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Differential expression of CTLA-4 among T cell subsets
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SUMMARY

CTLA-4 (CD152), the CD28 homologue, is a costimulatory molecule with negative effects on T cell
activation. In addition to its role in the termination of activation, CTLA-4 has been implicated in anergy
induction and the function of regulatory cells. As an intracellular molecule, it must first relocate to the
cell surface and be ligated, in order to inhibit activation. Although some studies have investigated
CTLA-4 expression on CD4" T cells, evidence is lacking regarding the kinetics of expression, and
expression on T cell subpopulations. We have investigated CTLA-4 kinetics on human purified periph-
eral CD4", naive, memory, CD4*CD25", CD4*CD25" regulatory T cells, and T cell clones. Intracellular
stores of CTLA-4 were shown to be very low in naive T cells, whilst significant amounts were present
in memory T cells and T cell clones. Cell surface CTLA-4 expression was then investigated on
CD4'CD45RA" (naive), CD4"CD45RO" (memory), CD4°CD257, and CD4"CD25" T cells. CD25 and
CD45RO are both expressed by regulatory T cells. On naive and CD4*CD25™ T cells, CTLA-4 expres-
sion declined after four hours. In contrast, on memory and CD4*CD25" T cells, high levels of expression
were maintained until at least 48 hours. In addition, significant CTLA-4 expression was observed on T
cell clones following anergy induction, indicating the potential involvement of CTLA-4 also in this form
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of tolerance.
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INTRODUCTION

CTLA-4, the homologue of the T cell costimulatory molecule
CD28, is an important negative regulator of T cells, preventing or
terminating activation [1,2]. Views on the mechanism of this vary,
but three possibilities have been described [3]. Firstly, that by
competing for their shared ligands, CTLA-4 may act by depriving
the cell of CD28-mediated costimulation [4]. Secondly, CTLA-4
ligation by CD80 and CD86 may trigger a distinct, negative, sig-
nalling pathway, or interfere with an activating pathway, thus
inhibiting activation downstream of the T cell receptor [S]. For
example, recently CTLA-4 has been shown to attenuate TCR sig-
nalling by inhibiting the up-regulation of signalling raft domains
in human T cells [6]. Thirdly, ligation of CTLA-4 present on a sub-
population of T cells, possibly CD4*CD25" regulatory T cells, may
induce production of a factor(s) that inhibits the activation or pro-
liferation of neighbouring cells [7-9]. It is likely that some or all of
these mechanisms apply. Whatever its mode of action, CTLA-4
has been implicated in the maintenance of peripheral tolerance,
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subsets

anergy induction, and in the action of CD4'CD25" regulatory
cells [9,10]. This has proved very hard to investigate in the human,
due to the lack of specific ligating or blocking antibodies [7,11-
17]. Despite this, CTLA-4 is a potential target molecule for the
induction of tolerance in clinical settings, such as the induction of
tolerance to allografts.

The murine form of CTLA-4 was identified by Brunet in 1987
[11]. It is a transmembrane protein of the immunoglobulin gene
superfamily, with a single variable domain. The complete primary
structure of the gene loci has been established, and the human
and murine forms show 71% overall homology [12]. CTLA-4 also
shares 76% sequence homology with CD28 [13], both of which
are predominantly expressed on T cells. However, unlike CD28,
surface expression of CTLA-4 is inducible [14], by cell activation
[15,16]. Whilst its affinity for their common ligands, CD80 and
CDS86 is much greater [15-17], its levels of surface expression
reach only ~1/30-50 that of CD28 [18]. CTLA-4 in resting cells is
intracellularly localized [18] to clathrin-associated complexes, by
sequences on its cytoplasmic tail [19,20]. Cell activation induces
relocation to the cell surface, which is transient and rapidly fol-
lowed by internalization. Therefore, in the words of Linsley er al.
[21],

‘CTLA-4 expressed at the cell surface is dynamically regulated
by its transit between intracellular stores and the cell surface.’
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Expression of CTLA-4 mRNA, rather than cell surface mole-
cules, has been shown to peak between 24 and 48 hours postacti-
vation [18,22], and has been demonstrated at timepoints as early
as one hour [22], with functional effects by 12 hours [23], in the
mouse. Human CTLA-4 expression has been shown to be up-
regulated by activation; directly by IL-2; and indirectly by IFNy
acting via antigen presenting cells [24]. However there is little
other data concerning the kinetics of up-regulation and surface
expression of human CTLA-4 molecules, especially in T cell
subsets.

