AChR; o, X4;A, X8;
pg/mi Protein O, Xl; v, Xl 1; ., X7.
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the AChR contains dominant T cell epitopes. Here, in one
patient, we mapped one major T cell determinant to segment
85-142 of the a-chain. This donor had the heterozygous ha-
plotype DR3, 11. A similar reaction pattern was seen with an
oligoclonal T line from a patient with DR3,4, whereas the
response pattern of a T line from another DR3,4 patient was
distinct. Thus, at least in one patient it has been possible to
localize one AChR T cell epitope(s) to a protein portion dis-
tinct from the MIR of humoral anti-AChR autoantibodies,
which recently has been assigned to peptide sequence 61-76 by
using the same panel of fusion proteins as in our present stud-
ies, along with synthetic peptides (7).

It is remarkable that the X4-reactive T lines/clones de-
scribed here do not respond to native AChR from Torpedo
californicus, although other X4-specific lines show some (low)
cross-reactivity (Chrestel, S., et al., manuscript in preparation).
On the other hand, some of the AChR (Torpedo)-specific T
lines showed an enhanced; "heteroclitic" response to X4. This
asymmetric response pattern probably reflects the loose phy-
logenetic homology ofTorpedo and mammalian AChR. Only
- 2% of myasthenic serum antibodies were estimated to bind

to Torpedo receptors (26), and one may expect that also
among the T cell clones primed in vivo by autologous AChR
and selected in vitro for mammalian AChR, only a minority
will recognize epitopes on the AChR from Torpedo. Many but
not all of our AChR (Torpedo)-selected T lines react strongly
against the X4 peptide. Nonreactivity ofAChR (Torpedo)-se-
lected T lines may be explained by the fact that our fusion
proteins encompass only sequence 6-216, representing the
putative extracellular portion ofthe AChR a-chain (27). Thus,
our data do not rule out epitopes located on intramembranous
or cytoplasmic segments of the protein, as described in a pre-
liminary report (28). Such epitopes may be recognized by
those T lines that recognize Torpedo AChR but ignore any of
our recombinant proteins (not shown). Moreover, additional
epitopes on the NH2-terminal part of the AChR a-chain,
which have been demonstrated using synthetic peptides (29),
may be recognized by minor clonal components of our T lines
showing some reactivity to peptides Xl and Xl 1. Alterna-
tively, recombinant and native AChR peptides may be pro-
cessed by APC in different ways. Differential processing could
contribute to the lack of recognition of Torpedo AChR by
X4-specific cells on the one hand and the strong "heteroclitic"
reactivity of an AChR-specific T line against the X4 peptide.
Indeed, in rats (30, 31) and in man, as shown very recently by
Harcourt et al. (32) T line cross-reactivity between native
AChR and synthetic peptides seems to be remarkably asym-
metrical.

In the mouse, T cell reactivity against AChR is controlled
by Ia molecules encoded in the Ia region of the MHC (33).
There is at least circumstantial evidence that also in humans
class II MHC products are involved in regulating cellular anti-
AChR responsiveness. As mentioned, HLA-D genes control
susceptibility to MG, and in addition, activation ofAChR-spe-
cific MG T lymphocytes can be blocked by antibodies against
HLA class II products (Fig. 4; 34).

Our present experiments provide a basis for direct determi-
nation of the Ir-gene products acting as restriction elements in
autoimmunogenic presentation and recognition of AChR in
human MG. Using this approach T cell stimulatory AChR
epitopes that specifically associate with Ia proteins of HLA-D
region (35) can be identified.

We expect that this information together with studies on
the molecular nature of the relevant T cell receptors will help
us to shed light on the complexities of human Ir gene expres-
sion in health and disease, and perhaps will open new avenues
to immunospecific therapy of human autoimmune disease.
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