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Abstract

A study of cell surface phenotypes of PBL of myasthenia
gravis (MG) patients showed that their T cells had a signifi-
cantly higher percentage of 4B4+ T cells (the helper/inducer
subset) than age- and sex-matched controls. The PBL of MG
patients proliferated significantly higher than those of normal
subjects (NS) in response to the purified a chain of the acetyl-
choline receptor (AChR). Anti-AChR antibody was present in
sera of 88%of MGand none of the NS. The PBL B cells from
MGonly, when cultured with autologous T cells and stimu-
lated with either pokeweed mitogen (69%), or AChR-a chain
(38%), secreted antibody to AChR-a chain, whereas T and B
cells alone secreted no antibody.

T cells from PBL of MGpatients were more readily cloned
than T cells of NS, by limiting dilution, in the presence of
recombinant IL-2 and in the absence of AChR-a chain. About
50%of T cell clones from MGpatients, compared to none from
NS, proliferated to AChR-a chain. This response was HLA-
DR restricted. MGT cell clones did not display significant
cytotoxic activity, as compared to control T cell clones.

Our results indicate that in MG, 4B4+ regulatory T cells
play their role in the pathogenesis of MG, not by cytotoxicity,
but more likely by their ability to stimulate specific antibody
production by B cells. (J. Clin. Invest. 1990. 86:2099-2108.)
Key words: acetylcholine receptor- myasthenia gravis * pheno-
typing- cell clones

Introduction

Myasthenia gravis (MG)' is thought to be an autoimmune
disease primarily mediated by antibodies to the acetylcholine
receptor (AChR) (1, 2). The severity of the disease, however,
does not correlate well with serum antibody levels (2). Many
studies, including ours, have found that T cells from the pe-
ripheral blood of MGpatients respond, by lymphoprolifera-
tion, to AChRor AChRsynthetic peptides, to a greater extent
than do T cells from normal subjects (3-6). T cell lines re-
sponsive to AChRand/or its peptides have been isolated from
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thymus as well as blood of MGpatients (7-10). These lines,
however, were all obtained by in vitro culture of T cells with
antigens. Thus, the specific function of these T cells and their
involvement in the regulation of autoantibody production
have not been fully elucidated.

This study was undertaken to characterize the peripheral
blood lymphocytes (PBL) of MGpatients both phenotypically
and functionally in order to assess the immunoregulatory role
of T cells in the pathogenesis of MG. With the availability of
new monoclonal antibodies, CD4and CD8 subsets of T cells
have been found to be both functionally and phenotypically
heterogenous (11-13). Through the use of monoclonal anti-
bodies to CD4, CD8, 2H4, and 4B4 antigens, the T cells in
PBL were further identified by the flow cytometry technique as
supressor-inducer(2H4+) or helper-inducer(4B4+) subsets.
Clones of T cells were established from PBL of MGpatients in
the absence of the putative antigen, AChR, to exclude in vitro
sensitization to AChR. The aim of this study is to determine
the function of these T cells and their possible role in the
pathogenesis of MG.

Methods

MGpatients and controls for phenotypic studies. The clinical features
of 17 patients with generalized MG, studied for phenotypic character-
ization, are shown in Table I. Three had mild weakness at the time of
study, nine had moderate weakness, and five were severely weak and
had difficulty breathing, swallowing, or getting out of bed. Three had
previously had thymectomy, and two thymomectomy. Six were re-
ceiving prednisone daily. Only one patient (E.K.) was receiving azathi-
oprine, 100-150 mgdaily orally, for 3'/2 mo. None had received plas-
mapheresis within a year of study. All except two patients had elevated
serum levels of antibody to AChR, varying from 1 to 369 nmol/liter.
Nine normal subjects and 10 patients with multiple sclerosis (MS) of
similar age and sex distribution were studied as controls. MSis an
autoimmune disease of the central nervous system that has been phe-
notypically characterized and is thought to be a T cell-mediated
disease.

Purification of AChR. The AChRwas purified from the tissues of
Torpedo californica according to a previously described method (14,
15). After purification, the antigen was concentrated by ultrafiltration
using a cell concentrator (Omega, Filtron, Clinton, MA). The purity of
the recovered material was analyzed by SDS-PAGEon 7.5% gels under
reducing conditions. One prominent band was seen in the area of
40,000-50,000 mol wt, which corresponded to the a chain of the
receptor (Fig. 1). The presence of other AChRchains, however, cannot
be ruled out completely (14, 15). Before use in cell culture studies, the
antigen was dialyzed against 0.01 Mphosphate-buffered saline (PBS),
pH 7.2, to remove the detergent and the enzyme inhibitors. The puri-
fied a chain had a specific activity of l0' Ma-bungarotoxin binding
sites per milligram of protein, as determined by a '25I-a-bungarotoxin
binding assay. The purified AChRhas been used to induce experimen-
tal autoimmune MGin rats (14, 15).

Anti-AChR antibody assays of sera. Sera from patients with MG
and from normal subjects were assayed for anti-AChR antibody, using
'251-ca-bungarotoxin-labeled human AChR (16). This assay was per-
formed by SmithKline Bioscience Inc., Sunnyvale, CA, and the titers
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Table I. Patients

Patient Sex A

D.R. M f
G.G. F
P.L. M f
E.D. F
E.K. F -
G.H. M f
H.K. M
J.M. M f
L.B. F
L.F. F f
R.C. M f
R.D. F 4
C.C. F
D.M. F
D.P. F
E.L. M
P.M. M
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with Myasthenia Gravis Isolation, culture, andfunctional studies of lymphocyte populations.
Mononuclear cells (MNC) were isolated from PBL by Lymphoprep

