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Introduction
Autoreactive T cells form part of the normal repertoire.
The nonresponsiveness of T cells to self-antigens is con-
trolled by several mechanisms including clonal deletion,
T cell anergy, T cell ignorance, and specific regulatory T
(Treg) cells (1, 2). One type of Treg cell, the T cell receptor
(TCR) peptide–specific regulatory CD4 T cell (anti-idio-
typic T cell), has been shown to play a key role in the

control of autoimmune diseases (3, 4). Anti-idiotypic T
cells have been found in the unprimed immune system
(5) as well as in the course of T cell or TCR vaccination in
autoimmune diseases, and may arise as a consequence of
the natural development of autoimmune T cells
(reviewed in ref. 6). TCR-specific CD4+ Treg cells may con-
trol pathogenic CD4+ T cells either directly or through
CD8+ TCR–specific Treg cells (3, 4, 7, 8). The action of
these TCR-specific Treg cells at the molecular level may
involve either cytotoxicity against autoreactive T cells
(9–11) or a shift in the cytokine phenotype of the autoim-
mune response (7, 10, 12, 13). Striking similarities in the
induction and characteristics of T cells specific for TCR
peptides have been found in rodents and humans (3–13),
supporting the generality of the observations.

Anti-TCR Ab’s may constitute another significant level
of regulation, but their occurrence and regulatory role
have been poorly investigated, mainly in studies on TCR
vaccination (14–19). Such Ab’s may occur spontaneous-
ly at low levels in some healthy human sera and at high-
er levels in patients with rheumatoid arthritis and sys-
temic lupus erythematosus (15). They were generally
undetectable in MS patients (16, 17) and were found in
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some studies (18) but not others (19) in experimental
autoimmune encephalomyelitis (EAE) before vaccina-
tion against autoreactive T cells. They were consistently
elevated after T cell or TCR vaccination in mice (18, 19),
though rarely in vaccinated MS patients (9, 10, 17).
Recently, however, such patients proved to have B cells
producing anti-idiotypic anti-TCR Ab’s of the IgM class,
with indications of potential regulatory properties (16).

Most of these studies have focused almost exclusively
on T cell–mediated autoimmune diseases such as MS.
For extending them to autoantibody-mediated disorders,
myasthenia gravis (MG) provides a prototypic model
(20–22) with particularly well-defined target molecules
(23, 24), patient subgroups, and immunopathology (20,
25, 26). The pathogenic autoantibodies to the muscle
acetylcholine receptor (AChR) cause AChR loss and
defective neuromuscular transmission (27, 28). In
patients with early-onset MG (EOMG; before age 40),
there are strong female and HLA-DR3-B8 biases (20, 26,
29). Remarkably, there is also characteristic thymic hyper-
plasia with medullary germinal centers (30–32). More-
over, these thymi also contain all the partners required for
autoantibody responses, including AChR (33–35) and
activated AChR-sensitized T and B cells (36–41). Indeed,
the symptoms generally improve after thymectomy in
EOMG (25, 31, 42). We have pinpointed a subpopulation
of thymic T cells expressing the Vβ5.1 TCR gene; these are
expanded in the thymi of HLA-DR3+ MG patients and
are preferentially located in the germinal centers, indi-
cating participation in the autoantibody response (43).
The pathogenicity of this cell population has been
demonstrated in chimeric humanized SCID mice trans-
planted with MG thymic cells (44); the injection of anti-
Vβ5.1 Ab’s prevented AChR loss and complement
deposits at muscle end plates. Thymic cells depleted of
Vβ5.1-positive cells prior to cell transfer were nonpatho-
genic, indicating that Vβ5.1-positive cells are involved in
the production of pathogenic autoantibodies (44).

Taking advantage of this well-characterized patho-
genic T cell population in EOMG patients, we have
investigated immune regulation directed at TCR deter-
minants in EOMG patients. We have found high levels
of anti-Vβ5.1 IgG Ab’s in HLA-DR3+ MG patients, pro-
viding conclusive evidence for their spontaneous
increase in the absence of prior TCR vaccination. Our
data suggest that there is a natural regulatory process
involving B cells directed at TCR determinants that
may be boosted by TCR peptide vaccines, with poten-
tial implications for the treatment of MG.

Methods
Patients and clinical evaluation. With informed consent
and Ethical Committee approval (Comité Consultatif
de Protection des Personnes dans la Recherche Bio-
médicale, Kremlin Bicêtre, France), we studied MG
patients undergoing thymectomy and followup at the
Centre Chirurgical Marie-Lannelongue (Philippe Lev-
asseur and Cyril Gaud, Department of Thoracic Surgery).
They were selected using precise biological and clinical

