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Abstract

In autoimmune disorders, inactivation of pathogenic antigen-
specific T cells, rather than global immunosuppression, would
be highly desirable. One way to achieve this would be to deliver
the first antigen-specific signal to the T cell in the absence of
the second costimulatory signal. Myasthenia gravis (MG) is a
well-characterized autoimmune disease in which T cell-depen-
dent autoantibodies are directed against the acetylcholine re-
ceptor (AChR) at the neuromuscular junction. AChR-specific
T cells have been cloned from MGpatients, and in this study,
we have induced long-lasting tolerance in vitro in one particular
clone (PM-Al) with a known peptide epitope (al44-163) and
MHCclass II restriction (DR4 Dwl4.2 or 4.2) by using soluble
MHC-class II peptide complexes.

Preincubation of PM-Al T cells with such complexes in-
duced death by apoptosis in < 40-50% of the AChR-specific
cells. Surviving cells remained refractory to stimulation with
AChR-derived synthetic peptides or recombinant polypeptides
for < 38 d after complex treatment. These effects were highly
specific, dose-dependent and required > 2 h preincubation. The
T cells could be protected from the tolerizing effects of complex
by coincubation with DR-matched or -mismatched antigen-pre-
senting cells.

This work shows that antigen-specific T cells can be selec-
tively killed or anergized using soluble MHCclass II:peptide
complexes. Such an antigen-specific therapy offers a rational
approach to the immunotherapy of autoimmune or allergic dis-
ease in vivo. (J. Clin. Invest. 1994. 93:1361-1369.) Key words:
autoimmune disease * immunotherapy * apoptosis * anergy

Introduction

A desirable therapeutic goal in autoimmune disease is to
correct the aberrant immune response selectively, rather than
to impose global immunosuppression with its often hazardous
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side effects. In T cell-dependent, antibody-mediated autoim-
mune diseases, such as myasthenia gravis (MG)' (reviewed in
reference 1 ), selective inactivation of disease-specific CD4+ in-
ducer T lymphocytes that provide help to autoreactive B cells
(2) should interrupt the sequence necessary for autoantibody
production. Similarly, inactivation of cytotoxic T cells could
directly prevent target cell damage in other diseases. Although
functional inactivation (tolerance) of disease-specific cells
might be adequate, specific and permanent removal of these
cells would be preferable.

Previous work (3, 4; reviewed in references 5, 6) suggests
that at least two signals are required for effective T cell activa-
tion. The first, specific signal is delivered to the T cell by inter-
action of the T cell receptor (TCR) with peptide antigen bound
in the cleft of MHCmolecules on the surface of antigen-pre-
senting cells (APCs). Second, nonspecific costimulatory or ac-
cessory signals are also required for full activation. They are
delivered by APC-derived cytokines (6, 7) interacting with
lymphocyte receptors and/ or by interaction of pairs ofhomolo-
gous or heterologous surface molecules present on both APCs
and lymphocytes (8-10). Provision of the first specific signal in
the absence of these costimulatory signals results in functional
inactivation or tolerance of lymphocytes. Using this approach,
tolerance has been achieved with murine systems in vitro using
MHCmolecules anchored in planar membranes devoid of ac-
cessory molecules ( 11 ) or chemically fixed APCs in which the
function of accessory molecules is impaired ( 12, 13). A logical
extension of this approach, and one which is potentially more
applicable in vivo, would be to present purified soluble MHC
class II containing the relevant peptide.

In MG, the target antigen, AChR, and the primary se-
quence of its five subunits, including the apparently immuno-
dominant a subunit, are now known (14, 15). This has en-
abled us to raise T cell lines with a subunit recombinant poly-
peptide antigen, and to define their epitopes using a panel of
synthetic peptides. Their MHCclass II restrictions were estab-
lished by using anti-DR, -DP, and -DQ blocking antibodies,
and after assessing presentation by MHCclass II-sharing or
donor-mismatched APCs.

As a model system for inducing specific tolerance, we have
used one such CD4+T cell clone, raised from the hyperplastic
thymus of a 15-yr-old MGpatient ( 16), and likely to have
disease relevance in vivo, since it responds vigorously to pro-

1. Abbreviations used in this paper: a, a subunit; AChR, acetylcholine
receptor; Ag, antigen; APCs, antigen-presenting cells; BAPC, "by-
stander" APC; CAE, cellulose acetate electrophoresis; Cx, soluble
MHCclass II:peptide complex; MG, myasthenia gravis; p, synthetic
peptide; r, recombinant; TCR, T cell receptor; TLC, thin layer chroma-
tography.
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cessed intact human AChR ( 16, 17). To induce tolerance, we
used a soluble MHCclass II:peptide complex containing both
the AChRa subunit epitope peptide (p138-167 or p144-163)
and a restricting class II molecule (DR4 Dw4.2). Here, we
show that preincubation with these complexes inhibits subse-
quent proliferation of the autoreactive CD4' T cells, and dem-
onstrate that the mechanism, which involves both cell death
and functional tolerance, depends at least partly on the absence
of costimulatory molecules.

