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Abstract

Myasthenia gravis (MG) is strongly associated with antibodies
to acetylcholine receptor (AChR), whereas the extent of T cell
involvement is not settled. The number of cells secreting inter-
feron-gamma (IFN-'y) in response to AChRduring 48 h culture
of blood mononuclear cells (PBL) may reflect AChR-reactive T
cells. Using an immunospot assay, we detected such cells in 23
of 30 patients with MGat a mean number of 1 per 33.333 PBL.
AChR-reactive T cells were also found in patients with other
neurological diseases (OND) and in healthy subjects but at
lower frequencies and numbers. The T cell response to purified
protein derivative and to PHA, and also to two major myelin
proteins (basic protein and proteolipid protein) did not differ
between MGand the two control groups, underlining the speci-
ficity of an augmented T cell reactivity to AChRin MG.Evalua-
tion of the B cell response by enumerating anti-AChR IgG
antibody secreting cells revealed such cells in 27 of 28 patients
with MGat a mean value of 1 per 14,085 PBL. Cells secreting
anti-AChR antibodies of the IgA and IgM isotypes were also
detected in MG, but less frequently, at lower numbers, and only
in conjunction with IgG antibody secreting cells. Anti-AChR
antibody secreting cells were also found among patient with
ONDand in healthy controls, but at lower frequencies and
numbers. These data confirm that AChRis a major target for
autoimmune response in MG. (J. Clin. Invest. 1991. 87:2191-
2196.) Key words: myasthenia gravis * autoreactive T cells-
acetylcholine receptor * antibodies * autoimmunity

Introduction

Myasthenia gravis (MG)' can be considered a prototype for
autoimmune disease in the human. Antibodies against the nico-
tinic acetylcholine receptor (AChR) of the neuromuscular
junction are detectable in - 85% of the patients with MG(1,
2). Further evidence for the importance of anti-AChR antibod-
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ies in the pathogenesis of MGinclude demonstration of passive
transfer of MGby IgG from patients with MGto mice (3),
transient presence of antibodies and muscular weakness in
some of the infants of mothers with MG, and beneficial effect
of plasmapheresis. The anti-AChR antibodies are assumed to
induce the destruction of the AChR, characteristic for MG,
thereby causing the abnormal muscular fatigue and other man-
ifestations of MG(4). The AChRs are pentameric structures
consisting of a2, fl, garmma, and 6 subunits (5). Tzartos et al.
have shown that - 60% of anti-AChR antibodies found in
MGpatients' sera are directed to conformational determinants
of the two a-subunits which are known as the main immuno-
genic region (MIR) and localized on the extracellular portion
of the AChR (6). The concept of a MIR of the AChRas the
principal stimulus for antibody production in MGhas been
challenged by others (7).

The extent of T cell involvement in MGis less well defined.
When testing reactivity to AChRby the T cell proliferation
assay employing [3Hlthymidin incorporation, Newsom-Davis
and his group have demonstrated a positive response only
among 17% of patients with MG, and also in 9%of the control
patients (8). AChR-reactive T cell lines have been raised from
patients with MG(9), and evidence has been presented that
such cell lines recognize predominantly the a-subunits among
the multiple AChRepitopes (10, 1 1), in analogy with the B cell
response. In their analysis of T cell proliferative responses to
synthetic peptides of the human AChRa-chain sequence, Har-
court et al. observed specific responses to peptide 125-143 in
26% of MGpatients, but also in 40% of controls including
healthy subjects (12). The authors speculate whether T cell reac-
tivity to AChRmay be more widespread than previously sus-
pected, and that such clones maybe controlled more effectively
in healthy subjects than in MG, or that T cell-reactive peptides
125-143 maynot inevitably be pathogenic in humans. Interest-
ingly, however, a section of this peptide 125-143 can induce
experimental autoimmune MGin rats (13).