criteria to ensure comparability in a homogeneous
patient group. All the patients were young (14 to 40
years of age) with recent disease onset (3 months to 1
year) at the time of thymectomy, with a hyperplastic thy-
mus, a high anti-AChR Ab titer (>10 nM), and general-
ized disease (i.e., affecting more than just the ocular
muscles). About 80–90% of the MG patients in this
group consistently are HLA-DR3+, when recruited con-
secutively. Therefore, to make comparisons between
HLA-DR3+ and HLA-DR3– patients possible, we delib-
erately recruited a larger number of HLA-DR3– patients
meeting the same criteria as the HLA-DR3+ patients.
This strategy, selecting for recent disease and homoge-
neous clinical and biological criteria, has already been
used to obtain comparable data for patients in the iden-
tification of pathogenic T cells (44). MG patients on
prior corticosteroid treatment, which may influence
immune function, were excluded from the study. In
addition, we also tested sera from patients with other
neurologic diseases and clearly defined autoantibodies
other than anti-AChR including anti-GAD Ab (stiff
man syndrome), anti-VGCC Ab (Lambert Eaton myas-
thenic syndrome), anti-GQ1b Ab (Miller Fisher syn-
drome), anti-GM1 Ab (Guillain Barré syndrome),
anti-Hu and anti-Yo Ab (paraneoplastic disease), and
anti-VGKC Ab (acquired neuromyotonia) (from the
infirmary of John Radcliffe Hospital). Sera from age-
matched blood donors served as healthy controls. All
MG patients were HLA-typed by a PCR method (45) and
their anti-AChR Ab titer was determined at Hôpital
Necker using human muscle AChR conjugated with
125I-α-bungarotoxin as the antigen (46). Serum IgG was
titrated by immunoturbidimetry (Turbitimer; Dade-
Behring Inc., Deerfield, Illinois, USA). Disease severity
was graded before knowledge of serological or HLA sta-
tus and independently of our biological investigation by
the same neurologist (Cyril Gaud) before and after
thymectomy according to the Myasthenia Gravis Foun-
dation of America (MGFA) clinical classification: class
II, mild generalized muscle weakness; class III, moder-
ate generalized muscle weakness; and class IV, severe
generalized muscle weakness (47). Many patients also
had ocular muscle weakness; those with bulbar muscle
involvement are designated IIb, IIIb, or IVb, and those
without are designated IIa, IIIa, or IVa (47).

Electromyography. Electromyographic studies were
performed as previously described (48) by repetitive
cubital nerve stimulation for 0.2 ms at a frequency of
20 cycles/s for 90 s (1,800 stimulations), recording at
the muscle of the hypothenar eminence. This proto-
col is routinely used at Marie Lannelongue Hospital
on large numbers of healthy controls and MG
patients, resulting in the accurate calibration of nor-
mal values in our experimental conditions. The ampli-
tude and the latency of the response were measured.
Normal values were around 40% for amplitude and
about 1.0 ± 0.1 ms for latency. In MG patients, ampli-
tude decreased to less than 40% and the latency of the
response was greater than normal.
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Peptides. We selected TCR Vβ5.1, Vβ6.7, and Vβ14 pep-
tides on the basis of their predicted immunogenicity
using Epiplot (http://solea.quim.ucm.es/∼mag/) and
Antheprot (http://antheprot-pbil.ibcp.fr/) software,
plus the TCR amino acid sequences available from the
International ImMunoGeneTics database (IMGT) web-
site. The peptides were synthesized by Neosystem SA
(Strasbourg, France). According to the nomenclature of
IMGT, TCR Vβ5.1 CDR2 peptide (TPGQGLQFLFEYF-
SETQRNKG) contains portions of the framework 2
and framework 3 regions and complementarity-deter-
mining region 2 (CDR2). The adjacent TCR, Vβ5.1
CDR1 (CSPISGHRSVSWYQQT), includes the CDR1
region. Lyophilized peptides (purity greater than 95%)
were dissolved in sterile water and stored frozen in
aliquots at –20°C until use. As controls, we used
immunogenic peptides containing the CDR2 region of
TCR Vβ6.7 (PGKGLRLIYYSVAAALTDKG) and TCR
Vβ14 (VMGKEIKFLLHFVKESKQDES): these TCRs
have frequencies similar to Vβ5.1 and no bias in fre-
quency in thymic versus peripheral blood T cells and
thus no sign of involvement in EOMG, unlike Vβ5.1. A
peptide containing the CDR2 of mouse IgG
(ASRNKANDYTTEYSASVKGRFIVS) was used as an
irrelevant peptide (49).

Detection of anti-TCR Ab’s by ELISA. Sera, stored at
–40°C, were heat-inactivated at 56°C for 30 minutes,
dispensed in aliquots, and stored frozen at –20°C. Sera
were serially diluted from 1:10 to 1:5000 and tested in
duplicate wells. MaxiSorp Nunc plates (Polylabo
Merck Eurolab SA, Fontenay sous Bois, France) were
incubated with 1 µg of peptide in 200 µl of 0.05 M car-
bonate-bicarbonate solution, pH 9.6, for 60 minutes
at 37°C and overnight at 4°C. The wells were washed
three times with PBST (PBS, 0.01% Tween 20) and
incubated sequentially for 1 hour at 37°C with 200 µl
of: blocking solution (PBST, 5% BSA), diluted serum,
biotinylated goat anti-human IgG Ab (1:5,000; Jack-
son, Beckman Coulter, Marseille, France), and strep-
tavidin-peroxidase (1:10,000; Immunotech, Beckman
Coulter, Marseille, France), with three PBST washes
between each step. After a final wash with PBS, the
color was developed at room temperature with o-phe-
nylenediamine dihydrochloride substrate (OPD;
Sigma-Aldrich, Saint Quentin Fallavier, France) and
H2O2 and stopped with 3 N HCl. OD was measured at
490 nm using an automated microplate reader
(Titertek Multiscan; Thermo Labsystems, Cergy Pon-
toise, France). Titers were derived from the linear por-
tion of the curves and were defined as the reciprocal of
the dilution at which the OD value was 0.2 (see inset
in Figure 1a). Any values below this range were
assigned an arbitrary titer of 20. Total IgG’s were puri-
fied from the sera of MG patients by affinity chro-
matography on protein G–Sepharose (Amersham
Pharmacia Biotech, Saclay, France). They were tested
by the ELISA method, as described above. The speci-
ficity of the ELISA was evaluated by incubating the
sera or total IgG with various quantities of Vβ5.1

CDR2 peptide (0–250 nM) for 1 hour at 37°C before
adding the mixture to wells coated with the CDR2
peptide and going through the ELISA procedure.

