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T-cell anergy induced by clonotype-specific antibodies: modulation of an autoreactive
human T-cell clone in vitro

P. G. A. STEENBAKKERS, A. M. H. BOOTS & A. W. M. RIJNDERS Department of Immunology, N. V. Organon, Oss,
The Netherlands

SUMMARY

Monoclonal antibodies (mAb) specific for the clonotype of an autoreactive T cell may be useful
reagents in the modulation of autoimmune disease. We have previously reported the generation
of a set of mAb specific for the clonotypic structure of a human T-cell clone recognizing an
epitope of human cartilage gp-39. This glycoprotein was recently identified as a candidate
autoantigen in rheumatoid arthritis. Here, we demonstrate for the first time that small amounts
of immobilized anticlonotype mAb can induce anergy in the autoreactive clone. Following the
anergic stimulus, T cells failed to proliferate upon restimulation as a result of a lack of interleukin-2
(IL-2) gene transcription. In addition, a diminished interferon-c (IFN-c) production was found.
Our data indicate that anergy was not a result of T-cell receptor (TCR) downmodulation or the
absence of free TCR. The anergic state was induced independent of costimulation or the presence
of IL-2 and no protein synthesis was required for the induction of anergy. Anticlonotype mAb-
induced anergy was prevented by cyclosporin A, suggesting that active signalling via the calcium/
calcineurin pathway was required for the induction of anergy. In coculture experiments, anergic
T cells were found to suppress the response of reactive cells from the same clone. This bystander
suppression led to 90% inhibition of peptide-induced proliferation. Together, these findings suggest
that mAb to the clonotypic structure of autoreactive T cells may be suitable reagents for the
functional inactivation of these T cells in autoimmune diseases.

INTRODUCTION by stimulation of human T-cell clones in the presence of high
concentrations of peptide.Current therapies for autoimmune diseases are often non-

Monoclonal antibodies (mAb) directed to the clonotypicspecific and suffer from major side effects. The induction of
structure of relevant T cells may be used to manipulate autoan-antigen-specific peripheral tolerance is, therefore, considered
tigen-specific T-cell responses and, hence, treat autoimmunean attractive approach for treatment of autoimmune diseases.
diseases in a specific manner. These T cells may be identifiedOne of the mechanisms underlying peripheral tolerance is
on the basis of their antigen specificity or by demonstration ofT-cell anergy or unresponsiveness,1 which is defined as a state
dominant TCR rearrangements at the site of the lesions.5,6in which the T cell is alive but fails to respond to its antigen

Clonotype-specific mAb may exert an immunosuppressivepresented by functional antigen-presenting cells (APC).
effect by depletion of autoreactive T cells or by blocking ofFailure of such cells to proliferate is caused by defective
antigen-induced proliferation. Another possible mechanism ofinterleukin-2 (IL-2) production as a result of an IL-2 transcrip-
action for these mAb may be modulation of T cells by thetional block.2
induction of anergy, as has already been shown in a non-Several models of T-cell anergy have been reported
specific manner for anti-CD3 mAb.7–9 An antibody approach(reviewed by Schwartz,2 Johnson and Jenkins3 and Kersh and
may have several advantages. Antibodies have a high specificityAllen4). Anergy has been described as a result of T-cell
and high affinity. Furthermore, the functional properties of anreceptor (TCR) occupancy in the absence of costimulation.
antibody can be modified by recombinant DNA techniques.Anergy has also been obtained by partial triggering of the
The construction of single chain mAb or specific humanTCR, mediated by altered peptide ligands (APL) presented on
Fc-regions coupled to the antigen-binding part of clonotype-a functional APC. In another model, anergy has been obtained
specific mAb can provide good pharmacokinetics9–11 and at
the same time minimize the risk of unintentional T-cellReceived 30 July 1998; revised 7 December 1998; accepted

10 December 1998. stimulation.12,13
We have previously reported the identification of humanCorrespondence: Dr P. G. A. Steenbakkers, Department of

cartilage gp-39 (HC gp-39) as a candidate autoantigen inImmunology, N. V. Organon, PO Box 20, 5340 BH Oss, The
Netherlands. rheumatoid arthritis.14 Peptides encompassing amino acids