Methods

Characteristics of the PM-A l clone. The CD4+T cell clone PM-Al was
derived from the thymus of a 15-yr-old MGpatient (anti-AChR anti-
body titer 180 nmol, MHCclass II DR3/DR4 Dw14.2) raised from the
activated low density fraction of a thymic cell suspension, using recom-
binant (r) human AChR a subunit polypeptide r37-429, and subse-
quently cloned from this parent line by limiting dilution (for details,
see reference 16). The restricting epitope was mapped using a series of
overlapping AChRa subunit-derived recombinant polypeptides and
synthetic peptides (p). MHCclass II restriction was established using a
panel of irradiated PBMCfrom MHCsharing or mismatched donors.
These cells were maintained in 2-ml well plastic plates (Nunclon, Ros-
kilde, Denmark) in culture media consisting of RPMI 1640 with L-glu-
tamine (Gibco, Life Technologies Ltd., Paisley, Scotland), supple-
mented with 5%human A' heat-inactivated serum, 100 U/ml penicil-
lin, and 40-100 gg/ml streptomycin. The cells were maintained by
stimulation every 12-14 d with DR4 Dw4.2- or DR4 Dwl4.2-irra-
diated (2,000-2,500 rad/20-25 Gy) PBMCand were given IL-2 20
U/ml (Biotest Lymphocult-T-HP, Solihull, United Kingdom) on days
3, 6, and 9 after stimulation.

Complex preparation. The MHCclass II:peptide complexes used
for clone PM-Al were composed of solubilized DR4Dw4.2 bound to
AChRa subunit-derived peptides p 138-167, p 144-163, p 144-156, or
DR3bound to p309-344. Peptides were synthesized using f-moc chem-
istry (16). As controls, DR4without added peptide (DR4:Nil) or DR4
bound to myelin basic protein peptide 1- 14 were used.

Complex preparation is described in part elsewhere (18-20).
Briefly, large numbers of EBV-transformed lymphoblastoid cells (e.g.,
GM06821 A; National Institute of General Medical Sciences, Coriell
Institute of Medical Research, Camden, NJ) bearing the appropriate
class II type (e.g., DR4 Dw4.2 homozygous) were lysed, and a high
speed (100,000 g) membrane fraction was detergent extracted (19,
20). Class II molecules were affinity purified from extracted membrane
proteins by recycling for 4 h over a preequilibrated anti-DR (protein
A-purified mAbL243; American Tissue Type Collection, Rockville,
MD)coupled Sepharose 4B column. After washing, MHCclass II mole-
cules were eluted (19,20) and characterized using 12%SDS-PAGEand
silver staining. They were then incubated at 50 ,tg/ml with a fivefold
molar excess of p 138-167 (or other peptide where indicated) at pH 5.0
and 37°C for 24 h. Unbound peptide was removed by extensive dialysis
for 36 h (18-20).

Peptide binding was analyzed by thin layer chromatography (TLC)
and by cellulose acetate electrophoresis (CAE) (18). For TLC, 1 sl of
complex was applied in triplicate onto a 5-cm silica gel TLC plate and
run in a solvent system of 50% methanol and 5%ammonium acetate.
After drying, the distribution of radioactivity was estimated at relative
front (Rf) 0-0.2 for calculating the percent of DR4 occupied with
labeled peptide. CAEwas also used to measure peptide binding (18).
Final protein concentrations were determined by Lowry assay.

FACS8 analysis and monoclonal antibodies. Cell surface markers
were characterized by staining with mouse mAbat 4°C for 20-30 min,
after which they were washed with ice-cold PBS/azide 0.02% and
stained with FITC or PE-conjugated second layers for 20-30 min. They
were kept on ice until analysis. mAbsused for FACSr staining (Becton
Dickinson Immunocytometry Systems, Mountain View, CA) included
mouse anti-human CD4(RFT4, IgGI), CD8 (RFT8, IgM), and anti-

DR (RFDR1, IgM) (all kind gifts from Prof. G. Janossy, Royal Free
Hospital, London, United Kingdom), and anti-TCR V#5.1 (clone
LC4, kind gift of Prof. R. Levy, Stanford University, Palo Alto, CA).
Second layers included FITC-conjugated goat anti-mouse IgG and PE-
conjugated goat anti-mouse IgM (Southern Biotechnology Associates,
Birmingham, AL).