Surface plasmon resonance procedures. Biacore measure-
ments were performed with a Biacore J apparatus (Bia-
core AB, Uppsala, Sweden). The CM5 sensor chip, the
amine coupling kit, and HBS-Ep Biacore buffer (0.01 M
HEPES, 3 mM EDTA, pH 7.4, 0.15 M NaCl, and 0.005%
vol/vol surfactant P20) were obtained from Biacore AB.
All experiments were performed at 25°C and HBS-Ep
was used as the running buffer. Vβ5.1 CDR2 peptide
was coupled to BSA (Perbio Science France, Bezons,
France) with glutaraldehyde (50). The sensor chip was
activated by application of a v/v mixture of N-hydroxy-
succinimide (0.4 M) and 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide hydrochlorid (0.1 M) at a flow rate
of 30 µl/min for 6 minutes. Vβ5.1 CDR2 peptide cou-
pled to BSA was then immobilized on the CM5 sensor
chip at a concentration of 100 µg/ml in 10 mM acetate
buffer (pH 4.5) at a flow rate of 30 µl/min for 6 minutes.
The peptide was stabilized with 1 M ethanolamine
applied at a flow rate of 30 µl/min for 6 minutes, as
described by the manufacturer (Biacore AB, Uppsala,
Sweden), resulting in a mean signal of 4,363 resonance
units on flow cell 1. BSA (100 µg/ml in acetate buffer,
pH 4.5) was immobilized at a flow rate of 30 µl/min for
6 minutes on flow cell 2; this was used as a control for
nonspecific binding and bulk effects. Each sample
(serum or purified IgG) was diluted in HBS-Ep Biacore
buffer supplemented with 1 mM carboxymethyldextran
(Sigma-Aldrich) to reduce nonspecific binding to the
sensor chip surface, and then injected at a flow rate of
15 µl/min for 3 minutes, followed by dissociation in
buffer flow. After the dissociation phase, the sensor chip
was regenerated by injecting 15 µl of 1 mM NaOH at a
flow rate of 15 µl/min for 1 minute. We tested the speci-
ficity of anti-Vβ5.1 binding by preblocking the purified
IgG or serum for 30 minutes at 37°C with various quan-
tities (0 to 70 nM) of the Vβ5.1 CDR2 peptide coupled
to BSA before loading as described above. We observed
no significant nonspecific binding, but we nonetheless
subtracted the background on flow cell 2 from the sen-
sorgrams prior to analysis, using Biaviewer version 3.1
software (Biacore AB).

T cell proliferation assays. Clone PM-A1 (Vβ5.1 T cell
clone) was maintained by restimulation with recom-
binant AChR (α3-181) (0.05 µg/ml) plus irradiated
subtype 0401 HLA-DR4+ peripheral blood lympho-
cytes every 13–15 days, and expansion with IL-2 every
3–4 days thereafter, as previously described (51). For
proliferation assays, 3 × 104 well-rested T cells were
cultured in duplicate with 1 × 105 to 2 × 105 irradiat-
ed peripheral blood lymphocytes plus the α3-181
AChR in RPMI 1640 medium (Sigma-Aldrich) in the
presence or absence of serum from HLA-DR3+ and
HLA-DR3– EOMG patients for 48 or 72 hours.
[3H]Methylthymidine (Amersham International,
Amersham, United Kingdom) was added to the wells
for the last 18 hours of culture. The radioactivity on
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the plate was then counted on a Betaplate flatbed liq-
uid scintillation counter (PerkinElmer Life Science,
Courtaboeuf, France).

In the mixed lymphocyte reaction (MLR) inhibition
assay, responder cells were purified according to their
TCR expression using FITC-conjucated anti-Vβ Ab’s
(Immunotech, Beckman Coulter) and anti-FITC beads
(Miltenyi Biotec, Paris, France) and then incubated
overnight at 37°C in culture medium to allow proper
expression of TCR. Purified responder cells (2 × 104) were
treated with serum (1:50 in RPMI 1640 medium) from
HLA-DR3+ EOMG patients or from healthy controls at
4°C for 2 hours, then washed with medium three times.
As a control in the MLR inhibition assay, the
responder cells were treated with medium
alone. The proliferation assay was carried out
using the serum-treated responder cells and
1 × 105 irradiated (90 Gy) stimulator periph-
eral blood lymphocytes (pooled from five
healthy donors) in 200 µl RPMI 1640 sup-
plemented with 10% AB serum. Cells were
plated in 96-well round-bottomed microtiter
plates at 37°C in an incubator in 5% CO2.
On day 5, supernatants from triplicate wells
were harvested and frozen at –80°C for later
cytokine analysis and the cells were incubat-
ed with 1 µCi [3H]thymidine (6.7 µCi/mM)
for 18 hours. Cells were then harvested and
3H incorporation was determined by liquid
scintillation counting.