© 1999 Blackwell Science Ltd586



Anticlonotype mAb-induced T-cell anergy 587

263–275 of this protein are recognized by 30–40% of rheuma- 2 ml DMEM/Ham’s F12, 10% NHS. Where indicated, cyclo-
sporin A (Sandoz, Basel, Switzerland), rIL-2, cycloheximidetoid arthritis patients. We have isolated a T helper 1 (Th1)
(Sigma, St Louis, MO) or HLA-DRB1*0401 matched APCclone recognizing epitope HC gp-39263–274 in the context of
(3000 rad irradiated) were added at the time of cultureDRB1*0401 and generated a set of mAb directed against the
initiation. After overnight incubation, the plates were chilledclonotype of this autoreactive human T-cell clone. The mAb
on ice and the T cells were resuspended by pipetting. The cellswere found to block antigen-induced proliferation of the
were washed once with complete culture medium and used forautoreactive T-cell clone. In addition, the mAb were able to
a T-cell proliferation assay, cytokine analysis and fluorescence-trigger the T cell by its receptor.15 In the present study, we
activated cell sorting (FACS) analysis, as described below.show that these mAb can modulate the response of the T-cell

clone by the induction of anergy in vitro. The mechanism
T-cell proliferation assayunderlying this type of anergy was investigated and related to
The antigen-specific proliferative response of T cells wasother models of T-cell anergy. We further investigated the
assessed in flat-bottomed microwell cultures containing 2×104potency of anergic cells to suppress the response of non-
T cells, 1×105 HLA-DRB1*0401 matched, irradiatedanergic cells.
(3000 rad) peripheral blood mononuclear cells (PBMC ) and
variable antigen concentrations in 200 ml DMEM/Ham’s F12,

MATERIALS AND METHODS 10% NHS. After 2 days incubation at 37°, the cells were pulsed
with 0·5 mCi [3H ]thymidine and incubated for anotherReagents
16–18 hr. Finally, the cells were harvested onto glass fibreThe medium used in all culture experiments was Dulbecco’s
filters and [3H ]thymidine incorporation was measured by gasmodified Eagle’s medium (DMEM)/Ham’s F12 modified
scintillation on a Matrix 96 (Packard, Meriden, CT). Each(Gibco BRL, Paisley, UK).
variable was tested in triplicate. Control cultures were stimu-

T-cell clone H.243 was derived from a rheumatoid arthritis
lated with either 2·5 mg/ml PHA or blank medium. The

patient as described by Verheijden et al.14 This Th1-like T-cell proliferative response to IL-2 was assessed by incubating
clone recognizes epitope RSFTLASSETGV from HC gp-39 in T cells with 20 U/ml rIL-2 in the absence of APC.
the context of HLA-DRB1*0401. Upon antigen-specific stimu-
lation the clone was found to produce IL-2 and large amounts Cytokine analysis
of interferon-c (IFN-c) as opposed to small amounts of IL-4. For cytokine analysis, wells of 24-well culture plates were inocu-
The TCR of this clone is characterized as Va8 and Vb9. Cells lated with 5×105 T cells, 2·5×106 DRB1*0401-matched PBMC
were routinely cultured in DMEM/Ham’s F12, 10% normal (3000 rad irradiated) and variable antigen concentrations in
human serum (NHS), 20 U/ml rIL-2, 5 U/ml rIL-4-and period- 750 ml DMEM/Ham’s F12, 10% NHS. Control cultures were
ically restimulated with antigen and histocompatible APC, or performed with either 2·5 mg/ml PHA or blank medium.
with phytohaemagglutinin (PHA) and feeder cells. After 4 hr incubation at 37°, the cells were harvested for

Ten mouse anticlonotype mAb to human T-cell clone IL-2 mRNA analysis by reverse transcription–polymerase
H.243 were generated as described by Steenbakkers chain reaction (RT–PCR). Briefly, cells were washed once
et al.15 mAb ZP 7A directed to zona pellucida was used as a with PBS and RNA was extracted using the RNAzol@ B
control antibody (provided by Dr M. van Duin, Organon, method (Campro Scientific, Veenendaal, The Netherlands).
Oss, The Netherlands). Then, cDNA was prepared with Superscript II reverse tran-