As the function of CTLA-4 is intimately related to its expres-
sion, we have sought to determine the kinetics of CTLA-4 up-
regulation in various T cell subsets, including naive, memory, and
CD25" regulatory cells. Following the link between CTLA-4 and
anergy, the up-regulation of CTLA-4 by an activating stimuli was
compared to that induced by T:T presentation of specific peptide,
which has been shown to induce anergy [25].

MATERIALS AND METHODS

Purification of T cells from PBMCs

For purification of CD4" T cells, peripheral blood mononuclear
cells isolated from healthy individuals were incubated on plastic
(4 x10° cells/ml in RPMI/2%FCS) at 37°C for two hours. The
nonadherent population was then incubated with the following
antibodies: anti-CD8 (ATCC, USA); anti-CD14 (Sigma, St Louis,
USA); anti-CD19 and anti-CD33 (Becton Dickinson, California,
USA); anti-CD16 and anti-CD56 (Caltag, California, USA).
Anti-CD45RA and anti-CD45RO (Caltag, California, USA)
were added for the purification of memory and naive cells, respec-
tively. Goat antimouse IgG Fc magnetic beads were used to
deplete the antibody-bound cells. Where relevant, CD25" cells
were purified using CD25Dynabeads according to the manufac-
turer’s protocol (see also results section).

T cell clones

All human T cell clones used were restricted by HLA-DR, and
specific for peptide HA307-319 (7P clones), or HA100-115
(HC3).T cell clones were cultured in 10% human serum and IL-
2 (added every two days). They were maintained on a seven to 10
days cycle of stimulation with specific peptide-pulsed autologous
PBMC at a 1:1 ratio, and were used at least a week after stimu-
lation, and two days after addition of IL-2.

Activation of T cells for analysis of CTLA-4 expression

T cells were stimulated in the following ways: With 50 ng/ml PMA
(phorbol ester) and 1 pg/ml ionomycin (calcium ionophore); spe-
cific peptide (HA 307-319, or 100-115) was used to stimulate T
cell clones (T:T presentation), as were anti-CD3 and anti-CD28
antibodies, and a peptide-pulsed B cell line. T cells were cultured
at 37°C until harvested for analysis of CTLA-4 expression.

Immunofluorescence staining and flow cytometric analysis

Cells were analysed for surface CTLA-4 expression using the
anti-CD152 PE (Pharmingen, USA) monoclonal antibody. 1 x 10°
cells were incubated for 30 minutes at 37°C with the antibody.
They were then washed twice with PBS, and fixed with 1%
paraformaldehyde. Flow cytometric analysis was performed using
a FACSCalibur flow cytometer and CellQuest Software (Becton
Dickinson, Oxford, UK). Isotype matched controls were always
included. For determination of intracellular CTLA-4 expression,

cells were saponin permeabilized, before being incubated with
the antibodies for 45 minutes at room temperature.

Anergy induction

Anergy was induced by overnight incubation of 1 x 10° cells of the
T cell clones 7P8 and 7P24 with 1 pg/ml of peptide HA 307-319 in
a 96 well plate in a total volume of 200 ul. Cell survival was com-
pared with that of 1 x 10° cells of each clone incubated overnight
in medium alone (final volume 200 ul). To determine the number
of cells remaining viable after anergy induction relative to cells
incubated overnight in medium alone, tru-count beads (‘Perfect
count microspheres’, Cytognos, Salamanca, Spain) were used in
conjunction with Annexin V/7-actinoaminomycin (7AAD) stain-
ing. 100 ul of re-suspended cells were transferred to FACS tubes,
centrifuged at 615 g for 5Smin and re-suspended in 100 ul of
Annexin V staining buffer. The cells were stained with Annexin V-
PE and 7AAD for 15 min at room temperature in the dark,
washed and re-suspended in 200 ul Annexin V staining buffer.
Tru-count beads were vigorously re-suspended and 20 ul added
per FACS tube using a reverse pipetting technique. Controls used
were un-stained cells, Annexin V-PE alone and 7AAD alone. 2
gates were established, for tru-count beads and for viable T cells,
using forward scatter and side scatter. Acquisition was limited to
5000 events in the bead gate. Limiting acquisition using the tru-
count beads ensures the number of viable cells acquired reflects
the relative concentration of viable cells from the overnight cul-
tures. The relative number of viable cells in each condition was
determined using the number of events acquired in the T cell gate
which were Annexin V-PE/7AAD double negative. Percent sur-
vival was calculated using the formula: (Number of Annexin V/
7AAD double negative cells acquired after T:T presentation)
divided by (Number of Annexin V/7AAD double negative cells
acquired after incubation in medium alone) multiplied by 100.