Cytokine-specific ELISA. IFN-γ and IL-4
levels in MLR culture supernatants were
determined using sensitive ELISA kits
(IL-4 from Amersham Biosciences Europe,
Orsay, France; IFN-γ from Pierce Endo-
gen, Perbio Science France) according to
the manufacturers.

Flow cytometry. The binding of anti-TCR Ab
to intact T cells was assayed by flow cytome-
try. In all cases, cells to be labeled were deter-
mined to be at least 90% viable and 1 × 106

cells were used. Cells were incubated for 2
hours on ice with purified IgG from control
and MG sera, preblocked or not with the
Vβ5.1 CDR2 peptide as described above. For
staining amplification, after incubation with
biotinylated human anti-IgG Ab, the cells
were incubated sequentially for 10 minutes at
room temperature with streptavidin-HRP,
biotinylated tyramide in amplification medi-
um, and streptavidin-PE, following the man-
ufacturer’s instructions (EAS kit, Flow-Amp
System Ltd.; Beckman Coulter, Marseille,
France). Cells were washed and resuspended
in 300 µl PBS. The fluorescent staining of the
cells was measured using a FACScan (Becton,
Dickinson and Co., Le Pont de Claix, France).
Data were analyzed with CellQuest software
(Becton, Dickinson and Co.). Intact cells were

gated and 100,000 events were collected; the D/s(n) value
(calculated from Kolmogorov-Smirnov statistics and
defined as an index of similarity for two curves) was used
in the analysis of flow cytometry data.

Statistical analysis. The nonparametric Mann-Whitney
test was used throughout for comparison between
patient subgroups, and the Kolmogorov-Smirnov test
was used for flow cytometry data analysis.

Results and Discussion
This study addresses the fundamental questions of
whether regulation directed at TCR determinants occurs
spontaneously in the absence of prior vaccination in
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Figure 1
Serum IgG Ab’s against TCR peptides in controls and EOMG patients with or with-
out HLA-DR3 determined by ELISA. Titrations were carried out with serial dilutions
of serum from 1:10 to 1:5,000. Sample dilutions were run in duplicate for each indi-
vidual. The titer was the reciprocal of the dilution giving an OD of 0.2 in the linear
portion of the curve in the inset in (a), where representative titers were 90, 120, and
700 for a healthy control, an HLA-DR3– MG patient, and an HLA-DR3+ MG
patient, respectively. (a) We tested sera from MG patients who had not undergone
prior TCR vaccination (n = 40), age-matched healthy controls (n = 14), and patients
with other clearly defined autoantibodies (n = 46). The horizontal line corresponds
to the mean titer of healthy controls + 2.6 SD. To compare with the EOMG
patients, we used the Mann-Whitney test. (b) Anti-Vβ5.1 Ab titers in EOMG
patients with or without HLA-DR3. Serum titers of Ab’s against CDR2 peptides
from Vβ6.7 (c) or Vβ14 (d) in HLA-DR3+ EOMG patients (n = 10), HLA-DR3–

EOMG patients (n = 5), and healthy controls (n = 6). The P values indicated in b–d
were calculated versus the HLA-DR3+ MG patient group. Each point corresponds
to an individual patient. Horizontal bars indicate the mean.



patients with autoimmune diseases and whether it
extends to autoimmune diseases other than MS. We
reasoned that a clear definition of a pathogenic T cell
population in MG would make it easier to identify any
regulatory mechanisms occurring spontaneously. Our
studies of the thymic T cell repertoire (43) and activa-
tion (38) combined with the use of a SCID mouse
model in a selected homogeneous group of MG
patients (44) made it possible to pinpoint Vβ5.1-
expressing cells as pathogenic T cells involved in the
control of pathogenic anti-AChR autoantibodies. We
therefore searched for anti-TCR Ab’s against patho-
genic Vβ5.1-expressing T cells in MG patients who had
not undergone any prior vaccination.

Anti-Vβ5.1 Ab’s are found at higher levels in the sera of
HLA-DR3 MG patients and are induced Ab’s restricted to
MG. We set up a sensitive ELISA using a TCR Vβ5.1
CDR2 peptide to detect spontaneous IgG anti-Vβ5.1
Ab’s in sera from MG patients. Their titers proved to
be significantly higher (mean titer ± SEM, 228.2 ± 29.1,
median 150) than those of healthy controls (mean
value, 83 ± 8.8, median 92.5) (P < 0.0003) (Figure 1a).
Similar data were obtained with a TCR Vβ5.1 CDR1
peptide, although the titers were often slightly lower
(not shown). Therefore we focused on the CDR2 pep-
tide, knowing that the CDR2 region is clearly highly
antigenic and exposed in TCRs on the cell surface and
that an isolated CDR2 peptide might adopt a second-
ary structure similar to that of the native CDR2 region
from which it was derived (52). Evidently, these Ab’s to
CDR2 peptide are increased spontaneously and early
in the course of EOMG (all patients had recent disease
development, less than 1 year ago), indicating a coin-
cident event with disease development as already dis-
cussed for Treg directed to TCR (6). Moreover, the anti-
Vβ5.1 titers were significantly higher in patients with
HLA-DR3 (mean titer ± SEM, 305.5 ± 48.7, median
250) than in those without (mean value 156.8 ± 15.9,
median 145) (P < 0.04) (Figure 1b), as predicted from
the selective involvement of pathogenic Vβ5.1+ T cells
in HLA-DR3+ patients (43, 44).