Peptide HC gp-39261–275 (FGRSFTLASSETGVG) and scriptase (Gibco BRL). Finally, PCR amplification was per-
HC gp-39262–277 (GRSFTLASSETGVGAP) were synthesized formed using specific primer sets for IL-2 and for a
by solid phase peptide synthesis using an automated Milligen housekeeping enzyme, GAPDH. cDNAs were amplified for

30 cycles, each one performed at 94° for 30 s, 55° for 30 s and9050 synthesizer and purified by reverse phase high pressure
72° for 1 min. The PCR products were loaded on an agaroseliquid chromatography (HPLC).
gel containing 1% agarose and 0·5 mg/ml ethidium bromidePrimers were synthesized using a DNA synthesizer
and electrophoresed at 120 V for #1 hr. Fragments of DNA(Applied Biosystems 394) according to the manufacturer’s
were visualized under UV light.instructions. IL-2 5∞ primer AACTCCTGTCTTGCATTGCA

From duplicate cultures, supernatants were harvested afterwas synthesized according to the sequence reported by Sorg
24 hr of culture and tested for IFN-c in a specific captureet al.16 and IL-2 3∞ primer TGTTTCAGATCCCTTTAGTTC
enzyme-linked immunosorbent assay (ELISA). Anti-IFN-cwas deduced from the EMBL data bank (fragment length
(M700 A; Endogen, Cambridge, MA) was used as the capture350 bp). Glyceraldehyde-3-phosphate dehydrogenase (GAP
antibody and anti-IFN-c (M701; Endogen) conjugated toDH) 5∞ primer CCCTTCATTGACCTCAACTACATGG
horseradish peroxidase (HRP) was used for detection.and GAPDH 3∞ primer GGTCCACCACCCTGTTGCTGTA
Recombinant human IFN-c (Campro Scientific) was used asGCC were deduced from the sequence in the EMBL data
a standard.bank (fragment length 874 bp).

Induction of anergy using clonotype-specific mAb RESULTS
Twenty-four-well culture plates were coated (overnight, room

Clonotype-specific mAb induce unresponsiveness of humantemperature) with 1 ml sheep antimouse immunoglobulin at
T-cell clone H.243 to subsequent stimulation with antigen40 mg/ml in phosphate-buffered saline (PBS). The wells were
and APCwashed once and then incubated with 1 ml mAb at a concen-

tration of 2 mg/ml in PBS for 2 hr. Excess of free mAb was Previously we had found that immobilized anticlonotype mAb
to H.243 can functionally trigger the TCR of this clone.15removed by washing and 2×106 resting T cells were added in
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Here, we have investigated whether the same antibodies By FACS analysis, we investigated the availability of free
TCR molecules after the anergic stimulus. For this purpose,could induce anergy. For this purpose, 10 different

anticlonotype mAb were immobilized on 24-well plates and four different stainings were performed on the cells from the
experiment described above. Non-anergic cells were eitherincubated overnight with H.243 T cells to give the anergic

stimulus. Then, T cells were removed from the plates and it directly stained with GAM–fluoroscein isothiocyanate (FITC)
or indirectly with TCR 76 and goat anti-mouse (GAM)–FITCwas tested whether they could respond to increasing concen-

trations of HC gp-39262–277 presented by irradiated, (Fig. 2b, curves 1 and 4, respectively). Anergic cells were also
directly stained with GAM–FITC or indirectly with TCR 76DRB1*0401-matched APC. Figure 1 shows that this response

was completely abrogated by 8 out of 10 mAb whereas H.243 and GAM–FITC (Fig. 2b, curves 2 and 3, respectively). The
difference in fluorescence between curves 1 and 2 reveals thatcells incubated with a control mAb (ZP 7 A) still responded

well to peptide presented by APC. The response of T a small amount of anticlonotype mAb was still bound to the
T cells after removal from the anergic stimulus. Apparently,cells incubated with TCR 69 and TCR 83 was significantly

reduced, but not completely abrogated, at higher peptide some mAb was detached from the plastic surface together
with the T cells. Although TCR 76 itself is mitogenic at higherconcentrations.
concentrations (Fig. 1c), the small amount of mAb left on the
cells did not lead to proliferation (Fig. 2a, no antigen added).