Wehave in this study adopted assays to evaluate the T and
B cell responses to AChRat the level of single cells. After recog-
nition of relevant antigen on presenting cells, "memory" T
cells respond by secretion of cytokines, among them inter-
feron-gamma (IFN-"y) (14). This phenomenon can be utilized
to enumerate specific "memory" T cells among isolated mono-
nuclear cells (15, 16). For the B cell-plasma cell axis, individual
cells secreting specific antibodies of different isotypes can be
detected and enumerated in vitro (17, 18). Wehave applied
these principles to the analysis of mononuclear cells from pe-
ripheral blood from patients with MGand controls. Wenow
report that most patients with MGhave AChR-reactive T cells
and anti-AChR antibody secreting cells in peripheral blood.
AChR-specific T and B cells may, however, also occur in other
neurological diseases and in healthy subjects but less frequently
and at lower numbers compared to MG.
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A Detection of antigen-specific
memory T cells

B Detection of "spontaneous"
IFN-S secreting cells

Patients. 30 patients (22 females) had MG. Their age was 33-78 yr
(mean, 54). The diagnosis was based on the clinical signs and symp-
toms, previous laboratory tests including serum antibodies to AChR
and single fiber EMGabnormalities, and effects of generally used treat-
ments. 16 of the patients had been thymectomized. The mean interval
between onset of symptoms of MGand present study was 11 yr (0.5-
37). Immunosuppressive drugs were administered to seven of the pa-
tients at the time of sampling. Two patients had other autoimmune
diseases in parallel; one had Sjogren syndrome and one had type I
diabetes mellitus.

44 patients (26 females) had other neurological diseases. Their age
was 22-79 yr (mean, 55). 10 of the patients had acute aseptic menin-
goencephalitis, 8 had cerebrovascular disease, 6 had rhizopathy, 4 pain
syndrome, 4 paresthesia, 2 each had vestibular vertigo, dementia or
epilepsy, and 1 each had mononeuropathy, temporal arteritis, spondy-
lotic myelopathy, headache, head trauma, or Parkinson's disease.

32 subjects (21 females) comprised of healthy collaborators from
the hospital staff. Their age was 24-67 yr (mean, 37).

Antigens. Preparation of torpedo AChR: Torpedo AChRwas puri-
fied from frozen electric organs of Torpedo californica (Pacific Bio-
Marine, CA) as described (19). Briefly, the receptor was isolated by
solubilization of membrane fragments in 1% Triton X-100, followed
by affinity chromatography on a Naja Naja Siamnesis neurotoxin-Se-
pharose resin. The bound receptor was eluted with carbamycholine
followed by dialysis. The specific activity was 3,000-4,500 pmol a-Bgt
binding sites per milligram protein. The final protein concentration of
the AChRpreparation was 5 gg/ml in the T cell assay and 1 ug/ml in
the B cell assay.

Control antigens consisted of myelin basic protein (MBP) and pro-
teolipid protein (PLP) prepared from bovine brain (20, 21). The MBP
preparation gave one single band of - 20 kD when examined by SDS
electrophoresis. The PLP preparation was free from any MBPcontami-
nation when checked by Western blot employing a rat polyclonal anti-
serum against MBP. Purified protein derivate (PPD) (Statens Serum
Institute, Copenhagen, Denmark) and PHA(Difco, Detroit, MI) were
used as controls in the T cell assay.

Preparation of mononuclear cells. Peripheral blood was taken into
heparinized tubes, and mononuclear cells (PBL) were immediately sep-
arated by density gradient centrifugation on Ficoll (Lymphoprep; Nye-
gaard, Oslo, Norway), washed three times in PBS, pH 7.4, and diluted
in tissue culture medium consisting of Iscove's modification of Dul-
becco's medium (Flow Laboratories, Inc., Irvine, UK) with 2 mmol
L-glutamine (Flow Laboratories, Inc.), 5% (vol/vol) FCS (Gibco, Pais-
ley, UK) and antibiotics. The PBL were adjusted to 106 cells per ml
in PBS.