MGduration/ Years after Prednisone (Accurate Chemical & Scientific Corp., Westbury, NY) density gra-
kge severity thymectomy dient centrifugation (17). The band of MNCwere then collected and

yr yr mgqd moRx washed twice in Hank's balanced salt solution (HBSS) and once in
RPMI 1640 containing 2% fetal calf serum (FCS). The MNCwere

61 4/mild 0.2 counted and were > 98% viable as assessed by trypan blue dye exclu-
55 7/mild sion. 2 X 105 cells per well were then stimulated for lymphoprolifera-
68 16/mild tion, with purified AChR(5 gg/ml) and with irrelevant antigen, bovine
24 3/moderate serum albumin (BSA) (50 ,g/ml) (Sigma Chemical Co. St. Louis, MO)
77 6/moderate 6* as control, in 96-well round-bottom microtiter plates in 0.2 ml of
61I 7/moderate 5 60 standard RPMI culture medium containing 10% FCS and Hepes
751 7/moderate 5 60 buffer. After 72 h of incubation, the cultures were labeled using 1 ACi
71 4/moderate of [3H]thymidine (Amersham Corp., Arlington Heights, IL) for 18 h
56 5/moderate and harvested onto glass-fiber filters and the amount of radioactivity
53 12/moderate 10 was assessed by liquid scintillation spectroscopy. The results were ex-
55 2/moderate pressed as counts per minute of [3H]thymidine incorporation in the
56 3/moderate presence or absence of AChR-a chain.
49 29/moderate Separation of T and B lymphocytes. MNCwere first depleted of
34 7/severe 40 4 adherent monocytes by passage through a Sephadex G- 10 column
30 11/severe 1 25 12 (18). The nonadherent cells were incubated with 2-aminoethyliso-
37 3/severe I10 1 2 thiouronium hydrobromide-treated sheep red blood cells for 15 min at

15 4/severe 5* 40 20 37°C, centrifuged at 50 g for 8 min, and then incubated on ice for 1 h75 4/severe * 40 20
6

(19). The suspension was layered on Lymphoprep and centrifuged at
76 2/severe 10 16 450 g for 45 min. The B cell-enriched interphase was washed, resus-

pended in culture medium, and rosetted again to remove residual

y- contaminating T cells. The rosetted T cells were freed of sheep erythro-
cytes by hypotonic lysis with buffered ammonium chloride solution.
The T cell-enriched population contained > 98% E+ rosette-forming

ts nanomoles of specific IgG per liter of serum. The cells. The B cell population comprised > 95% E- cells and occasional
his study was extracted from human skeletal muscle (<0. 1%) monocytes/macrophages as evidenced by differential staining

'25I-a-bungarotoxin which specifically binds to the a with Wright-Giemsa. An indirect immunofluorescence assay, using
This complex was then incubated with the test sera to anti-CD3 and anti-IgG antibodies, was employed to check the purity
iding. The toxin-AChR-antibody complex was then of the cell separation. The number of each cell population was deter-
ated with goat anti-human IgG. The amount of pre- mined by counting the number of positive and negative cells. The
ctivity is directly proportional to the titer of anti- results showed that the E+ cells contained 2.5% IgG+ and 97% CD3+
in the patient's serum. cells. The E- cells contained 95% IgG+ and 6% CD3+ cells. Since the

culture of neither B cells or T cells alone, from antibody-positive lym-
phocyte cultures of MGpatients, produced antibody to AChR, the

2 3 46 separation technique was considered adequate.D 6 7 8 Production ofanti-AChR-a chain antibody in vitro. Purified T cells
(2 X 104/ml) from 29 MGpatients, 10 MSpatients, and 10 normal
subjects and their purified autologous B cells (5 X 104/ml) were cul-
tured, either alone or together, in the presence of 10 ,ug/ml AChR-a
chain or 12.5 Ag/ml pokeweed mitogen (PWM, Sigma Chemical Co.).
The cells were cultured for 9 d in culture medium in 96-well round-
bottomed microtiter plates (20). Cultures containing AChRwere in-
cubated for 4 d, at which time the medium was removed, to remove
free AChRwhich might combine with the synthesized antibody, and
recultured in antigen-free medium for S d. At the end of culture, the
supernatants were harvested and concentrated 50-fold, using B15 con-
centrators (Amicon Corp., Danvers, MA) and stored at -800C until
tested for anti-AChR-a chain antibody.

0 Measurement of anti-AChR-a chain antibody produced in vitro.
The anti-AChR-a chain antibody was measured by a sensitive en-
zyme-linked immunosorbent assay (ELISA), in which the microtiter
wells were coated with AChR-a chain (I ,g/ml) or control antigen,
myelin basic protein (MBP). This MBP, routinely purified in our labo-
ratory from guinea pig spinal cords, is being successfully used to deter-
mine antibody in the sera of mice and MSpatients (21). The concen-
trated supernatants (200 Ml), in duplicate, were incubated on these
solid-phase antigens for 24-48 h at 4°C. Wells containing buffer alone
served as background control. All plates were washed three times with

AGEof purified AChR-a chain. Lane 1, molecular PBS-0.05% Tween 20, and 100 Al of alkaline phosphatase-conjugated
(MW); lane 2, purified AChR, 25 AI; lane 3, puri- anti-human IgG, diluted 1:500, was added and incubated for a further
lane 4, effluent, 25 Al; lane 5, effluent, 50 qI; lane 90 min at 37°C. After washing, 200 ,I of enzyme substrate p-nitro-

,l; lane 7, crude receptor, 25 gl; lane 8, crude recep- phenylphosphate was added to each well and incubated for 30 min.
lethods for details. The results were read at optical density (OD) of 410 nm, using a
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spectrophotometer (Dynatech Laboratories, Inc., Alexandria, VA).
The amount of antibody in nanograms per milliliter was determined
on the basis of a standard curve constructed by plotting the ODs
against the known concentrations of an anti-AChR monoclonal anti-
body MAb-35 (see below). Patients' (and normal subjects') culture
supernatants were considered positive if their values exceeded mean
+ 2 SDof control supernatants. Samples were assayed in duplicate and
if the values were not within 10%of each other they were then repeated
in triplicate.