We next assessed disease specificity by testing for
anti-Vβ5.1 Ab’s in patients with other autoimmune
syndromes and autoantibodies to clearly defined tar-
gets other than AChR. Their anti-Vβ5.1 Ab titers
proved to be significantly lower (mean titer ± SEM,
129.1 ± 7.8, median 135; P < 0.01) (Figure 1a). Moreover,
this Ab response was also Vβ5.1-specific: there was no
significant recognition of analogous CDR2 peptide
from the Vβ6.7 and Vβ14 sequences even in HLA-DR3+

cases (Figure 1, c and d), and only marginal reactivity
with an IgG CDR2 peptide, regardless of HLA-DR3 sta-
tus (not shown). Thus, HLA-DR3+ MG patients pre-
sented a specific increase in the titer of anti-Vβ5.1 Ab’s.
The higher titers of anti-Vβ5.1 Ab’s in HLA-DR3+ MG
patients than in HLA-DR3– MG patients and healthy
controls, but not of anti-Vβ6.7 and anti-Vβ14 Ab’s, pro-
vides further evidence of a link between HLA-DR3
background and Vβ5.1-expressing cells.

Our data are consistent with data from previous stud-
ies on EAE and MS patients demonstrating the presence
of Ab’s directed against CDR2. Specific anti-TCR Ab’s
represent only a small fraction of serum Ig’s, which may
account for the difficulties in detecting them. Indeed
such Ab’s were generally detected only in TCR pep-
tide–immunized individuals (16–19). In contrast, we
detected a spontaneous increase in the levels of such Ab’s
in MG patients in the absence of immunization, consis-
tent with the notion that these Ab’s are induced natu-
rally during the course of the disease. Other studies have
reported the presence of Ab’s against the CDR1 but not
the CDR2 peptide in systemic lupus erythematosus and
rheumatoid arthritis patients (15), and during the
course of viral infection in mice and humans (53–55).
These differences may be due to the arbitrary scanning
of the whole TCR chain and the use of synthetic 16-mer
peptides overlapping by five residues, an approach that
may miss potential immunogenic regions (15, 56). In
contrast, we used a candidate peptide approach involv-
ing the use of prediction software to identify immuno-
genic epitopes.  Recently, anti-CDR3 Ab’s (anti-clono-
typic Ab’s) were also found in MS patients following
immunization with TCR peptides (16), indicating diver-
sity of the anti-TCR humoral response. This diversity has
also been shown for the anti-TCR T cell immune
response, which targets many immunogenic TCR
regions, including the CDR3 region (4–6, 8). Therefore
cellular and humoral immunity against all immuno-
genic TCR regions, including CDR1, CDR2, and CDR3,
probably occurs in healthy individuals and may be
increased in patients. The mechanism of their triggering
is still debated and remains to be elucidated (4–6).

Almost all the anti-Vβ5.1 binding activity detected by
ELISA proved to be in the IgG fraction eluted from pro-
tein G (Figure 2a), and it was clearly blocked by prein-
cubation with the CDR2 peptide (Figure 2b), indicat-
ing that the IgG anti-Vβ5.1 binding activity of MG sera
was specific. In addition we were able to detect peptide-
Ab complex formation in real time by surface plasmon
resonance analysis, although it was clear that these spe-
cific anti-TCR Ab’s may represent a small fraction in a
complex mixture of Ab’s with different binding char-
acteristics. Both sera and purified IgG dose-depend-
ently bound to immobilized Vβ5.1 peptide (Figure 2c).
Again binding was blocked by preincubation with the
BSA-conjugated Vβ5.1 CDR2 peptide (Figure 2d).

An important issue was to determine whether circu-
lating anti-Vβ5.1 Ab’s from patients would specifically
bind to the intact TCR on the surface of T cells. Since the
anti-Vβ5.1 Ab’s may represent a small fraction of the
total IgG, we used staining amplification and flow
cytometry analysis to show that purified IgG from MG
sera indeed bound the intact TCR on the surface of puri-
fied Vβ5.1-expressing T cells (Figure 2, e–g). The fluo-
rescent signal was significantly higher using purified
IgG’s from HLA-DR3+ MG sera with high anti-Vβ5.1
titer compared with purified IgG’s from control sera
(Figure 2, e and f). Using Kolmogorov-Smirnov statistics,
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Figure 2
Kinetics and specificity of the binding of IgG’s purified
from serum against Vβ5.1 CDR2 peptide or against
intact T cells, as measured by ELISA (a and b), surface
plasmon resonance (c and d), and flow cytometry (e,
f, and g). (a) Reactivity in the protein G–purified IgG
(solid lines) and in the IgG-depleted fractions (dotted
lines) as assessed by ELISA. (b) Blocking of ELISA
reactivity by preincubating an IgG fraction with the
Vβ5.1 CDR2 peptide (solid lines, 2.5 nM [circles], 25
nM [triangles], and 250 nM [squares]). Curves with
no blocking peptide (dotted line) and with 2.5 nM
peptide are superimposed. (c) Sensorgrams illustrat-
ing the Vβ5.1-binding activity of serum (1:100) and
purified IgG from an HLA-DR3+ MG patient to the
BSA-conjugated Vβ5.1 CDR2 peptide. The increase in
surface plasmon resonance signal indicates Ab bind-
ing to the Vβ5.1 CDR2 peptide–BSA (relative to BSA
alone) over 100 seconds. (d) Inhibition of binding of
the 500 µg/ml purified IgG fraction with increasing
concentrations of BSA-conjugated Vβ5.1 CDR2 pep-
tide (3.5, 7, 35, and 70 nM). (e) Binding of purified
IgG’s from two control sera (C1 and C2, anti-Vβ5.1
Ab titers 50 and below 20, respectively) (bold lines)
compared with the control staining (thin line). (f)
Binding of purified IgG’s from two MG sera with high
anti-Vβ5.1 Ab titer (MG1 = 800 and MG2 = 700,
respectively) (bold lines) compared with control stain-
ing (thin line). (g) Binding of purified IgG’s from the
MG1 serum (bold line) compared with control stain-
ing (thin line) and with staining with the same MG
serum preincubated with the Vβ5.1 CDR2 peptide
(dotted line). RU, resonance units.