Enumeration ofAChR-reactive Tcells. Weutilized the principle of
counting activated T cells secreting IFN--y in presence of relevant anti-
gen (22). The procedure is summarized in Fig. 1. Wells of microtiter
plates with 96 wells and nitrocellulose bottoms (Millititre-HA; Milli-
pore Co., Bedford, MA) were coated with 100-jl aliquots of the mouse
monoclonal anti-human IFN-y antibody 7-B6-5 (23) at 6 jg/ml and
4°C overnight, and then washed with PBS. 200-jl aliquots containing 2
x I0 PBL were added per well. Antigen or lectins were added in I0-g1
aliquots to a final concentration of 10 ug/ml. For each specimen, cells
were also applied into wells in which no antigen or lectin was added.
PPDwas used as positive control antigen. After 48 h of culture at 37°C
and 7% CO2 in humidity, the plates were washed with PBS. 100-;d
aliquots of a rabbit polyclonal anti-human IFN-y antiserum (Inter-
feron Sciences, NewBrunswick, NJ) diluted 1/500 were added to each
well for 4 h at room temperature. After washing, biotinylated anti-rab-
bit IgG (Vector Laboratories, Inc., Burlingame, CA) diluted 1/1,000
was added for 2 h at room temperature, followed by avidin-biotin per-
oxidase complex (ABC Vectastain-Elite Kit; Vector Laboratories, Inc.)
diluted 1/200 for 1 h at room temperature. After peroxidase staining
(24), spots corresponding to cells that had secreted IFN-'y were enu-
merated in a dissection microscope. Numbers of spots from cultures
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Figure 1. Scheme of immunospot method for detection of
antigen-specific memory T cells (A) and cells secreting IFN-y in ab-
sence of antigen or lectin (B).

with no antigen or lectin added (spontaneous IFN-y secreting cells)
were counted and subtracted from the values for cultures exposed to
antigen or lectin. The results thus obtained are considered to reflect
antigen-specific or lectin-reactive T cells. The data are expressed as
numbers of spots per 10' mononuclear cells. No spots appeared in
specificity control experiments in which the capture antibody was ex-
changed to an irrelevant mouse monoclonal antibody, or the rabbit
polyclonal antibody was omitted.

Enumeration of anti-AChR antibody secreting cells and immuno-
globulin-secreting cells. A solid-phase enzyme-linked immunospot as-
say was used, employing microtiter plates with nitrocellulose bottoms
as previously described (25). The wells were coated with 100 Ml per well
of AChRdiluted in PBS to 1 g/ml for enumeration of antibody secret-
ing cells, or affinity purified goat anti-human IgG, IgA, and IgM heavy
chain-specific antiserum (Sigma Chemical Co., St. Louis, MO) for par-
allel enumeration of IgG-, IgA-, and IgM-secreting cells. Optimal anti-
gen or antibody concentrations in coating solutions were defined in
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preliminary experiments. After the wells had been coated overnight at
4VC, the supernatant was removed by suction through the nitrocellu-
lose membranes. The wells were then washed and I00-,gl portions con-
taining I05 PBL were added to individual wells. After incubation over-
night at 370C in 7%CO2and humidified atmosphere, the wells were
emptied, washed, and 100 jsl of diluted high-affinity purified biotiny-
lated goat anti-human IgG, IgA, or IgM antiserum (Sigma Chemical
Co.) was added to appropriate wells. Washing, incubation with avidin-
biotin peroxidase complex, staining, and counting of immunospots
followed as described above. Values obtained were standardized to
numbers of spots per 10 cultured cells. Variation of quadruplicate
cultures was regularly < 10%. Wehave previously presented evidence
that the spots which we detect in this system represent cells secreting
antibodies (26).

Statistics. Mann-Whitney's U-test and Spearman's rank correla-
tion test were used for statistical evaluation.

Results

Autoreactive T cells. After culture of blood mononuclear cells
for 48 h and immunoenzyme staining for secreted IFN-,y, red-
brown immunospots appeared which were easy to count in a
dissection microscope. The number of primed T cells respond-
ing specifically to an antigen was estimated after subtraction of
the value obtained in parallel culture without antigen (Fig. 2).

AChR-reactive T cells determined by secretion of IFN-'y in
the presence of AChR, were detected in 23 of the 30 patients
with MG(77%) (Table I; Fig. 2). The numbers of AChR-reac-
tive T cells in the 23 positive patients varied between 1 per
8,333 and 1 per 200,000 PBL (mean, 1 per 33,300 PBL for all
30 patients). AChR-reactive T cells were found in the two con-
trol groups, but at lower numbers (P < 0.05 and P < 0.001,
respectively; cf. Table I). The diagnoses in the eight ONDpa-
tients with AChR-reactive T cells were cerebrovascular disease
in four patients and Parkinson's disease, head trauma, paresthe-
sia, and rhizopathy in one patient each.