Unresponsiveness is not due to poor cell viability or lack
Further, from the difference between curves 4 and 3, it can be

of free TCR
deduced that TCR expression is slightly downmodulated on
the T cells after the overnight anergy-induction phase.In the next experiment, the properties of the unresponsive

T cells obtained from incubation with anticlonotype mAb However, the difference in fluorescence intensity between
curves 3 and 2 reveals that the majority of TCR molecules arewere characterized in more detail. Anergy was induced by

immobilized TCR 76 (anergic cells) and compared with an still freely available on anergic cells, suggesting that TCR
blocking or downmodulation are not responsible for theimmobilized control mAb, ZP 7A (non-anergic cells).

Following the induction phase, T cells were stimulated with anergic state. Note that the x-axis scale is logarithmic.
A similar experiment performed with free mAb instead ofincreasing concentrations of HC gp-39261–275 or PHA, and

irradiated DRB1*0401-matched APC. In addition, the T cells immobilized mAb showed that only a few TCR molecules are
freely available in this experimental setting (Fig. 2d). Note that,were stimulated with IL-2 in the absence of APC.

HC gp-39261–275 was used in this experiment instead of here a similar level of TCR downmodulation was observed, but
a higher amount of antibody was left on the cells. Despite thisHC gp-39262–277 because this peptide is superior in stimulating

T-cell clone H.243. Nearly complete reduction (90%) of the observation, the cells responded in a dose-dependent fashion to
antigen presented by APC (Fig. 2c). This supports the suggestionproliferative response to peptide was observed after incubation

with anticlonotype mAb, whereas the cells responded normally that neither TCR blocking by mAb left on the cells after the
anergic stimulus nor TCR downmodulation as observed into PHA indicating cell viability (Fig. 2a). In addition, anergic

cells were found to respond to IL-2 as opposed to non-anergic Fig. 2(b) are responsible for the unresponsiveness of H.243
incubated with immobilized TCR 76.cells. This is in agreement with an increased level of CD25

expression on anergic cells (data not shown). Similar results were obtained with two other anticlonotype
mAb, TCR 66 and TCR 70 (results not shown).

Unresponsive H.243 cells show a reduced level of IL-2 gene
transcription and diminished IFN-c production.

It has previously been shown that T-cell anergy may result
from IL-2 gene transcription blockade.2 Thus, we investigated
whether the same holds true for unresponsiveness induced by
anticlonotype mAb TCR 76. Instead of measuring prolifer-
ation, cells were harvested 4 hr after restimulation for the
detection of IL-2 mRNA by RT–PCR. PCR for housekeeping
enzyme GAPDH was performed on the same cDNA samples
as an internal control for RNA isolation and cDNA synthesis.
It was found that using equal amounts of RNA, IL-2 gene
transcription in anergic cells was significantly reduced after
stimulation with 25 or 5 mg/ml peptide or nearly absent afterPeptide conc. (µg/ml)
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stimulation with 1 mg/ml peptide, compared to IL-2 transcrip-
Figure 1. Clonotype-specific mAb induce anergy in human Th1-clone tion of non-anergic cells (Fig. 3a).
H.243. Immobilized anticlonotype mAb or control mAb ZP 7A were We also investigated the effect of T-cell unresponsiveness
incubated overnight with H.243 T cells. After removal of the cells

on the level of IFN-c-production. Cultures were set up similarfrom the anergic stimulus, the cells were challenged with a full stimulus
as for the study of IL-2 gene transcription, but instead ofof increasing concentrations of peptide in the presence of
harvesting the cells after 4 hr, supernatants were harvestedDRB1*0401-matched APC. Proliferation was assessed by
after 24 hr. The amount of IFN-c in the supernatants was[3H ]thymidine incorporation. Each value represents the mean counts