Proliferation assays. Proliferation assays were performed in 200-Ml
U-bottomed 96-well microtiter plates (Nunclon). 1-2 x 104 T cells
were stimulated with 1-2 X 105 APCs with or without antigen. APCs
were prepared by irradiating (2,000-2,500 rad/20-25 Gy) PBMCcol-
lected over a Ficoll gradient. 72 h after stimulation, T cell proliferation
was measured by adding 1 uCi 3[H]thymidine (185 Gbq/5 Ci per
mmol; Amersham Life Science, Little Chalfont, United Kingdom) and
18 h later, the cells were harvested (1295-001 cell harvester; LKB-Wal-
lac, Milton Keynes, United Kingdom) and the incorporated radioactiv-
ity was measured using liquid scintillation counting (1205 Betaplate;
LKB-Wallac).

For experiments in which T cells were preincubated with soluble
MHCclass II:peptide complex (Cx), the standard protocol was an 18-h
preincubation (except where noted) of T cells with or without Cx,
followed by challenge with a supramaximal stimulus of irradiated
MHCclass II sharing (DR4+) APCs with or without antigen. Where
noted, the complex was washed away after preincubation and before
stimulation with APCs. In preliminary experiments, dialysis buffer
from the complex preparation was added to the control cells, and no
inhibition of proliferation was seen. For subsequent experiments, tis-
sue culture medium was used as a control. Stimulating antigens used
included AChR-derived synthetic peptides p138-167 or p144-163 (1-5
,gg/ml), or recombinant polypeptides r37-181 or 1-437 (- 0.1-0.5
,ug/ml). These doses were 2 10-fold greater than those previously
shown to result in maximal stimulation (data not shown).

Long term effects of Cx incubation. After PM-Al cells were stimu-
lated in the usual fashion with rl-437 and APCs on day 0, they were
exposed to medium or Cx 138 1.7 x 10-' Mon day 4. They were then
given IL-2 in parallel at three day intervals. In accordance with their
usual stimulation cycle, on days 14, 28, and 42, they were washed
extensively and equal numbers of viable cells from each group were
restimulated identically. At each stimulation, cumulative cell yields
were calculated per million input (day 0) cells. Onday 42, equal num-
bers of viable cells were stimulated in a proliferation assay.

Other T cell lines and clones. To assess the specificity of the effects
of complex, other T cell lines and clones were raised (see Table II).
Generally, for AChR-reactive lines, the protocol was similar to that
used for clone PM-A 1, the initiating cells having been obtained from
PBL. Clone NWKF5was raised from a healthy control's PBL against
native keyhole limpet haemocyanin (Sigma Immunochemicals, St.
Louis, MO) and subsequently cloned by limiting dilution. Line
NWTTXwas raised against tetanus toxoid MWC5479(Wellcome,
Beckenham, United Kingdom).

Bystander APC (BAPC) preparation. BAPCs were prepared by
irradiating (2,000 rad; 20 Gy) non-DR4+ (DR 1/8) PBMC, and in
some cases these were then fixed with varying concentrations of glutar-
aldehyde (0.001-0.5%) for 30 s followed by addition of an equal vol-
umeof 0.4 ML-lysine and extensive washing in RPMI containing 10%
human serum. These BAPCs alone, with or without antigen, did not
cause proliferation of PM-Al cells.

Staining of cells to evaluate cell death. An equal volume of acridine
orange and ethidium bromide (6 ,g/ml and 20,ug/ml, respectively, in
0.04% ethanol) was added to an aliquot of cells. Dead and viable cells
were counted using fluorescence microscopy (21) .

Electron microscopy. After treatment with either medium (un-
treated, control) or Cx for varying periods of time, samples were fixed
in 4%glutaraldehyde in 0.1 Mphosphate buffer, post-fixed in osmium
tetroxide, dehydrated, treated with propylene oxide, and embedded in
epoxy resin. Thin sections were stained with uranyl acetate and lead
citrate. For each sample, a minimum of 1,000 cells were assessed (Fer-
guson, D. J. P.; blinded to treatment group or duration of treatment)
and evaluated as either living, apoptotic, or necrotic.
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Figure 1. Proliferation of PM-Al cells in response to processing and
presentation of AChRa subunit-derived antigens or intact AChR
by irradiated DR4-matched APCs. Antigens used included none
(Medium), synthetic a subunit peptides p 138-167 or p144-163, re-
combinant a subunit 1-437 or 37-181, and affinity-purified intact
human AChR (hAChR). The response to IL-2 in the presence of
APCs is also shown.