To evaluate the specificity of the T cell response in MG, we
selected as control antigens PPDand the myelin components
MBPand PLP. T cell reactivity to PPDwas found at similar
frequencies and levels in blood from patients with MGand the
two control groups (Table I). A proportion of the MGpatients
had also autoreactive T cells to MBPand to PLP, but the fre-

Table I. Numbers of Antigen (AChR, MBP, PLP, PPD) or Lectin
(PHA)-induced Interferon-y Secreting Cells per 10J Mononuclear
Cells from Peripheral Bloodfrom Patients with MG, OND,
and Healthy Controls

Patients AChR MBP PLP PHA PPD

MG(n = 30)
Range 0-12 0-8.5 0-18 5-292 2-250
Mean (SD) 3.0 (3.4) 0.9 (2.2) 1.7 (4.3) 82 (92) 29 (52)
P value 0.05/0.001 NS/NS NS/NS NS/NS NS/NS

OND(n = 44)
Range 0-9.5 0-35 0-13 5-410 0-150
Mean (SD) 0.6 (1.9) 2.5 (6.8) 1.2 (2.7) 109 (111) 38 (38)

Healthy (n = 30)
Range 0-0.5 0-15 0-8.5 5-27 0-196
Mean (SD) 0.02 (0.09) 1.3 (3.5) 1.0 (2.1) 93 (69) 39 (48)

P values refer to difference between MGand OND, and MGand healthy con-
trols, respectively.

Table I. Numbers of Cells Secreting Anti-A ChRAntibodies
of IgG, IgA, and IgM Isotypes, per IO' Mononuclear Cells
from Peripheral Bloodfrom Patients with MG, OND,
and Healthy Controls

Anti-AChR antibody secreting cells

Patients IgG IgA IgM

MG Range 0-28 0-9 0-5
Mean (SD) 7.1 (6.6) 2.2 (2.6) 0.8 (1.3)
No exam 28 28 27
P value 0.001/0.05 0.01/0.05 0.5/NS

OND Range 0-10 0-2 0-1
Mean (SD) 1.5 (2.5) 0.8 (0.8) 0.2 (0.4)
No exam 24 12 13

Healthy Range 0-20 0-4 0-2
Mean (SD) 2.8 (2.1) 0.6 (1.4) 0.5 (0.7)
Noexam 20 8 11

P values refer to difference between MGand OND, and MGand
healthy controls, respectively.

quencies did not differ from those in the two control groups,
nor did the mean values (Table I).

PHAwhich promotes polyclonal T cell activation and con-
current IFN-y production, induced similar frequencies and
mean numbers of IFN-y secreting cells in MGcompared with
the two control groups (Table I).

Anti-AChR antibody secreting cells. Cells secreting anti-
AChRIgG antibodies were detected in peripheral blood from
27 of the 28 MGpatients examined (Table II; Fig. 3). The range
of antibody secreting cells in the 27 positive patients varied
between 1 per 3,571 and 1 per 105 blood mononuclear cells
(mean, 1 per 14,085 cells for all 28 examined patients).

Cells secreting anti-AChR antibodies of the IgA and the
IgM isotypes were also found in blood from the patients with
MG, but less frequently, at lower numbers (Fig. 3; Table II),
and only in parallel with cells secreting anti-AChR antibodies
of the IgG isotype. The mean value for anti-AChR IgA anti-
body secreting cells was 1 per 45,455 PBL, and for cells secret-
ing corresponding IgM antibodies 1 per 125,000 PBL. Seven of
the 27 MGpatients evaluated (26%) had cells secreting anti-

1s r

10

5 F

o

0

0

* 0

0

0

so_
0

_SM

MG OND H

Figure 2. Acetylcholine recep-
tor-reactive T cells per 10'
blood mononuclear cells from
patients with myasthenia gravis
(MG) and other neurological
diseases (OND), and healthy
subjects (H). Arrows denote
mean values.
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AChRantibodies of all three isotypes, 10 (37%) had IgG and
IgA, 3 ( 1 %) had IgG and IgM, 6 (22%) had IgG only, and in 1
patient no anti-AChR antibody secreting cells were detectable.
One patient was examined for IgG and IgA only, and had both
cell types.