per 5 min (c.p.5m.) of triplicate cultures ±SD. determined in a sandwich ELISA using IFN-c-specific
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Figure 2. Induction of anergy by anticlonotype mAb TCR 76. (a) Unresponsiveness is not due to cell death or apoptosis.
Immobilized TCR 76 (anergic cells) or control mAb ZP 7A (non-anergic cells) were incubated overnight with H.243 T cells. After
removal of the cells from the anergic stimulus, the cells were challenged with DRB1*0401-matched APC, and PHA or increasing
concentrations of peptide. In addition, T cells were incubated with IL-2 in the absence of APC. Proliferation was assessed by
[3H ]thymidine incorporation. Each value represents the mean counts per 5 min of triplicate cultures+standard deviation. (b)
Unresponsiveness is not caused by TCR blockade or downmodulation. Non-anergic H.243 T cells resulting from incubation with
immobilized ZP 7A (curves 1 and 4) or anergic T cells resulting from incubation with immobilized TCR 76 (curves 2 and 3) were
stained directly with GAM–FITC (curves 1 and 2) or indirectly with TCR 76 and GAM–FITC (curves 3 and 4). Curve 1 reflects
background fluorescence level. Curve 2 reflects the number of TCR molecules occupied with anticlonotype mAb after removal
from the anticlonotype mAb coated plates. Curve 3 reflects the total number of TCR molecules on anergic cells and curve 4 reflects
the total number of TCR molecules on non-anergic cells. (c) and (d) represent similar experiments performed with free TCR 76
instead of immobilized TCR 76.

antibodies. It was found that anergic cells produced a signifi- not survive in the absence of IL-2. We here investigated the
duration of anergy induced by clonotype-specific mAb.cantly lower amount of IFN-c compared to non-anergic cells

(Fig. 3b). Anergic cells were allowed to rest for a maximum of 7 days
either without IL-2 or in the presence of 9 U/ml IL-2. Cells
cultured in the absence of IL-2 did not survive this resting

Unresponsiveness is long lasting
period. In the presence of IL-2, 30–40% of the cells died within
2 days. After 7 days, only 5–20% of the T cells were left. TheAnergy induced in murine T cells has been reported to have a

long-lasting effect in vitro.7,17,18 Conversely, anergy studies remaining cells, however, still showed a significantly reduced
reactivity upon challenge with peptide presented by APCwith human T cells were not performed with long resting

periods between anergy induction and the antigenic stimu- (Fig. 4b,c). Thus it appears that anergy induced by anticlono-
type mAb in vitro can last for at least 7 days.lus.19–22 This may be related to the fact that human T cells do

© 1999 Blackwell Science Ltd, Immunology, 96, 586–594
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Figure 3. Analysis of cytokine production of anergic H.243 T cells.
(a) IL-2 transcription is blocked in anergic cells. T-cell clone H.243
was incubated with anergy-inducing anticlonotype mAb, TCR 76, or
control mAb, ZP 7A. Subsequently, the cells were stimulated with
increasing concentrations of peptide and DRB1*0401-matched APC
for 4 hr, and RNA was isolated from the cells. RT–PCRs for IL-2
(upper gel ) and a housekeeping enzyme GAPDH (lower gel ) were
performed on RNA isolated from anergic T cells ( lanes 2–6) and
non-anergic T cells ( lanes 7–11). Lane 1 and 13: 100 bp DNA ladder
marker, lanes 2 and 7: 25 mg/ml peptide, lanes 3 and 8: 5 mg/ml
peptide, lanes 4 and 9: 1 mg/ml peptide, lanes 5 and 10: medium
control, lanes 6 and 11: PHA control, lane 12: PCR control without
template. (b) IFN-c production is diminished in anergic cells. H.243
was treated either with anergy-inducing anticlonotype mAb, TCR 76,
or a control mAb, ZP 7A. After treatment with mAb, the cells were
stimulated with different concentrations of peptide (or PHA) and
APC for 24 hr. Then, IFN-c was determined in the supernatants using
a specific sandwich ELISA.