Results

Characteristics ofthe clone PM-A1. These cells proliferate vigor-
ously when stimulated with any peptide or preparation of puri-
fied native or recombinant human AChRa subunit containing
its epitope p144-163 (16, 17) in the presence of DR4Dw4.2 or
DR4 Dw14.2 APCs (Fig. 1). FACS®analysis showed clonal
cells to be > 97% CD4+, < 4%CD8+, and > 96% DR' (not
shown). PCRanalysis showed that the TCRusage was V,35. 1

Vf35.1 (Moody, A.-M., unpublished observations). Cytokine
analysis showed both IL-2 and IFN-'y production, without IL-4
production, in keeping with a "TH1 phenotype (Hawke, S.,
unpublished observations).

Complex preparation and characterization. DR4molecules
were purified to > 98% purity as shown by SDS-PAGEand
silver staining (Fig. 2 A). Approximately 4 ,gg of purified DR
was obtained per 106 EBV cells. Optimal conditions for pep-
tide binding to DR4were established initially by using '25I-Tyr-
a 138-167 (Fig. 2, B-D). For subsequent complex preparation,
the conditions consisted of 24-h incubation of DR4 with a
fivefold molar excess of pl 38-167 at pH 5.0. Under these con-
ditions, 40-50% of the DR4was occupied with p1 38-167 (Fig.
2 E) or 35% with p144-163 (not shown). Several independent
preparations were used for the following experiments.

Immediate effects of the complexes on PM-Al cells. In the
absence of added APCs or antigen, addition of Cx1 38 pro-
duced a small and variable degree of T cell proliferation. This
proliferation was < 5% of that seen when APCs and antigen
were added in parallel to medium-incubated cells, and did not
correlate with the ability of the Cx to induce tolerance (see
below). If specific complexes (e.g., Cx144) were not washed
away before addition of MHCII-matched APCs, the T cells
proliferated to some extent regardless of whether further anti-
gen was added (data not shown). This was at least partially
because the Cx was taken up, processed, and presented by the
added APCs to any remaining viable, nontolerized T cells (Ni-
colle, M. W., unpublished observations).

Induction of tolerance in PM-AI cells. To induce tolerance,
PM-AI cells were preincubated with a soluble complex of DR4
Dw4.2 bound to an epitope peptide p 138-167 (DR4:p 138-167;
Cx 138) for 48 h followed by extensive washing. The cells were
then challenged with a known supramaximal stimulus of anti-
gen, either peptide or recombinant AChRr37-181, and DR4+
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Figure 2. Preparation and optimization of DR4
Dw4:pl 38-167 complexes. (A) I Ag of purified HLA-
DR4Dw4 from GM-6821A lymphoblastoid cells run
under reduced and nonreduced conditions on SDS-
PAGEfollowed by silver staining. (B-D) Optimal condi-
tions for binding of pl38-167 to DR4.Dw4 were estab-
lished using '25I-Tyr-1 38-167: (B) time course of peptide
binding; (C) optimal pH for peptide binding; and (D)
molar ratio of peptide to DR4 for binding. Arrows, con-
ditions used for subsequent complex preparation. (E)
Binding of '25I-Tyr-1 38-167 to a typical preparation using
TLC (1) or CAE(2), under optimal conditions. All re-
sults are mean of three determinations.
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Figure 3. Cx-induced inhibition of PM-Al proliferation. PM-Al cells
were preincubated for 48 h without (Medium) or with Cx1 38, 1.7
X l0-7 M. After extensive washing, equal numbers of viable cells were
replated for a proliferation assay. DR4' APCs were added without
(APCs) or with stimulating antigens (p138-167, r37-181), and T cell
proliferation was assessed by 3[H]thymidine incorporation.

APCs ( 16). Non-Cx-treated cells showed antigen-specific
3[H]thymidine incorporation of > 34,000 cpm compared to
< 1,000 cpm in Cxl 38-treated cells (Fig. 3). Although such
reductions were consistently seen after preincubation with
complex, the degree of inhibition varied slightly from one prep-
aration to the next, presumably because of variation in the
amount of the AChR-specific peptide bound to the MHCclass
II molecules in the complex. Mean results are shown in Table I.