Anti-AChR antibody secreting cells were not specific for
MG. Cells secreting IgG antibodies were found in half of the
patients with ONDand also in about half of the healthy con-
trols examined. Compared with MG, the numbers were lower
in the other neurological disease (OND) patient group (mean, 1
per 66,667 PBL; P < 0.001) and in the healthy controls (mean,
1 per 35,714 PBL; P < 0.05). Similarly, the numbers of anti-
AChRIgA antibody secreting cells were higher in MGthan in
OND(P < 0.01) and healthy subjects (P < 0.05), and the num-
bers of IgM antibody secreting cells were higher in MGthan
OND(P < 0.05), whereas the difference with healthy controls
did not reach significance.

Wefound a positive correlation (r = 0.56; P < 0.001) be-
tween numbers of anti-AChR IgG antibody secreting cells and
AChR-reactive T cells in the 28 MGpatients. Also in the con-
trols, there was a similar correlation between these two vari-
ables.

T and B cell responses to AChRin thymectomized patients.
Of the 30 MGpatients, 16 had been subjected to thymectomy
(Table III). The mean value of AChR-reactive T cells was
higher in the thymectomized group (P < 0.05). Numbers of
anti-AChR antibody secreting cells of all three isotypes were
also higher in the thymectomized patients.

Immunoglobulin secreting cells. The patients with MGhad
higher numbers of cells secreting IgG in peripheral blood com-
pared with those with OND(P < 0.05) or the healthy subjects
(P < 0.001). For numbers of IgA and IgM secreting cells, no
differences were registered between the group (Table IV).

Discussion

Wehave presented evidence that a majority of patients with
MGhave AChR-reactive T cells in peripheral blood. The high
numbers of AChR-reactive T cells in MGpatients did not re-
flect a generally increased capacity to produce IFN-,y in re-
sponse to antigen or lectin in MG, because the numbers of T
cells responding to the commonantigen PPDand to the mito-
gen PHAdid not differ significantly in MGcompared with
ONDor healthy subjects.

Table III. AChR-specific T and B cells in Peripheral Blood
from Patients with MGwith (Group I) and without Thymectomy
(Group II)

Anti-AChR antibody
secreting cells

AChRreactive
Patients T cells IgG IgA IgM

MGgroup I Range 0-12 1-28 0-9 0-5
Mean (SD) 4.0 (4.1) 9.7 (7.9) 3.5 (3.1) 1.5 (1.6)
No exam 16 14 14 13

MGgroup II Range 0-5 0-13 0-4 0-1
Mean (SD) 1.7 (1.5) 4.6 (3.6) 0.9 (1.2) 0.1 (0.4)
No exam 14 14 14 14

P value 0.05 0.05 0.001 0.001
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Figure 3. Anti-AChR receptor antibody secreting cells of IgG, IgA,
and IgM isotypes per I05 blood mononuclear cells from patients with
myasthenia gravis (MG) and other neurological diseases (OND), and
healthy subjects (H). Arrows denote mean values.

Our finding of AChR-reactive T cells in patients with OND
is in accordance with previous observations by Newsom-Davis
and his group of increased T cell proliferation to AChRand to
the AChRpeptide 125-143 in controls (8, 12). Whereas these
authors detected AChRor peptide reactive T cells at similar
frequencies and numbers in patients with MGand controls, we
observed that AChR-reactive T cells were more commonand
present at higher numbers in blood from patients with MGin
comparison with patients with ONDor healthy subjects. Also,
the proliferative response to various AChRsequences has been
shown to differ between MGpatients and controls (27).

As control antigens in the T cell assay we used MBPand
PLP, i.e., two myelin components of possible relevance in a
putative immune pathogenesis of multiple sclerosis. Experi-
mental autoimmune encephalomyelitis (EAE) can be induced
by injection of MBPor PLP together with Freund's complete
adjuvant (28-30), and represents to a certain extent an experi-
mental model of multiple sclerosis. With the same T cell im-
munospot assay as used in the present study, we have docu-
mented that patients with multiple sclerosis have high numbers
of MBP-and PLP-reactive T cells in peripheral blood and espe-
cially in cerebrospinal fluid, i.e., in the compartment in the
immediate vicinity of the target for a possible immune attack
(16). Wehave also observed that MBP- and PLP-reactive T
cells are not specific for multiple sclerosis but may occur in

Table IV. Number of IgA- and IgM-secreting Cells per 1O5
Mononuclear Cells from Peripheral Bloodfrom Patients
with MG, OND, and Healthy Controls