T cell proliferation assays
To assess the regulatory capacity of CD4*CD25" T cells, their abil-
ity to suppress the proliferation of CD4°CD25 T cellsata 1:1
ratio was measured. 1 x 10* CD4*CD25™ T cells were stimulated
alone, or in the presence of 1x10* CD4'CD25" T cells, with
0-05 ul of Dynal anti-CD3/anti-CD28 coated beads. On day five of
culture the wells were pulsed with 1 uCi/well *H-thymidine
(Amersham International, Amersham, UK). Thymidine incorpo-
ration was measured after 20 hours by a liquid scintillation
counter (Wallac, Turku, Finland).

Assessment of proliferation of T cells to peptide-pulsed B cells
(to assess anergy induction in T cell clones), was carried out in flat-
bottomed 96-well plates. B cells were pulsed the night before with
peptide, and then washed and irradiated (160Gy) prior to cocul-
ture with T cells at a 1 : 3 ratio. On day three of culture wells were
pulsed with 1 uCi/well *H thymidine. Thymidine incorporation
was measured after 20hours by a liquid scintillation counter.

RESULTS

Memory CD4* T cells and T cell clones contain significant
intracellular reservoirs of CTLA-4

As cell surface CTLA-4 can be recruited from intracellular stores,
the presence of a pre-existing reservoir would play a large role in
determining the capacity for cell surface expression. Hence we
investigated intracellular CTLA-4 reservoirs in resting memory
and naive CD4" T cells, and in the T cell clones 7P8, 7P24 and HC3

(Fig. 1).
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Fig. 1. Memory but not naive T cells have intracellular stores of CTLA-4. Saponin permeabilized, fixed, unstimulated T cells were assessed
for total CTLA-4 expression by incubation with an anti-CTLA-4PE mAb for 45 minutes at room temperature. Expression levels were
analysed using a Becton Dickinson FACSCalibur, and CellQuest software. Isotype controls are shown as thin lines, and anti-CTLA-4PE
as thick lines. CTLA-4 expression in naive cells is shown in dark grey, and in memory cells in light grey.

Naive T cells possessed a small intracellular reservoir of
CTLA-4, whereas memory cells contained a larger reservoir. The
panel of T cell clones used comprised CD4*, ThO clones, specific
for different peptide/MHC complexes. T cell clones are of a phe-
notype consistent with repeated stimulation, and as such bear a
greater resemblance to memory cells. Unsurprisingly, the percent-
age of each T cell clone possessing an intracellular reservoir was
higher again than memory cells.

PMA and ionomycin induce rapid and sustained up-regulation
of CTLA-4 expression

We next went on to investigate the kinetics and stability of
CTLA-4 expression (Fig.2). PMA/ionomycin activation was
used, which induces similar profiles of expression to those seen in
response to stimulation with anti-CD3 and anti-CD28 antibodies
(data not shown). CTLA-4 expression was analysed on both
freshly prepared peripheral blood CD4* T cells, and on the human
T cell clone HC3. Staining was carried out at 37°C, as described in
the material and methods section, and as published [21].

CD4* T cells showed up-regulation by two hours which
peaked around four hours (Fig. 2a), and was then sustained for 48
hours (Fig. 2b). Differences seen between the two four-hour time-
points are indicative of interassay variation, whilst the kinetics
shown are representative of several independent experiments.

CTLA-4 expression on HC3 cells was noticeable by one hour
post activation (Fig. 2a) and continued to increase until 48 hours
(Fig. 2b). The beginning of noticeable cell death prevented sub-
sequent timepoints from being investigated.

Despite similar early kinetics, by 24 hours post activation, only
naive cells have begun to down-regulate CTLA-4

Purified naive (CD4*CD45RA*) and memory (CD4*CD45RO")
T cells were also analysed for CTLA-4 expression post PMA/ion-
omycin activation (Fig.3). Both subpopulations showed similar
kinetics of early up-regulation (Fig. 3a). Levels at four hours were
almost identical. However, at later timepoints, CTLA-4 expres-
sion differed markedly between the naive and memory subpopu-
lations (Fig.3b). Whereas naive cells down-regulated CTLA-4
from four hours to 48 hours, the expression on memory cells was
sustained for at least 48 hours.