Dose and time dependence ofcomplex-mediated inhibition.
Both of the PM-Al-specific complexes, Cxl38 and Cx144,
were effective at concentrations above 10-°0 M, with a plateau
at concentrations above 1O-8 M(Fig. 4 A). Preincubation with
free peptide (p138-167) mimicked the inhibition seen with Cx
but only at 100-1,000-fold greater concentrations. DR4mole-
cules without added peptide were ineffective. Inhibition re-
quired > 2 h preincubation and was maximal at 10-20 h (Fig.

Table I. Effect of Different Class II: Peptide Complexes
on PM-Al Cell Responses

Complex used 3[H]Thymidine incorporation (% of control)

A DR4:p 138-167 22.00±9.5 (6)
B DR4:pl4J-163 19.70±2.9 (6)
C DR4:pl44-156 29.25±1.9 (2)
D DR4:Nil 88.40±12.0 (2)
E DR4:MBPp 1- 14 96.70±4.0 (3)
F DR3:p309-344 112.50±7.8 (2)

PM-Al cells were preincubated for 18 h with equimolar amounts of
various soluble complexes containing the appropriate MHCclass II
(DR4) and peptide epitope (A-C), DR4 without exogenously added
peptide (D), DR4with an irrelevant peptide (E), or both an irrelevant
MHCclass II and peptide epitope (F). After addition of DR4+APCs
and r37- 181, 3[H]thymidine incorporation was assessed. Results are

shown as percentages of mean ± SDof media-preincubated (control)
response.

14

a)
0.

CL

0

0

I) Cxl 38

-|- Cx144

12 24 48

Preincubation Time (Hours)

Figure 4. Dose and time dependence of the inhibitory effects of the
complex. (A) PM-A cells were preincubated for 18 h with varying
concentrations of either Cx 138 or Cx 144, or with DR4without added
peptide (DR4:nil) or with free peptide p138-167. After preincubation,
DR4+-matched APCsand stimulating antigen r37-181 were added.
(B) PM-Al cells were preincubated with Cx 138 or Cx 144, at 1.7
X 10' M for varying times before addition of DR4+-APCs and r37-
18 1. In A and B, results are given as percentages of proliferation seen

in control (medium-preincubated) cells.

4 B); 18 h was chosen as the standard preincubation time there-
after.

Long term effects of exposure to complex. To see whether
the complex reduced the number of viable cells, and to assess

the antigen-specific proliferation of the remaining cells, PM-
Al cells were studied longitudinally during three consecutive
14-d cycles of stimulation after Cx addition on day 4 and wash-
ing of the cells at each stimulation. By day 42, the yield of the
Cx-treated cells was < 1% of control (Fig. 5 A). Moreover,
when equal numbers of surviving cells were assessed, now 38 d
since complex was added, the antigen-specific proliferation of
Cx-treated cells was virtually absent, whereas IL-2 responsive-
ness was largely preserved (Fig. 5 B).

Specificity of tolerance induction. The induction of unre-

sponsiveness by soluble Cx was peptide- and DRallele-specific
and required simultaneous recognition of both these elements
by the T cells, as shown in Tables I and II. Complexes of DR4
with each of three different peptides containing the core epi-
tope (pl44-156) for PM-Al were effective (Table I, A-C).
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Figure 5. Long-term effects of Cx incubation. Cell yields (A) and
proliferation of remaining viable cells (B) were assessed on day 42,
38 d after Cx addition on day 4. (A) After a modest initial increase
in number of cells as measured on day 14 (not shown), the number
of Cx 138-treated cells subsequently decreased, resulting in dramati-
cally reduced cell yields compared to those of control cells (No Cx).
(B) The responsiveness of the cells remaining on day 42. Equal
numbers of viable cells from the two groups were incubated with
APCs and medium, rl-437 or IL-2.

DR4 molecules with no added peptide (DR4:Nil) (Fig. 4 A;
Table I D), or bound with an irrelevant peptide, MBPp1-14
(Table I E), were ineffective, as was a complex with neither of
the correct elements (Table I F).

Wealso assessed the effects on other cell lines. Line HBC
was raised from a healthy DR4 Dw4.2 donor and recognized
p138-167, but not the smaller peptide, p144-163; inhibition
was seen with Cx1 38 but not with Cx 144 (Table II), demon-
strating the extremely fine specificity of this inhibition. An-
other cell line, MHP, raised against the same peptide 138-167,
but from a non-DR4 donor (DR 12/ 15), was unaffected by the
DR4:138-167 complex. A soluble DR3:p309-344 complex in-
hibited proliferation of a DR3-restricted line, raised against
p309-344 from the same patient as the PM-Al clone, whereas
Cx144 was ineffective. Other lines, with neither DR4 restric-
tion, nor an AChR epitope, were unaffected by Cxl38 (Ta-
ble II).