Cyclosporin A prevents the induction of anergy by
anticlonotype mAb, whereas IL-2 or cycloheximide does not
prevent anergy

Different effects of cyclosporin A (CsA) and IL-2 on the
induction of anergy have been reported depending on the way
anergy was induced.7,17,19,23–25 Further, it has been reported
that cycloheximide prevents the induction of anergy.18 We
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investigated the effect of these compounds on the induction of
Figure 4. Unresponsiveness is long lasting.Immobilized TCR 76 or con-anergy by anticlonotype mAb. The experiments were performed
trol mAb ZP 7A were incubated overnight with H.243 T cells.as described above using TCR 76 as the anergy-inducing mAb
Subsequently, the cells were challenged with increasing concentrations ofand ZP 7A as the control mAb. During the induction phase
peptide and DRB1*0401-matched APC immediately (a), or following a

either 1 mg/ml CsA, or 500 U/ml rIL-2 or 3 mg/ml cycloheximide rest period of 2 days (b) or 7 days in the presence of IL-2 (c). Proliferation
was added to the cultures. These compounds were washed out was assessed by [3H]thymidine incorporation. Each value represents the
before initiation of the proliferation assay. mean counts per 5 min of triplicate cultures+standard deviation.

The calcineurin inhibitor CsA prevented the induction of
anergy by TCR 76, suggesting that an active signal via the anergy. Further, cycloheximide did not prevent the induction
calcium/calcineurin pathway is required for the induction of of anergy, indicating that protein synthesis is not required to
anergy (Fig. 5a). The addition of IL-2 during the induction obtain anergy.
phase had no effect (Fig. 5b), indicating that lack of IL-2 Similar results were obtained with another two clonotype-

specific mAb, TCR 66 and TCR 70 (results not shown).production during the induction phase is not responsible for

© 1999 Blackwell Science Ltd, Immunology, 96, 586–594
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Induction of anergy by anticlonotype mAb is costimulation anticlonotype mAb, TCR 66 or TCR 70. Control cultures
with mAb in the absence of APC were performed as describedindependent
above. After overnight incubation, the cells were collected,

Triggering the TCR in the absence of costimulation can induce
washed and restimulated in a T-cell proliferation assay with

anergy in T cells. However, anergy can also be induced in the
peptide HC gp-39261–275 and fresh irradiated, DR-matched

presence of costimulation using altered peptide ligands (APL)
APC from the same donor as the APC used during the

or high concentrations of soluble peptides.2 Apparently, the
induction phase. The results show that the induction of anergy

role of costimulators may vary with the nature of the anergizing
by TCR 66 and TCR 70 was independent of costimulation

stimulus. To gain more insight into the mechanism of anergy
(Fig. 5c). This observation was confirmed by using anti-CD28

induction by anticlonotype mAb, we investigated the influence
for costimulation instead of APC. Co-immobilization of anti-

of costimulation. In this experiment, 2×105 T cells and 5×105
CD28 and anticlonotype mAb resulted in the same level of

irradiated, DR-matched APC were added to wells coated with
unresponsiveness than immobilization of anticlonotype mAb
alone (data not shown).

Anergic cells suppress the response of non-anergic cells

Recently, it was suggested that anergic T cells can have a role
in bystander suppression.26–28 Thus, we investigated whether
anergic H.243 cells were able to suppress the response of non-
anergic H.243 cells. Anergy was induced with TCR 76 and
non-anergic cells were obtained from incubation with
control mAb ZP 7A. Subsequently, proliferation assays were
performed using different T-cell populations, namely, 2×104
anergic T cells per well, 2×104 non-anergic T cells per well,
or mixtures of decreasing concentrations of anergic T cells
(4×104, 2×104, 1×104 and 0·5×104) and 2×104 non-anergic
T cells per well. The response of non-anergic cells was signifi-
cantly reduced, in a dose-related fashion, by the addition of
anergic cells (Fig. 6a). Approximately 90% reduction of pro-
liferation was obtained at an antigen concentration of 1 mg/ml
and a ratio anergic cells versus non-anergic cells (A/N ratio)
of 251. At low A/N ratios and higher antigen concentrations,
less reduction (or enhancement) of proliferation was observed.
This may be explained by the fact that at low A/N ratios the
non-anergic cells are not completely inhibited and may be
stimulated to produce an excess of IL-2. Because anergic cells
can respond to IL-2 (Fig. 2a) and because we did not irradiate
these cells, total proliferation may be less reduced or even
higher than proliferation of non-anergic cells alone.