CD4*CD25 and CD4*CD25" cells display fundamental
differences in their pattern of CTLA-4 expression

CTLA-4 has been linked not only to anergy and tolerance, but
also to the action of regulatory T cells [9]. CD4*CD25" regulatory

cells have been shown to express significant levels of CTLA-4
[9,10]. CD4*CD25" cells were obtained by positive selection, and
CD4*CD25™ cells by negative selection, using CD25Dynabeads
according to manufacturer’s protocol. ‘CD4*CD25" defined a
population of high CD25 expressers, whilst low and negative
expressers were contained within the ‘CD4'CD25 subset. The
purity of the two populations was assessed by immunofluores-
cence staining for CD3, CD4, and CD25, as shown in Fig. 4a.
Baseline CTLA-4 expression was also analysed, and was shown to
be marginally greater on CD4*CD25" T cells than on CD4*CD25"
T cells (MFI of 10-59 as compared to 4-69).

Intracellular levels of CTLA-4 were analysed in CD4*CD25~
and CD4°CD25" populations (Fig. 4b). Both possessed intracel-
lular CTLA-4, but this reservoir was much greater in CD4*CD25*
T cells. The regulatory ability of CD4*CD25* T cells was also dem-
onstrated. CD4"CD25* T cells alone were shown to have only a
limited proliferative capacity in response to anti-CD3 and anti-
CD28 antibody stimulation, whereas CD4*CD25™ T cells prolifer-
ated greatly. This proliferation was suppressed when CD4*CD25*
cells were added to the culture, at a 1: 1 ratio with the
CD4°CD25 T cells (Fig. 4c).

Expression of CTLA-4 on CD4*CD25™ and CD4*CD25" pop-
ulations was analysed over a 4-48 hour timecourse (Fig.4d).
Like naive and memory subpopulations, at early timepoints both
CD4'CD25 and CD4°CD25" populations showed similar kinet-
ics of up-regulation. However, again like the naive and memory
population, whilst CD4*CD25™ cells down-regulated CTLA-4
from four hours, CD4*CD25" cells maintained high levels of
CTLA-4 expression up to 48 hours. This sustained CTLA-4
expression may be critical to the function of CD4*CD25" regula-
tory T cells.

T cells rendered anergic express high levels of CTLA-4

In view of the many common features shared by CD4*CD25" and
anergic T cells, up-regulation of CTLA-4 was investigated post
anergy induction in T cell clones (Fig. 5). The two T cell clones 7P8
and 7P24, which were from the same donor, and had the same
specificities, were stimulated with anti-CD3 and anti-CD28 anti-
bodies, with PMA and ionomycin, by peptide-pulsed B cells, or by
T:T presentation of peptide. Both activating, and anergising (T:T
presentation) stimuli induced CTLA-4 up-regulation within four
hours (Fig. 5a). However, in the case of T:T presentation, these
high levels were seen despite the induction of anergy, rather than
activation.

© 2004 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 136:463-471



466 C. B. Jago et al.
(a) 1 hour 2 hours
o o
= =4
o o
co4 g £
50 Mi | 39 M
o o Q o
O < O <
o o
Al [aV]
o o
10°10'10210%10*  10°10'10210% 10*
FL2-H FL2-H
o o
o o
0 & 0 &
HESE gt w58 F [ p—wi]
o o Q o
O < O <
o o
Al Al
o o
10°10'10210%10*  10°10'10210° 10*
FL2-H FL2-H
(b) 4 hours 24 hours
o o
o o F
o o —
co4 23 23t
33 i | 28k ]
o< o<
o o
(aV] (V)
o © Fruuml Lot il
10°10"10210%10*  10°10'102 108 10*
FL2-H FL2-H
o o
= E 9 E
of ot
HC3 € o L£2¢t
C = =
28w {58/ |—wr
o< O<SF
o o
[aV] N
O Biunl Cofludopiided =}