Production and purification of anti-AChR monoclonal antibody.
MAb-35, a rat hybridoma cell line which produces an IgG antibody
reactive with AChR, was purchased from American Type Culture
Collection, Rockville, MD. The cells were grown in culture and the
supernatants concentrated by ultrafiltration (Amicon Corp.). The IgG
in the culture supernatants was partially purified by precipitation with
50%saturated ammonium sulfate (22), followed by immediate dialysis
into PBS, pH 7.2 (Gibco Laboratories, Grand Island, NY). The par-
tially purified material was further purified by passage through a pro-
tein-A Sepharose 4B column (Pharmacia, Inc., Piscataway, NJ). Elu-
tion with 0.1 Mglycine-HCl, pH 3.0, was performed after extensive
washing of the column with PBS. The MAbeluted from the column
was immediately neutralized with 1.OM Tris-NaCl, pH 8.0. After dial-
ysis against PBS, the antibody was aliquotted and stored at -20°C. The
concentration of the MAbwas calculated using a standard curve ob-
tained with purified rat IgG (Accurate Chemical and Scientific Corp.).
The purified IgG anti-AChR antibody was used as a standard in the
ELISA assays.

Cloning of IL-2 responsive cells. Lymphocytes were cloned, using
limiting dilution analysis (LDA) (23) in 96-well round-bottomed mi-
crotitre plates at 0.3-3 cells per well in the presence of 104 autologous
mitomycin-C (Sigma Chemical Co.)-treated MNC(as feeder cells) in
RPMI 1640 containing 10% FCS and 15 U/ml of recombinant IL-2
(rIL-2, Genzyme, Boston, MA). The feeder cells were prepared by
incubation of 2-5 X 106 autologous peripheral blood mononuclear
cells (PBMC) per milliliter with 50 ,g of mitomycin C for 40 min at
37°C (24). 24 replicate cultures were set up for each cell concentration
and incubated at 37°C in 5% C02/95% air. The cultures were fed on
day 7 by replacing 0. 1 ml of growth medium with fresh IL-2 containing
medium. After a further 7 d in culture, the microtiter wells were scored
microscopically and the ones that contained growth were picked and
expanded in fresh IL-2 medium. Cultures in which growth was seen in
the control feeder cells alone were discarded. Poisson distribution anal-
ysis was used to identify those populations arising from single precur-
sors (i.e., input cell density giving > 37% negative wells). Therefore
clones were picked from less than one cell per well for this study. In
many instances, when an already established clone was very small or
was not growing well, 5 Mg/ml of phytohemagglutinin (PHA), together
with feeder cells, was added to the culture. The clones were fed with
fresh medium every 2-3 d and feeder cells plus PHA(5 gg/ml) when
their growth had stopped. After 8 wk in culture, the growth and func-
tional properties of most clones started to decline.

Phenotyping of T cell clones. The surface antigenic phenotype of
PBL and T cell clones were tested by an immunofluorescence assay
using mouse anti-human CD4, CD8, 2H4, and 4B4 MAb (Coulter
Immunology, Hialeah, FL). PBL (1 X 106) and T cell clones (1 X 105
were incubated with 1:40 dilution of each of the MAbat 4°C for 30
min and washed twice with PBScontaining 2%FCSand 0. 1%sodium
azide. Fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG
was then added at 1:100 dilution to all cells and incubated at 4°C for 30
min. The cells were then washed three times with PBS, fixed with 1%
paraformaldehyde for 10 min, and washed again, and the cell surface
immunofluorescence was assessed by flow cytometry. The latter analy-
sis was performed on a Cytofluorograph IIs (Ortho Diagnostic Sys-
tems, Inc., Raritan, NJ) and the cells were gated on forward and right-
angle scatter. Approximately 105 cells were counted and the results
were expressed as the percentage of positively stained cells. The back-
ground (percentage of cells stained with normal mouse IgG) was sub-
tracted in each instance.

Proliferation assays of clones. Before the functional studies, the T
cell clones were "rested" for 14 d after the last addition of feeder cells.
At that time, no feeder cells were present in the clones. The clones were
washed twice in medium without IL-2 and incubated overnight in
IL-2-free medium to remove residual IL-2. The T cell clones (I X 104)
were cultured with 5 Ag/ml of specific antigen, AChR, or 50 ,g/ml of
control antigens, MBPor BSA, in the presence of 5 x 04 irradiated (50
Gy) PBMCas antigen-presenting cells (APC) in 96-well round-bottom
microtiter plates in 0.2 ml of medium in the absence of IL-2. A positive
control of the clones' response to IL-2 and a negative control of clones
plus APC alone were included in each assay. In some experiments
MBP-responsive clones were included to confirm the antigenicity of
this antigen.

To check that the proliferative response to AChR by the T cell
clones is not due to APC, the APCalone was also exposed to AChR.
After 72 h of incubation, the cultures were labeled using 1 MCi of
[3H]thymidine for 18 h harvested onto glass-fiber filters, and the
amount of radioactivity was assessed by liquid scintillation spectros-
copy. Because of limited growth of the T cell clones, only in some
experiments were we able to perform MHC-restriction studies using
anti-HLA antibodies. In such studies 20 Ml of anti-HLA-DR and
anti-HLA-ABC (shared determinants) antibodies (Accurate Chemical
& Scientific Corp.) were added to T cell clones and cultured for 3 d
with and without AChR. Lymphoproliferation was evaluated as de-
scribed above.