Mechanisms of action of the complex
Inclusion of 25% culture supernatant obtained from maxi-
mally stimulated PM-Al cells, or IL-2 20 U/ml, during Cx
preincubation did not significantly protect cells from the ef-
fects of complex (data not shown), arguing against a role for
soluble factors in costimulation for this clone. Nor did soluble
factors appear to be involved in the complex-mediated inhibi-
tion; coculture of PM-Al cells and Cx 144 with other cell lines
did not impair the subsequent proliferation of these lines (data
not shown).

Protection from the inhibitory effects of Cx preincubation.
To see whether the Cx-induced unresponsiveness resulted from
a lack of APCaccessory signaling (3-6, 8-13) and not simply
TCRblockade (22), we restored surface accessory signals by
including class II-mismatched BAPCs(23) during the incuba-
tion with Cx. Alone, these BAPCscould not present r37-181
(or other relevant antigens) to this clone (reference 16 and
unpublished observations). Again, Cx-treated cells showed a
reduced response to class II-matched APCsand peptide (Fig. 6
A). BAPCs alone, without Cx, did not significantly alter the
response of the untreated cells to APCs and antigen (not
shown). However, when BAPCswere included during the Cx
preincubation, the Cx-treated cells now proliferated without
addition of matched APCs, and regardless of whether further
antigen was added, though the response was submaximal. This
BAPCprotection was dose dependent (not shown) and dimin-
ished progressively with delayed addition of BAPCs(Fig. 6 B).

Table II. Effect of Various Class II: Peptide Complexes on T Cell Lines of Different Specificity

3[H]Thymidine incorporation (% of control)

Complex used:

Cell line Inducing antigen MHCII restriction DR4:p138-167 DR4:pl44-163 DR3:p309-344

HBC AChR DR4Dw4 29.2±10.0 (2) 96.0 (1) nt
a 138-167

MHP AChR DR12/15 116.0±16.9 (2) nt nt
a 138-167

PM-P309 AChR DR3 nt 82.0 (1) 30.0 (1)
a309-344

NWKF5 KLH DR3/DR6 (14) 100.2±6.8 (2) nt nt
NWTTx T-Tox DR3/DR6 (14) 101.8±15.8 (2) nt nt

Cell lines were raised against the "inducing" antigen shown. MHCclass II restrictions (if definitely known) or the MHCclass II type of the donor
are shown. All lines were DR-restricted as shown by inhibition of proliferation with anti-DR mAb. Cells from each of these lines were preincu-
bated for 18 h with the indicated Cx before appropriate MHCclass II-matched APCs and antigens were added, and proliferation was assessed
(see Fig. 1). KLH, keyhole limpet haemocyanin; TTox, tetanus toxoid; nt, not tested.
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Figure 6. Effect of coincubation of Cx with BAPCs. (A) 2 x 104 PM-
Al cells were preincubated with either medium alone, Cx 138 (1.7
X I0 ' M) alone, or Cxl38 and 5 X IO' non-DR4' (DRI/8) BAPCs.
After 18 h, DR4+APCswith or without r37-181 were added, or me-

dium with or without r37-18 1 to the Cx 138 and BAPCs, and prolif-
eration assessed. (B) I x I05 BAPCswere added to 2 x 104 PM-Al
cells at increasing intervals after Cx 144 addition, and before stimula-
tion with DR4+ APCs and antigen r37-18 1. The maximum period
of preincubation with Cx before addition of BAPCswas 24 h, the time
at which all the cells were stimulated. PM-A I cells preincubated for
24 h with medium alone gave 23,000 cpm incorporation (Medium).

Fixation of the BAPCs with > 0.1% glutaraldehyde reduced
their ability to protect from the effects of Cx, compared to
nonfixed BAPCs(not shown).

Apoptosis in Cx-treated cells. to look for Cx-induced cell
death, we used a variety of methods. Staining with trypan blue
or ethidium bromide/ acridine orange gave similar results (Fig.
7 A); incubation with Cx caused the death of T cells, evident at
2 h and maximal at 24 h (40-50% dead; Fig. 7 A). Electron
microscopy at 2 h (the earliest time point studied) showed
apoptosis of complex-treated cells (Fig. 7 B). 4 h after Cx addi-
tion, there were 24.1%±5.8 (n = 2) apoptotic cells compared to
0.5%±0.45 in control cells. This was more difficult to quanti-
tate at later times, owing to the problems in assessing the large
numbers of membrane bound bodies seen. Although increased
5"Cr release was also seen in Cx-treated cells, this was not evi-
dent until at least 9-15 h after Cx addition (not shown). Thus
5"Cr release, indicating necrosis, followed the electron micros-
copy evidence of apoptosis.