109101 102 102 10*

FL2-H FL2-H

Tl
109101102 10% 104

3 hours 4 hours
o o
=4 =]
o o
ﬂ [oe) _9 ©
S 3 W S8 IW
Qo Q o
O < O <
o o
(V) (V)
o o
10210 10210%10*  10°10'10210%10*
FL2-H FL2-H
o o
o o F
0o E 0w oL
53¢ Mi | S8F || F—mr
QoL Qo ¢t
O<¢f O < ¢f
oL oL
N F N
o ml 1 } I8 o Tiuml
10°10'10210%10*  10°10'102 108 10*
FL2-H FL2-H
48 hours
o
=] E
ok
ﬂ ©
§§ ] VK
O <
o
Al
o
10210102 10% 10*
FL2-H
o
o
o
..@ ©
c O
SN i
O <
o
Al
o

10°10' 102 102 10*
FL2-H

Fig. 2. Sustained expression of CTLA-4 in CD4* T cells. Cell surface CTLA-4 expression was analysed on purified CD4" T cells, and the
T cell clone HC3, after PMA/ionomycin stimulation for the duration shown. Isotype controls are shown as thin lines, and anti-CTLA-4PE

mAb as thick lines.

It was noted that the levels of CTLA-4 expressed on the clone
7P8 in response to T:T presentation were much higher than the
levels expressed on 7P24 (Mean fluorescence intensity is shown in
each plot). T:T presentation in T cell clones is associated with a
variable degree of cell death [26]. Whether the level of cell death
was related to the level of CTLA-4 expression, was investigated
by double staining the cells after stimulation, with the vital dyes
7AAD and annexin 5, which are incorporated into apoptotic or
necrotic cells (Fig.5b). After T:T presentation, 55-30% of 7P8
cells remained viable (98-40% viability when unstimulated), as
compared to only 41-65% of 7P24 cells (98-45% viability when
unstimulated).

To demonstrate that T:T presentation induced anergy in the
clones, after recovery the clones were rechallenged with peptide
pulsed BLCLs. T cell clones exposed to T:T presentation were
shown to be hyporesponsive compared to previously unstimu-
lated cells (Fig. 5¢).

DISCUSSION

In this study various aspects of CTLA-4 expression on a range of
human T cell subsets and clones have been described. CTLA-4

was shown to be up-regulated on the cell surface at timepoints
early after stimulation, in response to either activating or aner-
gising stimuli. Expression levels on whole CD4* T cells, or T cell
clones, were maintained up to 48 hours after activation. Differen-
tial expression of CTLA-4 was seen in naive, memory,
CD4'CD25 and CD4'CD25" T cells. Whilst CD4'CD25" and
memory T cells showed sustained CTLA-4 expression post stim-
ulation, expression levels on naive and CD4'CD25 T cells
declined rapidly after initial up-regulation. CD4*CD25* cells have
previously been shown to constitutively express CTLA-4,
whereas CD4'CD25" cells do not. The data described here is in
accordance with this, but further suggests that maintenance of
expression may be a more important defining feature than resting
expression levels.

Memory T cells and T cell clones were shown to contain a sig-
nificant intracellular reservoir of CTLA-4. This reservoir was
much smaller in naive T cells, although these cells did possess
some CTLA-4. This expression observed in naive cells contrasts
with a study that showed that naive resting T cells did not express
CTLA-4 mRNA or surface protein [27]. However this study
looked at murine cells, whereas in this study the cells used were
human. Certainly resting human whole CD4" T cells have been

© 2004 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 136:463-471
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Fig. 3. Memory but not naive T cells have sustained expression of CTLA-4. Cell surface CTLA-4 expression was analysed on purified
naive and memory CD4" T cells, after PMA/ionomycin stimulation for the duration shown. Isotype controls are shown as thin lines, and

anti-CTLA-4PE mAbD as thick lines.

shown to express intracellular CTLA-4 [24]. The increase in
CTLA-4 expression from naive to memory to T cell clones sug-
gests that previous stimulation, be it the stimuli that drive differ-
entiation from naive to memory, or the stimulation with IL-2 and
PBMC that is required to maintain T cell clones, is a necessary
factor for the production of CTLA-4 protein. Thus the size of the
CTLA-4 reservoir may be determined by the stimulation history
of the T cell. Thus the reservoir was significant in cells that had dif-
ferentiated to the memory phenotype, and greater in T cell clones,
which were maintained on a regular cycle of stimulation.