Cytotoxic assay. The cytotoxic activity of the T cell clones was
determined in a 4-h chromium 5'Cr-release assay as previously de-
scribed (25), using K562 and Daudi tumor cells (American Type Cul-
ture Collection) as targets. The target cells (5 X 106) were labeled with
150 MCi Na25'CrO4 (Amersham Corp.) in 0.2 ml of medium for 60 min
in a 37°C water bath. After incubation, the target cells were washed
twice with HBSSand suspended at 105 cells/ml in complete medium
without IL-2, and 100 Ml was added to round-bottomed tubes to give
104 cells/well. T cell clones were added to the targets in each well to
give effector/target ratios of 5:1, 10:1, and 20:1. The tubes were centri-
fuged at 45 g for 3 min and incubated at 37°C in 5% CO2 for 4 h.
Maximum and spontaneous release of 5'Cr was determined by adding
respectively 100 Al of 2% Triton-X 100 and medium alone to the tar-
gets. After incubation, the tubes were centrifuged at 150 g for 10 min
and 100 Ml of supernatant was removed and counted for radioactivity
in a Beckman 5500 B y-counter (model 5500B, Beckman Instruments,
Inc., Fullerton, CA). In all experiments the spontaneous release was
always < 10% of the maximum release. The results are expressed as: %
specific cytotoxicity = (test release - spontaneous release X 100)/
(maximum release - spontaneous release).

Results

Phenotypic analysis of PBL. The surface phenotypes of the
PBL of 17 MGpatients (described in Table I) and 19 controls
(9 normal subjects and 10 patients with MS) are listed in
Tables II and III, respectively. Patients with MGdid not differ
from normal subjects and MS patients in the percentage of
CD4 and CD8 cells in their PBL. MGpatients, however, ex-
hibited a significantly higher percentage of 4B4+ cells, the
helper-inducer subset, than normal subjects (P < 0.001). The
percentage of 2H4+ cells, the cytotoxic/suppressor-inducer
subset, though lower than in normal subjects, was not signifi-
cantly different (Table II). In contrast, the percentage of 2H4+
cells in MSpatients was significantly lower (P = 0.01) than in
normal subjects, whereas the percentage of 4B4+ cells was not
significantly different (Table III). The differences between
these two T cell subsets in MGand MS patients were not
statistically significant.

Patients with mild or moderate severity of MGappeared to
have a higher percentage of 4B4+T cells than patients with
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Table IL Cell Surface Phenotypes of PBL of MGPatients

Positive phenotype Serum
antibody

MGpatients CD4 CD8 4B4* 2H4 to AChR

% nmol/liter

D.R. 46.8 18.5 72.3 36.9 4
G.G. 49.8 20.1 77.4 42.2 10
P.L. 49.7 29.5 79.1 42.9 1.5
E.D. 32.2 10.9 52.3 30.7 1
E.K. 39.5 15.7 65.4 57.5 4
G.H. 48.7 29.1 83.8 52.6 14
H.K. 28.3 27.9 74.6 54.0 9
J.M. 49.2 17.6 84.7 46.7 13
L.B. 63.7 17.2 84.2 40.0 <0.5
L.F. 37.8 14.3 62.3 36.0 3
R.C. 63.2 13.4 79.9 48.0 20
R.D. 34.7 22.1 66.7 38.0 <0.5
C.C. 55.6 14.3 66.4 47.9 7
D.M. 10.8 18.0 73.2 50.1 76
D.P. 40.5 20.0 57.6 50.5 369
E.L. 61.9 15.2 54.7 45.4 6
P.M. 44.9 22.8 91.3 39.6 13

Mean±SD 44.5±13.6 19.2±5.5 72.1±11.4 44.6±7.2

* P < 0.001 MGhigher than normal.

Table III. Cell Surface Antigens in Patients
with MSand in Normal Subjects

Positive cells

Patient no. CD4 CD8 4B4 2H4*

MS
1 38.5 22.3 78.0 31.1
2 34.3 31.0 69.8 42.9
3 30.6 17.8 51.7 37.4
4 47.5 15.2 57.1 45.0
5 45.1 19.1 84.5 37.6
6 53.9 7.1 41.5 42.5
7 63.2 21.6 58.7 45.3
8 52.9 16.4 57.7 35.8
9 42.9 24.3 43.0 45.9

10 32.0 17.8 42.8 29.7
Mean±SD 44.1±10.6 19.3±6.3 58.5±14.9 39.3±5.9

Normal subjects
1 45.4 21.6 51.8 56.9
2 51.3 16.7 63.4 54.0
3 34.3 22.6 52.6 52.2
4 47.6 18.4 56.6 60.5
5 33.2 21.7 45.0 50.6
6 31.7 28.1 43.3 46.1
7 20.2 15.8 63.7 47.0
8 57.0 4.9 65.0 41.2
9 36.6 27.1 59.1 41.8

Mean±SD 39.7±11.5 21.5±4.5 54.5±7.2 50.0±6.6

*P=0.01.

severe weakness. The latter group of patients, however, were
all receiving daily prednisone, which can affect their percent-
age of responding cells (Tables I and II).

Peripheral blood humoral and cellular responses to AChR.
Antibody to AChRwas significantly elevated in the sera of 15
of 17 (88%) of MGpatients (Table II) and none of 9 normal
subjects, who consistently had a level of < 0.5 nmol/liter (data
not shown). Patients with severe MGof shorter duration dis-
played the highest levels of anti-AChR antibody in their sera
(Table II).

The lymphoproliferative responses to purified AChR-a
chain of PBL from 17 patients with MGand 11 normal sub-
jects are presented in Fig. 2. Any cpm > 3 X 103 (mean normal
subjects + 2 SD) was considered to be significantly elevated.
The PBL of 11 MGpatients (65%) and one normal subject
(9%) proliferated to AChRabove this level (Fig. 2).