by comparison with the negative control staining, the
calculated D/s(n) values were 108.44 (P < 0.001) and
66.66 (P < 0.001) for MG1 and MG2 patients respective-
ly (Figure 2f) compared with 32.51 (P < 0.001) and 27.36
(P < 0.001) for the two healthy controls C1 and C2
respectively (Figure 2e). Interestingly, the highest medi-
an channel shift was observed with the MG serum show-
ing the highest anti-Vβ5.1 Ab titer (MG1). In addition,
the staining was specific since it was significantly inhib-
ited by preincubation of the purified IgG’s with the
Vβ5.1 CDR2 peptide, as assessed by a significant shift in
the fluorescent signal, which had a D/s(n) value of 48.44
(P < 0.001) (Figure 2g). These data strongly suggested
that anti-Vβ5.1 Ab’s could have a functional role medi-
ated by binding to the intact TCR on the cell surface.

It should be mentioned that in addition to IgG, IgM
directed against the Vβ5.1 CDR2 peptide was detected
but showed similar levels in controls and EOMG
patients with or without HLA-DR3 (not shown). The
detection of IgG directed against the CDR2 peptide, in
addition to IgM (and at higher levels in a particular
subgroup of patients), is consistent with the view that
anti-TCR Ab’s are actively produced and their increase
is induced during the course of the disease. The suc-
cessful detection of anti-TCR Ab’s directed against the

CDR2 region at low levels in healthy controls (and at
increased levels in MG patients) indicates that anti-
TCR Ab’s are present before the onset of the disease, as
already demonstrated for anti-TCR Treg cells(4–6).

Our results contrast with those of studies of MS in
which anti-TCR Ab’s directed against CDR2 were
detected, but only after immunization with TCR pep-
tides, in only two of 11 patients (17). However, while
most of the patients in that MS study were HLA-DR2+,
the authors did not select their patients, most of whom
had chronic progressive disease of long duration (mean
of 18 years) and late onset. These factors could all
decrease the prevalence of such anti-TCR Ab’s. The
authors also used a less sensitive ELISA (direct rather
than indirect detection). Only after B cell isolation
(EBV cell lines) from vaccinated patients was the occur-
rence of anti-idiotypic humoral response (at least of the
IgM class) shown (16). Our study is the first to show an
increase in the titer of anti-TCR Ab’s of the IgG class in
the absence of TCR peptide immunization in patients
with an autoimmune disease. This was made possible
by selecting a homogeneous group of patients and
focusing on a pathogenic Vβ5.1-expressing T cell pop-
ulation expressing a disease-relevant TCR that may be
targeted by these anti-TCR Ab–mediated regulatory



mechanisms. The pathogenic T cells continuously gen-
erated by the thymus (43, 44) may well be involved in
the increase of these anti-TCR Ab’s to high levels.

Anti-Vβ5.1 Ab titer correlates with disease severity and out-
come. We investigated the potential effects of the anti-
TCR Ab’s by analyzing their clinical correlates. No cor-
relation was found with anti-AChR Ab titers (not
shown), which themselves are well known to correlate
poorly with disease severity (20, 25, 28). Interestingly,
11 of the 12 (92%) HLA-DR3+ patients with mild (class
II) disease showed elevated anti-Vβ5.1 Ab titers versus
only one of nine (11%) with moderate or severe (class III
and IV) disease (P < 0.0004) (Figure 3a). The higher
anti-Vβ5.1 Ab levels in the patients with mild disease
indicate that they may have a protective role.

We further investigated the function of the anti-TCR
Ab’s by monitoring anti-Vβ5.1 Ab levels periodically after
thymectomy in four patients with HLA-DR3 and in two
without. As shown in detail for representative patients, a
transient rise in titer coincided with a regression of the
electromyographic signs (which are objective evidence of
the clinical state) in HLA-DR3+ patients only (Figure 3b),
and preceded a reduction of bulbar weakness and clinical

improvement as assessed by disease grading. This rise
was not observed in HLA-DR3– patients, although both
HLA-DR3+ patients and HLA-DR3– patients showed
improvements in symptoms 6 months to 1 year after
thymectomy (Figure 3b). Although BV5S1 has been
implicated in the SCID mouse model as disease-associ-
ated in HLA-DR3+ MG patients, it should be mentioned
that other BV genes could also potentially be involved
and might induce Ab’s as well, both in HLA-DR3+ and
HLA-DR3– patients. This may explain the fact that HLA-
DR3– patients also improve clinically after thymectomy,
even though no changes in anti-Vβ5.1 Ab’s are detected.