Wehave demonstrated induction of specific tolerance in vitro
in a potentially pathogenic autoreactive T cell clone using solu-
ble MHCclass II-peptide complexes. This effect is highly spe-
cific, requiring a restricting MHCclass II (DR4 Dw4.2) mole-
cule bound to a relevant peptide (p1 38-167 or p144-163), and
results from death by apoptosis, as well as unresponsiveness in
the surviving cells. In addition, appropriate soluble complexes
inhibited two other clones raised against AChR-derived pep-
tides. For one of these, we used a complex with different class II
and peptide elements, showing that'the principle extends to
other clones and epitopes.

The concept that two signals are required for T cell activa-
tion has been exploited in the past to induce tolerance by pro-
viding only the first antigen-specific signal to the T cell (8,
10-13). The present study targets a human autoantigen-reac-
tive clone ( 16), and uses a soluble delivery system that would
be more applicable in vivo than cell or membrane-based sys-
tems. TCR engagement and tolerance can also be achieved
with TCR-specific monoclonal antibodies (24). However,
their application in vivo would depend on very restricted het-
erogeneity in TCR usage by the pathogenic T cells between
individuals, not demonstrated in MG(25), whereas our ap-
proach exploits the least diverse part of the ternary complex:
the pathogenic epitopes and presenting class II molecules. The
combined recognition of both these elements greatly refines the
selectivity of this strategy.

The potential pathogenicity of this clone is suggested by
several findings. First, the cells proliferate when stimulated by
minute quantities of intact human AChR( 17), an important
characteristic not often seen in clones raised in vitro using syn-
thetic peptides (26, 27). Moreover, the epitope for PM-Al is
also generated after natural processing of endogenous AChR
by TE671 muscle cells transfected with MHCclass II (28).
Second, this clone originated from the activated (low density)
fraction of an MGpatient's hyperplastic thymus. The thymus
is implicated in the pathogenesis of MGby virtue of its fre-
quent pathological involvement (29) (> 80% of MGpatients
have either hyperplasia or thymomatous involvement), AChR
content (30-32), and spontaneous anti-AChR antibody pro-
duction (33-35). Third, several years after the isolation of this
clone, cells sharing the same TCRV13 usage and peptide epi-
tope were shown to persist in this patient's peripheral blood
(Plebanski, M., unpublished observations). Moreover, the
a 144-163 sequence recognized by PM-Al contains a pathologi-
cally relevant and dominant epitope involved in experimental
MGin C57BI/6 mice (36).

The cytokine profile (production of IL-2 and IFN-,y, but
not IL-4) of PM-A1, and its ability to kill a DR4-transfected
muscle line (28) are in keeping with a TH1phenotype (37). In
vivo, cells with a similar phenotype might initiate or perpetuate
the response by damaging AChR' thymic myoid cells (31-32,
38) or peripheral motor end plates (39) leading to further T cell
activation and antibody production. However, the correlation
of in vitro phenotype with function is unclear: the culture mi-
croenvironment may artificially bias development away from
that occurring in vivo (40-42), and in vivo the same TCR
specificities have been found in cells of either phenotype (43).
Moreover, there is evidence that TH1 cells can provide help for
antibody production. In mice, either TH1 or TH2 cells can pro-
vide help for certain Ig classes or subclasses (2, 44), and TH1-
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mediated help has been shown in humans (45). The antibody
heterogeneity in MG, with representation from several sub-
classes (see reference 29), suggests that help might not be re-
stricted solely to TH2 cells.

It is too early to assess definitively the heterogeneity of the
pathogenic T cells and epitopes in MG. While T cell lines
raised against pooled synthetic peptides may respond to several
different regions (26, 27), they often fail to recognize naturally
processed antigen and may not be pathogenic. Indeed, very few
T cell lines have shown convincing responses to human native
AChR(26). Thus, the pathogenic T cells may prove to be more
restricted, especially within an individual patient. Moreover,
when sufficient antigen and professional antigen-presenting
cell lines are available from patients in bulk, it should prove
possible to isolate the repertoire of naturally derived
peptide:class II complexes to define the complexes required.
One might expect that epitope heterogeneity for responses
against low molecular weight allergens or less complex autoan-
tigens would be even less, further limiting the range of com-
plexes needed for each individual.