To study the separate roles of T and B cells in the produc-
tion of antibody to AChR-a chain, these cells were separated,
purified, and cultured either separately or together, in the pres-
ence of either AChRor PWMand antibody production was
measured (Fig. 3). Detectable amounts of anti-AChR-a chain
antibody were produced only when autologous T and B cells
from MGpatients were cultured together. The level of anti-
AChRantibody synthesis was higher with the T cell-depen-
dent B cell polyclonal activator, PWM, than with AChR-a
chain. Purified T cells from PBL of 11 of 29 MGpatients
(38%) when stimulated with AChR-a chain, and 20 of 29 MG
patients (69%) when stimulated with PWM,helped the autolo-
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Figure 2. Proliferative responses of PBL to AChR-a chain. The re-
sponses of 17 MGpatients and 11 normal subjects to purified
AChR-a chain are shown as counts per minute of [3H]thymidine up-
take (X 10-3) of lymphocytes in the presence and absence of AChR-a
chain (P = 0.05). Values > 3 X 10-3 cpm (mean of normal subjects
+ 2 SD) are considered positive.
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gous B cells secrete anti-AChR-a chain antibody in vitro
(Fig. 3). Unseparated PBL from 3 of 29 MGpatients (10%),
when stimulated with AChR-a chain, and 13 of 29 MGpa-
tients (45%), when stimulated with PWM,produced slightly
elevated levels of anti-AChR-a chain antibody in the culture
supernatants (Fig. 3). The antibody, synthesized in vitro, was
specific for AChR-a chain since it did not bind to the irrele-
vant antigen, MBP. Anti-AChR-a chain antibody was not
detectable in supernatants from cultures of PBL of normal
subjects and MSpatients (Fig. 3). Culture supernatants from T
or B cells alone of MGpatients, stimulated with either
AChR-a chain or PWM,all gave values of < 1 ng/ml of anti-
AChRantibody, which did not differ from the concentration
of unstimulated T or B cell cultures of MGpatients (data not
shown).

Generation of IL-2 responsive T cell clones. PBL from nine
patients with MGand eight normal subjects were cloned by
LDA in IL-2 medium without prior activation with AChR-a
chain. Most cultures from patients with MGyielded some
growth at less than one cell per well while cultures from nor-
mal subjects required 200-400 cells per well (Table IV). Thus,
MGpatients had a much higher precursor frequency of IL-2-
responsive cells than normal subjects, and hence could be
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Figure 3. Anti-AChR-a chain antibody production of T and B cells.
The supernatants of unseparated PBL and of purified T and B cells,
cultured together and stimulated with AChR-a chain (.) and PWM
(A) for 9 d. The amount of IgG secreted was determined by ELISA
and expressed as nanograms per milliliter. The solid line across the
graph at 10 ng/ml is the mean + 2 SD for normal subjects. Cultures
of T or B cells alone, stimulated either with AChRor PWM,gave
values < 0.1 ng/ml. See Methods for details.

Table IV. Frequencies of In Vivo Activated IL-2-dependent Cells
in PBL by LDA

Mean precursor frequency
Cell source (range)

MGpatients PBL (n = 9) 1/1.0±0.3 (0.3-3.0 cells)
Normal subjects PBL (n = 8) 1/400±70 (200-520 cells)

Precursor frequencies are expressed as the reciprocal of mean±SDof
the number of cells per well that grew out a clone.

more readily cloned. The clone sizes were very small at the end
of the culture period. All the clones were subsequently ex-
panded with mitomycin C-treated autologous feeder cells and
PHAand clones of larger size and numbers of cells were ob-
tained after 21 d.

The results of LDA of IL-2-responsive T cells is shown in
Fig. 4. The linear regression of the curves, plotted as number of
cells against the logarithm of the fraction of nonresponsive
cultures (Fnr) indicates that precursors of IL-2-responsive T
cells were limiting in these cultures. This profile is consistent
with a single-hit phenomenon (26). Thus, by applying Poisson
distribution analysis, the precussor frequency or likelihood of
monoclonability could be determined from the line at Fnr
= 0.37, at one cell per well for MGpatients and at 400 cells per
well for normal subjects. Since the MGclones were picked and
expanded from less than one cell per well, the majority, but
not all of the growth obtained was considered monoclonal.
When tested by FACS, 85% of T cell clones from MGpa-
tients were found to be 2 95% homogenous (either CD4 or
CD8), whereas only - 20-30% of cell growth in cultures of
lymphocytes from normal subjects were homogeneous and the
rest had to be either recloned or discarded. Multiple attempts
had to be made in order to obtain T cell clones from normal
subjects under our experimental conditions.

Phenotypic analysis of T cell clones. 14 of the 21 T cell
clones (70%) obtained from 9 MGpatients expressed CD8
antigens, and 7 (30%) expressed CD4 on their surfaces (data
not shown). The surface phenotypes of the nine clones from
seven MGpatients which were responsive to AChR-a chain in
the lymphoproliferation assay (see below), are shown in Table
V. Of these nine clones, five were CD4+ and four were CD8+.
The surface phenotype of the T cell clones obtained from five
normal subjects was predominantly CD8 (8/9 or 90%), with
CD4antigen being expressed on only one clone (1/9 or 10%).
The clones were further analyzed for the expression of 2H4
and 4B4 antigens, which define the supressor-inducer and
helper-inducer subsets, respectively. Five of nine clones from
MGpatients and four of nine from normal subjects expressed
only 4B4 antigen on their surface (Table V). Three of nine
clones from MGpatients and three of nine from normal sub-
jects expressed both 4B4 and 2H4 antigens on their surface. A
clone from one normal subject and none from MGpatients
expressed 2H4 antigen in the absence of 4B4 antigen, and one
clone from each group expressed only CD8 antigen.