A balance between regulators and pathogenic effectors
has already been discussed in the course of EAE (12, 57).
Similarly, in MG, the increase in anti-Vβ5.1 Ab titer after
thymectomy is in accordance with the establishment of
a new balance between regulatory mechanisms (TCR
peptide–reactive regulatory cells and Ab’s) and patho-
genic Vβ5.1-expressing cells following elimination of
their source by thymectomy. While the thymus is also a
source of regulatory T cells that can decrease total Ig pro-
duction (1, 2), their loss seems an unlikely explanation
for the present findings, because total serum IgG levels
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Figure 3
Anti-Vβ5.1 Ab titers, disease severity (a), and outcome (b). (a) Anti-Vβ5.1 IgG Ab titers in patients with mild (class II; black circles) (n = 12),
moderate (class III; gray circles), or severe (class IV; white circles) (n = 9) generalized weakness (MGFA clinical classification). The horizontal
line corresponds to the mean titer of healthy controls + 2.6 SD. Each point represents an individual patient. The nonparametric Mann-Whit-
ney test was used to assess statistical significance. (b) Changes in anti-Vβ5.1 Ab titer and clinical signs and electromyographic (EMG) features
in patients with or without HLA-DR3. Representative examples from longitudinal studies in HLA-DR3+ (n = 4) and HLA-DR3– patients (n = 2).
Electromyographic and serological assessments over 10 years are shown, including MGFA classification (bold characters near baselines). The
normal amplitude in electromyography is more than 40%. The normal latency value is around 1.0 ± 0.1 ms. MM, minor manifestations.



remained constant after thymectomy (Figure 3b). The
observation of a transient rise in anti-CDR2 Ab titers in
parallel with the improvement of disease symptoms is in
accordance with our observations in experimental
autoimmune MG (work in progress). This is also in
agreement with studies in EAE showing that anti-Vβ8.2
CDR2 peptide (p39-59) Ab levels continue to increase for
several days after challenge with myelin basic protein,
reach a peak at the height of clinical improvement, and
decrease to low levels after recovery from disease (18).
Overall, these data demonstrate that anti-TCR Ab levels
vary with the clinical state of the patients.
High anti-Vβ5.1 Ab titers are associated with
a better clinical state, and hence better con-
trol of the disease, strongly suggesting a
functional protective role of these Ab’s.
Therefore anti-TCR Ab’s produced naturally
during the course of MG may act as regula-
tors of the disease, controlling and targeting
the excess of Vβ5.1 pathogenic T cells.

A functional role for anti-Vβ5.1 Ab’s. Finally
we tested for functional effects on prolifera-
tive responses of an AChR-specific T cell
clone expressing Vβ5.1 (PM-A1) previously
derived from the thymus of an EOMG
patient (51). Sera from EOMG patients with
HLA-DR3 (with high anti-Vβ5.1 Ab titers)
inhibited these responses dose-dependently
(Figure 4b), and more consistently and effi-
ciently (36–74%) than those without (with
low anti-Vβ5.1 Ab titers) (18–37%) (P < 0.002;
Figure 4a), again indicating a regulatory role.
No correlation was found between the anti-
AChR Ab titer and the inhibitory activity of
MG sera, indicating that anti-AChR may not
contribute to the inhibitory effect of the sera.
These data are consistent with the inhibito-
ry activity of anti-TCR Ab’s observed in the
recovery phase of EAE (18) and in MS
patients immunized with the TCR peptide
(16). Our results extend these observations
to human MG. The more potent inhibition
mediated by HLA-DR3+ MG sera than by
HLA-DR3– sera strongly suggests a regulato-
ry role for anti-Vβ5.1 Ab’s. 

In order to examine whether MG sera are
able to inhibit the activation of T cells
expressing a BV gene other than BV5S1, we
designed an MLR-based assay using purified
T cell populations expressing different TCRs
as responder cells against a pool of allogene-
ic cells from healthy donors as stimulator
cells; we used MG sera or control sera as
potential inhibitors of this MLR. Only the
serum fraction bound to T cells acted in this
assay, since washes were introduced after
preincubation of responder T cells with
serum before adding the stimulator cells. We
show that the MG sera and not the control

sera fractions inhibited the MLR and that this effect was
indeed specific for the Vβ5.1-expressing cells, since it was
not observed with purified Vβ2-expressing cells (Figure
4c) or Vβ14-expressing cells (data not shown). A similar
elegant MLR assay has been used previously to show that
the mechanism of immunotherapy for maintaining preg-
nancy in recurrent spontaneous aborters treated by pater-
nal lymphocytes is mediated by anti-TCR Ab’s (58). In
addition, the MG sera inhibited IFN-γ secretion as quan-
tified by ELISA in culture supernatants in the course of
this MLR (Figure 4d). We also attempted to quantify IL-4,
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Figure 4
Functional effects of sera from EOMG patients. (a) Functional effects of sera from
MG patients with or without HLA-DR3 on proliferative responses of a Vβ5.1+ T
cell clone to AChR α3-181 in the presence of heat-inactivated sera of HLA-DR3+