Patients IgG IgA IgM

MG Range 0-160 1-210 0-48
Mean (SD) 33 (30) 68 (60) 10 (12)
No pos/no exam 27/28 28/28 22/27

OND Range 2-40 1-169 1-90
Mean (SD) 17 (12) 61 (44) 18 (21)
No pos/no exam 18/23 23/23 23/23

Healthy Range 0-32 10-152 1-60
Mean (SD) 11 (11) 58 (43) 16 (17)
No pos/no exam 17/20 20/20 20/20
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other neurological diseases as well, but at lower frequencies and
numbers. Our patients with MGhad also MBP- or PLP-reac-
tive T cells in peripheral blood, though at frequencies and num-
bers which were similar to those which we observed in patients
with ONDand healthy controls. This T cell reactivity to MBP
and PLP might reflect effectively controlled "normal" autore-
activity (31) whereas, in multiple sclerosis, the high numbers of
MBP- and PLP-reactive T cells might have importance for a
proposed immunopathogenesis, alternatively represent a con-
sequence of myelin breakdown. Similarly, it remains to be
proven whether the frequent occurrence of high numbers of
AChR-reactive T cells in MGare involved in an assumed im-
munopathogenesis of the disease or reflect a phenomenon sec-
ondary to tissue destruction, or both.

IFN-y is a cytokine with multiple immunoregulatory ef-
fects, including the induction of class I and II MHCgene ex-
pression, macrophage activation and T cell homing. Pertur-
bated secretion of IFN-y locally at AChRsby AChR-reactive T
cells could be of importance in the pathogenesis of MG.

Utilizing the principle of detection of antibody secretion by
individual cells, we have also demonstrated that practically
every patient with MGhas a B cell response directed against the
AChR. This involves predominantly IgG antibodies, but IgA
and IgM antibodies as well. Anti-AChR antibodies of the IgM
isotype have previously been reported in MG(32, 33), whereas
an IgA antibody response to AChRhas to our knowledge not
previously been demonstrated. The combined presence of
AChRspecific T and B cells is compatible with T cell driven B
cell response in MG.

Anti-AChR antibody secreting cells were present not only
in MGbut also in the two control groups, although at lower
frequencies and numbers. Even though anti-AChR antibodies
are generally considered to have pathogenetic relevance in
MG, a number of inconsistencies have been described which
question the association between anti-AChR antibodies and
MG. High antibody levels may thus be demonstrated in MG
patients in remission (34). Newborns to mothers with MGmay
have no signs of MGdespite high levels of such antibodies (35).
Different diseases such as epilepsy with IgA deficiency (36),
primary biliary cirrhosis (37), and monoclonal gammopathies
(38) may be accompanied by anti-AChR antibodies without
signs of MG. A pair of identical 47-yr-old twins has been de-
scribed, one of them with MGand the other with high levels of
anti-AChR antibodies but no clinical signs of MG(39). It
could be that anti-AChR antibodies are included in the broad
repertoire of natural antibodies and that an abnormal prolifera-
tion of anti-AChR antibody secreting B cell and plasma cell
clones, due to a mechanism which remains obscure, is responsi-
ble for destruction of AChRin MG. Alternatively, the high
production of anti-AChR antibodies found in MGcould repre-
sent an immune response secondary to AChRbreakdown.
Both possibilities are not mutually exclusive.

Our findings of higher numbers of AChR-reactive T and B
cells in thymectomized MGpatients could be a consequence of
the influence on suppressor functions which have been attrib-
uted to the thymus (40). However, effects due to differences
between thymectomized versus nonoperated patients in type
and duration of other forms of immunomodulative measures
are not excluded.

In conclusion, we have documented presence of AChR-
reactive T cells and cells secreting anti-AChR antibodies in
most patients with MG. Wealso observed a strong correlation

between B and T cell responses to AChR in the MGpatient
material. AChR-reactive T and B cells are not specific for MG,
but they are detected more frequently in blood from patients
with MG, where they are found at higher numbers compared
with patients with ONDand healthy subjects. Adoption of the
immunospot assay should facilitate identification of possible
immunodominant epitopes which could be active in the im-
munopathogenesis of MGin the individual patient, and
thereby constitute the basis for individually focused immuno-
therapy.
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