CD4" T cells and the T cell clone HC3 were shown to up-
regulate cell surface CTLA-4 within two hours of activation,
whereas previous studies have only examined mRNA expression
at this time. The presence of CTLA-4 at such early timepoints
lends weight to the theory [3] that CTLA-4 may not only be
involved in the termination of activation, but also in the preven-
tion of inappropriate activation. CTLA-4 expression was main-
tained for up to 48 hours, allowing also for a more sustained
inhibitory action.

Naive and memory T cells were shown to have similar early
CTLA-4 expression, but only memory cells retained expression
by 24 and 48 hours. This suggests deficiencies in naive cells in
either their de novo production, or their ability to recruit CTLA-
4 from intracellular stores by tyrosine phosphorylation. The latter
is consistent with the differences in CTLA-4 intracellular reser-
voirs seen between naive and memory cells, in that the reservoir
seen in naive cells is much smaller that than in memory cells, and
thus may become exhausted sooner, thus causing surface expres-
sion to decline.

The discrepancy in sustained expression may relate to the
‘need’ for CTLA-4. In naive cells, which neither have to be long-
lived, nor function as regulatory cells [28], CTLA-4 may only be
needed early after activation to control the response. Memory
cells however, have to be long-lived, and CTLA-4 has been linked
to protection from apoptosis [29]. This suggests that the sustained
expression after activation of CTLA-4 may be important to mem-
ory cell survival. Also, the regulatory activity of CD4"CD25" cells,
which may act partly via CTLA-4, has been shown to be confined

© 2004 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 136:463-471
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purified CD4*CD25" and CD4'CD25 T cells, after PMA/ionomycin stimulation for the duration shown. Isotype controls are shown as thin
lines, and anti-CTLA-4PE mAb as thick lines.
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Fig. 5. T cells rendered anergic express high levels of CTLA-4. 7P8 and 7P24 cells were stimulated with either anti-CD3 and anti-CD28
antibodies, PMA and ionomycin, peptide pulsed BLCLs, or by T:T presentation of peptide. (a) Cell surface CTLA-4 expression in response
to the various stimuli was measured after two, four, and 24 hours. Isotype controls are shown as thin lines, and anti-CTLA-4PE mAb as
thick lines. (b) Parallel cultures were set up which were stimulated for 24 hours, after which time the cells double stained with the vital
dyes 7AAD and annexin 5, and counted using tru-count beads. (c) Proliferation of unstimulated cells or cells stimulated by T:T presentation,
in response to subsequent challenge by BLCL presenting specific peptide, was then investigated. Recovered cells were cocultured with
peptide-pulsed BLCL, at concentrations of 5 x 10*and 3 x 10*, respectively.’H thymidine incorporation was used as a measure of proliferation.
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to the CD45RO" subset. The small percentage of CD4* T cells that
are both CD25" and CD45RA" (4:99%), do not possess regula-
tory capacity [28]. Sustained memory cell CTLA-4 expression
may thus be a prerequisite for regulatory activity.

Both CD4'CD25 and CD4'CD25" T cells showed high
CTLA-4 expression at four hours. However, whilst the
CD4'CD25™ cells had down-regulated CTLA-4 by 48 hours,
CD4*CD25" cells showed sustained expression up to 48 hours.
Following the hypothesis that CTLA-4 may play a role in the
regulatory function of CD4°CD25" T cells [9,10,30] sustained
CTLA-4 expression would be of great benefit. These data corre-
late well with the sustained expression of CTLA-4 also seen on
memory cells, in that functional regulatory T cells are
CD4*CD25"CD45RO".

CTLA-4 up-regulation induced by anergy induction was also
investigated, following the many similarities between anergic T
cells and CD4*CD25" T cells. Presentation of specific peptide by
T cell clones did not induce a significant proliferative response,
and rendered the cells anergic to subsequent stimulation. Such
T:T presentation was shown to induce significant early levels of
CTLA-4 expression, highlighting the fact that CTLA-4 is present
(and in high amounts) in situations not only of activation, but
also of anergy induction. Not only this, but increased levels of
CTLA-4 expression have been correlated to reduced levels of
T:T-induced apoptosis. These results suggest that CTLA-4, which
has already been shown not to increase the rate of apoptosis
[31], may furthermore protect against apoptosis. We have shown
this with regard to anergy induction. CTLA-4-induced protec-
tion from apoptosis [29] may also apply to memory cells and
CD4*CD25" T cells, which, like anergic cells, express high levels
of CTLA-4.
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