(filled shapes; n = 9) or HLA-DR3– MG patients (open shapes; n = 5). The data are
presented as percent inhibition in the mean of duplicate wells. Results are from
two independent experiments with sera from different MG patients (HLA-DR3+

and HLA-Dr3–), with substantially similar results. In experiment 1 (triangles), we
tested the MG sera at 1:10 with 2 ng/ml AChR α3-181 for 48 hours. In experiment
2 (circles) we tested MG sera at 1:15 with 0.6 ng/ml AChR α3-181 for 72 hours.
The maximum responses (in the presence of healthy AB serum) were 53,565 cpm
and 36,710 cpm for experiments 1 and 2, respectively. (b) Dose-dependent inhi-
bition by representative sera from HLA-DR3+ (filled circles) or HLA-DR3– EOMG
patients (open circles) from experiment 2 on the proliferative response of the
Vβ5.1 T cell clone to AChR α3-181. (c) Functional effects of the intact Vβ5.1 cell-
binding fraction from MG sera or from control sera in an MLR assay with purified
Vβ5.1-expressing cells as responder cells and a pool of allogeneic peripheral blood
lymphocytes as stimulator cells on cell proliferation and (d) IFN-γ secretion.



but the levels were very low and under the lower detection
limit of the calibration curve (data not shown). Thus,
using this MLR inhibition assay we demonstrated both
the specificity of action toward Vβ5.1-expressing cells and
a functional effect of MG sera, i.e., inhibition of cell pro-
liferation and IFN-γ secretion inhibition.

However, it can be predicted that the in vivo situation
may be much more complicated. Several mechanisms of
action of anti-TCR Ab’s could be hypothesized: a direct
binding to the TCR that inhibits the TCR-peptide-
MHC interaction, a functional inactivation without
physical destruction (anergy), a specific deletion of
pathogenic Vβ5.1-expressing cells, or an immune devi-
ation. The last two possibilities were shown to be effec-
tive in the SCID mouse model of MG when introducing
an exogenous therapeutic monoclonal anti-Vβ5.1 Ab
(44). From the present study, it is clear that anti-Vβ5.1
Ab’s from MG sera are able to bind intact TCR on T
cells, and that this binding mediates inhibition of both
cell proliferation and cytokine secretion, whatever the
antigen, autoantigen, or alloantigen, strongly suggest-
ing that the anti-Vβ5.1 Ab’s are absorbed by Vβ5.1-
expressing T cells within the patients themselves. In any
case, the in vivo mechanism of action of anti-TCR Ab’s
that are spontaneously increased in the course of the
disease remains to be elucidated. This question is now
being addressed in the experimental model of MG
where it is possible to perform physiological experi-
ments in whole animals (namely transfers).

Conclusions and perspectives. It is well established that the
development of autoimmune diseases hinges on the
dynamic balance between effector and regulatory mech-
anisms, i.e., between self-reactive pathogenic T or B cells
and regulatory T cells (1, 2). This demonstration of a
spontaneous increase in the titer of anti-Vβ5.1 Ab’s of
the IgG isotype provides new insights into the natural
mechanism regulating pathogenic autoreactive T cells in
MG and indicates that anti-Vβ5.1 Ab’s play a protective
role in MG patients. Their presence, and the changes in
their titer during the course of the disease, may reflect an
immune response to pathogenic T cells expressing the
Vβ5.1 gene according to an immune-surveillance mech-
anism. How these anti-TCR Ab’s are raised is presently
unknown, but the mechanism may rely on T cell home-
ostasis that maintains the overall size of the T cell pool
and the frequency of each T cell population at constant
levels (59, 60). Anti-Vβ5.1 Ab’s may act as regulators of
the disease, targeting and controlling the excess of path-
ogenic Vβ5.1-expressing T cells. However, there may be
too few of these protective regulatory Ab’s to control or
halt a chronic, exacerbated autoimmune process, and it
may therefore be necessary to boost the production of
these protective Ab’s using peptides derived from Vβ5.1
as vaccines. Our results do not indicate whether MG
patients are deficient in this process of immune surveil-
lance, but they do support the notion that the vaccina-
tion of MG patients with TCR peptides is feasible and
potentially useful. The titer of anti-TCR Ab’s may
increase in HLA-DR3+ MG patients during a dynamic

process designed to counteract the autoimmune
response and aimed at controlling the excess of patho-
genic T cells expressing Vβ5.1. They may play a protec-
tive role in MG, helping to control the autoimmune
reaction, with high anti-Vβ5.1 Ab titers predictive of a
favorable outcome in MG patients. This hypothesis,
which is currently under investigation in experimental
models of MG, is supported by our preliminary data.

The fact that the titers of these anti-TCR Ab’s increase
not only in autoimmune diseases (experimental and
human) (15, 17–19), but also during the course of viral
infections (53–55) or alloimmunization (58), supports
the concept that the increase in anti-TCR Ab titer may
play a role not only in the regulation of autoimmune
responses (and diseases), but also more generally in the
regulation of any immune response. We are currently
investigating this possibility in an immune response
model to elucidate the possible function of anti-TCR
Ab’s in immunoregulation and their relationship to Treg

cells. Indeed, it is now demonstrated that TCR-reactive
T cells define a subset of the so-called regulatory T cells
that possess Treg activity and are deficient in MS patients
(61), providing a link between regulatory anti-TCR Ab’s
and regulatory anti-TCR T cells.
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