Figure 5. Effects of CsA, IL-2, cycloheximide and costimulation on
clonotype-specific anergy induction. (a) CsA prevents the induction
of anergy. H.243 cells were incubated overnight with immobilized
anticlonotype mAb TCR 76 either in the presence or absence of
1 mg/ml CsA, or with control mAb ZP 7A. Subsequently, the cells
were restimulated with increasing concentrations of peptide or PHA,
and APC. In addition, T cells were incubated with IL-2 in the absence
of APC. Proliferation was assessed by [3H]thymidine incorporation.
Each value represents the mean counts per 5 min of triplicate
cultures+standard deviation. (b) IL-2 and cycloheximide do not
prevent the induction of anergy by anticlonotype mAb TCR 76. This
experiment was performed under the same conditions as the experiment
described in (a) except that 500 U/ml rIL-2 or 3 mg/ml cycloheximide
were used instead of CsA. (c) Induction of anergy by anticlono-
type mAb is costimulation independent. Immobilized TCR 66, TCR 70
or control mAb ZP 7A were incubated overnight with H.243 T cells
either in the presence or absence of DRB1*0401-matched APC.
Subsequently, the cells were restimulated with increasing concen-
trations of peptide and fresh APC from the same donor as used during
the induction phase. Proliferation was assessed by [3H]thymidine
incorporation. Each value represents the mean counts per 5 min of
triplicate cultures±SD.
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on HC gp-39. Anergy was induced by immobilized anticlono-
type mAb. After removal of the anergic stimulus, the clone
could not be stimulated with antigen presented on
DRB1*0401-matched APC. Anergy seems to be a result of
defective IL-2 gene transcription upon restimulation. Besides
a defective IL-2 gene transcription the anergic cells also showed
a diminished IFN-c production.

Cell death or apoptosis did not account for T-cell unrespon-
siveness as anergic cells retained the ability to respond to PHA
and exogenous IL-2. Compared to non-anergic cells, anergic
cells displayed a slightly reduced number of freely accessible
TCR molecules at the cell surface as a result of both TCR
downmodulation and the presence of a residual amount of
clonotype-specific mAb left on the cells after the anergic stimu-
lus. However, it is unlikely that this small reduction of TCR
is responsible for the observed anergy since only a very small
number of TCR are required for T-cell activation as shown
by Viola and Lanzavecchia29 and by our own data (using free
mAb instead of immobilized mAb). Further, we conclude that
continuous presence of a small amount of anticlonotype mAb
on the cells was not responsible for the anergic effect, because
incubation with free anticlonotype mAb resulted in a larger
amount of antibody on the T cells and still did not result in
the same level of unresponsiveness.

Previously, we have demonstrated that immobilized
anticlonotype mAb are able to trigger the TCR of the specific
T-cell clone leading to proliferation. However, the same stimu-
lus does not lead to proliferation if the T cells are removed
from the antibody-coated plates after overnight incubation
(no background proliferation in the proliferation assay without
antigen). From the latter observation, it can also be concluded
that the residual amount of mAb left on the cells after the
anergic stimulus does not lead to proliferation, which is in
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agreement with our findings that low amounts of anticlonotype
Figure 6. Anergic H.243 T cells suppress the response of non-anergic

mAb (<100 ng/ml; data not shown) are not mitogenic.H.243 T cells. (a) Immobilized TCR 76 or control mAb ZP 7A were
It appeared that very small amounts of anticlonotype mAbincubated overnight with H.243 T cells. Then, both T-cell populations