The protection from the inhibitory effects of the complex
provided by nonfixed DR-mismatched bystander APCs (Fig. 6
A) suggests that Cx engagement of the TCRalone, by supplying
the antigen-specific signal in the absence of APC-dependent
accessory signals, induces apoptosis or tolerance. The partial
protection seen after minimal fixation of BAPCsand the lack
of protection by IL-2 or culture supernatant imply that, for this
clone, much of the costimulatory activity is provided by sur-
face accessory molecules. Additionally, we could not tolerize T
cells of other specificities by coculture with PM-Al and Cx;
arguing that soluble mediators are not involved in inducing
tolerance in this system. Preliminary studies (Nicolle, M. W.,
unpublished observations) have shown that proliferation of
PM-Al is inhibited by blockade of leukocyte function-asso-

I ciated antigen-3 but not B7/BB 1, suggesting a role for the
former as a costimulatory molecule.

In a sense, protection was also produced by adding DR-
matched APCs before maximum inhibition of proliferation
had developed, a process normally requiring 12-24 h of com-
plex-T cell interaction (Fig. 4 B). Although minimally fixed
BAPCswere themselves unable to provide sufficient costimula-
tion to induce proliferation, when acting in concert with the
complex-delivered TCR signal, they were apparently able to
preserve the viability of the cells, and allow subsequent prolifer-
ation in response to MHCTI-matched APCs(data not shown).
Presumably, fixation reduced the degree of costimulation be-
low the necessary threshold for direct activation of the T cells
(3, 4, 7). Similarly, the degree of protection provided by

* BAPCswas never complete. Perhaps both signals must be pro-
vided on the surface of the same cell for optimal signaling to
occur.

Figure 7. Apoptosis of T cells induced by complex. (A) Medium,
Cx138, DR4:MBPp1-14 or free p138-167 (all at 1.7 x lO- M) were

added to PM-A cells. At intervals, aliquots of cells were stained with
acridine orange and ethidium bromide. Dead and viable cells were

counted, and cell death calculated at each time point. (B) Electron
micrographs of (i) untreated or (ii) Cx 144-treated PM-A cells, 4 h

after Cx 144 addition. At 2, 4 and 6 h, apoptotic cells were counted.
Control cells (i) remained mostly viable with apoptosis or necrosis
rarely seen. In Cx-treated cells (ii), at 4 h, apoptotic cells (A) were

seen, characterized by a decrease in cell size, condensation of nuclear
material, and relative preservation of cytoplasmic structure. The de-
gree of apoptosis appeared less at 6 h, possibly because of fragmenta-
tion of apoptotic cells. Necrosis (not shown), characterized by early
cytoplasmic changes and relative sparing of nuclear structure, was
seen occasionally in Cx-treated cells, and rarely in control cells. Bar,
2 qm.
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It might be asked whether the proximity of APCs in vivo to
T cells and complex would prevent the tolerance induction
achieved in vitro. In fact protection required the presence of a
considerable excess of APCs in the cultures, a situation that
seems unlikely to occur in vivo. Moreover, this theoretical pos-
sibility has not been borne out in the in vivo experimental
models of multiple sclerosis and MGin which successful in-
duction of tolerance has been achieved (reference 46, Spack et
al., manuscript in preparation) using this approach.

Free peptides could, like the complex, induce tolerance, but
only at 100-1,000-fold higher concentrations. This is probably
accounted for by T cell-T cell autopresentation between these
strongly MHCclass II+ cells. Presumably, however, they act as
nonprofessional APCs, and they are deficient in the appro-
priate costimulatory signals (47, 48). This phenomenon, re-
quiring the close proximity of class II + pathogenic T cells capa-
ble of autopresentation, would be unlikely to occur in vivo
given the low precursor frequency of autoantigen-specific T
cells.

A significant mechanism of the unresponsiveness induced
by complex is through apoptosis of target lymphocytes. There
was also a striking long term reduction (> 99%) in T cell
growth. These would be desirable effects in vivo, since viable
anergized cells might eventually recover their antigen-respon-
siveness (3, 49). TCR-mediated activation-induced apoptosis
might be occurring here (50, 51 ), but further work is required
to define more precisely the underlying mechanisms of toler-
ance induction in these T cells.

Thus, we have shown in vitro that treatment with a stable
soluble complex of the restricting class II molecule and epitope
peptide specifically inhibited an autoantigen-reactive T cell
clone, resulting from both apoptosis and prolonged prolifera-
tive unresponsiveness. This effect evidently depends on engage-
ment of the TCR in the absence of accessory signaling, and
suggests a promising basis for specific immunotherapy in hu-
manautoimmune or allergic diseases where the disease-related
epitopes are known and class II-restricted (CD4+) T cells play
a role.
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