Proliferative responses of T cell clones to AChR. 19 T cell
clones isolated from 9 patients with MG, and 9 clones from 8
normal subjects were stimulated with purified AChR-a chain,
IL-2, and MBP. Of the 19 T cell clones, nine from seven
different MGpatients proliferated significantly to purified
AChR-a chain (Table VI). None of the T cell clones from
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Figure 4. Frequency analysis of the precur-

sors of IL-2-responsive T cells. Each point
is based on a group of 24 replicate cultures
of PBL from nine MGpatients (*) and
eight normal subjects (v). The dotted line
(0.37) shows the cell concentration con-

taining one clone per culture as deter-
mined by Poisson distribution analysis.

normal subjects proliferated to AChR (Table VI). To assure
that the proliferative responses reflected a selection and ex-
pansion of in vivo antigen-reactive T cells and not an in vitro
artifact due to the cloning procedure, the response of the
clones to another autoantigen, MBP, was tested. This antigen
produced positive proliferation in 30% of clones from MSpa-
tients (a representative data is shown in Table VII). None of
the MGclones proliferated against MBP(Table VI), suggesting
that the clones exhibited specificity to AChR-a chain. Clones
from both MGpatients and normal subjects also proliferated
to rIL-2, indicating their IL-2 responsiveness (Table VI).

The clones were also tested for allospecific proliferative
responses to AChR-a chain, using both autologous and alloge-

Table V. Cell Surface Phenotypes of PBL-derived IL-2-
dependent T Cell Clones in MGPatients and Normal Subjects

Name Clone Phenotype

MGpatients
L.B. Gil CD8+4B4+
D.P. A4 CD4+4B4+
M.L. El CD4+4B4+2H4+
P.M. EIO CD8+4B4+
D.M. E 1l CD4+4B4+
D.R. B3 CD4+4B4+2H4+
D.R. C8 CD4+4B4+
D.P. A8 CD8+
J.M. H3 CD8+4B4+2H4+

Normal subjects
W.O. F7 CD8+4B4+

F6 CD8+4B4+
F.M. D3 CD4+4B4+

D5 CD8+4B4+
M.P. E4 CD8+4B4+2H4+

E7 CD8+2H4+
E2 CD8+4B4+2H4+

B.H. F2 CD8+4B4+2H4+
S.A. EIO CD8+

neic APC. The average proliferative response of T cell clones
from MGpatients, in the presence of autologous APC, was

significantly higher than that of T cell clones from normal
subjects (Fig. 5). The positive proliferative response only oc-

curred when AChR-a chain was presented with autologous
APC, suggesting that the recognition of AChR-a chain by the
MGclones was MHCrestricted (Fig. 5). As shown in one

representative experiment, the allogeneic APCobtained from
one MSpatient failed to elicit proliferation of MGclones to
AChR-a chain but was capable of presenting MBPto T cell
clones from the same MSpatient (Table VII). About 10% of all
clones produced "allogeneic" response with an average cpm of
1-3 X 103. None of these were antigen responsive and all were

excluded from this study. To further define the nature of the
MHCrestriction of AChR-a chain-specific clones, antibodies
to HLA-DRand HLA-ABCwere added during the 72-h assay.
Anti-HLA-DR but not anti-HLA-ABC inhibited the prolifer-
ation of two clones, indicating that they were class-II restricted
(Fig. 6).

Cytotoxic activity of T cell clones. Nine T cell clones from
patients with MG, eight from normal subjects and eight from
patients with MSwere examined for non-MHC restricted cyto-
toxicity by their capacity to kill K562 and Daudi target cells
(Fig. 7). T cell clones from MGpatients, MSpatients, and
normal subjects were not significantly different from each
other in their levels of cytotoxicity against K562 target cells. T
cell clones from MGpatients were significantly less cytotoxic
against Daudi cells than the clones from MSpatients (P
< 0.03) and marginally less cytotoxic than the T cell clones
from normal subjects (P = 0.05).

Discussion

In this report, the phenotypic and functional characteristics of
peripheral blood T cells were studied to evaluate the regulatory
role of T cells in the pathogenesis of MG. First, the cell surface
phenotypes of the PBL of MGpatients were analyzed and it
was found that MGpatients had a significantly higher percent-
age of the helper-inducer subset of T cells (4B4+) than normal
subjects. Recent studies have indicated that the CD4+ and
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Table VI. Proliferative Responses of T Cell Clones from MGPatients and Normal Subjects

[3H]TdR incorporation (X10-3)±SEM

Clones Medium only* AChR* IL-2 MBP

MGpatients
GlI 0.23±0.09 17.26±3.48 39.35±16.06 0.20±0.04
A4 0.23±0.31 20.53±4.49 50.09±4.53 0.31±0.20
El 0.3 1±0.01 11.61±0.40 20.9±3.82 0.43±0.01
EIO 0.32±0.05 20.01±0.88 5.11±0.05 0.22±0.05
Ell 0.03±0.09 5.94±0.05 11.61±0.02 0.24±0.03
B3 0.08 + 0.02 5.67±0.02 21.72±0.00 0.14±0.04
C8 0.03 + 0.02 8.07±0.01 18.63±0.01 0.02±0.03
A8 0.28±0.30 1.06±0.31 24.63±5.93 0.13±0.03
H3 0.25±0.02 1.82±0.53 9.74±4.27 0.24±0.10

Normal subjects
F7 0.11 + 0.01 0.12 + 0.02 14.45 + 0.23 0.16 + 0.01
F6 0.32 + 0.03 0.15 + 0.05 18.63 + 0.12 0.24 + 0.04
D3 1.42 + 1.21 0.18 + 0.03 52.53 + 2.12 0.21 + 0.04
D5 1.24 + 1.02 0.13 + 0.02 61.61 + 2.82 0.32 + 0.04
E4 1.20 + 1.01 0.35 + 0.09 46.21 + 3.92 0.42 + 0.01
E7 1.13 + 0.03 0.19 + 0.09 56.24 + 1.41 0.51 + 0.05
E2 0.14±0.07 0.14±0.08 10.53±2.75 ND
F2 1.23 + 0.82 0.13 + 0.03 17.84 + 0.42 0.21 + 0.05
EIO 0.23 + 0.04 0.31 + 0.01 35.92 + 2.45 0.33 + 0.02

* P = 0.002 MGpatients higher than normal subjects. t Medium only consists of APC+ T cell clones.