are required for anergy induction. Coating wells with as littlewere used in a proliferation assay with increasing concentrations of
as 8 ng/ml antibody was sufficient to induce anergy (resultspeptide (or PHA) and APC using 2×104 T cells per well. In addition,
not shown). The high affinity of mAb for the TCR (n range)variable amounts of anergic cells (incubated with TCR 76) were mixed

with 2×104 non-anergic cells (incubated with ZP 7A), and a prolife- may account for this quantitative effect in vitro. In vivo, the
ration assay was performed. A/N: ratio of anergic cells versus prolonged bioavailability of antibodies may be an additional
non-anergic cells; 1=2×104 cells. Proliferation was assessed by benefit. Furthermore, the biological effect of antibodies can
[3H ]thymidine incorporation. Each value represents the mean counts be manipulated by changing their molecular design.12,13 This
per 5 min of triplicate cultures+SD. (b) Equal amounts (2×104 cells) makes antibodies attractive candidates for the induction of
of anergic and non-anergic cells were mixed and proliferation was

anergy in autoimmune disease. In vivo, crosslinking of theassessed in a proliferation assay using 1×105 and 2×105 irradiated
TCR by mAb (which seems to be required for efficientAPC per well.
induction of anergy; Fig. 2) may be obtained by Fc-receptor-
bearing cells.15,30,31

The anticlonotype induced anergy described in this studyA twofold increase in APC concentration does not restore
the response of non-anergic cells at a nearly saturating concen- is distinct from T-cell anergy induced by TCR occupancy in

the absence of costimulation because, in the latter model,tration of antigen (1 mg/ml ), nor does doubling the concen-
tration of APC at a fivefold higher antigen concentration anergy induction is prevented by costimulation or by the

addition of IL-2.2,22 Moreover, anergy induction requires(Fig. 6b). Therefore, steric hindrance or competition for anti-
gen are not likely to explain the reduced reactivity of non- protein synthesis,18 which is in contradiction to our findings.

One may argue that anticlonotype mAb behave like APL.anergic cells.
Thus, partial triggering the TCR by anticlonotype mAb might
lead to the induction of anergy. Indeed anticlonotype mAb

DISCUSSION
induced anergy resembles APL-induced anergy in murine
T-cell clones in that anergy is prevented by CsA24 and is notIn the present study, we have shown that clonotype-

specific mAb are able to modulate the response of an autoreac- prevented by the presence of costimulation.2 However, it was
recently reported17 that APL-induced anergy could be rescuedtive, DRB1*0401-restricted T-cell clone specific for an epitope
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by addition of IL-2 during the induction phase, which is in this autoreactive T-cell clone, which is, at the same time,
the first demonstration of human T-cell anergy by clonotype-opposed to our findings with clonotype-specific mAb. The

same holds true for anergy induced by high concentrations of specific antibodies. These findings suggest that mAb to the
clonotypic structure of autoreactive T cells may be suitablepeptide. CsA and costimulation added during the induction

of this form of anergy showed similar effects, as we found for reagents for the functional inactivation of these T cells in
autoimmune diseases. However, before starting therapeuticthe induction of anergy by anticlonotype mAb.2,32 However,

Essery et al.19 reported that high concentrations of IL-2 (300– development of such mAb, it will be necessary to establish the
presence of a limited set of clonal or oligoclonal expanded1000 U/ml ) prevented the induction of anergy, whereas in our

experiments anergy was not prevented by as much as T cells with identical clonotypic structures at the inflammatory
sites in autoimmune diseases. Anticlonotype mAb may be500 U/ml IL-2.

Further, several investigators have used anti-CD3 for the helpful in performing these studies.
induction of anergy. Anti-CD3-induced anergy in naive CD4+
mouse T cells8 and in human resting T cells33 differs from the ACKNOWLEDGMENTS
anticlonotype mAb-induced anergy reported here by the obser-

We would like to thank Mrs L. den Hoed for cytokine analysis, andvation that anergy in these experiments could not be prevented
Dr G. Verheijden and Dr A. Miltenburg for critical reading of theby CsA33 (F. Andris, personal communication). Anti-CD3
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induced anergy in murine Th1 clones7 was prevented in the
presence of accessory cells, thereby suggesting that anti-
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