CD8+ populations of T cells can be subdivided into two dis- serum antibody level was higher in 88% of the MGpatients
tinct subsets, 2H4+4B4- and 2H4-4B4+, using monoclonal than in normal subjects. Anti-AChR antibodies and their
antibodies and functional studies (11-13). The former subset pathologic role in MGhave been studied extensively (29). In
suppressed PWM-driven Ig synthesis and was hence desig- vitro synthesis of anti-AChR antibodies in cultures of unstim-
nated suppressor-inducer, whereas the latter subset functioned ulated and PWM-stimulated PBL was shown to be signifi-
as a classical helper cell. Our findings in MGare in contrast to cantly higher in MGpatients than in normal controls (30). The
those in patients with MSand rheumatoid arthritis, in whom mechanisms responsible for the emergence and regulation of
the percentage of suppressor-inducer cells (2H4+) was signifi- this autoantibody are not yet understood. Our studies indicate
cantly lower than in normal subjects (27, 28). Although the that PBL B cells from MGpatients secreted antibody to
percentage of suppressor-inducer T cell subset in patients with AChR-a chain in vitro, only when cultured with autologous T
MGwas also lower than in normal subjects, this difference was cells. The lymphoproliferative response of MGPBL to Tor-
not statistically significant. pedo AChR-a chain, was higher than PBL from normal sub-

The cellular and antibody responses of MGpatients and jects. 65% of PBL from MGpatients showed proliferative re-
normal subjects to the a chain of AChRwere analyzed. The sponses to this antigen, compared with 9%of normal subjects.

Table VII. ACHR-specific T Cell Clones Are MHCRestricted

[3H]TdR incorporation (X 10-3)±SEM*

T cell clones APCt Medium AChR IL-2 MBP

DR-B3 Autologous 0.1±.00 6.57±.02 5.28±.02 0.07 + 0.06
(MG) Allogeneic 0.3±.07 0.2±.03 5.19±.01 ND
DR-C8 Autologous 0.1±.02 10.2±.01 4.56±.01 0.1 +.03
(MG) Allogeneic 0.1 ±.00 0.03±.00 8.2±.04 ND
B-H1 Autologous 0.2±.02 0.2 + .02 15.7±.01 16.9±.01
(MS) Allogeneic 0.5±.12 ND 16.3±.02 0.7±.16
B-B1O Autologous 0.2±.05 0.2 + .03 20.8±.17 24.7±.04
(MS) Allogeneic 0.4±.13 ND 22.1±.01 0.41±.09

* Proliferative responses were performed as described in Methods. tThe source of allogeneic APC for the MGclones were APCfrom PBL of
MSpatient, and vice versa.
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Figure 5. MHCrestriction of T cell responses. The proliferative re-
sponses ([3H]thymidine uptake) to purified AChR-a chain, of nine T
cell clones from MGpatients, in the presence of autologous and allo-
geneic APC(P < 0.001) and of nine T cell clones from normal sub-
jects (C) in the presence of autologous APC(P < 0.005).

Melms et al. (10) found thymic T cells from all 10 MGpatients
tested to be responsive to AChR, whereas only 3 of 10 PBL
were reactive (10). The ability of different peptide subunits of
human AChR-a chain, to stimulate PBL T cells from MG
patients was tested in two different laboratories (6, 9). There
are conflicting results, however, on which peptides signifi-
cantly discriminate between T cell responses from MGpa-
tients and normal subjects. Only one of the peptides (residue
257-269) of the a subunit was found by both laboratories to
evoke a proliferative response of T cells of MGpatients. The
majority of MGpatients, and a few normal subjects, re-
sponded to more than one peptide in both the proliferative and
antibody assays (6), indicating the heterogeneity of the re-
sponse.

In this study, 9 of 19 T cell clones, obtained from seven
MGpatients, exhibited positive proliferative responses to puri-
fied AChR-a chain from Torpedo californica. This data is
consistent with results obtained by other investigators (7-10).
None of the clones responded to the irrelevant antigen, BSA,
or to another autoantigen MBP, suggesting an antigen-specific
recognition by the clones. None of the nine T cell clones ob-
tained from eight normal subjects proliferated to the AChR-a
chain. Hohlfeld et al. (7) were able to isolate T cell lines from

DR-C8,CD4

0

c
0

ML-E1 ,CD4

MGpatients in the presence of Torpedo AChR. Using three
synthetic peptides corresponding to the NH2 terminal of
human AChR, they found that different peptides were recog-
nized by different T cell lines, indicating that the T cell au-
toimmune response in MGis heterogenous (7). Melms et al.
(10), also using Torpedo AChR, isolated CD4+ T cell lines
from thymuses of MGpatients. All of these studies (7-10)
have used T cell lines rather than clones. Using the LDA (23)
in the presence of rIL-2 and in the absence of putative autoan-
tigen, AChR, we isolated antigen-reactive T cell clones only
from the PBL of MGpatients and not from the PBL of normal
subjects. This is at variance with the findings of others (4, 5)
who isolated T cell lines with low reactivity to AChR from
normal human blood. In these studies, however, the MNC
were stimulated with AChRbefore establishing the T cell line
and so it is difficult to infer whether the AChR-reactive cells
obtained during culture were generated from naive T cells or
were the result of the expansion of preexisting reactive cells in
the starting population.

In the present study, we have demonstrated, for the first
time, that AChR-responsive CD4+and CD8+T cell clones can
be isolated and expanded in vitro only from the peripheral
blood of MGpatients and not from normal subjects. The tech-
nique employed for the generation of T cell clones appears to
be preferable to other techniques for studies on autoreactive T
cells in autoimmune diseases. The technique employed, how-
ever, selected for CD8+ T cell clones in the PBL of normal
subjects and, to a lesser extent, of MGpatients. While CD4T
cells are more than twice as numerous as CD8 T cells in PBL
of both MGpatients and normal subjects, the clones that were
obtained were 90% CD8 in normal subjects and 44% in MG
patients. This may be due to selective pressures in the culture
system, such as the presence of rIL-2 as the only lymphokine,
which facilitates the growth of CD8+ cells over CD4+ cells. T
cell clones from MGpatients and normal subjects were further
analyzed for the expression of surface antigens, 4B4 and 2H4.
About 50% of T cell clones from each group were found to be
4B4+ and 33%were positive for both antigens. It is quite clear,
from other studies as well, that the expression of these two
antigens on the surface of T cells is not mutually exclusive
(31). Other studies have shown that peripheral blood T cells
lost CD45R(2H4) and acquired CDw29 (4B4) antigen when
activated in vitro with PHA (32), indicating that 2H4 T cells
are naive cells that differentiate to mature T cells with the

* Auto APC
M Allo APCAChR
M Auto APCAChR
M -AChR aHlA-DR
o AChRaHLA-ABC

10
Proliferation (CPM X 10-3) +/-SEM

Figure 6. HLA-DR restriction of T cell clones.
-_ Effects of anti-HLA-DR and anti-HLA-ABC
20 antibody on the proliferation of T cell clones

from MGpatients to AChR-a chain.
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Figure 7. Cytotoxic responses of T cell clones. Percent cytotoxic ac-
tivity (5"Cr release) of nine T cell clones from MGpatients (AChR-a
chain-responsive), nine normal subjects (Cont), and eight MSpa-
tients towards K562 (K) and Daudi (D) target cells. The effector/tar-
get ratio was 10:1. The statistically significant values are: P < 0.03
(MS/D higher than Cont/D), P = 0.05 (MG/D lower than Cont/D)
and P < 0.03 (MG/D lower than MS/D).

expression of 4B4. These studies, however, used purified CD4+
cells and PHA, which being a polyclonal T cell mitogen will
presumably cause the maturation of naive T cells. In contrast,
our studies used only IL-2 to select for spontaneously activated
T cells which may be differentiating further in vitro.

The precursor frequency of IL-2-responsive clones was
much higher in MGpatients than normal subjects, indicating
that MGpatients may have a larger pool of spontaneously
activated cells in the PBL which can readily be cloned with
high frequency. Our findings also suggest that long-term IL-2-
dependent T cell clones can retain their antigen reactivity
through activation with PHAand APCin the absence of the
putative antigen. This is consistent with other studies which
have shown that T cells maintained on APCand IL-2 alone,
and/or on CD3 antibody, retained their antigenic specificity
and reactivity (33, 34).

The MGclones in this study did not exhibit significant
non-MHC restricted cytotoxicity, as compared to the controls,
in being able to kill K562 (NK-sensitive) and Daudi (NK-re-
sistant) targets. This finding is in contrast with the findings of
others that CD4+ and CD8+T cell clones activated with PHA
(35), or cloned in IL-2 medium, express non-MHC-restricted
cytotoxicity (36, 37) in being able to kill a variety of tumor
targets. In our laboratory, we have found that IL-2-responsive
clones obtained from MS patients expressed non-MHC-re-
stricted cytotoxicity (manuscript submitted for publication).
The absence of significant cytotoxic activity in T cell clones
from MGpatients suggests that the PBL T cells play their role
in the pathogenesis of MG, not by cytotoxicity, but more likely
by their demonstrated ability to stimulate antibody production
by B cells.

Based on previous studies on cloned normal T cell popula-
tions, these cells could be grouped into at least two types. One
helped specific B cell responses, but failed to mediate killing
and suppression of delayed-type hypersensitivity, while the
other suppressed specific antibody response, mediated de-
layed-type hypersensitivity and killed appropriate target cells
(38). These functional distinctions have led to the designation
of the first set as helper T cells/TH2 and the latter as inflam-
matory T cells/TH . Using anti-CD45R antibody, these two

functional populations were found to be CD45R-low (or 4B4+
in humans) in helper and CD45R-high (2H4+ in humans) in
inflammatory subset of T cells (38).

In summary, T cells from MGpatients expressed a higher
density of 4B4 antigen than normal subjects and were much
more readily cloned than T cells of normal subjects. The MG
T cell clones were highly proliferative to AChR-a chain, the
putative autoantigen, helped the production of specific anti-
AChR antibody by autologous B cells, but did not express
significant cytotoxic activity against target cells. T cell clones
from normal subjects did not proliferate or make antibody, in
similar experiments, to AChR-a chain. It appears that the T
cells from MGpatients are of TH2/helper category. Based on
the above observations, the two phenotypically and function-
ally different subpopulations of T cells which exist in vivo for
both CD4and CD8T cells, 4B4 and 2H4, probably play major
roles in the immunoregulatory circuit (39). Changes in the
proportions and numbers of these antigen-activated cells may
be major factors in the pathogenesis of myasthenia gravis and
perhaps other autoimmune diseases.
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